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ARTICLE INFO ABSTRACT

Keywords: The original connections of Archean cratons are becoming traceable due to an increasing amount of paleo-
Paleomagnetism magnetic data and refined magmatic barcodes. The Uaud block of the northern Sdo Francisco craton may re-
Uaud block

present a fragment of a major Archean craton. Here, we report new paleomagnetic data from the 2.62 Ga Uaua
tholeiitic mafic dyke swarm of the Uaud block in the northern Sdo Francisco craton, Eastern Brazil. Our pa-
leomagnetic results confirm the earlier results for these units, but our interpretation differs. We suggest that the
obtained characteristic remanent magnetization for the 2.62 Ga swarm is of primary origin, supported by a
provisionally-positive baked contact test. The corresponding paleomagnetic pole (25.2°N, 330.5°E, Ags = 8.1°,
N = 20) takes the present northern part of the Sdo Francisco craton to moderate latitudes. Based on the com-
parison of the paleolatitudes of cratons with high-quality paleomagnetic data and magmatic barcodes, we
suggest that the northern part of the Sao Francisco craton could have been part of the proposed Supervaalbara
supercraton during the Archean. Supervaalbara is proposed as including (but not limited to) the part of the Sdo
Francisco craton as well as the Superior, Wyoming, Kola + Karelia, Zimbabwe, Kaapvaal, Tanzania, Yilgarn, and
Pilbara cratons.

Sao Francisco craton
Neoarchean reconstruction

1. Introduction history, the cratons could be divided into different clans that were

connected within a supercraton. Smirnov et al. (2013) additionally

The Archean-Paleoproterozoic transition (ca. 3.0-2.0 Ga) witnessed
fundamental changes across the entire Earth system (Reddy and Evans,
2009; Smirnov et al., 2013). This was reflected in global geodynamics,
which transitioned towards modern-style plate tectonics during that
interval (Reddy and Evans, 2009; Condie and Kroner, 2013). Most of
the preserved Archean cratons show rifted margins of Proterozoic age
and are crosscut by numerous regional mafic dyke swarms, indicating
that they are fragments of larger ancestral landmasses (Williams et al.,
1991) that Bleeker (2003) called supercratons. Bleeker and Ernst
(2006) proposed that by comparing the magmatic barcodes of different
cratons, the nearest neighbors of once-connected cratons could be
found. Bleeker (2003) postulated that supercratons had an Archean
stabilized core, which on break-up spawned several independently
drifting cratons. He further proposed that based on the cratonization

proposed that dyke swarms are more diagnostic in defining nearest
neighbors than the overall basement geology by pointing out that rift-
related dykes can show nearest-neighbor connections even among su-
ture-bounded provinces with different ages (for example, the Central
Atlantic Magmatic Province). Moreover, although the comparison of
magmatic barcodes aids in finding the nearest neighboring cratons,
high-quality paleomagnetic data are needed to study the kinematics.
Several recent and ongoing studies combining paleomagnetism and
geochronology have produced high-quality Archean and Paleoproter-
ozoic paleomagnetic data. The paleogeography and magmatic barcodes
are becoming defined for some of the Archean cratons, such as Superior
(in North America), Karelia and Kola (in Scandinavia), Zimbabwe and
Kaapvaal (in Southern Africa), and Pilbara and Yilgarn (Western Aus-
tralia) (e.g. Bleeker, 2003; Bleeker and Ernst, 2006; Mertanen et al.,
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2006b; de Kock et al., 2009; Evans and Halls, 2010; Soderlund et al.,
2010; Smirnov et al., 2013; Salminen et al., 2014; Pisarevsky et al.,
2015; Gumsley et al., 2015, 2016, 2017; Evans et al., 2017).

Due to their similar cratonization history and the matching of two or
more coeval 2.5-2.1 Ga dyke swarms, the Superior, Hearne and pos-
sibly Wyoming (North American) cratons and the Karelia and Kola
(Baltica) cratons have been proposed to exist in tight fit in a long-lived
supercraton named Superia (Bleeker and Ernst, 2006; Ernst and
Bleeker, 2010). In their Superia fit, Bleeker and Ernst (2006) re-
constructed the Northern Karelian craton against the Matachewan dyke
swarm in the Southeastern Superior craton. Bleeker and Ernst (2006)
did not include paleomagnetic information from the Karelia craton in
their model. To date, most of the paleomagnetic data obtained from
Karelia (e.g., Mertanen et al., 1999; 2006b; Mertanen and Korhonen,
2011; Salminen et al., 2014) negate the Superia fit with Superior at
2.50-2.45 Ga, but allow a different configuration of these cratons. The
paleomagnetic poles of Karelia and Kola support the existence of these
cratons in their present-day relative configuration, at least between 2.5
and 2.4 Ga. Based on the coeval (2.58 Ga, 2.47 Ga, 2.41 Ga) generations
of dykes within the Sebanga swarm in the Zimbabwe craton and the
magmatic events in Superior, Hearne, Kola, and Karelia, Soderlund
et al. (2010) suggested that they could have been nearest neighbors
during the Archean. Moreover, the Zimbabwe craton has been proposed
to form a supercraton, Zimgarn, together with the Western Australian
Yilgarn craton (Smirnov et al., 2013). The distinctive 2.41 Ga age match
between the Widgiemooltha and Sebanga Poort dykes (Soderlund et al.,
2010) may be diagnostic of the original connection of Yilgarn and
Zimbabwe, despite the mismatch of the cratonization ages for these
cratons (Smirnov et al., 2013; see an alternative reconstruction by
Pisarevsky et al., 2015). Smirnov et al. (2013) proposed that the Zim-
garn connection could be as early as the cratonization intervals of these
continents (2.7-2.6 Ga), lasting until ca. 2.2-2.0 Ga.

Another Southern African craton, Kaapvaal, and a Western
Australian craton, Pilbara, have been proposed to form a supercraton,
Vaalbara, based on similarities in stratigraphic elements. In particular,
good indicators are the Paleoproterozoic iron formations (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, 1979;
Cheney, 1996). This connection was later supported with paleomag-
netic data (de Kock et al., 2009), but invalidated by a more detailed
geochronological study on the Kaapvaal craton that demonstrated a
mismatch of the magmatic barcodes for the Kaapvaal and Pilbara cra-
tons (Gumsley et al. 2015, 2016, 2017). Gumsley et al. (2017) proposed
that the Kaapvaal and Pilbara cratons were not nearest neighbors, but
were instead parts of a much larger supercraton. The authors further
proposed that this Archean supercraton included Superior, Wyoming,
Hearne, Kola + Karelia, Kaapvaal, and Pilbara, and perhaps also the
Singhbhum craton of India, because the geological evolution of all these
cratons was very similar in the Paleoproterozoic. Gumsley (2017)
named it Supervaalbara. The Zimbabwe and Yilgarn cratons could also
be parts of Supervaalbara, despite their dissimilar cratonization history
(Soderlund et al., 2010; Smirnov et al., 2013; see also Pisarevsky et al.,
2015 for a different configuration). Supervaalbara appears geologically
distinct from the Rae clan of cratons, suggesting two separate super-
cratons in the early Paleoproterozoic (Gumsley et al., 2015, 2016,
2017).

South American cratons have been absent from most of the Archean
supercraton reconstructions. However, based on sedimentary and
magmatic records, Aspler and Chiarenzelli (1998) proposed two sepa-
rate Neoarchean supercontinents (called supercratons hereinafter). One
of the supercratons included the present southern hemisphere cratons
(i.e. Zimbabwe, Kaapvaal, Pilbara, Singhbhum, and Sao Francisco),
whereas the other included the present northern hemisphere cratons
(i.e. all the cratons of North America, Baltica, and Siberia). In contrast,
based on the similar geological history and/or matching coeval dyke
swarms of different cratons, we adopt the concept of the Supervaalbara
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supercraton (Gumsley et al., 2017), where cratons from the present
northern and southern hemispheres could have been parts of the same
supercraton. Our goal was to test whether a fragment of the Sao
Francisco craton, the Uaua block, was part of the Neoarchean Super-
vaalbara supercraton. For this, we have obtained new paleomagnetic
data from the 2623.8 + 7.0 Ma (U-Pb on zircon) tholeiitic dyke and
2726.2 = 3.2Ma (U-Pb on baddeleyite) noritic dyke swarms in the
Uaua block (Oliveira et al., 2013). Here we use the name Uaud tholeiite
dykes for the 2.62 Ga tholeiitic dykes, and norite dykes for the 2.73 Ga
noritic dykes. Eventually, a different name can be chosen for the norite
dykes once the swarm is better characterized. The two investigated
dyke swarms can be genetically linked to each other by the progressive
thinning of the Uaud lithosphere by extension that ultimately may have
led to the break-up of the craton and ocean basin formation
at ~2624 Ma (Oliveira et al., 2013). The particular geological char-
acteristics of the Uaud block, i.e. shear zone boundaries, the presence of
layered complexes and several mafic dyke swarms, that are not found in
the adjacent terranes, support a model in which the Uaua block may
represent a lost fragment of a major Archean craton (Oliveira et al.,
2013).

Paleomagnetism of the Uaud tholeiite dyke swarm has previously
been studied by D’Agrella-Filho and Pacca (1998). They sampled three
groups of dykes: (1) metamorphosed amphibolites, (2) basic dykes, and
(3) metamorphosed basic dykes. Based on field observations, the basic
dykes of D’Agrella-Filho and Pacca (1998) correspond to the 2.62 Ga
tholeiite dyke swarm of our study with primary igneous texture and
minor replacement of pyroxene by hornblende. D’Agrella-Filho and
Pacca (1998) found characteristic remanent magnetization directions
(ChRMs) with northerly-northeasterly declinations and a steep down-
ward-pointing inclination in all the three groups. Similar directions
were also obtained for the host rock baked by the tholeiitic (basic)
dykes. Nevertheless, the authors suggested that the ChRM is a sec-
ondary remanence acquired during uplift followed by a slow cooling of
the crust during the final stages of the Paleoproterozoic Transamazo-
nian cycle. This interpretation was based on available K-Ar and
“°Ar/39Ar ages spanning the interval of 1.93-2.14 Ga. Rb/Sr mineral
isochrons for the tholeiitic dykes suggested two different generations of
emplacement, at 2.38 Ga (minimum age) and 1.98 Ga. We sampled ten
2.62 Ga Uaué tholeiite dykes and two 2.73 Ga norite dykes, aiming to
obtain additional paleomagnetic data and to test whether the obtained
ChRM represents primary remanent magnetization. Here, we present a
presumably Neoarchean 2.62Ga paleomagnetic pole for the Uauad
block. Furthermore, a plausible Archean reconstruction is provided
based on comparison of the paleomagnetic data, dyke swarms, and
matching magmatic barcodes of Archean cratons.

2. Geological setting

The Sao Francisco (SF) craton is located in the northeastern part of
Brazil (Fig. 1a). It is surrounded by Proterozoic to Cambrian orogens,
which welded together the supercontinent Gondwana. The basement
rocks of the SF craton are dominated by Archean to Paleoproterozoic
high-grade migmatite and granulite gneisses, and granite-greenstones
(Teixeira et al., 2000; Barbosa and Sabaté, 2004; Heilbron et al., 2017).
These rocks are covered by Meso- to Neoproterozoic sedimentary rocks
of the Espinhaco Supergroup and the Sao Francisco Supergroup
(Alkmim et al., 1993; Barbosa et al., 2003; Danderfer et al., 2009). The
basement of the SF craton is composed of a number of Archean blocks
(e.g. the Gavido, Jequié, and Serrinha), a number of Archean green-
stone belts, and the Itabuna-Salvador-Curaca orogen (Barbosa and
Sabaté, 2004; Teixeira et al., 2017), which aggregated during the Ar-
chean and Proterozoic, mainly during the time interval 2.1-1.8 Ga
(Teixeira and Figueiredo, 1991; Teixeira et al., 2017) at the onset of the
amalgamation of the Nuna supercontinent.

The studied mafic dykes occur within the Serrinha block, located in
the northeastern part of the SF craton (Fig. 1b). The Serrinha block
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Fig. 1. (a) Simplified geology of the Sdo Francisco craton and (b) the Serrinha block after Oliveira et al. (2013). White arrows in (a) indicate orogenic vergence. J —
Jequié, R — Retirolandia, U — Uau4, RIGB - Rio Itapicuru Greenstone Belt, RC —-Rio Capim Greenstone Belt.

comprises a basement complex of migmatites, banded gneisses, or-
thogneisses, mafic dykes and mafic—ultramafic complexes (Oliveira,
2011). The basement lies in tectonic contact with supracrustal se-
quences of the Paleoproterozoic Rio Itapicuru and Rio Capim green-
stone belts, and with the Archean-Paleoproterozoic Caldeirao belt. The
Serrinha block contains three Mesoarchean (3.15 — 2.93 Ga) basement
domains: the Uaud, Jacurici, and Retiroldndia gneiss-migmatite com-
plexes. The dykes occur within the Uaua block (Fig. 2), which is bor-
dered by the Caldeirdo shear belt to the west and by the Rio Capim
greenstone belt to the east (Oliveira et al., 2011).

The basement of the Uaua block mostly consists of NW-trending
banded gneisses intruded by layered anorthosite (Paixao and Oliveira,
1998), peridotite and diorite complexes, and by tonalite-granodiorite
bodies (Mascarenhas and Sa, 1982; Cordani et al., 1999; Oliveira et al.,
1999). Recently, Oliveira et al. (2015a,b, 2016) reported the occurrence
of ca. 3.2-2.9 Ga TTG gneisses, ca. 2.82 Ga high-pressure mafic gran-
ulites, and ca. 2.95 Ga sanukitoids in the Uaué block. Most of these
rocks were metamorphosed under granulite facies conditions and later
retrogressed to amphibolite grade. The Uaua block is intruded by at
least three mafic dyke swarms (Bastos Leal et al., 1995; Bellieni et al.,
1995; Oliveira et al., 2013): (1) the NW-trending metamorphosed am-
phibolite dykes (the oldest swarm), (2) the NW-trending un-
metamorphosed noritic dykes, and (3) the NE-trending un-
metamorphosed 2.62 Ga Uaua tholeiitic dyke swarm (Bastos Leal et al.,
1995; Bellieni et al., 1995; Oliveira, 2011; Oliveira et al., 2013).
Oliveira et al. (2013) obtained an age of 2726.2 = 3.2Ma (U-Pb on
baddeleyite) for a NW-trending noritic dyke, and an age of
2623.8 = 7.0 Ma (U-Pb on zircon) for a NE-trending Uaua tholeiitic
dyke. These ages are consistent with previous less precise whole-rock
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Sm-Nd ages of 2744 += 65Ma and 2586 + 66 Ma for noritic and
tholeiitic dykes, respectively (Oliveira et al., 1999).

The trend for noritic dykes is variable, with some dykes exhibiting
NW, or N directions, and they may belong to several different swarms.
Sampled noritic dykes are mainly composed of plagioclase and ortho-
pyroxene, and sometimes also olivine, brown amphibole, biotite-phlo-
gopite, pyrrhotite, and ilmenite (Oliveira et al., 2013). They preserve a
primary igneous texture (Oliveira et al., 2013).

The tholeiitic dykes are the most abundant. Their thickness varies
from a few centimeters to several tens of meters. They are occasionally
sheared at the margins, but in the center the primary mineralogy (calcic
pyroxene, plagioclase and magnetite) and intergranular igneous texture
are well preserved (Oliveira et al., 2013). Pyroxene is often replaced by
green to brown amphibole at the rim. The trend of tholeiitic dykes is
variable (Fig. 2). In the central part of the Uauéd block, where we
sampled, the dykes are not significantly deformed and the trend is
northeast (Fig. 1b). The dykes gradually change direction from NE-SW,
through N-S to NW-SE, when they become parallel to the Caldeirdo
shear belt and finally disappear towards the western margin of the
block (Fig. 1b; Oliveira et al., 2013).

3. Sampling and methods
3.1. Sampling

Samples were taken from ten 2.62 Ga Uaud tholeiitic dykes (sites
Ul, U3, U5, U6, U7, U8, U9, Ul0A, U10B, and Ull) and from two
unmetamorphosed 2.73 Ga norite dykes (sites U2 and U4) (Fig. 2). Five
to thirteen standard 2.54-cm-diameter cores were collected from each
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3.2. Laboratory methods

All the measurements were conducted in the Solid Earth Geophysics
Laboratory at the University of Helsinki, Finland. Room temperature
susceptibility was measured with a ZH Instruments magnetic suscept-
ibility meter (SM100) using a frequency of 1026 Hz and a magnetic
field of 320 A/m. Density was defined using the Archimedean principle
VoV by weighing samples in air and in water. Natural remanent magneti-

\% zation (NRM) and magnetization after each demagnetization step were
measured using a 2G-DC SQUID magnetometer. Stepwise alternating
field (AF) demagnetizations were carried out using a three-axis de-

1 v Y magnetizer with a maximum field up to 160 mT, coupled with the
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magnetometer. Sister specimens were stepwise thermally demagnetized
using an ASC Scientific TD-48SC furnace with inert argon atmosphere.
Mesoarchean Both methods were effective and provided stable results. Vector com-

gneiss{es \ 1 ponents were isolated using principal component analysis (Kirschvink,
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é 1 - ! 1980) and analyzed with Fisher (1953) statistics, giving a unit weight to

o i \ o each specimen to compute the mean values.
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gﬁé‘;‘?';?]e v\ .V Kappabridge system. The samples were cycled to 700 °C in argon gas.
1 / \‘\ Curie temperatures were determined using the Cureval 8.0 program
. 1 . 1 \\ 29 | (http://www.agico.com).
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S 3'5ka ! L \ -~ 4.1. Petrophysical results
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@| Archean gneiss I Norite stock =1 Noritic dyke Petrophysical properties (density, magnetic susceptibility, intensity
[ Reworked Archean gneiss Road Tholeiitic dyke of natural remanent magnetization (NRM) and Koenigsberger’s Q ratio)
Greenstone belt =1 village I8 sampling site for the norite and Uaud tholeiite dyke samples are summarized in

(this work, D+P1998) Table 1. The bivariate diagrams of density versus NRM and suscept-

ibility versus NRM are illustrated in Fig. 3. Koenigsberger’s Q ratio is
calculated with the field value of 24.7 uT and shown with lines in
Fig. 3b (for the equation, see the footnote for Table 1).

Based on their magnetic properties, the Uaua tholeiite dykes form a
group (U3, U5, U6, U8, U10A, and U10B) with a few outliers (U1, U7,
dyke with a portable drill (Table 1). The cores were oriented using solar and U9). All tholeiite dykes except UL0B show a coherent density
and/or magnetic compasses. Dyke U4 is the geochronology site of (mean 2888kg/m?), lower than the density of norite dykes (mean
Oliveira et al. (2013), yielding an age of 2726.2 + 3.2 Ma. This dyke is 3012 kg/m?), whereas dyke U10B has a similar density to that of the

Fig. 2. Geological map with the sampling sites of this work and tholeiitic dykes
of ﬁAgrella—Filho and Pacca (D + P1998) in the Uaua block, Sdo Francisco
craton.

Table 1

Site-mean petrophysical properties of the 2.73 Ga norite and 2.62 Ga Uaua tholeiite dyke swarms.
Site Rock type Lat(°S) Long(°E) N/n Density(kg/m>) Susceptibilit(10°SD)y NRM(mA/m) Q-value
U2 Norite dyke 9.81594 320.52248 7*/10 3044 + 40 19922 + 2650 2966 + 1548 7.6
U4 Norite dyke 9.93285 320.68126 9*/11 2980 + 98 5799 + 1320 2748 + 1367 24.1
U1l Tholeiitic dyke 9.81575 320.52261 9*/13 2850 + 52 12942 + 17013 317 = 232 1.2
U3 Tholeiitic dyke 9.84540 320.53047 8*/11 2930 + 18 31273 = 6227 5742 + 1089 9.3
U5 Tholeiitic dyke 9.93183 320.67246 9*/12 2863 + 107 14657 + 2021 6374 += 3080 22.1
U6 Tholeiitic dyke 9.93940 320.63319 8*/12 2842 + 82 2911 =+ 1358 3118 + 1057 54.5
u7 Tholeiitic dyke 9.93991 320.63401 6%/8 2925 + 14 1253 = 50 249 + 84 10.1
U8 Tholeiitic dyke 9.93159 320.67145 8*/11 2897 + 70 15641 + 4281 5045 + 3003 16.4
U9 Tholeiitic dyke 9.81530 320.68241 4*/5 2877 * 16 839 + 24 32 0.2
U10A Tholeiitic dyke 9.81174 320.67671 7*%/9 2908 + 79 47397 = 15023 12523 + 11858 13.4
U10B Tholeiitic dyke 9.81174 320.67671 2%/2 2996 + 1 117450 = 2450 9411 + 1060 4.1
U1l Tholeiitic dyke 9.81256 320.67709 8*/10 2891 + 40 10013 + 4710 8860 * 6657 45.0

Each site is one dyke (cooling unit). Lat/Long, site latitude and longitude. N/n, number of samples/specimens. * denotes the statistical level used for mean
calculations. NRM, the intensity of the natural remanent magnetization. Q, Koenigsberger’s ratio was calculated using the equation Q = ’“’j{%, where (i, is the
magnetic permeability of vacuum (4710”7 Tm/A) andy is volume susceptibility in SI units, the magnetic field value of Bahia, Brazil (H = 24.7uT) was used. The
uncertainties shown are one standard deviation.
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Fig. 4. Low-field thermomagnetic curves for the 2.72 Ga noritic and the 2.62 Ga Uaud tholeiitic dyke samples. The red (solid) line denotes heating and the blue

(dashed) line denotes cooling.

norites (Fig. 3a). The main group of Uaud tholeiite dykes displays
higher NRM values (range 3000-12 500 mA/m) than the two norite
dykes (range 2700-3000 mA/m). However, the NRMs of U1l and U7 are
an order of magnitude, and those of dyke U9 - two orders of magnitude
lower than the main group values. The susceptibility values are more
widely distributed. Uaua tholeiite dykes U7 and U9 show the lowest
susceptibility values (ca. 800 x 107 SI), and the main group of tholeiite
dykes show values between (14 000-120 000 X 10 SI). The noritic
dykes show susceptibility values (6 000-20 000 x 10°® SI) similar to
the lower range of the main Uaua tholeiite group values.

The Koenigsberger’s ratios (Q values) are within 0.2-55 for all the
dykes (Table 1). U9 shows the lowest Q value (0.2), indicating the
dyke’s poor ability to carry remanence. During the paleomagnetic
analyses, this dyke displayed the recent field overprint direction. A high
Q ratio (higher than 20) sometimes indicates that a strong magnetic
field, for example due to lightning strikes, has imprinted on the NRM of
the rocks with an isothermal remanent magnetization. However, in the
case of lightning strikes, the NRM directions are usually randomized,
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which is not the case with the dykes showing higher Q values.

4.2. Magnetic mineralogy

Thermomagnetic (low-field susceptibility versus temperature)
curves for both 2.73 Ga norite and 2.62 Ga Uaud tholeiite dykes in-
dicate the presence of magnetite in the samples (Fig. 4), consistent with
the paleomagnetic results. Norite samples (U2F and U4D) show irre-
versible heating and cooling curves (Fig. 4 a,b). The heating curve for
norite dyke U4 is a shoulder type with a Curie point of 586C, indicating
magnetite. The cooling curve reveals a minor formation of magnetite
during heating. The heating curve of norite dyke U2 displays a slight
hump in susceptibility around 360 °C representing titanomaghemite. It
also shows a characteristic magnetite Curie point of 587 °C and a pro-
nounced Hopkinson’s peak, which is a typical feature of stable single-
domain/pseudo-single-domain magnetite (Dunlop and Ozdemir, 1997).
The cooling curve indicates that both new magnetite and titano-
magnetite formed during heating.
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New paleomagnetic results from this study combined with previous results for the 2.62 Ga Uaud tholeiite dyke swarm and 2.73 Ga norite dykes.

Site Rock type Trend/Dip Width(m) Lat("N)  Long(’E) B/N/n D) I() a95() k Plat (°"N) Plong (°E) Ref Comment
2.62 Ga Uaud tholeiite dykes
U1l Tholeiitic dyke  92/90 1 -9.8159  320.5226  0.5/9*/ 010.2 719 5.1 731 217 326.7 1 U1 cuts through U2
12
U3 Tholeiitic dyke 17/90 20 -9.8454  320.5304 0.5/8*/8 015.2 70.1 25 478.0 24.6 330.2 1 2623.8 £ 7.0%
us Tholeiitic dyke ~ 27/90 10 -9.9318  320.6724 0.5/6*/6 042.2 409 11.4 356 36.6 010.7 1
u7 Tholeiitic dyke  12/90 70 -9.9399  320.6340 1/5*/5 024.1 84.0 123 39.5 0.1 325.4 1
us Tholeiitic dyke 17/90 30 -9.9315  320.6714 0.5/6*/6 058.1 70.5 12.3 308 87 349.3 1
U10A Tholeiitic dyke  22/90 10 -9.81 320.7009 0.5/3*/3 3458 779 7.9 2444 127 314.9 1
1 Tholeiitic dyke -9.7 320.6 1/2*/2 348.5 554 43.2 307.7 2
3 Tholeiitic dyke -9.8 320.5 1/4*/4 026.6 75.0 8.3 1240 15.4 333.2 2
6 Tholeiitic dyke -9.8 320.5 1/2%/2 038.6 55.2 31.8 357.1 2
7 Tholeiitic dyke -9.8 320.5 0.5/3*/3 348.4 655 11.2 121.0 31.6 311.3 2
8 Tholeiitic dyke -9.8 320.5 0.5/4*/4 008.3 66.6 9.4 96.0 30.6 326.8 2
9 Tholeiitic dyke -9.8 320.5 1/3*/3 0243 69.3 8.3 223.0 23.9 336.2 2
10 Tholeiitic dyke -9.8 320.5 1/4*/4 3174 76.4 17.2 29.0 9.2 303.2 2
11 Tholeiitic dyke -9.9 320.5 1/3*/3 025.9 732 6.9 318.0 18.2 334.2 2
12 Tholeiitic dyke -9.9 320.6 1/3*/3 049.5 736 9.8 161.0 10.2 343.6 2
14 Tholeiitic dyke -9.8 320.6 1/3*/3 359.6 67.1 13.3 87.0 303 320.3 2
15 Tholeiitic dyke -9.8 320.6 1/2*/2 036.2 73.5 14.9 338.7 2
16 Tholeiitic dyke -9.8 320.7 0.5/1*/1 080.2 57.6 1.5 011.4 2
21 Tholeiitic dyke -9.9 320.7 1/3*/3 007.7 71.7 9.5 170.0 23.3 325.3 2
25 Tholeiitic dyke -9.9 320.7 0.5/2*/2 002.9 62.9 35.6 323.3 2
26 Tholeiitic dyke -9.9 320.7 0.5/3*/3 013.3 71.8 30.8 17.0 225 328.5 2
29 Tholeiitic dyke -9.9 320.7 1/2%/2 019.3 60.6 35.6 338.3 2
31 Tholeiitic dyke -9.9 320.7 1/2%/2 352.4 625 35.8 313.9 2
38 Tholeiitic dyke -10.0 320.6 1/3*/3 3546 515 7.2 301.0 325 313.8 2
39 Tholeiitic dyke -10.0 320.6 1/3*/3 017.9 63.6 9.2 180.0 47.8 335.5 2
MEAN 2.62 Ga Uaua tholeiite dykes 20*/89/ 015.3 68.9 5.4 37.4 25.2 330.5 1 2623.8 + 7.0%
92
A95 =8.1" K=17.3
MEAN 2.62 Ga Uaua tholeiite dykes” 25*/89/ 017.2 68.8 5.0 349 25.0 331.4 1 2623.8 = 7.0°
92
A95 =7.4° K=16.4
Tholeiitic dykes not included in the mean
U9 Tholeiitic dyke  57/80 2.5 -9.81530 320.68241 3*/3 305.9 -23.1 26.0 236 37.1 222.5 1 MDF > 100 mT
U10B Tholeiitic dyke  ? 0.05 -9.81174 320.67671 2%/2 339.9 754 15.8 311.6 1 Cuts through dyke
U10A
2.73 Ga norite dykes interpreted to be remagnetized by 2.62 Ga Uaud tholeiite dykes
U2 Norite dyke 157/? 4 -9.81594 320.52248 2/4* 352.3 753 121 588 17.2 317.1 1 Cut by U1, see Table 3
U4 Norite dyke 30/? 50 -9.93285 320.68126 6/6% 039.2 60.4 29 536.4 27.3 352.9 1 2726.2 + 3.2°

Trend/Dip, Structural orientation (trend and dip) of dykes. Width, width of dykes. For the sites of D’Agrella-Filho and Pacca (1998), the trend and width information
was not available. Lat/Long, site latitude and longitude. For the sites of D’Agrella-Filho and Pacca (1998), the sampling latitude and longitudes were recalculated
using declination, inclination, pole latitude, and pole longitude. (B/)N/n, number of (sites/)samples/specimens. * The number used to calculate the mean value. D,
declination; I, inclination. ags, the radius of the 95% confidence cone in Fisher (1953) statistics. k, Fisher (1953) precision parameter. Plat/Plong, latitude/longitude
of the pole. Ags, radius of the 95% confidence cone of the pole. K, Fisher (1953) precision parameter of the pole. Ref, 1 — this study, 2 — D’Agrella-Filho and Pacca,
1998 (DP98). MDF, median destructive field. ?, from Oliveira et al. (2013). Based on the recalculated sampling locality and observation of the previous drill holes, our
sites U1, U3, U5, U8, and U10A are equivalent to Sites 7, 8, 25, 26, and 16 of DP98, respectively. Sites U2, U4, U7, U9, and U10B were not sampled by DP98. # The

mean calculated considering each site-mean as an independent field reading.

Uaua tholeiitic dykes Ul and U3 display nearly reversible heating
and cooling curves (Fig. 4c,d). Shoulder-type heating curves with
Hopkinson’s peaks and Curie temperatures of 585 °C (U1) and 580 °C
(U3) indicate single-domain/pseudo-single-domain magnetite. Tho-
leiitic dykes U10A and U10B demonstrate a moderate hump around
295 °C in their heating curves, possibly due to titanomaghemite, a sharp
Hopkinson’s peak, and a Curie temperature of ca. 583 °C characteristic
of magnetite (Fig. 4 e,f). The cooling curve indicates that the phase with
lower Curie temperature (titanomaghemite) transforms to magnetite
during heating.

4.3. Paleomagnetic results

The paleomagnetic results of our work are presented in Table 2, and
representative demagnetization behaviors are illustrated in Figs. 5-7. In
Table 2, we also list the previous results of D’Agrella-Filho and Pacca
(1998) for the 2.62 Ga Uaua tholeiite dyke swarm, which are discussed
later in this chapter.

For our sampled 2.62 Ga Uaud tholeiitie and 2.73 Ga norite dykes,

both alternating field (AF) and thermal (TH) treatments were sufficient
to separate the characteristic remanent magnetization (ChRM) com-
ponent (Table 5; Figs. 5-7). Median destructive fields (MDFs) during the
AF treatment of these dykes range from 7 to 20 mT, displaying nearly
linear trajectories to origin, indicating that no higher coercivity com-
ponent is present in the samples (Fig. 5). The exception is tholeiitic
dyke U9, which shows MDF values of 100 mT and magnetization di-
rections close to the present Earth field (PEF) direction at the sampling
site (D = 337°, I = -28°% Fig. 6). TH demagnetization of all the dykes
except tholeiitic dykes U9 and U11 indicates unblocking temperatures
between 570 °C and 580 °C, demonstrating that magnetite is the main
carrier of ChRM. Dykes U9 and U11 show lower unblocking tempera-
tures around 320-400 °C. Tholeiitic dykes U6 and Ul1l gave incon-
sistent results between the sampled blocks, but coherent results within
the blocks, indicating that the sampled blocks were not in situ. The
results from these two dykes are not discussed further.

4.3.1. Paleomagnetic results for the 2.62 Ga tholeiitic dykes
The ChRM directions for the five 2.62 Ga Uaua tholeiite dykes (U1,
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Fig. 5. Representative demagnetization data for the 2.73 Ga norite dykes (a, b) and for the 2.62 Ga Uaua tholeiite dykes (c-e). (a) Dyke U4 (interpreted to be baked by
the 2.62 Ga Uaué tholeiitic dykes), (b) Dyke U2 baked by the tholeiite dyke U1, (c) Dyke U1, (d) Dyke U7, and (e) Dyke U10A. On the stereoplots, solid and open
symbols represent lower and upper hemisphere vectors, respectively. On the orthogonal projection diagrams, solid symbols show projections onto the horizontal
plane, and open symbols show projections onto the vertical plane. The numbers show demagnetization steps in mT (°C) for AF(TH). NRM indicates natural remanent
magnetization. The arrows indicate obtained characteristic remanent magnetization direction.

U9-D1 THOLEIITIC DYKE (AF)

N WIDTH:2.5m
[ W, Up
NRM§ *
25
w o 25

N
1 unit= 0.2 mA/m

L —

Fig. 6. Representative alternating field demagnetization data for tholeiitic dyke
U9, which shows a recently remagnetized direction. Symbols as in Fig. 5. Star
indicates the present earth field direction at the sampling site.

U3, U5, U7, and U8) display northerly declinations and steep down-
ward-pointing inclinations, except for dyke U5, which shows inter-
mediate inclinations. Dyke U10A, which is cut by dyke U10B, displays
NNW declinations and steep downward-pointing inclinations (Table 2;
Fig. 5). The cutting dyke U10B shows similar magnetization direction
with U10A. The mean directions were calculated using Fisher statistics
(Fisher, 1953). A site mean was accepted for further calculations if it
was obtained from three or more samples. We accepted the site means
from six 2.62 Ga Uaua tholeiite dykes (U1, U3, U5, U7, U8, and U10A).
We combined our results with the previous results of D’Agrella-Filho
and Pacca (1998), who accepted one site mean (#16) based on only a
single sample, and several site means based on two samples. Most site-
means in the prior study (except sites #10 and #26) have ags < 13.3°.

Dyke U9 shows a high coercivity component, with northwesterly
declination and intermediate upward-pointing inclination. This direc-
tion is similar to that of the present Earth’s magnetic field at the sam-
pling site (Fig. 6). A similar direction was obtained for the baked host
rock of this site (Table 2). We interpret that the dyke and its baked host
rock have recently been remagnetized, and the high coercivity sec-
ondary minerals carry a recent overprint magnetization direction. This
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interpretation is further supported by the low remanent magnetization
values and low Q ratio of this dyke. These results are not discussed
further.

4.3.1.1. Baked contact tests for the 2.62 Ga Uaud tholeiite dykes. The
baked host rock sample taken directly from the eastern contact of 20-m-
wide dyke U3 (the geochronology site of Oliveira et al. (2013)) shows a
ChRM similar to that of the dyke (Figs. 7 and 8; Tables 2 and 3). The
remanence directions for two unbaked host rock samples taken 20 m
east of the dyke have a northerly declination with a shallow upward-
pointing inclination, similar to the unbaked host directions measured
from sites U9 and 16 (Figs. 7 and 8; Table 3). While the ChRM
directions from the baked and unbaked host rocks are well defined
(Fig. 7), we interpret these data only as a provisionally-positive full
baked contact test due to the small number of samples, which prevents
calculating the statistics of mean directions for the baked or unbaked
host rocks.

For the tholeiitic Uaud dyke U1, we attempted a baked contact test
with both Archean gneiss and cross-cut noritic dyke U2. The baked host
rock samples taken directly from the east contact of the 1-m-wide dyke
Ul shows ChRMs similar to that of the dyke (Tables 2 and 3). The
samples of host gneiss samples taken 7 m east of the dyke yield ChRMs
with steep downward inclinations and westerly declinations (Tables 2
and 3, Fig. 8) somewhat resembling the directions from the dyke Ul
and baked host rocks. However, we cannot rule out the possibility that
these samples were partially remagnetized by another tholeiitic dyke,
possibly an offshoot of Ul.

The samples of U2 taken within 0.3-2 m from the contact with dyke
Ul show northerly declinations and steep downward inclinations, si-
milar to the mean direction of Ul (e.g., Fig. 5b and 8c; Tables 2 and 3).
At the same time, the samples of U2 taken at 15-20 m from the dyke Ul
did not yield consistent directions (Fig. 8c; Table 3). Because of the
small number of samples and the lack of a consistent direction from
unbaked rocks, this test cannot be classified as a fully positive and ro-
bust baked contact test. However, in opinion, these data can be inter-
preted as a partial positive baked contact test for Ul against U2.
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Fig. 7. Provisionally-positive baked contact test for the Uaué tholeiite dyke U3. Representative alternating field demagnetization data for (a) a dyke sample, (b) a
baked host rock sample, and (c, d) unbaked host rock samples. Symbols as in Fig. 5.
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Fig. 8. Paleomagnetic results. (a) The accepted site-mean remanence directions for the Uaud tholeiitic dykes (red symbols - this study; green symbols — D’Agrella-
Filho and Pacca, 1998). The Uaud tholeiitic dykes with curvature/swing in the trend are marked with cross (see discussion in the text). The dark grey and light grey
crossed circles show the group mean directions with the 95% confidence circle (ags) for the dykes with no curvature and with curvature in the trend, respectively. (b)
The mean remanence directions for Uaud tholeiitic dykes, baked host rocks (squares) and unbaked host rock (triangles) samples. The color-coding is the same as in
(a). The dark grey circle shows the combined group mean and ags for the Uaua tholeiitic dykes. (c) The site-mean direction for dyke U1 (red circle) with ags that cuts
noritic dyke U2, and the sample-level data from the noritic dykes U2 and U4 (pentagons). The samples of U2 (A1-2, D1-2) taken within 0.3-2 m from the contact with
dyke U1 show northerly declinations and steep downward inclinations, similar to the mean direction of Ul. The samples of U2 (E1, G1-2) taken at 15-20 m from U1
show inconsistent directions. Closed (open) symbols represent downward (upward) directions. The star shows the present Earth field (PEF) direction.

Tholeiitic dyke U9 and its baked host rocks show ChRMs similar to
the PEF direction at the sampling site (Fig. 8b), thus indicating a recent
overprint. However, the unbaked samples taken at 15 m from the dyke
display a northeasterly shallow upward magnetization direction similar
to the unbaked samples of sites U3 and 16 (Fig. 8b, Table 3). For site
U10, the host rocks did not yield stable ChRM directions. Therefore, for
both sites U9 and U10A, the BCTs are inconclusive.

4.3.1.2. Combined paleomagnetic dataset for the 2.62 Ga tholeiite dyke
swarm. We combined our results with the earlier results of D’Agrella-
Filho and Pacca (1998) for the 2.62 Ga Uaua tholeiite dykes (“basic
dykes”), and used the combined dataset to calculate the mean

magnetization direction (Table 2; Fig. 8b). Baked host rocks for the
two sites (#3 and #31) of D’Agrella-Filho and Pacca (1998) show
ChRM direction similar to that of the dykes. An unbaked host rock
sample for site #16 shows a direction similar to the unbaked host rocks
at our sites U3 and U9. These observations provide an additional
support to the primary origin of ChRM in the tholeiite dykes.

We cannot exclude the possibility that some of our sites coincide
with the sampling locations of D’Agrella-Filho and Pacca (1998). Based
on the sampling locality calculated from the paleomagnetic directions
and VGPs reported by the authors and on observation of the previous
drill holes, we interpret our sites Ul, U3, U5, U8, and UlOA as
equivalent (i.e. representing the same dyke) to Sites 7, 8, 25, 26, and 16
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Table 3
Results for baked contact tests for the Uaua tholeiitic dykes.
Site Trend/Dip ~ Width(m)  Lat(°N) Long(°E) (B)/N/n D() 10 a95 () k Ref  Comment
Tholeiitic dykes
U1l 92/90 1 -9.8159 320.5226 9*/12 010.2 71.9 5.1 73.1 1 U1 cuts through U2
U3 17/90 20 -9.8454 320.5304 8*/8 015.2 70.1 2.5 478.0 1
3 -9.8 320.5 4*/4 026.6 75.0 8.3 124.0 2
16 -9.8 320.7 1*/1 080.2 57.6 2
31 -9.9 320.7 2%/2 352.4 62.5 2
U9 57/80 2.5 -9.81530 320.68241 3*/3 305.9 -23.1 26.0 23.6 1
Baked host rock samples
U1l -9.81575 320.52261 2%/2 007.7 69.3 1 10 cm from dyke Ul
U3 -9.84540 320.53023 1/1 55.5 68.8 1 20 cm dyke U3
3 -9.8 320.5 5*/5 359.8 61.5 17.5 20.0 2
31 -9.9 320.7 2%/2 009.6 61.3 2
U9 -9.81530 320.68241 1/1 307.3 -32.0 1 5cm from dyke U9
Baked noritic dyke samples
U2-A 157/? 4 -9.81594 320.52248 1/2* 003.5 76.8 1 Within 0.3 - 2m from the contact with Ul
U2-D 157/? 4 -9.81594 320.52248 1/2* 343.4 73.4 1 Within 0.3 - 2m from the contact with Ul
Unbaked noritic dyke samples
U2-El 157/? 4 -9.81594 320.52248 1/1 256.1 52.8 1 Within 15 - 20 m from the contact with Ul
U2-G1 157/? 4 -9.81594 320.52248 1/1 160.7 9.7 1 Within 15 - 20 m from the contact with Ul
U2-G2 157/? 4 -9.81594 320.52248 1/1 196.7 53.7 1 Within 15 — 20 m from the contact with Ul
Unbaked host rock
U1l -9.81575 320.52261 2*/3 258.7 78.2 1 7 m from dyke Ul
U3 -9.84540 320.53047 2%/2 000.4 -12.4 1 > 20 m from dyke U3
16 -9.8 320.7 1/1 027.1 -18.8 2
U9 -9.81530 320.68241 1/1 307.3 -32.0 1 15m from dyke U9

Trend/Dip, Structural orientation (trend and dip) of dykes. Width, width of dykes. Lat/Long, site latitude and longitude. (B/)N/n, number of (sites/)samples/
specimens. * The number used to calculate the mean value. D, declination; I, inclination. ags, the radius of the 95% confidence cone in Fisher (1953) statistics. k,

Fisher (1953) precision parameter. Ref, 1 — this study, 2 — D’Agrella-Filho and Pacca, 1998.

Fig. 9. The new 2.62 Ga paleomagnetic pole for the Uaua tholeiite dykes (SF1)
with other poles of the Sdo Francisco craton (red) in the present South
American coordinates (Table 4). Pole colors: dark red - a key pole (the rock unit
has been adequately dated and the magnetization has proven to be of primary
origin) according to key pole criteria of Buchan et al., 2000; Buchan, 2014; pink
- a non-key pole; and yellow - paleomagnetic poles of Gondwana (Mitchell
et al., 2010). The arrow indicates the progression of ages of the Gondwana
poles. Numbers are ages in Ma. Pole abbreviations match those in Table 4. JdeF
— pole of Juiz de Fora complex (535-500 Ma, f)Agrella-Filho et al., 2004). The
Uaua block and Sédo Francisco craton are outlined with red.

of the prior study, respectively (Table 2). Sites U2, U4, U7, U9, and
U10B were not previously sampled. Therefore, the combined dataset
represents 20 independently cooled units (dykes). When calculating the
group mean direction and paleomagnetic pole, we assigned 0.5 weigh

Table 4

to each of doubly sampled sites (Table 2). We note that the group means
are statistically indistinguishable from the means calculated con-
sidering each site-mean as an independent field reading (Table 2) which
provides an additional support to the robustness of our analyses.

We interpret the 2.62Ga dykes as a curvilinear radiating dyke
swarm, i.e. the curvature is primary. We are not aware of any literature
that would provide unequivocal evidence for the primary nature of the
curvature. However, we have conducted a test for possible rotation of
paleomagnetic directions by comparing the data from the dykes with
curvature (dykes Ul, U3, 6-11) with the data from dykes without
curvature (shown in Fig. 8a as circles with crosses and plain circles,
respectively). The mean directions from these dyke groups (i.e. with
and without curvature) are statistically indistinguishable indicating
that the curvature does not affect the paleomagnetic direction and,
hence, is likely a primary feature. Another indication for the primary
nature of the dyke curvature comes from the lack of correlation be-
tween the dyke trend and declination although the number of data
points is small (we do not have the trends for the sites studied by
DAgrella—Filho and Pacca, 1998). We note however that due to the
relatively steep inclinations the potential rotation may be difficult to
discern.

4.3.2. Paleomagnetic results for the 2.73 Ga norite dykes

The ChRM directions for the two studied 2.73 Ga norite dykes, U2
and U4, demonstrate northeasterly declinations and steep downward-
pointing inclinations, similar to the ChRM of the 2.62Ga tholeiitic

Paleoproterozoic to Mesoproterozoic paleomagnetic poles for the Sdo Francisco craton.

Rock unit Code Age (Ma) Method PLat (°N) PLong (°E) Ags() 123456 Qg Paleomagnetic reference Geochronology reference
Sdo Francisco

Curaca dykes C 1506.7 = 6.9 U-Pb 10 010 15.8 1111105 Salminen et al. 2016 Silveira et al. 2013
Jequié charnockites SF2 2035 * 4 Ar-Ar -1 342 10.0 011011 4 D’Agrella-Filho et al. 2011 D’Agrella-Filho et al. 2011
Uaua tholeiitic dykes SF1 2623.8 + 7.0 U-Pb 25 331 8.1 1111105 This work Oliveira et al. 2013

Code, Code used in Fig. 9. Method, Radiometric method used for age determination. PLat, PLong, Latitude and Longitude of the pole. Ags, Fisher’s (1953) confidence
cone radius. 1-6 and Q), Reliability criteria from Van der Voo (1990) excluding criterion #7.
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Fig. 10. Barcode record of Archean cratons with mafic intrusions (dyke
swarms, sill provinces, and other components of LIPs). Star denotes the end of
cratonization (Bleeker, 2003; Van Kranendonk et al., 2012; Halla, et al., 2017).
Greenstone belts are indicated with green. The width of individual bars cor-
responds to the 20 error in radiometric ages. Uaua block/Sdo Francisco craton:
Cordani et al., 1999; Oliveira et al., 1999, 2002, 2011, 2013; Paixdo and
Oliveira, 1998; Ernst and Buchan, 2001). Pilbara and Kaapvaal cratons:
Gumsley et al., 2015, 2016, 2017. Zimbabwe craton: Soderlund et al., 2010.
Kola + Karelia cratons: Ernst and Buchan, 2001; Soderlund et al., 2010. Yilgarn
craton: Smirnov et al., 2013. Tanzania craton: Meert et al., 1994, 2016; Ernst
and Buchan, 2001 and references therein. Superior, Wyoming, Hearne, Slave,
North Atlantic, Sask, and Rae: Bleeker et al., 1999; Ernst and Buchan, 2001 and
references therein; Ernst and Bleeker, 2010.

dykes (Fig. 5; Tables 2 and 3). We propose that the 2.62 Ga Uaua
tholeiite dykes, which are the most abundant dykes in the Uaud block,
have completely overprinted the 2.73 Ga norite dykes, and the original
remanence of these dykes has not been preserved. The partial positive
BCT on Ul against U2 (Section 4.3.1.1) is consistent with this ob-
servation (Fig. 3). We also note that, near site U4, we observed an
outcrop of tholeiitic dyke that could have re-magnetized U4. Un-
fortunately, at that location, we could not find any tholeiitic rocks
suitable for paleomagnetic sampling.

5. Discussion and conclusions

5.1. The new 2.62 Ga Neoarchean paleomagnetic pole for the Uaud block of
the Sdo Francisco craton

The combined dataset of twenty separate 2.62 Ga Uaud tholeiite
sites yielded a group mean direction of D = 015.3° and I = 68.9°
(aos = 5.4°, k = 37.4) (Fig. 8b). The corresponding paleomagnetic pole
is located at Plat = 025.2°N, Plong: 330.5°E (Ags = 8.1°, K =17.3)
(Fig. 9). The new pole does not overlap with the other Early and Middle
Paleoproterozoic poles for the Sdo Francisco craton (Fig. 9; Table 4).
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The pole is ~30° from the Paleoproterozoic 2.0 Ga pole for Jequié
charnockites (D’Agrella-Filho et al., 2011) and ~40° from the Meso-
proterozoic high-quality 1.5Ga Curaga pole (Salminen et al., 2016).
Unfortunately, there are no other Archean poles for the Sdo Francisco
craton that the new pole can be compared with. We note that the Ags
for the 2.62 Ga Uaué pole overlaps with the Early-Middle Cambrian
poles (ca. 510 Ma) from across Gondwana (McElhinny et al., 2003;
Trindade et al., 2004; Mitchell et al., 2010), but not with the Juiz de
Fora 535-500 Ma pole (legrella—Filho et al., 2004).

Three “Brasiliano” mountain belts surround the Sdo Francisco
craton: the Brasilia belt to the west, the Aracuai belt to the east, and the
Riacho do Pontal-Sergipano belt to the north. In all of them, peak
metamorphic conditions were attained before 550 Ma (Brito Neves
et al.,, 1999; Oliveira et al., 2010), but remagnetization by low-tem-
perature hydrothermal fluids in the cratonic foreland may have per-
sisted well into the Early Cambrian (Trindade et al., 2004). Never-
theless, the provisionally-positive baked contact test supports the
original nature for the ChRM of the 2.62 Ga Uaua tholeiite dykes.

D’Agrella-Filho and Pacca (1998) suggested a secondary origin for
the ChRM of the 2.62 Ga dykes acquired during uplift followed by a
slow cooling of the crust during the final stages of the Transamazonian
cycle. Their interpretation was mainly based on the comparison of their
pole with the 2.0 Ga and 1.8 Ga poles of Kalahari in its present-day
configuration relative to the Congo craton and the available K-Ar,
“°Ar/39Ar, and Rb/Sr geochronology. However, there is no evidence
that Kalahari and Congo were in their present-day configuration in the
Archean. Instead, it has been shown that the Kalahari cratons (e.g.,
Kaapvaal and Zimbabwe) have a distinct drift history in the Archean
and Early Paleoproterozoic (e.g., de Kock et al., 2009; Smirnov et al.,
2013). This implies that the Kalahari poles cannot be used to determine
ages for poles from the Sdo Francisco craton. D’Agrella-Filho and Pacca
(1998) pointed out that AF and thermal demagnetization suggested the
presence of additional distinct magnetization components with higher
coercivities and/or blocking temperatures for 2.62 Ga Uaud tholeiitic
dykes. The dykes sampled by us and accepted for the mean calculation
showed no indication of higher coercivity or higher/lower unblocking
temperature components. Moreover, based on the obtained provision-
ally-positive baked contact test, we propose that the pole for Uaua
tholeiite dykes represents a magnetization age close to its U-Pb age of
2.62 Ga.

5.2. Implications for Archean supercratons

5.2.1. Magmatic age barcode comparison

Age barcodes provide a convenient graphical representation of the
magmatic events within cratons. If two or more cratons show coeval
magmatic events and tectonic settings at a certain time, it is likely that
they were nearest neighbors in an ancestral supercraton (Bleeker and
Ernst, 2006). Smirnov et al. (2013) proposed that the cratonization time
will not necessarily match between nearest neighbors if they became
close to each other after cratonization. Smirnov et al. (2013) further
pointed out that dyke swarms are more diagnostic in defining nearest
neighbors than the basement geology. Magmatic age barcodes for the
northern part of the Sdo Francisco craton (Ernst and Buchan, 2001)
were compared with age barcodes for the Pilbara, Kaapvaal, Zimbabwe,
Yilgarn, Tanzania, Kola + Karelia, Superior, North Atlantic, Slave,
Hearne, Wyoming, Sask, and Rae cratons (data mostly from Ernst and
Buchan, 2001) (Fig. 10).

For these cratons, there are three distinct groups based on the cra-
tonization ages. The Uaua block and the Pilbara and Kaapvaal cratons
were first to cratonize in the Mesoarchean. The Uaua block appears to
have cratonized shortly after the high-pressure granulite facies meta-
morphism ca 2.82 Ga (Oliveira et al., 2015) and before emplacement of
the 2.726 Ga noritic dykes. Cratonization of the Pilbara craton can be
assigned to about 2.825-2.800Ga, after which the 2.772 Ga Black
Range mafic dykes emplaced (Wingate, 1999) and the 2.78-2.63 Ga
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Fig. 11. A plausible global paleogeographic reconstruction at 2.62 Ga. Paleopole numbers are as in Table 5. The bold text and a solid pole with a black outline
indicates a key pole (well-defined rock age and proven primary magnetization direction, Buchan 2014). Black arrows indicate the present North. K — Kaapvaal, Ka —
Karelia, Ko — Kola, P — Pilbara, Su - Superior, SF -Sdo Francisco, T — Tanzania, W - Wyoming, Y - Yilgarn, Z — Zimbabwe. The used poles are listed in Table 5 and the

used Euler rotations are listed in Table 6.

Fortescue Basin developed (Hickman, 2012). Cratonization of the
Kaapvaal craton ended by 2.91Ga (the 3.0-2.8 Ga epicontinental
Pongola group). The final stages of cratonization for the Zimbabwe,
Yilgarn, Tanzania (?), Kola + Karelia, Superior, North Atlantic and Rae
cratons commenced by 2.68-2.63 Ga (Bleeker, 2003; Van Kranendonk
et al., 2012; Halla et al., 2017) and were completed in the Neoarchean.
The cratonization of Slave, Wyoming, Hearne, and Sask cratons ended
in the Paleoproterozoic by 2.53-2.45Ga (Bleeker, 2003; Van
Kranendonk et al., 2012; Halla et al., 2017).

The Kola + Karelia (Kostomuksha), Superior (Crow), North Atlantic
(Fiskenaesset), and Yilgarn (Marda) cratons share coeval greenstone
belts (with komatiites) of ca. 2.85 Ga in age (Fig. 10). Ca. 2.75-2.80 Ga
greenstone belts (with komatiites) coeval with the Rio das Velhas
Greenstone Belt (Sdo Francisco) exist in Kola + Karelia (Kuhmo, Ilo-
mantsi, and Olenegorsk) and Superior (Pickle).

Ca. 2.73 Ga magmatism coeval with the noritic dykes exist in the
stabilized Pilbara (the Fortescue group) and Kaapvaal (the Ventersdorp
group) cratons, and in the non-stabilized Kola + Karelia (Ilomantsi,
Kuhmo), Superior (Wabigoon tholeiitic dykes), and Slave (the Kam
group) cratons (Fig. 10). The Stillwater complex in Wyoming represents
slightly younger magmatism. No magmatism coeval to the 2.62Ga
Uaué tholeiite dyke swarm have been observed for other cratons. The
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next magmatic age barcode match for the SF craton is at ca. 2.1 Ga (the
Paraopeba tholeiitic dyke swarm) with Kola + Karelia (Karelian mafic
dykes), Superior (Marathon mafic dykes), and Wyoming (e.g., Bear
Mountain mafic dykes).

Based on similar Mesoarchean cratonization ages and matching
2.73 Ga magmatism, we propose that Uaud, Kaapvaal, and Pilbara were
nearest neighbors in the Mesoarchean. Furthermore, based on matching
coeval greenstone belt and cratonization ages of Zimbabwe, Yilgarn,
Kola + Karelia, Superior, and North Atlantic, we propose that these
cratons were nearest neighbors in the Neoarchean. Based on coeval ca.
2.77-2.65 Ga Sanukitoid granitoids (Halla et al., 2017) in Karelia, North
Atlantic, Superior, Yilgarn, and Kaapvaal/the Limpopo Belt, we propose
that these cratons were parts of the same supercraton at this time.
Matching 2.73 Ga magmatism adds the Pilbara and Slave cratons to this
supercraton.

5.2.2. Reconstructing Archean supercratons

We illustrate a plausible Archean reconstruction of the 2.62 Ga pa-
leogeography in Fig. 11. The paleomagnetic poles and Euler parameters
used in the reconstruction are listed in Tables 5 and 6, respectively. We
only used the highest quality paleomagnetic data. The Van der Voo
(1990) reliability criteria are listed in the Table 5. If the pole fulfils
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Table 5 (continued)

% Pole reference

Q Q3 Qi Qs Qs Q

Q

Plat (°) Plon(") Ags

Age references

Method

Age (Ma)

Code Rock unit

Evans and Halls 2010
4 Fahrig et al. 1986 Buchan et al. 1998;

6 Pullaiah and Irving 1975; Buchan et al.
1990;

0

1

4.8

227.0

Buchan et al. 1990 69.0

<2680 + 1 Correlation

Otto Stock lamprophyre dykes (eastern
reference frame)

Sul

213.0 138 1 0

-45.3

Buchan et al. 1998

U-Pb (zr bd)

2505 *= 2

Ptarmigan-Mistassini

Su2

Evans and Halls 2010
6 Evans and Halls 2010

1

2383 1.6

441

Heaman 1997; Halls et al.

2005

U-Pb (zr bd)

Matachewan R (rotated across Kapuskasing 2473 - 2446

Structural zone eastern reference frame)

Su3

6 Evans and Halls 2010

1

2.4

239.5

-52.3

Heaman 1997; Halls et al.

2005

U-Pb (zr bd)

Matachewan N (rotated across Kapuskasing 2446 + 3

Structural zone V)
Nipissing N1

Su4

1 7 Buchan et al. 2000

1

272.0 10

7.0

-1

Andrews et al. 1986; Noble

and Lightfoot 1992

U-Pb (bd)

2217 = 4

Su5

7 Buchan et al. 1993

1

1

6.0

284.3

-15.3

Buchan et al. 1993

U-Pb (bd)

2216 + 8/-4

Senneterre dykes
WYOMING (W)

Su6b

5 Selkin et al. 2008

0

1

3358 4.0

-83.6

De Paolo and Wasserburg

1979; Premo et al. 2000

U-Pb (zr bd)

2705 = 4;2701 = 8

Stillwater complex

w1

Code, corresponds to the code in Fig. 11. Plat Plong, pole latitude and longitude. Ags, 95% confidence circle of the pole. Q, Van der Voo (van der Voo 1990) reliability criteria. 1 (0) indicates that the pole fulfils (fails) the

criteria. If the pole fulfils criterion Q1 (well defined geochronology) and criterion Q4 (primary magnetization proved by field tests) and some other criteria, it can be called a key pole (Buchan 2014). For Superior,

Wyoming, Kola, and Karelia, the north poles are used.
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criterion Q1 (well-defined geochronology) and criterion Q4 (primary
magnetization proven by a field test) and some other criteria, it can be
called a key pole (Buchan, 2014). We use the matching cratonization
and magmatic barcodes to propose that northern Sao Francisco (Uaud),
Superior, Karelia + Kola, Zimbabwe, Yilgarn, Tanzania, Kaapvaal and
Pilbara were nearest neighbors at 2.62 Ga. Gumsley et al. (2017) pro-
posed an Archean supercraton that included Superior, Wyoming,
Hearne, Kola + Karelia, Kaapvaal, and Pilbara. Later, Gumsley (2017)
named it Supervaalbara. We follow these authors and call our proposed
reconstructed supercraton Supervaalbara.

Superior is reconstructed using the loosely dated Otto Stock pole
(Pullaiah and Irving, 1975; Buchan et al., 1990; Evans and Halls, 2010).
This pole takes Superior to a high latitude of ca. 60°. Kola is re-
constructed to Karelia in its present-day configuration, which is sup-
ported by 2.5-2.45 Ga paleomagnetic poles (however, for a different
timing of collision, see also Lahtinen et al., 2008; Bogdanova et al.,
2008). Karelia + Kola are reconstructed to Superior, distinct from the
Superia fit (Bleeker and Ernst, 2006), so that northern Kola is re-
constructed to the 2.5 Ga Ptarmigan-Mistassini swarm in eastern Su-
perior, and the Ptarmigan-Mistassini dykes radiate towards 2.5Ga
layered intrusions in Kola. This fit is supported by the 2.63 Ga pole for
Karelia (Varpaisjarvi granulites; Manttari and Holttd, 2002; Mertanen
et al., 2006a). This fit differs from the Superia fit in which northern
Karelia was reconstructed against the 2.45-2.49 Ga Matachewan swarm
in Superior. In our Superior — Karelia + Kola fit, the 2.5Ga pole of
Superior overlaps with 2.5-2.45 Ga poles of Kola, which overlap with
coeval Karelian poles, thus supporting the proposed reconstruction
until 2.5-2.4 Ga.

Zimbabwe and Yilgarn are shown close to the Zimgarn reconstruc-
tion (Smirnov et al., 2013). Based on barcode matching, Soderlund
et al. (2010) proposed that Zimbabwe and Kola + Karelia were nearest
neighbors at 2.4 Ga. Comparison of the 2.7-2.6 Ga poles of Superior,
Karelia, and Zimbabwe indicates that Zimbabwe reached the proximity
of Karelia between 2.7 Ga and 2.63 Ga. Following Soderlund et al
(2010), we reconstructed Zimbabwe close to Karelia so that the or-
ientations of the 2.4 Ga dyke swarms in both cratons (the Sebanga Poort
dykes in Zimbabwe and the Taivalkoski dykes in Karelia) match. The
2408.3 = 2.0Ma age of the Sebanga Poort Dyke (Soderlund et al.,
2010) can be linked to the 2408 + 2Ma du Chef swarm in the east
Superior craton (Krogh, 1994). Age equivalents in the Kola + Karelia
block are represented by the 2403 = 3Ma Ringvassgy dykes of
northern Kola (Kullerud et al., 2006) and by the 2407 *= 35Ma Tai-
valkoski dykes (Vuollo and Huhma, 2005) in northern Karelia. Coeval
mafic dyke swarms in Yilgarn are the 2410 + 3 Ma Widgiemooltha
swarm (Nemchin and Pidgeon, 1998; French et al., 2002) and the
2401 + 1Ma Frayinia swarm (Pisarevsky et al, 2015). The
2.5-2.45 Ga paleomagnetic poles for Karelia, Kola, Zimbabwe, and
Yilgarn support this reconstruction. After 2.45 Ga, the poles of Superior
and Karelia + Kola diverge, indicating that rifting and separation of
these cratons had started.

Kaapvaal and Pilbara are reconstructed close to Superior, following
Gumsley et al. (2017), but using a different rotation, so that the present
SW part of the Kaapvaal craton is reconstructed against the present SW
part of the Superior craton. In this reconstruction, the 2.4 Ga Ongeluk
magmatism (Gumsley et al., 2017) could radiate from the same source
as the 2.48-2.45 Ga Matachewan dykes of Superior. We reconstructed
Wyoming according to Kilian et al. (2015) close to Superior and
Kaapvaal at 2.7Ga. The 2.7 Ga poles for Kaapvaal, Pilbara, and
Wyoming match in this configuration. At 2.5-2.45 Ga, the poles of
Kaapvaal and Superior overlap, indicating that this configuration could
be valid until the Paleoproterozoic. There are no coeval paleomagnetic
poles for Pilbara or Wyoming to test their Paleoproterozoic re-
construction.

The new tentative 2.62 Ga Uaua pole takes the northern part of the
S3o Francisco block to intermediate latitudes of ca. 45° (Fig. 11). Be-
cause of the matching cratonization time, greenstone belts, and coeval
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Table 6

Euler rotation parameters (Eis:" Eiong” Erot’) for Archean reconstructions shown in Fig. 11.
Craton Elat () Elong () Rot () Comment
Superior absolute rotation -76.15 6.53 -100.17 Sul (Table 5)
Wyoming to Superior 48.00 -95.00 125.00 Kilian et al., 2015
Sao Francisco absolute rotation 51.53 -68.04 105.60 SF1 (Table 5)
Kola to Karelia 0.00 0.00 304.00 Kola to Karelia in present-day configuration
Karelia -113.98 -93.60 191.00 Ka3 (Table 5)
Tanzania absolute rotation 13.09 49.85 259.19 Interpolating T1 and T2 (Table 5)
Zimbabwe absolute rotation -6.56 -121.73 126.56 Interpolating Z1 and Z2 (Table 5)
Yilgarn to Zimbabwe -45.42 83.69 152.86 Modified Zimgarn (Smirnov et al., 2013)
Kaapvaal absolute rotation 13.87 33.51 -152.01 Interpolating K1 and K5 (Table 5)
Pilbara absolute rotation 7.31 58.01 -206.97

magmatism at 2.72 Ga, we reconstruct the SF close to the Zimbabwe,
Yilgarn, Kola + Karelia, Superior, Kaapvaal, and Pilbara cratons. The
matching 2.72 Ga magmatism also supports the close proximity with
the Karelia + Kola, Superior, and Wyoming cratons. We propose a re-
construction at 2.62 Ga where the Sdo Francisco craton is between the
Wyoming and Zimbabwe cratons, so that the present northern part of
the Sao Francisco craton is pointing towards the present southwestern
part of the Wyoming craton. There are no paleomagnetic data to test the
life cycle of the northern part of the SF craton in this reconstruction.

Our speculative Archean reconstruction based on a modest amount
of paleomagnetic data and comparison of magmatic barcodes demon-
strates that the Uaud block could have been part of the Supervaalbara
supercraton. Due to the limited amount of Archean—Paleoproterozoic
paleomagnetic data for the Sao Francisco craton, we are currently un-
able to test the duration of this configuration more precisely. Based on
matching paleomagnetic poles and/or magmatic barcodes, we propose
that Supervaalbara formed by 2.62 Ga. Mafic magmatism and paleo-
magnetic data indicate that it started to break up after 2.5-2.45 Ga. The
Zimgarn, Kaapvaal, Pilbara, and Superior-Karelia + Kola cratons are
thought to have broken off at the latest between 2.2 and 2.0 Ga
(Bleeker, 2003; de Kock et al., 2009; Smirnov et al., 2013) and amal-
gamated by the Paleoproterozoic to form composite cratons (e.g.,
Laurentia, Baltica, Kalahari, Sdo Francisco).
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