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A B S T R A C T   

Establishing the positions of continents during the initial stages of Earth’s evolution is one of the most important 
challenges in geosciences today. This challenge is mainly due to the severe limitations in obtaining geological 
and/or geophysical data from early Earth time, particularly robust paleomagnetic data. Here, we report the first 
paleomagnetic data from an Archean block in the Amazonian craton, the Carajás Province, for ~2.76–2.74 
billion years ago (Ga), when extensive dominantly mafic volcanism (Parauapebas Formation) covered an area of 
~18,000 km2. The paleomagnetic investigation was conducted on fresh drill cores drilled into the Carajás iron 
ore mine and cutting across the Parauapebas Formation. After rotating the drill core segments to geographic 
coordinates using the viscous magnetic component, two characteristic components, Carajás 1 and 2 (C1 and C2) 
were identified and further used to calculate paleomagnetic poles: C1 (~2759 Ma; 40.5◦E, − 44.6◦S, N = 5 A95 =

6.5◦, K = 18.5) and C2 (~2749 Ma; 342.4◦E, − 54.3◦S, N = 28, A95 = 14.8◦, K = 27.8). Pole C2 is based on a 
bigger number of sites, passes a reversal test and is considered robust. A baked contact test was attempted for this 
component, but it is not conclusive. Our results, integrated with geological evidence reveals that the Carajás 
block occupied low latitudes at the time, and could have been part of the Superia supercraton during the 
Neoarchean (~2.75 Ga) at equatorial latitudes. Finally, a consistent succession of six magnetic reversal events 
was identified in the lava flow sequence from the Parauapebas Formation, pointing to an already dynamic 
geodynamo pre-2.7 Ga.   

1. Introduction 

During the Archean, the first continents were formed and their 
remnants are now dispersed around the world. At present, there are 
approximately thirty-five of these ancient fragments of crust preserved 
globally (e.g., Bleeker, 2003). These ancient cratons form the nucleus of 
the present-day continents, and are a ‘window’ back into the environ
ments of the early Earth. The Archean cratons stabilized at different 
times worldwide from 3.1 to 2.5 Ga, with a peak in cratonization her
alding the transition from a mafic to a more evolved intermediate 
composition (Bleeker, 2003; Cawood et al., 2018; Hawkesworth et al., 
2020). Additionally, records of Earth’s primitive atmosphere and oceans 
emerge in the earliest to latest Archean, and evidence of the earliest 
primitive life forms appears in rocks about these old times (e.g., 

Planavsky et al., 2021). Crust–mantle interactions also seem became 
significantly more prominent towards the end of the Archean, reflecting 
a significant change in mantle dynamics and plate tectonics during the 
Neoarchean (Halla et al., 2017; Gerya, 2019; Palin et al., 2020; Windley 
et al., 2021). Establishing the positions of continents at this time, when 
the continental configuration is yet poorly known and intensely debated, 
is one of the most important tasks in deciphering the geological evolu
tion of the planet at its youth. The first-order question to answer is 
whether the Archean continental blocks were amalgamated into a sin
gle, large supercontinent, putatively named “Kenorland” (Williams 
et al., 1991), or whether they were dispersed into several smaller 
“supercratons” such as Superia, Zimgarn, Sclavia, and Vaalbara (e.g., 
Bleeker, 2003; Smirnov et al., 2013). In that sense, paleogeographic 
reconstructions are a key discriminant between these hypotheses, 
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providing a clearer picture of the ancestral landmass(es) configuration. 
Unlike Proterozoic supercontinents (Rodinia and Columbia), the 
paleogeography for the late Archean cratons is not so clear, owing to the 
general paucity of paleomagnetic data from most cratons (Buchan et al., 
2000, Pesonen et al., 2003). Nevertheless, particularly during the Neo
archean Era, the relative positions of cratons are becoming tractable by 
the increasing numbers of refined paleomagnetic data and geochrono
logic studies (e.g., de Kock et al., 2009; Denyszyn et al. 2013; Smirnov 
et al., 2013; Salminen et al., 2019; ; Liu et al., 2021). 

South American cratons, such as São Francisco and Amazonian, have 
been absent from most of the Archean supercraton reconstructions. 
Recently, Salminen et al. (2019), based on paleomagnetic data and 
comparison of magmatic barcodes, demonstrated that the Uauá block, a 
fragment of the São Francisco craton, could have been part of a much 
larger supercraton named Supervaalbara by Gumsley (2017) con
strained at 2.43 Ga. Meanwhile, the paleogeography of the Amazonian 
Craton (Fig. 1A), one of the largest cratonic areas in the world 
(~5,600,000 km2; Almeida et al., 1981), remains a challenging task 
especially during Archean-Paleoproterozoic times, being one of the least 
studied Archean cratons (D’Agrella-Filho et al., 2016). 

Here, we focus on the paleomagnetic record of an Archean block in 
the Amazonian craton, the Carajás Province (Fig. 1) for the ~2.76–2.74 
Ga interval, when extensive volcanism, dominantly mafic, covered an 
area of approximately 18,000 km2 (Macambira, 2003). This volcanism 
produced the Parauapebas Formation, the lowermost unit of the Neo
archean volcanic-sedimentary sequence of the Grão-Pará Group (Vas
quez et al., 2008; Martins et al., 2017). We report new paleomagnetic 
data for basaltic lava flows from two well-preserved deep drill cores 
sampled from the Carajás Basin in the northern Carajás Province. Our 
goal is to provide the first paleogeographic constraints for this Archean 
block, yielding a paleolatitude estimate for the block and discussing its 
affiliation to previously proposed Archean cratonic assemblies (e.g., 
Williams et al., 1991; Bleeker, 2003; Bleeker and Ernst 2006; de Kock 
et al., 2009; Gumsley et al., 2017; Salminen et al., 2019; Liu et al., 2021). 
Furthermore, the thick sequence of basalts in the Carajás Basin has a 
good potential to provide evidence for geomagnetic reversals across the 
succession. 

2. Geological setting 

The tectonic framework of the Amazonian Craton essentially consists 
of one ancient nucleus, the Central Amazonia Province (>2.60 Ga), and 
adjacent Paleo- and Mesoproterozoic provinces (see Teixeira et al., 2019 
for review). The eastern portion of the Central Amazonia Province 
(Fig. 1A) is comprised of the Carajás Province, which is renowned for 
hosting several world-class mineral deposits of Fe and Cu-Au, as well as 
Mn an Ni mines (Vasquez et al., 2008; Moreto et al., 2015). The Carajás 
Province (Carajás block) is divided in two domains, the northern Carajás 
and the southern Rio Maria (Fig. 1B) (Vasquez et al., 2008). A broad E-W 
striking shear zone (known as the “Transition” subdomain), mostly 
within the Carajás Domain, occurs between the volcano-sedimentary 
Carajás Basin and rocks of the Rio Maria Domain (Fig. 1B) (Dall’Agnol 
et al., 2006; Feio et al., 2013). The Rio Maria Domain is a typical granite- 
greenstone terrane, mainly composed of tonalite–trondhjemite–
granodiorite (TTG) associations, surrounded by greenstone belts, with 
formation ages between ca. 3.00–2.85 Ga (e.g., Almeida et al., 2011, 
2013 and references therein). 

Apart from the strongly deformed granitoids and gneissic rocks of the 
Transition subdomain, the Carajás Domain is composed essentially of 
the Carajás Basin (Vasquez et al., 2008; Fig. 1B; Fig. 2), also known as 
the central sigmoid of Carajás (Holdsworth and Pinheiro, 2000). The 
basement of the Carajás Basin comprises 2.98–2.86 Ga Mesoarchean 
granitoids of the Xingu Complex (similar in age and lithological content 
to the Transitional subdomain; Machado et al., 1991). The main as
semblages of the Carajás Basin are of Neoarchean to Paleoproterozoic 
age and it is commonly segmented into the lowermost volcanic–sedi
mentary Grão-Pará Group (2.76–2.73 Ga; Fig. 2; Fig. 3) overlain by 
sedimentary rocks of the ca. 2.68–2.06 Ga Serra Sul and Águas Claras 
formations (Araújo and Nogueira, 2019; Araújo Filho et al., 2020; 
Rossignol et al., 2020) (Fig. 2; Fig. 3). 

The Neoarchean Grão-Pará Group (2.76–2.73 Ga) is the main 
volcano-sedimentary sequence of the Carajás Basin, and is approxi
mately 260 km long and 70 km wide, with its rocks covering an area of 
approximately 18,000 km2 (Macambira, 2003; Vasquez et al., 2008; 
Fig. 2). For the Grão-Pará Group stratigraphy, we follow the 

Fig. 1. A) Amazonian Craton and its geologic/geochronological provinces (adapted from Cordani and Teixeira 2007; Teixeira et al., 2019); B) Carajás province map 
showing the location of the Carajás Basin in the Carajás Domain (from Araújo Filho et al., 2020); the black rectangle indicates the approximate location of Carajás 
Basin (Fig. 2). 
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stratigraphic framework proposed by Araújo and Nogueira (2019) and 
Araújo Filho et al. (2020), who defined the group from the base to the 
top to be composed of the following units: Parauapebas, Carajás, and 

Igarapé Bahia formations (see Fig. 3). The basal Parauapebas Formation 
is the focus of our paleomagnetic study. It consists of basalts and basaltic 
andesites with minor pyroclastic rocks and rhyolites (Gibbs et al., 1986; 

Fig. 2. Simplified geological map of the northeastern part of Carajás Province (modified from Vasquez et al., 2008) showing the location of drill cores (black dots 
inside black rectangle). 

Fig. 3. Stratigraphy of the basal part from Carajás Basin with indication of geochronological constraints (adapted from Araújo and Nogueira, 2019; Araújo Filho 
et al., 2020). Geochronological data compiled from: 1—Machado et al. (1991); 2—Krymsky et al., 2002; 3—Martins et al. (2017); 4—Trendall et al. (1998); 
5—Galarza et al. (2008); 6—Maximum depositional age from Rossignol et al. (2020). The time column was adapted from the International Chronostratigraphic Chart 
v2020/01 (Cohen et al., 2013). 
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Martins et al., 2017; Figueiredo e Silva et al., 2020), and is usually 
considered to be the result of intraplate rifting of older continental crust 
(e.g., Gibbs et al., 1986; Olszewski et al., 1989; Martins et al., 2017; 
Tavares et al., 2018; Teixeira et al., 2021). However, a subduction- 
related setting has also been suggested (e.g., Meirelles and Dardenne, 
1991; Teixeira and Eggler, 1994; Zucchetti, 2007; Figueiredo e Silva 
et al., 2020). The age of this extensive volcanism is well constrained 
between 2759 ± 2 Ma and 2745 ± 5 Ma, using U-Pb analyses of zircon 
from rhyolites and basalts of the Parauapebas Formation (e.g., Olszewski 
et al., 1989; Machado et al., 1991; Trendall et al., 1998; Martins et al., 
2017). 

The Carajás Formation consists of by layers and discontinuous lenses 
of banded iron formations (jaspilites) and iron ore, intruded by sills and 
mafic dykes. The base of the Carajás Formation is interlayered with 
volcanic rocks of the underlying Parauapebas Formation (Gibbs et al., 
1986; Martins et al., 2017), showing a gradual and conformable contact 
that reflects the contemporaneity of the formations. The BIF sequence is 
overlain by volcanic and volcaniclastic rocks, as well as subordinate 
deep-water marine turbidite strata belonging to the Igarapé Bahia For
mation (Tallarico et al., 2005; Dreher et al., 2008; Galarza et al., 2008; 
Fig. 3). Existing U–Pb zircon data constrain the age of the volcanic rocks 
of the Igarapé Bahia Formation at 2743 ± 11 Ma (Trendall et al., 1998). 

The most conspicuous structural feature of the Carajás Basin is an S- 
shaped syncline-anticline pair (Rosière et al., 2006), the Carajás fold, 
that is partially disrupted by the Carajás strike-slip system (Fig. 2). The 
latter divides the Serra dos Carajás in two main blocks, named Serra 
Norte and Serra Sul. We sampled two exceptionally well-preserved, deep 
drill cores of the Serra Norte region (N4 deposit) for paleomagnetism. 

Forty-five geochemical analyses of Parauapebas basaltic flows are 
reported by Martins et al. (2017), including sampling localities and brief 
descriptions. Several of these flows were sampled for paleomagnetism in 
this study (e.g., N4WS-F1279). These geochemical investigations on 
basaltic rocks of the Parauapebas Formation show 51.12–55.26 wt% 
SiO2, 0.69–0.92 wt% TiO2, 7.02–12.35 wt% FeO, and MgO ranging from 
4.38 to 7.38 wt%. Moreover, the Parauapebas flows are sub-alkaline, 
plot in the transitional and calc-alkaline fields, and show either arc- 
like trace element patterns or patterns similar to those of the upper 
continental crust. Geochemically, this is apparent in their LILE and LREE 
enrichment and Nb and Ti depletion, supporting the idea that the 
basaltic rocks from Parauapebas Formation are derived from the sub
continental lithospheric mantle affected by upper continental crustal 
contamination (Martins et al., 2017). 

3. Sampling and analytical procedures 

3.1. Sampling 

Due to the challenging conditions of outcrops in the densely forested 
Amazonia, well-preserved, unweathered rocks are difficult to observe in 
the Carajás Basin. Therefore, we must rely on mining pits and drilled 
cores to obtain fresh samples. Rock samples were collected from two 
well-preserved deep drill cores (N4WS-F1279 and N4WS-F1515) of the 
N4WS deposit region, in the northern part of the Carajás Basin (Fig. 2; 
S1). The drill holes are roughly aligned in a NW-SE section (Supple
mentary data, Fig. S1; S2). These fresh cores were selected for their well- 
preserved succession of basaltic flows, and apparent absence of post- 
depositional deformation and high-grade metamorphism (Fig. 5; Fig. 6). 

The core samples were obtained at the Vale core library in Serra dos 
Carajás, Pará. At the N4WS-F1279 drill hole (Lat/Long coordinate: 6◦

06′ 10′′ S, 50◦ 10′ 49′′ W, WGS84), a continuous ~ 350 m long core was 
obtained from the Parauapebas Formation, composed of basaltic rocks 
(Fig. 4; S2). Meanwhile, the N4WS-F1515 drill hole (Lat/Long coordi
nate: 6◦ 04′ 55′′ S, 50◦ 11′ 39′′ W, WGS84) is stratigraphically superja
cent (Fig. 4) and the samples were obtained through a total core length 
of 360 m (200–560 m depth). The core is divided into mafic volcanic/ 
subvolcanic rocks and banded iron formations (BIFs) corresponding to 

the Parauapebas and the Carajás formations (Fig. 4; S2). 
The drill holes were performed for N4WS-F1279 with a plunge angle 

of 81◦ toward 94◦ azimuth and for N4WS-F1515 with a plunge of 75.8◦

toward 262◦ azimuth, in both cases nearly perpendicular to the bedding 
in each sector (Fig. S2), enabling the orientation of the cores. The 
orientation of the cores was confirmed at 10 m intervals. It is important 
to stress that the strike and dip of the beds remained constant from the 
surface to the bottom of the drilled core from the N4WS body. The 
constant strike and dip were confirmed by a field survey of surface 
outcrop. The orientation of the Grão-Pará Group at N4WS-F1279 strikes 
184◦ and dips 9◦ to the West. At N4WS-F1515 core the bedding is 
opposed and strikes 352◦ and dips 14.2◦ to the East (Fig. S1; S2). 

3.2. Paleomagnetism and rock magnetism 

We obtained paleomagnetic results on 33 pieces of drill core (~15 
cm long and 8 cm in diameter) distributed along 13 lava flows (Fig. 4) at 
different heights across the stratigraphy of the Parauapebas and Carajás 
formations. A total of 27 pieces of drill core were collected from drill 
core N4WS-F1279 and 6 from drill core N4WS-F1515 (Fig. S2). Each 
length of core was considered as an independent record of the 
geomagnetic field, and were thus treated as a single paleomagnetic site. 
These pieces of core correspond to the working half of the 8-cm diameter 
drill cores. These half drill cores were then plugged perpendicular to the 
length of the core into cylindrical samples of 2.54 cm in diameter. Each 
sample provided a single specimen for measurements with a typical size 

Fig. 4. Stratigraphic correlation between studied drill cores from the N4WS 
deposit running through the Parauapebas and Carajás formations. Numbers and 
letters to right of the columns correspond to photos in Figs. 5, 6, and 10. 
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Fig. 5. Macroscopic aspects of the basalts from Parauapebas Formation: A) and B) Overview of sampled cores showing the basaltic lava flow, characterized by 
massive texture on the bottom and amygdaloidal and spilitization zones at the top (increasing depth from left to right); C) Amygdaloidal zone; amygdules are mainly 
filled with calcite and chlorite. 

Table 1 
Paleomagnetic results for 2.75 Ga Carajás basalts and associated baked contact tests. Drill hole position represents the location of the samples in the Fig. 7.  

Site Lithology Flow Depth (m) Stratigraphic height (m) Characteristic remanent magnetization  VGP 

n/N Dec (◦) Inc (◦) k α95 (◦)  Plat (◦N) Plong (◦E) 

N4WS-F1279 (6.065◦S / 50.184◦W; strike: 184◦ and dip: 9◦) 
F1279-E Basalt 2  317.30  52.20 5/6 162.5 53.6 65.4  4.8  − 57.6 337.5 
F1279-F Basalt 2  320.50  49.00 11/12 132.7 39.5 53.6  10.8  − 41.6 15.1 
F1279-G Basalt 2  334.50  35.00 6/9 175.3 53.8 94.9  9.5  − 61.4 317.9 
F1279-ZD Basalt 1  355.50  14.00 16/17 342.6 − 62.5 28.5  7.1  − 49.3 329.1 
F1279-ZE Basalt 1  362.50  7.00 4/5 336.9 − 56.1 30.6  16.9  − 52.9 341.2 
Mean sites C1     5 156.4 54.1 38.4  12.5  − 54.3 342.4 
Mean sites C1 rotated to PDF 5 174.9  54.1  38.4 12.5  − 61.0 318.5 
F1279-A Basalt 11  22.30  347.20 12/13 146.1 4.6 43  6.7  − 56 44.7 
F1279-B Basalt 11  29.20  340.30 8/9 150.8 0.1 93.5  5.8  − 60.2 50.5 
F1279-C Basalt 11  35.45  334.05 4/4 132 3.9 36.3  15.5  − 42 42.7 
F1279-H Basalt 10  71.40  298.10 9/9 116 − 4.9 96.6  6.3  − 25.5 45.5 
F1279-I Basalt 10  74.80  294.70 8/11 154.5 − 7.2 108.5  6.9  − 62.7 60 
F1279-J Basalt 10  84.50  285.00 15/18 144.8 18 33.4  5.3  − 55 32.4 
F1279-L Basalt 9  104.3  265.20 13/15 148.6 3.1 28.1  5.3  − 58.4 46.8 
F1279-M Basalt 9  105.00  264.50 5/5 152.2 5.1 30.4  6.7  − 62.1 45.9 
F1279-O Basalt 8  131.10  238.40 6/7 115.6 13.2 55.3  8.1  1.7 32.9 
F1279-P Basalt 8  142.65  226.85 8/11 313.7 − 14 40.3  14.5  − 16.3 34.2 
F1279-Q Basalt 7  173.35  196.15 5/5 332.4 − 18.3 20.3  9.1  − 34.9 32.6 
F1279-R Basalt 7  185.30  184.20 4/5 143.4 20.3 36.7  9.4  − 53.5 30.4 
F1279-S Basalt 7  198.40  171.10 10/15 130.3 − 8.1 36.3  17.4  − 39.3 50.2 
F1279-T Basalt 6  225.55  143.95 11/14 103.9 − 13.6 24.7  13.9  14.7 45.4 
F1279-U Basalt 6  244.10  125.40 4/6 122.6 − 17.2 197.5  8.5  − 30.9 53.9 
F1279-V Basalt 5  249.15  120.35 6/6 302.5 − 17.4 26.2  9.4  − 5.4 31.4 
F1279-X Basalt 5  266.60  102.90 13/15 294.6 8.2 39.5  6.6  3.8 43.6 
F1279-Y Basalt 4  278.60  90.90 14/14 129.8 − 13.3 95.1  13.3  − 38.3 53.4 
F1279-Z Basalt 4  287.55  81.95 6/6 134.3 7.9 62  6.8  − 16.6 37.5 
F1279-ZB Basalt 3  294.50  75.00 5/5 115.6 − 20.8 81.5  4.1  3.5 50.3 
F1279-D Basalt 3  301.60  67.90 8/9 315.4 − 31.9 27.2  8.6  − 18.4 23.6 
F1279-ZC Basalt 3  311.70  57.80 15/15 162.7 22.8 66.2  8.5  − 72 19.9  

N4WS-F1515 (6.082◦S / 50.195◦W; strike: 352.1◦ and dip: 14.2◦) 
F1515-E-D* Basalt –  211.45  728.55 4/4 140.7 39.5 G.C.  10.3  − 48.7 12.4 
F1515-E-B* BIF –  211.45  728.55 4/8 151.5 39.4 G.C.  21.9  − 58.1 6.4 
F1515-M Basalt 13  328.40  611.60 18/18 301 − 31.8 65.9  4.3  − 31.4 23.3 
F1515-Y Basalt 12  522.45  417.55 9/9 289.8 16.9 70.9  6.5  − 18.5 51 
F1515-Z Basalt 12  523.90  416.10 14/14 301.7 22.6 25.2  8.4  − 29.3 57 
F1515-ZB Basalt 12  537.75  402.25 14/15 159 26.2 54.1  5.5  − 67.9 17.7 
Mean sites C2     28 134.3 6.8 11.3  8.5  − 44.6 40.5 
Mean sites C2 rotated to PDF 28 152.8  6.8  11.3 8.5  − 62.77 44.16 

n/N = number of analyzed samples/number of samples used in the mean; Dec. = declination; Inc. = inclination; α95 and 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. * = Samples from baked 
contact test. 
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of 2.20 × 2.54 cm. From the 33 fragments of drill core studied, we ob
tained a total of 318 standard specimens for paleomagnetic analyses 
(Table 1). 

Preparation and magnetic demagnetization of the specimens were 
performed in the Paleomagnetic Laboratory of the Instituto de Astron
omia e Geofisica of the University of São Paulo (USPMag, Brazil). At 
least four specimens from each core sample were subjected to detailed 
stepwise alternating magnetic field (AF) and thermal demagnetization 
techniques to isolate the characteristic remanent magnetization 
(ChRM). Steps of 2.5 mT (up to 15 mT) and 5 mT (15–100 mT) were 
selected for AF demagnetization. Devices used were a tumbler Molspin 
AF demagnetizer coupled to a JR-6A spinner magnetometer (AGICO, 
Czech Republic); an automated three-axis AF demagnetizer coupled a 
horizontal 2G-Enterprises™ DC-SQUID magnetometer or to a vertical 

2G-Enterprises™ DC-SQUID magnetometer with RAPID sample changer 
(Kirschvink et al., 2008). Thermal demagnetization was performed 
using a Magnetic Measurements TD-48 furnace in steps of 50 ◦C (from 
150 ◦C up to 500 ◦C) and 20 ◦C (from 500 ◦C up to 600 ◦C/700 ◦C). 
Magnetic components for each specimen were identified in orthogonal 
plots (Zijderveld, 1967), and calculated using principal component 
analysis (Kirschvink, 1980). At least six steps were considered for 
computing the magnetic components without anchoring the directions. 
Line-fits were filtered using an upper limit of 8◦ for maximum angular 
deviation (MAD). For some sites, remagnetization great circles analysis 
(Halls, 1978) was also employed to determine high coercivity/high- 
blocking temperature components. 

Site-mean paleomagnetic directions and paleomagnetic poles were 
calculated using Fisher statistics (Fisher, 1953). A site-mean direction 

Fig. 6. Photomicrographs of representative basalts of Parauapebas Formation: A) Basalt exhibits preserved primary igneous texture (intergranular/intersertal); B) 
Intergranular texture; C) Primary mineral assemblage still preserved, mainly composed by plagioclase and augite; D) Amygdule with subcircular form filled with 
quartz in a fine-grained groundmass of augite, plagioclase and glass (replaced by chlorite); E) Fine-grained basalt; F) and G) Backscatter electron image of repre
sentative basaltic sample, showing primary Fe-Ti oxides and EDS spectra associated titanomagnetite with ilmenite alteration;, H) Backscatter electron image showing 
primary titanomagnetite with ilmenite alteration; Mineral abbreviations: (Aug) augite, (Chl) chlorite, (Ilm) ilmenite, (Plg) plagioclase, (Sph) sphalerite, and (Ti-Mag) 
titanomagnetite. 
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was accepted if calculated from at least three individual specimen di
rections with an associated 95% confidence circle (α95) not exceeding 
20◦. Paleomagnetic data processing was carried out using Paleomac 
software (Cogné, 2003). The GPlates software was used for paleogeo
graphic reconstructions (Müller et al., 2018). In addition, the magnetic 
mineralogy of each site was investigated to determine the carriers of 
magnetic remanence. These analyses were performed at the Laboratory 
of Geochronological, Geodynamic and Environmental Studies (LabGEO) 
of Instituto Oceanográfico da Universidade de São Paulo. Magnetic 
hysteresis and Isothermal remanent magnetization (IRM) measurements 
were performed at room temperature by using a MicroMag-VSM, Model 
3900 (Princeton Measurements Corporation, USA) with a maximum 
magnetic field of 1 T. The thermomagnetic curves were measured on 
powdered samples during continuous heating to 700 ◦C and cooling to 
room temperature by using a CS-4 apparatus coupled to the KLY-4S 
Kappabridge instrument (AGICO, Czech. Republic). 

A total of 24 thin sections were also examined using reflected and 
transmitted light microscopy. In addition, Scanning Electron Micro
scopy (SEM) analysis and X-ray energy dispersive spectroscopy (EDS) 
using a JEOL JXA-8230 SuperProbe at the Electron Microprobe Labo
ratory of the University of Brasília (Brazil) was used to constrain the 
nature and textures associated with the magnetic carriers. 

4. Field aspects and petrography 

The Parauapebas Formation in the studied drill cores consists of 
extensive successions of massive or amygdaloidal lava flows with at least 
370 m in cumulative thickness. The basaltic lavas display different 
textures (amygdaloidal, massive, aphanitic, fine-grained and porphy
ritic; Figs. 5 and 6). Thirteen lava flows cycles were identified by 
massive texture at the bottom and amygdaloidal and spilitized (seawater 
metasomatic alteration) zones at the top (Fig. 5). The base and central 
portions of each lava flows are massive to coarse-grained, respectively. 
However, amygdaloidal (Fig. 5C; 5) and spilitized zones are common in 
the boundary between each lava flow unit (Fig. 5A). Primary mineral 
assemblages and igneous textures (largely amygdaloidal, intergranular 
and intersertal and rarely microporphyritic) are preserved (Fig. 5; 
Fig. 6A-E). The basalts consist predominantly of clinopyroxene (Fig. 6B; 
C) and plagioclase with minor quartz, K-feldspar, ilmenite, magnetite 
and rare pyrite. Titanite and zircon are present as accessory minerals. 
Common alteration in these rocks is the replacement of calcic plagio
clase by sodic plagioclase, and the major replacement of glass and augite 
by chlorite (Fig. 6A). Alteration of both pyroxene, glass and plagioclase 
has been attributed to seafloor hydrothermal activity (Martins et al., 
2017; Figueiredo e Silva et al., 2020). 

The Fe-oxides were examined using a Scanning Electron Microscope 
(SEM) to explore their primary character. Fe-oxides observed in thin 
section include fine (>10 μm) grains of titanomagnetite (Fig. 6F-H) with 
typical sizes of 10–150 μm containing ilmenite alteration in some cases 
(Fig. 6H), and ilmenite. Intergrowth textures with ilmenite exsolutions 
are generally related to a stable thermoremanent magnetization (Evans 
and Wayman, 1974). Although, titanomagnetite grains exhibit a small 
size, it was possible to detect the primary character of octahedral 
magnetite within a plagioclase crystal (Fig. 6G). Both textures are most 
likely of magmatic origin (Nesse, 2000). Different types of sulfides 
(sphalerite, pyrrhotite) are also observed (Fig. 6H). The magnetic 
mineralogy analyses are discussed further. 

5. Paleomagnetic results 

In the studied rocks, AF demagnetization was more efficient than 
thermal demagnetization. In all specimens it is possible to identify a low- 
coercivity viscous remanent magnetization (VRM) component below 16 
mT. This magnetic component was used to rotate the drill core sections 
to the true North position. We arbitrarily assumed the orientation of 
VRM coincides with the present-day field (PGF), but rotation the results 

to the recent dipolar field is equally valid (Audunsson and Levi, 1989; 
Rolph et al., 1995; Rapalini et al., 2013). The local declination for the 
Carajás region is − 18.5◦. The choice to orient the drill cores based on 
alignment of the VRM to the PGF is explored in the discussion sections. 
In Figs. 7, 8 and 9 we show the directions already rotated to the present- 
day field. 

AF demagnetizations for the N4WS-F1279 reveal a ChRM of south
eastern direction and low inclination (Fig. 7A, E) or of northwestern 
direction and low inclination (Fig. 7B, C). The remanence is carried 
mostly by magnetite as showed by thermal demagnetization with a high 
blocking temperature (~540 ◦C; Fig. 7D). At the bottom part of the core, 
from 0 m to 54 m, the inclination values are >30◦ (Fig. 7F). Specimens 
from the N4WS-F1515 core show a similar ChRM to that of the top part 
of N4WS-F1279 with a northwestern direction of low inclination 
(Fig. 7G, H). The similarity of the ChRM results along the stratigraphy 
and between the two drill cores after correcting for VRM alignment with 
PGF is an important local consistency test reinforcing the validity of the 
reconstructed in-situ sample orientation. 

The ChRM direction and latitude of Virtual Geomagnetic Pole (VGP 
Lat) are plotted along the stratigraphy in Fig. 9 after deleting the sam
ples with MAD > 8◦. Whereas the top part of N4WS-F1515 is not well- 
defined due to the intercalation of BIFs (not sampled), the N4WS- 
F1279 drill hole shows several inversions of polarity (five) along the 
stratigraphy indicating that our sampling likely averages out the secular 
variation of the geomagnetic field. As we mentioned before, at the 
bottom part of the N4WS-F1279 core (ca. 56 m), the inclination’s plot 
shows a change in its values, showing values >30◦ (Fig. 9). For this 
reason, we divide the results into two groups, Carajás 1 (steep inclina
tion) and Carajás 2 (low inclination), and calculate the mean paleo
magnetic pole for each (C1 and C2, respectively) (Fig. 8). 

For the C2 group, twenty of the 28 samples show SE direction and 
eight samples show an antipodal NW direction, both showing low 
inclination values, so that a reversal test was performed between these 
clusters. Even though the polarity of most Precambrian paleomagnetic 
data is completely unconstrained, we assigned polarity as positive and 
negative by ChRM direction. A primary approach is graphic, showing 
that the mean positive (SE) and negative polarity (NW) directions are 
statistically undistinguishable when corrected to the paleohorizontal 
(Fig. 7). Due to the low inclinations, we preferred a bootstrap reversal 
test (Koymans et al., 2016) to calculate the mean directions for the two 
distributions: declination (Dm) = 306.5◦, inclination (Im) = − 6.8◦ (N =
8, k = 10.2) for the NW direction, and Dm = 137.9◦, Im = 7.1◦ (N = 20, 
k = 12.6) for the SE direction. The angular difference between NW and 
the SE mean directions is γ = 7.6◦ and the critical angle between the 
means is γcr = 18.8◦. The test is positive with classification C (McFadden 
and McElhinny, 1990). These cores were drilled near perpendicular to 
the bedding at each drilling site. Therefore, no bedding correction was 
applied to the paleomagnetic data. But since the bedding on each core is 
different, a paleomagnetic “fold test” can be attempted (Fig. S3). Un
fortunately, as the dips of fold limbs are low, the “fold test” is incon
clusive (Tauxe and Watson, 1994). Overall, using both positive and 
negative site mean directions, 28 sites (C2) in the almost entire section 
(lava flows 3 to 13; 57 to 728 m) yield a mean site directions cluster 
around the mean Dm = 134.3◦, Im = 6.8 ◦ (N = 28, cone of 95% con
fidence α95 = 8.5◦, k = 11.3), corresponding to the paleomagnetic pole 
at 40.5◦E, − 44.6◦S (A95 = 6.5◦, K = 18.5) (Fig. 8A). 

The second group (C1) consists of only 5 sites from the bottom sec
tion of N4WS-F1279 (<57 m; Fig. 9), which is below the limit to perform 
a reversal test (McFadden and McElhinny (1990). The C1 component is 
characterized by remanent magnetizations southerly directed and with 
medium downward inclinations. Their site means directions group 
around Dm = 156.4 , Im = 54.1◦ (N = 5, α95 = 12.5◦, k = 38.4) and the 
C1 paleomagnetic pole is located at 342.4◦E, − 54.3◦S (A95 = 14.8◦, K =
27.8) (Table 1; Fig. 8B). It is important to stress that these paleomagnetic 
poles C1 and C2 were estimated assuming the rotation to PGF. We also 
calculated the poles considering the rotation to the dipolar field 
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(Table 1), which imply in rotating the magnetic directions of 18.5◦ (the 
local declination) around a vertical axis (see Fig. 8 for the position of 
PGF and PDF in the sampling sites). 

5.1. Baked contact test 

Secondary magnetization in igneous (volcanic) rocks may result 
from physicochemical changes that somehow influence the composition 
and/or structure of magnetic minerals and must leave an imprint in 
rock-magnetic properties. Despite the difficulty to describe dykes/sills in 
drill core samples, we attempted to perform a reversed baked contact 
test between a small ramification of the Parauapebas magmatism and 
the host Carajás BIFs where the contact was visible. Fig. 10A is a 

schematic sketch showing a Parauapebas-associated gabbroic dyke 
cross-cutting the Carajás BIF sample. Correlation with SHRIMP dating of 
zircon grains in the same mafic dyke/sill that cuts the Carajás Formation 
suggests an age of 2745 ± 5 Ma (Martins et al., 2017) for this sub
volcanic rock. The baked host rock sample (Carajás BIF) taken directly 
from the bottom contact (Fig. 10A) of a 1 m wide transversal mafic dyke 
shows a ChRM similar to that of the dyke (Fig. 10B; Table 1). The 
gabbroic dyke shows mean site directions of Dm = 140.7◦, Im = 39.5◦, 
α95 = 10.3◦ (Fig. 10B; Table 1). At the contact (<5 cm), the Carajás BIF 
samples show a similar direction (Dm = 151.5◦, Im = 39.4◦, α95 = 21.9◦) 
(Fig. 10B; Table 1). Samples collected far away from the contact (>100 
m downwards) have a distinct mean direction with Dm = 301.0◦, Im =
− 31.8◦, α95 = 4.3◦ (Fig. 10B; Table 1). But note that this direction is 

Fig. 7. Examples of AF and thermal demagnetization from the Parauapebas Formation basalts with the viscous component rotated to the present-day field. A-F are 
examples for basaltic rocks from N4WS - F1279 drill hole (black); G and H are examples from N4WS - F1515 (grey). Demagnetization results are presented with 
stereographic projections, orthogonal projections and normalized magnetization intensity curves (M/Max versus alternating field H or thermal T). 
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antipodal within error to the direction obtained in the BIF and in the 
dyke. Therefore, we consider that this baked contact test may suggest 
the BIF samples near the contact were baked during the intrusion of the 
dyke at ~2745 Ma, however it is nonetheless inconclusive given the 
record of polarity change throughout the succession. Unfortunately, no 
paleomagnetic study was performed in the BIF section to provide its full 
directional record. Additional support for the absence of wholescale 
remagnetization is the dissimilarity between the ChRM direction ob
tained here and published younger paleomagnetic directions from the 
same region, including the Uatamã, Tucumã, and Rio Maria dykes, for 
which positive baked contact tests were obtained (cf. Antonio et al., 
2017, 2021 and references therein). Also, the positive reversal test is 
consistent with a primary origin for the Parauapebas Formation 
magnetization. Such features suggest that the magnetization recorded 
by the lava flows and the dyke reported here was acquired at the time of 
their cooling and therefore are useful for providing paleogeographic 
constraints to the Carajás Archean block. 

6. Rock magnetism 

Identifying magnetic carriers provides crucial information about the 
magnetization, timing and the geological processes involved during the 
magnetization of the rock. We applied several rock magnetic analyses to 
the Neoarchean basalts from Parauapebas Formation, including ther
momagnetic curves (bulk susceptibility k versus temperature T), hys
teresis measurements and isothermal remanent magnetization. Because 
the rock magnetic characteristics of the studied volcanic rocks were very 
similar across the cores sampled, we describe their magnetic mineralogy 
collectively. 

6.1. Thermal susceptibility 

Thermomagnetic curve (low-field susceptibility versus temperature) 
is a very useful tool to identify the minerals that carry the magnetic 
remanence (Hrouda, 1994), as it gives precise information about the 
Curie Temperature of ferromagnetic materials, characteristic for each 
mineral (Dunlop and Özdemir, 1997). Thus, high temperature curves 

were performed in representative samples. High-temperature thermo
magnetic curve in the sample F1279-P shows Curie temperature around 
575 ◦C (Fig. 11A), typical of thermally stable magnetite grains (Dunlop 
and Özdemir, 1997). In all irreversible curves (Fig. 11) susceptibility 
increases during the cooling phase, indicating that probably magnetite is 
being formed during heating, producing a new magnetic phase. The 
sample F1279-P also suggests the development of hematite (Fig. 11A). 
This behavior was also observed during the thermal demagnetizations. 
Sample F1279-X shows a curve with irreversible behavior characterized 
by different trajectories during heating and cooling and small fall be
tween 500 and 600 ◦C indicating the presence of magnetite in small 
quantity (Fig. 11B). 

6.2. Hysteresis and isothermal remanent magnetization curves 

Hysteresis loops of the Parauapebas samples are consistent with PSD 
magnetite characterized by narrow-waisted hysteresis curves (Fig. 12A- 
C). IRM curves were acquired for 15 specimens and three representative 
examples are illustrated in Fig. 12D-F. The presence of magnetite in the 
Parauapebas lava flows is confirmed by IRM curves, which reach satu
ration at fields up to 0.2 T (Fig. 12D-F), with a negligible contribution of 
hard-coercivity minerals. Based on thermomagnetic curves, IRM 
acquisition curves and demagnetization diagrams (Fig. 7), we interpret 
that the remanence is carried mostly by Ti-poor magnetite. Furthermore, 
the petrographic observations also support magnetite as the predomi
nant magnetic carrier in these rocks (see Section 4). 

The Day plot (Day et al., 1977; Dunlop, 2002) is a powerful tool to 
visualize the domain state of magnetic minerals, especially magnetite. 
The Day plot values can be found in the Supplementary Material 
(Table S1). All studied samples fall into pseudo-single domain (PSD) 
range or along a trend parallel to the theoretical SD/MD mixing curves 
of Dunlop (2002) (Fig. 13). According to the Day’s diagram, the studied 
samples contain about 10–40% of SD grains, except for sites F1279-J, 
F1279-ZB, F1279-ZD and F1279-ZE, which have less (~10%) SD grain 
contribution (Fig. 13). This behavior is consistent with the good mag
netic stability obtained during AF and thermal treatment. For the 
studied basaltic flows, the PSD magnetite is formed during the magmatic 

Fig. 8. Stereoplots showing paleomagnetic data per site for the Parauapebas Formation, Carajás Basin. Site mean characteristic remanence directions with circles of 
95% confidence for 28 sites from C2 (A) and 5 sites from C1 (B). All directions were rotated in a way that the respective viscous component, represented by diamonds, 
is aligned with the present-day field. The grand mean of all VRMs is indicated by a green star and its circle of 95% confidence. Each site mean is represented by black 
symbols for N4WS - F1279 core and grey symbols for N4WS – F1515 core. Red stars in each stereogram represent the grand mean of the characteristic remanence. 
PDF – Present Dipolar Field; PGF – Present Geomagnetic Field. PDF and PGF are − 18.5◦ apart. 
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stage, and no evidence of secondary magnetite was observed. 

7. Discussion 

7.1. Reliability of paleomagnetic poles 

The C2 group is defined using two different drill cores (N4WS-F1279 
and N4WS-F1515) as two different locations. The similarity between the 
two cores strengthens the use of this component as the characteristic 
remanence of Parauapebas Formation lava flows. It also provides some 
support for the use of the viscous remanent magnetization to rotate both 
cores to the true North. We acknowledge that a rotation to the present 
dipolar field (PDF) is equally valid. In Table 1 both possibilities are 
presented, with mean directions and paleopoles calculated for the ro
tations to the present-day geomagnetic field and the dipolar field. Note 
that the angular difference between PGF and PDF in the region is 18.5◦. 
This choice does not affect the reversals record, or the reported paleo
latitudes, but corresponds to a change in the orientation of the Carajás 
block in the paleogeographic reconstruction. Since most of our following 

discussion is based on the paleolatitude of the block, we think this issue 
does not compromise the final interpretation. 

The Parauapebas Formation C2 pole (-44.6◦S, 40.5◦E, N = 28, A95 =

6.5◦) satisfies 4 (Q = 4) out of the 6 quality criteria proposed by Meert 
et al. (2020), if we discard the seventh criterion as suggested in the 
Paleomagia database for Precambrian rocks (Pivarunas et al., 2018). (1) 
The age is well-defined at 2749 ± 6.5 Ma by correlation with the NAWS- 
F1338 and the N4WS-F1515 cores which are on the same sequence 
(Martins et al., 2017). (2) Stable southeastern, low downward/upward 
inclination (C2 component group) were determined for 171 specimens 
from 20 out of 28 analyzed sites of the Parauapebas volcanic rocks, and 
has adequate Fisher’s statistical parameters (A95 = 8.5◦, K = 11.3) 
(Table 1). Remanence vectors were well-isolated using stepwise AF 
treatments, and thermal demagnetizations. They were calculated by the 
principal component analysis (Kirschvink, 1980) through the visuali
zation of magnetic directions plotted in the Zijderveld diagrams and 
stereographic projections; (3) The dominant magnetic phase in Para
uapebas samples is magnetite, which is supported by the Curie tem
perature (580–590 ◦C) determined in the thermomagnetic susceptibility 

Fig. 9. Magnetostratigraphy from the Parauapebas Formation. Lithostratigraphy, lithology, paleomagnetic sites, ChRM directions, and VGP latitudes per sample for 
components C1 (sky blue) and C2 (black). The magnetostratigraphy shows several reversals across the stratigraphy and a major shift in paleolatitude between the 
flows 2 to 3 boundary (~55 m). Positive (SE direction) and negative (NW direction) are indicated, respectively, as black and white zones in the magnetostratigraphic 
scheme. 1 = Age correlated from Martins et al. (2017). Lithostratigraphy’s legend is the same as in Fig. 3. 
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experiments (Fig. 11) and by rock magnetic experiments (Figs. 12, 13). 
(5) No significant metamorphism or deformation is observed in the 
Parauapebas lava flows and neither in the banded iron formation (upper 
sequence) in the area (see Martins et al., 2017 for details). (6) Both 
polarities were observed in the studied samples (Table 1), which implies 
the secular variation was averaged out. The inconclusive baked contact 
test and fold tests does not allow to satisfy these criteria. Further studies 
will have to sample these formations on different flanks of more inclined 
folds and attempt a more thorough sampling of the host BIFs for the 
contact test. Furthermore, the pole obtained for component C2 does not 
match younger paleomagnetic poles for the Amazonian Craton (cf. 
Antonio et al., 2017, 2021 and references therein), ruling out pervasive 
remagnetization. 

The reliability of the results is also indicated by the well-preserved 
primary mineral assemblages and igneous textures from the samples 
(see section 4), in which the secondary alteration observed (mainly 
chloritization) is attributed to seafloor hydrothermal activity (Martins 
et al., 2017; Figueiredo e Silva et al., 2020). It implies that these basaltic 
lava flows were likely not have been heated beyond the blocking tem
perature of magnetite (~450–550 ◦C) after their emplacement. 

Although more scattered, the C1 directions isolated in the investi
gated rocks (Fig. 8B) yielded a paleomagnetic pole (-54.3◦S, 342.4◦E, 
A95 = 14.8◦) different to the C2 pole. This paleomagnetic pole was 

calculated for 2 basaltic flows located at bottom part of Parauapebas 
Formation (<57 m in stratigraphic height). No age is presently available 
for these lava flows, or field tests to constrain the age of the C1 paleo
magnetic pole. 

7.2. Age and correlation of magmatic events 

Several lines of evidence are often used to reconstruct the Precam
brian paleogeography, including paleomagnetism (Evans, 2013), age of 
orogens and metamorphic style, distribution of passive margins sur
rounding central blocks, geological piercing points, detrital zircon 
provenance and more (Mitchell et al., 2021 and references therein). 
Among these, two are commonly employed: magmatic barcode match
ing and paleomagnetism. Bleeker and Ernst (2006) introduced the 
concept of a magmatic ‘barcode’ record of mafic magmatism through 
time for specific cratonic blocks which can be easily visualized. 
Magmatic barcodes provide a convenient graphical representation of the 
magmatic events within cratons. Each mafic magmatic event from a 
mafic dyke swarm, sill province, layered intrusion or indeed a conti
nental flood basalt province is defined by a temporal line in the barcode. 
Similar magmatic barcodes and paleogeographic positions indicate the 
cratons were probably part of a common crustal framework, whereas 
divergent magmatic barcodes and paleogeographic position would 

Fig. 10. Parauapebas formation baked contact profile test at location F1515-E (~728 m): A) Location and sampling profile at samples used at baked contact test; B) 
Stereonet projections showing characteristic behavior of natural remanence to AF demagnetization for three representative samples, near dyke contact (samples 
F1515-E4Ba and F1515-E5) and unbaked rock sample at ~115 m from the contact (F1515-M2); C) Orthogonal projections (Zijderveld plot) for these representa
tive samples. 
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indicate the cratons were presumably dispersed during this time interval 
(e.g., Bleeker, 2004; Bleeker and Ernst, 2006). 

Well-exposed and preserved Archean cratons and cratonic fragments 
typically display numerous episodes of mafic events associated or not 
with LIPs (Large Igneous Provinces). Although the definition of LIP has 
become increasingly complex, a LIP is typically defined as a largely 
mafic magmatic province emplaced over a short time period (e.g., Coffin 
and Eldholm, 1994; Ernst, 2014). Usually, LIPs are emplaced within 1–5 
myr or in multiple short pulses with a maximum duration of a few tens of 
millions of years and geochemically have intraplate characteristics 
(Ernst and Youbi, 2017). Due to post-eruption tectonic fragmentation 
and erosion, the preserved volume of the Parauapebas basalts is less than 
the minimum required size for a LIP (100,000 km3) (e.g., Ernst, 2014; 
Ernst et al., 2021). Although many investigators have used areal extent 
to constrain LIPs sizes (Ernst and Bleeker, 2010; Ernst, 2014), this is 
difficult to apply to very ancient LIPs such as the Parauapebas where 
most of the LIP was probably removed by erosion or is not exposed 
(Condie et al., 2021). However, the available precise geochronological 
data revealed that the thick volcanic lava sequence was erupted in a 
relatively short time period of 10–20 myr (Machado et al., 1991; Ols
zewski et al., 1989; Martins et al., 2017). In additional, the mixture 
model obtained with zircon grains from volcaniclastic rocks of the 
Parauapebas magmatism suggests that the zircon population was pro
duced during a short-lived magmatic event (as short as ~ 1 Myr; Ros
signol et al., 2021). The thickness of the basalts from Parauapebas 
Formation (2–3 km; Cabral et al., 2013) is comparable with those of 
Siberia and Emeishan LIPs (Zhang et al., 2019). As already mentioned, 
we consider that the tectonic setting of the Parauapebas Formation re
sults from the rifting of older continental crust. Additional support for 
the classification of the Parauapebas magmatic event as a LIP is the 
mafic-dominant composition of magmatic rocks (e.g., Martins et al., 
2017; Lacasse et al., 2020) and the coeval occurrence of several 
mafic–ultramafic layered complexes (Ferreira Filho et al., 2007). In 
summary, if the above-mentioned characteristics are correct, the ca. 
2750 Ma igneous activity in Carajás Basin meets at least three 

characteristics for a LIP, i.e., short duration, huge thickness and typical 
rift-like geochemical signatures. Thus, we incorporate the Carajás block 
in the followed magmatic barcode as a LIP fragment within the 
Amazonian craton (Rossignol et al., 2021). 

Magmatic age barcodes for the southeastern part of the Amazonian 
craton, Carajás Province, were compared with age barcodes for the 
Pilbara, Kaapvaal, Superior, Karelia, and Singhbhum cratons (Fig. 14). 
As we have mentioned before, the ages for the oldest and youngest 
Parauapebas Formation lava flows vary from 2759 ± 2 Ma (zircon U-Pb 
age; Machado et al., 1991) to 2749 ± 6.5 (zircon U-Pb age; Martins et al., 
2017) (Fig. 3). The age of 2749 ± 6.5 was obtained in the same dataset 
(C2) used in this study. Ca. 2.75 Ga magmatism coeval with the Para
uapebas basalts exist in the stabilized Pilbara (the Fortescue Group), 
Kaapvaal (the Ventersdorp Group) and Singhbhum (NNE dyke swarm) 
cratons, and in the non-stabilized Karelia (Panozero) and Superior 
(Wabigoon tholeiitic dykes) cratons (Fig. 14). Moreover, Pilbara, 
Kaapvaal and Carajás show similarities between their magmatism in 
terms of bimodal affinity. The next magmatic age barcode (not shown) 
match for the Amazonian craton is at ca. 1.89–1.85 Ga (Uatumã event) 
with other widespread throughout world cratonic areas (e.g., Laurentia, 
Zimbabwe, Kalahari, Baltica, São Francisco). 

In addition to the age of magmatic events, we can also perform these 
correlations based on the age of the rifting event in the Carajás Basin at 
~2.7 Ga, which broadly coincides in time with the break-up of one of the 
first documented supercontinent (Pesonen et al., 2003; Reddy and 
Evans, 2009; Eriksson and Condie, 2014; Rossignol et al., 2020; Fig. 14). 
For instance, the onset of rifting in the Pilbara and Kaapvaal cratons 
occurred during the course of the Neoarchean, at ~ 2.7 Ga (Blake, 1993; 
Olsson et al., 2010). Furthermore, Rossignol et al. (2020) also illustrated 
that the Neoarchean to Paleoproterozoic tectonic setting of the eastern 
Amazonian Craton compares with those documented in other major 
cratons across the world. 

Therefore, based on matching ca. 2.75 Ga magmatic barcode and 
also the similar cratonization ages, it is possible to suggest that Carajás 
block, Kaapvaal, Pilbara, Singhbhum cratons could have been neighbors 
in the late Archean. We therefore propose that these blocks were prob
ably part of the same supercraton at this time. The matching 2.75 Ga 
magmatism also allow us to infer the proximity of Superior and Karelia 
cratons to this supercraton. As the location of the Carajás block during 
the Neoarchean could be constrained by our new paleomagnetic data, 
this hypothesis will be discussed further. 

7.3. Magnetostratigraphy 

The ChRM directions and VGP latitudes of the individual site means 
for the Parauapebas Formation are plotted from oldest to youngest in 
Fig. 7. Two particular components of this scheme may prove useful in 
assisting stratigraphic correlations within the Parauapebas Formation 
basaltic flows across the Carajás Basin: (i) positive (SE) and negative 
(NW) directions across the stratigraphy and (ii) a major shift in paleo
latitude across the flow 2 to 3 boundary (~55 m; Fig. 9; Fig. 15). 
Considering that our azimuthal orientation based on the viscous 
magnetization is correct, at least six magnetic reversal events are iden
tified in the composite lava flow sequence from the two cores (Fig. 9; 
Fig. 15). A multi-polarity record and fast paleolatitudinal movements 
were also obtained for 2775–2715 Ma rocks from the East Pilbara Basin 
(Strik et al., 2003). Given the indetermination of polarities and the un
certainties in ages on both successions, we cannot propose a direct 
correlation between these two units, but their configuration raises the 
possibility that these geomagnetic reversals represent some of the oldest 
known geomagnetic field reversals, as already proposed by Strik et al. 
(2003). 

The reconstructed paleolatitudes from the Carajás Basin revealed a 
major change in the paleolatitude position (C1 = 34.6 ± 12.5 to C2 =
3.4 ± 8.5◦; Fig. 15) across the flow 2 to 3 boundary (~55 m, C1 to C2). 
No geochemical or petrographic change along the basaltic succession is 

Fig. 11. High temperature thermomagnetic curves from Parauapebas forma
tion. Red and blue curves for heating and cooling, respectively. Kt is bulk 
susceptibility in International System (SI) units. See main text for details. 
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observed coincident with the paleolatitudinal shift found (cf. Martins 
et al., 2017). This difference in paleolatitude (average of 31.2◦) is sig
nificant and is not related to changes in core dip or to changes in the 
attitude of the volcanic beds, which remains constant throughout the 
drilled succession. It may result from a local field excursion, a fast lat
itudinal movement of the Carajás block between flow 2 and flow 3, or 
from an age gap along the volcanic sequence. Since the direction was 
recorded coherently in two distinct lava flows, we exclude the possibility 
that all of them record an anomalous, short field excursion. However, 
the lack of a precise radiometric dating for the basal flows (C1 sites) does 
not allow us to define whether this variation reflects an age gap or a fast 
latitudinal movement. With this in mind, and considering the weakness 
of the C1 pole, we conclude that the C1 pole cannot be used as an 
appropriate reference pole for constraining the Carajás paleogeography. 
Furthermore, the mean paleolatitude position of the remaining flows 
(C2 sites) implies that no significant latitudinal movement occurred 
within the error of our paleomagnetic results during extrusion of the 
volcanic succession. 

7.4. Implications for Archean supercratons 

The hypothetical supercontinent formed by the end of the Neo
archean has been given the name Kenorland. The name was suggested 

for the first time by Williams et al. (1991) after the 2.7 Ga Kenoran 
orogeny consolidating the Superior craton in North America. The 
alternative to a united Kenorland supercontinent is a paleogeographic 
model of distinct, freely drifting, continent-sized supercratons, including 
Superia, Sclavia and Vaalbara – each containing several modern cratons 
with characteristic ages of amalgamation, ca. 2.7, 2.6 and 2.9 Ga, 
respectively (Bleeker, 2003: Evans et al., 2016). 

One of the earliest known potential Archean crustal configurations is 
that of Vaalbara (e.g., Cheney, 1996; de Kock et al., 2009), which in
corporates ancient crust in southern Africa (Kaapvaal) and Western 
Australia (Pilbara). The connection between the Pilbara and Kaapvaal 
cratons begins with a comparison between the geology and geochro
nology of both cratons, and the parallel development of the Neoarchean- 
Paleoproterozoic stratigraphy that is the core of the Vaalbara hypothe
sis. In particular, good indicators are the Paleoproterozoic iron forma
tions (Trendall, 1968), but there are also broader links between the 3.5 
Ga and 1.8 Ga volcano-sedimentary basins and mineral deposits (e.g., 
Button, 1976; Cheney, 1996). Since these early contributions, new 
paleomagnetic data have become available that can both support and 
discredit the concept of Vaalbara. Initial data did not support the 
concept of Vaalbara (Wingate, 1998). The author used paleopoles from 
both cratons to conclude that by ~2.78 Ga the two cratons were not 
contiguous, being latitudinally separated. However, further study of the 

Fig. 12. Representative hysteresis loops (A-C) and isothermal remanent acquisition (IRM) curves (D-F) of the Parauapebas Formation after paramagnetic 
slope correction. 
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Pilbara region (Strik et al., 2003) modified its paleolatitude, leading to 
the conclusion that the Vaalbara hypothesis cannot be rejected. For later 
times, de Kock et al. (2009) reported new 2.70 Ga data from Kaapvaal 
and have attempted a reconstruction using pairs of poles from the Pil
bara and Kaapvaal cratons. Using the same procedure with somewhat 
older paleopoles (2.78 Ga), Denyszyn et al. (2013) updated and sup
ported the reconstruction reported by de Kock et al. (2009). The 
pendulum swings back again by the new data for the Black Range Suite 

(Evans et al., 2017), from which the authors question the correlation at 
2.78 Ga. The existence of a unified Vaalbara supercraton is also discredit 
by Evans and Muxworthy (2019) that presented an updated analysis 
which showed that the existence of a single supercraton between ~2.9 
and ~2.7 Ga is inconsistent with the available palaeomagnetic data. 
Therefore, a robust Vaalbara reconstruction remains elusive. 

Recently, Kumar et al. (2017) showed the broad geochronological 
and paleomagnetic similarity between the Kaapvaal and Singhbhum 

Fig. 13. Day diagram modified by Dunlop (2002), indicating the state of domain of magnetites. Samples from Parauapebas Formation correspond to the pseudo- 
single domain (PSD) field. Dashed line represents the theoretical mixing curve for MD grains at different percentages (black dots) with SD magnetite (Dunlop, 
2002). Magnetic parameters used to construct this diagram are given in Supplementary Table 1. 

Fig. 14. Magmatic barcode for some of the Archean cratons, with each individual magmatic event denoted. These include the following events (dyke swarms, sill 
provinces, and other components of LIPs): 1 - Munni Munni; 2 - Fortescue; 3 - Woongarra; 4 - Nsuze; 5 - Crown; 6 - Hlagothi; 7 - Derdepoort; 8 - Ventersdorp; 9 - 
Rykoppies-White Mfolozi; 10 – Mvunyana; 11 - Ongeluk, 12 - Wabigoon; 13 - Otto; 14 - Ptarmigan-Mistassini; 15 – Matachewan R; 16 – Matachewan N; 17 -Panozero; 
18 - Shalskiy; 19 - Burakovka; 20 - Taivalkoski; 21 – Malaigiri; 22 – Singhbhum NNE dykes; 23 – Parauapebas. The width of individual bars corresponds to the 2σ 
error in radiometric ages and ‘B’ denotes bimodal magmatism. Black stars denote the end of cratonization for each craton (Bleeker, 2003; Halla, et al., 2017). Data 
mostly from Ernst and Buchan, 2001. The arrow indicates the range of rifting ages. Pilbara Craton after Blake, (1993), Kaapvaal Craton after Olsson et al. (2010), 
Karelian-Kola Craton after Amelin et al. (1995) and Superior Craton after Ernst and Bleeker (2010). 
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Craton in India at 2.81–2.76 Ga. In their analysis, Kumar and colleagues 
suggested that Singhbhum Craton was also likely part of Vaalbara 
configuration at this time. Later, Gumsley (2017) and Gumsley et al. 
(2017) proposed that these cratons were not nearest neighbors but were 
instead parts of a much larger supercraton named Supervaalbara. This 
supercraton included the Superior, Wyoming, Hearne, Kola + Karelia, 
Kaapvaal, Pilbara, and perhaps Singhbhum cratons. Furthermore, Sal
minen et al. (2019) followed these authors and demonstrated that Uauá 
block, a fragment of São Francisco craton, could have been part of the 
Supervaalbara supercraton by 2.62 Ga. As an alternative hypothesis, Liu 
et al. (2021) proposed that the different apparent polar wander (APW) 
paths of Superia (a supercraton surrounding the Superior Craton), Yil
garn and other cratons are inconsistent with a single Archean super
continent and supportive of the existence of another supercraton 
geographically distant from Superia. 

Integrating our new paleomagnetic data of component (C2), the 
magmatic barcodes (see section 7.2) and paleopoles compiled from 
other Archean cratons (Table 2) that could have been part of the hy
pothetical supercontinent, we illustrate a plausible Archean position for 
the Carajás block (Carajás Archean Province) with respect to these 
cratons during ~ 2750 Ma (Fig. 16). The details of selected high-quality 
2780–2720 Ma paleomagnetic poles are shown in Table 2. Because of 
some similar geological records (e.g., coeval bimodal magmatism), we 
reconstruct the Carajás block close to the Superior craton. At ~2750 Ma, 
Carajás restores to 3.4 ± 8.5◦ paleolatitude (Fig. 16B). Singhbhum is 
reconstructed at high latitudes and could have been proximal to the 
Vaalbara (Pilbara + Kaapvaal) supercraton during this time (Kumar 
et al., 2017). The matching of ~ 2750 Ma magmatism and overlapping 
paleolatitudes also support the proximity with the Karelia craton 
(Fig. 16). Note that longitude is not constrained in paleogeographic 
reconstructions based on paleomagnetism but our proposed paleoge
ography is consistent with geological observations (Fig. 14). A com
parison of absolute polarities with other cratonic units could constrain 
the relative position of some Archean cratons and the Carajás block. 
However, the near equatorial position of Carajás complicates possible 
interpretation of the reversal record. 

The ca. 2.75 Ga poles of Carajás (C2) and Superior put them at 
similar paleolatitudes (Fig. 16B), tentatively allowing their proximity. 
This proposal also relies on geologic means of correlation, using ap
proaches such as comparing magmatic barcodes (Fig. 14). By incorpo
rating regional paleogeographic models (Bleeker, 2003) into the global 
reconstruction for the studied time, we have led to the proposal of 
adding Carajás block to the larger Superia supercraton, the ancestral 
landmass of which the Superior craton is the central and largest frag
ment (Bleeker, 2003). As currently reconstructed (Gumsley et al., 2017; 
Liu et al., 2021), the Superia supercraton is estimated to have been about 
the size of modern-day Antarctica (Mitchell et al., 2021), and, so, is 
much smaller than any of the three established supercontinents 
(Columbia, Rodinia, and Pangea). 

The initial proposed connection between Carajás block, Kaapvaal, 
Pilbara, and Singhbhum cratons (known as the Vaalbara supercraton) 
between ~2.75 Ga is inconsistent on paleomagnetic grounds. Over
lapping the paleomagnetic poles results in a minimum geographic sep
aration of Carajás and Vaalbara of ~4000 km (Fig. 16B), which is 
suggestive of separate supercratons at this time, similar to the hypoth
eses of the existence of at least two independent supercratons during the 
late Archean tectonic regime (Liu et al., 2021). The insertion of Carajás 
in a single supercontinent configuration would only be possible if 
essentially Superior and Karelia cratons plus all remaining Archean 
cratons not considered here, due to a lack of constraints, occurred to 
exactly fill the gap between Carajás and Vaalbara. This configuration 
leads to a dramatically elongated supercontinent trending N-S. 

Therefore, our Neoarchean reconstruction based on a modest 
amount of paleomagnetic data and comparison of magmatic barcodes 
supports the Carajás block could have been part of the Superia super
craton. Due to the limited amount of Archean-Paleoproterozoic paleo
magnetic data for the Amazonian craton, we are currently unable to test 
the duration of this configuration more precisely. 

8. Conclusion 

We report the first robust paleomagnetic data for the Carajás Prov
ince during the Neoarchean (~2750 Ma). We used paleomagnetic 
methods to isolate two characteristic components (C1 and C2) and 
calculate the mean paleomagnetic pole for each: C1 (~2759 Ma; 40.5◦E, 
− 44.6◦S, N = 5, A95 = 6.5◦, K = 18.5) and C2 (~2749 Ma; 342.4◦E, 
− 54.3◦S, N = 28, A95 = 14.8◦, K = 27.8). The restored paleomagnetic 
directions pass a provisional baked contact test within the ~2740 Ma 
Carajás banded iron formation. These observations, combined with 
petrography and rock magnetic results, suggest a primary origin for the 
magnetization. At least six possible magnetic reversal events are 

Fig. 15. Magnetic stratigraphy of Carajás Basin (Parauapebas Fm.). A major 
change in paleolatitude position (average of 31.2◦) between sites 28 and 29 (C1 
to C2) is noteworthy. Positive (SE direction) and negative (NW direction) are 
indicated as black and white zones in the magnetostratigraphic scheme, 
respectively. C1 = sky blue and C2 = black. 
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Table 2 
Selected high-quality ca. 2780–2720 Ma global paleomagnetic poles.  

Code Rock Unit Age (Ma) Age References Plat (◦N) Plong (◦E) A95 R References 

CARAJÁS (C) 
C1 Parauapebas Fm. 1 2759 ± 2 Machado et al. (1991) − 54.3  342.4 14.8 3 This study 
C2 Parauapebas Fm. 2 2749 ± 6.5 Martins et al. (2017) − 44.6  40.5 6.5 4 This study  

KAAPVAAL (K) 
K1 Modipe gabbro 2784 ± 1 Denyszyn et al. (2013) − 47.6  12.4 8.6 5 Denyszyn et al. (2013) 
K2 Derdepoort basalt 2782 ± 5 Wingate (1998) − 39.6  4.7 17.5 6 Wingate (1998)  

KARELIA (Ka) 
Ka1 Panozero sanukitoids 2765 ± 8 Sergeyev et al. (2007) − 10.2  226.1 4.1 5 Lubnina and Slabunov (2009)  

PILBARA (P) 
P1 Mount Roe Basalts ~2770 Van Kranendonk et al. (2006) − 52.4  178.0 7.6 7 Schmidt and Embleton (1985) 
P2 Pilbara Package 1 2771 ± 7 Arndt et al. (1991) − 41.0  160.0 3.7 6 Strik et al. (2003) 
P3 Pilbara Package 2 2766 ± 2 Blake et al. (2004) − 46.5  152.7 15.2 3 Strik et al. (2003), Blake et al. (2004) 
P4 Pilbara Package 4–7 2720–2740 Blake et al. (2004) − 50.4  138.2 12.5 4 Strik et al. (2003), (Blake et al. 2004)  

SINGHBHUM (Si) 
Si NNE Dykes 2762 ± 2 Kumar et al. (2017) 14.0  78.0 11 5 Kumar et al. (2017)  

SUPERIOR (Su) 
Su1 Dobie Lake batholith 2747 ± 3 Corfu and Stott (1989) 87.3  307.1 27.8 4 Hale and Lloyd (1990) 
Su2 Wabigoon gabbro 2732 ± 1 Morrison et al. (1985) − 10.7  200.2 7.5 4 Dunlop (1983) 

Code, corresponds to the code in Fig. 14. Plat, Plong are pole latitude and longitude. A95, 95% confidence circle of the pole. N: number of sites studied. R: Reliability 
criteria (Meert et al., 2020). For Superior and Karelia cratons, the north poles are used. 

Fig. 16. A plausible paleogeographic reconstruction 
for the Carajás block with respect to the Pilbara +
Kaapvaal (Vaalbara), Karelia, Singhbhum and Supe
rior cratons at ca. 2780–2720 Ma (after de Kock 
et al., 2009, Kumar et al., 2017; Salminen et al., 
2019). (A) Paleomagnetic poles used for the recon
struction and respective acronyms (as in Table 2); (B) 
paleomagnetic poles for components C1 and C2 and 
the position of continental blocks. Carajás’s band of 
allowed paleolatitudinal reconstructions is shown.   

P.L.G. Martins et al.                                                                                                                                                                                                                            



Precambrian Research 365 (2021) 106411

17

identified in the lava flow sequence from the Carajás Basin. A multi- 
magnetic reversal record was obtained for coeval lava flows from 
2775 to 2715 Ma rocks in the East Pilbara Basin reinforcing these 
findings. Finally, our paleomagnetic investigation integrated with the 
comparison of geological features reveals that the Carajás block could 
have been part of the Superia supercraton configuration during the 
Neoarchean (~2750 Ma) in a position close to the paleoequatorial line. 
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the Grão Pará Group volcanics, Serra dos Carajás. Revista Brasileira de Geociências 
16, 201–211. 

Gumsley, A.P., 2017. Validating the existence of the supercraton Vaalbara in the 
Mesoarchaean to Palaeoproterozoic. Doctoral dissertation, Lithosphere and 
Biosphere Science, Department of Geology, Lund University. Litholund theses 30, 
130. 

Gumsley, Ashley P., Chamberlain, Kevin R., Bleeker, Wouter, Söderlund, Ulf, de 
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Vulcanismo e Ambientes Associados, 2, Belém, Anais. Belém, 41p. (in Portuguese). 

Kumar, A., Parashuramulu, V., Shankar, R., Besse, J., 2017. Evidence for a Neoarchean 
LIP in the Singhbhum craton, eastern India: Implications to Vaalbara supercontinent. 
Precambrian Res. 292, 163–174. https://doi.org/10.1016/j.precamres.2017.01.018. 

Lacasse, Christian Michel, Ganade, Carlos Eduardo, Mathieu, Lucie, Teixeira, Noevaldo 
Araújo, Lopes, Leonardo Brenguere Leão, Monteiro, Cimara Francisca, 2020. 
Restoring original composition of hydrothermally altered Archean metavolcanic 
rocks of the Carajás Mineral Province (Brazil): Geodynamic implications for the 
transition from lid to mobile tectonics. Lithos 372-373, 105647. https://doi.org/ 
10.1016/j.lithos.2020.105647. 

Liu, Y., Mitchell, R.N., Li, Z.X., Kirscher, U., Pisarevsky, S.A., Wang, C., 2021. Archean 
geodynamics: Ephemeral supercontinents or long-lived supercratons. Archean 
geodynamics: Ephemeral supercontinents or long-lived supercratons. Geology 49, 
G48575.1. https://doi.org/10.1130/G48575.1. 

Lubnina, N.V., Slabunov, A.I., 2009. Paleomagnetism in the Neoarchean Polyphase 
Panozero Intrusion in the Fennoscandian Shield. Mosc. Univ. Geol. Bull. 64 (6), 
346–353. https://doi.org/10.3103/S0145875209060039. 

Macambira, J.B., 2003. O ambiente deposicional da Formação Carajás e uma proposta de 
modelo evolutivo para a Bacia Grão Pará (Unpublish Ph.D. Thesis), Instituto de 
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tectonics of the Grão Pará Group and associated rocks, Serra dos Carajás, Brazil: 
Archean continental volcanism and rifting. Precambrian Res. 42 (3-4), 229–254. 
https://doi.org/10.1016/0301-9268(89)90013-2. 

Palin, Richard M., Santosh, M., Cao, Wentao, Li, Shan-Shan, Hernández-Uribe, David, 
Parsons, Andrew, 2020. Secular change and the onset of plate tectonics on Earth. 
Earth Sci. Rev. 207, 103172. https://doi.org/10.1016/j.earscirev.2020.103172. 

Pesonen, L.J., Elming, S.-Å., Mertanen, S., Pisarevsky, S., D’Agrella-Filho, M.S., Meert, J. 
G., Schmidt, P.W., Abrahamsen, N., Bylund, G., 2003. Palaeomagnetic configuration 
of continents during the Proterozoic. Tectonophysics 375 (1-4), 289–324. https:// 
doi.org/10.1016/S0040-1951(03)00343-3. 

Pivarunas, A.F., Meert, J.G., Miller, S.R., 2018. Assessing the intersection/ 
remagnetization puzzle with synthetic apparent polar wander paths. Geophys. J. Int. 
214, 1164–1172. https://doi.org/10.1093/gji/ggy216. 

Planavsky, Noah J., Crowe, Sean A., Fakhraee, Mojtaba, Beaty, Brian, 
Reinhard, Christopher T., Mills, Benjamin J.W., Holstege, Cerys, Konhauser, Kurt O., 
2021. Evolution of the structure and impact of Earth’s biosphere. Nat Rev Earth 
Environ 2 (2), 123–139. https://doi.org/10.1038/s43017-020-00116-w. 

Rapalini, A.E., Luppo, T., Llanos, M.P.I., Vásquez, C.A., Valencio, L.d.P.D.A., 2013. 
Successful paleomagnetic azimuthal orientation of drill cores from a hydrocarbon 
source rock reservoir: the case of the Vaca Muerta Formation, Neuquen Basin, 
Argentina. Latinmag Letters, 3, Special Issue, 1-5. 

Reddy, S.M., Evans, D.A.D., 2009. Palaeoproterozoic supercontinents and global 
evolution: correlations from core to atmosphere. Geol. Soc. Spec. Pub. 323 (1), 1–26. 
https://doi.org/10.1144/SP323.1. 

Rolph, T.C., Shaw, J., Harper, T.R., Hagan, J.T., 1995. Viscous remanent magnetization: 
a tool for orientation of drill cores. Geological Society, London, Special Publications 
98 (1), 239–243. https://doi.org/10.1144/GSL.SP.1995.098.01.14. 

Rosière, C.A., Baars, F.J., Seoane, J.C.S., Lobato, L.M., Silva, L.L., Mendes, G.E., 2006. 
Structure and iron mineralization of the Carajás province. B. Appl. Earth Sci. 115 (4), 
126–133. https://doi.org/10.1179/174327506X138986. 

Rossignol, Camille, Siciliano Rego, Eric, Narduzzi, Francesco, Teixeira, Lívia, 
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