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A New Large Igneous Province in South America
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Abstract Mafic dike swarms and sills intruding, respectively, the Precambrian Bor-
borema and Paleozoic Parnaiba provinces (NE Brazil) constitute two major magmatic
events related to the continental break-up that formed the Equatorial Atlantic. Avail-
able whole rock K—Ar determinations and a few plagioclase *’ Ar/* Ar ages suggest
that these events occurred approximately between 135 and 120 Ma. Airborne mag-
netic data indicates that the main dike swarm, the Rio Ceara-Mirim swarm, can
be traced for about 1,000 km along an arcuate trajectory between the Cretaceous
Potiguar rift near the Atlantic coastline, and the northern margin of the Sdo Fran-
cisco craton. The dikes of the such a giant swarm form isolated (often en-echelon)
segments that can reach up to 40 km in length and have a mean width of about
70 m. The sills, known as Sardinha magmatism, are intercalated between the Paleo-
zoic sedimentary strata of the Parnaiba basin having major expression in subsurface
rather than on surface. Geochemical data indicate that the parental tholeiitic magmas
of dikes and sills would largely derive from melting of subcontinental lithospheric
sources. However, a subordinate OIB-type component identified in some dikes would
indicate contribution of a mantle plume as a melt source. In this paper we propose
that the Sardinha and Rio Ceard-Mirim magmatic products, which are found over an
area of about 700,000 km?, all to gether represent a newly recognized Cretaceous LIP
in South America here named Equatorial Atlantic Magmatic Province (EQUAMP).
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1 Introduction

During the time interval spanning the Late-Triassic to Mid-Cretaceous, one of the
major continental land masses existing on Earth, the Gondwana supercontinent, was
gradually dismembered into South America, Africa (Madagascar), India, Australia
and Antarctica after the efficient combination of global-scale plate boundary
stresses and deep mantle dynamics including mantle plumes. As a result, large
igneous provinces (LIPs) (Ernst 2014) characterized by extensive mafic and/or
felsic lava flows and related plumbing systems formed. Lava flows, sills and dikes
are preserved in the northern Brazil, Bolivia and northwestern Africa representing
part of the Triassic-Jurassic Central Atlantic Magmatic Province (CAMP; Marzoli
et al. 1999a, b; Knight et al. 2004; Verati et al. 2005, 2007; Merle et al. 2011;
Bertrand et al. 2014). The Cretaceous LIPs include Karoo-DML (Dronning Maud
Land)-Ferrar related to the break-up of the East Gondwana involving Africa,
Antarctica and Australia (183.0+0.5-182.3+0.6 Ma for Karoo, Svensen et al.
2012, 182.78 £ 0.03-182.43+0.04 Ma for Ferrar, Burgess et al. 2015), and the
Parana-Etendeka event related to West Gondwana fragmentation to form Africa and
South America in the Early Cretaceous (ca. 135 Ma; Thiede and Vasconcelos 2010;
Florisbal et al. 2014; Janasi et al. 2011). At the Cretaceous-Paleogene boundary,
the separation of India from the Seychelles micro-continent was intimately linked
to the Deccan traps (e.g., Hooper et al. 2010; Renne et al. 2015), while the Afro-
Arabian province represents the youngest LIP of Cenozoic age (30—5 Ma) along the
East-African rift system (e.g., Ukstins Peate et al. 2005; Riisager et al. 2005). One
common feature found in all these LIPs is the contemporaneity of the eruptive and
intrusive igneous rocks emplaced either as a short-term single pulse or as multiple
pulses (e.g., Courtillot et al. 2003; Ernst 2014).

Extensive flood basalt volcanism related to continental break-up is often connected
to plume (or hot spot) activity, while dike swarms are at first associated with varia-
tions in the orientation and magnitude of local or regional stress fields in intraplate
settings (e.g., Pollard et al. 1975). Having strike lengths in excess of 300 km, giant
dike swarms are usually considered to be an important component of the plumbing
system of LIPs (Ernst and Buchan 1997) and can be interpreted as sub-volcanic
feeder systems of the lava flows. The spatial geometry of such giant swarms, partic-
ularly the recognition of giant radiating dike swarms (Halls 1982; Fahrig 1987) led
Ernst and Buchan (1997) to propose a close link with LIPs originated by plumes, but
also with either the thermal and mechanical rheology of the crustal section they are
intruding, such as preexisting crustal discontinuities along with the regional stress
field and its modification by domal uplift associated with mantle plume arrival at the
base of the lithosphere. More recently, increasing field observations and geophysical
modeling have shown that plumbing systems can also develop at very shallow levels,
particularly in sedimentary basins, as extensive sill complexes (Thomson and Hutton
2004; Polteau et al. 2008; Svensen et al. 2012; Magee et al. 2016). These intrusive
complexes are mapped often over several tens of kilometers and are dominated by
an interconnected network of mafic dikes and sills, which frequently exhibit saucer-
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shaped morphologies associated with a small proportion of dikes (e.g., Muirhead
et al. 2012; Magee et al. 2016). Such particular sill morphology along with lateral
magma flow patterns found in regional dike swarms enable magma transport over
many hundreds of kilometers and in some cases more than 2,000 km and, therefore,
have broad implications for the interpretation of geochemical data obtained from
large-scale magmatic areas (e.g., Meade et al. 2009). Hence, detailed structural, geo-
physical, geochemical and geochronological examination of giant plumbing systems
(dikes plus sills) has become an essential tool to support models integrating plate
tectonics and mantle dynamics in continental settings.

This paper intends to formally propose a new Cretaceous LIP in South Amer-
ica formed during the Equatorial Atlantic Ocean opening and, therefore, related to
the break-up of the West Gondwana supercontinent. This igneous province, herein
coined as Equatorial Atlantic Magmatic Province (EQUAMP), differs from other
Gondwanan LIPs by encompassing dominantly (or exclusively) intrusive instead of
eruptive rocks, thus satisfying the criteria for plumbing system-type continental LIPs
of Bryan and Ernst (2008; also Ernst 2014) and the definition of LPPs (Large Plutonic
Province) of Sheth (2007). The EQUAMP LIP consist of dikes and sills that, although
having been considered as separated intrusive components in previous works, can
now be investigated within the context of a single magmatic province on the basis of
chemical and geochronological similarities. Some aspects of the magmatic products
making up this hitherto previously unknown LIP are summarized here.

2 Geological Framework

The main EQUAMP magmatic components are the Rio Ceard-Mirim dike swarm
(RCM) and the Sardinha sill province, which are intrusive into two contrasting geo-
logical settings in northeast Brazil, the Precambrian Borborema Province and the
Paleozoic-Mesozoic Parnaiba Basin. The Borborema Province is a major crustal
block formed by convergence between the West African and Congo-Sao Francisco
cratons to assemble West Gondwana during the Neoproterozoic Brasiliano/Pan-
African orogeny (e.g., Frimmel and Frank 1998; Caby 2003; Gray et al. 2008; Brito
Neves et al. 2014). As a result of the convergence, the Borborema Province shares
a number of geological features with terranes of the northwestern Africa, amongst
which a dominant Paleoproterozoic gneissic-migmatitic basement, Neoproterozoic
(passive margin and intracontinental) mobile belts, and voluminous (acid to mafic)
plutonism dated at ca. 630-530 Ma (see Santos et al. 2010, 2014; Van Schmus
et al. 2008 for a general overview of the Precambrian geology of the Borborema
province). A major tectonic feature of the Brasiliano/Pan-African orogeny concerns
a continental-scale network of strike-slip shear zones developed coevally with high-
temperature deformation and metamorphism, and crustal anatexis (Vauchez et al.
1995; Archanjo et al. 2002a, 2013). These shear zones consist of mylonite belts that
split up the Borborema Province into terranes with contrasting tectono-lithological
histories, some of them accommodating late brittle fault reactivations (normal, strike-
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slip or locally reverse faults) related to Cambrian-Ordovician extensional events that
led to the development of small intra-continental rifted basins (e.g., Sénant and Popoff
1991; Frangolin et al. 1994). In the Cretaceous, the Borborema Province was affected
by widespread rifting associated with the Equatorial Atlantic opening, during which
the RCM and related sub-swarms and sills were emplaced.

The Neoproterozoic shear zones of the Borborema Province are covered to the
west by one of the major Paleozoic sag basins of the South America, the Parnaiba
Basin. The basin features a ~5-km-deep predominantly siliciclastic succession that
covers approximately 600,000 km? overlying the Precambrian rocks of the Amazo-
nian craton and Araguaia belt (to the west), Borborema Province (to the east) and Sdo
Francisco craton to the south (e.g., Gées and Feij6é 1984). Sandstones, subordinate
shales and conglomerates, as well as local limestones and evaporites, are grouped
into three supersequences that record successive transgressive-regressive cycles sep-
arated by regional erosive unconformities: Silurian (Serra Grande Group), Middle
Devonian-Early Carboniferous (Canindé Group) and Late Carboniferous-Early Tri-
assic (Balsas Group) (Gées and Feij6 1984; Vaz et al. 2007). Long-term denudation
of neighboring Precambrian source rocks and intrabasinal recycling were likely con-
current processes controlling the ca. 250 m.y. of sedimentation in the basin (Hollanda
et al. 2018). This wide sedimentary succession, in turn, hosts two magmatic events.
The older magmatic activity is represented by equivalents of the CAMP-related flood
basalts (locally named Mosquito Formation; Bellieni et al. 1990; Fodor et al. 1990;
Marzoli et al. 1999a; Merle et al. 2011), and the younger is represented by mafic
sills and subordinate dikes grouped as the Sardinha Formation (Bellieni et al. 1990;
Fodor et al. 1990). Moreover, and maybe corresponding to the lateral equivalent of
the Sardinha sills, the RCM intrudes, over hundreds of kilometers in length, the Pre-
cambrian basement of the Borborema Province and the basal Silurian succession of
the Parnaiba Basin.

In the following sections we outline some characteristics of the magmatic com-
ponents of the EQUAMP LIP, specially their elemental and isotope geochemistry,
geochronology and structural aspects. We also bring up some research issues that will
be the focus of future investigations of this newly recognized magmatic province.

3 The EQUAMP Components

3.1 Dikes

In contrast to the large volumes of magma erupted during the opening of the South
Atlantic, the Equatorial margin is featured by relatively modest volume of magmatism
(e.g., Benkhelil 1989). The more prominent magmatic activity is the RCM dike
swarm, which has long been recognized as an EW-trending swarm approximately
400 km in length and formed prior to and concurrent with the Equatorial Atlantic
rifting (e.g., Matos et al. 1992, 2000). The RCM dikes are characterized by relatively
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thick, tholeiitic mafic bodies on the order of 20—190 m in width and 1-15 km in length
(e.g., Archanjo et al. 2000, 2002b), the longer dikes being generally emplaced as en-
echelon arrays. In recent years, the Brazilian Geological Survey has made available
high-resolution airborne magnetic data that reveal a southwestward continuation of
the RCM dikes that increases the overall swarm length by at least 600 km. The swarm
changes in trend, turning from EW towards SW at approximately 38°W. Both the
total length of the swarm (about 1,000 km) and its change in trend make the RCM
dikes an arcuate giant swarm in the sense of Ernst and Buchan (1997). Contrasting
with the well-studied dikes of the EW-trending portion, the NE-trending dikes have
not yet been studied in terms of geochemical, chronological and structural aspects.

In addition to the arcuate swarm, airborne magnetic anomalies also discriminate
two other sub-sets of dikes (Fig. 1). One of them is a somewhat diffuse, curved
NW-trending dikes exposed nearly parallel to the Equatorial Atlantic coastline—the
Canindé dike swarm, while the other is located to the southeast of the RCM swarm
consisting of a NE-trending en-echelon dike system—the Riacho do Cordeiro dike
swarm. This latter extends over ca. 300 km in length from the Sao Francisco craton
to the south until intersecting with the Pernambuco lineament (Fig. 1). A local,
unpublished K—Ar age of 119 &2 Ma in the Riacho do Cordeiro dikes suggests their
temporal correlation with the RCM dikes (see the Geochronology section). As for
the NE-trending portion of the RCM (NE-RCM), no petrological and age data are
available for Canindé and Riacho do Cordeiro dikes.

3.2 Sills

The second EQUAMP component is the Sardinha magmatism. It consists of sheet-
like bodies (sills) and local dikes that intruded the Parnaiba Basin to the east of
45°W, in the opposite side of the main area of occurrence of the CAMP lava flows
(Fig. 1) (e.g., Fodor et al. 1990; Bellieni et al. 1990). Although not exclusive, the
emplacement of sills as seen in the field is dominantly controlled by rheological
differences between the host-rock lithologies of the Canindé Group, i.e. along the
contact between the regressive-transgressive sedimentary successions. A recent study
combining seismic, magnetic and surface geologic data showed that the occurrence
of both CAMP and Sardinha magmatic events are much more extensive in subsurface
than those mapped on surface (Mocitaiba et al. 2017). An integrated modeling using
geochemical (major element) and geophysical (magnetic susceptibility) data suggest
that the CAMP magmatism is not restricted to the west (and to the south) areas, but
might occur to the east interstratified with Sardinha sills (de Castro et al. 2018).
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Fig. 1 Simplified map integrating the Borborema Province and Parnaiba Basin. Dikes that are
associated to the Rio Ceard-Mirim magmatic event are shown as green lines. The Sardinha magmatic
event is mostly represented by sills within the basin; the dark green areas are the exposures of sills
on surface, while the light green areas illustrate the subsurface distribution based on geophysical
data (after Mocitaiba et al. 2017). The remnant CAMP flood basalts are highlighted in dark purple
(surface exposures) and light purple (subsurface interpretation). The inset on the top is a schematic
picture of West Gondwana and related cratonic blocks, with location of the study area. RCM refers
to the Rio Ceara-Mirimdikeswarm and PeL refers to the Pernambuco Lineament, whereas PEMP
(see inset) is the abbreviation to Parand-Etendeka Magmatic Province
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3.3 Size of the Dike Swarm

Physical parameters (length and width) of the RCM dike swarm were determined
using Google Earth™ imagery combined with regional magnetic anomalies map.
The semi-arid environment of NE Brazil offers good contrast between mafic dikes
and their host granite-gneissic rocks, with dikes forming well-defined dark, ribbon-
like patches cutting across the fabric of the Precambrian basement. As the regional
relief is nearly flat along dike exposures and most these occur as vertical bodies,
dimensions measured on satellite image approach to their real length and thickness.
Image sources provided by Google Earth™ in the NE Brazil combines Spot Image
scenes acquired between 2011 and 2012 and Digital Globe Imagery (LANDSAT 7
and 8) acquired from 2002 to 2010. Image resolution is typically about 15 m per
pixel, which means that mafic dikes below about 30 m in width and 100 m in length
become increasingly difficult to detect on Google Earth™ . Hence, the study on dike
dimensions is focussed mostly to the larger RCM dikes. Some dikes with widths
lower than 30 m included on Table 1 were identified in field work.

Dikes of the EW- and NE-trending portions of the RCM dike swarm are mostly
linear consisting of simple isolated bodies or arrays of two or more dike segments
connected by steps. Both simple and connected dike segments show left- or right-
lateral en-echelon arrangements on satellite image. In a few places where vertical
sections are available, the dike walls are vertical or show steep dips. We did not
observe steps connecting dikes in vertical sections, although they are necessary to
interconnect the dike system from their more continuous underlying sources up to
the actual level of exposure. Columnar joints resulting from shrinkage on cooling
were not detected, although such features, if present, may have been masked by
the common onion-skin weathering that affect the mafic dikes. Furthermore, and
possibly due to pervasive physical alteration that usually mask the contact between
dikes and their wall-rocks, chilled margins were recorded in just a few dikes.

Dike length (L) was estimated by measuring the distance between the most remote
points on the dikes exposure. When connected by steps, the length is the total distance
between the most remote points of the dike array. Widths were measured perpendic-
ular to dike wall and its maximum width (Wm) refers to the widest segment recorded
on the satellite image. Lengths of 71 dike segments of the EW-RCM range from 0.1
to 14.8 km (mean L=3.3 km). On the other hand, maximum widths range from
18 to 193 m (mean Wm =84.7 m). Similar dimensions are recorded in dikes of the
NE-trending portion (NE-RCM). Their lengths vary from 0.4 to 37.7 km (mean L =
4.9 km) with widths that vary from 16.5 to 193 m (mean Wm =68.3 m). In a log-
arithmic L — Wm diagram (Fig. 2) the RCM dikes plot above the Oligocene mafic
dike swarm that intrudes the extended Precambrian crust of East Africa (Schultz
et al. 2008) and radial composite dikes distributed around an eroded volcanic neck
intrusive in shallow crust of North America (Shiprock dikes; Delaney and Pollard
1981). RCM and Ethiopian dike swarms show equivalent dike lengths, and both are
longer than Shiprock dikes. However, the RCM dikes are thicker than Ethiopian and
Shiprock dikes, which we attribute to the deeper crustal exposure of the RCM dikes
compared to those swarms.
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3.4 AMS Data from RCM Dikes

According to Archanjo et al. (2002b) and Archanjo and Launeau (2004), normal-
type anisotropy of magnetic susceptibility (AMS) fabrics of the EW-RCM dikes
are consistent with a lateral magma flow along the central and western sectors of
the swarm. AMS magnitude is weak, mostly between 2 and 5%, and provided by
multidomain titanomagnetite grains. In contrast, the low-field magnetic susceptibility
of the mafic dikes is strong, about 1072 SI, which is consistent with the intensity of
the aeromagnetic anomalies that define the trace of the dikes in the regional maps. To
investigate the relationship between the opening of fissures to emplace the basaltic
magma and the orientation of magnetic fabric we sampled two mafic dikes for which
the wall-rock contacts are exposed in field. These dikes are situated in the middle and
western part of the EW-RCM dike swarm and are respectively, 18 m (CM30) and
150 m (CM43) in width. Although the susceptibility and anisotropy parameters of
these samples have already been published in Archanjo et al. (2002b), we introduce
here a new interpretation of AMS based on the obliquity between the dike fabric and
the wall-rock orientation (Fig. 3).

Shape ellipsoids vary from oblate to prolate in one dike (CM30) and are domi-
nantly oblate in the other (CM43). Strongly prolate ellipsoids (T <—0.5) indicate a
linear fabric while oblate ellipsoids (T>0.5) indicate a planar fabric. The majority
of samples in one dike (CM30) shows dominant prolate ellipsoids, with lineations
oblique (samples F, G, H and I) to a high angle (A, C) to the dike wall. In samples
with neutral (T ~ 0) to oblate (T >0) ellipsoids, the foliations tend to be perpendicular
to the dike plane; one sample (D) shows a well-defined foliation (T =0.66) nearly
parallel to the dike.

In the larger dike (CM45), the magnetic foliations typically are oblique to the
dike trend. The strike of the magnetic foliation is usually in a NE-SW directions and
dips are variable, but usually steep to the NW or SE. Lineations, in contrast, tend
to disperse to different directions in agreement with the oblate shape of the AMS
ellipsoids. The magnetic fabric that transects the dike, and particularly the foliation
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Fig. 3 Anisotropy of magnetic susceptibility (AMS) of two dikes (CM30 and CM45) whose con-
tacts are exposed with the host regional rocks. Magnetic fabric of dike CM30 shows prolate (T <0)
and oblate (T>0) AMS shape ellipsoids while oblate fabrics dominate the AMS fabric in the dike
CM45. Oblique to highly-oblique lineations in the dike with neutral to prolate ellipsoids (CM30) and
well-defined asymmetrical magnetic foliations in the larger dike (CM45) suggest that the fracture
opening that accommodated the mafic magma included a component of lateral strike slip displace-
ment parallel to the dike wall. Note: capital letters refer to the measurement site and respective
AMS shape parameter (value given in parentheses) (see details in the text)

along the larger dike, would be formed by the combined influence of magma flux
and syn-emplacement shearing before magma freezing (Correa-Gomes et al. 2001;
Féménias et al. 2004; Clemente et al. 2007). The AMS of the dike with neutral to
prolate ellipsoids (CM30) would be carried by needle-like titanomagnetite grains that
would grow preferentially along the principal direction of local extension (Knight and
Walker 1988). Late magmatic shearing parallel to the dike wall, in turn, would provide
a transected magnetic foliation in the thicker dike. AMS results suggest, therefore,
that the opening of fractures that accommodated the EW-RCM dikes combined a
component of normal dilatation and a component of lateral strike slip offset of the
wall-rocks.
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Fig. 4 K—Ar and *°Ar/3° Ar ages available in the literature for the EQUAMP diabases (see sources
in the text). Gray areas are shown for comparison: (la, 1b) Northern Benue Trough (*OArA%Ar
ages—Maluski et al. 1995); (2) Parana-Etendeka (*Ar/3° Ar ages—Renne et al. 1992, 19964, b;
Raposo et al. 1998; Ernesto et al. 1999; Marzoli et al. 1999a, b; Mincato 2000; Thiede and Vas-
concelos 2010; U-Pb ages—1Janasi et al. 2011; Florisbal et al. 2014; Almeida et al. 2017); and (3)
CAMP-Parnaiba (40Ar/39Ar ages—Baksi and Archibald 1997; Marzoli et al. 1999a; Merle et al.
2011)

4 Geochronology

Diabases of the EW-RCM dikes and Sardinha sill magmatic events have been dated
since the 90s using the K—Ar method (Bellieni et al. 1990, 1992; Fodor et al.
1990; Misusaki et al. 2002), while only a few *°Ar/3°Ar ages were published for
the sills (Baksi and Archibald 1997) and dikes (Smith et al. 2001; Ngonge et al.
2016a) (Fig. 4). The ages are mainly scattered between 160 and 110 Ma, although
younger and older K—Ar ages are also reported. Paleomagnetic data obtained from
diabases of the EW-RCM showed that the dikes were emplaced at different times and
under reverse and normal geomagnetic polarities, but with magnetization directions
acquired mainly in the Early Cretaceous (the sub-swarms I, II, IV and V of Bellieni
et al. 1992). Conversely, another set of dikes gave paleopoles corresponding to the
Jurassic (the sub-swarm II). The authors suggest that the different magnetic signa-
tures of the EW-RCM dikes, would reflect rifting processes related to the opening of
the Equatorial (Cretaceous) and Central (Jurassic) domains of the Atlantic Ocean.
If the duration of the RCM magmatic event as revealed by the K—Ar ages is trust-
worthy, this would imply that the dike swarm was emplaced over a time span of at
least 55 m.y. and, therefore, would represent one longer-lasting magmatic activity
when compared to other Gondwanan LIPs (ca. 135 Ma Parana-Etendeka and 200 Ma
CAMP) in South America. This lifetime is approximately coeval with the volcanic
and plutonic activity in the Benue Trough (Maluski et al. 1995; Coulon et al. 1996),
which is thought to be the African failed rift of a triple junction linked to the Atlantic
opening (e.g., Matos 1992, 2000).
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Defining the timing and duration of LIPS requires a precise and accurate
geochronological survey that certainly does not involve the use of the K—Ar sys-
tem. This is mainly because of limitations in recognizing either Ar loss or excess
radiogenic Ar, which can lead to age misinterpretations. Taking into account only the
40 Ar/* Ar results available for both sills and dikes, the EQUAMP lifespan would be
nearly coincident with the main peak of the Parana-Etendeka (flood lavas and intru-
sives) magmatic activity, between 135 and 120 Ma. Nevertheless, the poor precision
associated to the current dataset of ages makes still difficult to determine the time
span of the EQUAMP. Hence, much remains to be done to constrain the temporal
history of the EQUAMP LIP.

5 Petrological Aspects

The data available for the EW-RCM and the Sardinha magmatic events reveal that
both are dominantly represented by fine- to medium-grained, tholeiitic basalts and
basaltic andesites, while the RCM dikes also includes trachy-basalts and basaltic
trachy-andesites (Bellieni et al. 1990, 1992; Fodor et al. 1990; Hollanda et al. 2006;
Ngonge et al. 2016a) (Fig. 5a, b). Plagioclase, two pyroxenes (augite and pigeonite)
and Fe-Ti oxides make up the main mineral assemblage, while olivine occurs as a
main constituent in some dikes of the EW-RCM dikes or as very subordinate minerals
in Sardinha sills.

The EQUAMP dikes are dominantly (~80% vol.) high-Ti tholeiites with MgO <5
wt% and TiO; > 1.5 wt% (Ti/Y ~360), whereas low-Ti tholeiites (TiO, < 1.5 wt%;
Ti/Y <360) and a set of high-Ti olivine tholeiitic dikes are minor components (Fig. 5c,
d). Tholeiites of intermediate and acid compositions are absent in the EW-RCM dikes.
The Sardinha intrusives, in turn, have been described essentially as high-Ti tholeiites
MgO<5 wt% and TiO, >2 wt%; Bellieni et al. 1990; Fodor et al. 1990), while
low-Ti tholeiitic diabases would represent a minor component. As aforementioned,
it should be acknowledged the current uncertainty in distinguishing sills belonging
to Sardinha and/or CAMP events at the east side of the Parnaiba Basin. In general,
both RCM and Sardinha tholeiites are strongly affected by fractional crystallization.

The distinction in terms of enrichment in incompatible trace elements between
the three tholeiite groups of the EW-RCM follows the Ti-based definition, i.e. the
evolved high-Ti tholeiites have higher incompatible element (Rb, Ba, Th, U, LREE,
Sr, Zr, Hf) contents relative to the low-Ti tholeiites, whereas the olivine tholeiites are
lesser enriched (Ngonge et al. 2016a). A negative Nb—Ta anomaly is more prominent
in the low-Ti tholeiites than in the evolved high-Ti tholeiites, contrasting with the
OIB-type abundances found for the olivine tholeiites. Such contrasting trace element
signatures are evidence for a non-parentage relationship between the olivine tholei-
itic and the other magma types. In fact, the initial (t ~ 130 Ma) isotopic compositions
of the olivine tholeiites reveal likely contribution of a FOZO-type asthenospheric
component (¥Sr/%Sr=10.70339-0.70373, '*Nd/"**Nd =0.512518-0.512699 and
206pb/204Pb > 19.1; Ngonge et al. 2016a), while the high- and low-Ti tholeiites have
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Fig. 5 Total oxide and element contents of the EQUAMP tholeiites from database of the literature
(Bellieni et al. 1990, 1992; Fodor et al. 1990; Hollanda et al. 2006; Ngonge et al. 2016a). a Total
alkali-silica (TAS) diagram after (Le Maitre 2002); b AFM (Alkalis—FeO-MgO) plot with the
dividing line of Irvine and Baragar (1971); ¢ TiO,—MgO and d Ti/Y-Ti/Zr variation diagrams.
Fields of Parand-Etendeka (Peate 1997; Rocha-Junior et al. 2013) and CAMP-Parnaiba (Bellieni
et al. 1990; Fodor et al. 1990; Merle et al. 2011) are shown for comparison

variable Sr—Nd and relatively non-radiogenic *°Pb/?**Pb initial ratios indicating
that the primary melts of the RCM magmas were segregated from a heterogeneous
EM1-type mantle (Hollanda et al. 2006; Ngonge et al. 2016a). The low-Ti magmas,
however, display some degree of crustal contamination.

Although not studied to the same level of detail as the EW-RCM dikes, the geo-
chemical signature of the Mg-evolved, Sardinha tholeiites is also featured by enrich-
ment in incompatible elements and a negative Nb anomaly. From the current geo-
chemical information and the (very limited) isotope dataset (i.e., radiogenic Sr, and
non-radiogenic Nd and Pb compositions), the origin of the Sardinha parental magmas
has been attributed to variable degrees of melting of an enriched and strongly het-
erogeneous, spinel-garnet peridotite source (Bellieni et al. 1990; Fodor et al. 1990;
Silva et al. 2017).
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6 Discussion

6.1 Dike Physical Parameters and AMS Data

The RCM swarm, before restricted to EW-trending dikes situated to the south of
the Potiguar rift, has increased dramatically in length based on mapping from high-
resolution aeromagnetic data collected for northeast Brazil. To the west, the swarm
changes its direction to reach, to the south of Permanbuco Lineament, the border of
the Sdo Francisco craton (Fig. 1). According to aeromagnetic and remote sensing
criteria, the arcuate RCM dikes can be traced for about 1,000 km in length, hence
defining a giant dike swarm. The mafic dikes appear as isolated, en-echelon segments
sometimes connected by steps in map view. Mean lengths of these segments reach 3.3
and 4.7 km in the EW- and NE-trending portions, whereas maximum widths range
from 60 to 80 m, respectively. The thickness of the RCM mafic dikes are, therefore,
higher than those in the Ethiopian swarm, which is emplaced in a rifting setting. We
can speculate that the RCM dikes would be closer to their reservoirs compared to the
Ethiopian dikes, although the relation between dike thickness and geological setting
needs further investigation.

According to Archanjo et al. (2000, 2002b), AMS studies in the EW-RCM dikes
indicated a possible feeder zone located in the east sector of the swarm. Such a feeder
zone was characterized by vertical magnetic lineations found at the intersection of
the dike swarm and the Cenozoic volcanic centers of the Macau magmatism (Fig. 1;
Ngonge et al. 2016b). In contrast, AMS of the central and west sectors of the EW-
trending swarm indicates lateral flow of magma that, in some cases, may include
magnetic fabrics of tectonic origin, i.e. formed in the final stages of crystallization
of the melt in a distensive stress field. Transected magnetic foliations recorded in
some dikes are suggestive of a lateral (strike slip) displacement of the host-rock walls
which, in turn, would indicate that the mode I-type fracture opening that assisted the
emplacement of the dikes would include a component of shearing. These structural
findings, observed just in the EW-trending portion of the swarm, have to be compared
to AMS of the NE-RCM dikes in order to propose a consistent regional tectonic
model for the crustal fracturing and intrusion of dikes. Moreover, a detailed AMS
investigation is required in the connection of the RCM and Canindé swarms since
they regionally form a radial arrangement whose focus appears to be centered next
to the Cretaceous Potiguar rift (see Fig. 1). A modeled geoid anomaly in NE Brazil
indicates a low-density (thermal) zone situated at between 17 and 78 km in depth
(Ussami et al. 1993), which agrees with our estimated melting depths (between 60
and 75 km; Ngonge et al. 2016a) for the RCM tholeiites, i.e., in the garnet-spinel
facies of the transition zone.
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6.2 Preliminary Comparison with the ca. 135 Ma
Parand-Etendeka

Taking into account that a complete geochemical survey is still unavailable for the
entire RCM dikes and Sardinha sills, a comparison between EQUAMP and the
approximately coeval Parand-Etendeka LIP can only be made at some extent. The
Parani-Etendeka LIP is located approximately 1,500 km to the south of the exposed
area of the EQUAMP (Fig. 1, inset), being asymmetrically split into South America
(southern Brazil) and Africa (Namibia and Angola). The volcanic rocks are mainly
tholeiitic basalts and basaltic andesites, with subordinate occurrence of silicic rocks
that span the dacite-trachyte-rhyolite compositional fields (e.g., Piccirillo and Melfi
1988; Peate et al. 1992; Ewart et al. 1998a, b, 2004a, b; Nardy et al. 2008). From
the published ages, the Parani-Etendeka volcanism began at ca. 135 Ma and lasted
133-132 Ma (see references in Fig. 4), although ages attributed to the related plumb-
ing systems can progress up to 131 Ma (Raposo et al. 1998; Mincato 2000). Flood
basalt lavas and associated intrusive rocks are geochemically classified into low-Ti
and high-Ti types based on an arbitrary threshold of 2 wt% of TiO, content with cor-
responding Ti/Y values of ~330-350 (e.g., Peate et al. 1992). On both the Brazilian
side, these two major chemical groups are spread into two areas referenced as south-
ern (dominated by low-Ti lavas and some dike swarms) and northern (dominated by
high-Ti lavas, sills and dikes) domains, whereas one central domain brings together
both geochemical groups. Conversely, high- and low-Ti rocks of the EQUAMP are
not geographically controlled and, at least from the current knowledge, the low-Ti
types are very subordinate relative to those of high-Ti compositions, representing
only 10% of volume of the EW-RCM dikes, while even more subordinate in the
Sardinha sills.

The two igneous provinces are formed under nearly similar tectonic frameworks.
Parani-Etendeka lavas and Sardinha sills of EQUAMP were formed, respectively,
by flooding and intruding Paleozoic sag-type basins, while the RCM and the
subsidiary Canindé and Riacho do Cordeiro swarms of EQUAMP are intrusive
into the Precambrian basement, as well as a number of dike swarms related to the
Parana-Etendeka LIP (e.g., Ponta Grossa, Florianépolis, Sao Paulo-Rio de Janeiro
and their equivalents in the African side; e.g., Renne et al. 1996a; Deckart et al.
1998; Raposo et al. 1998; Marzoli et al. 1999b; Florisbal et al. 2014; Almeida et al.
2017; Raposo 2017). The spatial distribution of dike swarms in both these provinces
suggests a triple junction configuration developed during the stepwise opening of
the South Atlantic in the Cretaceous. The intimate association of triple junction
geometry and with voluminous and short-lived magmatism as seen for the Parana-
Etendeka LIP is strongly suggestive of plume-related provinces, whether the plume
had participated as an active source for melt generation or providing heat to trigger
melting of the lithospheric mantle. Differences in Ti contents in the Parand magmas
are followed by distinctive major and trace element concentrations and isotope
compositions, and they have been explained as a function of either heterogeneities in
their lithospheric mantle sources (e.g., Milner et al. 1995; Peate 1997; Marzoli et al.
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1999b; Rocha-Junior et al. 2012, 2013) or plume (Tristan)-lithosphere interactions
(e.g., Gibson et al. 1995; Ewart et al. 1998a, b; Thompson et al. 2001). No definitive
OIB compositions has been reported for the flood lavas of the Parana-Etendeka LIP,
hence favoring the idea of Tristan plume was mainly a heat instead a melt source.

Chemical mantle heterogeneity is also an explanation for the coexistence of high-
and low-Ti compositions in the RCM and Sardinha tholeiites of the EQUAMP (Fodor
et al. 1990; Ngonge et al. 2016a). Based on the correlation between negative Nb-
anomaly, incompatible element enrichment and isotope modeling, a subduction-
modified subcontinental lithospheric mantle has been proposed as the more likely
source for the Cretaceous magmatism in NE Brazil. As the ultimate pre-Andean sub-
duction history in the South America dates back the Brasiliano/Pan-African orogeny,
which was accounted for the convergence of major cratonic blocks and ocean con-
sumption to assembly the West Gondwana at the Ediacaran-Cambrian. Subduction-
related metasomatism might be certainly an ubiquitous signature preserved in the
lithospheric mantle beneath the Precambrian terranes in South America. Melt pro-
duction from potentially enriched lithospheric mantle reservoir will mainly depend
on the rheology and fertility of the lithosphere, partial melting degree, and the thermal
gradient of the heat source. Otherwise, evidence for OIB-type (FOZO-like) signature
shown by the olivine tholeiitic dikes of the EW-RCM suggests that a deep mantle
source has also contributed with melt provenance during the Equatorial Atlantic
geodynamic evolution.

Given the current level of understanding about petrogenesis of the Gondwanan
LIPs in South America, the 135 Ma Parana-Etendeka, 200 Ma CAMP and even the
‘newborn’ ca. 130 Ma EQUAMP, much remains to be investigated concerning to the
extent of partial melting, crust assimilation and fractional crystallization processes
in governing the compositional variations observed in continental basalts from these
provinces. As a direct consequence of obtaining such information, the contribution
of lithosphere and convective (asthenosphere or plume) mantle reservoirs can be
determined. Future investigations on the EQUAMP tholeiites will be focused on
quantitative and numerical modeling based on a priori trace element and isotope
data in order to define the nature and the thermomechanical conditions of the sub-
continental mantle beneath NE Brazil during the breakup of the Gondwana along
the Equatorial Atlantic margin.

7 Conclusions

We have reviewed the evidence from two magmatic suites in NE Brazil—mafic sills
which are intrusive in the Parnaiba Basin and dike swarms located mostly in the Pre-
cambrian basement of the Borborema Province. We propose the dikes and sills com-
prise anew Cretaceous LIP in South America, which we are labeling as the EQUAMP
(EQUatorial Atlantic Magmatic Province). The approximate ages of ca. 135-120 Ma
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suggest a close association with the opening of the Equatorial Atlantic, making the
study of this LIP a thought-provoking subject in the context of supercontinent cycle.
The relationship with the approximately coeval ca. 135 Ma Parana-Etendeka LIP
centred about 1,500 km further south, also requires investigation.
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