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a b s t r a c t

The opening and spreading of the Atlantic Ocean between Africa and South America evolved during the
Early Cretaceous and were preceded by dramatic tholeiitic (mafic) magmatism and minor silicic and alka-
line volcanism. These features are presently recognized from the equatorial regions of Brazil and Africa to
the Falklands and South Africa. In southeastern South America, continental flood basalts and related
plumbing systems constitute the Paraná Magmatic Province (PMP), whose African counterpart is the
Etendeka Magmatic Province (EMP). In northeastern Brazil, dike swarms and sill complexes compose
the Equatorial Atlantic Magmatic Province (EQUAMP). As a common feature, these provinces are chem-
ically represented by two prevalent magma types: (1) tholeiitic basalts and basaltic andesites with low Ti
(TiO2 < �2 wt.%), also including transitional Ti tholeiites with TiO2 � 2.7–1.7 wt.%, and low incompatible
element contents. This type is predominantly found in the southern PMP and EMP, with minor occur-
rences in the EQUAMP. (2) Tholeiitic basalts and basaltic andesites with high Ti (TiO2 > �2 wt.%) and
incompatible element contents. High Ti tholeiites are relevant in the northern PMP and EMP, and dom-
inant in EQUAMP. Evolved rocks (SiO2 = 57–65 wt.%) interpreted as byproducts of assimilation and/or
fractional crystallization (AFC) processes from high Ti tholeiitic magmas, are scarce (but present) in all
three provinces. An accurate analysis of multivariable databases collected from the literature for dikes
and sills, including major and trace element and radiogenic isotope data, reveals close similarities in their
geochemical signatures. In a paleogeographic reconstruction of West Gondwana, the intrusive remnants
of the PMP, EMP and EQUAMP are spread over an area of nearly 10 � 106 km2, forming perhaps the most
extensive set of plumbing systems on Earth, with a relatively consistent chronology based on a vast col-
lection of K–Ar and 40Ar/39Ar data available in the literature. This work provides the first comprehensive
data comparison to support the existence of what may have been a single intercontinental-scale mag-
matic province of West Gondwana.

� 2022 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Continental breakup and the initiation of a new ocean are
almost always associated with the voluminous magmatism that
characterizes Large Igneous Provinces (LIPs). First defined by
Coffin and Eldholm (1994), LIPs are massive emplacements of
mafic magmas occurring in intraplate settings, manifested as
continental flood basalts (CFBs), oceanic basalt outpourings or pla-
teaus, volcanic passive margins, submarine ridges or seamounts.
Expanding Coffin and Eldholm’s concept, Bryan and Ernst (2008)
included extrusive and intrusive silicic (SiO2 > 65 wt.%) igneous
activities not linked to ‘‘. . .normal seafloor spreading or subduction
and massive Precambrian magmatic events. . .”, in addition to giant
dike swarms, sill complexes and layered intrusions, as well as
Archean tholeiitic-komatiite volcanism and other intrusive forms
such as LIP components (Ernst, 2014). Currently, LIPs are described
as ‘anomalous’ igneous activity covering areas of over 0.1 � 106

km2 with a total volume (if estimated) of �1 � 106 km3, composed
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predominantly, but not exclusively, of mafic (volcanic and/or plu-
tonic) rocks formed in intraplate settings. The anomalous character
is also extended to the timing in which a LIP is formed, which is
usually reported along a single or multiple pulses of short-lived
duration (<5 Myr; often <2 Myr; Bryan and Ferrari, 2013; Ernst
et al., 2021).

During the Early Cretaceous, the West Gondwana superconti-
nent underwent widespread extensional tectonics that led to the
modern configuration of the South American and African plates
(Seton et al., 2012; Matthews et al., 2016; Müller et al., 2019).
The early stage of extensional tectonics, which started before
134 Ma, was also accompanied by the formation of the Paraná
Magmatic Province (PMP) and Etendeka Magmatic Province
(EMP) (Rocha et al., 2020; Gomes and Vasconcelos, 2021 and refer-
ences therein). Before the West Gondwana dispersal, these pro-
vinces composed a contiguous LIP with bimodal volcanic rocks
and related plumbing systems in SE South America and central-
southern Africa (Peate et al., 1992; Krob et al., 2020).

Geochemical-focused studies concerning the PMP and EMP
were published between the 1980s and 2000s, focusing mainly
on CFBs (e.g., Bellieni et al., 1984, 1986; Mantovani et al., 1985,
1988; Petrini et al., 1987; Piccirillo et al., 1988; Hawkesworth
et al., 1988; Mantovani and Hawkesworth, 1990; Peate et al.,
1992, 1999; Peate and Hawkesworth, 1996; Peate, 1997; Ewart
et al., 1998, 2004a,b; Marques et al., 1999; Marsh et al., 2001). In
the past 20 years, the geochemical database of the PMP and EMP
has notably increased with the addition of data not only on extru-
sive magmatism (e.g., Marsh et al., 2001; Ewart et al., 2004a,b;
Rocha-Júnior et al., 2012, 2013, 2020; De Min et al., 2018) but also
on dike swarms and sill complexes (e.g., Thompson et al., 2001;
Trumbull et al., 2004, 2007; Guedes et al., 2005, 2016; Santos,
2006; Rosset et al., 2007; Corval et al., 2008; Valente et al., 2009;
Backeberg et al., 2011; Keiding et al., 2011, 2013; Velázquez
et al., 2011; Muzio et al., 2012, 2017; Almeida et al., 2013a,
b,2021; Chaves, 2013, 2014; Marques et al., 2016, 2018; Will
et al., 2016; Florisbal et al., 2018; Marsh and Swart, 2018;
McMaster et al., 2019; Santiago et al., 2020; Owen-Smith et al.,
2021).

Near the equatorial Atlantic margin, Early Cretaceous exten-
sional tectonics led to the development of the NE Brazilian rift sys-
tem, Benue Trough/Nigeria (Matos, 1992, 2000; Wilson and
Guiraud, 1992; Melo et al., 2016), and the emplacement of mafic
dike swarms and sill complexes grouped in the Equatorial Atlantic
Magmatic Province (EQUAMP; Hollanda et al., 2019). The main ele-
ments of the EQUAMP, namely, the Rio Ceará-Mirim dikes and Sar-
dinha sills, have been studied since the 1990s (Bellieni et al., 1990,
1992; Fodor et al., 1990), but only since the 2000s has there been
an increase in geochemistry-focused publications (Ernesto et al.,
2003; Hollanda et al., 2006; Ngonge et al., 2016; de Castro et al.,
2018; Heilbron et al., 2018; Oliveira et al., 2018; Macêdo Filho
et al., 2019; Macêdo Filho, 2021; Macêdo Filho and Hollanda,
2022). The EQUAMP plumbing systems may still share geographi-
cal space with the Central Atlantic LIP (�201 Ma); however, Early
Cretaceous tholeiites present geochemical-isotopic signatures con-
trasting (e.g., higher contents of incompatible elements and less
radiogenic Nd) with those observed in the Jurassic–Triassic compo-
nents (Macêdo Filho, 2021; Macêdo Filho and Hollanda, 2022).

The evaluation of geochemical databases, geochronological
data, and the determination of areal extent (geological mapping)
are among the crucial parameters for LIP characterization (Ernst
et al., 2005). However, analyzing massive amounts of data by clas-
sic methodologies can be laborious depending on the complexity of
the database examined. This limitation can be overcome by using
machine learning-based tools such as self-organizing maps (SOMs;
Kohonen, 1982). An SOM is a nontraditional unsupervised data
analysis tool that treats each input sample as a vector in a data
2

space defined by the input variables and then uses measures of
vector similarity to find patterns and relationships between the
vectors. This computational technique allows an integrated analy-
sis of any multivariate spatial dataset with complex inputs; the
method also improves the understanding of the subtle and intri-
cate relationships between disparate datasets (Penn, 2005;
Hodgkinson et al., 2013; Kohonen, 2013). SOMs have been exten-
sively applied as analytical (and visualization) tools for high-
dimensional data and in exploratory data mining applications such
as those identifying correlation patterns and performing clustering
analysis to determine anomalies or trends (e.g., Löhr et al., 2010;
Friedel, 2011; Carneiro et al., 2012; Melo et al., 2021; Owen-
Smith et al., 2021).

In areas strongly affected by erosion, volcanic components may
have been lost. Thus, intrusive forms are the best means of retriev-
ing geological information about such LIPs (Ernst, 2014). Plumbing
systems, rather than lava flows, may offer high levels of magmatic
diversity and less evolved or altered rocks and provide direct infor-
mation about magma ascent and emplacement (Owen-Smith et al.,
2021). Hence, a proper assessment of magma diversity and the
areal extent in LIPs should concentrate on (and include) intrusive
components. In this study, we applied Ti-based (petrological) clas-
sification in conjunction with the SOM approach to organize the
PMP, EMP, and EQUAMP geochemical datasets of dike swarms
and sill complexes. Making use of major oxides and trace and rare
earth elements combined with a qualitative re-evaluation of iso-
tope data (Sr, Nd, and Pb), we investigated the general geological
aspects of these provinces to characterize the mafic tholeiitic
plumbing systems related to the early opening stage of the South
Atlantic Ocean.
2. The Early Cretaceous LIPs related to the West Gondwana
breakup

The South Atlantic area presents diverse igneous manifesta-
tions, including volcanic and intrusive products of the PMP and
EMP, alkaline carbonatites and kimberlites, the Rio Grande Rise-
Walvis Ridge, the Tristan archipelago and guyot tracks (Foulger,
2018). In NE Brazil and western/central Africa, mafic igneous man-
ifestations were first named (or genetically correlated) after the
nearby Equatorial Atlantic margin (e.g., Maluski et al., 1995;
Coulon et al., 1996; Marzoli et al., 2000; Segev, 2002). Recently,
Hollanda et al. (2019) reviewed the available information about
tholeiitic Early Cretaceous magmatism in NE Brazil combined with
an updated LIP classification to propose the EQUAMP. Since the tar-
gets considered herein concern intrusive tholeiitic magmatism
associated with the PMP, EMP, and EQUAMP, a brief overview of
these provinces, their components, and geochemical and
geochronological aspects is provided.
2.1. Paraná Magmatic Province

Magmatism in the PMP is mainly fissural with compositionally
bimodal components (Peate et al., 1992), as observed on similar
rifted continental margins (White and McKenzie, 1989). The PMP
remnants are spread across central–southern Brazil, northern
Argentina, Uruguay, and eastern Paraguay (Peate, 1997). Flood
basalts and sills are mainly reported in the Paraná Basin (Janasi
et al., 2007, 2011; Petersohn and Gouvea, 2009; Hartmann et al.,
2012, 2013; Rocha-Júnior et al., 2013; Sarmento et al., 2014,
2017; Machado et al., 2015, 2018; Rämö et al., 2016; Baggio
et al., 2018; De Min et al., 2018). Recently, Rodrigues et al.
(2016) and Rubert et al. (2019) found Cretaceous CFBs and sills
in the Parecis Basin (13�S, 54.5�W), expanding the coverage of
the PMP toward central South America (Fig. 1). Additionally,



Fig. 1. The West Gondwana reconstruction with a focus on Early Cretaceous tholeiitic magmatism. The red dashed polygons represent regions hosting tholeiitic magmatism
that did not crop out, whereas pink dashed polygons represent the offshore magmatic domain. The boundaries of African LLSVPs (Torsvik et al., 2006) are shown by green
dashed lines. The reconstruction model at 134 Myr is fully illustrated in the inset (Matthews et al., 2016). The present-day locations of South Atlantic hotspots and major
structural features are indicated. The black star in northern Paraná represents the approximate position of the deep upper-mantle low-velocity conduit (VanDecar et al.,
1995). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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offshore magmatism may occur from 19� to 47� latitude as a
volcanic-related rifted margin adjacent to South America (Stica
et al., 2014).

Geochronological data of CFBs of the Paraná Basin based on
40Ar/39Ar data indicate a peak of activity clustering within a 135–
133 Ma interval (see Gomes and Vasconcelos, 2021, for a review).
This range overlaps with zircon U–Pb (sensitive high-resolution
ion microprobe (SHRIMP)) ages between 135.6 ± 1.8 Ma and 131.
3 ± 1.4 Ma obtained for bimodal volcanic rocks (e.g., Pinto et al.,
2011; Hartmann et al., 2019) and with high-resolution geochronol-
ogy (thermal ionization mass spectrometry (TIMS)) ages of
133.65 ± 0.10 Ma and 132.72 ± 0.76 Ma obtained for silicic lavas
from the PMP (Janasi et al., 2007; Rocha et al., 2020). However,
there has been controversy regarding the ages reported from the
U–Pb and 40Ar/39Ar methods for the PMP lava pile (Rocha et al.,
2020; Gomes and Vasconcelos, 2021).

The geochemical results show variations in the regional compo-
sition of the PMP (Bellieni et al., 1984; Bellieni et al., 1986), with
low-Ti (LT) tholeiites (TiO2 < �2 wt.%) more frequent in the south-
ern portion (plus silicic magmatism; SiO2 > 64 wt.%), while high-Ti
tholeiites (HT) dominate the northern domain (TiO2 > �2 wt.%). In
Paraná CFBs, Peate (1997) and Peate et al. (1992), Peate et al.
(1999) recognized six tholeiitic groups (Ti/Y > 310: Urubici,
Pitanga, Paranapanema, and Ribeira; low-Ti/Y < 310: Esmeralda
and Gramado) and two silicic volcanic/volcaniclastic suites (low-
Ti dacite-rhyolitic Palmas type; HT trachydacitic Chapeco type;
TiO2 threshold of �1.25 wt.%; Nardy et al., 2011). These magma
types were identified by analyzing numerous bivariate plots based
on major oxide content (SiO2, TiO2, P2O5, and Fe2O3

T), trace ele-
ments (Sr, Ba, and Zr) and element ratios (Ti/Zr, Ti/Y, Zr/Y, Sr/Y,
and Ba/Y).

The most prominent dike swarms of the PMP are found in Uru-
guay (Cuaró), Florianópolis, Ponta Grossa, Paraguay, Resende–Ilha
Grande, Serra do Mar, Southern Espírito Santo, Transminas,
Vitória–Colatina, the Falkland Islands and other less-studied areas
(e.g., West Bodoquena and Serra do Caiapó; Ernst and Buchan,
1997). Overall, the tholeiitic plumbing system of the PMP is com-
posed of clinopyroxene, plagioclase, opaque minerals (Fe–Ti oxides
and sulfides) and olivine (usually altered) as the main mineral
phases, where HT and LT tholeiites form the most common mafic
types with subordinate occurrences of silicic–trachyandesitic
rocks. Further information about locations, structural trends, and
geochemical compositions based on first-order Ti classification
and geochronological aspects is provided in Table 1. The spatial
distribution of all plumbing systems is illustrated in Fig. 1, which
presents an updated map of all igneous manifestations related to
the Equatorial/South Atlantic Ocean margin.

2.2. Etendeka Magmatic Province

The EMP comprises CFBs, sills, dikes, silicic volcanism, high-
MgO basalt–picrite suites, and alkaline to tholeiitic ring complexes
(Ewart et al., 1998, 2004a,b). Offshore breakup volcanism is
reported from South Africa to Gabon (Gladczenko et al., 1997;
Fernandez et al., 2020). The main dike swarms (Fig. 1) are those
at False Bay, south of the Orange River systems (Saldanha Bay,
Piketberg–Ceres, Cedarberg, Knersvlakte, Doring–Tanqua, Garies,
Mehlberg, and Meob–Conception Bay; Trumbull et al., 2007), Hen-
ties Bay-Outjo (HOD), the Skeleton Coast, SW Angola, and several
other swarms near the Atlantic margin (Trumbull et al., 2004,
2007; Backeberg et al., 2011; Will et al., 2016; McMaster et al.,
2019).

The geochronological results for the EMP show ages from
134 Ma to 132 Ma (Table 1), analogous to those reported for the
PMP. Some magmas on the African side also yield slightly older
ages of 135 ± 4 Ma and 135.2 ± 0.7 Ma (Reid and Rex, 1994; Will
4

et al., 2016), similar to those observed in LT Gramado basalts from
the PMP (see Gomes and Vasconcelos, 2021, for a review). Accord-
ing to Marsh et al. (2001), the EMP may be subdivided into south-
ern (mainly LT basalts) and northern domains (mainly HT basalts)
with the E–W boundary at latitude 19�21.60 S crossing Mowe Bay
(Namibia). These authors point out that the EMP has a larger vari-
ety of silicic and LT mafic magmatism than that observed in South
American examples. The EMP magmatism is composed of 8 mafic
groups, including HT (Khumib) tholeiites, LT tholeiites (Tafelberg,
Kuidas, Horingbaai, Huab, Taefelkop, Albin and Esmeralda), and
high-MgO basalts/picrites (MgO � 13 wt.%), and 17 silicic magmas.
The silicic magmas are characterized by parameters such as the
major elements SiO2, TiO2, and P2O5, alkalis, and MgO; large-ion
lithophile elements (LILEs) and high field strength element (HFSE)
abundances (e.g., Zr, Sr, Rb, and Nb); element ratios (e.g., Zr/Y and
Ti/Y); and isotopes (Sr–Nd). These magmas are also identified in sill
and dike swarms of the Etendeka area (Table 1); however, the
dominant group is associated with LT tholeiites (e.g., Erlank
et al., 1984; Kirstein et al., 2001; Ewart et al., 2004a; Trumbull
et al., 2004, 2007; Backeberg et al., 2011; Will et al., 2016;
McMaster et al., 2019).

2.3. Equatorial Atlantic magmatic Province

The main EQUAMP components include the Rio Ceará-Mirim,
Canindé, and Riacho do Cordeiro dike swarms and the Sardinha
sills (and dikes) (Fig. 1). Previous geochemical classifications are
extensively based on TiO2 content (threshold at 2 wt.%) (Bellieni
et al., 1990, 1992; Fodor et al., 1990; Ernesto et al., 2003;
Hollanda et al., 2006, 2019; Ngonge et al., 2016; de Castro et al.,
2018; Heilbron et al., 2018; Oliveira et al., 2018; Macêdo Filho
et al., 2019; Macêdo Filho and Hollanda, 2022), trace element
abundances (plus element ratios; e.g., Ti/Y and Ti/Zr) and isotopes
(Sr–Nd–Pb) to distinguish dominant HT (plus minor evolved rocks
(ERs)) and LT rocks composed of clinopyroxene, plagioclase, opa-
que minerals and rare and altered olivine (Macêdo Filho, 2021;
Macêdo Filho and Hollanda, 2022). The reported 40Ar/39Ar ages of
the Rio Ceará-Mirim and Sardinha intrusions range from 134 Ma
to 126 Ma (Smith et al., 2001; Souza et al., 2003; Ngonge et al.,
2016) and 136–119 Ma (Baksi and Archibald, 1997; Heilbron
et al., 2018; Fernandes et al., 2020), respectively (Table 1).

The Rio Ceará-Mirim propagates toward the São Francisco Cra-
ton (Hollanda et al., 2019; Melo et al., 2021, 2022; Oliveira et al.,
2021; Pessano et al., 2021) as far as the city of Barreiras (12�S,
44.9�W); this trend suggests lateral continuation with the Trans-
minas dikes (Fig. 1), which is also supported by geochemical iso-
topic data (Macêdo Filho and Hollanda, 2022). The single
plumbing system has a total length of at least 2,200 km and hence
is the largest dike swarm related to the opening of the South Atlan-
tic Ocean (Macêdo Filho, 2021).

The Riacho do Cordeiro dike swarm is a coast-parallel strike
swarm (N45�E) essentially composed of LT tholeiites (TiO2 < 2-
wt.%; Dantas, 2021) with K–Ar ages between 119 Ma and 105 Ma
(Mizusaki and Saracchini, 1991; Hollanda et al., 2019) and
40Ar/39Ar ages of �133 Ma (Dantas, 2021), therefore supporting
an Early Cretaceous derivation. In its southern termination, the
Riacho do Cordeiro dike swarm is covered by the Tucano Basin;
however, magnetic anomalies reappear near the town of Araci
(11.3�S, 38.9�W) and propagate to the surroundings of Amargosa
(13�S, 39.3�W). Notwithstanding, approximately 180 km to the
south, several anomalies reappear and mark the appearance of
the northernmost Vitória-Colatina dike swarm. In the Vitória-
Colatina dike swarm, Belém (2014) reported 40Ar/39Ar and U–Pb
geochronological data, stating that the younger (40Ar/39Ar)
Cretaceous dates are concerned with the effect of Ar-reset, while
Cambrian U–Pb dates should be considered crystallization ages.



Table 1
Geochemical and geochronological synthesis of Paraná, Etendeka, and Equatorial Atlantic tholeiitic plumbing systems. Geochemical groups are classified according TiO2 content
and degree of fractionation as high–Ti tholeiites (HT; TiO2 > �2 wt.%), low–Ti tholeiites (LT; TiO2 < �2 wt.%) and evolved rocks (ER; SiO2 > 56.5–63 wt.%).

Plumbing System Location Prevalent
geochemical
groups

General
orientation

Geochronology

Age (Ma) Confidence
level

Method Dated
material

Reference

Paraná
Falkland Eastern Falkland Islands LT[1] N05–15 W �135a – 40Ar/39Ar pl Richards et al.

(2013)
121.3 ± 1.2b – 40Ar/39Ar pl Stone et al. (2008)

Uruguay (Cuaró) Central Uruguay LT[2] N45–75 W 131.6 ± 1.3c – 40Ar/39Ar – Ures et al. (1997)
apud Masquelin
et al. (2009)

Florianópolis Coastal area of Santa
Catarina state (BR)

HT, LT, ER[3, 4]

N15–55E 129.4 ± 0.3d – 40Ar/39Ar pl Deckart et al. (1998)
119.0 ± 0.9 to
128.3 ± 0.5b

2r 40Ar/39Ar pl Raposo et al. (1998)

134.1 ± 0.9e 2r U–Pb,
TIMS

zr, bd Florisbal et al.
(2014)

Ponta Grossa Paraná and southern São
Paulo states (BR)

HT, LT, ER[5] N60W 131.4 ± 0.4 to
129.2 ± 0.4b

1r 40Ar/39Ar pl Renne et al. (1996a)

133.9 ± 0.2e

133.4 ± 0.2e
2r U–Pb,

TIMS
zr, bd Almeida et al.

(2018)
Resende–Ilha Grande Easten São Paulo state (BR) HT[6] N30W to

N70–20 W
156.5 ± 7.4 to
144 ± 3.2d

1r 40Ar/39Ar wt Guedes et al. (2016)

Serra do Mar Rio de Janeiro state (BR) HT, LT[7, 8, 9, 10,
11]

N30–50E 132.23 ± 0.6f to
132.1 ± 1.5d

– 40Ar/39Ar amp Carvas (2016)

�134.5 to
129.8a,e

1r 40Ar/39Ar pl Deckart et al. (1998)

137.8 ± 0.7 to
127.7 ± 4.6 g

1r 40Ar/39Ar pl, wt Turner et al. (1994)

130.2 ± 4.6 d

130.3 ± 2.9 d

135.9 ± 8.4f

128.4 ± 6.5b

122.4 ± 9.1f

134.5 ± 1.7 d

110.0 ± 6.6 d

130.3 ± 1.6 d

120.4 ± 2.5 d

122.1 ± 3.5b

116.7 ± 3.1f

124.3 ± 0.8f

120.6 ± 3.0 d

– 40Ar/39Ar pl Almeida et al.
(2021)

Southern Espírito
Santo

Espírito Santo state (BR) LT, HT[12] N65W 141.9 ± 1.9 h 2r U–Pb,
LA–ICP–
MS

zr Santiago et al.
(2020)

Transminas Minas Gerais state (BR) HT[13, 14] N05–60 W 131.92 ± 3.63 g

128.43 ± 8.46 g
2r 40Ar/39Ar pl Coelho and Chaves

(2017)
130.3 ± 0.6b

129.8 ± 0.3b
1r 40Ar/39Ar pl Rosset et al. (2007)

Vitória–Colatina Espírito Santo and eastern
Minas Gerais (BR)

LT[15] N05–20 W 134.92 ± 0.26b

133.5 ± 0.40d
1r 40Ar/39Ar pl, wt Belém (2014)

Etendeka
False Bay SW coast of South Africa LT, HT[16, 17] N40–70 W 131.3 ± 1.3 g 1r 40Ar/39Ar pl Stewart et al. (1996)
Cedarberg Africa–SW Namibia LT[16] N40–70 W – – – – –
Piketberg–Ceres NS – – – – –
Mehlberg NS and

N10W
134 ± 3d – – – Reid and Rex (1994)

Meob–Conception Bay NS – – – – –
Henties Bay–Outjo

(HOD)
Namibia LT, HT, ER[18,

19]
N40–70 W
and
N30–70E

�125–130a 2r 40Ar/39Ar pl Erlank et al. (1984)

HOD (Huab sills) Namibia LT[18, 19] – 132.0 ± 0.7b 2r 40Ar/39Ar pl Renne et al. (1996b)
Etendeka Gabbro Namibia LT[20] – 130.5 ± 0.8b 2r 40Ar/39Ar pl Kirstein et al. (2001)
Möwe Bay Namibia–Angola LT, HT, ER[21] NS and

N10W [a]
135.2 ± 0.7b

130.5 ± 0.3b

124.1 ± 0.8b

113.0 ± 0.5b

1r 40Ar/39Ar wt Will et al. (2016)

Skeleton Coast Namibia–Angola LT, HT, ER[22,

23, 24]
NS and
N10W;
N25W

129.5 ± 1.5b 2r 40Ar/39Ar pl Kirstein et al. (2001)

Kwanza basin basalts Western Angola HT, LT[25] NS and
N60–80 W

126.1 ± 4b

131.9 ± 1.6 g

131.1 ± 1.0 g

2r 40Ar/39Ar pl Marzoli et al.
(1999b)

Bero volcanic complex SW Angola LT, HT, ER[26] – – – – – –

(continued on next page)
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Table 1 (continued)

Plumbing System Location Prevalent
geochemical
groups

General
orientation

Geochronology

Age (Ma) Confidence
level

Method Dated
material

Reference

Equatorial Atlantic
Rio Ceará–Mirim Rio Grande do Norte, Ceará,

Piauí and Bahia (northern)
states. (BR)

HT, LT, ER [27,

28, 29, 30]
E–W 130.9 ± 2.9 g

129.8 ± 1.8 g
1r 40Ar/39Ar amp, py Smith et al. (2001)

132.2 ± 1.0f – 40Ar/39Ar amp Souza et al. (2003)
126.9 ± 4a 2r 40Ar/39Ar pl Ngonge et al. (2016)

N45E 136 – K–Ar wt Sial (1976)
134–120 1r K–Ar wt Oliveira (1992)

Canindé Northern Ceará state (BR) HT [30] N70W 141–126 1r K–Ar wt Oliveira et al. (2021)
Riacho do Cordeiro Pernambuco, Alagoas,

Sergipe and (NE) Bahia. (BR)
LT[31] N35E 105.4 ± 9.5 – K–Ar wt Mizusaki and

Saracchini (1991)
119 ± 2 – K–Ar wt Hollanda et al.

(2019)
�133a – 40Ar/39Ar pl Dantas (2021)

Sardinha sill
complexes (eastern
Parnaíba Basin)

Piauí and eastern Maranhão
(BR)

HT, ER[30, 32, 33,

34, 35, 36, 37]
– 128.4 ± 0.5f

124.6 ± 0.6b

124.9 ± 0.9b

159.0 ± 0.6b

159.6 ± 0.7b

120.0 ± 0.5f

1r 40Ar/39Ar wt Baksi and Archibald
(1997)

119.6 ± 0.8b

128.0 ± 1.3d

126.0 ± 2.7b

128.8 ± 2.3b

125.7 ± 2.7d

128.3 ± 0.7d

128.9 ± 1.3d

40Ar/39Ar pl, wt Heilbron et al.
(2018)

132.95 ± 0.43b

132.07 ± 0.43 g

136.86 ± 0.35 g

133.79 ± 0.30 g

2r 40Ar/39Ar wt Fernandes et al.
(2020)

Benue (bimodal)
volcanics

Nigeria HT, LT[38] – 106.0 ± 1.5f

123.1 ± 1.6d

146.7 ± 1.6b

138.0 ± 1.8d

130.7 ± 2.7d

143.1 ± 1.5b

137.8 ± 1.9b

– 40Ar/39Ar pl, Kf Maluski et al.
(1995)

Geochemical/geological information sources: Paraná: 1 – Stone et al. (2008); 2 – Muzio et al. (2012), Muzio et al. (2017); 3 – Marques et al. (2018); 4 – Florisbal et al. (2018); 5
– Piccirillo et al. (1990); 6 – Guedes et al. (2016); 7 – Santos (2006); 8 – Corval et al. (2008), Corval (2009); 9 – Ngonge et al. (2013); 10 – Carvas (2016); 11 – Almeida et al.
(2021); 12 – Santiago et al. (2020); 13 – Rosset et al. (2007); 14 – Marques et al. (2016); 15 – Valente et al. (2009). Etendeka: 16 – Trumbull et al. (2007); 17 – Backeberg et al.
(2011); 18 – Trumbull et al. (2004); 19 – Ewart et al. (2004a); 20 – Kirstein et al. (2001); 21 – Ewart et al. (1998); 22 –Will et al. (2016); 23 –Will et al. (2016); 24 – McMaster
et al. (2019); 25 – Marzoli et al. (1999b); 26 – Marsh and Swart (2018). Equatorial Atlantic: 27 – Bellieni et al. (1992); 28 – Hollanda et al. (2003); 29 – Ngonge et al. (2016); 30
– Macêdo Filho (2021); 31 – Dantas (2021); 32 – Fodor et al. (1990); 33 – Bellieni et al. (1990); 34 – Ernesto et al. (2003); 35 – Heilbron et al. (2018); 36 – Oliveira et al.
(2018); 37 – Macêdo Filho et al. (2019); 38 (Benue) – Coulon et al. (1996). a – Authors recommended age from multiple samples dated; b – Plateau age; c – Argon spectra not
shown; d –Weighted mean of not contiguous steps; e – Concordia age of multigrain zircon and baddeleyite fractions; f – Integrated age; g – Isochron age; h – Concordia age of
zircon crystals; pl – plagioclase; zr – zircon; bd – baddeleyite; wt – whole–rock; amp – amphibole; py – pyrite; Kf – K–feldspar.
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However, the 40Ar/39Ar age spectra for these rocks generally pro-
duced good plateaus, with minor resets in low- or high-
temperature steps. In addition, the dated zircon crystals have
rounded shapes that are not expected from a rapid crystallization
mafic magma. Moreover, the internal structures observed in
cathodoluminescence images show zonation patterns, again not
compatible with a rapid cooling magmatic environment. In gen-
eral, zircons crystallized from mafic subvolcanic magmas tend to
be acicular shaped (frequently euhedral to skeletal) with no inter-
nal zonation. Hence, we assume that the U–Pb ages are derived
from inherited zircons and that the 40Ar/39Ar ages are the actual
dike emplacement ages for these dikes. These findings suggest that
the Riacho do Cordeiro and Vitória-Colatina dikes form a single
plumbing system that is at least 1,600 km long and parallel to sub-
parallel to the eastern coastline of South America in the adjacent
segment (Macêdo Filho, 2021).

The Benue Trough in Nigeria is the most magmatically active
area of the West and Central African rift systems (Wilson and
Guiraud, 1992), where Early Cretaceous magmatism has been
reported (e.g., Benkhelil et al., 1988; Guiraud and Maurin, 1992;
6

Maluski et al., 1995; Coulon et al., 1996; Loule and Pospisil,
2013). In satellite images, mafic dike swarms can be mapped until
the plateau state in central Nigeria. According to Maluski et al.
(1995), the Mesozoic bimodal igneous activity of the Benue rift
erupted in the Tithonian–Aptian interval with 40Ar/39Ar ages
between 146.7 ± 1.6 Ma and 123.1 ± 1.6 Ma. Considering the
EQUAMP elements in NE Brazil and Nigeria, the total area in which
remnants are present exceeds 1 � 106 km2 in the West Gondwana
realm.
3. Materials and methods

3.1. Sample selection and screening

This work was developed based on whole-rock major oxides
(SiO2, Al2O3, Fe2O3

T, MnO, MgO, CaO, Na2O, K2O, TiO2, and P2O5),
trace elements (V, Cr, Co, Ni, Cu, Pb, Zn, Rb, Sr, Cs, Y, Zr, Nb, Ba,
Hf, Ta, Th, and U) and rare earth elements (REEs; La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) from the literature
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published mainly from 2004 to 2021 (Almeida et al., 2021;
Backeberg et al., 2011; Corval, 2009; Corval et al., 2008; Ewart
et al., 2004a; Florisbal et al., 2018; Guedes et al., 2016; Hartmann
et al., 2012; Keiding et al., 2011, 2013; Machado et al., 2007;
Marques et al., 2018; Marsh and Swart, 2018; McMaster et al.,
2019; Muzio et al., 2017; Ngonge et al., 2013; Owen-Smith et al.,
2021; Petersohn and Gouvea, 2009; Piccirillo et al., 1990; Renne
et al., 1996a; Renner, 2010; Rosset et al., 2007; Santiago et al.,
2020; Santos, 2006; Sarmento et al., 2014, 2017, 2020, Thompson
et al., 2001, 2007, Trumbull et al., 2004, 2007; Valente et al.,
2009; Wigand et al., 2004; Zhou et al., 2020; Carvas, 2016; de
Janasi et al., 2007; Stone, 2013). The compiled datasets were
obtained via X-ray fluorescence (XRF) for major oxide determina-
tion (and some trace elements in a few publications) and other
more precise tools, such as inductively coupled plasma (MS),
atomic emission spectrometry (AES), optical emission spectrome-
try (OES), emission spectrometry (ES) and instrumental neutron
activation analysis (INAA), for the determination of major oxides,
trace elements and REEs.

Highly magnesian samples (MgO > 10.5 wt.%) are not consid-
ered in this study because picritic magmas are virtually absent in
the EQUAMP and PMP. These filtering criteria also eliminated sam-
ples potentially affected by ferromagnesian crystal accumulation.
We reject potentially altered rocks by removing samples with loss
on ignition (LOI) > 3.5 wt.% and correct all samples to a volatile-free
basis. Contemporaneous silicic (SiO2 > 65.5 wt.%) and alkaline mag-
mas are also removed from the database because they are virtually
absent in the EQUAMP and beyond the scope of tholeiitic magma-
tism. Nevertheless, we consider ERs (SiO2 = 57–65.5 wt.%) as frac-
tional crystallization products from tholeiitic parental melts that
are recognized in the three provinces. Outliers that were not
explained in their original publications were removed. Moreover,
as the EQUAMP is an exclusively intrusive LIP, we consider only
data from dikes and sill complexes of the PMP and EMP (956 sam-
ples) to make a proper comparison (Supplementary Data Table A1).

For data compilation for the EQUAMP, we integrate datasets of
the EW-Rio Ceará-Mirim (Hollanda et al., 2006; Ngonge et al.,
2016), NE-Rio Ceará-Mirim, Canindé (Macêdo Filho and Hollanda,
2022) and Riacho do Cordeiro dike swarms (Dantas, 2021) and Sar-
dinha sill samples (Macêdo Filho et al., 2019; Macêdo Filho, 2021)
because they are characterized by the same sampling strategy and
analytical protocols. We also integrated other datasets of Sardinha
sills available in Heilbron et al. (2018) and Oliveira et al. (2018).
The Mesozoic magmatic activity in NE Brazil encompasses an older
Jurassic event associated with CFBs and intrusions of Central Atlan-
tic Magmatic Province (Marzoli et al., 1999a) and Early Cretaceous
(EQUAMP) sills and dikes. Consequently, a mandatory step in the
validation of the EQUAMP database involves recognizing and
removing samples potentially belonging to the Central Atlantic
LIP, which can promote ‘noise’ in the EQUAMP dataset (Macêdo
Filho, 2021). The database was processed by a thorough revalua-
tion and comparison of the overall geochemical and isotopic com-
positions to those from previous works published for the CAMP in
NE Brazil (Fodor et al., 1990; Bellieni et al., 1992; De Min et al.,
2003; Ernesto et al., 2003; Merle et al., 2011; Klein et al., 2013;
Heilbron et al., 2018; Oliveira et al., 2018). This age provinciality
screening is also supported by recent geochronological approaches
used in dike swarms intrusive in Borborema Province (Oliveira
et al., 2021). Additionally, we considered six samples of Early Cre-
taceous mafic volcanic rocks of northern Benue compiled from
Coulon et al. (1996) but only observed the geochemical behavior
and regional distribution of magma types. Unfortunately, the pau-
city of geochemical and geological information about Early Creta-
ceous tholeiites in the Nigeria region precludes drawing accurate
correlations between the two sides of the equatorial Atlantic
Ocean. Therefore, we do not further discuss West/Central African
7

magmatism in this work. In summary, a total of 254 samples con-
tributed to the geochemical characterization of the EQUAMP (Sup-
plementary Data Table A1).

3.2. Self-Organizing maps

The SOM approach uses both competitive and cooperative
learning processes to train ‘‘seed vectors” to represent patterns
within the data to eventually be represented as ‘‘nodes” on the
self-organized map. The output of the process is typically a two-
dimensional ‘‘map” that essentially represents the total input
(nD) dataset, with similar samples represented as ‘‘nodes” on the
map, and the nodes themselves are ordered and positioned by their
degrees of similarity or dissimilarity to each other. Because of the
use of the vector quantization approach and measures of vector
similarity, SOM modeling may be used to examine populations
that are both Gaussian and non-Gaussian in nature and sample–
variable relationships that are linear and/or nonlinear. Hence, the
SOM process resembles a neural network (Kohonen, 1982, 2001;
Fraser and Dickson, 2007; Friedel, 2011).

This study used the SiroSOM� package (Version
2.20.20190411.121434), an advanced computation tool developed
by the Commonwealth Scientific and Industrial Research Organiza-
tion (CSIRO). Parameters considered as input to a SiroSOM� anal-
ysis (apart from the data) include the size of the map described by
the number of nodes as rows down (X) and the number of nodes as
columns across (Y), which also dictates the total number of nodes
used (i.e., X� Y); the training length (number of iterations) for both
the ‘‘rough” and ‘‘fine” cycles; and the shape of the search window
with its initial and final sizes.

SiroSOM� offers analysis and ‘‘map” creation functions using
either a rectangular (each node has 4 neighboring nodes) or hexag-
onal (each node has six neighboring nodes) lattice, with a sheet,
cylinder or toroid serving as the projection surface used to trans-
form from multidimensional (nD) space to 2D space. For instance,
in the case of a toroid, the final 2D surface map is a flat surface with
continuity (wrap-around) between opposite edges on the 2D map
representation.

One advantage of the SOM approach is that the output ‘‘self-
organized map” data can be visualized, displayed, or analyzed in
many ways. The ‘‘unified distance matrix” or simply the U-matrix
(Ultsch and Vetter, 1994), is a particularly useful 2D display, as it
allows one to visualize patterns, similarities, and differences
between the nodes in terms of Euclidean distances. Hence, one
can visualize and interpret the relevance of natural domains or
clusters within a dataset. Displaying the nodes using a color–tem-
perature scale, for instance, with the color blue representing close-
ness between adjacent nodes and the color red representing
dissimilarity or distance, would further enhance data visualization.

Component (plane) plots provide another 2D visualization of
the ‘‘self-organized” map nodes that are particularly effective.
These plots display, for each node, a plane or projection over a
‘‘map” that gives the contributions for any given variable (compo-
nent) used in the analysis. Component (plane) plots can also be
coded using a color–temperature scale, with blue nodes indicating
a low contribution for a variable and red nodes indicating a high
contribution. Another useful SOM output that is calculated and
recorded for each input sample is the quantization error, which
is ideally less than one, and the smaller the value is, the better. This
error represents a measure of the distance between a sample and
its representative node–vector.

If the user has a large dataset, the quantitative analysis of such
data can be more readily facilitated by k-means (Davies and
Bouldin, 1979) clustering of the SOM nodes (Vesanto and
Alhoniemi, 2000). The estimation of the best number of clusters
involves an unsupervised process calculated through the Davies–-
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Bouldin criterion (Davies and Bouldin, 1979) and considers the best
subdividing scheme for each number of clusters in terms of Eucli-
dean distances within and between the proposed numbers of
clusters.

The similarity index in SiroSOM� is based on a cross-plot visu-
alization of the first and second components of principal compo-
nent analysis (PCA; Christophersen and Hooper, 1992). To gauge
the correlations between the components (variables), this process
involves a PCA followed by the display of the individual component
planes on a PC#1 versus PC#2 cross-plot (using their calculated
eigenvalue contributions). On this similarity index plot, compo-
nents (variables) that are positively correlated parameters tend
to plot closer together on one side of the diagram, whereas inver-
sely correlated components tend to plot on opposing sides of the
axes (García and González, 2004; Löhr et al., 2010).

In the processing of the PMP, EMP, and EQUAMP datasets on Sir-
oSOM, we adopted an SOM map size of 58 (rows) � 52 (columns)
with a total of 3,016 nodes. This map size was chosen to minimize
the final quantization error and topologic error (both < 1). Unless
indicated otherwise, the initialization (initiation, lattice, shape,
and map size) and training parameters (neighbor, rough training,
fine training, and errors) used to calculate the SOM computations
are listed in the Supplementary Data Table A2. We must emphasize
that the purpose of SOM use is not to replace expert petrological
knowledge or to challenge previous geochemical classifications
that are well established in these provinces. Rather, we use this
approach to make a data-intensive regional comparison, since
under the SOM method, it is possible to attribute an equal weight
to all variables, as similarly concluded by Owen-Smith et al. (2021).
3.3. Geological mapping

The mapping of PMP, EMP and EQUAMP mafic rocks combines
aeromagnetic data from the Geological Survey of Brazil (CPRM)
and Bahia Mineral Research Company (CBPM), previous geological
maps, and Google Earth images.

Because dikes are spread across a continent-scale area, each
aeromagnetic survey was processed individually in Oasis montaj�

(Geosoft). The geophysical data were previously corrected from
diurnal variations and the International Geomagnetic Reference
Field (IGRF). The processing routine was the same as that success-
fully used in part of the study area (de Castro et al., 2018; Melo
et al., 2021, 2022). Geophysical processing started with a reduction
to the magnetic pole (RTP) to correctly position the anomaly over
its source. In addition, a pseudoinclination was applied to stabilize
the results of this filter, followed by the amplitude of the analytical
signal (ASA) to highlight the edges of magmatic bodies and direc-
tional enhancement filters applied to highlight magnetic anoma-
lies that constitute dikes.

The magnetic map interpretations were compared with previ-
ously published geologic maps available in the database of the
Geological Survey of Brazil and high spatial–temporal resolution
Google Earth images to improve the mapping of mafic dikes. Linear
(high-amplitude) magnetic anomalies commonly reflect shear
zones, dikes, and regional faults. To sort out such ambiguities, we
thoroughly assessed the anomalies, observing that dikes are repre-
sented on maps by strong positive and negative anomalies, with
high amplitude in the ASA maps with well-marked orientations,
and are usually arranged in swarms that are parallel to subparallel,
forming en echelon geometries and frequently crosscutting the
regional fabric at high angles. On the other hand, shear zones are
structurally concordant with regional fabric, with magnetic
anomalies being wider than those of dikes. Finally, regional faults
may eventually stand out on magnetic maps, presenting a
structural pattern similar to that of dikes, although fault anomaly
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patterns are discontinuous and more attenuated than those of both
dikes and shear zones.

We additionally used GPlates 2.3.0 (https://www.gplates.org/)
to manipulate plate reconstruction models and paleogeographic
features of Early Cretaceous magmatism and South Atlantic-
related hotspots through geological time. For this purpose, we
assumed a stationary hotspot under a constantly moving plate.
The results of this mapping work are shown in Fig. 1.
4. Results

4.1. Classification of the geochemical dataset

In the total alkali–silica (TAS) classification diagram (Fig. 2), the
HT suite (TiO2 > �2 wt.%) of the PMP, EMP, and EQUAMP has
SiO2 < 56 wt.% and total alkalis �6.8 wt.%, plotting below the Miya-
shiro divisor (Miyashiro, 1978), with a few scattered samples fall-
ing above this line due to higher alkali/silica ratios. Consequently,
HT compositions indicate subalkaline basalts, basaltic andesites,
and basaltic trachyandesites. In the MgO versus TiO2 diagram, the
HT group clusters above the line defined by equation TiO2 = �0.1
MgO + 3.3 for samples with MgO > 4 wt.%. For samples with
MgO < 4 wt.%, the ascendant curve TiO2 = 0.725MgO better sepa-
rates the HT group from other suites. In the EQUAMP tholeiites,
the Ti/Y parameter forms a continuous trend from 250 to 325, with
overlaps between high- and low-Ti magmas. In Etendeka, Marsh
et al. (2001) also reported difficulties in using the Ti/Y discrimina-
tor of Peate et al. (1992). Even so, HT presents high Ti/Y levels, usu-
ally above �330, and is divided from other suites by the equation
Ti/Zr = 0.4Ti/Y – 90 in the Ti/Y versus Ti/Zr plot. Incompatible ele-
ments are abundant (e.g., Sr > 400 ppm), and La/Yb > 10.

The ERs have SiO2 content levels of 57–65 wt.% with TiO2 < 2.5-
wt.% and are mainly constrained within the trachyandesite–tra-
chyte field (Fig. 2). In the Ti/Y versus Ti/Zr diagram, the plot of ER
is similar to that of LT magmas in terms of Ti/Y, but ER has lower
Ti/Zr levels. In terms of incompatible elements and REE contents,
ER is akin to HT magmas (e.g., Sr > 400 ppm; La/Yb > 10). The stark
contrast between ER and HT is perfectly identified by the influence
of low TiO2 content in conjunction with highly incompatible ele-
ment amounts, as expected for fractionated rock. Previous petro-
logical work on the PMP, EMP, and EQUAMP interpreted ER as
AFC products derived from HT magmas (e.g., Florisbal et al.,
2018; Macêdo Filho and Hollanda, 2022).

The LT (TiO2 < 2 wt.%) magmas have lower alkali/silica ratios
than HT rocks and are composed of subalkaline basalts and basaltic
andesites, with a smaller group classified as andesite (Fig. 2) in the
PMP and EMP. The LT tholeiites present low TiO2/MgO and are thus
arranged below the TiO2 = � 0.1MgO + 2.5 line in the MgO versus
TiO2 diagram for MgO > 3 wt.%. A particularity of the presence of
PMP and EMP magmas is the presence of basalts to basaltic
andesites with transitional TiO2 content. Here, the transitional
TiO2 tholeiites (TTs) are those samples with TiO2 levels of
2.7–1.7 wt.%. In the MgO versus TiO2 diagram, TTs differ from the
dominant HT and LT groups by clustering within the area defined
by curves TiO2 = �0.1MgO + 3.3 and TiO2 = �0.1MgO + 2.5 (for
MgO > 4 wt.% and 3 wt.%, respectively). However, in terms of
incompatible element content, TTs are generally akin to the LT
suites (i.e., Sr < 400 ppm; La/Yb < 10). In the EQUAMP, only a small
number of samples plot within the TT field, but other geochemical
parameters, such as trace elements and REEs, show that the sam-
ples belong to either the HT or LT groups. The LT and TT suites tend
to plot above the curve defined by the equation Ti/Zr = 0.4MgO –
90 in the Ti/Y versus Ti/Zr diagram, controlled by low incompatible
elements and REE contents. Notably, samples from False Bay and
Saldanha Bay in southern Etendeka Province present a TiO2 range

https://www.gplates.org/


Fig. 2. Geochemical dataset of intrusive rocks of the Paraná, Etendeka and Equatorial Atlantic magmatic provinces used for SOM analysis. Samples are classified based on TiO2

contents as high-Ti (HT), transitional-Ti (TT), and low-Ti (LT) tholeiites. A minor population of evolved rocks (ERs) is related to the evolution of mafic magmas by AFC
processes. All bivariate plots consider LOI-free recalculation.
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of 3.6–2.2 wt.% but low incompatible element levels compared to
those observed in the LT tholeiites (Trumbull et al., 2007;
Backeberg et al., 2011).

In an exploratory step, we evaluated the PMP, EMP, and
EQUAMP datasets using PCA considering the whole-rock dataset
of major oxides, trace elements (V, Cr, Co, Ni, Cu, Pb, Zn, R, Sr, Cs,
Y, Zr, Nb, Ba, Hf, Ta, Th, and U) and REEs to reduce the dimension-
ality of the dataset and minimize information loss (Fig. 3). As
shown in the PCA diagram for the EQUAMP (Fig. 3A), HT makes
major contributions to Fe, Ti, P, Sr, HFSEs, and REEs. The ERs from
the Rio Ceará-Mirim and Sardinha sills have a higher contribution
of Si, alkalis (K and Na), and incompatible elements. The LT sam-
ples of the Rio Ceará-Mirim and Riacho do Cordeiro dikes show a
strong correlation between them, plotting on the pole of samples
depleted in trace elements.

The broad HT–ER geochemical groups of the EQUAMP plot
together with the groups of the PMP and EMP, where the convex
hull of the EQUAMP is completely included in the PMP and EMP
range, which indicates analogous compositions for both domains
(Fig. 3B). The LT samples of the EQUAMP are generally more
evolved, plotting near the Al–Si-rich pole; nevertheless, the convex
hull is completely inserted in the compositional range of the PMP
and EMP (Fig. 3C). Moreover, TTs present a better correlation with
the evolved LT group.
4.2. SOM approach

4.2.1. Component (plane) plots
An assessment of the component plots of the PMP, EMP, and

EQUAMP (Fig. 4) shows that HT nodes have positive correlations
with Fe2O3 and P2O5 and, to a lesser extent, with SiO2, Na2O, K2O,
MnO, and incompatible elements (Sr, Rb, Zn, Y, Nb, Ba, Zr, Hf, U,
Th, Ta, and REEs) in a similar pattern, which is displayed by high
P2O5 nodes. However, the latter P2O5 is better grouped with K2O,
Sr, Ba, Rb, and REEs. The low-TiO2 nodes are distributed between
the LT and ER groups, where LT magmas show positive correlations
with MgO, CaO, and Al2O3 and to a lesser extent with Y, V, Ni, Cr,
Co, and Cu, while ER is equivalent to high-SiO2 nodes and posi-
tively correlated with Na2O, K2O, Rb, Y, Zr, Nb, Ba, Hf, Ta, Th, and
REEs.

These observations are also supported by the similarity index
based on PCA (PC1 versus PC2), where component plots of HFSEs,
LILEs, and REEs have closer associations with high-TiO2 and high-
SiO2 nodes (Fig. 5). The heavy REEs (HREEs) are grouped with Y,
whereas light REEs (LREEs) are positively correlated with Zr, Hf,
Ba, and Nb. Parameters such as Fe2O3

T remain in an intermediate
PC position and plot on the side of the diagram with incompatible
elements, where its component plots together with other metals
such as Mn, Zn, Cu, and V. The pole enriched in incompatible ele-
ments is better constrained by the HT and ER groups than by the
LT group. Finally, the component plots of MgO, CaO, Al2O3, Ni, Cr,
and, to a lesser extent, Co are interrelated in the TiO2-poor pole
of the PC plot.
4.2.2. Cluster analysis
When combining the PMP, EMP and EQUAMP datasets, the best

K-means clustering yields 4 SOM-classified groups (Fig. 6; Table 2)
for a Davies–Bouldin index value of 1.17: SA1, SA2, SA3, and SA4.
Overall, the centroid values of clusters show strong contributions
of MgO, CaO, K2O, TiO2, P2O5, and trace elements from four popu-
lations (Supplementary Data Table A3). However, Pb is a good dis-
criminant only for the SA3 group, whereas Sr separates groups SA1
and SA2 from groups SA3 and SA4. The positions of the centroids of
the four predefined geochemical groups plot close to the cluster
centroids highlighted by the SOM analyses in the similarity index
10
plot (Fig. 5), corroborating the strong correlation between the
two classifications.

The SA1 cluster includes 83.2% of samples from the HT group.
SA2 is characterized by 94.4% of ER compositions. Interestingly,
this cluster groups magmas in a wider silica range (52–64 wt.%)
than what was previously classified as ER (SiO2 = 57–64 wt.%),
assimilating 10.3% of the evolved HT samples. This means that
SA2 should be a better indicator for separating basaltic
andesitic–trachyandesitic fractionated samples from strict HT
basaltic rocks. Cluster SA3 has a wide range of MgO from 3 wt.%
to 10 wt.%, comprising 68.8% of all LT samples and 34.7% of TT
tholeiites. On the other hand, SA4 comprises 58.7% of all TTs, fol-
lowed by 30.3% of evolved LT compositions. In general, we observe
that fractionation has a strong ability to modify the whole-rock
geochemistry, which is well expressed in the HT–ER trend. Hence,
cluster SA4 is produced from the strong similarity between evolved
LT and evolved TT samples. Similarly, less evolved TT samples are
allocated to SA3.

4.2.3. Trace element patterns
In Fig. 7, we evaluate those samples whose PMP, EMP, and

EQUAMP petrological groups coincide with the SOM cluster analy-
sis. Primitive mantle (PM)-normalized incompatible element dia-
grams (Sun and McDonough, 1989) show that the HT rocks in
the PMP, EMP, and EQUAMP are very similar, displaying enrich-
ment in LILEs over HFSEs and LREEs. The values for LILEs are
approximately 30–270 times greater than the normalization
parameters, while the HFSEs are enriched by factors of 15–75
(Fig. 7). The most striking differences between the provinces are
related to Pb and Nb–Ta anomalies. The Pb anomalies are negative
in the HT/SA1 cluster of the EQUAMP, whereas the PMP and EMP
all groups tend to display positive spikes with a paucity of negative
Pb anomalies. Nb–Ta anomalies are present in all provinces; how-
ever, in the EQUAMP, they tend to be uniform, generating an
inverted trapezoidal pattern, while samples in the PMP and EMP
present barely noticeable Ta anomalies.

The ER is enriched by 80–350 times the normalization parame-
ters for LILEs and by 20–80 times for HFSEs but forms a distribu-
tion of incompatible elements akin to that of the HT group.
Remarkable differences in comparison to mafic suites may be seen
in LILE and HFSE enrichments coupled to prominent troughs at Ti–
P; these features are completely plausible since high-Si magmas
can be more enriched in incompatible elements. Moreover, P–Ti
can diminish as a function of the fractionation of Fe–Ti oxides,
pyroxenes, and apatite in parental tholeiitic melts.

The distribution of PM-normalized incompatible elements in LT
magmas from the EQUAMP is homogeneous with marked negative
Nb–Ta anomalies (also P and Ti) and positive Pb, La, Nd, and Zr–Hf
anomalies. In PMP and EMP magmas, however, the greatest differ-
ences involve LILE contents that show heterogeneous behavior,
varying by 7–200 times the normalization parameters, while HFSEs
are <20-fold enriched. The large variation in LILE contents likely
results from the high mobility of these elements.

4.2.4. Geographical distribution of magma types
Fig. 8 shows the geographical distribution of petrological groups

and their respective comparisons with SOM clusters. In the PMP,
SA1 (HT) occurs in the Transminas, Resende-Ilha Grande, Serra
do Mar, and Florianópolis dike swarms and in central/northern
Paraná sill complexes. In the EMP, SA1 (HT) is rare and occurs on
the northern side of the main lava field and in the Angola area.
In the EQUAMP, SA1 (HT) is the most common type found in both
the Rio Ceará-Mirim dikes and Sardinha sills. SA2 (ER) is largely
observed in association with SA1 (HT) in all three provinces. The
LT types observed in SA3 and SA4 are the most common
clusters in the southern PMP and EMP and are found in the



Fig. 3. Principal component analysis (PCA) plots. (A) PCA applied to the EQUAMP dataset: RCM (Rio Ceará-Mirim dikes), RCo (Riacho do Cordeiro dikes), and Sardinha sills.
The high-Ti (HT) tholeiites and evolved rocks (ERs) of sills and dikes present comparable behavior, as similarly observed in low-Ti (LT) tholeiites of the RCM and RCo. (B) HT
and ER from the combination of PMP, EMP and EQUAMP rocks. (C) LT and TT from a combination of PMP, EMP and EQUAMP rocks. Note that the EQUAMP convex hull is
completely included in the convex hull of the Paraná-Etendeka Province (PEMP).
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Fig. 4. Component plane plots for major oxides (wt.%), trace elements, REEs, and the U-matrix of the PMP, EMP and EQUAMP magmas. The numbers next to the color bars
represent the maximum, average, and minimum values for each geochemical parameter. Some REEs are not shown, but they present component plane plots similar to those
of neighbors.

Fig. 5. Similarity index plot based on principal component analyses in SiroSOM for major oxides and trace and rare earth elements of the PMP, EMP and EQUAMP samples.
The average positions of geochemical groups (HT, TT, LT, and ER) and clusters SA (1, 2, 3, and 4) are also represented.
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Vitória-Colatina and Serra do Mar dike swarms. In the EQUAMP,
the LT samples of the SA3 type occur at a single first-order dike
at the intersection between the E–W Rio Ceará-Mirim and NE Rio
Ceará-Mirim swarms and in the Riacho do Cordeiro dikes. The
TTs of SA4 and SA3 are common only in the central PMP.

4.3. Radiogenic isotopes

In this section, isotopic relationships are exclusively explored
according to intrusive systems based on geochemical groups. The
Sr–Nd–Pb isotope ratios of the PMP, EMP, and EQUAMP dike
swarms, sill complexes and Paraná basalt types (fields) are pre-
sented in Fig. 9. All Sr and Nd isotope-dependent parameters are
recalculated to 130 Ma, which is considered an average age for
Early Cretaceous magmatism in the South Atlantic area. However,
12
Pb isotope compositions are plotted as present ratios since several
published works do not measure Pb (or U, Th) concentrations,
which precludes the correction for initial ratios. The references
used are listed in the Supplementary Data Table A4.

The HT tholeiites of the PMP, EMP, and EQUAMP present high
frequencies of 87Sr/86Sr(130 Ma) at �0.705–0.706 (Fig. 9), and all
samples have eNd(130 Ma) < �1. A few tholeiitic samples and ERs
present a diffuse pattern toward radiogenic Sr, which may be sug-
gestive of some degree of crustal assimilation. HT tholeiites of the
Rio Ceará-Mirim dikes and Sardinha sills have high concentrations
of eNd(130 Ma) between �1 and �3, as do HT samples of the Flo-
rianópolis, Ponta Grossa, Resende-Ilha Grande, and southern
Espírito Santo dike swarms. Another striking resemblance
concerns HT tholeiites from the Bero volcanic complex in Angola/
Etendeka Province, which shows the same Sr–Nd range as that



Fig. 6. Details of component plane plots of (A) SiO2, MgO, P2O5 and TiO2, U-matrix, and K-means clusters obtained by SiroSOM processing combining the PMP, EMP and
EQUAMP: SA1, SA2, SA3, SA4. Spider plots represent the centroids of clusters for (B) major and (C) trace elements. Trace elements are normalized to the PM (Sun and
McDonough, 1989). Clusters in (D) MgO versus TiO2 diagram. (E) Sr versus TiO2. (F) REE total versus TiO2.
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observed in the Rio Ceará-Mirim dikes and Sardinha sills. More-
over, the EQUAMP HT tholeiites plot over the HT Urubici/Khumib
and Pitanga basalt fields for the PMP and EMP.
13
The LT tholeiites display a large range of Sr isotopes, forming
a diffuse (fanlike) pattern, where less radiogenic Nd samples
tend to show the most radiogenic Sr compositions. Such a



Table 2
Degrees of correlation among geochemical groups and K-means cluster analysis obtained in SiroSOM for the EQUAMP and PEMP.

Magma groups n Clusters

SA1 SA2 SA3 SA4

HT 561 83.2 % 10.3 % 1.24 % 5.2 %
ER 36 2.7 % 94.4 % 2.8 % 2.8 %
LT 542 0.2 % 0.7 % 68.8 % 30.3 %
TT 75 4 % 2.8 % 34.7 % 58.7 %

HT - high-Ti tholeiites; LT - low-Ti tholeiites; TT - transitional-Ti tholeiites; ER - evolved rocks; n - number of samples.

Fig. 7. Primitive mantle-normalized (Sun and McDonough, 1989) incompatible trace elements of the Paraná-Etendeka and Equatorial Atlantic (EQUAMP) provinces: high-Ti
(HT) tholeiites in cluster SA1, evolved rocks (ERs) in cluster SA2 and low-Ti (LT) tholeiites in cluster SA3. Gray lines for the PMP and EMP are outlier samples, whereas in the
EQUAMP diagrams, gray lines represent transitional basalts and olivine tholeiites of the EW-Rio Ceará-Mirim and northern Benue, which are plotted for comparison. SA4 is
not shown because of its absent in EQUAMP and very heterogeneous pattern.
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feature outlines a contamination trend toward lithospheric/crus-
tal sources. The most primitive (asthenosphere-derived) samples
concern the Henties Bay-Outjo, Möwe Bay, and Serra do Mar
dikes, where eNd(130 Ma) values concentrate between +1 and
+6 coupled with 87Sr/86Sr(130 Ma) from 0.704 to 0.705. The second
set of samples with 87Sr/86Sr(130 Ma) plotting from �0.705 to
0.708 and eNd(130 Ma) from +0.5 to �3.5 is observed in the Flo-
rianópolis, Ponta Grossa, Serra do Mar, Cedarberg, False Bay, and
14
Möwe Bay areas, and samples showing less radiogenic Nd
(eNd(130 Ma) < �4) are diffuse. LT tholeiites of the Rio Ceará-
Mirim and Riacho do Cordeiro have an isotopic signature
(eNd(130 Ma) < �4) similar to those of dikes from the Möwe
Bay, Uruguay (Cuaró), southern Espírito Santo, and Vitória-
Colatina and the Southern Paraná sills. Nonetheless, they still
plot at the intersection between the fields of the Esmeralda
and Gramado basalt types.



Fig. 8. Geographical distribution of magma groups and respective clusters obtained in the SOM solutions for the (A) Paraná, (B) Etendeka, and (C) Equatorial Atlantic
provinces. Countries are represented by respective abbreviations: Brazil (BR), Argentina (AR), Uruguay (UY), Paraguay (PY), Bolivia (BO), South Africa (ZA), Namibia (NA),
Angola (AO), and Botswana (BW).
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Fig. 9. Isotopic dataset (Sr, Nd, and Pb) of intrusive rocks from the Equatorial Atlantic, Paraná (with main basalt types plotted as fields) and Etendeka provinces. eNd(130 Ma)
versus 87Sr/86Sr(130 Ma) plots for (A) high-Ti and (B) LT. Intrusive forms and magma type fields are also represented in (C) 206Pb/204Pb(m) versus

207Pb/204Pb(m) and (D)
206Pb/204Pb(m) versus

208Pb/204Pb(m) plots and displayed in an adjacent closeup diagram. Centroid values of the mantle endmember were obtained from Stracke et al. (2005).
The SCLM is represented by alkalic melts of Alto Paranaíba Province (Araujo et al., 2001). References of the isotope database are reported in the Supplementary Data Table A4.
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Pb isotope data of samples from the PMP, EMP, and EQUAMP
plot far above the Northern Hemisphere reference line (NHRL;
Hart, 1984). The 206Pb/204Pb versus 207Pb/204Pb and 206Pb/204Pb ver-
sus 208Pb/204Pb diagrams (Fig. 9) support more radiogenic Pb com-
positions for LT tholeiites of the Rio Ceará-Mirim, Riacho do
Cordeiro, Florianópolis, Cedarberg, Henties Bay-Outjo, and PMP
sills, overlapping with the LT rocks of the Gramado and Esmeralda
types. Exceptions are found for some LT samples from the Serra do
Mar dikes with 206Pb/204Pb < 18. In the HT group, less radiogenic Pb
predominates, as observed in the Florianópolis, Urubici/Khumib
and Pitanga basalts. The EQUAMP rocks exhibit most values of
206Pb/204Pb within an interval of �18.2–18.4, which is also
supported by narrow intervals of 207Pb/204Pb (�15.56–15.61) and
208Pb/204Pb (�38.50–38.80). These Pb isotope compositions are
similar to those of several Florianópolis, Transminas, and Bero vol-
canic complex intrusions that plot within the Urubici/Khumib and
Pitanga basalt fields. Broadly, a significant portion of HT-ER and LT
rocks of the PMP, EMP, and EQUAMP plot around the enriched
mantle components (mainly EMI).
5. Discussion

5.1. Ti-based classifications

The clustering results for the PMP, EMP, and EQUAMP exhibit
a strong correlation with the Ti-based classification. In Fig. 10,
we plot these data on different petrological/geochemical dia-
grams used to discriminate geochemical groups in the Paraná
(Peate et al., 1992) and Etendeka mafic volcanic rocks (Marsh
et al., 2001). Peate et al. (1992) proposed using a limit of TiO2

at 2.8 wt.% to distinguish the Pitanga and Urubici basalts from
the Paranapanema lavas. Licht (2018) proposed a cutoff at
2.8 wt.% TiO2 to distinguish low- and high-Ti populations based
on statistical gaps in frequency histograms. Overall, this limit is
useful for HT rocks with MgO contents between 6 wt.% and 3 wt.
%. Fractionated or slightly primitive types plot beneath or above
this value, respectively. This limitation can be overcome by the
combination of TiO2 = �0.1MgO + 3.3 and TiO2 = 0.725MgO
in the MgO versus TiO2 plot, while the line defined by
TiO2 = �0.1MgO + 2.5 in the MgO versus TiO2 binary plot can
resolve ambiguities with HT and TT samples. In the diagram of
Sr versus TiO2, Marsh et al. (2001) proposed limits of 400 ppm
and 2.2 wt.%, respectively, to separate HT and LT magmas. How-
ever, these straight limits exclude some Sr-poor HT types
observed in other regions of the PMP and EMP. Therefore, we
adopted the curve defined by TiO2 = �0.02Sr + 10 as an alterna-
tive dividing limit between the HT and LT groups.

The Ti/Y versus Ti/Zr diagram has been extensively applied to
the PMP and EMP magma classifications. Peate et al. (1992) pro-
posed an arbitrary limit of Ti/Y < 310 to distinguish between HT
and LT rocks, which worked well for flood basalts at the time. Nev-
ertheless, the large amount of data produced indicates consider-
able overlap between the two broad groups. Moreover, the
EQUAMP samples form a continuous trend from HT to ER. Herein,
we prefer to use the curves defined by the equations Ti/Zr = 0.4Ti/Y
– 90 and Zr/Y = �0.045Ti/Zr + 9 in the Ti/Zr versus Zr/Y and Ti/Zr
versus Zr/Y plots, respectively, to minimize the overlap of magma
compositions (Fig. 2). Another useful parameter for dividing HT
and LT types is based on REE element abundances. For instance,
the limit between the two broad groups concerning La/Yb ratios
is usually defined at 10 (Fig. 2). Furthermore, high La/Yb values
may be a proxy for the source (e.g., mantle rich in garnet), indicat-
ing that La is more compatible than Yb or may be indicative of less
melting yielding mafic compositions with higher La/Yb levels
(Greenough and McDivitt, 2018).
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5.2. SOM solutions and previous classifications

The TiO2 contents of HT/SA1 overlap with the compositions of
Urubici/Khumib and Pitanga types in the PMP and EMP (Fig. 10).
However, EQUAMP samples can plot beyond the limits defined
by Urubici/Khumib and Pitanga. HT/SA1 presents very similar pat-
terns in PM-normalized (Sun and McDonough, 1989) incompatible
trace element diagrams, and isotopic data for Sr–Nd–Pb are much
more cohesive. Therefore, HT rocks had the same/similar sources
(or underwent similar petrogenetic processes) and a lower degree
of contamination than those observed for the other groups. Never-
theless, the more dispersed behavior of the PMP and EMP tholeiites
implies more important crustal contamination than in the
EQUAMP. An indication of such a process is the ubiquitous positive
Pb anomalies and comparative enrichments in LILEs.

The ER/SA2 in the EQUAMP and PMP magmas are interpreted as
derived by AFC from HT types (Florisbal et al., 2018; Macêdo Filho
and Hollanda, 2022). Some of the ERs from the EMP plots near LT
types in the Zr/Y versus Ti/Zr diagram (Fig. 10). We are aware that
these diagrams were developed to classify mafic types; thus, this
behavior may even suggest that HT and LT tholeiites generate sim-
ilar magma compositions after strong degrees of fractional crystal-
lization. ERs are those with SiO2 levels of 57–63 wt.%, but the SOM
solutions classify intermediate rocks with SiO2 > 52.5 wt.% as SA2.
Intermediate compositions are typically assigned to types with
SiO2 levels of 52 – 63 wt.% (Le Maitre, 2002); therefore, SA2 can
be a better means to separate andesitic rocks from strictly mafic
melts (SiO2 from 45 wt.% to 52 wt.%).

LT/SA3 generates a massive amount of data that overlap many
petrological groups of Peate et al. (1992) and Marsh et al. (2001).
In general, the Esmeralda and Gramado types are well correlated
with LT types, and their broad classification as the LT group can
be used if analysts are interested in simplistic models. However,
when looking at PM-normalized (Sun and McDonough, 1989)
incompatible trace element diagrams, it is possible to recognize a
wide variety of behaviors with enrichment in LILEs, from those
observed for lithosphere-influenced magmatism to flat patterns
that resemble melts produced under high degrees of melting, such
as E-MORB (Trumbull et al., 2007). Therefore, local predefined
petrological groups play a role in the regional characterization of
low-Ti types and diverse petrogenetic evolution. We should stress
that many of these magmas underwent variable degrees of crustal
assimilation processes, as suggested by isotopes, assimilating very
heterogeneous crust/lithospheric mantle, which significantly mod-
ified the composition of the original magmas. This may even justify
the fact that SOM solutions present less than a 70% correlation for
LT types.

Finally, TT/SA4 presents TiO2 > �2 wt.% but is better correlated
with LT melts than with HT types. In Paraná, Peate et al. (1992)
proposed the Paranapanema (HT) and Ribeira (LT) groups to
explain magmas with transitional Ti content. For intrusive forms
and flood basalts, TTs are rare, and the limits proposed by Peate
et al. (1992) overlap in several binary plots, leading to ambiguities.
Overall, the trace element contents of TTs are akin to those of the
LT group.

5.3. Timing of magmatic activity

The reported ages in Table 1 are presented as in their original
papers. However, upon revising individual dates, large timing
ranges can be observed for all provinces, mainly derived from poor
interpretation of data, alteration or incorporation of excess radio-
genic 40Ar in K/Ar (and 40Ar/39Ar) geochronology and other
methodological issues (e.g., no report of decay constants, neutron
flux parameters, criteria used for a plateau age). The accuracy
and precision of published dates for the PMP and EMP have been



Fig. 10. Classification diagrams for mafic magma discrimination based on geochemical parameters for the Paraná-Etendeka province. Paraná magma types according Peate
et al. (1992): Urubici, Pitanga, Paranapanema (Pnm), Ribeira (Rib), Gramado (Gra), and Esmeralda (Esm). Etendeka magma types cf. Marsh et al. (2001): Khumib, Talfelkop,
Huab, Horingbaai, Talfelberg, and Esmeralda. Dots with white rims represent EQUAMP samples simplified as high-Ti (HT) tholeiites, low-Ti (LT) tholeiites and evolved rocks
(ERs). Gray dots represent samples that do not exhibit correlations between clusters and Ti-based classification. Black dashed lines and respective equations represent
proposed limits for dividing the broad compositional groups in the EQUAMP, PMP and EMP.
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addressed by previous works, and a critical scrutiny of these dates
indicates that the bulk magmatic activity of the PEMP is con-
strained to an interval of <3 Myr (Thiede and Vasconcelos, 2010;
Gomes and Vasconcelos, 2021, and references therein). Thus, the
actual timing (and the comparisons) of the magmatic activities of
the provinces is derived solely on ages that pass the stricter valida-
tion parameter (Gomes and Vasconcelos, 2021). Therefore, we used
the data filtering reported by Gomes and Vasconcelos (2021) for
the PMP and EMP and applied similar parameters to the EQUAMP
(Supplementary Data Table A5). These included reinterpretations
of dates, recalculations of 40Ar/39Ar plateau ages (using the ArAr
software; Mercer and Hodges, 2016) taking into account the new
40K decay constant of Renne et al. (2011), and an FC sanidine age
of 28.294 ± 0.036 Ma.

In the EQUAMP domains, the HT rocks constitute the major geo-
chemical group,which is characterizedby the consistencyof 40Ar/39-
Ar ages (n = 10) within an interval from 133.5 ± 0.4 Ma to 126.4 ± 1.
8 Ma, peaking at 130.4 Ma (Fig. 11) (Baksi and Archibald, 1997;
Ngonge et al., 2016; Heilbron et al., 2018; Fernandes et al., 2020).
One apparent outlier sample produced a younger date of 121.5 ± 0.
8 Ma (Heilbron et al., 2018). In turn, the proposed PMP and EMP
age intervals are grounded on at least sixteen timesmore date sam-
ples, and the emplacement timing of these provinces is set at an
interval from 135.0 ± 0.6 Ma to 132.0 ± 0.2 Ma (Gomes and
Vasconcelos, 2021). The main magmatic pulse is proposed based
on an 40Ar/39Ar age peak of 134.5 Ma (Gomes and Vasconcelos,
2021) and zircon CA–ID (chemical abrasion–isotope dilution) TIMS
U–Pb ages for the silicic volcanic rocks (Rocha et al., 2020). Consid-
ering only intrusive samples, the timing of the PMP and EMP is con-
strained mainly between 135.2 ± 1.4 Ma and 128.3 ± 0.8 Ma, with a
main peak at approximately 130.4 Ma (Fig. 11).

Therefore, a coincidence of EQUAMP, PMP and EMP dates is evi-
denced by their overall coeval intrusive magmatic activities, where
themajor pulses are synchronous and the extrusive rocks of the PMP
and EMP are apparently slightly older. This interval supports a short
Fig. 11. Age probability plots based on recalculated (to the same decay constant
and FC age) 40Ar/39Ar step-heating dates for the EMP and PMP (pink) (Gomes and
Vasconcellos, 2021) and the EQUAMP (green) (Baksi and Archibald, 1997; Ngonge
et al., 2016; Heilbron et al., 2018; Fernandes et al., 2020). The main age peaks are
highlighted. The gray band represents extrusive rocks for the EMP and PMP
combined (135.0 ± 0.6 Ma to 132.0 ± 0.2 Ma), and the brown band is the CA–ID TIMS
zircon U–Pb age (133.66 ± 0.19 Ma to 132.72 ± 0.78 Ma) of Rocha et al. (2020) for
the silicic volcanic rocks of the PMP. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

19
periodof emplacement for Early Cretaceous tholeiiticmagmatism in
the SouthAtlantic realm, satisfying the geochronological criterion of
LIPs (Ernst et al., 2021). Notwithstanding, the evident synchronicity
in the three provinces reinforces their link as a single tectonic-
magmatic event, which is imperative to understand how quickly
the West Gondwana supercontinent breakup episode occurred.

5.4. Geodynamic models

LIP formation and emplacement have been the subject of exten-
sive debate, in which the scientific community commonly evokes
passive and active triggering mechanisms. For instance, some pas-
sive models envisage (i) upwelling of the hot asthenosphere
beneath a lithosphere under stretching and thinning (e.g., White
and McKenzie, 1989); (ii) thermal insulation beneath (super)conti-
nents (e.g., Coltice et al., 2007); (iii) edge-driven convection (e.g.,
King and Anderson, 1995); or (iv) delamination of the thickened
lithosphere and consequent ascent of the asthenosphere triggering
melting of the eroded lithosphere left behind (e.g., Seber et al.,
1996). Conversely, active models assume the involvement of a
mantle plume at the base of the lithosphere causing regional uplift,
rifting and volcanism (e.g., Wilson, 1973; Ernst and Buchan, 1997).

In recent decades, plume theory has gained strength since glo-
bal tomographic models have shown a clear concurrence among
eruption sites of LIPs and marginal areas of large low shear-
wave-velocity provinces (LLSVPs) (Fig. 12) existing beneath Africa
and the mid-Pacific Ocean (Torsvik et al., 2006; Svensen et al.,
2018). The Tristan-Gough hotspot has been one of the most
invoked mechanisms to explain anomalous igneous activity in
the South Atlantic realm (e.g., Courtillot et al., 2003). Accordingly,
the drifting of West Gondwana over the African LLSVP transported
the Namibia/Angola area to the Tristan-Gough plume at 135.0 ± 0.
6 Ma (Heit et al., 2015; Ryberg et al., 2015; Matthews et al., 2016),
where it caused regional uplift (Cox, 1989; Krob et al., 2020),
extensive tectonics and the initial eruptive stage of the Paraná-
Etendeka event (Gomes and Vasconcelos, 2021).

Svensen et al. (2018) envisage a long-lived Andean subduction
process as the triggering mechanism for a deep plume rising from
the African LLSVP border that led to the emplacement of the
Paraná-Etendeka event. Indeed, shallow mantle melting models
(e.g., edge-driven convection or thermal insulation) do not support
near-synchronous voluminousmelt production over transcontinen-
tal distances inWest Gondwana. In contrast, current geological evi-
dence shows remarkable offshore Cretaceous magmatism, in
addition to a well-developed hotspot track (Tristan-Walvis Ridge),
leading to the focal region of the Paraná-Etendeka LIP in Africa
(e.g., Rohde et al., 2013; Homrighausen et al., 2019). Moreover,
high-temperature basalts/picrites are virtually absent in the PMP
and EQUAMP, but they are common in the EMP (e.g., Trumbull
et al., 2004, 2007; Keiding et al., 2011, 2013; Stroncik et al., 2017).
All these findings suggest that if a plume was active in the pre-
South Atlantic area, it might be reasonably located beneath Africa.

Nevertheless, the geochemical contribution of the Tristan hot-
spot as the source of the Paraná-Etendeka basalts has been ques-
tioned in the literature because the Tristan member does not
resemble the Paraná-Etendeka melts (e.g., Rocha-Júnior et al.,
2012). Alternatively, most Sr–Nd–Pb isotope data for the PMP
and EMP overlap the fields of the Gough-EMI member (Hoernle
et al., 2015). Rohde et al. (2013) observed bilateral chemical zona-
tion between the Tristan and Gough tracks traced for 70 Ma; con-
sequently, the Tristan-Gough plume was a single hotspot
pervasively EMI-Gough flavored during the Early Cretaceous.
Peate et al. (1999) and Gibson et al. (2005) explained Gough-EMI
characteristics with delaminated subcontinental lithospheric man-
tle (SCLM) mixed with plume components (e.g., FOZO). In a recent
view, Hoernle et al. (2015) proposed a deep plume source derived



Fig. 12. Tomographic slice at 2800 km depth beneath the South Atlantic Ocean region (TX2019slab-s model; Lu et al., 2019) combined with a plate reconstruction model at
134 Myr (Seton et al., 2012; Matthews et al., 2016). The high-temperature colors (brown to red) indicate the African/Tuzo LLSVP (Large Low-shear Velocity Province). Early
Cretaceous igneous provinces are represented as dikes (green traces), sills and floods (purple polygons). Hotspots are represented as yellow dots with respective acronyms:
Tristan-Gough (TG), Saint Helena (SH), and Ascension (As). Seismic tomography and plate reconstruction models were generated using SubMachine tools (Hosseini et al.,
2018). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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from the African LLSVP margin to explain the Gough-EMI type in
the Southern Atlantic area (see, also, Homrighausen et al., 2019),
which subsequently mixed with lithospheric components to form
the Paraná-Etendeka basalts.

Overall, LT dikes of the PMP, EMP, and EQUAMP outline a major
role in lithospheric assimilation, which is reinforced by increases
in 87Sr/86Sr(130 Ma) accompanied by decreases inMgO and 143Nd/144-
Nd(130 Ma). This evidence corroboratesworks that evoke lithospheric
mantle and/or mixing of the enriched SCLM with depleted mantle
sources plus some crustal contribution to form LT types (e.g.,
Trumbull et al., 2007; Muzio et al., 2017; Marques et al., 2018;
Pearce et al., 2021). Asthenosphere-derived melts have been identi-
fied inHenties Bay-Outjo tholeiites, forwhich Trumbull et al. (2007)
interpreted enriched mid-ocean ridge basalt (E-MORB) as the pri-
mary source. Notably, E-MORBs are classically formed in areas
where there is some interaction between a depleted upper mantle
and enriched material (e.g., mantle plume; Schilling et al., 1985).
In the PMP, isotopically depleted melts are identified in the Serra
do Mar dikes (Almeida et al., 2021; Carvas et al., 2021), which were
mostly emplaced in the coastal areaprojected towardAfrica in a pre-
breakup context. Therefore, an asthenospheric component such as
MORB (or even E-MORB)might be reasonably considered as the par-
ental source of low-Ti magmas. In this case, low-Ti melts would
require considerable assimilation of heterogeneous lithospheric
components to explain the compositional/isotopic diversity. For
instance, Precambrian components fromWestGondwanahavebeen
adopted as contaminant representatives in AFC models for the
Paraná, Etendeka and EQUAMP tholeiites (e.g., Peate et al., 1999;
Hoernle et al., 2015; Oliveira et al., 2018; Marques et al., 2018;
Beccaluva et al., 2020; Macêdo Filho and Hollanda, 2022).

A plausible model triggered by plume impingement (Fig. 13A)
should be outlined if the upper asthenosphere melted (DMM) and
mixed with a minor plume component (OIB) to form an E-MORB
member (Macêdo Filho and Hollanda, 2022). In a nonplume model
(Fig. 13B), the SCLM-derived melts might be the enrichment agent
20
of DMM to form E-MORB. These hotter and magnesian E-MORB
magmas would be subsequently contaminated with lithospheric
materials while fractionating and upwelling through the crust to
generate the wide geochemical-isotopic range observed in low-Ti
tholeiites (Beccaluva et al., 2020). If an OIB-EMI plume is elected
as a source of the HT group (Fig. 13A), only a small degree of litho-
spheric/crustal assimilation is required to explain the HT isotopic
diversity (Macêdo Filho and Hollanda, 2022), in agreement with
De Min et al. (2018) and Pearce et al. (2021). Otherwise, in a non-
plume model, Macêdo Filho and Hollanda (2022) envisage a DMM
source assimilating 10%–20% enriched SCLM-derived melts with
minor involvement of continental crust to form the EMI-flavored
HT type (Fig. 13B).

The 134 Myr reconstruction model of Seton et al. (2012) located
the Tristan-Gough plume head near the Florianópolis dikes
(Fig. 12). This swarm is commonly taken as the feeder system of
the Urubici/Khumib basalts in the PMP and EMP (Peate et al.,
1999; Florisbal et al., 2018; McMaster et al., 2019). Another mantle
plume model in South America was proposed by VanDecar et al.
(1995), who identified a Tristan-Gough hotspot in SE Brazil. Curi-
ously, the Ponta Grossa, Serra do Mar, and NW-Transminas dike
swarms suggest a circumferential/elliptical pattern surrounding
the VanDecar’s plume fossil conduit (Fig. 1). On the other hand,
many dike swarms seem to radiate from the Namibian/Angolan
coast (Fig. 1), where evidence of plume impingement has been
reported in the literature (e.g., Ryberg et al., 2015).

As we can see, there is no consensus on the exact location of
the plume center beneath West Gondwana, but most works agree
that if it was present, it was somewhere between the Namibia/
Angola and South American counterparts. Thus, assuming that
the source of tholeiitic magmas is in the southern Atlantic, the
distal (and slightly younger?) magmatic manifestations of South
America, such as those of the EQUAMP, might represent remnants
of effective plumbing systems able to transport magmas over long
distances. A remarkable indication of this physical linkage is the



Fig. 13. Schematic illustration with examples of (A) active and (B) passive triggering mechanisms of LIPs. (A) Model of a mantle plume as a partial source of magmatism,
where LT magmas would have been generated by the mixing of asthenospheric mantle melts (DMM; depleted MORB mantle) with enriched lithospheric mantle-derived
melts (SCLM; subcontinental lithospheric mantle) and subsequently contaminated with crustal materials (CC; continental crust). Magmas rich in incompatible elements, such
as HT magmas, in turn would be explained by an OIB (EMI) derived from a mantle plume with some assimilation of lithospheric materials. In (B), in a passive asthenosphere
upwelling mechanism, asthenosphere-derived melts (DMM) variably mixed with lithospheric components (SCLM + CC) were the source of tholeiitic magmatism.
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Rio Ceará-Mirim and Transminas mega-swarm, forming a sugges-
tive single plumbing system up to 2,300 km long (Macêdo Filho
and Hollanda, 2022). Similar correspondence exists between Early
Cretaceous low-Ti dikes of the Riacho do Cordeiro and Vitória-
Colatina swarms that are inferred from magnetic anomalies of
at least 1,600 km arranged parallel/subparallel to the adjacent
South Atlantic Ocean margin (Fig. 1).

Expanding these correlations to other intrusive components, at
least in eastern South America, the dike swarms related to the
South Atlantic margin are dispersed in a contiguous area c.
4000 km long, characterizing one of the largest sets of tholeiitic
plumbing systems on Earth. In this context, the EQUAMP integrates
the framework of Early Cretaceous provinces forming together
with the PMP and EMP a major single LIP related to the early open-
ing stage of the South Atlantic Ocean. Considering this scenario, a
more appropriate name to refer to these three provinces in con-
junction is the South Atlantic Magmatic Province (SAMP). Thus,
the diachronic opening of the Atlantic Ocean would be simplified
and fully explained by breakup/magmatic events registered by
the Central Atlantic (Jurassic-Triassic), South Atlantic (Early Creta-
ceous, including the equatorial margin representatives), and North
Atlantic (Paleogene) magmatic provinces.
21
6. Conclusions

A re-evaluation of databases from the PMP, EMP and EQUAMP
allowed us to draw the following brief conclusions:

(1) The high-Ti tholeiites of the Rio Ceará-Mirim, Canindé and
Sardinha sill complexes present identical geochemical–isoto
pic–geochronological aspects. Analogous conditions are
observed among the low-Ti magmas of the Rio Ceará-Mirim
and Riacho do Cordeiro swarms. Such findings support the
proposal of a single intrusive LIP in NE Brazil (EQUAMP).

(2) Irrespective of the data analysis tools adopted, whether
involving conventional classifications (petrological skills)
or unbiased machine learning-based approaches (PCA;
SOM), the results indicate strong geochemical–isotopic–geo
chronological equivalences of EQUAMP intrusions with sev-
eral plumbing systems reported in the PMP and EMP (e.g.,
Florianópolis, Ponta Grossa, Resende-Ilha Grande, Southern
Espírito Santo, Transminas, and Bero intrusions).

(3) The physical connection between the high-Ti dikes of the Rio
Ceará-Mirim and Transminas swarms is feasible and rein-
forced by geochemical–isotopic–geochronological data
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(Macêdo Filho and Hollanda, 2022). Similar understandings
may be outlined for the low-Ti dikes of the Riacho do Cor-
deiro (EQUAMP) and Vitória-Colatina swarms (PMP).

(4) Based on a multidata assessment, the EQUAMP, PMP and
EMP should be grouped to form a single intercontinental-
scale tholeiitic event related to the early stage of the South
Atlantic opening during the Early Cretaceous.

(5) In prebreakup reconstructions, the extension of this wide-
spread magma input is dispersed from the West/Central
African rift system to the Falkland Islands/South Africa
(>6000 km), composing one of the largest LIPs on Earth
(i.e., �10 � 106 km2), not only in terms of the volume of
flood basalts but also in terms of the area of intrusive
remnants.

(6) The early stages of continental breakup and consequent gen-
esis of the Atlantic Ocean in its entirety are recorded (and
simplified) into three major tectonic/magmatic events:
Jurassic–Triassic/CAMP, Early Cretaceous/SAMP and Paleo-
gene/NAMP.
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