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ARTICLE INFO ABSTRACT

Keywords: The location of the Congo-Sao Francisco (CSF) craton, one of the largest cratons in Proterozoic paleogeography,
Paleomagnetism has been poorly constrained for the supercontinent Nuna interval (ca. 1800-1300 Ma). Initial models of Nuna
Geochronology

suggested that the CSF craton was part of the Atlantica continent, together with Amazonia, West Africa, and
perhaps Rio de la Plata, as a separate continental block from other Nuna constituents. In other Nuna models the
CSF craton has been placed adjacent to Baltica and Siberia, the core of Nuna, based mainly on ages of mafic
magmatism and sparse paleomagnetic data. Through a geochemical, geochronological and paleomagnetic study
of the WNW-trending Virei mafic dykes, which extend outward from the Mesoproterozoic Kunene Igneous
Complex in southwest Angola, we provide a U-Pb baddeleyite age of 1385 + 5 Ma, geochemical signatures, and a
robust Mesoproterozoic paleomagnetic pole to test the CSF craton’s placement within Nuna. Including our new
pole with quality-filtered poles from the other cratons during the Nuna interval, we propose a refined Nuna
model with (1) southwest Congo / west Siberia cratonic connection at 1700-1500 Ma, (2) proximity of Amazonia
and West Africa cratons, and (3) connection of southwest Congo craton with northwest West Africa at 1380 Ma.
Our proposed 1500-1380 Ma reconstructions are further supported by matching large igneous province (LIP)
records from these crustal blocks. The new 1385 Ma Virei pole, when considered relative to an earlier CSF pole at
ca. 1500 Ma, requires substantial azimuthal rotation (~85°) of CSF in the intervening time interval. To
accommodate both the matching LIP records and paleomagnetic data from CSF and neighboring cratons in Nuna,
we propose an interval of transform motion near the supercontinent’s periphery prior to more widespread mid-
Mesoproterozoic supercontinental breakup.

Geochemistry
Congo-Sao Francisco craton
Nuna supercontinent

1. Introduction and atmosphere (e.g., Rogers, 1996; Rogers and Santosh, 2009; Nance
etal., 2014; Condie et al., 2015). Paleogeographic reconstructions of the

The assembly and break-up of the Paleoproterozoic— Nuna interval have shown significant advances in the last two decades
Mesoproterozoic supercontinent Nuna (also known as Columbia) is (e.g., Pesonen et al., 2003; Evans, 2013; Pisarevsky et al., 2014; Pehrs-
considered by some to represent Earth’s first supercontinent cycle, son et al., 2016; Elming et al., 2021), based on global paleomagnetic
profoundly influencing Earth’s geosphere, biosphere, ocean circulation, data and geological correlations. There is common consensus that
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Baltica, Laurentia and Siberia formed the core of the Nuna supercon-
tinent (e.g., Gower et al., 1990; Salminen and Pesonen, 2007; Evans and
Pisarevsky, 2008; Evans and Mitchell, 2011; Pisarevsky et al., 2014;
Ernst et al., 2016; Mitchell et al., 2021), with proto-Australian cratons
close to western margin of present-day Laurentia (e.g., Kirscher et al.,
2020). Reconstructions of the Nuna supercontinent cycle (ca.
1800-1300 Ma) have been hampered by a lack of paleomagnetic data at
key intervals. Notably, paleomagnetic data for the Congo-Sao Francisco
(CSF) craton during the Nuna cycle is scarce, and the location of CSF
craton has consequently been poorly constrained. Initial models of Nuna
placed the CSF craton, together with Amazonia, West Africa, and
perhaps Rio de la Plata cratons, as part of the Atlantica continent and
separate from other parts of Nuna (Rogers, 1996; Rogers and Santosh,
2009) (Fig. 1a); and this was later tested by Elming et al. (2021). Rogers
(1996) proposed that Atlantica persisted for more than 1 billion years,
until the formation of Gondwana at ca. 600-520 Ma and further until
Pangea. Subsequently, however, Atlantica in its original configuration
was challenged by Paleoproterozoic paleomagnetic data obtained

Kalahari

Rogers 1996,
Rogers and Santosh 2009
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mainly from Amazonia (+West Africa) and Rio de la Plata cratons
(D’Agrella-Filho et al., 2011; Rapalini et al., 2015), resulting in a pro-
posed modified configuration and possible connection (Rapalini et al.,
2015; Franceschinis et al., 2019).

Based mainly on geological evidence and temporal “barcode”
matches of large igneous provinces (Bleeker and Ernst, 2006), and also
using sporadic paleomagnetic data, the CSF craton has been recon-
structed with other cratons during the Nuna cycle. A connection with
Siberian craton was proposed based on barcode matching at ca. 1500
and ca. 1380 Ma by Ernst et al. (2013), but paleomagnetic support for
such a reconstruction was limited to an old result (Piper, 1974) that
requires confirmation by more modern methods and field tests on the
age of remanence acquisition. Pisarevsky et al. (2014), nevertheless,
used this relative configuration of CSF and Siberian cratons in their
1500 Ma Nuna reconstruction (Fig. 1c), which at the time was lacking
paleomagnetic data for CSF craton. Salminen et al., (2016a) provided a
high-quality 1500 Ma Curaca paleomagnetic pole for Sao Francisco and
used this to reconstruct CSF craton in close proximity with Baltica and
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Fig. 1. Selected previous models of Nuna (a) at 1500 Ma after Rogers (1996) and Rogers and Santosh (2009), (b) at 1400 Ma Zhang et al. (2022), (c) at 1500 Ma
Pisarevsky et al. (2014), and (d) at 1500 Ma Salminen et al., (2016a); Salminen et al. (2021) (orange squares indicate large igneous provinces, see Fig. 13a). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Siberia (Fig. 1d), and this was later followed by a broadly similar
reconstruction model by Zhang et al. (2022) (Fig. 1b). Zhang et al.
(2022) also proposed a connection of CSF craton with West African
craton (Fig. 1b) based on matching the magmatic barcode at 1380 Ma.

Testing the kinematics of CSF during the Nuna interval is hampered
by the sparseness of paleomagnetic data. Only a small number of
paleomagnetic data exist for CSF craton (see summary in Salminen et al.,
2016a; Trindade et al., 2021), and the only high-quality published pole
for the Nuna interval is the 1500 Ma Curaca pole (Salminen et al.,
2016a). The motivation for the present study was to obtain geochro-
nological and paleomagnetic data from the 1385 Ma Virei dyke swarm of
the Congo craton and to examine the CSF craton’s placement within the
Nuna cycle

2. Geology and sampling of the Virei mafic dyke swarm
2.1. Geologic overview

Congo and Sao Francisco cratons are composed of several Archean
and Paleoproterozoic nuclei welded together by Paleoproterozoic belts
(Hanson, 2003; De Waele et al., 2008; Weber et al., 2016; Trindade
et al., 2021) (Fig. 2). This pre-Atlantic assembly of the CSF craton dates
back to at least ca. 2000 Ma, with the closure of major Paleoproterozoic
orogenic belts related to Nuna amalgamation (e.g., Zhao et al., 2004).
The main Archean and Paleoproterozoic nuclei of the Congo craton are
the Angola-Kasai block, the NE-Congo-Uganda Block, Bangweulu Block,
the Ntem Gabon Block, and the Tanzania craton (de Wit et al., 2015)
(Fig. 2). Particularly prominent is the age match of ca. 2000 Ma base-
ment rocks in Bahia (Sao Francisco craton) and Gabon (Congo craton)
(Hurley et al., 1967; Torquato and Cordani, 1981; Porada, 1989). In
addition, widespread mafic LIP magmatism with U-Pb baddeleyite ages
of 1500 and 920 Ma is found on both continents, further corroborating
this trans-Atlantic correlations through the barcode comparison (Ernst
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et al., 2013). Magmatic events at 1380 and 1100 Ma are only reported
for Congo craton (not yet found in the Sao Francisco craton), and instead
have been correlated with coeval events in Kalahari craton (e.g., Ernst
et al., 2013; Salminen et al., 2018).

The crystalline basement on Angola-Kasai block was intruded during
the Mesoproterozoic by a set of mafic sills and dykes of about 1500 and
1100 Ma (Ernst et al., 2013; Salminen et al., 2018), and by the large ca.
1440-1375 Ma Kunene Complex (1438-1375 Ma; e.g., Mayer et al.,
2004; Driippel et al., 2007; Bybee et al., 2019), for which the most recent
geochronological results imply more narrower age range at ca.
1384-1375 Ma (U-Pb zircon/baddeleyite ages, Bybee et al., 2019). The
WNW-trending mafic Virei dyke swarm trends prominently towards the
Mesoproterozoic Kunene Complex but has not been observed to cut it
(Fig. 3).

2.2. Sampling of the Virei mafic dyke swarm

Thirty-two WNW-trending mafic dykes were sampled in the southern
part of the Congo craton in Angola (Fig. 3) during two field seasons in
2016 and 2018, as a part of a broader study on numerous dyke swarms
exposed in the area. Twelve of the sampled dykes yielded usable
paleomagnetic results. Wherever the contact between dyke and host
rock was visible, the dyke was observed to have a vertical to subvertical
dip. Samples for paleomagnetic analyses were taken with a portable
field drill. Eight to twelve oriented 2.5 cm diameter core samples were
collected from each dyke (interpreted as a separate cooling unit). Baked
and unbaked host granite and granitic gneiss at four sites (51626, S1807,
S1812, and S1823) were sampled for baked contact tests. In addition,
one crosscutting ENE trending dyke (site S1616) was sampled for an
inverse baked contact test. Eighteen to twenty-seven samples were
collected from each baked contact test site. Cored samples were oriented
using both solar and magnetic compasses. Possible effects of lightning
strikes on outcrops were screened for with a magnetic compass. A block
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Fig. 2. Regional tectonic map of Sao Francisco and Congo cratons in a pre-Atlantic configuration. Sites for paleomagnetic poles discussed in this paper are indicated
with black squares, where numbers are ages in Ma. ~ 1370 Ma circumferential Lake Victoria dyke swarm indicated (Makitie et al., 2014). Inset: cratons of western
Gondwana include Kalah — Kalahari, P — Paranapanema, RP — Rio de la Plata, SF — Sao Francisco. Modified from Trindade et al. (2021).
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Fig. 3. Site locality map with Google Earth™ background. White lines indicate sampled WNW-trending dykes, from these 12 sites, marked in bold white font with
black outlines, yielded acceptable paleomagnetic results. Blue line at site S1616 indicates the crosscutting ENE dyke. Red lines indicate 1.1 Ga dykes (Salminen et al.,
2018). Eastern limit of Kaoko belt allochthon is from Goscombe et al. (2018). Inset abbreviations: DLZO-Damara-Lufilian-Zambezi orogen, Kala-Kalahari craton,
SF-Sao Francisco craton, W.Afr.-West African craton. U-Pb baddeleyite age site (§1633) indicated (Lat: 15.6776°S, Long: 12.8075°E). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

sample was taken from a 50 m wide dyke (S1633) close to the town of
Virei (Lat: 15.6776°S, Long: 12.8075°E), for geochronology (Fig. 3). In
addition, block samples were collected for geochemical analyses from all
dykes that were sampled for paleomagnetic study few hundred meters
away from paleomagnetic sampling site .

3. Methods
3.1. Geochronological methods

Baddeleyite was separated from dyke S1633, a coarse-grained dyke
close to Virei (Fig. 3), using the water-based separation technique of
Soderlund and Johansson (2002) at the Department of Geology, Lund
University. About 40 dark brown baddeleyite grains were recovered.
The best grains were combined into three fractions comprising 5-7
grains in each. The U and Pb isotopic compositions were measured at the
Department of Geosciences at the Swedish Museum of Natural History
using a Thermo Scientific - Finnigan TRITON isotope dilution thermal
ionization mass spectrometer (ID-TIMS). The U and Pb isotopic com-
positions of the samples were measured in dynamic (peak jumping)
mode using a secondary electron multiplier. The procedural blank in the
isotope laboratory at the Swedish Museum of Natural History was
determined to be 0.8 pg for Pb and 0.08 pg for U. Mass fractionation for
Pb was determined by replicate analyses of the common and radiogenic

NIST standard reference materials SRM 981 and SRM 983. U fraction-
ation was obtained directly from the measured 233U/2°U isotopic ratio
(close to unity). The Stacey and Kramers (1975) common Pb evolution
curve was used to estimate initial Pb compositions in each fraction
measured. The decay constants used were 1.55125 x 107! (?*¥U) and
9.8485 x 10710 (23%U), with the isotopic composition of U being
23814235 = 137.88 (Jaffey et al., 1971; Steiger and Jager, 1977). The
final analytical results were calculated and plotted using the Microsoft
Excel Macro, Isoplot (Ludwig, 2003).

3.2. Geochemical methods

Twelve bulk rock samples were processed and analysed for major
and trace elements at Stellenbosch University’s Central Analytical Fa-
cility, as specified in greater detail by Klausen et al. (2017). Samples
were first cleaned, and then fresh blocks were cut for steel jaw crushing.
A small handful of quarter-and-cone split crushed sample material was
milled in a tungsten-carbide swing mill with a Co-binder in its lining.
Sample millings were intermingled with clean quartz runs. Powders
were fused into La-free glass beads for both (1) major element X-Ray
Fluorescence (XRF) analysis using Philip’s PW1404w instrument (Axios
from PANalytical with a 2.4 kWatt Rh X-ray Tube), and (2) trace element
analysis, using an Agilent 7500ce ICP-MS coupled with a Nd-YAG 223
nm New Wave LASER ablation (LA) system operating at a 12 Hz
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Table 1
U-Pb TIMS data of the sample from the Virei swarm, Angola, corresponding to paleomagnetic site S1633.
Analysis no. U/Th  Pb./Pby'  2%Pb/?%Pb  27Pb/2%U  +£20 Werr 2°°Pb/?8U 426 %err 207Pb/?°U  2°6pb/238y  207pb/2%ph  +26  Concordance
(number of grains)
raw” [corr]® [age, Ma]
Bd-1 n.m. 0.110 610.1 2.8619 1.32 0.23586 1.3 1371.9 1365.2 1382.5 8.7 0.987
(6 grains)
Bd-2 n.m. 0.046 1021.3 2.8802 0.97 0.23684 0.94 1376.7 1370.3 1386.8 6.8 0.988
(5 grains)
Bd-3 n.m. 0.098 567.2 2.7652 2.16 0.22791 2.12 1346.2 1323.5 1382.4 11.4 0.957
(7 grains)

1 Pbc = common Pb; Pbtot = total Pb (radiogenic + blank + initial): n.m. = not measured.

2 Measured ratio, corrected for fractionation and spike.

3 Isotopic ratios corrected for fractionation (0.1 % per amu for Pb), spike contribution, blank (0.8 pg Pb and 0.08 pg U), and initial common Pb. Initial common Pb
corrected with isotopic compositions from the model od Stacey and Kramers (1975) at the age of the sample.

Table 2

Bulk rock geochemistry of the Virei swarm, Angola.
Sample S1633 S1611 S1621 51628 S1801 S1802 S1802M S1804 S1812 S1814 51836 S1811
Latitude —15.6707 —16.7407  —-16.3400  —15.7158 —16.0271 —16.1198 —16.1198 —16.0577 —15.8037 —15.7999 —16.2078 —15.7984

Longitude 12.7910 13.2420 12.4373 12.4292 12.8557 12.8809 12.8809 12.8170 13.0450 12.7487 12.4445 13.0509
Major oxides and LOI

(Wt%)
Si0, 46.20 46.80 49.66 42.90 45.27 43.58 43.52 42.04 48.82 47.60 44.96 44.03
TiOy 0.64 1.60 1.72 4.04 1.63 2.78 3.02 3.04 1.70 3.63 3.39 4.00
Al,03 19.96 16.69 13.90 14.19 17.09 15.66 15.21 15.95 17.99 13.94 15.62 14.26
Fe;03 10.46 13.24 13.42 18.02 12.93 15.82 15.97 16.81 12.27 16.45 16.97 17.28
CaO 9.64 8.57 10.13 7.22 8.66 9.12 8.40 6.66 5.12 7.10 7.34 7.03
MgO 10.05 6.57 6.24 4.99 7.25 6.65 6.65 5.35 3.65 4.20 5.53 4.76
MnO 0.14 0.19 0.22 0.23 0.18 0.20 0.24 0.22 0.16 0.22 0.20 0.20
Na,O 2.39 2.29 1.94 3.29 2.13 2.04 2.83 3.00 5.20 3.01 2.94 3.02
K,0 0.23 1.28 0.67 1.84 0.95 0.93 0.74 2.55 0.56 1.86 1.19 1.43
P,05 0.13 0.41 0.18 1.26 0.22 0.76 0.83 0.84 0.24 1.09 0.91 1.12
LOI 0.18 2.15 0.96 1.10 3.92 3.35 3.35 4.18 5.71 1.45 1.36 3.26
Total 100.02 99.83 99.04 99.08 100.24 100.90 100.77 100.65 101.43 100.55 100.42 100.39
Trace elements (ppm)
Sc 13.56 27.30 42.00 24.80 29.71 24.52 26.78 27.04 31.03 28.10 26.37 25.69
\% 79.5 212.5 316.0 200.1 255.8 252.4 258.8 255.1 271.9 240.8 254.9 240.0
Cr 56.6 67.2 53.1 13.4 115.1 82.4 81.4 85.4 124.8 26.7 59.9 30.5
Ni 201.1 93.6 71.4 52.6 137.4 94.3 83.8 91.9 137.0 35.1 75.5 48.5
Cu 31.2 58.5 98.4 61.5 59.8 54.7 51.2 28.3 88.1 44.9 57.1 52.5
Zn 132.3 110.2 105.1 145.8 103.2 123.3 171.6 193.7 184.5 150.8 159.9 152.3
Rb 3.42 50.40 17.54 39.20 37.80 29.93 22.08 89.20 26.14 39.38 23.95 33.63
Sr 406 523 243 344 336 414 280 333 237 375 402 356
Y 6.91 26.47 23.66 47.22 21.66 29.68 32.28 32.82 23.28 45.96 41.71 41.73
Zr 33.2 120.1 98.3 326.5 103.6 150.7 167.6 167.7 117.9 334.8 276.8 303.7
Nb 3.07 7.23 5.74 20.91 7.57 12.94 14.24 14.55 8.45 23.37 20.24 22.86
Mo 0.190 0.340 0.420 1.080 0.570 0.910 1.145 0.575 0.655 1.510 0.975 1.495
Cs 0.372 11.035 0.795 1.985 0.850 2.605 3.465 7.285 2.245 3.075 0.421 1.845
Ba 130 543 516 757 831 574 627 1328 176 1084 637 735
La 4.61 23.41 10.05 42.19 12.72 22.13 23.64 23.84 14.66 46.92 34.01 40.71
Ce 10.27 51.60 23.07 96.30 27.34 50.65 55.04 56.08 31.69 102.75 77.00 91.20
Pr 1.31 6.56 3.23 12.62 3.66 6.83 7.44 7.58 4.15 13.29 10.14 11.90
Nd 6.12 28.70 15.04 57.05 17.28 31.44 33.39 34.75 19.02 58.61 45.75 52.75
Sm 1.34 5.85 3.64 12.10 4.03 7.04 7.48 7.82 4.33 12.06 10.02 10.82
Eu 0.676 1.665 1.255 3.210 1.396 2.285 2.411 2.549 1.176 3.420 2.965 3.215
Gd 1.43 5.72 4.55 11.34 4.59 6.80 7.44 7.56 5.00 11.24 9.74 10.02
Tb 0.223 0.829 0.716 1.505 0.664 0.950 1.069 1.096 0.726 1.540 1.392 1.414
Dy 1.33 5.39 4.65 9.13 4.28 6.11 6.74 6.74 4.71 9.36 8.70 8.60
Ho 0.250 1.003 0.937 1.782 0.873 1.195 1.279 1.326 0.972 1.764 1.690 1.647
Er 0.670 3.105 2.520 4.825 2.535 3.325 3.560 3.755 2.660 5.085 4.750 4.590
Tm 0.089 0.380 0.369 0.617 0.344 0.439 0.494 0.477 0.385 0.684 0.633 0.617
Yb 0.510 2.665 2.340 4.265 2.280 2.895 3.200 3.205 2.465 4.340 4.345 4.040
Lu 0.091 0.400 0.354 0.615 0.318 0.422 0.447 0.453 0.356 0.632 0.614 0.586
Hf 0.85 3.17 2.77 7.68 2.95 4.09 4.51 4.62 3.25 8.25 7.06 7.45
Ta 0.146 0.330 0.328 1.152 0.417 0.747 0.796 0.819 0.472 1.236 1.080 1.265
Pb 1.22 6.29 12.51 7.88 3.60 3.73 6.40 62.00 286.80 11.01 5.54 8.53
Th 0.381 1.309 1.362 1.623 1.171 1.467 1.418 1.446 1.494 4.325 2.542 3.505
U 0.065 0.308 0.391 0.437 0.193 0.318 0.323 0.372 0.304 0.960 0.538 0.788

LOI - loss of ignition
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frequency with a mixed He-Ar carrier gas (following method by Eggins,
2003). A wide range of international (NIST®) and national (SARM®)
standards (Pearce, 1996) were analysed concurrently with the samples.

3.3. Rock magnetic methods

Magnetic mineralogies of the samples from each dyke site were
investigated by thermomagnetic bulk susceptibility analyses of the
powdered whole-rock samples. The volume of the analyzed material
ranged between 0.5 and 1 em®. Temperature dependence of low-field
magnetic susceptibility was measured from 20 °C to ~ 700 °C in
argon atmosphere followed by cooling back to room temperature for the
year-2016 samples at the University of Helsinki using AGICO KLY-3S
kappabridge (field intensity 300 A/m, frequency 875 Hz) and for the
year-2018 samples at the Geophysical Laboratory of the Geological
Survey of Finland using the AGICO MFK1-FA Kappabridge (field 350 A/
m, frequency 976 Hz). Data processing and correction for empty furnace
susceptibility were done using the Cureval 8.0.2-software (Chadima and
Hrouda, 2012).

3.4. Paleomagnetic methods

The paleomagnetic cores were cut into specimens in the laboratory at
Yale University using a non-magnetic dual blade saw. Specimens for
paleomagnetic analyses were split into two parts, which were measured
in the magnetically shielded room of the paleomagnetic laboratory at
the Department of Geology and Geophysics (now Earth and Planetary
Sciences) at Yale University (USA) and in the Solid Earth Geophysics
Laboratory at the University of Helsinki (Finland). At Yale University,
after the measurement of natural remanent magnetization (NRM), the
samples were immersed in liquid nitrogen in magnetically shielded
room in order to reduce a viscous component carried by larger magnetite
grains (Schmidt, 1993). The samples were then thermally demagnetized
using a nitrogen-atmosphere ASC Scientific model TD-48SC furnace.
After each step the remanent magnetization was measured using an
automated sample-changing system attached to a 2G (now WSGI)
cryogenic magnetometer (Kirschvink et al., 2008). At the University of
Helsinki, samples were demagnetized either using the in-line static 3-
axis alternating field (AF) system paired to the 2G cryogenic magne-
tometer or using an argon-atmosphere ASC Scientific model TD-48SC
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furnace. In both laboratories, demagnetization was continued until the
magnetic intensity of the specimens dropped below system noise level or
until the measured directions became erratic and unstable. Both the
thermal and AF (for most of the samples) methods were effective and
results from both laboratories are comparable. Vector components were
isolated using principal component analysis (Kirschvink, 1980; Jones,
2002). We employed the standard convention of assigning “normal”
polarity to N-up ChRM vectors from Proterozoic rocks in the Congo
craton. The maximum angle of deviation (MAD) (Kirschvink, 1980) was
less than 11° for the accepted specimens. The mean directions were
calculated using Fisher statistics (Fisher, 1953) by giving unit weight to
each sample; in cases of two (three) specimens per sample, each spec-
imen was assigned 0.5 (0.333) weight. Acceptable sites consisted of a
minimum of five separate samples showing similar directions. For
calculating the paleomagnetic pole, we applied the constant cutoff angle
of 45°, which is commonly used to exclude transitional virtual
geomagnetic poles (VGPs) (e.g., Johnson et al., 2008). The maximum
deviation of a VGP from the mean paleopole was 42°.

The site-dependent paleosecular variation (PSV) test of Deenen et al.
(2011) was used to explore if virtual geomagnetic poles average the
secular variation (Table 3). A reversal test was conducted on the normal
and reversed polarity groups (McFadden and Lowes, 1981; McFadden
and McElhinny, 1990) using super-IAPD (Torsvik et al., 2000) program
and using the test of Heslop and Roberts (2018) for the common mean.
Paleogeographic reconstructions and pole plots used the GPlates soft-
ware (Miiller et al., 2019).

4. Results
4.1. Geochronological results

The three baddeleyite fractions analyzed from the dyke S1633
(Table 1) form a cluster just below the concordia curve (Fig. 4). The
three fractions yield upper and lower intercept dates of 1387 + 9 Ma and
149 + 510 Ma, respectively. Concordance varies between ~96 % and
~98 %, with the most concordant baddeleyite date having a 2°”Pb,/2%6pb
date of 1386.8 + 6.8 Ma (206). Since two of the three fractions marginally
overlap the concordia curve, we prefer using the weighted mean of
207pp,/206ph dates of the analyses. This yields an age of 1385 + 5 Ma
(MSWD = 0.39), which is almost identical and well within error of the

Table 3
Paleomagnetic data of the Virei swarm, Angola.
Site Lat (°) Lon (°) Pol D (%) 1(°) k a95 (°)  Plat(°)  Plon (°) K A95 (°) B N n
51628 —15.7085 12.4123 N 6.6 —37.6 22.2 16.6 80.4 147.1 26.9 15.0 1 5 5
51639 —15.4827 13.4268 N 345.1 —52.4 35.9 11.3 67.0 226.3 43.6 10.3 1 6 6
51802 —16.1198 12.8809 N 293.0 —48.6 40.3 10.7 27.4 256.9 32.4 11.9 1 6 9
S1804 —16.0577 12.8170 N 302.2 —78.7 61.1 11.8 26.6 212.8 18.7 21.8 1 4 5
51814 —15.7999 12.7487 N 334.6 —43.5 19.6 15.5 63.7 251.9 24.6 13.8 1 6 6
Mean N-polarity —15.8337 12.8571 N 334.3 —55.2 11.6 23.5 57.0 234.6 7.2 30.6 5 27 31
S1611 —16.7407 13.2420 R 112.9 35.4 16.8 16.8 26.6 269.3 24.7 13.7 1 6 9
51621 —16.3399 12.4375 R 143.0 56.1 15.0 20.4 51.5 243.3 8.6 27.6 1 5 6
S1631 —15.6302 12.6967 R 316.5 79.1 79.1 7.6 0.0 178.4 26.3 13.3 1 6 13
S1633 (1385 Ma) —15.6743 12.7952 R 93.8 33.4 61.1 7.8 8.3 266.1 64.5 7.6 1 7 10
S1801 —16.0271 12.8557 R 73.3 44.0 19.1 17.9 -7.4 253.3 26.3 15.2 1 5 7
51812 —15.8037 13.0450 R 70.2 69.9 72.5 7.1 1.6 226.8 29.6 11.3 1 7 8
S1836 —16.2078 12.4445 R 169.4 55.6 57.0 8.1 67.9 215.8 28.9 11.4 1 7 7
Mean R-polarity —16.0605 12.7881 R 107.4 60.6 7.5 23.6 23.6 238.6 4.0 34.5 7 43 60
Mean N + R —15.9660 12.8168 N+ 309.2 —60.4 7.9 16.5 38.5 237.3 4.5 23.2 12 70 91
A95 max  A95 min
17.1 4.4
Excluded from mean
S1807* —16.0078 12.7307 R 288.0 41.3 523.2 3.3 -9.3 130.8 393.0 3.9 1 5 5
S1811* —15.7984 13.0509 R 225.2 43.0 9.2 23.3 46.8 123.0 9.3 23.2 1 6 8

Slat/Slong, Latitude/longitude of sampling site. Pol., polarity of the isolated magnetization direction: N/R, normal/reversed polarity. D, declination. I, inclination. k,
precision parameter for directions. a95, the radius of the 95 % confidence cone in Fisher (1953) statistics. Plat/Plong, paleolatitude/paleolongitude of the pole. K,
precision parameter for poles. A95, radius of the 95 %. A95max and A95 min after Deenen et al., 2011. B/N/n, number of sites/samples/specimens. *excluded from

mean.
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Fig. 4. Wetherill U-Pb isotope diagram for the analyzed baddeleyite fractions
of dyke S1633 in Angola, with uncertainties of individual fractions given at 2c-
level. MSWD—mean square of weighted deviates.

upper intercept date. Considering the minor discordance, we prefer to
report this more precise result as the best age estimate of the intrusion.

4.2. Bulk rock geochemistry

Bulk rock geochemistry was made for eleven dykes (Table 2),
including the dated dyke S1633. Both a margin (S1802M) and core
(S1802) sample were analysed for one dyke, recording minimal internal
compositional variation. Analysed samples show a large scatter in total
alkalies and silica (NapO + Ko0 and SiO,, respectively, in Fig. 5a),
ranging from most alkali tephrites to tholeiitic basalts, as well as one
basaltic trachy-andesite. In contrast all twelve samples cluster as non-
alkali basalts within Pearce’s (1996) classification diagram (Fig. 5b),
defined by high field strength element ratios that are more robust
against the mobilization by hydrothermal fluids and metamorphism
than alkalies and silica.

Seven samples from the more alkali dykes are overall slightly more
enriched in incompatible elements, compared with three of the more
tholeiitic basalt samples and a basaltic trachy-andesite (red versus
purple colors, respectively, in Fig. 6a) and these groups will corre-
spondingly be referred to as “alkali” and “tholeiitic”, respectively, even
if this distinction may be subtle. While the ~ 1385 Ma dated dyke
(S1633) plots as a tholetiitic basalt, it also exhibits overall abnormally
low concentrations of most incompatible elements, explained by the
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Fig. 5. Geochemical classification of ~ 1385 Ma Virei dykes. (a) TAS-diagram
by Le Maitre et al. (2002). (b) Incompatible element ratio plot by Pearce
(1996). Color-coding as explained in the text.
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accumulation of observed, euhedral and incompatible element-poor
olivines and plagioclases within this sample, which would have
expelled an incompatible element rich intercumulus melt. Despite this
physical lowering of incompatible element concentrations, their pattern
for S1633 still compares remarkably well with those by other samples, as
shown by an elevated grey copy of this pattern in Fig. 6a, excluding Sr
and Eu. Such parallelism between incompatible element patterns argues
for all dykes being part of the same ~ 1385 Ma swarm, even if slight
differences in incompatible signature (pattern and ratios) between alkali
and tholeiitic dykes is more consistent with belonging to separate
subswarms.

In more detail, petrogenetic plots in Fig. 6(b-c) further imply that
alkali dykes, including the dated S1633, are more ‘asthenospheric’,
while tholeiitic dykes incorporated a slightly greater lithospheric
component, either through crustal assimilation and/or the interaction of
a subduction-zone-modified sub-continental lithospheric mantle (SZLM
by Pearce et al., 2021). While the dated S1633 dyke, with ‘tholeiitic’
major element signatures, could have acquired its conflicting ‘alkali’
incompatible element ratios through the accumulation of Ti- and Nb-
rich oxides — where Proterozoic massif anorthosites are known for
their accumulations of apatite- and ilmenite-rich nelsonites (Ashwal,
1993; Owens and Dymek, 2001) — this is not supported by the presence
of cumulus opaques in its thin section.

4.3. Rock magnetic and paleomagnetic results

Representative thermomagnetic curves for samples from selected
WNW-trending dyke samples from the Virei dyke swarm are shown in
Fig. 7. Heating curves show Curie points in the range of 575-580 °C and
Hopkinson’s peaks indicating magnetite with low Ti-content (e.g.,
Dunlop, 2014). In addition, samples from sites S1628, S1639 and S1802
show Curie points at 320 °C pointing to the presence of minor mono-
clinic pyrrhotite (Dekkers, 1990). Most of the samples show irreversible
curves indicating formation of magnetite and occasionally maghemite
upon heating; the exception is sample S1804, which shows reversible
curves.

Most dyke sites show two components of remanent magnetization
(Fig. 8). Twelve of the accepted sites show either a normal polarity NW-
up intermediate-steep characteristic remanent magnetization (ChRM)
direction (five sites corresponding to five separate cooling units) or a
reversed polarity SE-down intermediate-steep ChRM direction (seven
sites) (Fig. 9, Table 3). Two dyke sites (51807, S1811) showing stable
ChRM were excluded from the mean based on the chosen 45° cutoff
angle (e.g., Johnson et al., 2008). In general, the ChRMs for the accepted
twelve sites were obtained with unblocking temperatures up to ca.
500-580 °C and with coercivities varying between 30 and 100 mT,
typical for titanomagnetite, which presence was further supported by
rock magnetic analyses. The exceptions were the sites S1628 and S1639,
for which thermal demagnetization was more effective than AF
demagnetization in distinguishing a ChRM component. This is explained
by thermomagnetic analyses, which showed the presence of monoclinic
pyrrhotite in these sites. Monoclinic pyrrhotite typically has a high
coercivity, but its unblocking temperature is ca. 320 °C (Dekkers, 1990).
The ChRM directions are defined with a mean angular deviation (MAD)
typically less than 5° but in some cases a MAD as high as 11° was
accepted. The reversal test of McFadden and McElhinny (1990) for the
chosen twelve sites yields an indeterminate result (obtained angle be-
tween the directions: 24.9° and critical angle: 31.1°). The estimated
probability for the common mean with the test of Heslop and Roberts
(2018) is 0.32 but is an ambiguous result that lends only weak support
for a common mean. The mean direction of the twelve accepted site-
mean VGPs is at D = 309.2°, I = -60.4° with k = 7.9 and ags = 16.5°.
Low- to moderate-temperature and low-coercivity remanent magneti-
zation components for samples were scattered and not coherent enough
to produce clustered means for mean calculations.

Attempted baked contact tests for sites S1626, S1807, S1812, and



J. Salminen et al.

a T T
1000 = =
@ B ]
= | |
©
= 100 -
Q - 3
2 = ]
E I ]
o
2 10 TN —
[3] - =
ﬂoﬂ - \——".~ i ]
B cumulate e
(1385 Ma) .
1000 1 l ! l L | L1 | | | L l

I | |
Rb Th Nb K Ce Pr P Zr Eu Dy Y
Cs Ba U Ta La Pb Sr Nd Sm Ti

Y Lu

Precambrian Research 406 (2024) 107380

10
[T T ||||| T T T ||H| T
b Nb/Yb
1=
- T”""z)"’”c 1385 Ma
- o (o —1
Bs ]
- O .
= ]
s -
3
0.1 % &
N 1385 M.
- ¢§° : o.1
TiO,/Yb -
1 | L1 | l||| 1 1 |

1
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$1823 were inconclusive mainly due to scattered ChRM directions in the
host rock. In addition, the dyke at baked contact site S1626 shows a
presumed Cambrian overprint, and the dyke at site S1823 shows a
scattered magnetization direction. One crosscutting ENE dyke at site
S$1616 was sampled for an inverse baked contact test, but neither the
WNW-trending nor the ENE-trending dyke showed stable results at that
locality.

Other sampled WNW-trending dykes showed scattered results either
due to lightning strike, not being drilled from in situ outcrops, or
recording a magnetization direction that could possibly date from
regional low-grade metamorphism of Ediacaran-Cambrian age. This
possible Cambrian overprint was obtained mainly from the westernmost
sites (S1614, S1615, S1626, S1630, S1838) that were sampled more
proximal to the Kaoko belt, which is contiguous with the Damara belt
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Fig. 9. (a) Stereographic equal-area projection of site mean ChRM directions of 1385 Ma Virei dykes with a95 error circles (Table 3). (b) Data for reversed polarity
sites is inverted. Closed (open) symbols represent downward (upward) directions. Dyke at site S1633 is dated. Sites S1807 and S1811 are excluded from the mean
(grey, both drections are on the lower hemisphere).

(Goscombe et al., 2018; Fig. 3). Such a well-defined geographic associ-

ation of a recognizable remagnetization direction suggests that our I © S o .\g
selected Virei dual-polarity ChRM is older than Ediacaran-Cambrian in (()p v o = $ g 5 S %u
age (similar to what was found from the same region by Salminen et al., Age o ‘.\é’ & SQ’ 5 & ;q? £ 5
2018). Ma) & § 5§ & & & & £ <
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5. Discussion L
5.1. Kunene-Kibaran large igneous province and global magmatic barcode 1300+ 11 1 T[] T I T i gy
comparison —
— == e .

Outcrop trends of the mafic dykes of the dated 1385 + 5 Ma Virei 1400+ ] B ] ] B _-_ mE
swarm point ESE toward the extensive ca. 1440-1375 Ma (U-Pb) anor- < ] ;
thositic Kunene Complex associated with 1450-1360 Ma A-type red pd — — i
granites (e.g., Mayer et al., 2004; Driippel et al., 2007; Maier et al., 2013; = 1500 1 [ . ™
Bybee et al., 2019; Milani et al., 2022; Djeutchou et al., 2024) (Fig. 3). pzd ] I I
Recent high precision U-Pb geochronology indicates narrower age range — (I —
of ca. 1384-1375 Ma for the Kunene anorthosites (Bybee et al., 2019). 1600 —m — = —:—:
Tack et al. (2010) noted that the emplacement of the anorogenic Kunene :| ]
Complex is coeval with ca. 1385-1375 Ma compositionally bimodal = — %
magmatism (i.e., Kibaran Event), located 1000 km away on the eastern 1700 — — — = = =
part of the Congo craton, in the Karagwe-Ankole belt. Magmatism in the _| - = %
Karagwe-Ankole belt consists of Kabanga-Musongati mafic and ultra- ] — = |
mafic layered complexes, and voluminous granitoid rocks with accom- 1800 =+—-+ H === | =

panying mafic intrusive rocks. We follow Tack et al. (2010) and Ernst . . . .

. . .. Fig. 10. Large igneous province barcode record for the period of the Nuna
et a.I. (2013) in suggesting a tectono.magma'tl'c .lmk betwegn the anoro- cycle (1.8-1.2 Ga) for the selected cratons (data modified from Ernst and
genic Kunene Complex and associated silicic magmatism and the Buchan, 2001; de Kock et al., 2019; Teixeira et al., 2019; Ernst et al., 2021;
bimodal magmatism at the Karagwe-Ankole belt, as well as the Lake Johansson et al., 2022; Li et al., 2023; Djeutchou et al., 2024).

Victoria circumferential swarm (Makitie et al., 2014). We propose that

these widely distributed suites of mafic-ultramafic and silicic magma- obtained in Sao Francisco craton. The ca. 1500 Ma event is represented

tism represent a craton-margin-wide Kunene-Kibaran large igneous by the 1507 Ma Curaca mafic dykes and 1501 Ma Chapada Diamantina
province (LIP) (term introduced in Ernst et al., 2013), so that the Virei mafic dykes (Silveira et al., 2013) of the Sao Francisco craton, and 1502
dyke swarm is part of this ca. 1385-1375 Ma LIP. Recently an age range Ma Humpata sills (Ernst et al., 2013) of the Congo craton. The older
of ca. 1380-1360 Ma has been assigned to the Kunene-Kibaran LIP events are represented by the 1750 Ma Januaria mafic dyke swarm

(Djeu?chou et al'.,. 2024). . (Chaves and Rezende, 2019) and ca. 1790 Ma Pard de Minas mafic dyke
With recognition of the ca. 1385-1375 Ma Kunene-Kibaran LIP, the swarm (Cederberg et al., 2016) of the Sdo Francisco craton.

magmatic barcode record of the CSF craton now includes four LIP events The magmatic barcode of the CSF craton for the Nuna cycle is
for the Nuna cyclg (Fig. 10). From these, the ca. 13'85—1375 event hf'is SO compared with magmatic barcodes of other major cratons in order to
far been recognized only from the Congo portion of the combined explore for possible “nearest neighbors” (Bleeker, 2003; Bleeker and

crator'l, the ca. 1500 Ma event has been recognized in both the Sao Ernst, 2006; Ernst and Bleeker, 2010) within the Nuna supercontinent
Francisco and Congo cratons, and the older events have so far only been

10
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(Fig. 10). If two blocks share the same age of LIP magmatism then these
may have been nearest neighbors; all the while that it is also possible for
widely separated blocks to coincidentally share the same age of mag-
matism (Ernst and Buchan, 2001). However, if multiple LIP ages are
shared across cratons then the likelihood of these being nearest neigh-
bors increases (Bleeker and Ernst, 2006). The most convincing match for
the CSF craton is with the Siberia and Baltica cratons, which both show
ca. 1760-1750 Ma, 1500 Ma and 1380 Ma LIP events, suggesting that
these cratons were in proximity during the Nuna cycle. The ca.
1760-1750 Ma event is represented by NW-trending 1770-1750 Ma
Timpton dykes (Gladkochub et al., 2022) of the Aldan Shield, inside the
Siberian craton, as well as the 1780-1750 Ma Korosten anorthosite and
other units (Amelin et al., 1994; Scherbak et al., 1995; Shumlyanskyy
et al., 2021) of the Ukrainian Shield, inside Baltica. The 1380 Ma event is
represented by the NNW-trending Chieress dyke swarm (Ernst et al.,
2000) and Udzha intrusions (Malyshev et al., 2018) in the northern Si-
berian craton, and 1380-1360 Ma Mashak volcanic rocks (Puchkov
et al., 2013) in Baltica. In addition, the ca. 1380 Ma event is globally
pronounced and is also observed in West Africa, Laurentia, Australia,
and Kalahari. The event is represented in Laurentia by ca. 1380 Ma Zig-
Zag Dal basalts and associated intrusions in Greenland (Upton et al.,
2005) and by ca. 1380 Ma Salmon River sills and Hart River sills
(Abbott, 1997), in West Africa by NE-trending 1400-1360 Ma Tagragra
dAkka mafic dykes (Gong et al., 2021), in Kalahari by 1395 Ma Pila-
nesberg alkaline province (Hanson et al., 2006; Elburg and Cawthorn,
2017), and in West Australia by 1390 Ma Biberkine dolerite dykes of
Yilgarn craton (Stark et al., 2018). These ca. 1380 Ma events are sug-
gested to be linked to large-scale continental rifting at ca. 1400-1300
Ma (Zhang et al., 2022), ultimately leading to the break-up of Nuna.

5.2. New Mesoproterozoic pole for Congo-Sao Francisco craton and its
implications for paleogeography of Nuna

5.2.1. The new 1.38 Ga Virei dyke swarm pole for Congo-Sao Francisco
craton

Intriguingly, all dykes with reversed polarity magnetization direc-
tion, including the 1385 Ma dated dyke S1633, show tholeiitic compo-
sition, and all five dykes with normal polarity magnetization direction

S1628
.- 51886 S1639
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share distinctly alkali compositions (Fig. 5), while it is also noted that
two alkali dykes (S1836 and S1811) deviate from these groupings. Seven
reversed-polarity sites yield a pole at Plat = 23.6°N, Plong = 238.6°E (K
= 4.0, A95 = 34.5°), and five normal polarity sites yield a pole at Plat =
57.0°N, Plong = 234.6°E (K = 7.2, A95 = 30.6°) (Fig. 11). Within a
given rift setting, magmas with alkali composition are typically
considered to be older; but despite the ambiguous reversal test results
(test of Heslop and Roberts, 2018), that lends only weak support for the
common mean, the overlapping of A95 error ovals of these poles indi-
cate that these directions cannot be distinguished from each other’s
(Fig. 11). Thus, we combine the virtual geomagnetic poles (VGPs) from
these tholeiitic and alkali sub-swarms and calculate a mean pole from all
accepted twelve site-mean directions acquired in this study. This yields a
1385 + 5 Ma pole at Plat = 38.5°N, Plong = 237.3°E (K = 4.5, A95 =
23.2°). The VGPs are scattered (Fig. 11), which lowers the statistical
quality of the mean pole (see section 5.2.2.).

Based on rock magnetic analyses and behavior of samples during the
demagnetization, the characteristic remanent magnetization is inter-
preted to be carried by magnetite. Although the 1385 Ma Virei pole is
lacking a positive baked contact test in the strict sense, the other dyke
swarms in the same region, such as 1100 Ma Huila-Epembe dyke swarm
(Fig. 3), have magnetizations that are systematically different according
to their younger age (Salminen et al., 2018) (Fig. 11); and therefore, the
reliability of the new 1385 + 5 Ma pole from the Virei dykes is supported
by a regional age-consistency test (Buchan, 2014). Moreover, the adja-
cent Kaoko belt (Fig. 3), which was orogenically active during the
Ediacaran-Cambrian time, is a likely source of remagnetization in the
subsequent geological history of the region, and we observe its effects in
four of our westernmost sites. Yet, the modal Virei swarm magnetization
is distinct from WSW or NW downward magnetic remanence directions
interpreted as Ediacaran—Cambrian overprint directions by comparison
to the Congo craton’s apparent polar wander path from that time in-
terval (Trindade et al., 2021) (Fig. 11). Comparison to Gondwanan poles
(in African coordinates, Torsvik et al., 2012) shows that the inverted
polarity Virei poles are close to Permian Gondwanan poles (Fig. 11), but
we interpret this as coincidence as there is no evidence of Permian
tectonism in the study area (e.g., de Wit et al., 2018; Macgregor, 2018;
Lovecchio et al., 2020). Permian rifting in the Congo craton is limited to

Fig. 11. The site mean virtual geomagnetic poles (VGPs) for the dykes of the 1385 Ma Virei swarm (pale green, Table 3) together with the high-quality Proterozoic
paleomagnetic poles of CSF craton (dark green, Table 4), with ages in Ma. Also shown Cambrian paleomagnetic poles of CSF craton (yellow, Trindade et al., 2021),
and Gondwana APWP in African co-ordinates (grey, Torsvik et al., 2012). For the VGPs of the Virei swarm: closed and open pole symbols indicate the site-number-
labeled ChRM directions of NW-up and SE-down (inverted), respectively. Poles with dashed lines are mean R- and N-polarity poles. S1633 represents the
geochronology site. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 4
Selected global paleomagnetic poles from the CSF and/or the Nuna interval.
Rock unit/Pole name Code Age Plat PLong A95 R-score Pole reference
(Ma) ey O
Amazonia
Colider Volcanics Colider 1789 +7 —63.3 298.8 11.4 (1010110)4 Bispo-Santos et al., 2008
Avanavero (mafic rocks) Avana 1788.5 £ 2.5 48.4 208.9 9.2 (1111101)6 Bispo-Santos et al., 2014
Mucajai Complex Mucajai 1538 & 5; 38.2 180.1 12.6 (1110101)5 Bispo-Santos et al., 2020
1535 + 7.5;
1527 + 7;
1526 + 2;1527 +£ 2
Rio Branco (sedimentary rocks) R Bran 1544-1440 455 90 6.5 (0011111)5 D’Agrella-Filho et al., 2016
Salto do Céu Intrusions S Céu 1439 + 4 56 98.5 7.9 (1111110)6 D’Agrella-Filho et al., 2016
Nova Guarita Dykes N Gua 1419 + 3/-4 47.9 659 6.6 (1111110)6 Bispo-Santos et al., 2012
Indiavai Gabbro Indi 1416 £ 7 57 69.7 8.9 (1110000)3 D’Agrella-Filho et al., 2012
Baltica
Hoting Gabbro Hot 1786 + 10 43.0 233.3 10.9 (1111101)6 Elming et al., 2009
Shoksha Sandstones Shok 1770 + 12 39.7 221.1 4.0 (1111111)7 Pisarevsky and Sokolov, 2001
Ragunda Dykes (Group 1) + Stromsbro Rapakivi + Stromsbro ~ Ragl 1497 + 6; 1500 + 19; 1505 + 12; 12.7 190.1 10.2 (1111101)6 Salminen et al., 2021
Dykes + R6do Rapakivi 1514 £5
Mashak Suite Mashak 1366 =+ 6; 1.8 193.0 14.8 (1001110)4 Lubnina, 2009
1384 + 3;
1386 + 5; 1386 + 6
Bornholm Group I Dykes Bornh 1326 + 10 50 166.0 6.6 (1111111)7 Luoto et al., 2021
Congo - Sao Francisco
Para de Minas Dykes (rot to Congo) P de Min 1798 + 4; —70.6 202.8 17.0 (1011100)4 D’Agrella-Filho et al., 2020
1793 +£18;1791 + 7
Curaca Dykes and baked rocks (rot to Congo,) Curaca 1506.7 £ 6.9 —41.6 221.4 15.8 (1111110)6 Salminen et al., 2016a
Virei Dykes Virei 1385 +£5 38.5 237.3 23.2 (1010110)4 This work
Kunene Complex 1371 £ 2.5; —03.0 255.0 17.0 (1000011)3 Piper, 1974
1376 + 2
Late Kibaran Intrusions 1236 + 24 —17.0 112.7 7.0 (0010001)2 Meert et al., 1994
Huila-Epembe Dykes 1104; —34.7 256.5 8.7 (1111101)6 Salminen et al., 2018
1110 + 3;1109 + 3
Laurentia
Dubawnt Group Dub 1820-1750 7.0 277.0 8.0 (0111110)5 Park et al., 1973
Cleaver Dykes Clea 1745-1736 19.4 276.7 6.1 (1111101)6 Irving, 2004
Western Channel Diabase W Chan 1592 4 31;1590 + 4 9.0 245.0 8.6 (1011101)5 Irving et al., 1972;Hamilton and
Buchan, 2010
St.Francois Mountains St Fran 1476 + 16 —13.2 219.0 8.0 (0111101)5 Meert and Stuckey, 2002
Michikamau Intrusion Mic Intr 1460 + 5; —-1.5 217.5 6.6 (1011111) Emslie et al., 1976
1400 + 50; 1479 + 101 6
Spokane Formation Spok Fm 1457.5 + 12.5;1468 + 2 —24.8 215.5 4.7 (1111101) Elston et al., 2002
6
McNamara Formation McNam 1401 £ 6 —13.5 208.3 6.7 (1111111)7 Elston et al., 2002
Pilcher Formations Pil 1365 + 3;1401 £ 6 -19.2 215.3 7.7 (0111101)5 Elston et al., 2002
Victoria Fjord Dolerite Dykes (rot to Laur.) Vict Fjo 1382 + 2 14.2 219.9 5.9 (1011111)6 Abrahamsen and Van der Voo, 1987
Midsommerso Dolerite (rot to Laur.) Mids 1382 +£2 9.3 2299 5.1 (1011111)6 Marcussen and Abrahamsen, 1983
Zig-Zag Dal Basalts (rot to Laur.) Zig Zag 1382 £ 2 14.2 231.2 3.8 (1011111)6 Marcussen and Abrahamsen, 1983
Siberia
Kuonamka Dykes Kuonam 1503 +£ 5 —6 54 19.8 (1000101)3 Ernst et al., 2000
West Anabar Intrusions W Anab 1502 + 2;1503 + 2 —25.3 61.4 4.6 (1010101)4 Evans et al., 2016
North Anabar Intrusions N Anab 1483 + 17 -23.9 75.3 7.5 (0011101)4 Evans et al., 2016
Sololi-Kyutingde Intrusions Kyo Sol 1473 +£ 24 -33.6 73.1 10.4 (0011101)4 Wingate et al., 2009
Chieress Dyke (virtual geomagnetic pole) Chier 1384 £ 2 4 258 6.7 (1010101)4 Ernst et al., 2000
North Australia
Hart Dolerite Hart 1797 +11;1792 —-5.3 181 12.0 (1111111)7 Kirscher et al., 2019
Elgee-Pentecost Formation (combined) Elg 1790-1730 —-5.4 211.8 3.2 (0111100)4 Schmidt and Williams, 2008
Peters Creek Volcanics (upper part) Pet 1729-1725 —26.0 221.0 4.8 (1111111)7 Idnurm, 2000
Wollogorang Formation Wol 1730-1723 -17.9 218.2 7.2 (1011110)5 Idnurm et al., 1995
Balbirini Dolomite (upper part) Balb 1589 + 3 -52.0 176.1 7.5 (1000101)3 Idnurm, 2000
Mt. Isa Metamorphosed Dykes Mt. Isa 1550-1500 —79.0 110.6 8.4 (0100010)2 Tanaka and Idnurm, 1994
Derim Derim Sills Derim 1312.9 + 0.7;1327.5 + 0.7 —76.5 120.2 15.0 (1111101)6 Kirscher et al., 2020
North China
Xiong’er Group Xio 1780 + 10 50.0 272.7 4.9 (1011111)6 Zhang et al., 2012
Taihang Dykes (Central zone) Tai 1769 + 2.5 47.9 275.2 4.0 (1011111)6 Halls et al., 2000
Yinshan Dykes Yin 1769 + 2.5 32.3 248.3 2.0 (1111101)6 Halls et al., 2000; Xu et al., 2014
Yangzhuang Formation Yangl 1560-1437 17.3 214.5 5.7 (0011111)5 Wu et al., 2005
Yangzhuang Formation Yang2 1560-1437 2.4 190.4 11.9 (0011111)5 Pei et al., 2006
Tieling Formation Tie 1437 + 21 11.6 187.1 6.3 (0111101)5 Wu et al. 2005
Yanliao Mafic Sills Yanl 1323; —-5.9 179.6 3.6 (1011101)5 Chen et al., 2013
1320 + 4;
1324 £ 5;1325 + 5
West Africa
Iguerda NW-SE Dyke (virtual geomagnetic pole) Igu 1747 £ 4 4 82.1 2.5 (1010101)4 Neres et al., 2016
Tagragra d’Akka NE-SW Dykes Tagragra 1400-1360 —87.4 224.7 7.9 (0111101)5 Gong et al., 2021

Code = Code in Figs. 12 and 13, Plat = paleomagnetic pole latitude, Plon = paleomagnetic pole longitude, A95 = radius of 95 % confidence cone of paleomagnetic
pole, R-score = reliability criteria of paleomagnetic poles following Meert et al. (2020).
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Fig. 12. Testing an Atlantica-like configuration, and its relation to Nuna. (a) Reconstruction of the core of Nuna at 1500 Ma with Laurentia, Baltica, Siberia, North
China and proto-Australian cratons. Poles’ A95 regions are color coded with the cratons. Black arrow indicates a common apparent polar wander path for Nuna
cratons with black numbers showing the age of the poles in Myr. (b) Reconstruction of Atlantica option 1 after Elming et al. (2021) (polarity of the Atlantica poles
inverted from Table 4), (c) Reconstruction of Atlantica option 2 (polarity of the Atlantica poles inverted from Table 4), (d) Reconstruction of Atlantica option 3
(polarity of the Atlantica poles as in Table 4). In each of the Atlantica options 1-3, the discordance of the Virei pole with coeval poles from other Atlantica blocks (e.
g., Tagragra dAkka from West African craton) implies that if such an Atlantica reconstruction existed at ca. 1500 Ma, then it could not have persisted until ca. 1380
Ma (see discussion of these options in 5.2.3.1). The comparison of Atlantica and Nuna poles also show that the all the Atlantica options require substantial change in
relative location of the Atlantica landmass and Nuna between 1500 and 1385 Ma. Atlantica poles’ A95 regions are color coded with the cratons: Amazonia — pale
yellow; CSF — dark green, West Africa — light green with ages in Myr. Nuna cratons and poles are indicated with grey. Used poles are listed in Table 4. Euler rotation
parameters (Elat®/Elon°/Erot°) between the cratons: Amazonia to Laurentia in Atlantica option 1 (-7.0/126.9/125.9), Amazonia to Laurentia in Atlantica option 2
(-50.1/-98.3/143.9), Amazonia to Laurentia in Atlantica option 3 (-57.4/141.1/301.4), West Africa to Amazonia (Table 5, all the Atlantica options), Congo-Sao
Francisco (SF) to Amazonia (-12.3/-172.2/148.9) (all the Atlantica options), other cratons as in Fig. 13 (Table 5). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

southern and eastern parts of the craton and there is no associated consistency test, presence of reversals, usage of modern analysis tech-
magmatism. Moreover, Permian overprints are not observed in the 1.1 niques; and while the inverted pole is overlapping with the Gondwanan
Ga Huila dykes sampled in the same region as the Virei dykes (Fig. 3) Permian poles, there is no indication of Permian rifting and magmatism
(Salminen et al., 2018). The magnetic reversals do not pass the test of in the sampling area. Therefore, we suggest that our Virei pole serves

McFadden and McElhinny (1990) and yield ambiguous results from the utility towards the placement of Congo-Sao Francisco craton within
test of Heslop and Roberts (2018). Strictly, the new Virei pole scores Nuna and through its early stages of breakup.

only four of the seven updated Van der Voo (1990) reliability criteria

(R1234567: 1010110) (Table 4) (Meert et al., 2020). However, robust- 5.2.2. Scatter of the Virei virtual geomagnetic poles

ness of pole is supported by a well-defined age, a regional age- The scatter of the Virei swarm VGPs could in principle arise from

13
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several causes, such as (1) unremoved secondary component (Palmer,
1970), (2) inadequate sampling of paleosecular variation (Buchan and
Halls, 1990), (3) unusual behavior of the geomagnetic field (e.g.,
Palmer, 1970; Pesonen and Nevanlinna, 1981; Abrajevitch and Van der
Voo, 2010), (4) true polar wander (e.g., Evans, 2003) or (5) a slight age
difference, less than the error rage of U-Pb age, between the dyke sites
combined with rapid plate motion (e.g., Swanson-Hysell et al., 2014). In

1500 Mauna

Precambrian Research 406 (2024) 107380

the case of our modal Virei direction, unremoved secondary components
are conceivable but unlikely to be the explanation for the scatter,
because the ChRM component forms straight lines to the origin (Fig. 8)
and no other remanence-carrying minerals than magnetite are observed
in the samples (Fig. 7). Inadequate sampling of paleosecular variation is
also unlikely because both normal and reversed polarity directions were
obtained from the Virei dykes, and both polarities show similar scatter in

1500 Ma Nuna

ca. 1.5 Ga

[BIHumpata sill
[BlKuonamka dykes

[lCuraga and Chapada Diamantina dykes

[AIRagunda formation and R6d6 dykes

1385 Ma Break-up of Nuna

c) \

1385 Ma Break-up of Nuna

d) as_l;ak

ca.1.4-1.3 Ga
EISalmon River sill
HEHart River sill
[ElBarging Dog sill
EVictoria Land dikes

EMidsommero sills and
Zig-Zag volcanics
[AMashak volcanics
EdKelseaa dyke
ElChieress dyke

El Listvyaka dykes ] SW Am-Nova Lacerda

I8 Kunene complex Yanliao
Kibara belt {8 Derim Derim.Galiwinku
[ Lake Victoria Biberkine

Das Draa, Tagraga d’akka

Fig. 13. (a) Paleogeographic reconstruction of Nuna at 1500 Ma with global large igneous province records and (b) with paleomagnetic poles (Table 4). Color of the
paleomagnetic poles match those of cratons in (a). Arrows indicate apparent polar wander paths: Nuna — grey, CSF — dark green, Amazonia — pale yellow, West Africa
— light green. (c) Paleogeographic reconstruction of break-up of Nuna at ca. 1380 Ma with global large igneous province records and (d) with paleomagnetic poles
(Table 4). Color of the paleomagnetic poles match those of cratons in (c). Used Euler parameters are listed in Table 5. Number are ages in Myr. SF — Sao Francisco.
Stars indicate possible plume centre for large igneous provinces. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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directions. Unusual behavior of the geomagnetic field, for example a
permanent non-dipolar field contamination (e.g., Pesonen and Nevan-
linna, 1981; Veikkolainen et al., 2014) or switching of the geomagnetic
field between dominant axial dipole field and an equatorial dipole field
(i.e. as Ediacaran, Abrajevitch and Van der Voo, 2010) may cause scatter
in the data, but such a process might be expected to cause pronounced
asymmetry between normal and reversed polarity sites. Using paleo-
magnetic remanent magnetization of the 2470-2455 Ma Matachewan
dykes, the 1270 Ma Mackenzie dykes and the 720 Ma Franklin dykes,
Panzik and Evans (2014) produced statistical geomagnetic field models
and showed that the geocentric axial dipole hypothesis is viable during
the Proterozoic, including during the Nuna cycle, and those data do not
support significant and stable global non-dipole field components.
Recently, Veikkolainen and Pesonen (2021) suggested that during the
Nuna cycle the geomagnetic field could have had octupole components
as large as 23 %, but their results can also be explained with Nuna
cratons occupying near-equatorial latitudes during part of this time. The
coeval 1382 + 2 Ma (Upton et al., 2005) paleomagnetic data from
Greenlandic Midsommersg dolerites (Marcussen and Abrahamsen,
1983), Zig-Zag Dal basalts (Marcussen and Abrahamsen, 1983), and
Victoria Fjord dolerites (Abrahamsen and Van Der Voo, 1987) do not
show as much scatter as the Virei swarm, and for this reason it is unlikely
that the scatter of the Virei dyke swarm VGPs is caused by a global
phenomenon. The same reasoning would apply to a true polar wander
event, which should be recognized globally; and such an event is
therefore unlikely to be the explanation for the scattered Virei data.

A large scatter of the VGPs was also previously obtained from twelve
different sites within the dark anorthosite of the 1385-1375 Ma Kunene
Complex sampled in Angola (Piper, 1974). Piper (1974) suggested that
this scatter was because of continental drift during the cooling of the
Complex. However, this was later ruled out by Larson (2015), who noted
that Piper (1974) used outdated methods and did not correct sites to
paleohorizontal inside the Kunene Complex. Piper (1974) collected five
block samples per site and prepared one to three paleomagnetic cores
(specimens) from each sample. He used an alternating field demagne-
tization technique in 10 mT field steps until 160 mT for two specimens
per site, and accordingly chose the level for blanket field demagnetiza-
tion for the rest of the specimens from each site. Moreover, none of the
directions from the Kunene Complex were analyzed with a modern
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vector subtraction technique (Piper, 1974). It is nevertheless intriguing
that despite modern paleomagnetic analysis used in the present study,
our results reproduce the scatter obtained by Piper (1974) from the
coeval Kunene Complex. As it is unlikely that a global phenomenon (i.e.,
non-dipolar or unstable geomagnetic field or true polar wander) caused
the scatter of the VGPs of the Virei swarm, we suggest that a slight age
range among the dykes combined with non-negligible plate motion
could be a plausible explanation.

5.2.3. Implications for paleogeography of Nuna

As discussed in section 5.2.1, the reliability of the new 1385 Ma Virei
pole is supported by a well-defined age, a consistency test (Buchan,
2014), and the use of modern demagnetization analysis techniques. Our
paleomagnetic result therefore adds to the small number of Meso-
proterozoic poles of CSF craton reviewed in Salminen et al., (2016a) and
Trindade et al. (2021). For the CSF craton there are now three robust
poles, including the Virei pole, through the Nuna cycle (Fig. 11). By
including our new pole with quality-filtered poles from the other cratons
during the Nuna interval (Table 4) we can model the kinematics of CSF
craton in the Nuna cycle and test previous proposed configurations.

5.2.3.1. Testing the Atlantica landmass during the Nuna cycle. A postu-
lated ancestral “Atlantica” landmass, with southern Atlantic-bordering
cratons in an original configuration similar to that of Gondwana
(Rogers, 1996), has already been challenged by Paleoproterozoic
paleomagnetic data obtained mainly from Amazonia (+West Africa) and
Rio de la Plata cratons (D’Agrella-Filho et al., 2011; Rapalini et al.,
2015). However, Paleoproterozoic (2080-2000 Ma) paleomagnetic data
from the alleged Atlantica cratons permits the existence of the landmass
including CSF, Amazonia-West Africa and Rio de la Plata cratons, in a
modified relative configuration compared to their relative Gondwana fit
(Rapalini et al., 2015; Franceschinis et al., 2019; Rapalini et al., 2021).
Recently, also using high-quality global paleomagnetic data, Elming
et al. (2021) suggested that an Atlantica-like landmass, separate from
other Nuna cratons, was possible at 1490-1260 Ma during the Nuna
cycle. The study of Elming et al. (2021) was based only on poles from
one of the Atlantica cratons for each considered timeslot: at 1490 Ma,
1350 Ma, and 1260 Ma. For their 1490 Ma reconstruction, a high-quality
1507 Ma pole from the Curaca dykes (Salminen et al., 2016a) of the CSF

Table 5
Euler rotation parameters (Elat, Elong, Erot) used in the reconstructions.
Craton Time (Ma) Elat (°) Elong (°) Erot (°) In relative to Reference
Laurentia 1385 1434  -067.11 —87.48 Rotation axis This work
Laurentia 1500 1893  —055.36 —101.69 Rotation axis This work
Amazonia 1385 —52.04 108.14 —104.35 Laurentia This work
Amazonia 1500 —53.38 087.19 —97.68 Laurentia This work
Baltica 1385 47.50 001.50 49.00 Laurentia Evans and Pisarevsky, 2008
Baltica 1500 47.50 001.50 49.00 Laurentia Evans and Pisarevsky, 2008
Congo 1385 —02.56 064.08 —116.11 Laurentia This work
Congo 1500 23.49 059.73 —154.28 Laurentia Modified from Salminen et al 2016a
Siberia 1385 75.04 117.32 160.17 Laurentia This work
Siberia 1500 75.04 117.32 160.17 Laurentia This work
North China 1385 36.90 014.60 38.20 Laurentia Kirscher et al. (2020)
North China 1500 36.90 014.60 38.20 Laurentia Kirscher et al. (2020)
West Africa 1385 02.67  —020.55 —209.53 Amazonia This work
West Africa 1500 02.24  -019.96 —214.85 Amazonia This work
North Australia 1385 38.00 090.00 103.00 Laurentia Kirscher et al., 2019
North Australia 1500 38.00 090.00 103.00 Laurentia Kirscher et al., 2019
West Australia 1385 —20.00 135.00 40.00 North Australia Li and Evans, 2011
West Australia 1500 —20.00 135.00 40.00 North Australia Li and Evans, 2011
South Australia 1385 —20.00 135.00 40.00 North Australia Modified from Evans and Mitchell, 2011, Pehrsson et al., 2016
South Australia 1500 —20.00 135.00 40.00 North Australia Modified from Evans and Mitchell, 2011, Pehrsson et al., 2016
Other rotations within the blocks
Aldan 60.00 115.00 25.00  Anabar before Devonian Evans, 2009
Greenland 67.50 241.50 —13.80 Laurentia Roest and Srivastava, 1989
Mawson block, E Antarctica 01.30 037.70 30.30 South Australia Collins and Pisarevsky, 2005
Sao Francisco 46.80 329.40 55.90 Congo McElhinny et al., 2003
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craton was used. For their nominal 1350 Ma reconstruction, the high-
quality, but 60 Ma older, pole of 1416 Ma Indiavai gabbro (D’Agrella-
Filho et al., 2012) from Amazonia craton was used. This reconstruction
is supported with the coeval, but lower quality 1419 Ma Nova Guarita
intrusives pole (Bispo-Santos et al., 2012) of Amazonia. For the 1270 Ma
reconstruction in Elming et al. (2021), a low-quality pole from the Late
Kibaran intrusions (Meert et al., 1994) from the CSF craton was used.
Coeval pole pairs provide more robust tools for testing the lifecycle of
relative cratonic configurations, than single poles of only approximately
similar ages from different cratons. With the new Virei pole from this
study, there are now two pole pairs, ca. 1530-1500 Ma and 1385-1380
Ma, for CSF and Amazonia + West Africa cartons (Table 4).

We first test a configuration whereby the Atlantica-like landmass is
separate from other Nuna cratons as in Elming et al. (2021) (Fig. 12b)
and use the typical relative configuration of Congo and Sao Francisco
(McElhinny et al., 2003), but where the relative configuration of Ama-
zonia and West Africa follows the recent suggestion of Gong et al.
(2021). In this new Amazonia-West Africa configuration the northeast
West African craton is reconstructed against southwest Amazonian
craton. To test this Atlantica proposition (Atlantica option 1), the poles
of the Congo-Sao Francisco and Amazonia-West Africa are inverted
(Table 4). For the pole comparison at ca. 1500 Ma (Fig. 12b), the 1530
Ma Mucajai pole places Amazonia-West Africa craton at low to equa-
torial latitudes, and similarly the 1507 Ma Curaca pole places Congo-Sao
Francisco craton at low to equatorial northern latitudes, oriented such
that the eastern (Tanzania) sector of Congo craton is adjacent to the
southern part of the West Africa craton (Fig. 12b). In addition to the ca.
1500 Ma pole pair, the ca. 1800-1750 Ma poles (1789 Ma Avanavero
pole of Amazonia craton, 1747 Ma Iguerda NW-SE dyke pole of West
Africa, and 1798 Ma Para de Minas pole of Sao Francisco craton;
inverted poles from the Table 4) are overlapping in this configuration,
but the ca. 1420-1380 Ma poles: 1419 Nova Guarita and 1416 Indiavai
poles of Amazonia craton and 1380 Ma Tagragra dAkka pole of West
Africa craton are far apart from the 1385 Ma Virei pole of Congo craton
(Fig. 12b). This indicates that while the Atlantica landmass is paleo-
magnetically plausible at 1798-1500 Ma, the paleomagnetic data would
indicate separation of Congo-Sao Francisco craton from Amazonia

Rodinia

Fig. 14. Rodinia supercontinent at 800 Ma (modified from Mitchell
et al., 2021).
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(+West Africa) before 1380 Ma. The comparison of Atlantica and Nuna
poles also show that the tested 1500 Ma reconstruction (Atlantica option
1) (Fig. 12b) requires substantial change in relative location of the
Atlantica landmass and Nuna at 1790-1385 Ma. In Atlantica option 2 we
rotate Atlantica poles (inverted poles from Table 4, as in Atlantica option
1) so that ca. 1800-1750 Ma poles and 1500 Ma poles of Atlantica are
overlapping with the coeval poles of the Nuna core (Atlantica option 2,
Fig. 12¢). This results in a configuration where Atlantica cratons are
reconstructed onto intermediate northern latitudes so that northern CSF
is facing South Australian craton. The comparison of Atlantica and Nuna
poles also show that the tested 1500 Ma reconstruction (Atlantica option
2) (Fig. 12c¢) requires substantial change in relative location of the
Atlantica landmass and Nuna at 1500-1385 Ma. In the third option we
use a different polarity option for the Atlantica poles compared to the
Atlantica options 1 and 2, rotating the poles of Atlantica cratons so that
ca. 1800-1750 Ma poles and 1500 Ma poles of Atlantica again overlap
with coeval poles of the Nuna core (Fig. 12d). This results in a config-
uration (Atlantica option 3) where Atlantica cratons are reconstructed
onto intermediate southern latitudes so that the western part of the Sao
Francisco craton faces south Baltica. Also in Atlantica option 3, paleo-
magnetic poles require substantial change in the relative location of the
Atlantica landmass and Nuna at 1500-1385 Ma. Although, separate
plate motions are always conceivable in a myriad of combinations when
interpreting paleomagnetic poles, a more tractable hypothesis to test is
one of long-lived tectonic association. Inspired by the matches of
magmatic barcodes (see section 5.1.), which at 1500 Ma show the most
convincing matches among Congo-Sao Francisco craton, Siberia and
Baltica, we follow Rapalini et al. (2015) by suggesting that Atlantica
cratons were in proximity to other Nuna cratons during the Nuna cycle.
In the next section we propose reconstructions of the Congo-Sao Fran-
cisco craton onto the paleo-southeast side of the Nuna supercontinental
landmass.

5.2.3.2. Paleogeography of Nuna and its implications. Our refined Nuna
model, based on high-quality ca. 1790-1500 Ma paleomagnetic data
(Table 4), is shown in Fig. 13 a-b. There is a common consensus that
Baltica and Laurentia formed the core of Nuna together with the Sibe-
rian craton. An increased line of evidence, both geologically (Gower
et al., 1990) and paleomagnetically (Buchan et al., 2000; Salminen and
Pesonen, 2007; Evans and Pisarevsky, 2008; Salminen et al., 2009;
Evans and Mitchell, 2011; Pisarevsky and Bylund, 2011; Salminen et al.,
2014; Salminen et al., 2016b), support a North Europe North America
(NENA) connection at least from 1.75 to 1.27 Ga. Siberia is commonly
shown either in a tight fit with northern Laurentia (Wu et al., 2005;
Evans and Mitchell, 2011; Ernst et al., 2016) or with ca. 1500 km sep-
aration (Pisarevsky et al., 2008; Pesonen et al., 2012). We are recon-
structing Siberia tightly to the Laurentian craton using slightly modified
rotation parameters from (Evans et al., 2016) (Fig. 13ac, Table 5). Proto-
Australian cratons are shown in their commonly accepted proto-SWEAT
connection close to the southwestern margin of Laurentia (Pisarevsky
et al., 2014; Kirscher et al., 2020). The North China craton is recon-
structed in a tight fit with proto-Australian cratons following Kirscher
et al. (2020), and in our chosen Laurentia-Siberia reconstruction the
North China craton is also tightly juxtaposed with the Anabar-Angara
part of the Siberian craton. In our 1500 Ma Nuna model we maintain
the relative configuration between the CSF craton and Amazonia-West
Africa craton, as in our Atlantica landmass test above. In accordance
with barcode matching of Siberia and Congo-Sao Francisco at 1500 Ma,
we juxtapose the southwest Congo craton with the northwester part of
the Anabar-Angara part of the Siberia craton, so that 1500 Ma large
igneous provinces (LIPs) of both Congo and Siberian cratons were
emplaced in proximity with each other at that time and essentially in the
relative configuration proposed by Ernst et al. (2013b) (Fig. 13a,
Table 5). In our model, the Amazonian craton is reconstructed close to
the southwestern margin of Baltica, which is also geologically
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permissible based on the proposed similar geological accretion history of
these cratons within the Nuna cycle (Johansson, 2009). The 1790-1720
Ma paleomagnetic poles from CSF, Amazonia-West Africa, Baltica,
Laurentia, proto-Australia and North China cratons are overlapping
(Fig. 13b) and therefore support their cratonic connections for at least
200 million years (untili ~ 1500 Ma); while highly dispersed ca.
1420-1380 Ma poles imply subsequent breakup and substantial drift of
CSF and Amazonia + West Africa cratons from the Nuna between ca.
1500 and 1380 Ma (Fig. 13b). Nonetheless, since proximity of all these
cratons is suggested by numerous LIP barcode matches during this
younger time period, we propose a distinct arrangement of marginal
Nuna blocks at the time of the 1380-Ma LIP emplacement (Fig. 13c). The
locations of ca. 1385 Ma LIPs in our refined Nuna reconstruction are
broadly similar to that proposed by Zhang et al. (2022) but now with a
modified and more precisely paleomagnetically constrained azimuthal
orientation of the CSF craton that requires two separate plumes: one at
the northeastern margin of Baltica and the other at the southern margin
of CSF craton (Fig. 13c). These would be temporally related to the early
stages of the Nuna break-up (Kirscher et al., 2020; Gong et al., 2021),
which in our model occurred after a precursor tectonic modification of
the supercontinent’s margin. A more recent analog, though by com-
parison smaller in magnitude, is provided by the multi-stage opening of
the modern Indian Ocean, which began with highly oblique dextral
rifting between an eastern Gondwanaland (Madagascar + India +
Antarctica + Australia) and western Gondwanaland (Africa + South
America) (Thompson et al., 2019), coincident with arrival of the mid-
Jurassic Karoo LIP; and those blocks maintaining their proximity prior
to a large-scale fragmentation that was coincident with emplacement of
the early Cretaceous Comei-Kerguelen-Bunbury LIP. .

The suggestion of an extensional origin for the Kunene Complex (e.
g., Mayer et al., 2004; Driippel et al., 2007; McCourt et al., 2013; Kroner
and Rojas-Agramonte, 2017; Jelsma and McCourt, 2018) and for a short-
lived Kibaran event (Tack et al., 2010) supports a 1385-1375 Ma break-
away of the CFS craton from Nuna. However, emplacement of Kunene
Complex and Kibaran events in an arc setting is alternatively considered
by others (e.g., Kokonyangi et al., 2006; Lehmann et al., 2020). Ac-
cording to the southern Indian Ocean break-up analogy described above,
occurring inland of a proto-Pacific subduction zone, there need not be
mutual exclusion of mantle plumes and suprasubduction settings along
the margins of fragmenting supercontinents. Furthermore, the
‘asthenospheric’ and alkali geochemical signatures of Virei dykes with
normal polarity magnetization direction are more consistent with a
continental rift setting. Such rift-magmatism could precede increased
degrees of shallower decompression mantle melting during a final
break-up stage, generating more tholeiitic magmas for consistently
reversed polarity Virei dykes, with slightly more ‘lithospheric’ signa-
tures from the incorporation of either continental crusts or sub-
continental lithospheric mantle. This sequencing is consistent with the
dated reversed polarity dyke also being tholeiitic, and thereby more
likely break-up related, while alkali dykes may have been generated by
earlier rift magmatism during the emplacement of a 1384-1375 Ma
Kunene LIP (Bybee et al., 2019). While incompatible element patterns of
the dykes (Fig. 6a) argue all dykes being part of the same swarm and
comparison to modern rift systems, such as East African rift system,
indicate that both alkaline and tholeiitic magmas can be produced
within the given age range for the Virei swarm, further geochronology of
the normal-polarity Virei dykes may determine whether these more al-
kali dykes are indeed part of the same swarm.

In the context of our kinematic model, the 1385 Ma Virei pole re-
quires a substantial transform motion and large-magnitude azimuthal
rotation (~85°) of CSF between 1500 Ma and 1385 Ma. It also indicates
a large displacement and rotation of CSF relative to Laurentia on the way
to its configuration in Rodinia (Fig. 13c and 14). Amazonia, another
purported “Atlantica” craton, has also been suggested to rotate ca. 180°
relative to Laurentia prior to its Rodinia assembly (D’ Agrella-Filho et al.,
2016). Moreover, Gong et al. (2021) proposed a similar ca. 180° relative
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rotation between West Africa and Amazonia cratons over supercontinent
cycles. Gong et al. (2021) pointed out that this kind of large-scale
azimuthal rotation is not a typical feature of large continental blocks,
and during the past few hundred million years large cratons have
experienced smaller amounts of relative azimuthal rotation. We stress
that such large-scale relative rotations are to be expected when
orthogonal rifting/convergence is interspersed with transform motions
through time intervals spanning hundreds of millions of years (e.g.,
Miiller et al., 2016; Gong et al., 2021).

6. Conclusions

A large WNW-trending mafic dyke swarm, related to the Kunene
Complex, has been identified near the town of Virei in southwest
Angola. The Virei swarm yields a magmatic U-Pb baddeleyite age of
1385 + 5 Ma and is considered to belong to the Kunene-Kibaran large
igneous province (LIP) of the Congo craton. This result adds to the
globally pronounced ca. 1380 Ma LIP events that are also identified in
Siberia, West Africa, Baltica, Laurentia, Amazonia, and Kalahari. A new,
reliable paleomagnetic pole for Congo-Sao Francisco craton was ob-
tained from the Virei dyke swarm that may be composed of a rift-related
normal polarity sub-swarm with more alkali composition and a reversed
polarity sub-swarm that was tholeiitic and more breakup-related. Their
overall mean pole constrains the Congo-Sao Francisco craton at low- to
mid-latitudes during the time of magnetization.

Comparison of global 1790-1385 Ma robust paleomagnetic poles
supports the proximity of Congo-Sao Francisco and Amazonia-West
Africa (the so-called “Atlantica” cratons), during the Nuna cycle.
Atlantica cratons are reconstructed within Nuna so that southwest
Congo was adjacent to the northern Anabar shield of the Siberia craton
at 1500 Ma. In this configuration, the ca. 1500 Ma LIPs of both cratons
are proximal to each other. Considering the new 1385 Ma Virei pole, a
distinct reconstruction is obtained such that southwest Congo lay close
to the northwest West African craton. This requires a substantial trans-
form motion and large-magnitude azimuthal rotation (~85°) of Congo-
Sao Francisco between 1500 Ma and 1385 Ma, which could be related to
early stages of the Nuna break-up. It also requires a large ca. 180°
rotation of Congo-Sao Francisco relative to Laurentia, between 1385 Ma
and the Neoproterozoic assembly of Rodinia.
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