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Supported on available paleomagnetic data, a new Colum-
bia (Nuna) supercontinent reconstruction is proposed
based on matching U-Pb-dated 1.79-1.75 Ga Large Igne-
ous Province (LIP) mafic unit fragments and particularly
on linking their dykes into radiating systems. Information
from the literature is augmented with the herein dated
1762 Ma (U-Pb) Janudria dyke swarm from the Sdo Fran-
cisco Craton (Brazil). In this reconstruction, three major
LIPs would be restored. The first one (1.79 Ga Hart-Car-
son LIP), would consist of the Hart sills and Carson vol-
canics, and the Pebbair mafic dyke swarm. The second one
(1.79-1.78 Ga Avanavero-Xiong’er LIP), would be com-
posed of Avanavero sills and dykes, Taihang and Xiong’er
dykes along with volcanics, Pard de Minas-1 dykes, Uru-
guayan/Florida dykes, Tomashgorod-Belokorovichi dykes
and related intrusives, Oskarshamn dykes, and Libiri dykes.
The third one (1.76-1.75 Ga Timpton LIP), would comprise
the Timpton radiating swarm, Newer dolerites, Janudria
dykes, Kédougou dykes, Tagragra of Akka dykes, Vestfold
Hills-3 dykes, Kivalliq suite, Subbottsy-Nosachev dykes
and intrusives, and Pugachevka-Fedorovka dykes and
intrusives. Additionally, it is suggested that the model of
supercontinent-superplume coupling (previously applied
to Rodinia and Pangea supercontinents) represents a possi-
ble geodynamic framework for Columbia (Nuna) during
the beginning of the Statherian Period.

Introduction

The Archean to Proterozoic continental cores consist of cratonic
masses, which represent independent blocks that have separated and
reconnected over the geological time through plate tectonic process.
The reconstruction of Precambrian supercontinents depends on the
matching details in continental geology from one craton to the next
and on comparing paleomagnetic data for units on different blocks
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that match in age. Many of the key units used for paleomagnetic study
are mafic dykes and sills, which are particularly well-behaved paleo-
magnetically (Evans, 2013; Pisarevsky et al., 2014). They can be part
of the plumbing system of Large Igneous Provinces (LIPs) (Ernst,
2014). After Bryan and Ernst (2008), LIPs are dominantly mafic mag-
matic provinces (that also can have significant ultramafic and silicic
components), with areal extents >0.1 Mkm?, igneous volumes >0.1
Mkm® and maximum lifespans of ~50 Myr that have intraplate tec-
tonic settings or geochemical affinities, and are characterised by igne-
ous pulse(s) of short duration (~1-5 Myr). An important new tool in
reconstructing ancient supercontinents is based on dating and match-
ing LIPs fragments (mafic dykes, sills, volcanics) from different cra-
tonic blocks, also restoring the primary geometry of radiating and
linear dyke swarms (Ernst et al., 2013). Mafic dykes are important
fragments of LIPs that radiate from a magma center commonly asso-
ciated to mantle plume activity (Ernst, 2014).

Concerning models of a Paleo-Mesoproterozoic supercontinent,
Hoffman (1997) suggested the concept of global-scale 1.8 Ga super-
continent referred to as NUNA, after an Inuktitut word for “the lands
bordering the northern oceans and seas”. Rogers and Santosh (2002)
introduced the name COLUMBIA, because the hypothetical relation-
ship between eastern India and the Columbia region of North Amer-
ica. Zhao et al. (2002, 2004) and Hou et al. (2008) proposed different
reconstructions for Columbia.

The geologic and paleomagnetic probability of a proto-SWEAT
(SW of United States of America and Eastern Antarctica) and connec-
tion between western Laurentia and variably-rotated portions of the
Australian cratons between 1.75 and 1.59 Ga have been recognized
by Betts et al. (2008) and Payne et al. (2009). India has been tenta-
tively positioned near Australian segments of Columbia (Zhang et al.,
2012). The SAMBA juxtaposition of cratons assumed the long-lived
assembly of the Amazonia craton in South America, and Baltica,
together with West Africa, as a coherent body from terrane unifica-
tion at 1.8 Ga (Johansson, 2009; Bispo-Santos et al., 2014; D’ Agrella-
Filho et al., 2016). As an alternative to SAMBA, Pisarevsky et al.
(2014) suggested that India was positioned adjacent to Baltica during
the Mesoproterozoic Era, and Amazonia and West Africa were ban-
ished together into the ocean as a separately drifting block.
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Figure 1. (@) NW Pard de Minas and NNW Janudria mafic dyke swarms of the Sdo Francisco Craton in the Brazilian State of Minas Gerais.
(b) Geological context where E4 Janudria dyke sample was collected. Mafic dykes of NNW Janudria swarm are represented by the NNW-SSE

lineaments. (c) Magnetometric map (CPRM and CODEMIG;, 2014). BM = Bonito de Minas town.
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A location of North China near Baltica and Amazonia was pre-
ferred by Bispo-Santos et al. (2008) in a regional reconstruction at
1.77 Ga and this was incorporated by Rogers and Santosh (2009) in
their updated Columbia model. Furthermore, paleomagnetic data of
Pesonen et al. (2012) supported placing North China near Baltica and
Amazonia. A location of North China near Baltica and Amazonia was
also favored by D’Agrella Filho et al. (2012). India has been tenta-
tively positioned near Australia (Zhang et al., 2012; Pesonen et al.,
2012). By using paleomagnetism and anisotropy of magnetic suscep-
tibility (AMS) of the Xiong’er volcanics, Xu et al. (2017) positioned
North China craton between Sao Francisco/Congo, Siberia and Rio de
la Plata cratons in the Statherian period.

Pesonen et al. (2012) and Rogers and Santosh (2002) indicated that
maximum packing of the Columbia (Nuna) supercontinent likely
occurred around 1.5 Ga. However, Zhao et al. (2004) and Zhang et al.
(2012) point out its final assembly around 1.8 Ga. On the other hand,
Meert and Santosh (2017) argued that only the available paleomag-
netic data are unsatisfactory to fully test Columbia (Nuna) configura-
tions for any extended interval of the Paleo-Mesoproterozoic range
from ~1.8 to 1.3 Ga.

By using available paleomagnetic data and existing U-Pb-dated
1.79-1.75 Ga LIP fragments represented by mafic sills, volcanics and
particularly dykes from crustal blocks around the world, including the
herein dated Januaria dyke swarm from the S&o Francisco craton (SE
Brazil), the aim of this paper is to propose a new Columbia (Nuna)
reconstruction. In order to matching events between blocks the trends
of dykes are reconstructed into primary radiating and linear patterns.
As a final point, the supercontinent-superplume coupling model (developed
by Li and Zhong, 2009, for Rodinia and Pangea) is proposed as a geo-
dynamic framework for Columbia (Nuna) during the beginning of the
Statherian Period.

U-Pb Dating of a Mafic Dyke of the Januaria
swarm (Sao Francisco craton)

Sample E4, a diabase (dolerite) with preserved phaneritic subo-
phitic igneous texture, was collected from a 30 m wide, NW trending
mafic dyke of the Janudria swarm in the northern area of Minas Gerais
State (Brazil), at the central part of the Sdo Francisco craton. The Januaria
swarm is only exposed in a small area but can be traced under cra-
tonic cover and the overall extent of the swarm is estimated as 500 km
by 250 km based on aeromagnetic maps (Figs. 1a, 1b, 1c). Sample E4

Table 1. U-Pb TIMS data of the baddeleyite crystals from Janudria dyke
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Figure 2. (@) Macroscopic (weathered rim) and microscopic aspects
of the sample E4 (Pl — plagioclase, Cpx — Clinopyroxene, Opq — Opaque
mineral). (b) Concordia diagram showing U-Pb data points from
analyses of baddeleyite crystals of the Janudria diabase dyke.

(Fig. 2a) was prepared for U-Pb geochronology at the Department of
Geology at Lund University. Mass spectrometric analyses of its bad-
deleyite crystals were performed at the Laboratory of Isotope Geology
(LIG) at the Natural History Museum of Stockholm, following the
same procedures as described in Cederberg et al. (2016), which also
present the age calculation routine.

The analytical results are presented in Table 1 and Fig. 2B. The
weighted mean *’Pb/**Pb age obtained for Januéria dyke of the Sdo
Francisco craton is 1762 +/- 2 Ma.

Analysis no. (num. Pbo/ | PP [TPLAU | of 25 0P| o 25 T2 4 25 POPLARU < 25 [TPbAPD| 4 25 | CONCOr
ber of grains) U/Th | piatd
raw? [corr]? [age, Ma]
Bd-1 (3 grains) | 6.3 | 0.091 688.0 4.6145 | 1.11 | 0.31118 | 1.09 | 17519 [ 9.2 | 1746.5 | 16.6 | 17584 | 6.4 | 0.993
Bd-2 (5 grains) | 8.5 | 0.062 964.8 4.5855 | 0.51 [ 0.30864 | 0.49 | 1746.6 |43 | 17340 | 7.4 1761.8 | 3.2 | 0.984
Bd-3 (3 grains) | 10.8 | 0.050 1294.0 45713 | 0.68 | 0.30753 | 0.67 | 1744.1 | 5.7 | 1728.5 | 10.1 | 1762.7 |39 | 0.981

Y Pbc = common Pb; Pbtot = total Pb (radiogenic + blank + initial).

9 Measured ratio, corrected for fractionation and spike.
3 Isotopic ratios corrected for fractionation (0.1% per amu for Pb), spike contribution, blank (0.5 pg Pb and 0.05 pg U), and initial common Pb. Initial
common Pb corrected with isotopic compositions from the model of Stacey and Kramers (1975) at the age of the sample.
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A revised Columbia (Nuna) Reconstruction Consis-
tent with Available Paleomagnetism and the Distri-
bution of 1.79-1.75 Ga Large Igneous Provinces

Paleomagnetic data provide the only quantitative method for recon-
structing supercontinents (Meert, 2017). Geological processes linked
to the existence of supercontinents include, among others, concepts
such as mantle superplume events, LIPs and fragmentation of conti-
nental dyke swarms (Ernst, 2014), matching of conjugate orogenic belts
(Hoffman, 1991) and major rifts (Dalziel, 1999), and the concept of
true polar wander (Evans, 2003). A revised Columbia (Nuna) recon-
struction, supported on available paleomagnetic data of Pesonen et al.
(2012) and Xu et al. (2017) and based on matching of 1.79-1.75 Ga
LIP fragments (mafic dykes, sills, volcanics) from different cratonic
blocks, is presented in this section. Remnants of LIPs and associated
rift sequences are used on repositioning of three Statherian plume
centers in Columbia (Nuna).

Paleomagnetism

The SAMBA reconstruction in the Columbia (Nuna) superconti-
nent (Johansson, 2009), includes Laurentia, Baltica, Amazonia and West
Africa, and is based on geological correlations without using paleo-
magnetic data. Pisarevsky et al. (2014) argue that the SAMBA recon-
struction is paleomagnetically permissible, but still doubtful at 1790
Ma. Bogdanova and Pisarevsky (2015) not only found several geolog-
ical mismatches between Amazonia and Baltica, but also sustain that
available Mesoproterozoic paleomagnetic data from Baltica and Amazo-
nia does not support the connection of these cratons and they are not
connected in the revised Columbia (Nuna) reconstruction presented in
the Fig. 3a. The West Africa craton is often placed close to the Ama-
zonian craton (Zhao et al., 2002, 2004; Hou et al., 2008; Zhang et al.,
2012). However, in the paleomagnetic continental reconstruction of
Pesonen et al. (2012), West Africa is omitted for lack of reliable
paleomagnetic data at 1.78 Ga. In the absence of reliable paleomag-
netic data in this time for the West Africa block, then in Fig. 3a West
Africa craton and Amazonia have been reconstructed in separate loca-
tions that best satisfy the 1790 and 1750 Ma radiating dyke swarm
patterns. In this position, the West Africa is tentatively anchored between
Siberia, Laurentia and Baltica (Fig. 3a). Kouyaté et al. (2013) men-
tioned the existence of a possible 2.05 Ga continental block, which
included the West Africa and northern Laurentia.

Pesonen et al. (2012) used reliable paleomagnetic data from Lau-
rentia, Baltica, North China, Amazonia, Australia, India and Kalahari
to propose the 1.78 Ga configuration of these blocks presented in Fig.
3c and followed in the Fig. 3a. These continents remained at low to
intermediate latitudes during 1.88-1.77 Ga (Pesonen et al., 2012).
The Trans-North China orogen formed at 1.85 Ga possibly represent the
same orogenic event as the orogens in Baltica and Amazonia (Pesonen et
al., 2012). The 2.0-1.8 Ga Ventuari-Tapajos and 1.8—1.45 Ga Rio Negro-
Juruena orogenic belts of Amazonia are coeval with the 1.9-1.8 Ga
Svecofennian orogenic belt and ca. 1.8—1.7 Ga Transscandinavian
Igneous Belt (TIB) of Baltica, and with the corresponding 1.8-1.7 Ga
Yavapai belt in Laurentia (Zhao et al., 2004). According to the recon-
struction of Betts et al. (2008), at 1.78 Ga Australia is located slightly

apart from Laurentia. Pesonen et al. (2012) positioned Australia together
with its possible counterparts India and Kalahari (Fig. 3c), based on
paleomagnetic data.

After Xu et al. (2017), a comparison of geological and paleomag-
netic results from Statherian mafic dykes and volcanics suggests the
positioning of the North China craton between S&o Francisco-Congo,
Rio de la Plata and Siberia (Fig. 3d) in the Nuna/Columbia supercon-
tinent. This arrangement of blocks is followed in the Fig. 3a. Xu et al.
(2017) also reported the results of anisotropy of magnetic susceptibility
(AMS) of the 1.79 Ga Xiong'er volcanic rocks. The inferred magma
flow directions from the AMS results revealed a radial flow pattern
with an eruption center located near Xiong'er Mountain on the south
margin of the North China craton. Xu et al. (2017) results support a
co-genetic relationship between the mafic dykes and the Xiong'er vol-
canic rocks, with the former as the intrusive counterpart of the latter
and comprising a LIP, which is plume-related (Peng, 2010).

1.79 Ga Hart-Carson LIP/plume

The Carson Volcanics outcrop throughout the lower part of the
Kimberley Basin and are associated with volcaniclastic and sedimen-
tary rocks (Pirajno and Hoatson, 2012). The volcanic rocks consist
mainly of tholeiitic basalt. The Hart dolerite rocks of the Kimberley
region in the northern Australia craton comprise a series of dykes and
massive sills. Zircon from a dolerite sill was dated with the SHRIMP
U-Pb method and gave an age of 1790 + 4 Ma (Pirajno and Hoatson,
2012), which can be considered the age of the Hart-Carson LIP from
Australia/East Antarctica block. Mafic-ultramafic intrusions of Hamersley
(West Australia), Mt. Isa (North Australia) and Gawler (South Austra-
lia) are also parts of this LIP (Pirajno and Hoatson, 2012).

Pesonen et al. (2012) have suggested a nearest neighbor relation-
ship between India and Australia at 1.78 Ga. It is therefore possible
that Pebbair dykes from India, dated at 1788 + 12 Ma (U-Pb in badde-
leyite - Demirer, 2012) can be linked as part of the 1.79 Ga Hart-Carson
LIP, radiating from a plume center located in North Australia (Kim-
berley region — see respective star of Fig. 3a). Tyler et al. (1998) previously
suggested that the generation of mafic melts of the Hart-Carson LIP
could be related to a mantle plume, with the plume head located
somewhere north of the present-day position of the Kimberley prov-
ince, based on paleocurrents in sandstones of the Kimberley sedimen-
tary sequence. Eruption of the Carson Volcanics was followed by
deposition of these sandstones of the upper Kimberley Basin (Pirajno
and Hoatson, 2012), which are rocks probably related to the rifting
triggered by plume activity. The Hart-Carson plume formed soon after
1.80 Ga orogenesis developed along the Southern Australian margin
and which is also recorded in the Arunta Inlier and the Rudall Com-
plex of the northern margin of the West Australian craton (Betts et al.,
2008) (Fig. 3a).

1.79-1.78 Ga Avanavero-Xiong'er LIP/plume

The 1.79-1.78 Ga Avanavero suite represents the most important
Paleoproterozoic mafic magmatism event in the Guiana Shield, north-
ern Amazonian craton (Reis et al. 2013). It comprises voluminous
dykes and sills, the latter intruded into regional sedimentary cover
successions such as the Roraima Supergroup. Both the Ilhas sill (1793
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+ 1 Ma) in the northern part of the Amazonia craton and the Pedra
Preta dolerite sill (1795 + 2 Ma) near the Venezuelan border have
matching U-Pb ages (Reis et al., 2013). Other units connected to the
Avanavero event include the Crepori dolerite in the southern part of
the Amazonia craton (1780 + 7 Ma), and the Quarenta Ilhas dolerite
(1780 + 3 Ma) and Cipo dolerite (1778 £ 12 Ma) in the northeastern
part of the Amazonia craton (Santos et al., 2002).

Bispo-Santos et al. (2008) have suggested a location for the North
China craton between Baltica and Amazonia at 1.77 Ga. D’Agrella
Filho et al. (2012) and Pesonen et al. (2012) incorporated this idea in
their 1.78 Ga models, and this configuration is used in Fig. 3a. The
NNW-SSE Taihang dyke swarm and associated sills are distributed
throughout the North China Craton and are dated at 1.78 Ga using the
U-Pb method on both baddeleyite and zircon (Peng et al., 2010). The
Taihang dyke swarm has been suggested to have a connection with
the Xiong’er volcanics (the extrusive counterpart of this swarm) and a
plume tectonic model has been proposed for this Taihang-Xiong’er
association (Peng, 2010). However, the tectonic setting of the Xiong’er
volcanic rocks is controversial. Some authors argue that the Xiong’er
volcanic rocks represent a continental margin arc bordering the sou-
thern margin of the North China craton because these volcanic rocks
are dominated by andesites and dacites with minor basaltic andesites
and rhyolites (He et al., 2008, 2009, 2010; Zhao et al., 2009). There
are massive volcanic flows correlated over large areas and a giant fan-
ning dyke swarm with plume geochemical signature and a radiating
geometry that is compatible with the Xiong’er rift developed in an
extensional intraplate setting. These features suggest that the plume
tectonic model of Peng (2010) seems to be more suitable.

It is here proposed that Avanavero magmatic suite and Taihang-
Xiong’er mafic (-intermediate) magmatism belongs to the single
reconstructed 1.79-1.78 Ga Avanavero-Xiong’er LIP, which would
also include additional fragments dispersed in different continental
blocks such as Rio de la Plata, Baltica, West Africa, and S3o Fran-
cisco-Congo (see respective star and LIP fragments of the Fig. 3a). A
matching ca. 1795 Ma (U-Pb baddeleyite age) has been found for
NW-SE trending Par4d de Minas-1 dykes from S&o Francisco craton
(Cederberg et al., 2016). Chaves and Neves (2005) attributed these
Para de Minas dykes to Statherian mantle plume activity and they may
represent a branch of the Avanavero-Xiong’er LIP. Cederberg et al.
(2016) have suggested a nearest neighbor relationship between Xiong’er
and Para de Minas-1 rocks at 1.80 Ga. The inferred plume center here
suggested for the Avanavero-Xiong’er LIP could be constrained between
Amazonia, North China and Sdo Francisco-Congo blocks, and the
reconstruction of the Fig. 3a was adjusted to allow the Para de Minas-
1 dykes to trend toward this plume center. This reconstruction satis-
fies the anisotropy of magnetic susceptibility (AMS) data, which indi-
cate that some dykes of the 1795 Ma Para de Minas -1 swarm were
emplaced with subhorizontal magma flow and a flow direction from
NW to SE (Raposo et al., 2004; Chaves and Neves, 2005). Metasedi-
mentary rocks of the Arai, Espinhago and Chapada Diamantina basins
record Statherian rifting in S&o Francisco craton (Brito Neves et al.,
1995) following the Avanavero-Xiong’er LIP event. This huge rifting
took place simultaneously to the Xiong’er rifting and both reinforce
the positioning of the Avanavero-Xiong’er plume center presented in
Fig. 3a.

In the Rio de la Plata craton, the ENE Uruguayan (Florida) mafic
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dyke swarm has been dated by U-Pb on baddeleyite at 1790 + 5 Ma
(Halls et al., 2001) and paleomagnetically studied by Teixeira et al.
(2013), who suggest a “upside down” reconstruction of this craton
between Amazonia and Baltica. Such a position is here accepted for
Fig. 3a. The Uruguayan (Florida) swarm (Rio de La Plata craton)
could be proposed as a fragment of the Avanavero-Xiong’er LIP that
proceeds from the Avanavero-Xiong’er plume center toward Sarma-
tia and Fennoscandia regions of the Baltica block. The NNW Tomashgo-
rod dyke in the northwestern Ukrainian shield of the Sarmatia was
dated yielding a precise U-Pb baddeleyite age of 1791 + 5 Ma (Bog-
danova et al., 2013). After Bogdanova et al. (2013), the Volgo-Sarma-
tia and Fennoscandia parts of the Baltica block should be considered
as independent blocks in pre-1.75 Ga paleogeographic reconstruc-
tions, with the final assembly of Baltica only occurring after 1.75 Ga
by docking of Volgo-Sarmatia and Fennoscandia. Pisarevsky and Bylund
(2010) describe 1780 Ma Oskarshamn mafic dykes in Fennoscandia,
which probably represent the end of the Avanavero-Xiong’er LIP branch
also formed by Uruguayan (Florida) dykes (Rio de La Plata craton)
and Tomashgorod dykes (Sarmatia) (Fig. 3a).

The central branch of the 1.79-1.78 Ga Avanavero-Xiong’er LIP
starts with the Taihang dykes of the North China craton and probably
proceeds to the West Africa block (Fig. 3a). ID-TIMS U-Pb age has
been obtained on baddeleyite for the NS Libiri dyke swarm from Leo
Man craton (Niger), yielding an age of ca. 1790 Ma (Baratoux et al.,
2018).

1.76-1.75 Ga Timpton LIP/plume

Gladkochub et al. (2010) point to the existence of a 1750 Ma giant
radiating dyke swarm (Timpton LIP) in Siberian craton possibly related to
a mantle plume centered in the respective star of the Fig. 3a. 1.73 Ga
rifting of the Siberian craton along its southern margin (Gladkochub
et al., 2006), followed by rifting both to the east and west of the Ana-
bar Shield (Milanovskiy, 1996), supports the positioning of the Timp-
ton plume center. As shown in the Fig. 3 reconstruction, additional
LIP fragments can be linked to the 1750 Ma Timpton LIP/plume,
from many additional 1.76—1.75 Ga units (LIP fragments) dispersed in
different continental blocks such as Laurentia, West Africa, Baltica,
India and Sao Francisco-Congo.

The ca. 1.75 Ga Cleaver - Hadley Bay - Nueltin dykes and sills (and
felsic magmatism) of the Kivalliq suite from Laurentia (Ernst et al.,
2013; Peterson et al., 2015), along with the 1.75 Ga Tagragra of Akka
of the Anti Atlas Inliers of West Africa (Youbi et al., 2013) and 1.76
Ga Kédougou dykes from southern West Africa craton (Baratoux et
al., 2018), the 1.76 Ga Subbottsy-Nosachev and Pugachevka-Fedor-
ovka dykes and mafic intrusions from Sarmatia (the SW segment of
Baltica) (Bogdanova et al., 2013), the 1.76 Ga Newer Dolerites from
the Singhbhum craton of India (Shankar et al., 2014), the 1.75 Ga Vestfold
Hills-3 dykes from East-Antarctica (Ernst et al., 2013) and the 1.76
Ga Januaria dykes (this study) from S&o Francisco portion of the Sao
Francisco-Congo craton, could be all considered as fragmented por-
tions of the 1.76—1.75 Ga Timpton LIP (Fig. 3a).

U-Pb ages of the fragments from 1.79 Ga Hart-Carson LIP, 1.79—
1.78 Ga Avanavero-Xiong er LIP, and 1.76—1.75 Ga Timpton LIP, globally
distributed in several ancient crustal blocks, are summarized in Table 2.
The 1.75 Ga Columbia model of Fig. 3a is supported by the recon-
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CONGO: Salvador (S); INDIA: Central Indian tectonic zone (C-1); AUSTRALIA: Capricorn (C), Mt. Isa (I), Arunta (Ar); KALAHARI:
Limpopo (L). (b) Supercontinent-superplume coupling suggested for Columbia (Nuna), adapted from that for Pangea and Rodinia developed
by Li and Zhong (2009). LLSVP = large low shear velocity provinces, ULVZ = ultra-low velocity zones, SUPERPLUME = cluster of mantle
plumes starting from a LLSVP. (¢) 1.78 Ga positioning of the India, Australia, Kalahari, Laurentia, Baltica, North China and Amazonia
blocks after Pesonen et al. (2012). (d) Statherian positioning of the North China, Rio de la Plata, Sdo Francisco/Congo and Siberia blocks
after Xu et al. (2017).
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struction of LIP fragments like mafic dyke swarms, sills and volcanic
rocks, which suggest that maximum packing of the supercontinent
likely occurred around 1.75 Ga, in agreement with the suggestion of
Zhao et al. (2004) and Zhang et al. (2012).

Examination of the Superimposition of 1.79-1.78
Ga and 1.76-1.75 Ga LIP Units on Previous Alter-
native Columbia (Nuna) Reconstructions

Restoration of the radiating or linear primary geometry of mafic
dyke swarms (the plumbing system of LIPs) offers a supercontinent
reconstruction criterion (Ernst et al., 2013). Based on this proposi-
tion, 1.79-1.78 Ga and 1.76-1.75 Ga LIP fragments (not only mafic
dykes, but also sills and volcanics) of the Table 2 have been plotted on
previous alternative Columbia (Nuna) reconstructions (Fig. 4).

In the 1.8 Ga Columbia reconstructions of Rogers and Santosh
(2002, 2009) and Zhao et al. (2002, 2004), there was no restoration of
the 1.79-1.78 Ga mafic dykes neither as radiating nor linear in the far
end regions of the supercontinent (Figs. 4a and 4b), making difficult
the connection of cratonic pieces as suggested by them. Although
1.76-1.75 Ga mafic dykes have been plotted in Figs. 4a and 4b, they
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should not be analyzed due to their ages are not matching with the age
of the reconstruction.

Hou et al. (2008) presented a 1.8 Ga Columbia reconstruction
very similar to Zhao et al. (2002, 2004). The main difference was
placing North China and India side by side with Laurentia, where
they show that the overall pattern exhibited by the 1.8 Ga mafic
dykes appears to constitute a giant radiating swarm, with a piercing
point between the Cuddapah rift in South India and the Xiong’er
aulacogen in North China (Fig. 4c). However, mafic dykes from
India used by them in such reconstruction were not dated by U-Pb to
constrain their model.

By using SAMBA conjunction of cratons proposed by Johansson
(2009), Zhang et al. (2012) considered the West Africa craton close
not only to the Amazonian and Baltica cratons, but also to the Siberia
in their 1.74 Ga Nuna (Columbia) reconstruction. Unfortunately, the
branches of the 1.76 Ga Timpton radiating swarm from Siberia do not
find prolongations with 1.76 Ga dyke swarms of West Afiica, Baltica,
Laurentia, India, and East Antarctica when superimposed over the
Zhang et al. (2012) reconstruction (Fig. 4d). Due to difference in ages,
older 1.79-1.78 Ga mafic dykes were not analyzed over such 1.74 Ga
reconstruction.

In the 1.77 Ga Pisarevsky et al. (2014) Nuna (Columbia) recon-

Table 2. Available U-Pb ages of the Statherian LIP fragments, including the new U-Pb age of the Janudria dyke swarm

La;%iiig;lfgus Continental Block Name of the LIP fragments U-l(’gSge LIP fragments References
) ) Hart. Carson. Sills and dykes/vol-|
Australia/East Antarctica Hamerslev-Mt.Isa-Gawler 1.79 canics/mafic-ultra- | Pirajno and Hoatson (2012)
Hart-Carson Y mafic intrusions
India Pebbair 1.79 WNW dyke Demirer (2012)
Amazonia Avanavero 1.79 Sills/NE dykes Reis et al. (2013)
Amazonia Crepori 1.78 Sill Reis et al. (2013)
North China Taihang 1.78 NNW dykes Peng (2010)
North China Xiong’er 1.78 Volcanics Peng (2010)
Avanavero- Sé&o Francisco/Congo Para de Minas (first generation) 1.79 NW dykes Cederberg et al. (2016)
Xiong'er Rio de la Plata Uruguayan (Florida) 1.79 ENE dykes Teixeira et al. (2013)
Baltica (Sarmatia) Tomashgorod-Belokorovichi 1.79 NNW dykes Bogdanova et al. (2013)
Baltica (Fennoscandia) Oskarshamn 1.78 ENE dykes Pisarevséyoalu(l)()i Byhnd
West Africa Libiri 1.79 NS dykes Baratoux et al. (2018)
Siberia Timpton 1.75 Radiating dykes Gladkochub et al. (2010)
India Newer dolerites 1.76 WNW dykes Shankar et al. (2014)
East Antarctica Vestfold Hills-3 1.75 NE dykes Ernst et al. (2013)
S&o Francisco/Congo Januaria 1.76 NNW dykes Chaves et al. (this study)
) West Africa Kédougou 1.76 NE dykes Baratoux et al. (2018)
Timpton West Africa Tagragra of Akka 1.75 NW dykes Youbi et al. (2013)
Laurentia Kivalliq (Cleaver-Hadley Bay-Nueltin)| 1.75 Dykes and sills Ernst et al. (2013)
Baltica (Sarmatia) Subbottsy-Nosachev 1.76 EN?n?rngzﬁrslaﬁc Bogdanova et al. (2013)
Baltica (Sarmatia) Pugachevka- Fedorovka 1.76 NEig,E;laziséT:ﬁc Bogdanova et al. (2013)
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Zhang et al., 2012

Pisarevsky et al., 2014

Hou et al., 2008

Chaves & Rezende (this study)

@ Amazonia ® Kalahari ® Sao Francisco-
i i ; SILLS AND
(©) ProtF) Australia Mawson-East (&) S!berla VOLGANICS 176-1.75 Gal
@ Baltica Antarctica @ Rio de la Plata
® India ® North China @ West Africa <" SUBDUCTION

Figure 4. 1.79-1.78 Ga and 1.76-175 Ga LIP fragments superimposed on five configurations (a-e) of the supercontinent referred to as Colum-
bia (a-c) or Nuna (d-e), for the late Paleoproterozoic (modified from Evans, 2013). a - Rogers and Santosh (2002), b - Zhao et al. (2002, 2004),
c-Hou et al. (2008), d - Zhang et al. (2012), and e - Pisarevsky et al. (2014). F — Chaves et al. (this study).

struction, there is an apparent radiating pattern of 1.79-1.78 Ga dykes
from Baltica, India and Sdo Francisco-Congo blocks (Fig. 4¢). How-
ever, this pattern is debatable due to the fact that dykes of the 1795 Ma
Para de Minas -1 swarm keep a subhorizontal magma flow direction
from NW to SE (Raposo et al. 2004; Chaves and Neves, 2005) in their
present position inside Sdo Francisco craton. This observation undoes
the possibility of a focal point to a radiating swarm in such reconstruc-
tion.

Hence, the configuration of the radiating mafic dykes of 1.79 Ga
Hart-Carson, 1.79-1.78 Ga Avanavero-Xiong’er, and 1.76-1.75 Ga
Timpton LIPs shown in Fig. 4f (and Fig. 3a), supported by robust
paleomagnetic data of Xu et al. (2017) and Pesonen et al. (2012) from
Statherian period, presented in Figs. 3¢ and 3d respectively, seems to
be more suitable in reconstructing Columbia (Nuna) supercontinent
than previous reconstructions.

Discussion

Columbia (Nuna) Younger LIPs as Additional Support
to the Proposed Reconstruction

Mafic dykes are LIP fragments that radiate from a magma center
commonly associated to mantle plume activity (Ernst, 2014). When younger
LIPs represented by 1.64—-1.68 Ga mafic dykes and volcanics, 1.52—
1.51 Ga mafic dykes, and 1.38 Ga volcanics, mafic dykes and sills are
restored on the proposed Columbia (Nuna) reconstruction shown in
Fig. 3a, it is observed that their mafic dykes really converge to respec-
tive plume centers (Fig. 5), supporting the proposed Columbia (Nuna)
reconstruction. These plume centers are located near continental mar-
gins, which represent the locations of rifting attempt of the Columbia
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1.38 Ga VOLCANICS, /\ 1.68-1.64 Ga VOLCANICS

"AND MAFIC DYKES

MAFIC DYKES AND SILLS

Plume center

Figure 5. 1.64-1.68 Ga, 1.51-1.52 Ga, and 1.38 Ga LIPs restored on the Columbia (Nuna)
reconstruction proposed in this paper, with their respective possible plume centers. Ages of
LIP fragments are from Kouyaté et al. (2013) and references therein, Peng (2015), Baratoux
et al. (2018), Ernst et al. (2008), Silveira et al. (2013), El Bahat et al. (2013) and references
therein. 1.75-1.79 Ga LIPs of the Figure 3 are also presented here. (1) Laurentia; (2) Kala-
hari; (3) Australia; (4) Mawson East Antarctica; (5) India; (6) Tarim; (7) Sdo Francisco-
Congo; (8) Siberia; (9) West Africa; (10) Baltica; (11) Amazonia; (12) North China; (13) Rio

de la Plata.

(Nuna) supercontinent.

After Bogdanova et al. (1996), Paleo- to Mesoproterozoic rifting and
sediment accumulation began in the easternmost Baltica, around 1.65
Ga ago. This applies both to the Peri-Uralian troughs and the Pachelma rift
system. The Volhyn-Orsha/Central Russian rift system and the inte-
rior rifts of Fennoscandia (e.g., the Ladoga and Bothnian rifts) began
to develop later, at ca. 1.4—1.3 Ga. Such rifting events should be asso-
ciated to 1.64—1.68 Ga and 1.38 Ga LIP events of the Fig. 5. 1.56 Ga
rhyolitic tuff bed was discovered inside Gaoyuzhuang Formation of
the Yan-Liao rift in the northern margin of the North China craton
(Peng, 2015 and reference therein), possibly recording Mesoprotero-
zoic extensional setting related to the 1.52 Ga LIP of the Fig. 5.

Possible Links Between Subduction, Large Low Shear
Velocity Provinces / Ultra Low Velocity Zones, Plumes /
Superplumes, LIPs, and Supercontinent Breakup

Plumes of hot upwelling rock rooted in the deep mantle have been
proposed as a possible origin of hotspot and LIPs magmatic activity
and deep mantle seismic tomography has shown the occurrence of
mantle plumes (Zhao, 2001; Nolet et al., 2006). After Li and Zhong
(2009), a cluster of mantle plumes can be named as a superplume.
There is a correlation of hotspots and LIPs locations with the large
low shear velocity provinces (LLSVPs - characterized by slow shear
wave velocities) at the base of the mantle (Thorne et al., 2004). Fur-
thermore, based on geodynamic modelling, McNamara et al. (2010)
suggest that hotspots might preferentially occur above ultralow veloc-
ity zones (ULVZs) located in the lowermost mantle (Fig. 3b) close to
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the core-mantle boundary (CMB).

French and Romanowicz (2015) describe the
use of a whole-mantle seismic imaging tech-
A nique - combining accurate wavefield compu-
5.{ Plume center tations with information contained in whole seismic
waveforms - that reveals the presence of broad
(not thin tails), quasi-vertical, long-lived ther-
mochemical conduits beneath many prominent
present-day hotspots around the world. These
conduits extend from the CMB to about 1,000
kilometres below Earth’s surface, where some are
deflected horizontally, as though entrained into
more vigorous upper-mantle circulation. At the

~O..C:7 base of the mantle, these conduits (individual
1.76-1,75 Ga plumes) are rooted in patches of greatly reduced
Plume center shear velocity that correspond to the locations
1.79-1.78 Ga

of ULVZs located below the LLSVPs. This
correspondence establishes a continuous con-
nection between ULVZs, LLSVPs and mantle
plumes (McNamara et al., 2010).

Steinberger and Torsvik (2012) modelling

Plume center

supports that mantle plumes are more intimately
linked to plate tectonics than usually assumed.
After these authors, not only can plumes cause
continental breakup, but also conversely sub-
ducted plates may trigger plumes at the mar-
gins of LLSVPs near the CMB.

A supercontinent-Superplume Coupling at 1.79-1.75 Ga?

Taking into account available paleomagnetic data and precise U-Pb
ages of LIP fragments, three regions of possible incidence of mantle
plume activity can be recognized in Fig. 3a, recorded by 1.79 Ga Hart-
Carson LIP/plume, 1.79-1.78 Ga Avanavero-Xiong’er LIP/plume
and 1.76-1.75 Ga Timpton LIP/plume. Following not only the sug-
gestions of Li and Zhong (2009) concerning the correlations between
Rodinia and Pangea supercontinents and their associated subduction
zones and LLSVP-related superplumes, but also the Steinberger and
Torsvik (2012) plume modelling, it is suggested here that a LLSVP
(with possible associated ULVZs) beneath Columbia (Nuna) would
have triggered the three separate mantle plumes (collectively repre-
senting a superplume). These would have resulted from prior arrival
of 2.2 Gato 1.8 Ga subducting slabs in the lowermost mantle. Fig. 3b
shows such a scenario (note older 2.20-1.80 Ga slabs under Columbia
different from the younger 1.80—1.50 Ga circum-supercontinent sub-
ducting slabs) at 1.75 Ga with respect to the X-Y section of the Fig. 3a.
The first attempt at Columbia (Nuna) breakup manifested as a rift sys-
tem would have initially started in the regions consisting of 1.79 Ga
Hart-Carson and Avanavero-Xiong’er LIPs, and subsequently at the
1.76 Ga Timpton LIP, centered above the plume conduits. In fact, the
spatial coincidence between the probable 1.79-1.75 Ga LLSVP and
such LIPs implicates a geodynamic relationship between the long-term
subduction processes (2.2-1.8 Ga) related to Columbia (Nuna) assem-
bly and the formation of plumes rooted in a LLSVP, whose projection
on Earth’s surface is shown in Fig. 3a.

Shear wave velocity anomalies were detected near the core—mantle
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Figure 6. Illustration of supercontinent-superplume coupling in the past 1800 Ma (modified from Li and Zhong, 2009). Superplumes are pro-

jected on the Earth’s surface.

boundary (Becker and Boschi, 2002), illustrating the location and lat-
eral extent of the present antipodal African (A) and Pacific (P) super-
plumes (Fig. 6). Li and Zhong (2009) have speculated that circum-
supercontinent subduction (single downwelling) leads to the forma-
tion of antipodal superplumes corresponding to the positions of the
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Figure 7. LIP barcode diagram for cratonic blocks grouped in the
time interval relevant to Columbia (Nuna) reconstruction. A bar indi-
cates a single pulse. A box can enclose multiple pulses for a single event
(modified from Ernst et al., 2013, and with updates of Peng, 2015;
D'Agrella-Filho et al., 2016).

supercontinents. The superplumes could bring themselves and the coupled
supercontinents to equatorial positions through true polar wander events,
and eventually lead to the breakup of the supercontinents like Pangea
and Rodinia.

Zhao et al. (2004) and Zhang et al. (2012) pointed out Columbia
(Nuna) final assembly around 1.8 Ga. Following this scenario, it is
proposed here that a Columbia (Nuna) supercontinent-superplume
coupling initially took place at 1.79-1.75 Ga, which led to the first
breakup attempt of the supercontinent (Fig. 6). Despite the breakup
attempts recorded by successive LIP events (Fig. 5), Columbia (Nuna)
probably remained as a supercontinent for nearly 400 Ma and did not
fully breakup until 1380 Ma, when a huge event recorded on almost
all of Earth’s continental blocks (Fig. 7) would mark its final breakup
(Ernst et al., 2008).

Conclusion

A new Columbia (Nuna) supercontinent reconstruction, supported
by available paleomagnetic data, is proposed based on restructuring
U-Pb-dated LIP fragments, mainly their mafic dykes (with their radi-
ating trends, and including the additional U-Pb 1762 Ma age of the
Januaria dyke from S&o Francisco Craton), but also their sills and vol-
canic rocks from cratonic blocks around the world. The 1.79-1.76 Ma
units were assembled into three reconstructed LIPs (Hart-Carson,
Avanavero-Xiong’er, and Timpton) presented in Fig. 3a, which shows
cratonic blocks connected in a single supercontinent. It is suggested
that these LIPs were emplaced above a LLSVP. A supercontinent-
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superplume geodynamic setting is proposed to be linked to the forma-
tion of these LIPs in Columbia (Nuna) in the beginning of the Stathe-
rian Period. The same LIP units were superimposed on previous
alternative Columbia (Nuna) reconstructions, but no radiating or lin-
ear dyke patterns could be restored to justify cratonic connections in a
single supercontinent.

Three additional younger Proterozoic LIPs can be restored on the
proposed Columbia (Nuna) reconstruction shown in Fig. 3a and their
mafic dykes converge to respective plume centers (Fig. 5), support-
ing the proposed Columbia (Nuna) reconstruction.
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