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ABSTRACT

The Uatuma event is a silicic large igneous province (SLIP) covering an area of 1.500.000
km? of the Amazonia craton at ca. 1890 — 1850 Ma. New paleomagnetic data and U-Pb
apatite ages for coeval microgranitic, andesitic, and basaltic dykes in the Carajis Province
(southeastern Amazonia craton) are presented. Two primary characteristic remanent
magnetizations (ChRMs) were isolated for the Carajas dykes which were combined with
published results for coeval rocks in the Sao Felix do Xingu area, producing two grand mean
poles: (1) “CA1”, dated at 1880 Ma on zircon and apatite, whose mean site directions cluster
around the mean Dp= 132.8°, In= 76° (N=26, 095=5°, k= 32.7), yielding the paleomagnetic
pole at 328.7°E, 23.3°S, (Ags= 8.7° K=11.7), and (2) “CA2” from well-dated microgranitic
dykes of the Velho Guilherme Suite (1855 Ma U-Pb on zircon and apatite). Site mean
directions group around the mean Dy= 240.3°, I,= 11.8° (N= 18, 095=10.8°, k= 11.1), which
yielded the paleomagnetic pole at 221.3°E, 30.2°S, (A¢s= 8.8°, K=16.2). The remanent

magnetization of the Velho Guilherme microgranitic dykes is carried by pseudo-single
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domain (PSD) magnetite. Its primary origin is supported by a positive baked contact test. Two
younger secondary components were also isolated in the Carajas dyke swarm: one probably
associated to the Mesozoic Central Atlantic magmatic province (CD3), and another
component (CD4) with yet undefined age. A new configuration for the Amazonia and West
Africa during the Paleoproterozoic, which aligns the Sassandra shear zone (in Africa) and the
North Guiana Through and other shear zones (in Guiana Shield), is supported by geological
and paleomagnetic data. The large angular distance between the 1880 Ma CA1l and 1855 Ma
CA2 (Q~6) poles that are relatively close in age implies in a high plate velocity for the
Amazonia craton, which is not consistent with modern plate tectonics. A similar large
discrepancy between 1880 and 1860 Ma poles was also observed at least as many as six
cratons. Although other hypotheses can be invoked, such as non-uniformitarian magnetic
fields, the occurrence of large-scale true polar wander at this time may be the most
parsimonious explanation of the widespread discrepancies.

KEYWORDS: Amazonia; West Africa; paleogeography; paleomagnetism; Uatuma, Carajés.

INTRODUCTION

Geodynamics during Proterozoic times in relation to the Earth’s thermal evolution and
convection remains a challenging task to elucidate (Ernst, 2017). After the probable onset for
plate tectonics during the Archean at ca. 3200 Ma (Shirey and Richardson, 2011), the
Paleoproterozoic eon is marked by a transitional period between the Archean stagnant-lid
tectonics and the mobile-lid tectonics (Brown et al., 2020; Liu et al., 2019). In that sense,
paleogeographic reconstructions are keystone to understand the Earth’s geodynamics. The
relative positions of cratons are mostly based mainly on correlations of geological records
(orogenic sutures, dyke swarms, similarities between lithologies, efc.) and can only be

properly constrained with the acquisition of high-quality paleomagnetic poles for each craton,
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in order to precisely provide their apparent polar wander paths (APWPs) (Buchan, 2013). In
addition, since the beginning of the Paleoproterozoic, Earth history was punctuated by quasi-
periodic supercontinental cycles where larger landmasses or supercontinents were formed in
specific time intervals (Condie, 1998, 2002; Condie and Aster, 2013; Murphy, 2013; Nance et
al., 1988; Nance and Murphy, 2013; Nance et al., 2014; Worsley et al., 1984). A large
consensus exists for the best-defined supercontinents: such as Pangea at ca. 350 — 200 Ma
(Domeier et al., 2012; Stampfli et al., 2013) and Rodinia at ca. 1100 — 750 Ma (Li et al.,
2013; Merdith et al., 2017). The first Proterozoic supercontinent in Earth’s history (at ca.
1800 — 1600 Ma), hereafter called Columbia (a.k.a. Nuna) according to Meert (2012), is the
subject of debates regarding its configuration during the Paleo-Mesoproterozoic times
(D’ Agrella-Filho et al., 2016; Evans and Mitchell, 2011; Evans, 2013; Evans et al., 2016;
Johansson, 2009; Meert and Santosh, 2017; Pehrsson et al., 2016; Pisarevsky et al., 2014;
Zhang et al., 2012). The main geological evidence for the existence of Columbia is the
presence of 2100 to 1800 Ma orogeneses that have been described in most cratons, suggesting
growth of large landmasses (Zhao et al., 2002; Zhao et al., 2004). This period of
amalgamation was considered as a “turmoil” by Antonio et al. (2017), and preceded one
interval between 1800 and 800 Ma, the so-called “boring billion”, where no changes are
observed in the atmosphere and ocean compositions (Roberts, 2013). It is widely accepted
that Laurentia was not completely assembled at ca. ~1900 Ma , and large distances existed
between its cratons (Slave, Rae, Hearne, Nain, Wyoming and Superior) (Kilian et al., 2016).
Final suturing for Baltica resulted from the collision between Fennoscandia and the Volgo-
Sarmatia block at ca. 1750 Ma, along the Svecofennian orogeny, which implies these cratonic
blocks were separated at ca. 1880 Ma (Bogdanova et al., 2013; Bogdanova et al., 2016;

Lubnina et al., 2016).
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The present study addresses the reconstruction of the Amazonia craton during the
Paleoproterozoic, one of the major pieces of the Columbia jigsaw. The Amazonia craton is
considered to have been linked to West Africa at ca. 1960 Ma after the ~2000 Ma Trans-
Amazonian/Eburnean Orogeny (Bispo-Santos et al., 2014a; D’Agrella-Filho et al., 2016;
Nomade et al., 2003; Onstott and Hargraves, 1981; Onstott et al., 1984b; Théveniaut et al.,
2006). A geological link with Baltica was supported by paleomagnetic data including the
Amazonia craton in the core of Columbia connection at latest Paleoproterozoic, at ca. 1790
Ma (Bispo-Santos et al., 2014b). The Amazonia and West Africa cratons were also considered

as an isolated large landmasses drifting separated from Columbia (Pisarevsky et al., 2014).

Anomalous paleomagnetic data were reported for cratons during the Columbia
supercontinent assembly (2000 — 1800 Ma) which was interpreted as the consequence of
either rapid plate motions, absence of a stable dipolar field, tectonic problems, or true polar
wander (TPW) events (Hanson et al., 2004; Hanson et al., 2011; McGlynn and Irving, 1978;
Mitchell et al., 2010; Mitchell, 2014). A comprehensive compilation of available
paleomagnetic data at ca. 1890 — 1860 Ma supports the existence of a TPW event linked to
the reorganization of whole mantle convection (Antonio et al. (2017). This TPW event was
coeval with the widespread occurrence of large igneous provinces (LIPs) in most cratons
worldwide (Isley and Abbott, 1999). Emplacement of LIPs implies the existence of large
plumbing systems with layered intrusions, sills provinces and giant dyke swarms providing
possibilities to reconstruct older cratonic associations using the LIP records from different

cratons (Bleeker, 2003; Ernst et al., 2010; Ernst et al., 2013; Soderlund et al., 2016).

Preliminary paleomagnetic investigations in the Carajis Province was performed by
Renne et al. (1988) on nine specimens (2 sites in Figure 1). Here we present new
paleomagnetic and geochronological results for the Tucuma and Rio Maria dyke swarms in

Pard state, southern Amazonia craton. Compared with paleomagnetic data obtained on



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

associated volcanic rocks of the ~1890 — 1860 Ma Uatuma SLIP (silicic large igneous
province) by Antonio et al. (2017), these new key poles have large implications for

Precambrian geodynamics.

1. GEOLOGICAL SETTING AND LITHOLOGY

1.1. The Uatuma SLIP

The Amazonia craton is one of the largest cratons of the world with ~4.400.000 km?
(Almeida et al., 1981). It consists of the Guiana Shield in the north and the Central-Brazil (or
Guaporé) Shield in the south, separated by the Amazon sedimentary basin (Santos et al.,
2000; Schobbenhaus et al., 1984) (Figure 1-A). In the Guiana Shield, two major Archean
nuclei have been recognized, the Imataca Block in northern part and the Amapa Block in the
eastern part (Rosa-Costa et al., 2006; Tassinari et al., 2004). In the Central-Brazil Shield, the
Archean portion is composed of the Carajds Province and the Bacaja Block (Vasquez et al.,
2008). Except for the Carajds Province, these Archean nuclei were reworked during the
Transamazonian/Eburnean orogeny, which main area of influence is largely coincident with
the geochronological Maroni-Itacaiunas Province (2260 — 1950 Ma) (Cordani and Teixeira,
2007). The Carajas Province is the oldest crustal portion of the stable Archean-
Paleoproterozoic core of the Amazonia craton, the Central Amazonian Province (Tassinari
and Macambira, 2004; Teixeira et al., 2019b). During the Paleoproterozoic times,
accretionary belts occurred along the southwestern margin of this cratonized landmass with
the development among others of the Ventuari — Tapajés Province (2000 — 1800 Ma)

(Bettencourt et al., 2016; Valério et al., 2018).

The Carajas Province comprises the Carajas (north) and Rio Maria (south) tectonic
domains, and is delimited to the east by the Araguaia Belt (~550 Ma) (Figure 1-B) (Santos,
2003; Silva et al., 1974; Vasquez et al., 2008). These domains were intruded by the ~1900-

1850 Ma rocks of the Uatuma event (Amaral, 1974), which form a silicic large igneous
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province (SLIP) (Figure 1-A-B) (Dall'Agnol et al., 2005; Dall'Agnol and Oliveira, 2007;
Giovanardi et al., 2019; Rivalenti et al., 1998; Silva Jr et al., 1999; Teixeira et al., 2018;
Teixeira et al., 2019b). This SLIP is considered as one of the largest continental magmatic
event of the Earth’s history (>1.500.000 km?) (Ernst, 2014). In the studied area, it is
composed of Paleoproterozoic anorogenic granites (Jamon, Serra dos Carajds and Velho
Guilherme suites and similar related granites) with associated dykes in the Rio Maria and
Tucuma areas, and by felsic to intermediate volcanic and plutonic rocks (Sao Felix do Xingu
area) (Figure 1), which were dated between 1890 and 1860 Ma (Antonio et al., 2017; Teixeira
et al., 2019b). These Paleoproterozoic units are well-preserved without deformation and no

younger orogenic event is recorded into the Carajds Province.

The origin of the Uatuma SLIP involves mafic underplating and the emplacement of giant
dyke swarms associated with crustal extension (Dall'Agnol et al., 1994; Giovanardi et al.,
2019; Silva et al., 2016). Thermal perturbations in association with a plume activity were also
related to a true polar wander event induced by geoidal perturbations (Antonio et al., 2017).
An alternative origin of this magmatism considers that the south-western side of the Central
Amazonian Province was affected by a flat-subduction period followed by a slab break-off in
an arc-related environment (Cassini et al., 2020; Fernandes et al., 2011; Juliani and

Fernandes, 2010; Roverato et al., 2019).

FIGURE 1

1.2. Carajas dyke swarm

In this study, we sampled mafic and felsic dykes (Carajas dyke swarm) crosscutting the
Archean basement of the Carajds Province, to the east of the coeval volcanic units (Sao Felix
do Xingu, SFX) previously studied by Antonio et al. (2017) (Figure 1-B). Two areas with
dyke intrusions in the Rio Maria domain were the targets of this paleomagnetic study, the

Tucuma (Figure 2-A) and the Rio Maria (Figure 2-B) areas. Near to Tucuma city, the NW-
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trending dyke swarm is located to the west of the ~1860 Ma A-type Velho Guilherme granite
and intrudes the Archean Rio Maria granodiorite dated at 2872 + 5 Ma by U-Pb on zircon
(Pimentel and Machado, 1994) and the Tucuma greenstone belt dated at 2868 + 8 Ma by Pb-
Pb evaporation on zircon (Avelar et al., 1999) (Figure 2-A). Near to Rio Maria city, the dykes
are associated to the ~1880 Ma Jamon suite and intrude a complex Mesoarchean juvenile
crust composed by sequences of greenstone belts, TTG series and sanukitoid- rocks (3000 —
2860 Ma) (Figure 2-B). The Jamon suite and related granites are well-dated by U-Pb (TIMS)
on zircons with ages between 1880 and 1857 Ma (Teixeira et al., 2018), and their magmas
derived essentially by crustal anatexis of Archean protoliths (Teixeira et al., 2019a).
According to the U-Pb ages of felsic and mafic dykes, three generations of dykes are
recognized in the Carajds Province: (1) The ca. 1880 Ma Carajas dykes (i.e., the Uatuma
SLIP), (2) the ca. 535 Ma Parauapebas dykes, and (3) the Mesozoic dykes associated to the
Central Atlantic Magmatic Province (CAMP) (Antonio et al., 2017; Silva et al., 2016;

Teixeira et al., 2019b).

FIGURE 2

1.2.1. The 1880 Ma Carajas dykes

The ca. 1880 Ma Carajis dykes include (i) NW- trending microgranitic (or rhyolitic)
dykes which likely represent the subvolcanic equivalent of the A-type granites in the Carajds

Province, (i1)) NW- trending andesitic dykes, and (ii1) NW- and NE-trending basaltic dykes.

The NW- trending microgranitic dykes are subvertical, ca. 15 m in width and a few

hundred meters in length in average (Figure 3-A). They are made of A-type subsolvus
microgranite characterized by subhedral phenocrysts of quartz, alkali feldspar and plagioclase
in a quartz-feldspar matrix with granophyric texture. The most frequently observed primary
accessory minerals are zircon, titanite and magnetite. In the Tucuma are, two of these

microgranitic dykes were dated by SHRIMP U-Pb on zircon, which revealed ages of 1882 + 4
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Ma and 1881 + 3 Ma (Silva et al., 2016). Pb-Pb evaporation ages for these microgranitic
dykes in the Rio Maria area indicate an emplacement between 1890 and 1870 Ma (Oliveira,
2006; Rodrigues et al., 2015). U-Pb ages of 1895 + 11 Ma and 1854 + 6 Ma for microgranitic
dykes in the western part (Sdo Felix do Xingu area) of the Carajis Province show that this
NW-trending dyke swarm extends for ~300 km in length between Rio Maria and Sao Felix do

Xingu (Antonio et al., 2017).

The NW- trending andesitic dykes are observed mainly in the Rio Maria area (Figure

3-B) and rarely in the northern Carajds and Tucuma areas (Rivalenti et al., 1998). They have a
porphyritic texture with plagioclase phenocrysts. Groundmass is constituted by quartz,
plagioclase, altered clinopyroxene, and Fe-Ti oxides. Andesitic dykes have a high-K calc-
alkaline character (Rivalenti et al., 1998). A Rb-Sr isochron for andesites defines a poorly
constrained age of 1874 + 110 Ma (Rivalenti et al., 1998), which suggests that these andesitic

dykes could be coeval with the ~1880 Ma microgranitic dykes.

The NW- and NE- trending basaltic dykes are tholeiitic in composition with ophitic

texture (Figure 3-C). A baddeleyite U-Pb age of 1880 = 1.5 Ma was recently published for a
NW- basaltic dyke from the Rio Maria area (Teixeira et al., 2019b). Another baddeleyite U-
Pb age of 1884.6 + 1.6 Ma obtained for a NE- trending dyke supports the idea that these
basaltic dyke are coeval with the microgranitic and andesitic dykes (Teixeira et al., 2019b).
The occurrence of composite NW-trending basaltic and microgranitic dykes and showing
basaltic enclave in the microgranitic dyke and dropped K-feldspar megacrysts in the basaltic
rocks (site 34) are substantial field evidences to indicate a coeval emplacement of these dykes
(Figure 3-E). Similar features were also observed in site 15 (Figure 2-B) near the northeastern

border of the Musa pluton cutting the Rio Maria granodiorite (Dall’ Agnol et al., 2006).

1.2.2. Younger generations of dykes in Carajas
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Two younger events of basaltic dykes were recognized in the Carajds Province. Near to
Parauapebas (Figure 1-B), a new baddeleyite U-Pb age of 531 + 1 Ma for a NS- trending
basaltic dyke demonstrate the existence of Neoproterozoic dykes in the region (Teixeira et al.,
2012b; Teixeira et al., 2019b). These Parauapebas dykes may represent a post-collisional
extension at the southeastern margin of the craton in response to the Neoproterozoic Araguaia
Belt (Teixeira et al., 2019b). A baddeleyite U-Pb age of 199+ 0.3 Ma for a basaltic dyke in
northern Carajds indicates the presence of Mesozoic dykes in the region (Teixeira et al.,
2012a; Teixeira et al., 2019b). These dykes can be related to the ~200 Ma Central Atlantic
Magmatic Province (CAMP) in Brazil (De Min et al., 2003). Mesozoic dykes are also
observed in Tucuma where a gabbroic dyke crosscuts the microgranite and basaltic dykes of

the Uatuma SLIP (Figure 3-D).

FIGURE 3

2. SAMPLING AND LABORATORY PROCEDURES

2.1. Sampling

The Paleoproterozoic dyke swarm of the Uatuma SLIP was sampled for a
paleomagnetic study in the Tucuma and Rio Maria areas (GPS location in Supplementary data
1). In the Tucuma area we sampled 28 sites thus distributed: (i) 16 NW- trending
microgranitic dykes from the well-dated ~1880 Ma swarm (sites 33, 34, 36, 37, 39, 40, 41, 43,
45, 46, 47, 48, 51, 52, 53 and 54), (i) 7 NW- trending basaltic dykes with evidence for
mingling with the microgranitic dykes (sites 35, 38, 40, 42, 44, 49 and 50), (iii) 2 sites for one
NS- trending gabbroic dyke which is considered to be Mesozoic in age (sites 38 and 41) given
its freshness and crosscutting relations, and (iv) 3 sites of Archean basement for a baked
contact test, and to test regional consistency (sites 36, 38 and 46) (Figure 2-A;). In the Rio
Maria area we sampled 25 sites thus distributed: (i) 2 NW- trending microgranitic dykes dated

at ~1880 Ma (sites 12 and 22) and a felsic part of a composite dyke (site 15), (ii)) 5 NW-
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trending andesitic dykes of ~1880 Ma (sites 17, 18, 20, 21 and 24), (iii) 8 NW- trending
basaltic dykes, one of which (site 19) is well-dated (U-Pb on baddeleyite) at ~1880 Ma (sites
13, 19, 15, 16, 23, 25, 27 and 31), (iv) 6 NE- trending basaltic dykes that we assume to be
Mesozoic in age (sites 14, 26, 28, 29, 30 and 32), and (v) 4 sites of Archean basement rocks
for a baked contact test (Sites 14, 16, 17 and 22) (Figure 2-B). A total of 304 cylindrical cores
(~2.54 cm in diameter) and 15 oriented block samples were collected in both areas and

oriented with a magnetic compass, and in most cases, also using a solar compass.

As rocks are often poorly exposed in these areas, most dykes were sampled on isolated
blocks, without certainty of their in-situ position (Figure 3). However, consistent
paleomagnetic results were obtained intra and inter-sites (see below), which confirm that the
sampled blocks suffered very small movements. Furthermore, it was difficult to observe the
direct lithological contacts in these challenging outcrops (weathering, mature soils).
Nevertheless, in the Tucuma area we attempted a contact test between the Mesozoic gabbroic
dyke and a NW- microgranitic dyke (Figure 9-A). In the Rio Maria area, direct contacts with
the country rock are not visible, and dykes generally crop out as isolated blocks, so that, no
adequate baked contact test could be realized. Whenever possible, however, we collected ‘in
situ’ Archean rocks trying to isolate the magnetic direction carried by the country rocks. We
sampled Archean rocks close to a NW- microgranitic dyke (site 22), close to a NW- andesitic
dyke (site 17), close to a NW- basaltic dyke (site 16) and close to a NE- basaltic dyke (site
14). We sampled also the basaltic-felsic composite dyke dated at ~1880 Ma (Oliveira, 2006)
(site 15). Trying to best support the paleomagnetic data, selected rocks were prepared for U-

Pb analysis on apatite and zircon grains.

2.2. Geochronology
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The sample preparation for the apatite and zircon separation was performed in the
Geosciences Environnement Toulouse laboratory (GET, Toulouse, France). The freshest part
of the rock cylinders as well as hand samples were crushed and sieved to collect the mineral
fraction below 400 pm. The ultra-fine sized mineral fractions (as the clay) and the low-
density minerals were removed with a Wilfley table. Heavy minerals were then isolated using
heavy liquids (tetrabromoethane and diiodomethane, with respective densities of 2.967 and
3.325). Magnetic minerals were consequently removed with a Franz magnetic separator.
Then, the apatite and zircon grains were handpicked with a binocular microscope before being

mounted in epoxy puck and polished (see Figure 4-F).

Five samples were analyzed by U-Pb geochronology on apatite (PY36, PY44-46, PY71,
PY72 and PY73 see location Figure 2-A and GPS in supplementary data 1). The U/Pb apatite
geochronology was conducted at the GeOHeLiS analytical platform (Géosciences Rennes
laboratory, France). Nine to thirty-nine minerals were analyzed depending on the sample, by
in-situ laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) using a
EST NWR193UC Excimer laser coupled to a quadripole Agilent 7700x ICP-MS equipped
with a dual pumping to enhance sensitivity (Paquette et al., 2014). For more instrumental
setting details see Pochon et al. (2016) and supplementary data 2. During ablation, 50 pm-
wide ablation spots were performed. The data obtained were corrected for mass bias and U-Pb
fractionation by standard bracketing with repeated measurements of the Madagascar apatite
standard (Thomson et al., 2012), while the Durango (31.44 £+ 0.18 Ma; (McDowell et al.,
2005)) and McClure (523.51 £ 2.09 Ma; (Schoene and Bowring, 2006)) apatite standards
were analyzed in the same conditions to control the precision and accuracy of the analyses.
Data reduction was carried out with the Iolite software (Paton et al., 2011) and the data
reduction scheme VizualAge UcomPbine (Chew et al., 2014). During the analyses, the

McClure and Durango apatite standards yielded 2*’Pb corrected ages of 526.0 + 6.6 Ma
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(MSWD = 1.06; probability = 0.39) and 32.3 + 0.56 Ma (MSWD = 0.38; probability = 0.997)

respectively, see Supplementary data 2.

In two samples (PY44-46 and PY73), some zircons were handpicked. These samples
were selected for U-Pb geochronology on zircon. These analyses were carried out by LA-SF-
ICP-MS at the Isotopic Geology Laboratory of the Geosciences Institute — UNICAMP
(Brazil). Isotope data were acquired using a Thermo Element-XR mass spectrometer coupled
to an Excite 193 laser ablation system (Photon Machines). The acquisition protocol includes a
spot size of 25 um with a 10 Hz laser frequency and a 40s ablation time according the
procedures of Navarro et al. (2015). The reference material 91500 zircon was used as primary
standard (Wiedenbeck et al., 1995), and data reduction was performed using Iolite software
(Paton et al., 2011). During the course of analyses, the Peixe zircon (age ID-TIMS of 564 + 4
Ma; (Dickinson and Gehrels, 2003)) was used as a secondary reference mineral and gives an

age of 568.6 = 3.6 Ma (MSWD= 1.4) during our analyses (see supplementary data 3).

2.3. Paleomagnetism

Preparation and analysis of samples were performed in the Paleomagnetic Laboratory
of the Instituto de Astronomia e Geofisica of the University of Sdo Paulo (USPMag, Brazil),
where cylindrical cores and blocks were prepared in 2.2 cm high standards specimens (1223
in total). In order to isolate a characteristic remanent magnetization (ChRM), conventional
stepwise Alternating Field (AF) and thermal demagnetization were performed in a
magnetically shielded room with ambient field <1000 nT. A pre-treatment with low
temperature demagnetization (LTD- 5 Nz baths) was applied on selected specimens to reduce
the multidomain (MD) influence before AF and thermal procedures (Borradaile, 1994;
Borradaile et al., 2004; Dunlop and Argyle, 1991; Warnock et al., 2000). AF demagnetization
was done using a tumbler Molspin AF demagnetizer with steps of 2.5 mT (up to 15 mT) and 5

mT (15-100 mT) and a JR-6A spinner magnetometer (AGICO, Czech Republic) was used to
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measure the remanence. We also used an automated three-axis AF demagnetizer coupled to a
horizontal 2G-Enterprises™ DC-SQUID magnetometer, and an AF demagnetization coils
coupled to a vertical 2G-Enterprises ™™ DC-SQUID magnetometer with an automatic sample
changer (Kirschvink et al., 2008). Stepwise thermal demagnetization of 50°C (until 500°C)
and 20°C (until 700°C) were carried out using a TD-48 furnace device. Principal component
analysis (PCA) (Kirschvink, 1980) or intersecting great circle technique (Halls, 1978) was
used to determine the remanence directions using orthogonal vectors diagrams (Zijderveld,
1967) and/or stereographic projections. Only vectors with mean angular deviation (MAD)
smaller than 8° was considered. Mean remanence directions and paleomagnetic poles were
calculated using Fisher (1953) statistics. Paleomagnetic data processing and calculations was
carried out using PALEOMAC package (Cogné, 2003). GPlates were used for
paleogeographic reconstructions (Boyden et al., 2011). In addition, magnetic mineralogy of
each site was investigated to determine the carriers of magnetic remanence. Hysteresis loops,
isothermal remanent magnetization (IRM) and first order reverse curves (FORC) for selected
samples were performed to determine magnetic carriers and domain states, using a
MicroMag-VSM, Model 3900 (Princeton Measurements Corporation). Thermomagnetic
experiments (susceptibility versus temperature) were conducted in an argon atmosphere in
low- and high-temperature conditions using a CS-4 apparatus coupled to the KLY-4S
Kappabridge instrument (AGICO, Brno, Czech. Republic). Thin and polished sections were
analyzed under transmitted and reflected light microscopy. In addition, Scanning Electron
Microscopy (SEM) analysis using a Jeol JSM-6360LV instrument (Géosciences
Environnement Toulouse, France) was used to constrain the nature and textures associated

with the magnetic carriers.

3. U/PB GEOCHRONOLOGICAL RESULTS

3.1. Apatite dating
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All the apatite isotopic ratios data are reported in Table 1 and are plotted in Tera-
Wasserburg diagrams (Figure 4) realized using Isoplot/Ex (Ludwig, 2009). All errors are
listed at 2 sigmas. For the calculation of the 207pp corrected ages (Table 1), the initial common
207pb/2%Ph value of 0.990 was calculated following the terrestrial Pb evolution model of

Stacey and Kramers (1975).

The isotopic data obtained for the PY73 sample (microgranitic dyke) display variable
proportions of common Pb with 2°’Pb/?*®Pb values varying between 0.17 and 0.35. The
unforced lower intercept date for this sample is 2007 + 140 Ma with a MSWD of 1.09. If the
Discordia is forced to a 2°’Pb/?%Pb value of 0.990 (Figure 4-A), the resulting lower intercept
date is 1885 + 30 Ma (MSWD = 1.4). The weighted average 2*’Pb-corrected date is equivalent

to the intercept age with a date of 1861 £ 28 Ma (MSWD = 0.28) (see Figure 4-A).

Data obtained for samples PY36 and PY4446 (andesitic dykes) display variable
proportions of common Pb (*’Pb/*®Pb values between 0.52-0.70 and 0.33-0.62,
respectively). The data for the PY36 sample define an unforced lower intercept date of 1861 +
140 with a MSWD of 0.48. If the Discordia is forced to a 2°’Pb/?%Pb value of 0.990 (Figure 4-
B), the resulting lower intercept date is equivalent within error at 1853 + 44 Ma. For sample
PY44-46, the unforced lower intercept date is 1873 + 41 with a MSWD of 1.00. If the
Discordia is forced to a 2°’Pb/>*Pb value of 0.990 (Figure 4-C), the resulting lower intercept
date is equivalent within error at 1868 + 18 Ma. The weighted average 2*’Pb-corrected dates
are equivalents, within the error, to 1874 + 64 Ma (MSWD = 0.05, PY36) and 1882 + 20 Ma

(MSWD =0.52, PY44-46) (see Figures 4-B and 4-C).

Data obtained for the samples PY71 and PY72 (basaltic dykes) display variable
proportions of common Pb as indicated by their 2°’Pb/**Pb values between 0.31-0.46 and
0.17-0.41, respectively. For sample PY71, the data yield an unforced lower intercept date of

1949 + 190 (IMSWD = 1.06) within error similar to the date of 1898 + 39 Ma (MSWD= 0.97)
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obtained when the 2°’Pb/?%Pb value is forced to 0.990 (Figure 4-D). For sample PY72, the
lower unforced intercept yields a date of 1885 + 48 Ma (MSWD = 0.69). If the Discordia is
forced to a 2°’Pb/**Pb value of 0.990, we obtain a similar date of 1890 + 34 Ma (MSWD =
0.62). The weighted average 2’Pb-corrected dates are equivalents, within the error, for both
samples at 1912 + 55 Ma (MSWD = 0.53, PY71) and 1895 + 40 Ma (MSWD = 0.52, PY72)

(see Figure 4-D and 4-E).
FIGURE 4
TABLE 1

3.2. Zircon dating
For the microgranitic dyke PY73, 6 zircon spots yield a Concordia age of 1903 £+ 13 Ma

(20, MSWD = 0.28) (Table 2; Figure 5-A). The weighted mean age 2°’Pb/?°Pb of 1909 + 8.5
(MSWD = 2) is equivalent within error limits. The andesitic dyke PY44-46 show a Concordia
age of 1909 £ 19 Ma (MSWD = 1.14) (Table 2; Figure 5-B). This age is equivalent within
error limits to an upper intercept age of 1911 £ 21 Ma (MSWD = 0.24) and a weighted mean

age *"Pb/*™Pb of 1927 + 42 Ma (MSWD = 4.9).
FIGURE 5
TABLE 2

4. PALEOMAGNETIC RESULTS

4.1. Magnetic components

Paleomagnetic results of the Tucuma and Rio Maria dyke swarms record a complex
history where primary component is partially or wholly overprinted by secondary natural
remanent magnetizations (NRMs). To resolve and isolate the magnetic components AF
treatment was generally more efficient than thermal demagnetization which reveal for some

samples a characteristic “tail”, typical feature of multidomain (MD) grains (Dunlop and
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Ozdemir, 2000; Shcherbakova et al., 2000) (Figure 6-A). After removal of randomly oriented
secondary components, most of sites reveal a stable characteristic remanent magnetization
(ChRM) with a steep inclination for these Carajas Dykes (CD1 component). Samples of the
~1880 Ma andesitic (PY36C2, Figure 6-A) and basaltic (PY72A1, Figure 6-B) dykes show a
north/northeastern, steep upward inclination direction with unblocking temperature ranging
between 300 and 580°C and high coercivities (> 25mT). Occurrence of reverse polarity
appears in the ~1880 Ma microgranitic dykes (Figure 6-C, E) and some basaltic dykes (Figure
6-D). No stable components with unblocking temperatures higher than 600°C were found in

these samples, even in those from microgranitic dykes.

A second southwestern (northeastern), low inclination direction (component CD2) was
revealed in some microgranitic dykes and even in the granodioritic host rocks (~2870 Ma)
cropping out in the studied area. This component was observed in the microgranitic dyke of
the Velho Guilherme suite (~1855 Ma) after LTD treatment (~60% of remanence was
removed) followed by thermal demagnetization, and associated with unblocking temperatures

between 400°C and 600°C (Figure 6-F).

A third northern, low upward inclination component (CD3) was isolated for younger
basaltic dykes, after removing secondary directions with coercivities lower than 12 mT
(Figure 6-G). One of these NS gabbroic dykes cuts Paleoproterozoic dykes and a baked
contact test was performed for it (see below). Similar directions were also observed on nine

Paleoproterozoic dykes and Archean basement rocks as secondary components.

A fourth component (CD4) is characterized by northern, low downward inclination
directions (Figure 6-H) and was found in 11 collected basaltic dykes. On fresh basaltic dykes
this component is carried by magnetite with high unblocking temperatures (520-580°C)
suggesting a primary character for it. Some ~1880 Ma microgranitic dykes showed also the

same component and should represent a younger remagnetization.
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FIGURE 6

4.2. Site mean directions and paleomagnetic poles

Normal (6 dykes) and reverse (10 dykes) polarities were found for the CD1 component.
This stable component was isolated for microgranitic, andesitic and basaltic dykes well-dated
at ~1880 Ma in this study. A mean direction was calculated for the CD1 component using
both normal and reverse site mean directions: Dm= 125.9°, Im= 73.8° (095=5.9°, k= 40.4),
and the respective CD1 paleomagnetic pole is located at 334.3°E, 23°S (Ags= 9.8° K=15.2)
(Table 3; Figure 7-A). CD1 component is similar to the SF1 component calculated for the
volcanic rocks of the ~1880 Ma Santa Rosa Formation, located ~300 km to the west of
Tucuma, and interpreted as a primary magnetization acquired during rock intrusion (Antonio
et al., 2017). The SF1 component obtained in the rhyolitic rocks of Sdo Felix do Xingu is
carried by hematite with high unblocking temperatures (620°C-700°C) (Antonio et al., 2017).

The SF1 and CD1 components exhibited both polarities.

In view of the similarity in the directions of both SF1 and CD1 components (Figure 7-B),
we can use this dataset to calculate a grand mean pole for the Uatuma SLIP, i.e., a mean pole
calculated from multiple distinct but broadly coeval cooling units of a large igneous province
(e.g., the Umkondo LIP; (Swanson-Hysell et al., 2015)). The grand mean direction (named
CALl - Carajas component) was calculated for the Carajas magmatic event: Dm= 132.8°, Im=
76° (N=26, 095=5°, k= 32.7). The respective CA1 paleomagnetic pole is located at 328.7°E,
23.3°S (Ags=8.7° K=11.7) (Table 4; Figure 7-B). Nine among the twenty-six sites of the CA1
pole were precisely dated by U-Pb method (zircon and baddeleyite) (Antonio et al., 2017;
Oliveira, 2006; Pinho et al., 2006; Silva et al.,, 2016; Teixeira et al., 2019b), Pb-Pb
evaporation on zircon (Oliveira, 2006; Pinho et al., 2006) and U-Pb on apatite at 1880 Ma

(Table 2; Figure 4). CA1 grand mean pole pass the reversal test (McFadden and McElhinny,
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1990). The critical gamma of 10.6° is greater than the angle between the normal and reversed
axes (1.9°), and the test is classified as “C”. So, it can be considered as positive using the 26

sites.

The CD2 component observed in 6 sites in the Tucuma-Rio Maria area is composed of
magnetic directions with both polarities. The CD2 site mean directions cluster around the
mean: Dm= 239.3°, Im= 19.6° (N=6, 095=21.4°, k= 10.7) and the CD2 paleomagnetic pole is
located at 227°E, 30.4°S (Ags= 18.4° K=14.6) (Table 3; Figure 7-C). This CD2 component is
also carried by three sites of the Archean rocks sampled far from each other, and not close to
the contact of any dyke. This could imply a regional remagnetization. However, the CD2
component is similar to the SF2 component of the Sdo Felix do Xingu volcanic rocks, for
which a positive baked contact test attests to the primary nature of the SF2 magnetization
acquired at ~1855 Ma (Antonio et al., 2017). Therefore, a combined mean including both
CD2 and SF2 site mean directions was calculated and named as the CA2 component: Dm=
240.3°, Im= 11.8° (N= 18, 095=10.8°, k= 11.1), with a corresponding paleomagnetic pole
located at 221.3°E, 30.2°S (Ags= 8.8° K=16.2) (Table 4; Figure 7-D). The means of reverse
and normal polarity site mean directions form a similar cluster with k1=k2 at 99% of
confidence according to McElhinny (1964) and similar directions with a difference of 10.0° in

declination (Table 4), but the reversal test is undetermined (McFadden and McElhinny, 1990).

The CD3 component was firstly calculated only for the basaltic dykes where field
evidence suggests they are Mesozoic (at baked contact tests or cross-cutting older dykes). For
these dykes, the site mean directions group around Dm= 357.3°, Im= -25.7° (N=8, 0¢5=11.9°,
k= 22.7), which yielded the paleomagnetic pole located at 352.6°E, 82.3°S (Ags= 9.5° K=35)
(Table 3; Figure 8-A). Only one polarity was found on these dykes. The CD3 component was
also disclosed for some ~1880 Ma microgranitic dykes and even for host rocks close to these

basaltic dykes suggesting a regional remagnetization during this magmatic event (Figure 8-B).
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These site mean directions cluster around the mean Dm= 351.4°, Im= -24.6° (N=9, 095=17.7°,
k= 9.0). This mean direction is close to the CD3 component calculated for the Mesozoic

dykes (see above).

The CD4 component is characterized by remanent magnetizations northerly directed and
with low downward inclinations. Their site mean directions group around Dm= 352.7°, Im=
33.3° (N=11, a95=10.7°, k= 19) and the CD4 paleomagnetic pole is located at 113.7°E, 63.4°S
(Ags= 10.8° K=18.7) (Table 3; Figure 8-C). This magnetic component was disclosed for
basaltic dykes, whose magnetic carriers are characterized by high unblocking temperatures,
suggesting a primary origin, but it was also found on ~1880 Ma microgranitic dykes.
Unfortunately, no radiometric age on these basaltic dykes is presently available to determine

the age of the CD4 component.

FIGURE 8

TABLE 3

TABLE 4

S. BAKED CONTACT TEST

Figure 9-A is a schematic sketch showing a younger NS gabbroic dyke cross-cutting a
NW microgranitic dyke in the Tucuma area. Despite the difficulty to find blocks in situ, it was
possible to perform a reverse baked contact test between a small ramification of this younger
NS gabbroic dyke and the ~1880 Ma microgranitic dyke where the contact was visible.
According to the mean direction, the gabbroic dyke (PY62) is associated to the Jurassic
CAMP event (Dm= 357.7°, Im=-19.3°, 0195=3.7°) (Table 3; Figure 9-B). At contact (<10 cm),
the microgranitic samples show a similar direction (Dm= 20.4°, Im= -5°, Q95=12.2°) (Table

3). In contrast, samples collected far away from the contact (>3 m) show a different direction
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(Dm= 111.8°, Im= 60.3°, a95=4.6°) (Table 3; Figure 9-B). This reverse contact test confirms
that these microgranitic samples near to the contact were baked during the intrusion of the
dyke at ~200 Ma. The different remanent magnetization direction, with unblocking
temperatures greater than 450°C, isolated for samples far away of the dyke contact indicates
that this direction is older than 200 Ma. No hybrid direction was found in the collected

samples (Figure 9-B).

FORC experiments were conducted on samples of the gabbroic dyke and for samples of
the microgranitic dyke at the contact and far away it (Figure 9-C). The FORC diagram for a
sample from the younger Mesozoic dyke (PY62A1) shows that magnetic mineralogy is
controlled by a mixture of MD and mainly PSD magnetite (Roberts et al., 2014). For a sample
of the microgranite at the contact (PY62G1, 3 cm), the FORC diagram shows only the PSD
magnetite behavior like the younger Mesozoic dyke. This behavior contrasts with that of
sample PY62Q1 at 8 m away of the contact where SD behavior prevails, that is, higher
coercivities are dominant. This suggests that the younger Mesozoic dyke affected the
magnetic mineralogy close to the contact remagnetizing the rock. Modification of the
magnetic mineralogy in the host rock according the distance at contact during the dyke’s
intrusion was already documented (Hyodo and Dunlop, 1993). These results also suggest that
FORC diagrams can be a powerful tool to detect magnetic changes within a baked contact

test.

FIGURE 9

6. MAGNETIC MINERALOGY

6.1. Petrography

The iron oxides were examined using a Scanning Electron Microscope (SEM) to explore

their primary character. Accessory minerals in microgranitic and andesitic dykes are zircon,
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magnetite and titanite (cf. also (Dall'Agnol et al., 1997)). Magnetite (Fe3O4) is the primary
main iron oxide and is present in all studied rocks. For example, iron oxide inclusion within
an albite crystal is observed in sample PY65, suggesting a primary origin (Figure 10-A). The
EDS spectrum shows that the mineral is iron oxide (without Ti), which may be magnetite or
hematite, since we cannot see the difference between Fe?* and Fe’* using SEM technique
(Figure 10-A). Although, magnetite grains exhibit a very small size (~5-10 pm), it was
possible to detect the primary character of octahedral magnetite within a quartz phenocryst
(Figure 10-B). The EDS spectrum confirmed that this mineral is an iron oxide (Figure 10-B).
Hematite (aFe;O3) crystallized after a process of alteration and is responsible for the
characteristic red color of the rocks (Boone, 1969; Nédélec and Bouchez, 2015; Nédélec et
al., 2015). The presence of hematite is difficult to be directly observed with the microscope
because the grains are very small. [Imenite (FeTiOs3) in association with titanium oxide (TiO)
and a large magnetite grain with exsolution of ilmenite were observed in an andesitic dyke
(PY32 - Fig. 10-C). Magnetite grains showing exsolution of ilmenite are also present in the
basaltic dykes in association with primary minerals as apatite or baddeleyite, and different

types of sulfides (sphalerite, pyrrhotite) (Figure 10-D).
FIGURE 10
6.2. Day’s plot and hysteresis curves

Magnetic mineralogy study of most of dykes indicates that magnetization is carried by
PSD magnetite (or more precisely in a vortex state (Roberts et al., 2017)) according to the
Day’s diagram (Figure 11-A). For microgranite dykes, PSD magnetite is formed during the
magmatic stage, so it is primary. Hematite is formed by hydrothermal alteration of the
magnetite in subsolidus condition. Presence of hematite in these dykes is confirmed by
hysteresis curves showing a wasp-waisted behavior and IRM curves, which do not reach

saturation at fields up to 3 T (Figure 11-B). We can observe dominance of the magnetic
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contribution in hematite for some microgranite dykes using the Kruiver’s analysis (Kruiver et
al., 2001) with ~65% of the hematite component versus 35% of the magnetite component
(rich-hem) (Figure 11-B). Magnetic mineralogy for most of microgranitic and andesitic dykes,
however, is dominated by presence of magnetite rather than hematite (Figure 11-C). Magnetic
mineralogy for the NW-basaltic dykes shows that magnetization is carried by PSD magnetite
(Figure 11-D). The NS-gabbroic dyke of CAMP has also PSD magnetite as can be seen in the
Day’s plot (Figure 11-A) and in the FORC diagram (Fig. 9-C). The ca. 2872 Ma Rio Maria
granodiorite is the main basement rock in the Tucuma region (Avelar et al., 1999), and
magnetic mineralogy shows large magnetite grains associated with recrystallization (Santos
and Oliveira, 2016). According to the Day’s plot, samples of granodiorite are mainly multi-
domain grains (MD) with Her/Hc ratios greater than 5 (see supplementary data 4 for Day plot
values). So, it is very suspicious that these Archean rocks could retain a primary

magnetization.
FIGURE 11
6.3. Thermal susceptibility

The thermomagnetic curve for a microgranite dyke (PY59A) shows the presence of a
well-pronounced Hopkinson peak, Curie temperature around 580°C, and the Verwey
transition at low temperatures, which are characteristics of SD/PSD magnetite (Dunlop and
Ozdemir, 1997) as the main magnetic carrier in this rock (Figure 12-A). Rich-hematite sample
in the Day’s diagram shows a curve with irreversible behavior characterized by different
trajectories during heating and cooling and small fall around 600° C indicating the presence of
magnetite in small quantity (Figure 12-B). The presence of hematite, well-characterized in the
previous topics, is not visible on the thermomagnetic curves, which is normal due of its low
magnetic susceptibility, compared to that of magnetite. Also, during heating, a new

magnetically strong mineral (probably magnetite) is being formed, possibly by alteration of
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other Fe-rich minerals. The NW basaltic dyke (PY71) does not show the Verwey transition
but a fall at ca. 580°C indicates the presence of magnetite (Figure 12-C). The Jurassic dyke
PY60L shows a reversible behavior with a well-pronounced Hopkinson peak, Curie
temperature at about 580°C, as well as the Verwey transition at low temperatures, which are

characteristics of SD/PSD magnetite (Figure 12-D).

FIGURE 12

7. DISCUSSION
7.1. Reliability of paleomagnetic poles

7.1.1. CA1 paleomagnetic pole

The CA1 grand mean pole was calculated using 26 sites having ChRM directions with
steep upward and downward inclinations. Among these 26 sites, 16 sites are basaltic,
andesitic and microgranitic dykes of the Carajas Province (this study) and 10 sites are from
the coeval volcanic rocks of the Sdo Felix do Xingu area (Antonio et al., 2017). CAl
component is carried by stable hematite in the rhyolitic rocks of Sdo Felix do Xingu area and
PSD magnetite in basaltic dykes of Tucuma and Rio Maria areas. The CA1 pole (328.7°E,
23.3°S, Ags= 8.7°) satisfies 6 (Q=6) out of the 6 quality criteria proposed by Van der Voo
(1990), if we discard his seventh criterion as suggested in the Paleomagia database for
Precambrian rocks (Pivarunas et al., 2018; Veikkolainen et al., 2017b): (1) the four U-Pb
dating on apatite and one U-Pb age on zircon from andesitic and basaltic dykes (this study)
yielded consistent ages around 1880 Ma, and paleomagnetic analysis on the same dykes
revealed similar ChRM directions. These ages are concordant with two U-Pb baddeleyite ages
(1880+2 Ma, 1885+2 Ma) determined on two other basaltic dykes in the Rio Maria area
(Teixeira et al., 2019b), and two zircon U-Pb ages (1882+4 Ma, 188143 Ma) obtained for two
microgranitic dykes (Silva et al., 2016). The weighted average age of ten well-dated

paleomagnetic sites used in the CA1 grand mean pole (see Figure 7-B) is 1881.4 + 2.5 Ma
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MSWD = 3.9), which constrain the age of the CAl component. The multi-method
radiometric dating (U-Pb baddeleyite, zircon and apatite) show that the magnetic age is
clearly close to the crystallization age of these rocks. Also, the blocking temperatures (300 —
500°C) associated with the apatite isotopic system demonstrate that no later high thermal (>
300°C) perturbation occurred in the CA1 dykes. (2) The CAl pole was calculated with 26
sites and 248 specimens and show good Fisher’s statistical parameters (Ags = 8.7°, K = 11.7)
(Table 4). (3) Remanence vectors were well-isolated using stepwise AF treatments, and
thermal demagnetizations. They were calculated by the principal component analysis
(Kirschvink, 1980) through the visualization of magnetic directions plotted in the Zijderveld
diagrams and stereographic projections. (4) A positive inverse baked contact test obtained for
a Jurassic dyke cutting a 1880 Ma microgranitic dyke in the Tucuma area (Figure 9), shows
that the CA1 remanent magnetization is older than ~199 Ma. Another positive inverse baked
contact obtained in Sdo Felix do Xingu for a ~1855 Ma microgranitic dyke cutting the
andesitic rock from the 1880 Ma Sobreiro Formation demonstrates that CA1 component is
older than 1855 Ma, and most probably it was acquired at the time rock was formed at 1880
Ma (Antonio et al., 2017). (5) The fact that the same paleomagnetic results were disclosed for
volcanic rocks of the Sao Felix do Xingu area and the Carajas dyke swarm in Tucuma and Rio
Maria areas, some 300 km apart implies that no tilting affected these rocks after their
emplacement, at least between the studied areas. Moreover, these two areas must belong to
the same geological province and a separation into different geological domains as proposed
by Vasquez et al. (2008) is no longer sustainable. (6) The CA1 component pass a reversal test,
which implies the secular variation was averaged out. (7) Even if we discard this criterion, the
CA1l pole is different from poles calculated for younger units in the Amazonia craton
according to the compiled Precambrian Paleomagnetic database for Amazonia by D’ Agrella-

Filho et al. (2016) (see also Antonio et al. (2017). The southeastern part of the Amazonia
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craton, was cut by the ~535 Ma mafic dykes coeval to the Araguaia Belt and the ~200 Ma
Central Atlantic Magmatic Province (CAMP) (Teixeira et al., 2019b). No paleomagnetic
study is presently available for the ~535 Ma dykes but the CA1 direction is different from the
Puga B pole (Q= 2), whose age is estimated to be ~520 Ma (Trindade et al., 2003) and from
the CAMP paleomagnetic poles (Moreira, 2019). So, the 1880 Ma CA1l paleomagnetic pole

can be considered as a key pole.

7.1.2. CAZ2 paleomagnetic pole

Only 3 out of the 18 sites used to calculate the CA2 grand mean pole are from this work.
This component is better represented at the Sdo Felix do Xingu (15 sites) than at Tucuma or
Rio Maria areas. The three sites of Archean host rocks that have the same magnetization are
not considered in the CA2 grand mean pole calculation. These sites suggest that an important
geological regional event affected these rocks imprinting this component in these Archean
rocks. We suggest that it is represented by the last pulse of the Uatuma magmatic event (the
Velho Guilherme Suite intrusions) occurred at ~1855 Ma as indicated by a positive baked
contact test made for a microgranitic dyke from the Velho Guilherme Suite (dated at 1855
Ma) cutting the andesitic rock from the 1880 Ma Sobreiro Formation in the Sdo Felix do
Xingu area (Antonio et al., 2017). As for the CA1 component described above, the grand
mean pole CA?2 satisfies also 6 of the first 6 quality criteria of Van der Voo (1990): (1) The
Velho Guilherme dykes are well-dated at 1853.7+6.2 Ma by LA-ICP-MS U-Pb zircon
(Antonio et al., 2017), and 18578 Ma by SHRIMP U-Pb zircon (Roverato, 2016) which
well-constrain the age of CA2 component. One age of 1903 + 13 Ma by U-Pb zircon and one
age of 1885 = 30 by U-Pb apatite were obtained in this study for one microgranitic dyke. The
U-Pb apatite age could be considered more reliable for the magnetic age, within error similar
to the ~1860 Ma age of the Velho Guilherme suite (2) The CA2 paleomagnetic pole was

calculated using 18 sites and 132 specimens and have good statistical parameters (Ags=8.8°,



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

K=16.2). (3) As for component CAl, stepwise AF and thermal demagnetizations were used to
separate components, which were calculated by the principal component analysis (Kirschvink,
1980). (4) No baked contact test in the Rio Maria and Tucuma areas was performed but a
positive baked contact test was described in the Sdo Felix do Xingu area for a 1855 Ma
microgranitic dyke of the Velho Guilherme suite at the contact with the Sobreiro Formation
(Antonio et al., 2017). (5) No deformation or metamorphism was observed in microgranitic
and basaltic dykes. Unless some dyke intrusions at ca. 535 Ma, related to the marginal
Brasiliano Araguaia belt development, and at ca. 200 Ma, related to the CAMP event, the
Carajds Domain maintained its tectonic integrity since 1850 Ma. Although the 2870 Ma host
rocks revealed also the same component, this is interpreted to be due to a regional
remagnetization during the last pulse of the Uatuma event at ~1855 Ma. With an extension
>1.500.000 km?, the Uatuma SLIP and its thermal footprint have the potential to induce a
regional remagnetization. (6) Two polarities were observed, which implies that secular
variation was average out. (7) Although the seventh criterion of Van der Voo (1990) may be
disregarded for Precambrian rocks (see above), it is obeyed by this component, since it
doesn’t have any similarity with younger paleomagnetic data available for the Amazonia
craton. So, the CA2 grand mean pole can be considered as key (Q= 6) with an age of ~1855

Ma.
7.1.3. CD3 and CD4 paleomagnetic poles

Other two components (CD3 and CD4) were isolated in the investigated rocks. The
CD3 single normal polarity component was disclosed for 8 well-known Jurassic dykes dated
at 199.3+0.3 Ma (Moreira, 2019; Nomade et al., 2000). A positive baked contact test for one
of these dykes supports a primary magnetization for it (Figure 9). The CD3 pole (Q= 5)
calculated for the CAMP dykes in Carajds is located at 82.3°S, 325.6°E (Ags= 9.5°, K= 35).

Although more scattered, the CD3 secondary directions disclosed for the older rocks (Figure
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8-B) yielded a paleomagnetic pole (79.8°S, 359.4°E; Ags= 14.6°, K= 13.3) very similar to the
CAMP CD3 pole. These poles statistically agree with another pole determined for the CAMP
dolerite dykes, in French Guana, and dated at 198 Ma (Figure 13; (Nomade et al., 2000)). It is
also similar to a recent paleomagnetic pole obtained for the ~201 Ma Penatecaua sills (76.5°S,

279.5°E, Ags=3.8°) sampled ca. 700 km far from Carajis (Moreira, 2019).

The CD4 paleomagnetic pole was calculated for 11 basaltic and microgranitic dykes in
Carajas and is located at 63.4°S, 113.7°E (Ags= 10.8°, K= 18.7). No age is presently available
for these dykes, or field tests to constrain the age of the CD4 pole. We suggest it represents a
younger regional remagnetization for the following reasons: (1) this component is observed
on five 1880 Ma microgranitic dykes — the primary component of the 1880 Ma magmatic
event is probably represented by pole CA1 as discussed above; (2) this component looks like
the SF3 component (40.7°S, 128.8°E, Ags= 15.6°) observed in the ~1880 Ma volcanic rocks
in SFX (Antonio, 2017). This component is carried by large magnetite in coarse-grained
microgranite, and goethite in rhyolite as secondary component (Tb <200°C) (Antonio et al.
(2017). (3) The CD4 pole is close to the Neoproterozoic/Cambrian Amazonian paleomagnetic
poles (see Figure 13): the Planalto da Serra Alkaline Complex (49.7°S, 133.4°E, A95= 10.8°)
(Garcia et al., 2013) whose age is established by several Ar-Ar ages on phlogopite at ca. 610
Ma (D'Agrella Filho et al., 2018; De Min et al., 2013) and the secondary Puga B pole
(33.6°S, 146.9°E, A95= 8.4°) (Trindade et al., 2003) for which the authors attributed an age

of ~520 Ma.

FIGURE 12

7.2. Geological model and Paleoproterozoic APW path for Amazonia and West

Africa
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Geological data suggest a connection between Amazonia (Am) and West Africa (WA)
cratons after the “Transamazonian/Eburnean” collisional events at ca. 2100-2000 Ma (Caen-
Vachette, 1988; Ledru et al., 1994; Vanderhaeghe et al., 1998). First paleomagnetic data for
West Africa and Amazonia highlighted the reassessment of the Pangea fit which would not be
valid before the Neoproterozoic (Onstott and Hargraves, 1981). These reconstructions
suggested a rotation of about 30° of the Amazonia in relation to West Africa to align the Guri
(Am) and Sassandra (WA) shear zones (Caen-Vachette, 1988; Cohen and Gibbs, 1989;
Feybesse and Milési, 1994; Ledru et al., 1994). More recently, new paleomagnetic data seem
to support these reconstructions (Figure 14-A, option A) (Bispo-Santos et al., 2014a; Nomade
et al., 2003). However, a recent revision of structures and kinematics of the Transamazonian-
Eburnean orogen by Chardon et al. (2020) allow to re-align the Eburnean strain pattern in
West Africa with large Transamazonian shear corridors in the Guiana Shield, which avoids
inconsistencies in structural patterns in previous models (Bispo-Santos et al., 2014a;
Grenholm, 2019; Nomade et al., 2003). In this new model (Figure 14-B, option B), the
Sassandra shear zone is no longer connected to the Guri shear zone, but with the North
Guiana Through (Ledru et al., 1991). These West African and Amazonian shear zones, named

as the Burghana-Transamazonian mega shear zone by Chardon et al. (2020), are connected to

the Pisco-Jurua shear zone which is the most rectilinear corridor in Guiana Shield (Chardon et

al., 2020).

Here, we re-evaluate the paleomagnetic data and APW paths for Amazonia and West
Africa according to these models (Table 5; Figure 14). According to Klein and Moura (2008),
the Sdo Luis craton in Brazil was part of the West African craton during the Paleoproterozoic
and it was not considered by Bispo-Santos et al. (2014a) in their reconstruction. Based on the
new structural pattern for the Transamazonian-Eburnean orogen proposed by Chardon et al.

(2020), the new alternative model (Option B) is compatible with the available paleomagnetic
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data between ~2100-1960 Ma (Figure 14-B). Obviously, the option A cannot be rejected on
paleomagnetic grounds due to the quality of the APW paths. Note that using the new
configuration (Figure 14-B), the ~1790 Ma Avanavero pole for Amazonia (Bispo-Santos et
al., 2014b) overlaps the ~1740 Ma PGV obtained for the Iguarda dykes of West Africa (Neres
et al., 2016) which can give a suggestive support for option B. It should be noted that this
result could also be a coincidence because the age match is ~50 Ma different. Excursion of the
APW path at ca. 1860 Ma and return to broadly the same place at ca. 1820 Ma is consistent
with a TPW oscillation (Creveling et al., 2012).This new configuration seems to support the

viability of a long-lived paleomagnetic connection between these two units.

The option A configuration is close to the hypothesized position of Amazonia and
West Africa in the (South-America-Baltica) SAMBA connection (Johansson, 2009). If option
B indeed proves more viable, then the SAMBA connection of these two cratons relative to

Baltica needs to be revised in the paleogeographic models.

FIGURE 14

TABLE 5

7.3. Geophysical anomalies: Weak dipolar field or True Polar Wander event?

According to our results, two paleomagnetic poles are considered as primary for the
Amazonia craton: the CA1 pole dated at 1880 Ma and the CA2 pole dated at 1860 Ma. These
almost coeval, but very discordant paleomagnetic poles (Figure 14), supposedly of primary
origins, would imply in a great drift for proto-Amazonian craton which is unrealistic for the
current plate tectonics. So, some alternative interpretations are discussed here that could

explain such inconsistence:

(1) Possibility of local vertical-rotation axis due to shear zones and deformation along

orogens can provide discordant coeval paleomagnetic poles. For the Slave craton, Mitchell et
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al. (2010) suggested that the oscillations in almost coeval paleomagnetic poles (1960-1870
Ma) that define the Coronation APWP loop can be explained by true polar wander (TPW)
events. Recently, however, Gong et al., (2018) revised the inconsistent paleomagnetic data
obtained for the Pearson Formation (~1870 Ma) for small blocks in the Great Slave Basin,
and suggested that it can be explained by a rotation of ca. 60° along local vertical-rotation
axis in the area, originating by fault displacements (Gong et al., 2018). These authors suggest
that some other broadly coeval paleomagnetic poles in the Great Slave Supergroup could have
been also affected by local rotations, e.g., the aberrant poles of the Stark and Tochatwi
Formations (Bingham and Evans, 1976; Evans and Bingham, 1976), although no geological
evidence is yet available to confirm this hypothesis. Concerning the Carajds area in this study,
CA1 (1880 Ma) and CA2 (1860 Ma) ChRM directions were obtained both, for volcanic rocks
from the Sdo Felix do Xingu area and from dykes in the Rio Maria and Tucuma areas, distant
up to 300 km apart. Therefore, most probably, no deformation or shear zones affected these
rocks after the 1880 Ma and 1860 Ma rock intrusions. Also, as already stressed, the volcanic
rocks of Sdo Felix do Xingu is part of the Carajids Province and not a different domain as

suggested by Santos (2003).

(2) Regional remagnetization can disturb the paleomagnetic record to give discordant poles.
For Baltica, similar 1900-1750 Ma paleomagnetic poles fall into the Permian segment of the
Phanerozoic APWP traced for this cratonic block, which could explain why they are tightly
clustered (Bazhenov et al., 2016). It should be stressed, however, that there is a highest
probability for Paleoproterozoic poles to coincide with a younger APW path for a same
continent and the argument of coincidence with younger poles to justify a remagnetization is
not conclusive (Pivarunas et al., 2018). In the case of the Carajds area, as stressed above, the

CAT1 and CA2 poles do not coincide with other younger poles from the Amazonia craton, and
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the positive baked contact test performed for the CA1l component prove that both CA1 and

CA2 components are of primary origins.

(3) Another explanation for discordant paleomagnetic poles could be the presence of a Weak
dipolar field during Proterozoic (Biggin et al., 2009; Biggin et al., 2015). Recently, values
ranging between 1.22 to 2.15 10> Am? was proposed for the intensity of the geomagnetic
field at ~1860 Ma based on paleointensity studies on rocks from Baltica (Veselovskiy et al.,
2019). These low values seem continue until ~1790 Ma with low paleointensity data obtained
for the ~1790 Ma Avanavero sills in Amazonia (Di Chiara et al., 2017) or for the ~1790 Ma
Hoting gabbro in Baltica (Donadini et al., 2011). These data seem to support a weak dipolar
field at least for sometimes in the interval ~1900-1700 Ma, which could be at the origin of
these paleomagnetic discrepancies. So, test the validity of the Geocentric Axial Dipole (GAD)
is important before using paleomagnetic data for paleogeographic reconstructions
(Veikkolainen et al., 2017a). Analysis of a global compilation of paleointensity data showed
the Precambrian field seems to be dominated by an axial dipole component associated to an
octupolar component (Veikkolainen et al., 2017a). Global compilations for Precambrian
reversal tests, including our paleomagnetic reversal test at ~1880 Ma, also agree with a
dominant dipolar component for the geomagnetic field during Proterozoic (Veikkolainen et
al., 2014). Thus, these results exclude the low Paleoproterozoic geomagnetic field as the

reason for the CA1 and CA2 poles discrepancy.

(4) If discordant paleomagnetic poles are primary, another explanation is to suppose the
motion of the entire solid earth (mantle+crust) in respect to the spin axis of the Earth, the true
polar wander (TPW) hypothesis (Raub et al., 2007). The two TPW events, before and after ca.
1860 Ma comprising the full oscillation is close to ~90° in amplitude (Figure 14), i.e., inertial
interchange true polar wander (IITPW) (Goldreich and Toomre, 1969; Kirschvink et al., 1997;

Rose and Buffett, 2017). The 1900-1800 Ma time interval is associated with worldwide Large
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Igneous Provinces (LIPs) emplaced in all cratons, and paleomagnetic studies were carried out
for many of these LIPs. A compilation of the almost coeval, but discordant paleomagnetic
poles was performed by Antonio et al. (2017). Some geological and paleomagnetic
associations of this model is well-established like the connection between India and Australia
(Liu et al., 2018; Stark et al., 2019). Despite the small amount and quality of paleomagnetic
data, Antonio et al. (2017) conclude that the hypothesis of a True Polar Wander event at

~1880-1850 Ma is the best explanation for these discordant paleomagnetic poles.

CONCLUSION

The first U-Pb apatite ages for andesitic, basaltic, and microgranitic dykes were obtained for
the Carajas Province (Amazonia craton). These new U-Pb apatite ages of ~1890-1850 Ma
agree from previous zircon and baddeleyite ages for the Carajas dyke swarm which belong to
the Uatuma event (Antonio et al., 2017; Teixeira et al., 2019b). Two key paleopoles, CA1
(~1880 Ma; 23.3°S, 328.7°E, Ags= 8.7°) and CA2 (~1855 Ma; 30.2°S, 221.3°E, Ags= 8.8°),
were calculated for the Carajas volcanic rocks and dyke swarms. They are proven to be
primary by a positive baked contact test for a ~1855 Ma granodioritic dyke (component CA?2)
in contact with the andesitic rock (CA1 component) from the 1880 Ma Sobreiro Formation,
reinforced by the U-Pb multi-method radiometric dating (zircon, baddeleyite, apatite) which
indicates that no high thermal events (> 300 °C) affected the rocks after their intrusion. Two
younger paleomagnetic poles (CD3 and CD4) were also obtained: a ca. 200 Ma pole (CD3
pole) for Jurassic dykes from Carajas is located at 82.3°S, 325.6°E (Aogs= 9.5°); the CD4 pole
(63.4°S, 113.7°E, Ags= 10.8°) was obtained for some of the dykes and basement rocks whose
age is yet undefined. A revision of the Paleoproterozoic APW paths for Amazonia and West
Africa supports a new geological configuration between these two cratons (Chardon et al.,
2020) which allows to restore the Sassandra shear zone in West Africa with the North Guiana

Through and other shear zones in Guiana Shield. The discrepancy in the ~1890-1850 Ma
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Paleomagnetic poles observed in several cratons in the world could be better explained by a
true polar wander event. However, new good-quality paleomagnetic data is necessary to

resolve this issue.
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FIGURE CAPTIONS

Figure 1: A: Inset of the ~1880 — 1860 Ma volcano-plutonic Uatuma SLIP (silicic large
igneous province) and the main tectonic provinces of the Amazonia craton (adapted from
Cordani and Teixeira (2007)). Abbreviations: Archean blocks are represented in grey: CP =
Carajas Province, BD = Bacaja domain, IB = Imataca Block, AM = Amapa Block; CA =
Central Amazonian Province MI = Maroni-Itacaiunas Province; VT = Ventuari-Tap4jos
Province; RNJ = Rio Negro-Juruena Province; RO = Rondonian-San Ignécio Province; SS =
Sunsds province,. B: The 1.88 Ga Uatuma SLIP in the Carajas Province. The geological maps
of the Tucuma and Rio Maria areas represented in Figure 2 are indicated. These areas belong
to the Rio Maria tectonic domain (southern) which is separated of the Carajas tectonic domain

by the dashed line. Localization of paleomagnetic sites of this study, sites published in
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Antonio et al. (2017) (SFX area), and sites of Renne et al. (1988) are indicated. U-Pb and Pb-

Pb dating for dykes are referred to Teixeira et al. (2019b).

Figure 2: Geological maps of Tucuma (2-A) and Rio Maria (2-B) areas with localization of
sampling sites, modified from Vasquez et al. (2008). See Figure 1 for areas localities in the
Carajas Province and supplementary data 1 for the GPS coordinates of dykes. Selected sites

for U-Pb geochronology in this study are indicated with a surrounding frame.

Figure 3: Outcrops photos of the Carajas dyke swarm. A: 1880 Ma microgranitic dyke, ~6 m
in width (Site 54), intruding the Archean greenstone belt (in green). B: Cross-sectional view
for a ~1880 Ma andesitic dyke (Site 24). White line is the boundary of the dyke and people
give the scale, ~25 m in width. C: ~1880 Ma NW- trending basaltic dyke with typical isolated
blocks, ~5 m in width (Site PY49). D: Field relationship where a NS- Mesozoic dyke
crosscuts NW- trending microgranitic and basaltic dykes. Archean granodiorite Rio Maria is
visible (Site 38). E: Field evidences of mingling (mafic enclave in microgranitic dyke) and

xenocrysts (K-feldspar in basaltic dyke) (Site 34).

Figure 4: Tera-Wasserburg Concordia diagram of apatite analyses with the corresponding
207ph corrected age for one microgranitic dyke (A), two andesitic dykes (B-C), two basaltic
dykes (D-E) from the Carajas dyke swarm. F: Photomicrograph of apatite crystals in
binocular microscopy. 2*’Pb/?%Pb value of 0.990 was calculated following the Pb evolution

model of Stacey and Kramers (1975).

Figure 5: U-Pb concordia diagram of zircon analyses from the PY73 microgranitic dyke (A)

and from the PY44-46 andesitic dyke (B).

Figure 6: Examples of AF (alternating field) and thermal demagnetization for Andesitic (A-
B), basaltic (C-D) and microgranitic (E-F) dykes from the Carajds dyke swarm. G and H are

examples for younger dykes in the area. Demagnetization results are presented with
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stereographic projections, orthogonal projections (Zijderveld plot) and normalized

magnetization intensity curves.

Figure 7: Stereographic projections of site mean directions (and their confidence circles, Oos)
for the Carajds Province. A: Site mean directions for the CD1 component of Carajas Dykes,
and B: the Grand mean sites CA1 calculated with the combined results of the volcanic units
from the Sdo Felix do Xingu area (Antonio et al., 2017). C: represents the site mean
directions for the CD2 component for the Carajds dykes, and D: the Grand mean pole CA2
calculated combined with the volcanic units. Red star in each stereogram represents the mean
(and its confidence circle, Oos) of the site mean directions. PDF — Present Dipolar Field; PGF

— Present Geomagnetic Field.

Figure 8: A: Stereographic projections of site mean directions for the primary Mesozoic
dykes (~199 Ma). B: Site mean direction for the Archean/Paleoproterozoic sites re-
magnetized during this Jurassic event. C: Site mean directions for the CD4 component
(undetermined age). Blue (or red) star in each stereogram represents the mean (and its
confidence circle, Oos) of the site mean directions. PDF — Present Dipolar Field; PGF —

Present Geomagnetic Field.

Figure 9: Inverse baked contact test (i-BCT), showing in A: a Schematic sketch of a
microgranitic dyke intersected by a NS Mesozoic gabbroic dyke, in B: FORC diagrams for
samples of the Mesozoic dyke and for the microgranitic dyke at contact and far away from the
contact, and in C: Stereographic projections, orthogonal projections, and normalized
magnetization intensity curves for a sample of the Mesozoic dyke, and samples close to

contact and far away.

Figure 10: Petrography of paleomagnetic samples. A: SEM-BSE micrograph of plagioclase

for a microgranitic dyke (PY65) showing inclusion of primary Fe-Ti oxides and EDS spectra
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associated. B: SEM-BSE micrograph of primary magnetite in inclusion in a quartz crystal for
a microgranitic dyke (PY79) with EDS spectra associated. C: SEM-BSE micrographs for an
andesitic dyke and D for a basaltic dyke. Mineral abbreviations: Ab (albite), Ap (apatite),
Bdy (baddeleyite), Cpx (clinopyroxene), Ep (epidote), Ilm (ilmenite), Mag (magnetite), Pl
(plagioclase), Qtz (quartz), Sp (spharelite), Ttn (titanite), Zrn (zircon), from Whitney and

Evans (2010).

Figure 11: A: Day plot (Day et al., 1977) of the hysteresis ratios Mrs/Ms and Hcr/Hc for
samples analyzed in this study. B: Hysteresis curve for a hematite-rich microgranite with IRM
decomposition (PY70B). C: Hysteresis curve for a magnetite-rich microgranitic sample
(PY59F). The strong magnetite component is well-observed in the IRM decomposition. D:
Hysteresis curve of a typical sample of a basaltic dyke (PY30B) where the magnetic carrier

falls in the Pseudo Single Domain of the Day’s diagram (magnetite).

Figure 12: A: Example of thermomagnetic curves for a microgranitic dyke with a strong
component of magnetite (PY59A). B: Example of thermomagnetic curve for a microgranitic
dyke where hematite is dominant in magnetic mineralogy (PY61B). C: Thermomagnetic
curve for a NW basaltic dyke dated at ~1880 Ma in this study. D: Typical thermomagnetic

curve for the Mesozoic dykes.

Figure 13: A: Comparison of the primary CD3 and re-magnetized paleopoles (this study)
with reference paleomagnetic poles obtained for rocks from the ~200 Ma Central Atlantic
Magmatic Province (CAMP) - Amazonia (Nomade et al., 2000). Comparison of the CD4
paleopole with previous Neoproterozoic data (~610-520 Ma) (Garcia et al., 2013; Trindade et

al., 2003).

Figure 14: A: Option A for the Amazonia-West Africa connection, using a geological

connection between the Guri (Amazonia, AM) and Sassandra (West Africa, WA) shear zones
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(Bispo-Santos et al., 2014a; Nomade et al., 2003). The apparent polar wander paths (APWPs)
for Amazonia and West Africa between ~2100 and 1960 Ma and between ~1960 and 1790
Ma are illustrated for option A in the two orthographic projections. SL is the Sdo Luis craton
associated to West Africa. Euler pole for option A (fixed West Africa): lat: 61.09°; long: -
19.63°; angle: 57.5°. B: Option B for the Amazonia-West Africa connection, connecting the
North Guiana Trough with the Sassandra shear zone as suggested by Chardon et al. (2020).
The apparent polar wander paths (APWPs) for Amazonia and West Africa between ~2100
and 1960 Ma and between ~1960 and 1790 Ma are illustrated for option B in the two
orthographic projections. Euler pole for option B (fixed West Africa): lat: 33.98°; long: -
28.42°; angle: 73.96°. TPW at ~1880-1850 Ma is indicated in red by discordance between

CATl and CA2. Paleomagnetic poles used are listed in Table 5.

TABLE CAPTIONS

Table 1: Apatite U-Pb data obtained by in situ laser ablation ICP-MS.

Table 2: Zircon U-Pb data obtained by LA-ICP-MS.

Table 3: Results of paleomagnetic data. n/N — number of analyzed samples/number of
samples used in the mean; Dec (°) — declination; Inc (°) — inclination; awvs, r is the resultant
vector, k — Fisher’s confidence cone and precision parameter (Fisher, 1953); G.C —Great
circles analysis. VGP — Virtual Geomagnetic Pole; P. Long — Paleolongitude; P. Lat —
Paleolatitude. Values in bold are for the mean directions (N, Dec, Inc, R, K and Ao¢s — P. Lat,

P. Long). *: Sites discarded with higher aos or not in situ (PY25-26).

Table 4: Grand mean poles calculated in this study. Combined paleomagnetic pole CA1 using
the Carajas dykes (CD1) and associated volcanic rocks of Sao Felix do Xingu area (SF1)
(Antonio et al., 2017). Combined paleomagnetic pole CA2 using the Carajas dykes (CD2) and

associated volcanic rocks of Sdo Felix do Xingu area (SF2) (Antonio et al., 2017). N —
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number of sites (single geographic locality), Dec (°) — declination; Inc (°) — inclination; aos, k
— Fisher’s confidence cone and precision parameter (Fisher, 1953). Paleomagnetic pole; P.
Long — Paleolongitude; P. Lat — Paleolatitude, R is the resultant vector, K is precision
parameter, S is the angular dispersion, and A9S5 is radius of the circle of 95% confidence of

the paleomagnetic pole.

Table S: Paleomagnetic poles compilation for West Africa and Amazonia and West Africa
used in Figure 14. Nominal age is the magnetic age associated to the paleomagnetic pole.
Confidence column indicate the geochronological method (strat: stratigraphic correlation, Pb-
Pb method, APWP: correlation using APW path, Rb-Sr isochron, U-z: U-Pb zircon, U-b: U-
Pb baddeleyite, U-a: U-Pb apatite, A-h: Ar-Ar amphibole, A-bi: Ar-Ar biotite) and possible
field test (i-BCT: inverse baked contact test, BCT: baked contact test). References: (1)
(Nomade et al., 2003), (2) (Piper and Lomax, 1973), (3) (Sabaté and Lomax, 1975), (4)
(Peucat et al., 2005), (5) (Onstott et al., 1984b), (6) (Onstott and Dorbor, 1987), (7) (Neres et
al., 2016), (8) (D’Agrella-Filho et al., 2011), (9) (Nomade et al., 2001), (10) (Théveniaut et
al., 2006), (11) (Bispo-Santos et al., 2014a), (12) (Onstott et al., 1984a), (13) (Bispo-Santos et

al., 2014b).

SUPPLEMENTARY DATA

Supplementary data 1: Paleomagnetic sampling for the Carajds dyke swarm, Carajas

Province; *: Site sampled for the baked contact test (BCT) - distances from the contact are

indicated.

Supplementary data 2: Values for U-Pb standards in apatite and analytical protocol

(Geosciences Rennes, France).

Supplementary data 3: Results for the secondary material of reference (Peixe zircon) used in

the University of Campinas (Brazil).
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Supplementary data 4: Values for Mrs/Ms and Her/Hc ratio using in the Day plot diagram.
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Final
Sample U (ppm) Pb (ppm) Z8y/APph Error (20) 27ph/2%Ph Error (20) W Age Error (20)

PY36 andesitic dyke (Forced intercept at 0.990 - 1853 + 44 Ma U-Pb ap)

ApatBatch25a_14 1.1 39 1.314 8.9 0.6100 3.1 1843 230
ApatBatch25a_15 1.0 29 1.432 72 0.5690 3.0 1901 220
ApatBatch25a_16 1.9 7.0 1.288 6.0 0.6100 1.5 1890 290
ApatBatch25a_18 1.1 32 1.428 6.4 0.5770 2.6 1874 280
ApatBatch25a_23 1.7 52 1.808 6.2 0.4570 2.8 1884 160
ApatBatch25a_24 0.9 35 1.179 9.0 0.6330 35 1890 270
ApatBatch25a_26 1.5 4.8 1.551 5.5 0.5470 1.8 1831 200
ApatBatch25a_27 0.8 3.0 1.264 59 0.6080 2.5 1891 190
ApatBatch25a_28 0.8 2.9 1.318 5.5 0.6240 22 1846 270
ApatBatch25a_29 1.2 3.6 1.593 5.7 0.5170 2.3 1905 230
ApatBatch25a_32 0.9 2.7 1.413 6.2 0.5790 2.4 1858 220
ApatBatch25a_33 1.0 4.7 0.988 59 0.7010 24 1860 340

PY44-46 andesitic dyke (Forced intercept at 0.990 - 1868 + 18 Ma U-Pb ap)

Apat250618b_1 33 4.2 2.193 44 0.3735 1.7 1799 110
Apat250618b_2 3.0 42 2.082 4.5 0.4025 2.1 1811 110
Apat250618b_3 29 4.9 1.826 4.7 0.4518 2.0 1894 110
Apat250618b_4 2.7 4.0 1.969 4.7 0.4212 1.9 1851 110
Apat250618b_5 2.7 3.6 2.113 4.6 0.3860 2.6 1827 120
Apat250618b_6 3.1 42 2.05 4.5 0.4036 1.9 1826 130
Apat250618b_7 22 44 1.661 4.6 0.4910 22 1922 130
Apat250618b_8 3.4 5.1 2.008 4.6 0.4070 2.0 1864 120
Apat250618b_9 2.5 3.6 2.022 44 0.3948 22 1886 130
Apat250618b_10 2.4 4.0 1.843 4.6 0.4540 22 1862 150
Apat250618b_11 2.1 55 1.389 4.9 0.5930 2.0 1840 130
Apat250618b_12 2.5 42 1.801 43 0.4487 1.7 1928 140
Apat250618b_13 2.1 4.0 1.672 43 0.4913 1.8 1926 150
Apat250618b_14 1.8 4.4 1.503 4.8 0.5640 2.7 1811 140
Apat250618b_15 2.7 39 2.017 44 0.4008 2.0 1872 130
Apat250618b_16 2.6 4.0 1.905 44 0.4165 2.1 1934 130
Apat250618b_17 2.8 39 2.027 44 0.3767 1.9 1934 120
Apat250618b_18 4.0 49 2297 43 0.3339 2.8 1827 120
Apat250618b_20 2.8 39 1.965 44 0.4150 29 1879 110
Apat250618b_21 2.6 39 1.894 43 0.4270 2.0 1919 140
Apat250618b_22 1.7 5.0 1.248 44 0.6190 1.8 1924 190
Apat250618b_23 2.8 43 1.88 4.5 0.4347 1.8 1876 120
Apat250618b_24 2.6 42 1.908 49 0.4352 2.3 1874 130
Apat250618b_25 3.1 42 2.056 43 0.3888 2.1 1869 110
Apat250618b_26 2.7 6.1 1.519 44 0.5421 1.7 1889 130
Apat250618b_27 3.6 4.5 2.195 43 0.3490 1.9 1875 100
Apat250618b_29 29 42 2.04 53 0.4020 2.7 1845 110
Apat250618b_30 29 39 2.071 4.5 0.3790 1.9 1898 110
Apat250618b_32 2.8 3.7 2.04 45 0.3820 2.6 1896 110
Apat250618b_33 2.8 4.0 1.964 43 0.3937 1.8 1945 120

Apat250618b_34 3.1 4.2 2.029 4.4 0.3743 2.0 1958 120



Apat250618c_1 29 4.1 1.917 4.6 0.3915 1.9 1990 150
Apat250618c_2 33 44 2.051 4.7 0.3711 1.7 1932 130
Apat250618c_4 32 43 2.06 5.1 0.3690 2.5 1941 130
Apat250618c_5 2.6 3.8 1.954 4.7 0.4073 1.9 1896 130
Apat250618c_6 3.0 4.0 2.052 49 0.3728 22 1925 120
Apat250618c_10 3.6 4.7 2.197 4.6 0.3587 1.9 1847 130
Apat250618c_11 2.8 42 1.98 5.1 0.4130 29 1865 140
Apat250618c_12 2.8 44 1.937 5.0 0.4361 23 1833 140
PY71 basaltic dyke (Forced intercept at 0.990 - 1898 + 39 Ma U-Pb ap)

Apat260618a_1 3.0 43 2.074 5.8 0.3721 1.9 1900 170
Apat260618a_2 33 4.8 2.059 6.4 0.3930 2.8 1855 170
Apat260618a_3 25 44 1.809 6.8 0.4600 3.9 1872 190
Apat260618a_4 1.0 1.1 2.129 6.1 0.3130 35 2058 180
Apat260618a_5 1.3 2.1 1.747 6.7 0.4420 3.6 2020 240
Apat260618a_6 3.1 45 2.005 6.2 0.4030 3.0 1880 170
Apat260618a_7 3.6 4.8 2.127 6.5 0.3690 35 1873 190
Apat260618a_9 2.4 3.7 1.849 59 0.4292 2.0 1938 160
Apat260618a_10 33 43 2.042 5.9 0.3832 1.9 1900 170
Apat260618a_11 3.2 42 2.079 6.0 0.3837 2.4 1871 170
PY72 basaltic dyke (Forced intercept at 0.990 - 1890 + 34 Ma U-Pb ap)

Apat260618a_14 29 43 1.939 6.5 0.4090 3.7 1913 170
Apat260618a_16 8.3 11.1 2.679 5.6 0.1716 1.6 1944 130
Apat260618a_17 75 9.6 2.833 59 0.1726 2.8 1831 120
Apat260618a_18 6.7 9.5 2.706 5.7 0.1790 1.8 1910 130
Apat260618a_19 6.5 8.1 2.76 5.8 0.1728 29 1883 140
Apat260618a_20 7.1 9.2 2.746 5.7 0.1709 1.9 1905 130
Apat260618a_21 6.8 9.8 2.564 59 0.2085 4.1 1941 110
Apat260618a_22 5.7 74 2.642 5.8 0.1813 22 1953 140
Apat260618a_23 7.1 9.6 2.763 6.1 0.1900 2.5 1847 130
Apat260618a_24 10.0 13.9 2.85 6.0 0.1687 2.1 1839 120
PY73 microgranitic Velho Guilherme dyke (Forced intercept at 0.990 - 1885 + 30 Ma)

Apat250618c_13 7.6 10.8 2.168 5.1 0.3470 2.7 1882 70
Apat250618c_14 6.2 8.1 2216 5.1 0.3565 22 1828 120
Apat250618c_15 11.3 234 2317 4.6 0.3058 1.6 1880 92
Apat250618c_16 15.5 32.3 2.484 4.5 0.2723 1.7 1838 92
Apat250618c_18 144 30.7 2.443 4.6 0.2484 2.1 1857 86
Apat250618c_19 7.3 9.4 2317 44 0.2799 1.5 1859 110
Apat250618c_20 72 12.8 2.26 45 0.3045 1.8 1823 110
Apat250618c_21 6.8 9.3 2292 7.1 0.2830 39 1877 55
Apat250618c_25 6.8 8.9 2.306 4.6 0.3290 1.6 1831 110

Table 1 : LA-ICP-MS apatite dating results




Ages

Measured ratios (Ma)
9
Sample 1206 U Th Pb Th/U | 2Pb/*™Pb | 2’Pb/>SU Is Is% *Pb/**¥U Is Is% Rho | ®Pb/%Pb 2s 2Pb/*¥U 2s 2"Pb/ASU  2s cofloc2
(%) | (mggh 2s (mgg!) 25 (mggh) 3s
Microgranitic Velho
Guilherme dyke
ELD73_4 0.14 70 2 52 1 55 2 074 13060 5.640 0.110 2.0 0.3433 0.0066 1.9 049 1922 21 1892 31 1914 16 | 98
ELD73_7 0.15 70 3 66 2 69 3 095 12420 5.590 0.100 1.8 0.3473 0.0070 2.0 0438 1885 22 1919 33 1915 15| 102
ELD73_11 0.11 98 4 90 4 92 5 092 16650 5.509 0.093 1.7 0.3388 0.0063 19 049 1901 19 1876 30 1898 151 99
ELD73_13 0.14 79 3 76 2 79 4 096 13210 5.520 0.130 24 0.3448 0.0086 25 0.37 1922 28 1904 41 1902 191 99
ELD73_15 0.09 129 8 120 7 115 8 093 21450 5.470 0.100 1.8 0.3409 0.0066 19 047 1905 20 1888 32 1896 16| 99
ELD73_17 0.08 146 7 130 7 123 7 0.89 24200 5412 0.096 1.8 0.3401 0.0066 1.9 0.53 1921 18 1880 32 1882 15| 98
Andesitic dyke
ELD46_2 0.05 191 12 92 6 82 5 048 39450 5.783 0.090 1.6 0.3727 0.0061 1.6 0.52 1883 15 2038 29 1938 13| 108
ELD46_3 0.25 38 1 33 2 35 2 0.86 7385 5.630 0.130 2.3 0.3463 0.0080 23 0.50 1931 24 1912 38 1909 20| 99
ELD46_4 0.17 57 3 70 4 67 4 123 11200 5.460 0.120 22 0.3356  0.0075 2.2 0.38 1941 26 1861 36 1883 19| 96
ELD46_5 0.08 116 5 145 5 144 6 125 23450 5.530 0.100 1.8 0.3448 0.0068 2.0 0.51 1899 20 1905 32 1906 16 | 100
ELD46_6 0.27 37 2 35 1 38 2 095 7025 5.650 0.140 25 0.3475 0.0079 23 0.39 1958 26 1918 37 1919 21| 98

Table 2 : LA-ICP-MS zircon dating results




Site  Sample Lithology S.Lat

CD1

Normal polarity

2% PY25-26 NW - Microgranitic 745
dyke

17%  PY31 NW- Andesitic dyke -74

18 PY32-33-34  NW- Andesitic dyke -7.4

20 PY36-37-38  NW- Andesitic dyke -7.4

13 PY27 aE NW - Basaltic dyke -7.44

14 PY28FrL Archean basement -7.43

17%  PY3lac-u Archean basement -7.4

45 PY67 A-G NW - Microgranitic 6.8
dyke

50 PY72 A-F NW - Basaltic dyke -6.82

MEAN CDI (N)

Reversed polarity

2 PY40 NW - Microgranitic 741
dyke

24 PY44-45-46  NW- Andesitic dyke -7.52

15  PY29ac NW - Basaltic dyke -7.52

16 PY30apnL  NW - Basaltic dyke -7.76

19 PY35 an NW - Basaltic dyke -7.38

21*  PY39 NW- Andesitic dyke -7.38

PY40rc -
* R

22 PY41-42 Archean basement 7.41
NW - Microgranitic

40 PY62 J-Q dyke -6.76

46 PY68 A-F NW - Microgranitic 68
dyke

48 PY70 A-G NW - Microgranitic 68
dyke

52 PY74 A-G NW - Microgranitic 6.86
dyke

54 PY78 - 79 NW - Microgranitic 6.96
dyke

49 PY71 A-G NW - Basaltic dyke -6.77

MEAN CDI (R)

MEAN POLE CDI1 DYKE (N+R)

CD2

Normal polarity

49 PY71 A-G NW - Basaltic dyke -6.77

54 PY78 - 79 NW - Microgranitic 6.96
dyke

Reversed polarity

51 PY73 A-H NW - Microgranitic 6.84
dyke

16 PY30En Archean basement -7.76

S.Long

-49.87

-50.14
-50.14
-50.14
-50.02
-50.03
-50.14
308.66

308.6

-50.21

-50.05
-50.02
-50.05
-50.13
-50.13

-50.21
308.56
308.66
308.66
308.62

308.75
308.66

308.66
308.75

308.58
-50.05

Characteristic remanent magnetization (ChRM) VGP
Dec P.Lat P.Long
/N Inc(®) R k 95 (°

8/11 922  -67.5 7.78 32.5 9.9 -3.8 271.1
717 298.6 -38.5 6.66 174 15 -28 16.7
9/12 2974 -68.4 8.72 28.8 10.5 -22.6 346.6
8/15 2325 -83.7 7.84 429 8.6 0.3 319.8
6/9 295.6 -58.1 5.73 18.6 16.5 -24.5 0.6
6/10 2683 -81.6 5.88 42 11.7 -6.6 326.6
3/5 289.1 -29.8 2.9 20.8 27.8 -20.3 25.5
712 3427 -81.4 6.8 29.5 11.9 22.8 134.1
12/14 1.6 -60.2 11.9 106 4.3 55.6 126.5
6 312.2 -75.6 5.8 24.9 13.7

R=5.47 K=9.5 A95=22.9 22.8 150.1
6/8 1157 67.8 5.9 52.2 11.1 -21.8 347.7
8/19 170.1 76.5 7.7 23 11.8 -32.7 315
4/10 717 553 3.63 8.1 344 10.1 1.4
9/12 1054 68.1 8.88 66.4 6.9 -15.7 348.8
6/12 126 63.8 5.88 40.8 10.8 -30 350.9
6/8 2359 573 5.95 108.6 7.7 -31.2 260.1
4/5 107.4 81.6 3.76 12.3 28.8 -12 325.8
1024 111.8 60.3 9.93 1224 4.6 -20.8 356.9
9/12 1622 859 8.81 42 8.3 -14.6 311.3
10/13 126.1 78.8 10.77 G.C 13.8 -19 327
5/11 1535 80.3 3.39 G.C 14.3 -23.6 317.7
9/15 142.1 69.7 8.85 54.8 7.3 -34.3 335.1
9/12 97 63.4 8.8 40.5 8.5 -9.7 354.2
10 122.9 72.6 9.84 55.5 6.5

R=9.55 K=20.1 A95=11.1 -23.1 336.7
16 125.9 738 15.63 40.4 5.9

R=15.01 K=15.2 A95=9.8 -23 334.3
712 84.1  -31.3 6.7 22.5 13 7 55.3
5/15 707  -14.7 4.88 34.7 14.1 19.9 44.2
10/13 2245 4.7 9.7 30.5 8.9 -45.4 215
717 217.7 -4.7 6.54 13.1 17.3 -51 206.4



36 PY58 G-K Archean host -6.76  308.56
46 PY68 G-K Archean host -6.8 308.66
MEAN POLE CD2 DYKE (N+R)

CD3 — Jurassic component

Primary dyke

14 PY28 A E NNE - Basaltic dyke -7.43  -50.03
25 PY47 ac NW - Basaltic dyke =743 -50.04
29 PY51 am NNE - Basaltic dyke -6.9 -49.65
40 PY62 A-F NS - Gabbro dyke -6.76  308.56
42 PY64 A-H NW - Basaltic dyke -6.8 308.63
44 PY66 A-G NW - Basaltic dyke -6.8 308.64
38 PY60 I-Q NS - Gabbro dyke -6.76  308.56
41 PY63 A-G NS - Gabbro dyke -6.76  308.56

MEAN POLE CD3 ONLY PRIMARY DYKE

Remagnetized sites

CD3

32 PY54 an NNE - Basaltic dyke -6.92  -50.26
27 PY49 ar NW - Basaltic dyke -6.84  -50.19
38 PY60 A-H NW - Basaltic dyke -6.76  308.56

NW - Microgranitic

36 PY58 A-F 676 308.56
dyke

40 PY62GF  NW-Microgranitic ¢ 50 3¢ 56
dyke

41 pyesmy  NW-Microgranitic ¢ 50 3¢ 56
dyke

47 pye9Am  NW-Microgranitic (o1 3g 6¢
dyke

14 PY28FL Archean basement 743 -50.03

38 PY60 R-Z Archean host -6.76  308.56

MEAN POLE CD3 REMAGNETIZATION

CD4 - Younger undetermined component (or Neoproterozoic?)

23 PY43 ap NW - Basaltic dyke -7.38  -50.13
26 PY48 aF NNE - Basaltic dyke -6.86  -50.19
28 PY50 ar NNE - Basaltic dyke -6.84  -50.19
30 PY52 an NNE - Basaltic dyke -6.91 -49.66
31 PY53 an NW - Basaltic dyke -6.91 -50.26
35 PY57 A-D NW - Basaltic dyke -6.73  308.51
33 PYSSAE 2; v]x;- Microgranitic ¢ 75 3085

34 PYS6AH 2; W - Microgranitic 673 30851

NW - Microgranitic

37 PY59 A-F dyke

-6.77  308.56

9/11 2283
777 2582
6 239.3
711 3523
4/7  20.6
8/13 3.7
8/8 3577
6/8  339.8
4/5 3579
14/15 355.5
8/8  356.7
8 357.3
4/4  356.7
5/11  317.8
6/7 1.8
6/14  358.5
5/6 204
4/6  351.1
6/12 4.2
3/10 3254
719 1.7

9 351.4
6/7 86
89 129
8/10  348.9
8/12 3525
5/5 352
4/6  323.6
9/12  28.1
9/15 356.2
13/14 339.6

24.8
415
19.6

-154
-48.6
-2.5
-19.3
-27.5
-22
-28.6
-39.3
-25.7

-35.9
-1.5
-30.7

-374

-5

-33.7

-30.7

-4.5
-38.2
-24.6

40.9
25.6
24.7
21.6
21.7
50.6

434

422

13.8

8.76
6.81
553
R=5.65

6.87
3.94
7.8
7.97
5.93
4.58
13.89
7.68
7.7
R=7.8

3.88
5.66
592

5.94

4.9

1.41

5.95

2.95
6.97
82
R=8.4

5.89
7.84
7.71
7.76
4.9

3.99

10.63

8.9

12.83

34

31.7
10.7
K=14.6

45.4
52.9
35.2
244.9
67
G.C
112.9
21.6
22.7
K=35

24.9
14.8
62.8

97.4

40.6

G.C

107.6

422
219.5
9.9
K=13.3

46.5
43.9
24.4
29.3
41.8
298.4

27.1

78.1

70.3

9

10.9

214
A95=18.2

9.5

14.8
10.3

3.7

9.8

21

3.9

13.6
11.9
A95=9.5

21.7
18
10.1

8.1

12.2

12.2

6.8

19.2

4.4

17.2
A95=14.6

10.6
8.7
11.9
10.6
12.8
53

9.1

6.1

5.1

-42.1
-13.5

-30.4

824
60.6
83.3
86.1
68.7
-3.4
80.5
74.2

82.3
-82.3

76.6
47.5
80.1

75.8

-67.6

75.5

79.4

55.2
73.5

79.8
-79.8

58.1
65.9
67.4
70.4
70.2
385

47.8

58.7

65.4

230
241.7

227

216.2
91.5

343.7
164.4
195.5
213.8
155.8
139.9

145.6
325.6

143.2
226.1
118.5

134.3

194.7

164.4

106.2

226.7
102.5

179.4
359.4

324.9
342.2
280.6
287.8
286

268.1

347.9

301.8

2524



39 PY61 A-E

41 PY63 K
MEAN POLE CD4

NW - Microgranitic
dyke
NW - Microgranitic
dyke

-6.8

-6.76

308.63

308.56

5/10

2/2
11

347.1 34.1

3313 352
352.7 333

6.94 G.C 10.7

1.99 6472 9.8

10.47 19 10.7
R=10.47 K=18.7 A95=10.8

61.5

514

63.4
-63.4

282.3

262

293.7
113.7



Grand mean poles

Site mean directions

Paleomagnetic poles

Name
CAl
CAl
CA1l
CA2
CA2
CA2

Polarity
Normal
Reversed
Combined
Normal
Reversed
Combined

N Dm(°) Im (°) R k a95 (°) Lat Long K R S A95 (°)
10 315.6 -76.9 9.7 299 9 231 146.7 10.7 9.16 14.9/25 15.5
16 131.2 75.4 1554 324 6.6 -234 330 11.6 14.71 14.3/24 113
26 132.8 76 25.23 327 5 -233 328.7 11.7  23.87 14.2/23.9 8.7
6 67.1 -11.4 555 112 209 23 41.8 252 5.8 16.1 13.5
12 236.9 12 1098 107 13.9 -34 221 14.1 11.22 21.8 12
18 240.3 11.8 165 111 10.8 -30.2 221.3 16.2 16.95 20.3 8.8



Code

Name

WEST AFRICA

WA-01
WA-02
WA-03
WA-04
WA-05
WA-06
WA-07
WA-08
WA-09

IC1 Ivory Coast intrusions

PL1 Obuasi greenstone

PL2 Abouasi-Obuasi Dolerite intrusions
IC2 Ferke batholith -Ivory coast

GAF Aftout granite

SL Aftout gabbro

AH Harper amphibolite
OD Liberia Granulite

Iguerda Inlier dikes

AMAZONIA

AM-01
AM-02
AM-03
AM-04
AM-05
AM-06
AM-07
AM-08
AM-09
AM-10

Mean GF1 (Approuague granite)

OYA Oyapok tonalite and meta-ultrabasite
ARMO, Armontabo River tonalite

Mean CA1 (Imataca-Encrucijada)

Mean GF2 Coastal late monzogranite

Surumu volcanics
POLE CA1
POLE CA2

ARO Guaniamo dikes (Comp II)

Avanavero sills

Aos

16.1
19

18.9
7.8
5.7

13
25

11.2
9.9
10.1
16.5
5.8
10.1
8.7
8.8

13

Plat n)

-82
-50
-53

175
4

1.8
-28
-2.7

-42.9
-58.5
-27.4
-23.3
-30.2

484

Plong (k)

292
36
102
83
90
55.1
73
&9
262.1

292.5
346
346.3
219
30.2
54.8
328.7
221.3

279

Nominal Age (va)

2100
2090
2080
2050
1966
1950
1983
1964
1741

2089
2036
2030
2000
1970
1960
1880
1860
1820
1789

Confidence

strat.
U-z
strat.
Pb-Pb APWP
strat. U-z
strat. Rb-Sr, U-z
A-h
Rb-Sr
U-z

U-z,i-BCT
U-z
i-BCT

U-z, i-BCT
U-a, U-z, i-BCT
U-a, U-z, BCT
A-bi
U-b, i-BCT
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