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ABSTRACT

Establishing how tectonic plates have moved since deep time is essential for understanding how Earth’s geo-
dynamic system has evolved and operates, thus answering longstanding questions such as what “drives” plate
tectonics. Such knowledge is a key component of Earth System science, and has implications for wide ranging
fields from core-mantle-crust interaction and evolution, geotectonic phenomena such as mountain building and
magmatic and basin histories, the episodic formation and preservation of Earth resources, to global sea-level
changes, climatic evolution, atmospheric oxygenation, and even the evolution of life. In this paper, we take
advantage of the rapidly improving database and knowledge about the Precambrian world, and the conceptual
breakthroughs, both regarding the presence of a supercontinent cycle and possible dynamic coupling between
the supercontinent cycle and mantle dynamics, in order to establish a full-plate global reconstruction from
540 Ma back to 2000 Ma. We utilise a variety of global geotectonic databases to constrain our reconstruction, and
use palaeomagnetically recorded true polar wander events and global plume records to help evaluate competing
geodynamic models and also provide new constraints on the absolute longitude of continents and superconti-
nents. After revising the configuration and life span of both supercontinents Nuna (1600—1300 Ma) and Rodinia
(900—720 Ma), we present a 2000—540 Ma animation, starting from the rapid assembly of large cratons and
supercratons (or megacontinents) between 2000 Ma and 1800 Ma. This occurred after a billion years of domi-
nance by small cratons, and kick-started the ensuing Nuna and Rodinia supercontinent cycles and the emergence
of stable, hemisphere-scale (long-wavelength) degree-1/degree-2 mantle structures. We further use the
geodynamicly-defined type-1 and type-2 inertia interchange true polar wander (IITPW) events, which likely
occurred during Nuna (type-1) and Rodinia (type-2) times as shown by the palaeomagnetic record, to argue that
Nuna assembled at about the same longitude as the latest supercontinent Pangaea (320—170 Ma), whereas
Rodinia formed through introversion assembly over the legacy Nuna subduction girdle either ca. 90° to the west
(our slightly preferred model) or to the east before the migrated subduction girdle surrounding it generated its
own degree-2 mantle structure by ca. 780 Ma. Our interpretation is broadly consistent with the global LIP record.
Using TPW and LIP observations and geodynamic model predictions, we further argue that the Phanerozoic
supercontinent Pangaea assembled through extroversion on a legacy Rodinia subduction girdle with a
geographic centre at around 0°E longitude before the formation of its own degree-2 mantle structure by ca.
250 Ma, the legacy of which is still present in present-day mantle.

1. Introduction

et al., 2016). Such work also set the framework for Earth System studies
such as global sea-level changes (Miiller et al., 2013), climatic evolution

Establishing plausible global tectonic reconstructions is important (e.g., extreme climatic events such as Snowball Earth during Earth his-
for understanding the occurrence of a whole range of geotectonic phe- tory; Cox et al., 2016; Hoffman et al., 1998; Li et al., 2004; Pu et al.,
nomena including mountain building, magmatic and basin histories, and 2022; Worsley and Kidder, 1991), atmospheric oxygenation (e.g.,
the related formation and preservation of Earth resources (Pehrsson Campbell and Allen, 2008; Zhu et al., 2022), and the evolution of life
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(McMenamin and McMenamin, 1990). An advanced understanding of
how tectonic plates have moved since deep time is also essential for
understanding how Earth’s geodynamic system has evolved and inter-
acted with the plate tectonic system, i.e., the longstanding question of
what “drives” plate tectonics (Anderson, 2001; Forsyth and Uyeda,
1975; Conrad and Lithgow-Bertelloni, 2004).

The recognition of the possible occurrence of a Precambrian super-
continent over 40 years ago (Bell and Jefferson, 1987; McMenamin and
McMenamin, 1990; Nance et al., 1988) and subsequent rapid de-
velopments in the reconstruction of both the Neoproterozoic supercon-
tinent Rodinia (e.g., Dalziel, 1991; Hoffman, 1991; Li et al., 2008a;
Moores, 1991) and the Paleo-(?) to Mesoproterozoic supercontinent
Nuna/Columbia (Evans and Mitchell, 2011; Meert, 2002; Pisarevsky
et al., 2014a; Rogers and Santosh, 2002; Zhang et al., 2012b; Zhao et al.,
2002) brought an explosion of knowledge in Precambrian geotectonic
and palaeogeographic evolution. In particular, the rapid realisation of
the likely cyclic occurrence of supercontinents in Earth history (Evans
etal., 2016a; Nance et al., 1988), together with the seismic tomographic
discoveries of both whole-mantle convection (van der Hilst, 2004; van
der Hilst et al., 1997) and large lower mantle structures such as the large
low-shear-velocity provinces (LLSVPs; Dziewonski, 1984), and the
temporal and spatial linkages between supercontinent events and global
plume episodes (Evans, 2003; Li et al., 2003, 2004; Li and Zhong, 2009),
enabled the geoscience community for the first time to develop holistic
global geodynamic models that link plate tectonics with global-scale
mantle convection, first order mantle structures, and mantle plume
generation (Li et al., 2008a; Li and Zhong, 2009; Maruyama, 1994;
Zhong et al., 2007) with the latter being dramatically expressed in the
Large Igneous Province record (Coffin and Eldholm, 1994; Ernst and
Buchan, 2003). Although lithosphere-whole mantle coupled global
geodynamic models are still in their early days and competing models
exist (e.g., Burke et al., 2008; Dziewonski et al., 2010; Torsvik et al.,
2008b; Torsvik et al., 2014), numerous subsequent geodynamic
modelling (Zhang et al., 2010) and geochemical works (Doucet et al.,
2020a; Doucet et al., 2020b; Gamal El Dien et al., 2019) have demon-
strated that first-order mantle structure may indeed have coupled with
the supercontinent cycle since 2 Ga. Li et al. (2019) even speculated the
presence of a more complicated supercontinent-superplume (LLSVPs)
coupling through the occurrence of intervening ca. 1.2 Ga superocean
episodes.

Having a credible global full-plate reconstruction for the past 2 Ga
has applications to all disciplines of Earth sciences. In addition to
enhancing the understanding of how plate tectonics interacted with
mantle dynamics through the past 2 billion years of Earth history, it is
also critical for evaluating how the Earth’s dynamic system evolved
from a stagnant lid or plume/accretion-dominated system in perhaps the
very early Earth, to a mobile-lid plate tectonic system as we see today
(Brown and Johnson, 2019; Harrison, 2020; Holder et al., 2019; Kore-
naga, 2021; Kusky et al., 2021; Moresi and Solomatov, 1998; O’Neill and
Roberts, 2018; Windley et al., 2021).

In this contribution, we present the first 2000—540 Ma global full-
plate reconstruction. This interval starts from the time when the Earth
appeared to have transitioned from a system with operative plate tec-
tonics but most of the stable cratons we have today were still being
amalgamated, to a system dominated by supercontinent (and possibly
also superocean) supercycles. We will first describe our approaches, and
then provide an update on the reconstruction of Precambrian super-
continents Nuna (Columbia) and Rodinia. This is followed by a docu-
mentation of our animation through a stage-by-stage description of the
major events through the 2000—540 Ma Earth history. We then discuss
possible geodynamic processes underlying this critical time of Earth
history before a final conclusion section. Our work utilises the GPlates
software (Williams et al., 2012; https://www.gplates.org), and builds on
numerous previous Precambrian reconstructions (e.g., Kirscher et al.,
2021; Li et al., 2008a, 2013; Merdith et al., 2017, 2021; Pehrsson et al.,
2016; Pisarevsky et al., 2014a) but with more emphasis on the
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utilisation of various databases and global geodynamic considerations.
2. Approaches and databases used

Here we follow a similar multidisciplinary approach as in Li et al.
(2008b), including utilising the latest version of the Global Palae-
omagnetic Database (GPMDB; Pisarevsky et al., 2022), and various other
geological databases as discussed below. For global palaeolongitudinal
constraints, we generally follow an extended-orthoversion assumption
(Mitchell et al., 2012) as in Li et al. (2019), and discuss the merits and
limitations of some alternative models in sections 2.3 and 6.3.

2.1. Palaeomagnetic data selection, and APWP/TPW considerations

Palaeomagnetism not only plays the most critical role in Precam-
brian plate reconstruction through providing palaeolatitudinal con-
straints and testing past continental connections through apparent polar
wander path (APWP) comparisons (Evans and Pisarevsky, 2008), the
documented (or hypothesized) true polar wander (TPW) events are also
the essential evidence used for the preferred geodynamic model of
supercontinent-superplume (LLSVP) coupling (Li et al., 2004; Li and
Zhong, 2009) and the orthoversion model for palaeolongitudinal
constraint (Mitchell et al., 2012) (see sections 2.3 and 6.3).

In this work we adopt the poles selected by the 8th Nordic Palae-
omagnetism Workshop 2017 as grades A or B poles (Evans et al., 2021)
following the Van der Voo (1990) quality criteria, with a few additional
new poles published in more recent years. All the poles are listed in
Supplementary Material 1, which includes a palaecomagnetic pole list
and time coverage for each major craton. There are a few poles that we
decide to discard for the purpose of reconstruction due to contradiction
with other more reliable results, and these poles are marked with light
grey shade in the data table. For poles based on clastic sedimentary
rocks, an inclination-shallowing correction (Kodama, 2009; Tauxe and
Kent, 2004) was applied using a uniform flattening factor of 0.6 as
adapted at the 2017 NORDIC Palaeomagnetic Workshop following King
(1955) and Torsvik et al. (2012).

For the reconstruction of supercontinents Nuna and Rodinia, we
generally first use the best geologically and palaeomagnetically con-
strained reconstruction of the core constituents of each supercontinent
to construct their respective APWP, and then try to find an optimum
position for the less constrained continental blocks based on geology,
palaeomagnetism (through comparing available poles with the APWP of
the core constituents), and kinematic considerations such as previous
position of each continent before joining the supercontinent, and next
data-constrained positions of such continents after the break-up of that
supercontinent. The selected palaeomagnetic poles are given in Table 1.
We use the weighted running mean-pole calculation method with spline
smoothing (Wu et al., 2021) to generate the APWPs for reconstruction.
In this method, the size of the A95 confidence oval, the overall Van der
Voo (1990) quality (Q) factor, and the age precision and overlap with
the sliding age window (totalling 30 million years) for the mean poles,
are all taken into account in the weighted-mean calculation, with each
mean pole coming with a relative quality factor of its own. The resulting
weighted mean poles and spline-smoothed poles for Nuna and Rodinia
are given in Table 2.

For transition times between supercontinents, we generally use
palaeomagnetic poles to constrain the palaeolatitude of each continent,
and kinematic considerations (including plate motion speed, feasibility
of plate tectonic boundary conditions, interactions between continents
along the pathway etc.), and geodynamic considerations (e.g., the role of
subduction girdle and orthoversion assumption etc.; see sections 2.3,
2.4), to constrain their relative positions.

In this work we accept the occurrence of both normal true polar
wander (TPW) — the rapid motion of the entire silicate Earth relative to
the core and the rotation axis (Gold, 1955; Goldreich and Toomre,
1969), and a specific type of oscillatory TPW, called inertia interchange


https://www.gplates.org
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Table 1
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Selected palaeopoles for Nuna and Rodinia. Plat/Plon: palaeopole latitude/longitude; Clat/Clon: palaeopole latitude/longitude corrected for inclination shallowing
with f=0.6 unless otherwise marked (only applicable to clastic sediments); Rlat/Rlon: palaeopole latitude/longitude after rotated to present-day Laurentia co-
ordinates (the rotation is made on Clat and Clon if they are available); A95: 95% confidence oval for palaeopoles; Q: quality factors of Van der Voo (1990). Italic entries
are treated as outliers with reasoning given at table footnote, and excluded from the calculation of APWPs. The four-digit pole reference numbers listed under
Reference/GPMDB-result# are those assigned to each data entry in the Global Palaeomagnetic Database (GPMDB; Pisarevsky et al., 2022).

Rock formation Plat Plon Clat Clon Rlat Rlon A95 Q Age Reference/
(°N) (°E) (°N) (°E) (°N) (°E) ©) (Ma) GPMDB-result#
Rodinia
Laurentia
Franklin LIP grand mean 6.7 162.1 6.7 162.1 3.0 6 727721 Denyszyn et al. (2009)
Uinta Mountain Group 0.8 161.3 1.2 161.8 1.2 161.8 4.7 5 750—766 9290; age: Eyster et al. (2020)
Kwagunt Formation® 14.2 163.8 14.2 163.8 14.2 163.8 3.5 7 759—743 9981
Tsezotene Sills - combined result 1.6 137.8 1.6 137.8 5.0 6 780—776 5922
MEAN Wyoming “Gunbarrel” dykes (site- 139 129.4 139 129.4 8.2 4 780—776 LULEA WORKING GROUP (Harlan et al.,
weighted mean of Tobacco Root B, 1997; Harlan et al., 2008)
Christmas Lake, Mt. Moran)
Baltica
Hunnedalen Dykes —41.0 2220 -27.7 161.5 10.5 6 875—821 8299
Rogaland Igneous cx (old) —45.9 2384 -34.1 1745 18.1 4  883—855 9280
Katav Formation, mean of 3 sections” 357 169.9 46.9 1049 114 5 900—700 Pavlov and Gallet (2010) (age estimated
only)
Bratton and Algon igneous rocks 5.0 249.0 14.6 193.1 3.9 4 927—905 909
Rogaland Igneous cx, unit-weighted mean of —-43.2  207.9 -29.3 149.4  10.1 5 935—870 LULEA WORKING GROUP (Brown and
all sites” McEnroe, 2004; Walderhaug et al., 2007)
Bjerkreim-Sokndal layered intrusion’ -359 2179 —22.4 158.4 6.3 5 938—904 9570
951—935 Ma Igneous Rocks (Sweden, —-2.6 239.6 8.6 182.4 5.8 7 951—935 9905
Norway)
Blekinge dolerites (52,53,54b,55) 13.0 247.0 22.8 1926  16.0 5  954—946 LULEA WORKING GROUP (Bylund,
1992; age: Soderlund et al., 2005;
Soderlund et al., 2004)
971 Ma Blekinge-Dalarna Dykes -27.0 2304 —14.5 170.4 149 5 978964 9906
Siberia (Aldan)
Ust-Kirba Formation combined 8.1 2.6 0.3 3594 -134 160.5 10.4 4 960—930 8936
Kandyk Formation combined 31 356.5 -11.8 156.7 4.3 5 1000—950 8935
Siberia (Angara-Anabar)
Kitoi Cryogenian dykes 1.1 21.8 -2.3 158.0 5.6 6 762—754 9409
Turukhansk Fm 7.2 17.6 1.6 151.7 3.1 5 1000—950 9893
North Australia
Johnny’s Creek siltstones - B comp. 15.8 83.0 7.4 93.5 -15 165.7 13.5 6  790—730 9569
Western Australia
Mundine Well Dykes - combined result 45.3 1354 3.5 142.7 4.1 6  758—752 8561
Lancer borehole, Browne Formation” 44.5 141.7 34.2 137.9 10.8 151.3 6.8 4 900—810 9314
North China
Hebei Dykes 775 Ma —29.0 67.4 —6.1 128.5 5.4 6  780—770 9975
Huaibei 890 Ma sills 52.3 329.3 5.5 190.2 3.5 7 904—876 9483
N. China Sills —28.2 141.9 29.6 184.1 10.4 6 945—920 9956
Wangshan Fm 26.1 3203 31.6 182.3 5.2 6  950—890 9481
South China
Upper Liantuo Formation - combined result’ 13.2 1552 20.0 1425 77.5 241.7 5.3 6  767—660 Jing et al. (2015) (includes data from
Evans et al., 2000)
Lower Liantuo Fm® 20.0 148.7 248 136.4 71.1 227.8 9.3 7 770—750 9972
Chengjiang Formation 29.9 60.6 32.1 72.2 15.1 221.2 10.9 7 808—792 9982
Xiaofeng Dykes - C2 comp. 13.5 91.0 28.0 244.8 10.9 6 812—792 9117
Madiyi Formation 35.3 67.9 34.3 82.4 23.9 220.4 5.1 6 814—796 9928
Xiajiang Group (f = 0.6) 42.7  104.0 42.7  104.0 40.4 209.7 8.1 7  816—804 9973
Yanbian ‘A’ Dykes 45.1 130.4 56.1 193.3 19.0 6 824—818 Niu et al. (2016)
Tarim
Qiaoenbrak Fm 6.3 1975 0.7 136.2 8.6 5 715—635 9525
Beiyixi (Baiyisi) Fm -17.7 14.2 -11.1 135.1 4.2 5 760—740 9330
Aksu Dykes 19.0 128.0 25.6 250.4 6.0 5 819—795 9144
Sailajiazitage Group —23.5 37.0 —13.5 157.5 11.3 6  907—864 9899
India
Malani Igneous Suite - combined result 69.4 75.7 4.5 154.2 6.5 6 771—752 9728
West Africa
Manso Dykes -28.3 177.6 -7.3 1509 127 7  870—850 9968
Congo
Luakela volcanics - A comp. 40.2  302.0 15.3 149.8 141 4 772—758 9352
Mbozi Cmplex 46.0  325.0 -1.9 145.6 6.7 4 773—713 7786
Gagwe and Kabuye Lavas —-25.0 273.0 42.6 227.3 9.2 4 802—788 7785
Svalbard
Svanbergfjellet Formation 259 226.8 37.3 211.6 5.8 4 789—730 9655
Upper Grusdievbreen Formation -1.1 252.6 3.0 226.1 6.2 5 811—789 9656
Lower Grusdievbreen Formation 19.6  204.9 37.7 1849 10.9 5 850—811 9657
Nuna
Laurentia
Nain Anorthosite 11.7  206.7 11.7 206.7 2.2 5 1320—1290 2180

(continued on next page)
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Table 1 (continued)
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Rock formation Plat Plon Clat Clon Rlat Rlon A95 Q Age Reference/
(°N) (°E) (°N) (°E) (°N) (°E) ©) (Ma) GPMDB-result#
Pilcher, Garnet Range and Libby Fms —-19.2 215.3 -9.3 219.3 -9.3 219.3 7.7 6 1407—1362 9030
McNamara Formation -13.5 208.3 -3.2 213.5 -3.2 213.5 6.7 7 1407—1395 9031
MEAN Rocky Mountain intrusions (3-study -11.9 217.4 -11.9 217.4 9.7 5 1445—1415 LULEA WORKING GROUP (Harlan and
mean of Laramie anorthosite, Sherman Geissman, 1998; Harlan et al., 1994)
granite, and Electra Lake gabbro)
Purcell Lava -23.6 215.6 —23.6 215.6 4.8 5 1450—1436 9037
Mistastin Pluton -1.0 2015 -1.0 201.5 7.6 4 1450—1400 2271
Snowslip Formation —-24.9 210.2 —18.8 213.0 —18.8 213.0 3.5 7 1463—1436 9038
Michikamau Intrusion - combined result -1.5 2175 -1.5 217.5 4.7 7  1465—1455 2274
Spokane Formation -248 2155 -17.9 2182 -179 218.2 4.7 6  1470—1445 9039
St.Francois Mountains Acidic Rocks -13.2 219.0 -13.2 219.0 6.1 6 1492—1460 8932
Tobacco Root Dykes - A combined 8.7 216.1 8.7 216.1  10.5 4 1497—1399 9291
Western Channel Diabase 9.0 245.0 9.0 245.0 6.6 5 1593—1587 2669
Cleaver dykes 19.4  276.7 19.4 276.7 6.1 6 1745—1736 9139
Jan Lake Granite - A comp. 24.3 264.3 24.3 264.3 16.9 3 1759—1757 Gala et al. (1995); age: Bickford et al.
(2005)
Deschambault Pegmatites 67.5 276.0 67.5 276.0 7.7 5 1771—1761 8889
NE trending ECMB Diabase Dykes 20.4  265.8 20.4 265.8 4.5 6 1783—1776 9970
Dubawnt Group 7.0 277.0 7.0 277.0 8.0 6 1820—1750 2737
Greenland
West Gardar Lamprophyre Dykes 3.2 206.4 5.4 197.1 7.2 5 1316—1273 2108
West Gardar Dolerite Dykes 8.7 2017 11.3 192.8 6.6 5 1316—1273 2106
Victoria Fjord dolerite dykes 10.3 2317 10.3 223.0 4.3 6 1384—1380 489
Midsommersoe Dolerite 6.9 242.0 6.0 2329 5.1 5 1384—1380 99
Zig-Zag Dal Basalts 12.0 2428 11.0 234.2 3.8 5 1384—1380 98
Melville Bugt diabase dykes 50 2738 1.5 264.3 8.7 6 1638—1628 9495
Baltica
Mashak Formation 1.8 193.0 -14.1 227.0 14.8 5 1385—1366 10,022
Lake Ladoga basalt, sill, dykes 15.2 177.1 5.4 220.1 5.5 6 1464—1440 9347
MEAN Tuna/Bunkris/Glysjon/Oje unit- 28.3 179.8 15.2 229.2 13.2 4 1478—1460 LULEA WORKING GROUP (Bylund,
weighted by study 1985; Mulder, 1971; Piper, 1992; Piper
and Smith, 1980; age: Soderlund et al.,
2005)
Ragunda Formation 51.6 166.6 39.7 236.4 7.1 4 1519—1493 1320
Satakunta dyke swarm 29.3 188.1 12.3 236.2 6.6 6 1590—1565 9445
Aland dyke swarm 23.7 191.4 6.0 236.0 2.8 7 1590—1566 Salminen et al. (2016)
Hoting basic dykes’ 21.9 146.7 27.0 1989 137 4 1638—1590 9473
Quartz porphyry dykes 30.2 1754 18.9 227.0 9.4 3 1641—1621 407
Sipoo Quartz Porphyry Dykes - An comp. 26.4 180.4 13.3 228.7 9.4 4 1643—1623 7765
Suomenniemi Dykes 27.8 1717 18.7 222.7 7.9 4  1648—1632 9926
Héme dyke swarm 23.6 209.8 -1.3 251.3 14.7 5 1661—1633 9860
Turinge Gabbro-Diabase 51.6  220.2 22.3 268.8 4.8 4 1709—1697 9921
Volyn-Dniestr-Bug intrusions - Group E 10.7 163.2 8.9 206.1 10.2 5 1734—1710 9422
MEAN Ropruchey sill, 4 sites 39.1 217.0 11.2 262.4 8.6 5 1754—1748 LULEA WORKING GROUP (Damm et al.,
1997; Fedotova et al., 1999; age: Lubnina
et al., 2012)
Volyn-Dniestr-Bug intrusions 26.5 169.1 18.9 219.9 39 7 1770—1740 9421
Smaland intrusives 45.7 1827 28.4 241.7 8.0 7 1784—1769 9355
Hoting gabbro 43.0 2333 11.8 2755 10.9 6 1796—1776 9580
Shoksha Sandstones 39.7 2211 10.8 265.7 4.0 7 1800—1750 8681
Kallax gabbro 49.0  209.0 22.5 260.6 3.9 5 1805—1794 10,003
Nottrask gabbro 43,5 216.2 15.5 263.3 6.1 5 1812—1800 1331
Lake Ladoga, Mean intr. & dykes, A comp. 509 229.1 20.1 274.3 7.2 6 1819—1744 10,018
Siberia (Aldan)
Ulkan granite’ 42.1  249.4 -25.0 —119.5 4.4 4 1729—1709 9500
Elgetey Fn? 7.1 183.5 18.7 347.3 132 7 1736—1728 9501
Siberia (Angara-Anabar)
Udzha-Chieress Intrusions 57  264.9 14.0 —140.2 6.3 5 1390—1370 9895
Sololi-Kyutingde intrusions —-33.6 73.1 —-15.8 216.8 10.4 6 1497—1449 9318
North Anabar Intrusions 239 2553 —-6.0 1443 7.5 5 1500—1466 9553
West Anabar Intrusions 25.3 241.4 —-11.4 —155.9 4.6 5 1505—1500 9552
Kuonamka Dykes -6.0 54.0 4.0 190.4 19.8 5 1508—1498 8554
North Australia
Derim Derim Sills 76.5 300.2 -3.7 205.0 15.0 6 1329—1312 9978
Mt.Isa Metamorphosed Dykes (IM) -79.0 110.6 -6.7 204.0 8.4 4  1550—1500 7550
Balbirini Dolomite, upper part -52.0 176.1 13.4 232.4 7.5 6 1592—1586 8724
Balbirini Dolomite, lower part —66.1 177.5 1.9 224.2 5.7 6 1617—1606 8723
South Australia
Blue Range beds & Pandurra Formation —38.4 62.4 -9.4 204.6 3.5 5 1580—1300 9399
Gawler Range Volcanics —60.4 50.0 —13.2 228.1 6.2 3 1590—1500 1962
Amazonia
Nova Guarita dykes —47.9 2459 -7.0 -157.6 6.6 6  1422—1415 9361
Indiavai gabbro 57.0 69.7 -1.1 209.7 8.9 3 14231409 9367
Mucajai Complex® -38.2 0.1 1.5 278.0 126 5 1540—1520 9966
Avanavero mafic rocks —48.4 27.9 23.9 —83.8 9.2 6 1791—1786 9499

(continued on next page)
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Rock formation Plat Plon Clat Clon Rlat Rlon A95 Q Age Reference/
(°N) (°E) (°N) (°E) CN) (°E) ©) (Ma) GPMDB-result#
Sao Francisco
Curacd mafic intrusions and baked rocks 10.1 9.6 1.6 -107.9 15.4 6 1516—1500 9558
Para de Minas Dykes 39.8 16.8 319 -110.5 17.0 5 1800—1785 9953
North China
Yanliao mafic sills -5.9 179.6 -1.5 199.7 3.6 6 1330—1316 9461
Tieling Formation -11.6 7.1 9.3 1446 6.3 6  1458—1416  Wu (2005); age: Su et al. (2010)
Yangzhuang Fm (Wu + 05) - B comp. 17.3 2145 0.5 241.2 5.7 6 1560—1437 9268
Yangzhuang Fm (Pei + 06) - C comp. 2.4 190.4 -0.2 213.3 11.9 6 1560—1437 9360
Luxi Dykes 1630 Ma 20.8 1825 19.4 216.9 83 5 1638—1630 9924
Luxi Dykes 1680—1630 Ma combined” —-3.0 1983 15.6 217.1 7.8 5 1680—1630  Cai et al. (2020)
Luxi Dykes 1680 Ma 17.8 184.9 15.6 217.1 14.3 4 1685—1675 9925
Taihang dykes (central zone) 47.9 275.2 15.6 297.7 4.0 7 1772—1766 9546
Yinshan Dykes - combined result 32.3 2483 3.0 275.1 2.0 7 1772—1766 9544
Xiong’er Group 50.0 272.7 17.8 296.1 4.9 7 1790—1770 9548
India
Lakhna Dykes 41.3  120.5 —20.6 209.1  20.5 6  1469—1463  Pisarevsky et al. (2013)
West Africa
Tagragra d’Akka Dykes 87.4 44.7 -7.3 221.6 7.8 5 1400—1360 9980

2 Corrected for inclination shallowing by f = 0.9 (Eyster et al., 2020).
b Excluded due to high age uncertainty.

¢ The original Rogaland Igneous cx pole is used because this mean pole deviates from most of other coaeval poles.

4 Interpreted to be overprint (Walderhaug et al., 2007).

¢ Based on only four dykes. The magnetic age is derived from A-Ar age of the baked contact rock.

f Likely subjected to local rotations.
8 Lacks field test and position coincides with Phanerozoic poles.

" The poles of 1630 Ma and 1680 Ma Luxi dykes overlap with each other and pass a common mean test. We combined those two poles.

true polar wander (IITPW) (Evans, 1998; Kirschvink et al., 1997), in
Earth history. Recognition of TPW events during both Rodinia time (Li
et al., 2004; Maloof et al., 2006; Niu et al., 2016) and Nuna and Pangaea
times (see discussions in sections 2.3, 6.2 and 6.3) is of particular
importance, as it not only enables us to construct an APWP for Rodinia
which would otherwise be considered too scattered a dataset (see sec-
tion 3.1), it also allows us to examine the mantle dynamics during su-
percontinent cycles (sections 2.3, 6.2 and 6.3) and the validity of the
extended-orthoversion hypothesis (Li et al., 2019, after Mitchell et al.,
2012; see section 2.3).

2.2. Geological databases for global reconstruction

Global palaeogeographic reconstructions need to consider all
geological information (e.g., Fig. 1a of Li et al., 2008a). The best way to
do so systematically is to have access to GIS-based global databases.
Ideally, such an approach would allow researchers to use continuing or
paired features between adjacent continents (e.g., long orogens, paired
rift margins, segments of a shared large igneous provinces or LIPs etc.)
across continents to examine their potential past connections in real
time. However, there are currently severe limitations for such a
database-based approach due to two major shortfalls. First, there is a
shortage of GIS-based and uniformly covered and formatted global da-
tabases suited for such a purpose. The most systematic geological da-
tabases used for this work are (1) the IGCP 440 global pre-700 Ma
geotectonic database in shapefile format (Li et al., 2008a), and (2) the
global large igneous province (LIP) database in both shapefile and Excel
table formats (after Ernst et al., 2021). Second, there is non-uniqueness
in the interpretation of some geological features, in addition to accuracy
limitations of the databases. For example, a sedimentary sequence with
continental slope character could be interpreted by the database
compiler as either the record of a passive margin, or the cover succession
of a failed continental rift. A crustal extension-related unconformity
could be interpreted by some as evidence for an orogen. A poorly dated
orogen with upper age constrained by the age of the cover succession
could lead to the orogen being shown on a reconstruction long after it
ceased to active. Such limitations will gradually diminish with time as
more and better global georeferenced databases become available.

IGCP440 pre-700 Ma global geotectonic database (Supplementary
Material 2). This was a GIS-based database compiled by members of the
IGCP 440’s map committee (see attribute on The Geodynamic Map of
Rodinia as appendix I of Li et al., 2008a). The database features inter-
preted tectonic facies for major crustal provinces between 1600 and
700 Ma, Paleoproterozoic orogenic belts, known or inferred Archaean
cratons, and some 1600—700 Ma geological features such as basin re-
cord, major faults, intracratonic granitoids, and ophiolites. The data
compilation stopped at 700 Ma as it was deemed that data after that time
is irrelevant to the evolution of the supercontinent Rodinia, which was
the focus of that IGCP project. In this work we utilise and display most
features of that database in the 2000—700 Ma segment of the global full-
plate animations, but simplified the display by having all variety of
orogens (including metamorphic terranes) shown by the same colour
(green).

Neoproterozoic sedimentary facies point data (Li et al., 2013; Supple-
mentary Material 3 for the database in shapefile format). This simple point
data database for selected Neoproterozoic time windows between 825
and 540 Ma helps to fill the age gap of 700—540 Ma in the IGCP 440
database (Supplementary Material 2). It emphasises the sedimentary
(including hiatus), paleoclimatic, igneous, and metamorphic spot re-
cords during the break-up of the supercontinent Rodinia.

Global large igneous province (LIP) database (Ernst et al., 2021; Sup-
plementary Material 4 for shapefile database and Excel tables). The global
LIP record not only can be used for reconstructing past continental
connections (Ernst et al., 2013a; Ernst et al., 2008; Evans et al., 2016b),
it also provides a key argument for either the geodynamic model of
coupled supercontinent-superplume cycles (Li et al., 2008a; Li and
Zhong, 2009) or the opposing view (Torsvik et al., 2008b). In section 6.3
we use the data to discuss some of the alternative geodynamic models.

LIPs are defined as large volume (>0.1 million km® or Mkms;
frequently above 1 Mkm?®), mainly mafic (—ultramafic) magmatic events
of intraplate affinity (based on tectonic setting and/or geochemistry)
that occur in both continental and oceanic settings, and are typically
either of short duration (<5 million years or Myr; often <2 Myr) or
consist of multiple short pulses over a maximum of a few 10s of Myr
(Ernst, 2014; Ernst et al., 2021). They consist of volcanic packages (flood
basalts) and plumbing systems of regional dyke swarms (linear,
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Table 2

Weighted mean poles for Nuna and Rodinia, and synthetic poles generated using spline smoothing as shown in Figs. 3 and 7. Lat/Lon: latitude/longitude; E95a/E95b:
semi-major/semi-minor axes of error ellipses; o: orientation of the semi-major axis; N: number of paleopoles in a time window of 30 Myr; Weight: the weight of each
mean pole.

Weighted mean Spline

Age Lat Lon E95a E95b ® N Weight Lat Lon
(Ma) °N) (°E) @] @] ©) N) (°E)
Rodinia (Smoothing 3000)

700 0.4 —-39.7 21.4 20.2 —105.5 2 1.3 0.3 —39.2
710 -2.4 —-30.8 20.4 15.8 -74.1 3 2.1 -2.7 -30.1
720 -5.3 337.6 24.6 13.9 —54.8 5 3.4 —4.9 —23.2
730 —-5.4 339.1 21.7 11.8 -50.7 6 4 —-5.2 —-21.4
740 -3.9 335.6 15.6 9.5 -51.9 9 5.7 —4.2 —23.8
750 —4.2 334 14.5 9.3 —-51 9 5.9 -3.9 —26
760 -35 331.4 13.8 8.8 —53.6 10 6.6 -3.3 —29.8
770 -4 327.4 12.5 8.7 —58.5 12 8.1 -3.8 —34.2
780 -8.1 -27.2 22.8 10.8 113.1 12 8.4 -10.1 -17.6
790 —26.4 44.4 21.2 10.6 91.2 12 8.6 —24.1 34.4
800 —-27.6 42.2 13.6 11.2 —87 10 7 —28.6 46

810 -30.3 42.2 14.1 13 -63.8 10 6.6 -30.2 43.3
820 -30.2 39.3 16.6 14.8 —64.6 9 5.5 -32.9 38.3
830 —41.8 24 28.5 18.8 —49.1 5 3 -31.4 19.9
840 3.2 -16.9 36.1 17.9 159.1 3 1.8 —6.4 -7.6
850 12.8 341.8 24.8 15.2 -14.7 5 2.9 11.6 -19.1
860 14.4 341.4 22.8 14.9 —12.2 5 2.9 16.1 -18.9
870 15.7 -14.3 17.6 15.4 —46.7 5 2.9 15 -15
880 8.5 -11 20.8 14.5 -26.8 6 3.5 8.6 -10.1
890 -0.4 -2.7 25.7 16.8 158 4 2.3 -0.6 -3.3
900 -10.2 2 22 15.6 -37.9 4 2.2 -9.6 1.7
910 -15.3 3.3 19.1 14.1 -31.8 5 3 -14.6 2.4
920 -14.4 -1.6 22.5 13.6 146.9 5 3.2 —-15.6 0.5
930 —16.6 1.6 18.1 12.6 —27.7 5 3.3 —15.6 0

940 -12.3 -3.3 16.6 10.7 139.6 8 5.2 -12.6 -3
950 -8.1 -6.8 17.2 10.8 144.7 8 5.2 -8.1 -6.7
960 -3 -9.6 17.9 11.8 142.6 7 4.4 -3 —-9.7
Nuna (Smoothing 10,000)

1300 4.4 200.8 13.9 12.5 —21.8 5 3.6 4.3 —159.1
1310 2.8 201 12.2 11.1 -17.9 6 4.5 3.2 —159.3
1320 2.1 201.1 12.3 11.1 -18.3 6 4.5 2.1 -159.3
1330 1.7 201.2 12.7 11.5 —18.6 6 4.1 -0.1 —158.2
1340 —-4.7 202.8 16.7 16.2 -32.6 3 1.9 -3.8 —153.9
1350 -8.7 215.6 18.2 16.1 —-95.7 3 2 -5.9 —147
1360 -5.5 218.7 15 13.8 -0.1 5 3.4 —4.2 —140.7
1370 1 223.7 11.3 9.8 27.7 8 6.7 -0.5 —136.8
1380 1 223.6 11.2 9.7 26.7 8 6.8 1.2 —136.6
1390 1.1 -139.5 9.8 8.8 135.6 11 8.6 0.7 —140
1400 -1.7 —146.3 10.9 10.5 156.2 8 5.6 -1.3 —145.1
1410 -3.5 211.9 9.2 9.1 -117.3 10 7.4 -2.9 —148.2
1420 -2.9 210.8 9.9 9.6 26.5 9 6.6 -3.6 —148.6
1430 -4.7 213.6 9.6 9.1 35.5 12 8.8 —4.9 —146.6
1440 -6.9 216 9.9 8.9 12.3 12 8.9 —6.4 —144.4
1450 -6.7 216.7 8.7 7.5 19.2 16 11.9 -6.8 —143.3
1460 -6.2 216.8 8.7 7.4 22 16 12 -6.3 —142.9
1470 -5.3 217.8 9.2 7.8 25.5 14 10.5 -5.3 —142.1
1480 —4.4 219.1 12.8 9.3 25.2 11 7.7 —4.1 —141.5
1490 -2.3 -142.1 11.8 9.9 125.8 14 9.3 -2.9 —142
1500 —-2.6 217.7 12.4 10.3 —120.5 13 9 —-2.2 —142.3
1510 -1.4 217.7 13.3 10.9 —119.3 12 8.3 -1 —141.3
1520 1.2 221.9 18 14.4 -113.9 8 5.2 0 -139
1530 -0.2 -136.1 18.7 14.9 126.5 7 4.4 -1.3 —138.3
1540 —-5.8 218 18.4 13.4 —-97.1 5 3.2 -39 —139.9
1550 -5.8 218.3 18.7 13.6 -97.2 5 3.1 -4.2 -139.5
1560 -0.6 224.9 15.9 11.7 -113.9 7 4.6 -1.6 —135.8
1570 0.9 228.5 15.7 12.2 —-118.7 6 4.2 1.6 —131.4
1580 5.6 233 14.1 11 -128.3 6 5 4.4 -128
1590 5.6 -127.1 14.6 11.4 127.7 6 4.7 5.9 -126.8
1600 6.4 -126 12.4 11.2 142.4 6 4.7 7 -127.3
1610 9.5 226.1 17.9 15.7 12.3 3 2.1 8.6 —128.4
1620 10 233 16.2 11.2 -71.2 7 4.9 9.9 -127.5
1630 10.7 -126.3 15.7 10.6 69.5 7 5.4 10.9 -126.1
1640 11.8 —124.5 17.2 10.7 66.7 6 4.8 11.4 —125.4
1650 11.6 —125.2 18.2 11.3 66.1 6 4.3 11.4 -126.6
1660 11.8 -130.5 25.3 16.3 61 3 2 11.5 -129
1670 9.1 —128.6 33.9 20.3 63.4 2 1.3 12.7 -129
1680 15.6 217.1 27.3 27.3 —109.6 1 0.7 15.9 —-124.1
1690 21.6 248.1 38.4 19.3 -96.1 2 1.4 19.5 -113.1

(continued on next page)
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Weighted mean Spline

Age Lat Lon E95a E95b ® N Weight Lat Lon
(Ma) CN) (°E) ©) ©) ©) CN) (°E)
1700 22.3 268.8 22.9 22.9 —-0.1 1 1 21.6 —-101.2
1710 22.3 268.8 229 229 -0.1 1 1 21.9 -92.9
1720 22.3 268.8 26.2 26.2 -0.3 1 0.7 20.5 —88.7
1730 19.7 —84.2 17.9 17.8 72.2 2 1.6 18.3 —87.4
1740 14.1 270.9 12.7 11.9 -122.8 5 3.9 17 —88.2
1750 19.9 —89.7 15.6 10.6 —-176.6 7 5.4 18.2 —88.4
1760 19 —-86.3 12.6 11.3 163.1 10 8.4 19.1 —-86.9
1770 19.6 274 11.5 10.2 -27.9 11 9.6 19.6 —86.3
1780 20.2 272.9 10.4 9.1 —43.6 13 11.2 20.2 —86.9

radiating and a newly identified circumferential type; Buchan and Ernst,
2021), sill complexes, layered mafic-ultramafic (M-UM) intrusions, and
crustal magmatic underplates. Those which do not reach the threshold
of 100,000 km? are included as probable LIPs based on satisfying proxy
parameters such as having mafic dykes which are typically at least 10 m
in width (Ernst, 2014). With an increasing number of LIP events being
discovered during Earth history, LIP data, and especially their regional
dyke swarms, provide an efficient tool for constraining palae-
ocontinental reconstructions (Bleeker and FErnst, 2006; Ernst and
Bleeker, 2010; Ernst et al., 2013a). Comparison of LIP time “barcodes”
from different crustal blocks can reveal which were nearest neighbours
and over what time span (Bleeker and Ernst, 2006). Reconstruction of
coeval dyke swarm trends from different crustal blocks into giant linear,
radiating and circumferential swarms, constrains the relative posi-
tioning of these blocks (Bleeker and Ernst, 2006; Buchan and Ernst,
2021).

Fig. 1 represents a global LIP barcode diagram updated from that of
Ernst et al. (2021) for the interval of 2000 to 540 Ma. Grey bands in the
background identify particular time periods with significant matches. A
tabulation of these matches is provided in Table 3, and possible plume
centres, speculated using radiating (and circumferential) dyke swarms
and other evidence (Buchan and Ernst, 2021), is listed in Table 4. It is
apparent from these tables that there is more of a concentration of
globally widespread LIP events during Rodinia time of 900—700 Ma (Li
et al., 2003; Li et al., 2008a) than for Nuna time of 1600—1300 Ma. In
sections 3—5, we honour some of the more confident LIP connections,
but not all, because (1) such interpretations are often non-unique, for
example, the possible presence of multiple plume centres at a similar age
(Ernst and Buchan, 2002), and (2) our reconstruction tries to honour
multiple independent lines of evidence as well as plate kinematic con-
straints. Nonetheless, by enabling the global LIP record to be linked with
this (Supplementary Material 4 and reconstruction figures below) and
alternative plate reconstruction models, future workers will be able to
explore further the merits of both the various reconstructions and the
competing geodynamic models (see section 6.3).

We also utilised the global passive margin database of Bradley
(2008) (Supplementary Material 5, in shapefile format), global orogen
database of Condie et al. (2021) with minor modifications and in
shapefile format (Supplementary Material 6), and global metamorphic
database of Liu et al. (2022) to help define plate boundaries in our full-
plate animations. We note, however, that some of the listed passive
margins in the database may in fact represent the marginal slope of
failed rift systems, for example, the late Neoproterozoic southeastern
margin (present-day coordinates) of the Yangtze Block (Wang and Li,
2003).

2.3. Geodynamic constraints: introversion, extroversion, orthoversion,
and palaeolongitude constraints

Introversion and extroversion are two opposing ways of supercon-
tinent assembly: the former involves the closure of internal oceans
generated during the break-up of the previous supercontinent (for

example, the present-day Atlantic, Indian and the Southern oceans
formed during the break-up of the supercontinent Pangaea), whereas the
latter involves the previous supercontinent being turned inside-out to
form the new supercontinent through closing the previous external
superocean, and at the same time the internal oceans expand to form the
new superocean (Murphy and Nance, 2003).

However, in practice, it is not easy to determine whether the closure
of small oceans represent the closure of internal oceans as part of
introversion, or that of oceans formed along active margins as part of a
previous superocean. For example, the present-day Philippine Sea and
Tasman Sea in the southwestern Pacific Ocean were formed due to
subduction retreat along the margin of the former Pangaean external
superocean, the Panthalassa Ocean. The hypothetical formation of a
future supercontinent through the closure of the Pacific Ocean, a clear
case of extroversion assembly, may be seen by some as an introversion
assembly, because previous marginal seas like the Philippine Sea and the
Tasman Sea (which may become the last sections of the Pacific Ocean to
close due to their young ages) could be identified by some as the closure
of “internal oceans”. To address such ambiguity in distinguishing
introversion assembly from extroversion, due to the difficulty in correct
identification of genuine closure of internal oceans, Li et al. (2019)
added the criterion of the survival of the old global subduction girdle, or
the regeneration of a new one (for example, the present-day Pacific ‘Ring
of Fire’, which existed as a subduction girdle since Pangaea assembly, is
expected to survive if the next supercontinent assembles through
introversion; Fig. 2 of Li et al., 2019) as another approach to distinguish
introversion vs. extroversion supercontinent assembly.

In this study, we follow the general philosophy of Li et al. (2019) in
having Rodinia assembled through introversion, and Pangaea through
extroversion. However, we note that others (e.g., Martin et al., 2020;
Murphy and Nance, 2003) interpreted otherwise. By following the
geodynamic model of a dynamic coupling between the supercontinent
and superplume (LLSVP) cycles (Li et al., 2008a; Li and Zhong, 2009;
Zhong et al., 2007) and constrained by TPW and LIP records, our global
reconstruction favours a weakened legacy degree-2 (degree-2 + degree-
1) mantle structure for the early stage of both an introversion-assembled
supercontinent (e.g., Rodinia) and an extroversion-assembled super-
continent (e.g., Pangaea). We will present a more detailed geodynamic
discussion in section 6.

How to assign palaeolongitude to supercontinents and palaeogeo-
graphic reconstructions in general is another challenge, as palae-
omagnetism by itself is unable to provide absolute palaeolongitudinal
information. Nonetheless, attempts have been made to control palae-
olongitude indirectly through geodynamic assumptions (Mitchell et al.,
2012; Torsvik et al., 2014). We will further discuss this topic in section
6.3. Here we focus on models featuring a coupling between the super-
continent cycle and whole-mantle geodynamics (including lower-mantle
features such as LLSVPs).

Following the principle of continents tending to be drawn to mantle
downwelling regions or zones (geoid lows; Anderson, 1994; Zhong et al.,
2007), Mitchell et al. (2012) proposed that a new supercontinent can
assemble on the subduction girdle 90° away from the previous one
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Fig. 1. An updated global LIP barcode diagram for
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[Amazonia] (1520 Ma), 60a = Brevik-Rjukan [Baltica] (1510-1500 Ma), 61 = Kayser [Amazonia] (1520 Ma), 62 = Dongchuan [Yangtze craton] (1530—1500 Ma,

Lu et al., 2020), 63 = Curaca-Chapada Diamantina [Sao Francisco craton] (1500 Ma), 64 = Humpata [Greater Congo craton] (1500 Ma), 65 = Kuonamka [n

Siberian craton] (1500 Ma), 66 = Bangemall [nw Australian craton] (1465 Ma), 67 = Tuna-Trond Gota-Lake Ladoga [n Baltica] (1460—1450 Ma), 68 = Moyie [w

Laurentia] (1460 Ma), 69 = Michael-Shabagamo [e Laurentia] (1450—1425 Ma), 70 = Betara [Betara block] (1445 Ma), 71,72 = Lakhna & Bandalimal) [Bastar

craton] (1460—1420 Ma), 73 = Salto do Céu - Figuera Branca — Nova Lacerda [Amazonia] (1440—1420 & 1380 Ma), 74 = Bas Draa [Anti Atlas inliers, West

African craton] (1415—1380 Ma), 75 = Biberkine (Yilgarn craton] (1390 Ma), 76 = Midsommerso-Zig Zag Dal (Greenland) [ne Laurentia] (1385 Ma), 77 = Hart

River-Salmon River Arch [w Laurentia] (1380 Ma), 78 = Mashak [e Baltica] (1385Ma), 79 = Kunene-Kibaran [Greater Congo craton] (1380—1360 Ma),

Australian cratons
Tarim
Indian cratons

E. Antarctica ’
Yangtze block
Siberian craton
North China craton
Kalahari craton
North Atlantic, Superior
& Slave cratons
Congo-Séo Francisco
Rio de la Plata
craton
Amazon
Karelia-Kola, Sarmatia
& Volga-Uralia blocks
West Africa craton
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80 = Chieress (Severobyrrang) [n Siberian craton] (1384 (1360 Ma)), 81 = Vestfold Hills-4 [Antarctica] (1380 Ma), 82 = Pilanesberg [Kalahari] (1380—1360 Ma,
#20 in Ernst et al., 2008), 83 = Galiwinku-Derim Derim [North Australian craton] (1320 Ma), 84 = Yanliao [North China craton (1320 Ma), 84a = Nain Plutonic
Suite [Laurentia] (1350-1290 Ma), 85 = Juscelandia-Serra dos Borges [Brasilia belt] (1300—1250 Ma), 86 =Harp [Nain portion, North Atlantic craton]
(1270 Ma), 87 =Mackenzie [Laurentia] (1272—1265Ma), 88 = CSDG (Central Scandinavian Dolerite Complex) [Baltica] (1270—1250 Ma), 89 = Sredne-
cheremshan [Siberian craton] (1260 Ma), 90 = Mealy-Seal Lake [e Laurentia] (1250 Ma), 91 = Sudbury [dykes] [e Laurentia] (1235—1238 Ma), 92 = Vestfold
Hills-5 [Antarctica] (1240 Ma), 93 = Nova Floresta [Amazonia] (1220 Ma), 94 = Protogine Zone [Baltica] (1220 Ma, #37 in Ernst et al., 2008), 95 = Licheng
(1230 Ma) & Yishui (1210 Ma) [North China craton (1230—1210Ma), 96 = Marnda Moorn [Yilgarn craton] (1210 Ma), 97 = Lower Koras [Namaqua belt,
Kalahari craton] (1171 Ma, #42 in Ernst et al., 2008), 98 = Thiselthwaite-Munn [nw Laurentia] (1170 Ma), 99 = Gardar Late [Greenland, Laurentia] (1163 Ma, #43
in Ernst et al., 2008), 100 = Abitibi-Corson [c. Laurentia] (1150—1140 Ma), 101 Bunger Hills [Antarctica] (1130 Ma), 102 = Keweenawan [c Laurentia]
(1115—1085Ma), 103 =Umkondo (Africa) [Kalahari craton] (1112—1106 Ma), 104 =Umkondo (Antarctica) [Grunehogna craton] (1112—1106 Ma),
105 =Huila (GN)-Epembe [sw Congo craton] (1110 Ma), 106 = Mahoba [Bundelkhand craton] (1110 Ma), 107 = Huanchaca-Rincon del Tigre [Amazonia]
(1110 Ma), 108 =Warakurna [c Australian craton] (1075Ma), 109 =Southwest Laurentia (formerly Southwest Diabase Province) [sw Laurentia]
(1100—1070 Ma), 110 = Sette-Daban [e Siberian craton] (1005, 975 Ma), 111 = Blekinge-Dalarna [Baltica] (980—920 Ma #54 in Ernst et al., 2008), 112 = Bahia-
Araquai [Sao Francisco craton] (920 Ma), 113 = Zadinian-Mayumbian (Gangil) [Greater Congo craton] (924—912 Ma), 114 = Dashigou (Sariwon) [North China
craton] (920 Ma), 115=0da [s West African craton] (915Ma, (Antonio et al., 2021; Baratoux et al., 2019)], 116 = Sailajiazitage [Tarim craton] (890 Ma),
117 =Iguerda-Taifast [s West African craton] (870 Ma), 118 =Manso [n West African craton] (880 Ma), 119 = Zambezi (Munali) [Zambia, Congo craton]
(880—860 Ma), 120 = Glen Doe (UK, Laurentia] (870 Ma, #58 in Ernst et al., 2008), 121 = Gairdner-Willouran [s Australian craton] (825 Ma), 122 = Guibei
[South China block] (825Ma), 123 =Kuluketage (Qiganbualke) [Tarim block] (820 & 780Ma), 124 =Rushinga-Bukoba [Kalahari craton] (800 Ma),
125 = Suxiong-Xiaofeng [South China block] (800 Ma), 126 = Aksu [Tarim block] (810 Ma, #69 in Ernst et al., 2008), 127 = Malagarazi-Bukoba [Congo craton];
ca. 815—709 Ma, #70 in Ernst et al., 2008), 128 = Niquelandia [Brasilia belt] (790 Ma), 129 = Gannakouriep [sw Kalahari craton] (800 Ma), 130 = Gunbarrel [w.
Laurentia] (780 Ma), 131, 132 = Kanding [South China block], Kudi [Tarim block] (780 Ma), 133 = Boucaut [s West Australian craton] (780 Ma), 134 = Mundine
Well-Keene [West Australian craton] (755—750 Ma), 135 = Malani (India) [greater Indian craton] (755 Ma), 136 = Malani (Seychelles) [Seychelles] (755 Ma),
137 = Shaba [South China block] (755 Ma), 138 = Ogcheon [Korea, linked to South China] (755 Ma), 139 = Mount Rogers [e Laurentia] (755Ma), 140 = Roan
[Congo craton] (765—735Ma), 141 = Damara-Kauka [Kalahari] (750 Ma #83 in Ernst et al., 2008), 142 = Franklin (-Thule) (Canada & Greenland portions) [n
Laurentia] (716 Ma), 143 = Kikitat [Alaska] (715 Ma), 144 = Irkutsk [Siberia craton] (720 Ma), 145, 146 = Mutare-Fingeren [Kalahari & Grunehogna cratons]
(720 Ma), 147 = CIMP: Baltoscandian-Egersund [Baltica] (615 Ma), 148 = CIMP: 615 Ma pulse (Long Range pulse) [e Laurentia] (615 Ma), 149 = Precordillera
(S. America) (576 Ma), 150 = CIMP: Ouarzazate [West African craton] (580—560Ma), 151 = CIMP: Volyn, Seiland [Baltica] (580—570Ma), 152 = CIMP
590—560 Ma pulse (Grenville dykes, Sept Isle intrusion & Catoctin volcanics) [e Laurentia] (580 Ma), 153 = Wichita [sw Laurentia] (533 Ma), 154 = Paraupebas-

Piranhas [Amazonian craton] (535 Ma).

through the closure of smaller oceans along the girdle instead of either
the major internal oceans (introversion), or the previous external
superocean (extroversion), a phenomenon termed orthoversion super-
continent assembly (Mitchell et al., 2012, 2021). Therefore, in an
orthoversion assembly, both the bulk of the internal oceans and the bulk
of the external superocean survive supercontinent assembly. Li et al.
(2019) extended this concept by having each supercontinent forms 90°
away from the previous one, regardless of whether it assembles through
introversion, extroversion or orthoversion. We call this the extended-
orthoversion model.

More recent geodynamic modelling (Huang et al., 2022) suggests,
however, that introversion supercontinent assembly can easily occur at a
similar location as the previous supercontinent, whereas an extroversion
supercontinent assembly tends to occur on the other side of the globe ca.
180° away from the position of the previous one. We mark this non-
orthoversion geodynamic model 180—180-0 because it would have
both Nuna and Rodinia centred at 180°E, whereas Pangaea centred at
0°E.

There is yet no definitive proof for which of these models is correct or
whether they could all occur in nature. In this paper we mainly discuss
three scenarios: Scenario Ia (0-90 W-0), an extended-orthoversion
model where each of the latest two supercontinents assembled 90°
away from the previous one regardless whether they assembled through
introversion, extroversion or orthoversion, with Nuna centred at 0°E,
Rodinia at 90°W (Miiller et al., 2022), and Pangaea at 0°E; Scenario Ib
(0-90E-0), same as Scenario Ia except by having Rodinia centred at 90°E
(Li et al., 2019); Scenario II non-orthoversion (180—180-0): introversion
0° away, extroversion 180° away. Of course, there are other possible
scenarios with any other possible longitudinal variation between suc-
cessive supercontinents. All models need to be further tested using
combined palaeomagnetism, geodynamic modelling, and other geolog-
ical and geophysical means. Here we present Scenario Ia as our slightly
preferred scenario (see animation in Supplementary Material 7), but also
provide the full-plate animation for Scenario Ib (Li et al., 2019; Supple-
mentary Material 8). We slightly prefer Scenario Ia over Scenario Ib
because of the relatively more moderate plate motions required by the
former (section 5.7) and smoother transition from one supercontinent to

the next following the extended-orthoversion model (section 6.3.2, and
Supplementary Materials 7, 8). In Supplementary Material 9 we high-
light the occurrence of LIP events in time and space in both Scenarios Ia
and 1b animations. We will discuss the merits and shortfalls of these
scenarios in section 6.3.

2.4. Full-plate model construction

2.4.1. Reference frame and plate circuit

The plate reconstructions presented in our model are in essence
describing the motions of rigid objects through time on the surface of a
sphere using Euler’s rotation theorem (McKenzie and Parker, 1967;
Morgan, 1968). In common practice, the motion of one plate is often
referenced to another plate (determined by geological and/or
geophysical data), the motion of which is in turn relative to yet another
plate until this circuit reaches the ‘root plate’ of the hierarchy. This hi-
erarchical structure organising the Euler rotations are referred to as
plate circuits. The motion of the root plate relative to an absolute
reference frame (e.g., Earth spin axis) is then determined using methods
such as palaesomagnetism. In doing so, the absolute motions of all plates
can be restored through the translation of the plate circuit — see
Domeier and Torsvik (2019) and Seton et al. (2012) for more detailed
discussions. Such relative plate circuits with Africa as the root are
common choices for plate models concerning the Mesozoic and Cenozoic
(e.g., Matthews et al., 2016; Merdith et al., 2021; Miiller et al., 2016;
Seton et al., 2012; Torsvik et al., 2008a). The rationale behind this
popular choice is: (1) the availability of oceanic spreading history sur-
rounding Africa that allows all neighbouring continents to be reliably
restored to their relative positions since Pangaea time, and (2) Africa has
moved relatively little for the past 200 Ma relative to the mantle plume
reference frame (Torsvik et al., 2008a). Due to the absence of pre-
Jurassic oceanic lithosphere and pre-130 Ma hotspot tracks, pre-
Mesozoic plate reconstructions (e.g., Domeier and Torsvik, 2014; Li
etal., 2008a; Merdith et al., 2017) generally have a flatter plate circuit, i.
e., more plates directly connect to an absolute reference frame instead of
arranging almost all plates in a relative tree structure.

The structure of the plate circuit constructed in our model varies with
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Table 3
Matching LIP events on multiple crustal blocks (as shown in Fig. 1).
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LIP Timing Participating Crustal Blocks
2010—1980 n Superior and Wyoming
1980—1960 Karelian, North China, Amazonian, Bundelkhand
1950—1960 North Atlantic, North China
1930—1900 Slave, Kalahari, Siberian, Meta-Incognito
1790—1780 Dharwar, West Africa, Rio de la Plata, Sarmatia, North Australian,
1770—1750 n Laurentia, e Baltica, Siberian, Antarctica, West African. Singhbhum, North China, Amazonian
1740—1690 North Australian, n Laurentia, North China
1670—1640 West African, Baltica, North China, North Australian
1640—1620 North China, n Laurentia
1590—1600 Gawler, w Laurentia, Rio de la Plata, Baltica
1575 West African, Amazonia
1520 West African, Amazonia
1500 Sao Francisco, Greater Congo, Siberian
1460—1420 Amazonia, Bastar, e Laurentia, Baltica, West Australian
1380 w Laurentia, Antarctica, Siberian, Greater Congo, Baltica, ne Laurentia, West African
1320 North Australian, North China
1270—1250 n Laurentia, s Siberia, e Laurentia, Baltica, North Atlantic, Brasilia belt
1240 e Laurentia, Antarctica
1210 Yilgarn, North China, Amazonia
1115 (—1085) Laurentia, Congo, Amazonia, Kalahari, Bundelkhand, Gunehogna
1075—1090 Australian, sw Laurentia
920 North China, Sao Francisco, Congo
880—860 Congo, West African, Tarim
820—780 South China, West Austrlia, w Laurentia, Kalahari, Brasilia belt (Amazonian craton?), South Chian, Tarim
755 Greater Indian, West Australian, North China, South China, Congo
720 n Laurentia, s Siberian, Kalahari, Grunenhogna
615—550 South America, West Africa, Baltica, e Laurentia
535 sw Laurentia, South American (Amazonia)

the evolving stages of the supercontinent cycle. The plate circuit starts
with a rather flat structure at 2 Ga, and becomes progressively more
hierarchical as major continents, supercratons and supercontinents
assemble, eventually leading to a fully relative structure during the
tenure of each supercontinent. The fully relative circuit flattens again to
varying degrees with the break-up of each supercontinent. Despite its
incapability of constraining absolute palaeolongitude by itself (see sec-
tions 2.1, 2.3, 6.3), palaeomagnetism remains the only tool that can
quantitatively restore the spatial relationship between a plate and the
spin axis. For this reason, a palaeomagnetic reference frame is the most
logical choice for any Precambrian plate reconstructions. The
2000—540 Ma full-plate model presented in this paper utilises a pure
palaeomagnetic reference frame without TPW correction.

2.4.2. Plate boundaries

There are three principles guiding the implementation of plate
boundaries in our model. The first is adding a plate boundary when there
is evidence suggesting the presence of a plate boundary, which is the
case for most of the continental arcs and rifts. Subduction zones play a
major role in defining mantle structures (Li et al., 2008a; Li and Zhong,
2009; Maruyama, 1994; Zhong et al., 2007). In our full-plate model, the
majority of the continental arcs are based on geological evidence (e.g.,
recognised orogens along ocean-facing continental margins; Supple-
mentary Material 6), and active margins as discussed and shown in
Pehrsson et al. (2016), Pisarevsky et al. (2014a) and Martin et al. (2020).
The drawing of oceanic arcs has less constraints, but we normally add
them when there is a need for a subduction zone but the facing conti-
nental margin either has a passive margin (Bradley, 2008) or has no
clear orogenic record.

The second principle is adding a plate boundary when there is a
geometrical or kinematical need for a plate boundary although clear
geological support is lacking. For example, a mid-ocean ridge must be
developed if two plates are moving apart even if there are no clear re-
cords of passive margins. The ridges implemented under this principle
sometimes result in oceanic plates without any bordering continental
crust. The motions of such plates are more artificial but the plates
generally move toward the bounding active plate margins (subduction

10

zones) when applicable. Similarly, when two plates move relative to
each other dextrally or sinistrally, transform boundaries are required to
accommodate such motions.

The third principle is geodynamic considerations. As predicted by
the geodynamic model presented in this paper, a subduction girdle
surrounding the supercontinent will form during and after the assembly
stage. A modern example is the Pacific ‘Ring of Fire’ as a subduction
girdle that existed since Pangaea assembly. Following this geodynamic
consideration, we added some oceanic arcs and occasionally continental
arcs in order to maintain a subduction girdle surrounding the super-
continent. The plate reconstruction of the superocean outside of the
girdle is speculative, but we used the evolution of the Pacific Ocean since
Pangaea time (the Panthalassa superocean) for guidance. We imple-
mented the Mirovia-1 and -2 superoceans external to Nuna and Rodinia,
respectively, to mimic the evolution of the Panthalassa superocean: it
started with a simple three-plate scenario until the nascent Pacific plate
grew out of the triple junction as the Panthalassa superocean got older
and shrank into the present-day Pacific Ocean, accompanied by the
formation of new triple junctions (see Matthews et al., 2016, for
example).

3. A revised Nuna reconstruction and evolution history

The Paleo-(?) to Mesoproterozoic supercontinent Nuna (Hoffman,
1997) (Fig. 2), also known as Columbia (Rogers and Santosh, 2002), was
first comprehensively reconstructed by Zhao et al. (2002) primarily
through the cross-continental correlation of global 2.1—1.8 Ga orogenic
belts, leading to the early belief that Nuna formed by ca. 1.8 Ga. Sub-
sequent palaeomagnetic (Kirscher et al., 2019; Kirscher et al., 2021;
Pisarevsky et al., 2014a) and geological work (Nordsvan et al., 2018;
Pourteau et al., 2018; Thorkelson and Laughton, 2016; Thorkelson et al.,
2001; Volante et al., 2020a; Volante et al., 2020b) demonstrated that
Nuna completed its assembly at ca. 1.6 Ga, and broke up at ca. 1.3 Ga.
The earlier, global 2.1—1.8 Ga orogenic events are now interpreted as
recording the assembly of major cratons or supercratons/mega-
continents prior to the final assembly of the supercontinent (Wang et al.,
2021). Noting the debate regarding the naming of this Mesoproterozoic
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Locations of possible mantle plume centres determined from the LIP record (mainly radiating dyke swarms), most being shown in the animations (Supplementary

Materials 7-9).

LIP Age Lat. Long. Criteria Block Reference Confidence
(Ma)
Paraupebas-Piranhas- 535 0.0 -50.0 convergence of dykes South America Teixeira et al. (2019) medium
Itabaiana event (ne)
Wichita LIP 550 325 —-95.0 intersection of Wichita rift with Laurentian Laurentia (s Hanson et al. (2013) medium
margin margin)
CIMP (590—570 Ma) LIP- 580 45.2 —72.6 radiating swarm Laurentia (e Ernst and Bell, 2010 high
North American margin)
portion
CIMP (615 Ma) LIP- North 615 46.4 —61.0 slight convergence to south of Long Range dykes ~ Laurentia (e Ernst and Bell, 2010 high
American portion margin)
CIMP (615 Ma) LIP- 615 60.0 5.0 convergence Egersund & Baltoscandian dykes Baltica (w Ernst and Bell, 2010 medium
European portion (after correction for cratonward thrusting) margin)
Irkutsk LIP 720 51.0 104.0 converging dykes at Irkutsk promontory Siberia (s Ernst et al. (2016) high
margin)
Franklin LIP 725 75.0 —120.0 radiating swarm Laurentia (n Fahrig (1987) high
margin)
Mundine Well LIP 755 —30.2 1141 slightly radiating swarm, densest portion of Yilgarn (w Fig. 16 in Ernst and medium
swarm, aulacogen setting for dykes margin) Buchan (2001)
Gunbarrel LIP 780 50.0 —130.0  radiating swarm Laurentia (w Park et al. (1995) high
margin)
Gannakouriep LIP 790 -30.0 17.0 radiating swarm Kaapvaal (sw Ernst and Buchan medium
margin) (1997)
Gairdner-Willouran LIP 824 —36.4 140.2 approx. Extrapolated intersection of Gairdner Australia (s Li et al. (1999) high
swarm with southern edge of craton. margin)
Bahia event 920 -15.0 -37.5 radiating dyke swarm and mapped flow Amazonia (e Correa-Gomes and high
directions in dykes margin) Oliveira (2000); Evans
et al. (2016b)
Dashigou LIP 925 33.7 118.1 radiating swarm North China (s Peng et al. (2011) high
margin)
Warakurna LIP 1070 —-25.6 129.1 location of Giles Complex Australia Wingate et al. (2004) medium
(central)
Keweenawan LIP 1100 45.5 —87.5 Goodman Swell Laurentia Buchan and Ernst high
(central) (2019)
Umkondo LIP -Kalahari 1110 —20.6 222 intersection of Okavango extension zone with Kalahari (nw Fig. 1 in De Kock et al. high
portion NW Botswana rift margin) (2014)
Abitibi LIP 1140 46.0 —89.0 radiating swarm Laurentia Fig. 9 in Ernst et al. medium
(central) (2018)
Sudbury [dyke] LIP 1240 44.8 -75.9 aulacogen setting for swarm Laurentia (se Fahrig (1987) medium
margin)
Mealy event 1250 62.0 —35.0 based on reconstruction with CSDG pulses of Laurentia (e Fig. 5 in Soderlund low
Baltica margin) et al. (2006)
Mackenzie LIP 1270 71.0 -116.0 radiating swarm Laurentia (n Baragar et al. (1996) high
margin)
Central Scandinavian 1270 72.0 5.0 convergence with Mealy dykes in Baltica (nw Fig. 6 in Goldberg medium
Dolerite Group (CSDG) reconstruction. Clear radiating swarm from margin) (2010)
event aeromagnetic data, but uncertainty in age and
match with CSDG.
Yanliao LIP 1320 42.4 117.7 extrapolated trend of Datong dykes with craton ~ North China (ne Zhang et al. (2017) medium
margin margin)
Derim-Derim-Galiwinku 1320 —-11.0 135.0 radiating swarm North Australia Kirscher et al. (2021) high
(n margin
Bastar-Cuddapah event 1890 15.5 83.5 converging dykes of Bastar & Dharwar cratons Indian (e Ernst and Srivastava high
margin) (2008)
Curaga-Diamantina event 1500 —-11.0 433 approx convergence of 1505 Ma dykes Sao Francisco Ernst et al. (2013b); medium
(nw margin) Silveira et al. (2013)
Kuonamka LIP 1501 69.4 125.2 convergence with 1505 Ma dykes of Sao Siberian (e Ernst et al. (2013b) medium
Francisco craton in reconstruction with Siberia margin)
Arnhem (ca. 1740 -9.7 140.6 placed at inferred break-up margin North Australian  Fig. 3 in Goldberg medium
1740—1670 Ma) event (n margin) (2010)
Timpton LIP 1770—1750  64.0 120.0 convergance of 1750 Ma dykes Siberia (central) Gladkochub et al. medium
(2022); Gladkochub
et al. (2010)
Xionger-Taihang LIP 1780 34.0 112.0 link with Xiong’er rift system; radiating swarm North China Peng et al. (2008); see medium
(south central also Peng et al. (2022)
margin)
Wiluna event 1843 -25.2 1173 placed at inferred break-up margin Yilgarn (nw Fig. 3 in Goldberg medium
margin) (2010)
Circum-Superior LIP 1880 57.5 —95.0 radiating swarm; locus of high-Mg magmatism Superior (nw Ernst and Bleeker medium
(Thompson centre) margin) (2010)
Circum-Superior LIP 1880 61.8 —75.3 locus of high Mg magmatism Superior (ne medium
(Chukotat centre) margin)
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LIP Age Lat. Long. Criteria Block Reference Confidence
(Ma)

Ghost-Mara River-Morel 1885 61.1 —117.3  possible convergence of Ghost swarm to SW,and  Slave craton (sw Fig. 3 in Buchan et al. medium

LIP possible extrapolated trend of 1900—1870 Ma margin) (2010)
Fishtrap Lake dykes

Hartley-Tsineng 1920 —-27.9  20.6 slight convergence of Tsineng swarm to west Kalahari (w Goldberg (2010) high
(Waterberg- margin)
Olifantshoek) LIP

Kennedy LIP 2010 41.4 —104.5  rift parallel dykes, and ultramafic intrusions Wyoming (se Cox et al. (2000); medium

margin) Summers et al. (1995)

supercontinent (i.e., Nuna vs. Columbia; see Meert, 2012; Evans, 2013;
Evans et al., 2016a), we follow the argument of Evans (2013) and use the
name Nuna for the remainder of this paper.

3.1. Nuna’s two-stage assembly, configuration, and break-up

The core components of Nuna, consisting of Laurentia, Baltica,
Siberia, North China, Amazonia, and Australia-East Antarctica, are
reasonably constrained both geologically and palaeomagnetically, with
numerous recent reconstructions sharing many similarities (e.g., Evans
and Mitchell, 2011; Kirscher et al., 2021; Li et al., 2019; Pisarevsky et al.,
2014b; Wu et al., 2005; Zhang et al., 2012a). Fig. 3 illustrates palae-
omagnetic evidence for the configuration of Nuna (Fig. 3a-b), its two-
step assembly at ~1780 Ma (e.g., Evans and Mitchell, 2011; Wu et al.,

Table 5

2005; Zhang et al.,, 2012a) and ~1600Ma (Kirscher et al., 2021;
Pisarevsky et al., 2014b) (Fig. 3c-d), and its break-up after ~1300 Ma
(Kirscher et al., 2021) (Fig. 3e). We use Fig. 3a to define the common
APWP of both proto-Nuna (Fig. 3c inset for ca. 1780—1600 Ma; APWP is
shown as dashed green line in Fig. 3a) using poles from Laurentia,
Baltica and North China, and that of the completely assembled Nuna
(Fig. 3d inset for ca. 1600—1300 Ma; APWP is shown with solid green
line in Fig. 3) using poles from Laurentia, Baltica, Siberia and North
China (Table 1). We then use the generated spline APWP, taking into
account of the weight assigned to each of the weighted-mean poles, as a
guide to place continents with three or fewer palaeopoles (e.g., Ama-
zonia, Congo-Sao Francisco, India, and West Africa; Fig. 3b) within
Nuna (Fig. 2). Continents with no palaeomagnetic constraints are placed
in Nuna based on geological considerations. For example, Cathaysia of

Euler rotations for reconstructing supercontinents Nuna and Rodinia to present-day Laurentia. Elat/Elon: latitude/longitude of the Euler poles; Eangle: the rotation

angle of the Euler poles.

Rodinia Nuna

Craton/block/terrane Elat Elon Eangle Elat Elon Eangle
N) (°E) ©) °N) (°E) )

Greenland 61.8 —-133.0 -11.0 61.8 —-133.0 -11.0

Amazonia 11.6 —46.3 -107.1 53.9 —100.0 130.5

Sao Francisco —25.7 152.0 209.1 1.9 40.5 —169.8

Rio de la Plata 5.1 —-50.7 -117.2 —-15.4 23.0 —-161.4

Baltica 75.8 —95.8 -59.2 47.5 1.5 49.0

Siberia (Angara-Anabar) 77.0 98.0 137.0 77.0 98.0 137.0

Siberia (Aldan) 77.3 112.6 159.1 77.3 112.6 159.1

India 47.4 155.1 148.2 1.1 159.3 207.1

Tarim 82.9 42.1 —241.4 55.2 -31.8 132.8

North China 33.1 76.8 70.6 33.7 17.3 39.0

Madagascar 27.2 124.9 143.7 —20.2 153.1 167.1

W. Africa 25.4 —23.4 —121.1 47.2 35.0 —169.1

Kalahari 13.7 —33.5 —160.7 5.3 45.0 —202.7

Congo -22.7 166.7 259.3 18.0 60.0 -179.6

N. Australia 38.6 135.3 103.6 38.2 82.9 99.1

W. Australia 25.6 151.7 127.7 38.2 112.8 113.7

S. Australia 25.6 151.7 127.7 37.5 119.2 120.7

E. Antarctica 13.4 139.4 119.4 22.8 109.4 128.1

Dronning Maud Land 17.0 -19.5 —109.8 22.4 —134.6 188.1

Cathazia 53.9 158.4 —-175.3

Yangtze 55.9 —-160.3 171.9

Oaxaquia 17.1 -71.0 —89.8

Chortis 22.2 -71.1 -110.9

Paranapanema 5.9 —43.7 —100.4

Parnaiba 9.9 —44.6 —107.1

East Svalbard 50.2 -109.9 —34.5

Rockall —84.8 6.3 29.7

Arabia 43.1 134.9 152.1

Afif-Abas 37.5 132.8 160.0

Lut (Iran) 39.6 131.2 146.4

South China 54.2 158.1 —-176.0

Lhasa 40.0 146.8 172.3

Hoggar 23.7 —58.6 —181.8

Sahara 23.7 —58.6 —-181.8

Bayuda 23.7 —58.6 —181.8

Rayner 11.4 118.7 109.8
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Fig. 2. A revised reconstruction of Nuna using both geological and kinematic constraints, and by matching palaeomagnetic poles with the common APWP for the
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Fig. 3. Palaeomagnetic constraints on Nuna reconstruction. Palaeomagnetic poles are plotted on present-day geography. (a) Continents with more than three
palaeopoles each, with Laurentia, Baltica and North China starting to share a common APWP from ca. 1780 Ma (Evans and Mitchell, 2011), whereas Australia and
Siberia (which may have joined earlier — see (c) and 3.1) poles joining this common APWP from ~1600 Ma. The weighted mean poles, their A95 error ovals, and the
spline APWP, are also shown with only the solid APWP marking that of the fully assembled Nuna. (b) Reconstruction of continents with three or fewer poles against
the APWP defined in (a). Note that the weighted mean and spline poles listed in Table 2 are recalculated using all poles shown in (a) and (b). (¢) First phase (Phase-1)
of Nuna assembly as illustrated by the merging together of poles from individual cratons prior to ca. 1780 Ma. (d) The second phase (Phase-2) of Nuna assembly
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bringing Australia-East Antarctica and possibly India to join Laurentia by ~1600 Ma. (e) Palaeopoles diverge after 1300 Ma, signalling the break-up of Nuna (after
Kirscher et al., 2021). Palaeopoles and corresponding A95s are colour-matched with the corresponding continents (see Table 1 for selected 1600—1300 Ma pole list).
In (c)-(e), the spline APWP is based on grand weighted-mean poles as in Table 2. The sizes of all poles reflecting either their Q factors (for individual poles) or their
weights (for weighted mean poles).
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Fig. 3. (continued).
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South China is placed against western Laurentia following Li et al.
(2002), East Antarctica (part of the Mawson continent) is attached to
North Australia, and Yangtze is placed close to India to allow an easy
transit to its position in Rodinia.

Nuna’s two-stage assembly and its configuration as in Fig. 2 are
based on palaeomagnetic as well as geological evidence, including two
generations of orogens dated at ca. 2.0—1.8 Ga and ca. 1.6 Ga repre-
senting the two stages of Nuna assembly (Figs. 2, 3, and Supplementary
Material 7). Cratons involved in the first step (Phase-1) of Nuna as-
sembly by ca. 1780 Ma (Zhang et al., 2012a) include Laurentia, Baltica,
Siberia, North China and Amazonia, all with relatively good palae-
omagnetic evidence (Fig. 3a-c). Siberia likely joined the Slave Craton by
ca. 1840 Ma as shown by their 1880—1870 Ma palaeopole proximation

(a) SWEAT TARIM S. CHINA

N. CHINA
A -TIBET INDOCHINA
4

BALTICA

WEST
AFRICA

(c) Missing-link(I)

S

Laurentia V%B

Earth-Science Reviews 238 (2023) 104336

in Nuna configuration (Fig. 3c), as noted by Evans and Mitchell (2011)
and Zhang et al. (2012a). This is also consistent with geological evidence
for a collisional event in southern Siberia (Donskaya, 2020) which could
reflect its collision with the Slave Craton (Priyatkina et al., 2020).
Likewise, the collision between the newly assembled Siberia and North
China cratons likely occurred along the northern margin of the North
China Craton (the Paleoproterozoic North Hebei Orogen of Kusky and Li,
2003, and Kusky et al., 2007; also called the Northern Margin Orogen by
Wu et al., 2022) during 1.90—1.85 Ga (Kusky and Li, 2003; Kusky et al.,
2016; Wu et al., 2022). Congo-Sao Francisco likely also joined proto-
Nuna by that time as indicated by the rough fit of its two palaeopoles
(with one being ca. 1.79 Ga) with the reference APWP in Fig. 3b. Kala-
hari and West Africa are inferred to have joined during Phase-1 Nuna

(b) AUSWUS

Pre-Grenville
cratons

“Grenville-age” orogens
(1.3-0.9 Ga)

Fig. 4. Selected Rodinia reconstruction models from the literature: (a) Southwest U.S.-East Antarctica (SWEAT) connection (Dalziel, 1991; Hoffman, 1991; Moores,
1991), (b) Australia-Southwest U.S. (AUSWUS) connection (Brookfield, 1993; Karlstrom et al., 1999), (c¢) Missing-link connection-I (Li et al., 1995; Li et al., 2008a),
(d) Missing-link connection-II (Wen et al., 2018).
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assembly with Kalahari having numerous 1.9—1.8 Ga poles falling close
to that of the other assembling cratons (Fig. 3c), whereas West Africa is
only constrained by one 1380 Ma pole (Gong et al., 2021; Fig. 3b). The
Phase-1 Nuna assembly occurred almost simultaneously with the as-
sembly of these continents themselves (for example, Laurentia itself was
generally believed to have assembled by ca. 1800 Ma; Evans and
Mitchell, 2011; Hoffman, 2014; Swanson-Hysell et al., 2021; see section
5.1) or soon after their individual cratonic assembly (e.g., Siberia;
Donskaya, 2020).

Both palaeomagnetic (Kirscher et al., 2019; Pisarevsky et al., 2014b)
and geological (Furlanetto et al., 2016; Nordsvan et al., 2018; Pourteau
et al., 2018; Thorkelson and Laughton, 2016; Volante et al., 2020a;
Volante et al., 2020b) evidence point to the collision of proto-Australia-
East Antarctica with western Laurentia at ca. 1.6 Ga, signalling the
completion of Nuna assembly with a proto-SWEAT (southwest U.S.-East
Antarctica; Moores, 1991) configuration (Phase-2 Nuna assembly;
Figs. 2, 3a and d inset). Fig. 3d also illustrates the assembly of proto-
Australia through the collision of North Australia (nac), Yilgarn (wac-
y) and Pilbara (wac-p) by ca. 1.75Ga (Johnson, 2014), and that
together, proto-Australia joined proto-Nuna by ca. 1.6 Ga (Kirscher
et al., 2019). India (and possibly also Yangtze) may also have joined
Nuna by that time, although India’s position is only constrained by a
single ~1466 Ma pole (Fig. 3b) and no prior pole is available until
~1765 Ma and older (Fig. 3d). Sedimentary provenance links between
eastern Australia and western Laurentia also started to occur from ca.
1.6 Ga (Brennan et al., 2021a; Nordsvan et al., 2018; Verbaas et al.,
2018) and terminated at ca. 1.3 Ga (Brennan et al., 2021a), supporting a
ca. 1.6 Ga final assembly of Nuna and its ca. 1.3 Ga break-up.

3.2. Using LIP record to test Nuna configuration

There are some convincing cases of using the LIP record to restore
past continental connections during Nuna time. One such case is the
connection of North China with North Australia at 1320 Ma through
matching the Yanliao LIP of North China with the Derim-Derim Gali-
winku LIP of the North Australian craton (Zhang et al., 2017, 2022) for
which there is also palaeomagnetic support (Kirscher et al., 2021; Wang
et al.,, 2019), with a plume centre defined by the Galiwinku radiating
swarm of the North Australian craton (Fig. 2).

Another such example is the long-lived connection between northern
Laurentia and southern Siberia between 1800 and 720 Ma, supported by
common LIP records of ca. 1770—1750, 1700, 1640, 1380,
1270—1260, and 720 Ma (Ernst et al., 2016). Arguably the most sig-
nificant constraint is the 720 Ma match between the Franklin LIP in
northern Laurentia and the Irkutsk LIP in southern Siberia, with a well-
defined plume centre (on the basis of a robust Franklin radiating
swarm). This 720 Ma event is also inferred to mark the timing of break-
up of Siberia from Laurentia. It should be noted that some authors (e.g.,
Cawood et al., 2020; Pisarevsky et al., 2021) prefer a significant sepa-
ration rather than a tight fit between northern Laurentia and southern
Siberia.

The Baltica-Laurentia connection, as constructed using palae-
omagnetic constraints (Fig. 3), is also supported by common LIP records
between 1750 and 1250 Ma. Key matches include the 1770—1730 Ma
(peak 1750Ma) Kivalliq event (Pitz-Nueltin, McRae, Wellington,
Cleaver portions) of northern Laurentia with the 1750Ma Aiski
(Navysh) event of eastern Baltica, the 1380 Ma Midsommerso-Zig Zag
Dal event of Greenland with the 1385 Ma Mashak event of eastern Bal-
tica, and the 1270—1250 Ma Central Scandinavian Dolerite Group
(CSDG) event with adjacent 1270—1250 Ma events in eastern Laurentia
(Fig. 5 in Soderlund et al., 2006) and the 1270 Ma Mackenzie event in
northern Laurentia. Not all the matching ca. 1750Ma and
1270—1250 Ma LIP records of the two continents are proximal, which
could be caused either by the occurrences of more than one plume at a
time, or by lateral migration of plume heads beneath crustal blocks (e.g.,
Bright et al., 2014).
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Another, less well documented example, is the positioning of South
Australia (Gawler craton) adjacent to NW Laurentia at 1590 Ma based
on shared LIP records and with paleomagnetic support (Hamilton and
Buchan, 2010; Rogers et al., 2018).

4. A revised Rodinia reconstruction

The reconstruction of Rodinia is much more contentious than that of
Nuna due to poorer palaeomagnetic constraints (see a recent review by
Evans, 2021). Here we first provide a brief review of some of the major
Rodinia reconstruction models, then present a Rodinia reconstruction
model updated from that of Li et al. (2008a) based on a new synthesis of
palaeomagnetic results as well as other constraints.

4.1. A brief review of major Rodinia models and contentious issues

Early reconstructions of Rodinia were mainly based on the correla-
tions of ca. 1.3—1.0 Ga (“Grenvillian) orogens and Proterozoic basins,
particularly Neoproterozoic rift-to-drift margins (Dalziel, 1991; Hoff-
man, 1991; Moores, 1991). Salient features of those reconstructions
include the so-called Southwest U.S.-East Antarctic (SWEAT) connection
(Moores, 1991) and the inclusion of almost all known continents that
existed during the Proterozoic (Hoffman, 1991; Fig. 4a). However, one
key element of the original SWEAT hypothesis, that the Southwest U.S.-
East Antarctic connection started from the Palaeoporterozoic and lasted
until Rodinia’s break-up during late Neoproterozoic, was challenged by
both geological observations (e.g., Borg and DePaolo, 1994) and
palaeomagnetic data (Pisarevsky et al., 2003a, 2014b; Wingate et al.,
2002). To address those difficulties as well as later observations, alter-
native Rodinia reconstructions were made, including the Australia-
Southwest U.S. (AUSWUS; Brookfield, 1993; Karlstrom et al., 1999;
Fig. 4b), Australia-Mexico (AUSMEX; Wingate et al., 2002), Missing-link
(D (Li et al., 1995, 2008a; Fig. 4c), and Missing-link(II) (Wen et al.,
2018; Fig. 4d) models. The AUSMEX and Missing-link(II) models were
made primarily on certain palaeomagnetic considerations, but both lack
the necessary counterparts for the Neoproterozoic rift-to-drift margin
along the present-day western margin of Laurentia (e.g., Dalziel, 1991).

Other contentious issues regarding Rodinia include (1) the positions
of continents beyond the SWEAT-related continents in Rodinia, (2) the
question of whether all continents were part of the supercontinent (for
example, Kroner and Cordani, 2003, argued that African, southern In-
dian and South American cratons were not part of Rodinia), and (3) the
timing of Rodinia’s assembly and break-up. In the IGCP 440 preferred
model (Fig. 4c), the final assembly of Rodinia occurred around 900 Ma,
and break-up did not occur until post-750 Ma (and more likely post-
720 Ma) after ca. 850—820 Ma initial rifting (Li and Evans, 2011; Li
et al., 2008a) based on both palaeomagnetic and rift-to-drift transition
records. However, in a recently published full-plate reconstruction
model (Merdith et al., 2021), Rodinia break-up started as early as ca.
850 Ma with the SWEAT connection broken apart by as early as 800 Ma.

4.2. A revised Rodinia reconstruction based on geological and
palaeomagnetic records

We revised the Rodinia reconstruction (Fig. 5) based on an early
model of Li et al. (2008a) and Li et al. (2013) using updated palae-
omagnetic constraints and geological understandings. Major changes
from the Li et al. (2008a) model include (1) a reshaped Australia before
650 Ma, taking into account of a 40° rotation between northern and
southern Australian cratons during the late Neoproterozoic, and allow-
ing for a later (post-750 Ma) break-up of Rodinia as indicated by some
geological evidence (Li and Evans, 2011; Li et al., 2013), (2) a revised
position of the Tarim craton, (3) revised positions of the India and
Sahara cratons, (4) revised positions of Siberia and North China, and (5)
revised position of the Congo-Sao Francisco craton (see detailed de-
scriptions in 4.2.2). A major factor that influenced these changes is the
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much improved, though still sporadic, palaecomagnetic dataset for the
mid-Neoproterozoic time, which allowed us to re-evaluate the possible
true polar wander (TPW) events during Rodinia time. We are able to use
this new and fast moving APWP, based on data from continents with
palaeopoles for at least two different ages, as a guide to constrain the
relative positions of continents that only have single palaeopoles (e.g.,
India and West Africa; Figs. 6 and 7; see 4.2.1). Geological consider-
ations (Ernst et al., 2016; Li et al., 2008a), and transition to the position
of each continent both prior to Rodinia’s assembly and after its break-
up, also provide valuable constraints.

Our Rodinia model (Fig. 5) is still a Missing-link model that features
(1) the Cathaysia Block of South China being a part of Laurentia since
the Paleoproterozoic (see geological arguments in Li et al., 2008b; Li
etal., 2002; Yao et al., 2017) before joining the Yangtze Craton of South
China by ca. 900 Ma during Rodinia assembly (Li et al., 2002, 2008a,
2009), (2) ca. 1000—900 Ma orogens and sutures between Australia-
East Antarctica and Laurentia to account for the geological disconnec-
tions prior to 900 Ma (Borg and DePaolo, 1994) and palaeomagnetic
evidence that argues against the existence of any SWEAT-like connec-
tion during 1200—1050 Ma (Pisarevsky et al., 2012; Wingate et al.,
2002), (3) tectono-stratigraphic correlations of the rift-to-drift record
(Brennan et al., 2021b; Li et al., 1995; Powell et al., 1994; Ross, 1991),
and (4) mantle plume records of 825—720 Ma LIPs leading to the rifting
and eventual break-up of Rodinia (Li et al., 1999, 2003, 2008a, 2022).
The central location of South China in Rodinia, based on these evidences
as well as our current palaecomagnetic analysis (see 4.2.1 below), has
been challenged by numerous studies (e.g., Cawood et al., 2013; Chang
et al., 2022; Merdith et al., 2021), but supported by others (Turnbull
et al., 2021; Zou et al., 2021). Future verifications of the various
competing Rodinia reconstruction models will critically depend on the
availability of more high-quality palaeomagnetic poles from all major
continents (see below).

4.2.1. Palaeomagnetic constraints on continental connections and
construction of the Rodinian APWP

The recognition of TPW event(s) during Rodinia time (Li et al., 2004;
Maloof et al., 2006) not only turned an otherwise “scattered” pole dis-
tribution into an advantage of enabling paired poles- or even APWP-
matching for continental reconstruction, it also has geodynamic impli-
cations (Li et al., 2004, 2008a; Li and Zhong, 2009) (see section 6). In
Fig. 6 we show the varying degree of palaeomagnetic constraints on our
Rodinia model: from long-term APWP matching (e.g., the APWP
matching between Siberia and Laurentia on the same configuration from
Nuna time; Figs. 2, 3 and 6, including their paired palaeopoles for ca.
1050 Ma and ca. 750 Ma), matching of paired palaeopoles for the ca.
900—750 Ma Rodinia time (e.g., the pared ca. ca. 820 and ca. 800 Ma
matching palaeopoles between South China and East Svalbard, and that
of the ca. 800 Ma and ca. 750 Ma matching palaeopoles between Congo-
Sao Francisco and Tarim; Fig. 6b-c), to constraints provided by single
poles (e.g., India and West Africa).

The Liantuo Formation poles from South China (Fig. 6b) are notably
discordant when compared with the 780—720 Ma pole cluster (Figs. 6b,
7). The Liantuo Formation has estimated rock ages ranging from as old
as ~780 Ma (Lan et al., 2015; Park et al., 2021) to as young as 714 Ma
(Lan et al., 2015) or even ~680 Ma as indicated by the youngest detrital
zircons (Lan et al., 2015). The Liantuo poles plot close to the 645 Ma
Nantuo pole of South China (7b; Zhang et al., 2013), making them less
likely to be as old as 780 Ma (Li et al., 2013). Here we interpret that
South China broke away from Rodinia by the time of Liantuo Formation
deposition, estimated at an average of ~720 Ma. Therefore, the break-
up of South China from Laurentia at ca. 720 Ma could also be linked
with the proposed break-up of Siberia from Laurentia at 720 Ma in as-
sociation with the Franklin-Irkutsk LIP/plume (Ernst et al., 2016; see Lu
et al., 2022 for matching 720 Ma magmatic event in South China).

We illustrate in Fig. 7 the calculation of Rodinia weighted mean poles
for the 900—750 Ma interval (Fig. 7a; note that although Rodinia break-
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up could have started later than 750 Ma, e.g., Li and Evans, 2011, there
is only a single ca. 720 Ma Franklin pole from Laurentia plus two
discordant and poorly dated Liantuo poles from South China for the
~720 Ma time), and the spline-smoothed APWP for Rodinia (Fig. 7b).
The APWP (Fig. 7) shows the possible occurrence of at least two oscil-
lating TPW events (e.g., that of ca. 860—820Ma and that of ca.
800—780 Ma, each ca. 60—70°), if not also a smaller ca. 30° event at ca.
900—870 Ma. This modifies the originally proposed single ca. 90° TPW
event between ca. 800 Ma and 750 Ma (Li et al., 2004), the two oscil-
lating ca. 55° events during 805—800Ma and 800—790 Ma respec-
tively as proposed by Maloof et al. (2006), or one ca. 50° event during
820—800 Ma followed by a larger ca. 90° event during 800—780 Ma
(Niu et al., 2016), to three possible oscillating TPW events: a ca. 30°
event during 900—870 Ma, followed by two ca. 60—70° events during
ca. 860—820 Ma and ca. 800—780 Ma respectively (Fig. 7).

We note the recent addition of two new Neoproterozoic palae-
omagnetic poles from South China, one being the 832Ma pole from
Fanjingshan mafic sills (Fu et al., 2022), and the other being the pole
from 790 to 770 Ma mafic sills (Chang et al., 2022). Although not
included in the APWP calculations and the discussion above, neither
poles negates our general APWP, TPW and paleogeographic in-
terpretations. The 832 Ma pole with A95 = 8.6° plots on the edges of the
880—840 Ma and 780—750 Ma pole clusters, whereas the 790—770 Ma
pole with A95 = 9.9° plots to the middle of the 820—790 Ma pole cluster
(Fig. 7a). More Neoproterozoic palaecomagnetic poles with both high
technical quality and precisely determined magnetisation age (Meert
et al.,, 2020) are still urgently needed to test Rodinia reconstruction
models and refine the likely multiple and rapid Neoproterozoic TPW
events (Figs. 6, 7).

4.2.2. Major changes from the 2008 IGCP 440 Rodinia model

Australia’s 40° intracontinental rotation during the Neoproterozoic. Li
and Evans (2011) used a 40° intracontinental rotation between northern
and southern Australian cratons during late Neoproterozoic (ca.
650—550 Ma) to reconcile the systematic mismatches of three sets of
Australian Precambrian palaeomagnetic poles between ca. 1.8 Ga and
750—650Ma, and account for the geologically enigmatic ca.
650—550 Ma Paterson-Petermann Orogen that runs across the Austra-
lian continent. The recognition of such an intracontinental rotation also
allows at least the core part of Rodinia (e.g., Australia-East Antarctica
and Laurentia) to remain relatively stable until at least ca. 750—720 Ma
if not later, i.e., the tectonostratigraphically defined Rodinia rift-to-drift
transition between 715 Ma and 650 Ma (Li and Evans, 2011; see Fig. 4 of
Li et al., 2013). This is significantly different from the widely accepted
pre-750 Ma break-up time (Li et al., 2008a; Wingate and Giddings,
2000).

Tarim’s position. The initial location of Tarim adjacent to Australia’s
Kimberley craton was mainly based on geological correlations and its
subsequent bioprovince connections to Australia and other Chinese
cratons during the lower Paleozoic (Li et al., 1996, 2008a). In view of its
close similarities to Neoproterozoic stratigraphic and magmatic events
in South China, Lu et al. (2008) put Tarim adjacent to eastern Australia
in Rodinia, joining South China to fill the gap between Australia-East
Antarctica and Laurentia as in the Missing-link model (Li et al., 1995).
Subsequent palaeomagnetic and geological correlation by Wen et al.
(2017, 2018) revised this configuration into what we call here the
Missing-link(II) fit by placing Tarim “below” South China (Fig. 4d).

In this study, we place Tarim in Rodinia through aligning a series of
three Tarim palaeopoles at ca. 880 Ma, ca. 800 Ma and ca. 750 Ma with
corresponding clusters of poles from other Rodinian continents (Figs. 6,
7), which place Tarim between northeastern Australia and South China
(Figs. 5, 6, 7). This configuration shares some similarities with that of Lu
et al. (2008). In our configuration, the present-day northwestern margin
of Tarim faces the open ocean, allowing for the development of a Neo-
proterozoic active margin that hosts the mid-Neoproterozoic Aksu blue
schists (Xia et al., 2019; Yong et al., 2013).
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Fig. 6. Palaecomagnetic pole clusters shared by different continents during Rodinia time (900 to 750—700 Ma) (a, b, in present-day Laurentia coordinate) and
cartoon illustration of the presence of palaeomagnetic “locks” formed by multiple poles from different continents of close ages (c). The most powerful constraints are
provided by APWP matching between continents, for example, the ca. 820—800Ma APWP matching between South China and East Svalbard, and the ca.
800—750 Ma APWP matching between Congo-Sao Francisco and Tarim (b). Ca. 970 and 945 Ma poles from Baltica and Siberia are also shown in (a) as they
approached their Rodinia configuration by ca. 900 Ma. Only continents with selected palaeopoles are coloured, and poles and APWPs are colour-matched with the
continents. See Tables 1 and 2 for pole list. The sizes of all poles reflecting either their Q factors (for individual poles) or their weights (for weighted mean poles). The
position for East Svalbard generally follows that of (Niu et al., 2016), with the rationale that it stayed with Baltica in that position until the Paleozoic Caledo-
nian Orogeny.
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Fig. 7. Reconstruction of ca. 900—750 Ma Rodinian APWP using selected palaecomagnetic poles, with (a) showing the selected poles and their sliding window
weighted means following (Wu et al., 2021), and (b) showing the A95 ovals of the weighted means, the spline APWP based on the weighted means, and the post-
750 Ma scattering of palaeopoles reflecting Rodinia break-up after that time (though the break-up could have occurred as late as post-720 Ma (Li et al., 2013)). See
Tables 1 and 2 for pole list. The sizes of all poles reflecting either their Q factors (for individual poles) or their weights (for weighted mean poles).
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Positions of India and Sahara. India was placed in its Gondwana po-
sition relative to Australia-East Antarctica in the IGCP 440 Rodinia
reconstruction (Li et al., 2008a) following that of the initial Rodinia
reconstructions (Dalziel, 1991; Hoffman, 1991; Moores, 1991). To
reconcile with the ca. 760 Ma Malani pole (Torsvik et al., 2001), India
had to begin rifting away from Rodinia before 780 Ma in that model. In
this study, we join India to Rodinia by ca. 900 Ma adjacent to north-
western Australia, honouring the Malani pole, along with the Archaean
basement of Madagascar (Tucker et al., 2014) and possibly fragments of
the Arabia shield (Figs. 5, 6, 7). This adjacency of India to NW Australia
is also consistent with the Malani event in India being linked with the
755 Ma Mundine Well dyke swarm of western Australia (section 8.4.1 in
Ernst, 2014). Note that the treatment of the entire Archaean basement of
Madagascar as being an extension of India’s Dharwar craton (Tucker
et al., 2014) is at variance from the model of Collins (2006) which re-
quires a Neoproterozoic suture between them. Two north African cra-
tons, Sahara and Hoggar, which have Archaean basement fragments but
no palaeomagnetic or strong geological constraints (Li et al., 2008a), are
placed close to India to facilitate subsequent Gondwana assembly.

Positions of Siberia and North China. Whereas the relative position
between North China and Siberia is similar to that of the IGCP 440
Rodinia reconstruction (Li et al., 2008a), Siberia’s position relative to
Laurentia is now better constrained by both palaeomagnetic (Figs. 3 and
6; Evans et al., 2016¢) and geological (Ernst et al., 2016) evidence in a
configuration similar to that first proposed by Rainbird et al. (1998) that
possibly lasted from >1700Ma till ca. 720 Ma. The position of North
China is also supported by the ca. 900 Ma and ca. 770 Ma pole corre-
lation (Figs. 6 and 7).

Position of the Congo-Sao Francisco craton. Congo-Sao Francisco is
now placed against Greenland of Laurentia (Fig. 5) through matching its
ca. 800 Ma and two ca. 750 Ma poles with the two respective pole
clusters (Figs. 6 and 7). This is a drastic change from that of the IGCP 440
configuration (Li et al., 2008a), and is also in contrast with arguments
that the Congo-Sao Francisco craton was never a part of Rodinia
(Pisarevsky et al., 2003b).

5. A full-plate 2000—540 Ma global history: from cratonic
amalgamation to the age of supercontinent cycle

In this section we summarise the global palaeogeographic evolution
between 2000 Ma and 540 Ma as five major tectonic stages, covering
two supercontinent cycles (Nuna and Rodinia) and highlighting some
salient features. A full-plate global animation, displaying the selected
databases, is provided in Supplementary Material 7. The palae-
olongitudinal scenario presented here is that of the extended-
orthoversion Scenario Ia (0-90 W-0). An alternative extended-
orthoversion Scenario Ib (0-90E-0) is presented in Supplementary Ma-
terial 8. For more detailed discussions regarding the two scenarios see
sections 2.3 and 6.3.

5.1. 2000—1800 Ma: The age of continental assembly before the start of
the supercontinent cycle

The continents we see today are typically mosaics of Archaean cra-
tons and younger orogens. Amongst orogens of varying ages, ca. 1.8 Ga
orogens feature prominently, both in terms of their cumulative length
(Condie et al., 2017) and a related peak in continental crustal growth
(Condie, 2005) (Fig. 8). Those orogens played a dominant role in joining
the many smaller Archaean cratons into larger continents, leading to the
first proposition of the assembly of the supercontinent Nuna/Columbia
by that time (Zhao et al., 2002).

We illustrate in Fig. 9 and in the animations (Supplementary Mate-
rial 7) how >30 Archaean cratonic blocks might have assembled to form
the majority of the Precambrian continental blocks as we know today,
through a process not dissimilar to that depicted in Pehrsson et al.
(2016). It should be noted that some of the cratons shown in our
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Fig. 8. Time variation of global total orogen length (Condie et al., 2017) and
juvenile crustal addition (Condie, 2005), highlighting the importance of the ca.
1.8 Ga global orogenic events. See Fig. 9 and discussion in section 5.1 for the
role of these orogens in the formation of the majority of the continental blocks
we know today.

2000 Ma reconstruction (e.g., East Antarctica and Congo-Sao Francisco)
(Fig. 9a) might have been oversimplified as coherent cratons at that time
due to our lack of knowledge of their basement geology. In reality, each
such craton might still consist of more than one continental piece at that
time (Pesonen et al., 2021). There are also other Archaean continental
pieces currently constituting Sahara that do not appear in our model
until 900 Ma due to the lack of geological and palaeomagnetic
constraints.

Our starting point at 2000 Ma (Fig. 9a) takes into account palae-
ogeographic considerations for earlier times, e.g., the Archaean “Vaal-
bara” (Kaapvaal together with Pilbara; Cheney, 1996; de Kock et al.,
2009; Zegers et al., 1998) and “Zimgarn” (Zimbabwe together with
Yilgarn; Smirnov et al.,, 2013) connections as well as global re-
constructions (Liu et al., 2021). We also have the Amazonia, West Africa
and Congo-Sao Francisco cratons together by ca. 2000 Ma following
Pehrsson et al. (2016) and supported by the ca. 2 Ga orogenic belts be-
tween them (Fig. 9a). We adopt the interpretation of Tucker et al. (2014)
to take all Archaean basement of Madagascar as an extension of the
Dharwar craton of India. For cratons with little constraints, we place
them in positions that can be easily transitioned into their better con-
strained positions in younger reconstructions. This applies to Yangtze
and Tarim, both sharing similar ca. 1500 Ma magmatism of possible LIP
type with India, with Yangtze and India also both recording ca. 1720 Ma
magmatism (Lu et al., 2020; Fan et al., 2020). By having them placed
nearby at 2000 Ma (Fig. 9a) and joined together by ca. 1800 Ma
(Fig. 9¢), it will allow Yangtze and Tarim to move into their Rodinia
positions by 900 Ma (see 5.4).

By ca. 1890 Ma (Fig. 9b) Siberia already completed its assembly
(Donskaya, 2020) but Laurentia was only partially assembled (Hoffman,
2014; Swanson-Hysell, 2021). The West Australia Craton (WAC) con-
sisting of the Pilbara and Yilgarn cratons, was assembled by 1950 Ma
(Johnson et al., 2011). By 1890 Ma (Fig. 9b), the newly assembled WAC
is placed together with India following the 1890 Ma LIP correlation
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(Stark et al., 2019) and palaeomagnetic constraints (Liu et al., 2019).

This phase of global continental assembly peaked at around 1800 Ma
(Zhao et al., 2002), when the majority of the smaller Archaean cratons
have been (or are close to being) joined together to form the continental
blocks that we are familiar with today (e.g., Laurentia). Nonetheless, the
assembly of possibly the first stable supercontinent Nuna was not yet
completed (Fig. 9¢). From 1800 Ma, the Cathaysia Block of South China
has been added against western Laurentia following the arguments of Li
et al. (2002, 2008b) and Yao et al. (2017).

5.2. 1800—1600 Ma: The formation of the first stable supercontinent
Nuna and superocean Mirovia-1

Palaeomagnetic analyses demonstrated that Nuna assembly did not
complete until ca. 1600 Ma, although the ocean remaining between
western Laurentia (present-day coordinate) and eastern Australia may
not have been large after 1800 Ma (Kirscher et al., 2019; Pisarevsky
et al., 2014a) (Fig. 10a-b). The presence of such an ocean before
1600 Ma is supported by tectonostratigraphic and sedimentary prove-
nance analyses (Betts et al., 2016; Furlanetto et al., 2016; Gibson et al.,
2017; Nordsvan et al.,, 2018; Thorkelson and Laughton, 2016). The
closure of that ocean was recorded by the coeval and precisely dated ca.
1600 Ma Isa Orogeny in northeast Australia (Pourteau et al., 2018;
Volante et al., 2020b) and the Racklan Orogeny in northwestern Lau-
rentia (Furlanetto et al., 2013) (Fig. 10c).

In our animations we had North China joining proto-Nuna at ca.
1800 Ma adjacent to Siberia (Fig. 3c inset) partly because this is
consistent with the palaeomagnetic record (Fig. 3a) as well as the
orogenic record (Kusky and Li, 2003; Kusky et al., 2016; Wu et al., 2022;
Fig. 9¢). On the other hand, Wang et al. (2019) argued for a long-lived
(ca. 1780—1320Ma) connection between North China and North
Australia in their Nuna configuration based on both palaeomagnetic and
tectonostratigraphic/magmatic pulse correlations. Although both pos-
sibilities are currently feasible, we slightly prefer the model we adopt
here because of the lack of ca. 1600 Ma orogenic record in either Siberia
or North China side, which one would expect to see had North China
joined Siberia during the ca. 1600 Ma final assembly of Nuna.

5.3. 1600—1200 Ma: Nuna and its break-up

Nuna maintained a relatively stable position during its lifespan with
its geographic centre close to an equatorial position (Fig. 11). This is not
dissimilar to that of Pangaea post ca. 270 Ma. The relative moderate
counter-clockwise rotation that Nuna experienced around its geographic
centre (Figs. 10c, 11) might represent a TPW event similar to that
experienced by Pangaea after 250 Ma (Steinberger and Torsvik, 2008;
see 6.3 for further discussion).

Early work on Nuna believed that the supercontinent broke apart
sometime between 1400 and 1200 Ma (Pisarevsky et al., 2014a; Zhang
et al., 2012a), but more recent work was able to more precisely define
the break-up time of Nuna to soon after 1300 Ma (Kirscher et al., 2021;
Wang et al., 2020a), which makes the lifespan of Nuna to be ca. 300 Myr.
A ca. 1300 Ma break-up is further supported by the basin record of
western Laurentia (Brennan et al., 2021a) and a global development of
large-scale continental rifting during 1.4—1.3 Ga just prior to the break-
up (Zhang et al., 2022).

5.4. 1200—900 Ma: Rodinia assembly through introversion?

Here we present a scenario in which Nuna finished its incomplete
break-up by 1150 Ma (Figs. 11d, 12a; see 5.7 and Li et al., 2019 for
discussion regarding Rodinia’s incomplete break-up), and Rodinia was
assembled from that point through an introversion process (Li et al.,
2019). The introversion assembly process is here defined by the survival
of both the circum-Nuna (at the same time also circum-Mirovia-2
superocean) subduction girdle from Nuna time as well as the Mirovia-

23

Earth-Science Reviews 238 (2023) 104336

1 superocean (Figs. 10c, 11, 12) (Li et al., 2019), which may differ
from conclusions if one only looks at the life cycle of a particular ocean
(e.g., the Iapetus Ocean for the assembly of Pangaea; Murphy and Nance,
2003) or that of an orogen (e.g., the Paleo- to Mesozoic orogens along
southern Laurentia for the assembly of Rodinia; Martin et al., 2020).
Note that we also follow the dynamic extended-orthoversion principle
(Li et al., 2019, after Mitchell et al., 2012) here by having Rodinia
assembled ~90° west of the location of Nuna.

Our reconstruction for ca. 1110 Ma is somewhat different from that
of Choudhary et al. (2019) in that those authors had Kalahari, Congo,
Amazonia, and India remained together (collectively termed Umkondia)
at 1110 Ma based on matching an interpreted common LIP event.
Further work is needed to examine the feasibility of such a configuration
in view of other constraints, including the kinematic needs for all these
continents to move from their Nuna positions to their Rodinia positions.

5.5. 870 Ma-750 Ma: Rodinia’s rapid motions and early rifting

Following the revised Rodinia APWP (see 4.2.1 and Fig. 7), Rodinia
experienced three episodes of oscillatory motion between 900 and
780Ma along roughly the same longitudinal band: one during
900—870Ma (Figs. 12d and 13a), one during 870/860—820 Ma
(Fig. 13a-b), and one during 800—780 Ma (Fig. 13c-d). Such rapid and
oscillating motions, if true, are best explained as representing inertia
interchange true polar wander (IITPW) events, with a common axis of
rotation close to the geographic centre of the predecessor supercontinent
Nuna on the equator (see 6.3 for geodynamic explanations).

Although some models suggest early (e.g. 850—800 Ma; Merdith
et al., 2021) break-up of Rodinia, no rift-to-drift transition time, as
shown by tectonostratigraphic records, is older than 720 Ma (Powell
et al., 1994; Preiss, 2000; Ross, 1991). Palaeomagnetic data (Figs. 6 and
7;4.2.1) also favour a post-750 Ma break-up. Here we adopt the thesis of
Li et al. (2003, 2008a) that Rodinian intracontinental rifting, accom-
panied by bimodal LIP and SLIP magmatism, with some showing clear
plume tectonostratigraphic or geochemical-petrological signatures (Li
et al.,, 1999; Wang et al., 2007; Zhao et al., 1994), started as early as
860—850 Ma (Li et al., 2010; Shu et al., 2011). LIP magmatism became
widespread after 825 Ma with global peaks at 825 Ma, 800 Ma, 780 Ma,
750Ma (Li et al., 2003), and 720 Ma (Fahrig, 1987; Heaman et al.,
1992). Due to the need to have South China breaking out by the time of
the Liantuo Formation’s deposition (we use a notional age of 720 Ma
here; see discussion in 4.2.1), we started Rodinia’s break-up at 750 Ma
(Fig. 13e), noting that this is a compromise age which might be some-
what earlier than the real widespread rift-to-drift transition age (Li and
Evans, 2011), but allows the model to accommodate the pre-720 Ma rift-
related crustal extension.

5.6. 750—540 Ma: Rodinia break-up, snowball Earth, and the formation
of Gondwana as the early stage of Pangaea assembly

Two major post-750 Ma episodes of break-up events occurred around
Laurentia: the post-720 Ma separation of Siberia from Laurentia (Ernst
et al., 2016; Gladkochub et al., 2019) (Fig. 14a), and the ca.
650—600 Ma diachronous opening of the Iapetus Ocean through the
drifting-away of Amazonia (Robert et al., 2020) and Baltica (Cawood
et al., 2016) from Laurentia (Fig. 14b-c). The post-615 Ma break-up of
Baltica from Laurentia is supported by both palaeomagnetic evidence
(Fig. 6) and by their matching LIP events at 615 Ma and 580—570 Ma
(Fig. 1; Supplementary Materials 4 and 9). The ca. 720 Ma Rodinia
break-up, accompanied by the Franklin LIP event and matching 720 Ma
events in southern Siberia (Irkutsk LIP) and South China (the Hubei-
Shaanxi magmatic province), coincides with the start of the Sturtian
glaciation interpreted by some as representing the first Neoproterozoic
Snowball Earth event (Cox et al., 2016; Hoffman et al., 2017; Lu et al.,
2022; Pu et al., 2022). Causes for such catastrophic global glaciation are
still debated, with popular factors including: (1) the enhanced effect of
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Fig. 9. Examples of 2000—1800 Ma reconstructions showing (a-b) early stage of craton assembly and (c) formation of most continental blocks we have today,
coinciding with the first-stage assembly of Nuna (Fig. 3c). For this and Figs. 10-14: Mollweide projection with central meridian being 0°E. Relevant palaecomagnetic
poles (with their A95s), and the spline-smoothed APWPs for Nuna and Rodinia (Figures are plotted for each time slice). Note that in both the animations (Sup-
plementary Materials 7, 8) and Figures 10-14, as palaeomagnetic poles only appear within their given age ranges, the lack of palaeopole for a particular continent at a
particular time does not necessarily mean that the continent’s palaeolatitude is totally unconstrained as interpolated poles when applicable (not shown) were
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Fig. 9. (continued).

continental albedo due to the predominantly low to medium latitudinal
positions of continents at the time and runaway ice-albedo feedback
(Kirschvink, 1992; Worsley and Kidder, 1991), with the low-latitude
distribution of continents attributed to TPW events as a consequence
of supercontinent cycle (Evans, 1998; Li et al., 2004; Li and Zhong,
2009), and the expansion of the area of exposed terrestrial land caused
by superplume-induced continental doming (Li et al., 2013); (2) equa-
torial silicate weathering, particularly of plume-induced mafic LIPs,
during Rodinia break-up (Cox et al., 2016; Godderis et al., 2003; God-
déris et al., 2017; Lu et al., 2022; Pu et al., 2022); and (3) the enlarge-
ment of the area of shallow marine environment during the break-up of
Rodinia in both continental rift basins and along passive margins to
facilitate primary productivity and thus carbon burial (Hoffman et al.,
1998; Knoll, 1991).

By 630 Ma, while Rodinia was still breaking apart (now mostly along
the present-day southeast margin of Laurentia, i.e., the opening of the
Iapetus Ocean), Earth experienced the second Neoproterozoic global
glaciation (snowball Earth?) event termed the Marinoan event
(Fig. 14b). This was also the time when Gondwana began assembling. By
ca. 600 Ma (Schmitt et al., 2018) (Fig. 14c), West Gondwana was mostly
assembled. Gondwana was fully assembled by ca. 540Ma (Li and
Powell, 2001; Meert, 2003) (Fig. 14d). In the interim at ca. 580 Ma
occurred the short-duration and possibly local Gaskiers glaciation event,
the final one of the Neoproterozoic (Pu et al., 2016; Youbi et al. 2021).
The location and motion of South China during late Neoproterozoic
follow that of Li et al. (2013) and Yao et al. (2014), and Tarim is placed
close to South China due to their close tectonostratigraphic and bio-
province affiliations (Zhou and Chen, 1990).

5.7. Plate velocity and number

There is a wealth of data that can be extracted from full-plate models
(see Zahirovic et al., 2015 for example). Here we simply extract the root-
mean squared (RMS) velocity and the number of plates from our model
and compare them with that from the model of Merdith et al. (2021),
which is the only other published full-plate model that partly overlaps
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with the time span of our model. For simplicity, the Merdith et al. (2021)
model is hereafter referred to as Mer2021. As the motion of the oceanic
plates in our model does not have direct data constraint, for the plate
velocity calculation we focus on plates that host continental crust
(referred as continental plates hereafter).

The RMS velocities for our Scenarios Ia and Ib (Fig. 15a) are similar
except for the 600—570Ma period where the eastward motion of
numerous continents in Scenario Ib result in a faster moving phase
compared to Scenario Ia. We will focus our discussion below on our
preferred Scenario Ia model. The overall man RMS of our model for
2000—540 Ma shares a similar value of 7—8 cm/yr as of the Mer2021
for the 1000—0 Ma interval (Fig. 15a). In details, the mean RMS of our
model for 2000—1670 Ma is about the same as for the Mer2021 Phan-
erozoic model, but markedly lower for the 1670—1100 Ma interval,
coinciding with the long-held speculation of subdued tectonism (dubbed
the “boring billion™) for the Mesoproterozoic (e.g., Cawood and Haw-
kesworth, 2014) possibly due to an introversion assembly of Rodinia (Li
etal., 2019; Huang et al., 2022). The most striking contrast between our
model and the Mer2021 model lies in the RMS velocity for the mid-
Neoproterozoic: whereas our model features episodes of rapid motions
with exceptionally high RMS values, the Mer2021 model gives RMS
values close to that of the overall mean. These fast motions in our model
are attributed to the proposed oscillating and rapid TPW events for
Rodinia time based on our palaeomagnetic interpretation (see 4.2.1 and
6.3) which were not considered in the Mer2021 model.

Another interesting trend is the change in global plate numbers with
time, and a comparison of plate numbers between our model and the
Mer2021 model for the overlap in Neoproterozoic time (Fig. 15c). Ac-
cording to our preferred model, pre-1800 Ma plate tectonics (Phase-1
assembly of Nuna) was characterised by up to 25, mostly small conti-
nental plates compared to the ~5 continental plates during the
1800—1600 Ma Phase-2 assembly of Nuna (see discussed in section
5.1). In contrast, there were around 10 continental plates during Nuna to
Rodinia transition at 1300—900 Ma, but this number increased to up to
16 at ca. 650 Ma after the break-up of Rodinia, which then decreases
during the formation of Gondwana. The noticeably lower continental
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a. 1700 Ma

b. 1650 Ma

Fig. 10. 1700—1600 Ma reconstructions showing Nuna’s final assembly by 1600 Ma.
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a. 1500 Ma

b. 1400 Ma

c. 1300 Ma

Fig. 11. 1500—1200 Ma reconstructions showing Nuna’s moderate counter-clockwise rotation around an equatorial geographic central position since its full as-
sembly at ca. 1600 Ma (Fig. 10c to a-c here), and its break-up after 1300 Ma (c-d).
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plate number after Nuna break-up than the number after Rodinia break-
up can be interpreted as due to a more complete break-up of Rodinia
after an introversion supercontinental assembly (Li et al., 2019). There
are some obvious artificial signals in the plate number such as the simple
four-plate configuration during the existence of Nuna and Rodinia, and
the sudden step changes at the assembly and break-up points of super-
continents. Such signals resulted from the simplification of our full-plate
model, mostly due to the lack of more precise constraints.

The number of plates in our model after 700 Ma is generally com-
parable to that of the Mer2021 model; however, the two models differ
dramatically for the 900—700 Ma interval (Fig. 15c). This reflects the
dramatically different reconstructions between the two models for that
time interval, which largely coincides with the tenure of Rodinia in our
model, whereas in the Mer2021 model Rodinia only had a transient
presence.

6. An evolving dynamic system between 2000 Ma and 540 Ma: A
transition from the age of supercratons to the age of
supercontinents (supercycle plate tectonics), and using
geodynamics to constrain palaeolongitude

6.1. Before 1800 Ma: The age of supercratons with smaller but more
numerous mantle convection cells

It is now widely accepted that >60% of the continental crust we see
today formed by the end of Archaean (ca. 2500 Ma) (Belousova et al.,
2010; Dhuime et al., 2012; Windley et al., 2021), although whether
subsequent crustal growth has been controlled by the supercontinent
cycle is debated (Hawkesworth et al., 2013; Wang et al., 2020b)
(Fig. 8a). Geodynamic modelling (Zhong et al., 2007) suggests that for
an Earth consisting of many small subduction cells, as might have been
the case during the early stage of plate tectonics from at least 3200 Ma
(Cawood et al., 2018; Gamal El Dien et al., 2020; Windley et al., 2021),
the small subduction downwellings tend to merge into large ones,
dragging the small continental blocks to merge into larger continents
(Fig. 16a-b). Geological (Bleeker, 2003; Gumsley et al., 2017) and
palaeomagnetic (Liu et al., 2021) studies suggest that such processes
likely dominated the Archaean-Paleoproterozoic time, featuring the
formation and break-up of supercratons. Although a Pangaea-like su-
percontinent, such as the geologically speculated supercontinent
Kenorland (Williams et al., 1991), is believed by some to have existed
from >2.5 Ga until 2.1Ga (e.g., Aspler and Chiarenzelli, 1998; Williams
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et al., 1991), palaecomagnetic data indicate that any such supercontin-
ent, if ever existed, could only have been a transient and unstable one
between ca. 2.6 Ga and 2.4 Ga (Liu et al., 2021), with continents possibly
moving relative to each other during that time while still remaining as a
close cluster. An analogy for such a scenario would be a pack of ice
blocks traveling together in a moving river, and we therefore call such a
transient and unstable supercontinent an “ice-pack supercontinent”.

Whether a Pangaea-like stable supercontinent existed during the
Archaean-Paleoproterozoic time has profound implications to mantle
dynamics, mantle structure, and the magnitude and spatial distribution
of heat flux across the core-mantle boundary (CMB) (Zhang and Zhong,
2011; Zhong et al., 2007) which in turn impacts the behaviour of the
geomagnetic field (Amit and Olson, 2015; Hounslow et al., 2018; Zhang
and Zhong, 2011) and possibly also the timing of inner core initiation
(Mitchell et al., 2018). The model we adopt here implies that prior to the
formation of the supercontinent Nuna between 1800 Ma and 1600 Ma
(Figs. 3 and 10), there was no stable degree-1 or degree-2 mantle con-
vection structures as in Fig. 16¢-f. Instead, the mantle structure consists
of either many small convection cells (Fig. 16a) or these plus a few larger
convection cells associated with the occurrences of supercratons
(Fig. 16b). Such mantle structures are generally less efficient in loosing
heat from the CMB and the surface compared to mantle structures
dominated by degree-1 and/or degree-2 mantle convection (Fig. 16c-d)
(Zhang and Zhong, 2011; Zhong et al., 2007).

6.2. Post-1800 Ma: Coupled ca. 600 Myr supercontinent and superplume
(LLSVP) cycles and longer superocean episodes during the age of
supercycle plate tectonics

In our model, by ~1800 Ma, most continental blocks we know today
had come together, and proto-Nuna was close to being assembled
around Laurentia (Fig. 9c). The mantle structure at that time was
probably close to that in Fig. 16b, featuring a growing super-
downwelling under proto-Nuna. Nonetheless, a global-scale subduction
girdle surrounding most emerging continents, which drives the eventual
formation of degree-2 mantle structure (Fig. 16d) (Li et al., 2008a;
Zhong et al., 2007), did not start to form until ca. 1700 Ma (Fig. 10a),
and completed at ca. 1600Ma when Nuna was fully assembled
(Fig. 10c). We envisage that it was between 1800 Ma and 1600 Ma that
Earth’s first stable global subduction girdle formed along with the for-
mation of the first supercontinent over a mantle superdownwelling
(Fig. 16c-d), which kick-started a new era of plate tectonics featuring the
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a. 1150 Ma

c. 1000 Ma

Fig. 12. 1150—900 Ma reconstructions showing Rodinia’s introversion assembly confined within a long-lived subduction girdle.
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Mirovia-2

Fig. 12. (continued).

ca. 600 Myr cycle of supercontinent assembly and break-up, and the
dominant occurrence of degree-1 and degree-2 long-wavelength mantle
convection patterns (Li et al., 2019; Zhong et al., 2007).

In their dynamically coupled supercontinent-superplume cycle
model (Li et al., 2008a, 2019; Zhong et al., 2007) (Fig. 16f), the location,
geometry, and lifespan of LLSVPs are dynamically controlled by the
evolving global subduction geometry during the supercontinent cycle.
Supercontinents tend to assemble over a mantle superdownwelling,
when the inherited or newly formed subduction girdle surrounding the
supercontinent may not have formed a ring of dense rocks close to the
CMB during the early stage of the assembly (Fig. 16c¢). As the subduction
girdle fully develops, it would divide the lower mantle into two antip-
odal domains (a clear degree-2 structure), with one LLSVP remaining
under the superocean, and another developing under the supercontinent
some tens of million years after the formation of the subduction girdle,
which would in turn initiate the break-up of the supercontinent (Li et al.,
2003, 2008a) (Fig. 16d-e). If the supercontinent is not assembled in an
equatorial position, the Earth’s spin would lead to a TPW event that
moves the breaking-up supercontinent, along with the antipodal
LLSVPs, to the equator (Evans, 2003; Li et al., 2004) (Fig. 16d-f). Similar
long wavelength geodynamic cycles are believed to have occurred
during all three known supercontinent cycles: Nuna, Rodinia, and Pan-
gaea. Although the dynamic coupling between the supercontinent cycle
and lower mantle structure (e.g., the formation, lifespan and location of
LLSVPs) was initially proposed based on palaeomagnetic TPW in-
terpretations (Evans, 2003; Li et al., 2004; Li and Zhong, 2009), subse-
quent Earth-like geodynamic modelling work also reproduced such
processes (Cao et al., 2021; Zhang et al., 2010; Zhong et al., 2007).

In our preferred model, we follow Li et al. (2019) in having Nuna’s
external superocean Mirovia-1 (Figs. 10c, 11a-c) surviving the Rodinia
supercontinent assembly and returning to its full size again when
Rodinia is fully assembled at ca. 900 Ma (the restored superocean is here
termed Mirovia-2; Figs. 11, 12) as Rodinia assembled through intro-
version. However, Mirovia-2 (Figs. 12d, 13) gets consumed by an
extroversion assembly of Pangaea (Fig. 14 and Fig. 2c-h of Li et al.,
2019), and it was replaced by a new superocean, Panthalassa (Fig. 2c-g
of Li et al., 2019). If correct, Mirovia would represent the longest-lived
superocean in Earth history: spanning its first achievement of a super-
ocean status at 1600 Ma (Mirovia-1; Fig. 10c), through a first wanning
stage during Nuna’s break-up until it regained its full size once again as
Rodinia is fully assembled (Mirovia-2; Figs. 11, 12, 13). Mirovia-2
finally closed in two stages, first during the assembly of Gondwana
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(Fig. 14) and finally during the assembly and evolution of the youngest
supercontinent Pangaea (the closure of the Tethys Ocean by the ca.
55 Ma closure of the Neo-Tethys between India and Eurasia; Fig. 2¢c-g of
Li et al., 2019).

6.3. IITPW events, implied mantle structure related to the supercontinent
cycle, and longitudinal constraints on global reconstructions

6.3.1. Type-1 and type-2 IITPW events and related mantle structures during
the Nuna and Rodinia supercontinent cycles

As illustrated by Evans (1998, 2003), oscillatory IITPW events can
occur when the axis of minimum moment of inertia (I, defined by the
two antipodal LLSVPs) passes through the equator. We term IITPW when
Imin passes through the geographic centre of an equatorial supercon-
tinent (Figs. 16e and 17a) as Type-1 IITPW. Ca. 250—100 Ma oscillatory
IITPW events around the geographic centre of Pangaea, identified by
Steinberger and Torsvik (2008) and Torsvik et al. (2012), is an example
of this type of IITPW (Mitchell et al., 2012). In our preferred recon-
struction model (Supplementary Material 7) following the palae-
omagnetic analysis as in Fig. 3, Nuna likely experienced such oscillating
Type-1 IITPW events between 1700 Ma and 1300 Ma (Fig. 17d). We thus
speculate that although the final oceanic closure to form Nuna did not
occur until ca. 1600 Ma (Fig. 10), a degree-2 mantle structure with I,
intersecting central Nuna likely started to exist from ca. 1700 Ma. We
envisage that the subduction girdle surrounding the assembling Nuna
likely started to exist from ca. 1700 Ma (Fig. 10a) or even earlier,
causing the formation of two antipodal LLSVPs on the equator (e.g.,
Fig. 17a). The continuation of such a mantle structure throughout
Nuna’s lifespan (Fig. 18a) would have allowed Type-1 IITPW to occur
(Fig. 17d). There is geological evidence for the occurrence of mantle
plume events during both the final assembly and the lifespan of Nuna.
For example, the ca. 1590 Ma Gawler Range volcanic province in the
South Australia Craton and the ca. 1550 Ma Croydon Volcanics in the
North Australia Craton has been interpreted as products of a “migrating”
mantle plume (Betts et al., 2009). The 1590 Ma plume head is also
expressed in a matching LIP record in formerly attached NW Laurentia
(Hamilton and Buchan, 2010; Rogers et al., 2018).

IITPW could also occur when a supercontinent assembles over a
superdownwelling on the subduction girdle and yet the mantle structure
is still dominated by a degree-2 structure inherited from the previous
supercontinent cycle, and remains at an equatorial position (Fig. 17b)
(Evans, 1998; Mitchell et al., 2012), here termed Type-2 IITPW.
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a. 870 Ma

b. 820 Ma

c. 800 Ma

Fig. 13. 870—750 Ma reconstructions showing the rapid oscillating motion of Rodinia, interpreted to represent inertia interchange true polar wander (IITPW)
events, and early rifting events within Rodinia.
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Fig. 13. (continued).

Rodinia’s oscillatory motions during the early stage of its history (ca.
900—780 Ma; see sections 4.2.1 and 5.5) around an equatorial axis close
to the geographic centre of Nuna in our reconstruction (Fig. 17e) likely
belong to this type of TPW. We interpret these episodes of Type-2 IITPW
to have occurred around the I i, defined by the degree-2 mantle struc-
ture inherited from Nuna time. This interpretation implies that the as-
sembly of Rodinia occurred on the previous subduction girdle (Figs. 12-
13, and the legacy subduction girdle marked in Fig. 17b and Fig. 18c),
and Rodinia did not have its own sub-supercontinent and antipodal
LLSVPs developed (i.e., the Rodinia-centric antipodal LLSVPs; Fig. 16d,f
and Fig. 18d) until close to 780 Ma. The cessation of such IITPW motion
at ca. 780 Ma, when Rodinia was centred on the equator (Fig. 13d),
probably indicates that the legacy Nuna degree-2 structure (Fig. 17b)
had given way to a Rodinia-centric and equatorial degree-2 mantle
structure by that time, during the prime stage of Rodinia rifting (Li et al.,
2008a) (Fig. 16f, 17c and 18d-e). The ca. 780 Ma plume event is best
expressed in western Laurentia by the 780 Ma Gunbarrel LIP (Harlan
et al., 2003), and in South China by the Kangding event (Ernst et al.,
2008; Li et al., 2003).
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6.3.2. Longitudinal constraints by TPW record linked to conceptual
geodynamic models

Constraining the longitude of global plate reconstructions remains a
challenge. For the past 200 Ma, one can safely assume that the position
(though not necessarily the shape) of the present-day African LLSVP
largely reflects that of Pangaea before its break-up, and use a combined
palaeomagnetic and LLSVP-linked hot spot reference frame, plus marine
magnetic record, to constrain the palaeolongitude (Torsvik et al., 2014).
However, more generally, for deeper geological time, other assumptions
have to be made. Torsvik and others (Torsvik, 2019; Torsvik et al., 2014,
2016) argued that the LLSVPs observed in present-day Earth could have
been there since at least the Neoproterozoic if not the start of mantle
convection in very early Earth (Dziewonski et al., 2010), and we can
thus use them (and their surface plume expressions) as a fixed longitu-
dinal reference frame. However, combined palaeomagnetic and mantle
plume records (e.g., Li et al., 2004) suggest that superplumes (LLSVPs)
and supercontinents are dynamically coupled in both their occurrences,
their geometry, and their geographic locations (Li et al., 2008a; Li and
Zhong, 2009). Geodynamic modelling also demonstrates a strong dy-
namic coupling between LLSVPs and the location and evolution of su-
percontinents (Cao et al., 2021; Zhang et al., 2010; Zhong et al., 2007),
making it unreliable to assume a stable and fixed lower mantle structure
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Fig. 14. 720—540 Ma reconstructions showing the break-up of Rodinia, snowball Earth events and the formation of Gondwana.
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Fig. 14. (continued).

as a global reference frame for deep time.

Our Scenario Ia (the preferred scenario) features Nuna centred at 0°E,
Rodinia at 90°W (Miiller et al., 2022) and Pangaea at 0°E (annotated as
Scenario 0-90 W-0; Fig. 18a-h and Supplementary Material 7). Scenario
Ib following Li et al. (2019) features Nuna centred at 0°E, Rodinia at
90°E and Pangaea at 0°E (annotated as Scenario 0-90E-0; Fig. 18i-p and
Supplementary Material 8). Both follow the extended-orthoversion
assumption which differs from the classic orthoversion model of
(Mitchell et al., 2012). The latter only applies when the supercontinent
assembles on the subduction girdle through closing small oceans along
the girdle instead of either closing the previous superocean or closing
the new internal oceans formed during the break-up of the previous
supercontinent. In our extended-orthoversion model (Li et al., 2019), the
new supercontinent assembles on the subduction girdle following the
principle defined by Anderson (Anderson, 1994), regardless of whether
the assembling process involved introversion (closure of the internal
oceans and survival of the early subduction girdle and the previous
superocean; Fig. 18a-c and i-k for the assembly of Rodinia) or extro-
version (closure of the previous superocean; Fig. 18c-f and k-n for the
assembly of Pangaea). In such scenarios, the legacy degree-2 structure
from the previous supercontinent cycle would always be 90° away from
that regenerated by the subduction girdle surrounding the new super-
continent (e.g., Fig. 18 between (a)-(c) and (d), and between (d)-(f) and
(®)-

However, the situation would be very different if an introversion
supercontinent involves a simple inward collapse of the internal oceans,
leading to the new supercontinent assembling more or less at the same
location as its predecessor (Fig. 19a-b), or an extroversion supercon-
tinent assembly following an “inside-out” trajectory by closing the
external superocean, leading to the formation of the new supercontinent
on the opposite side of the Earth compared to its predecessor (Fig. 19b-
c). We term this non-orthoversion scenario Scenario II.

The reconstruction scenarios as in Fig. 18 and that in Fig. 19 have
rather contrasting consequences in terms of the resulting mantle struc-
tures, and potential possible TPW events and plume-induced magmatic
events. With the extended-orthoversion scenarios (Fig. 18), a new su-
percontinent can be centred at any latitude along the subduction girdle
when the global mantle structure is still dominated by the inherited
degree-2 structure (Fig. 17b and Fig. 18c,k). This would permit type-2
IITPW (Fig. 17b,e) and the new supercontinent would only become
stabilised in an equatorial position after a new, supercontinent-centric
degree-2 structure is developed at the expense of the inherited degree-
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2 structure. The TPW motions would eventually align this new Ip,
axis on the equator and perpendicular to its predecessor during the
break-up phase of the supercontinent, allowing for type-1 IITPW to
occur afterward (Figs. 17c and 18d,g,1,0). Such scenarios also predict a
delayed occurrence of plume magnetism over the newly assembled su-
percontinent as the new degree-2 structure would take a few 10s of
million years to develop (Li et al., 2008a; Li and Zhong, 2009).

In contrast, if a supercontinent (e.g., Rodinia) is assembled through
introversion in Scenario II (non-orthoversion; 180-180-0) as in Fig. 19a-
b, the original degree-2 mantle structure is expected to partially survive
during the assembly, and to be re-established quickly after the
completion of the supercontinent assembly. In this case, one could
expect type-1 IITPW throughout the assembly to the break-up phases of
Rodinia. One would also expect to see continental plume magmatism
from the very early stage of Rodinia assembly. If a new supercontinent
(e.g., Pangaea; Fig. 19b-c) is assembled through extroversion on the
opposite side of the globe, again the previous degree-2 mantle structure
is expected to partially survive during the assembly, and will be re-
established quickly after the completion of the supercontinent assem-
bly (Fig. 19b-c). Therefore, again, type-1 IITPW is expected throughout
the assembly to break-up phases of the new supercontinent (Fig. 19b-c),
and continental plume magmatism is expected to start to emerge early.

Through comparisons of such model predictions with the palae-
omagnetic and plume (LIP) records, we argue that the evidence favours
the extended-orthoversion scenarios for Rodinia assembly (Fig. 18a-c
and i-k) for two reasons. (1) Type-2 IITPW-like motions appear to have
occurred both during the assembly stage of Rodinia (ca. 1100—900 Ma;
Fig. 12, and Supplementary Materials 7 and 8) and during the early
lifespan of Rodinia (900—780Ma) around an equatorial I, axis
inherited from the Nuna supercontinent cycle (Figs. 7 and 16e, and
Supplementary Materials 7 and 8). (2) Although continental rifting
within Rodinia started as early as 860—850 Ma, plume magmatism did
not become widespread until 825—720 Ma (see section 5.5 and Fig. 1).

Similar type-2 IITPW-like motions around a Rodinia-centric equa-
torial I, axis during the assembly of Pangaea have been proposed
(Mitchell et al., 2012; Van der Voo, 1994). We note the northward
motion of Pangaea between 340 Ma and 270 Ma in the Phanerozoic
reconstruction (Li and Powell, 2001; Merdith et al., 2021; Steinberger
and Torsvik, 2008) (Fig. 17f-g), which could be seen as a type-2 IITPW
motion around the potential legacy Rodinia degree-2 mantle structure.
However, given the one-off nature of this motion, it can also be inter-
preted as a normal TPW event (Fig. 17g) although this does not change
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Fig. 15. Comparison of data extracted from our model and that of Merdith et al. (2021). (a) Root mean squared (RMS) velocity of plates hosting continental crust
extracted at a 5 Myr step. (b) individual plate motion RMS for Scenarios Ia. Numerous small plates gave consistent low RMS of ~5 cm/yr for the 2000—1900 Ma
interval, and such plates are not individually identified. (¢) Changing number of plates with time. The plates that host any continental crusts are marked as con-

tinental plates.

the geodynamic implication of this motion. Plume/LIP activity was
relatively scarce during the early stage of Pangaea tenure (noting the
few 300—250 Ma events in Baltica and Asian continents along the
northern end of Pangaea; Ernst et al., 2021; Supplementary Material 4
for shapefile database and Excel tables), and widespread plume/LIP
events in Pangaea interior only started from ca. 200 Ma, making it
comparable to the Rodinia record (Li and Zhong, 2009). Therefore,
current data appears to favour the extended-orthoversion scenarios
(Fig. 18 and Supplementary Materials 7, 8) over the non-orthoversion
model (Fig. 19).

7. Conclusions

Since the three landmark papers over 30 years ago (Dalziel, 1991;
Hoffman, 1991; Moores, 1991) that presented the community a testable
model of a pre-Pangaea supercontinent Rodinia (McMenamin and
McMenamin, 1990), the field of geotectonic research has transformed
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and expanded in numerous ways: from a post-550 Ma focus to consid-
ering Earth’s entire geological history, and from compartmentalised and
discipline-based focus to a broader science-question focus with a
multidisciplinary and Earth system approach. Although details are still
hotly debated, it is now widely recognised that the Earth has experi-
enced three episodes of supercontinent assembly and break-up in a ca.
600 Myr interval after 2000 Ma. Together with a much improved seismic
image of deep Earth, and palaeomagnetic and mantle plume/LIP evi-
dence (along with theoretical validation by geodynamic modelling) for
coupling between plate tectonics and mantle dynamics, it is now
possible to explore how Earth’s unique plate tectonic system has evolved
through time as Earth’s “surface” expression of an evolving geodynamic
system.

In this study we utilise both geological (crustal ages, tectonic facies,
metamorphic and orogenic records, passive margins, late Neo-
proterozoic facies, and large igneous events (LIPs); Supplementary
Materials 2—6) and geophysical information (palaecomagnetism;
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Fig. 16. Schematic mantle convection patterns in relation to evolving tectonic systems from the Archaean time (after Li and Zhong, 2009; Zhong et al., 2007). (a)
Archaean time with many cratons and smaller-scale convection cells. (b) The occurrence of multiple supercratons during Archaean-Paleoproterozoic time, featuring
reduced number and larger mantle convection cells. (c¢) The start of the supercontinent cycle since the Paleoproterozoic, featuring supercontinent assembly over a
mantle superdownwelling. (d) Circum-supercontinent subduction girdle eventually turns the sub-supercontinent superdownwelling as in (c) into a superupwelling
(also called superplume, which includes the lower-mantle seismic LLSVP, not explicitly shown here), which triggers the break-up of the supercontinent. (d)-(e) If the
axis of Earth’s minimum moment of inertia (Ihi), the long axis of a prolate geoid defined by the two antipodal superupwellings (superplumes), does not intersect the
equator, Earth’s spinning force would cause the entire silicate Earth to rotate as a true polar wander (TPW) event of up to 90° (d), bringing L, (along with the
antipodal superupwelling and the breaking-up supercontinent) onto the equator (Evans, 2003; Li et al., 2004) (e). Once at the equator, oscillating inertial interchange
true polar wander (IITPW) may then occur around I, (Evans, 1998; Kirschvink et al., 1997) (e). (f) A conceptual model of a circum-supercontinent subduction girdle
producing two antipodal LLSVPs, with the supercontinent eventually breaks apart largely driven by the sub-supercontinent superupwelling (Li et al., 2008a; Li and

Zhong, 2009). See 6.3 for further discussion. The small grey cartoon Earth models in (a) and (b) isare from Bleeker (2003). Note that LLSVPs in the lower mantle are
not exclipitly shown in cartoons (a)-(e).
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not yet completed but was close at 1700 Ma), with arrows indicating TPW events.

Supplementary Material 1; see Pisarevsky et al., 2022), as well as geo- how the many small continental cratons formed in Archaean time might
dynamic considerations, to provide two plausible models demonstrating have gradually gathered into larger continents, and eventually started
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Extended-orthoversion scenarios
Scenario la (0-90W-0) Scenario Ib (0-90E-0)
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Fig. 18. Cartoons illustrating the implications of two alternative scenarios based on the extended-orthoversion geodynamic assumption where a 90° longitudinal
change occurs between supercontinents and associated mantle structures (e.g., LLSVPs, and the Inyi,s as defined by the two antipodal LLSVPs). (a-h) Scenario Ia where
Nuna is centred at 0°E, Rodinia at 90°W, and Pangaea at 0°E (0-90 W-0). (i-p) Scenario Ib where Nuna is centred at 180°E, Rodinia at 90°E, and Pangaea at 0°E
(0-90E-0).
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Fig. 19. Cartoons illustrating the implications of a non-orthoversion geo-
dynamic scenario. Nuna was centred at 180°E, Rodinia assembled through
introversion to the same longitude as Nuna, and Pangaea assembled through
extroversion and centred at 0°E (180—180-0). Here the introversion super-
continent assembly occurs through a simple inward collapsing of the internal
oceans with the new supercontinent assembling on the same position of the
ancestor supercontinent, thus retaining much of the existing mantle structure.
The extroversion supercontinent assembly occurs on the opposing side of the
Earth through an in-side-out trajectory, and the weakened existing degree-2
mantle structure gets restored during the tenure of the supercontinent.

the supercontinent cycle after 2000 Ma, signifying the geodynamic
transformation from dominantly multiple small-scale convection cells
into hemispheric-scale convection patterns (Zhong et al., 2007). We
start with a revision to the configuration and evolution histories of su-
percontinent Nuna (Columbia), possibly the first stable supercontinent
(Fig. 2), and then Rodinia (Fig. 5) using palaeomagnetic and geological
constraints. Both Nuna and Rodinia appear to have experienced a two-
stage assembly: ca. 1800 Ma and ca. 1600 Ma for Nuna (Figs. 9c and
10c¢), and ca. 1000 Ma and ca. 900 Ma for Rodinia (Fig. 12¢-d). In our
preferred 2000—540 Ma global full-plate animation (Figs. 9—14, and
Supplementary Material 7), we illustrate how an incomplete Nuna
break-up after 1300 Ma (into ~10 continental blocks) might have
reassembled into Rodinia through an introversion process, featuring the
survival of both the Nuna superocean and the subduction girdle,
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followed by a more complete break-up of Rodinia after 720 Ma into >13
continental blocks before an extroversion assembly of Gondwana by
~540 Ma as the first stage of Pangaea assembly.

Palaeomagnetic data and latitude-sensitive palaeoclimatic indicators
provide constraints for the palaeolatitude of continental blocks through
time, but it remains a challenge to provide palaeolongitudinal con-
straints for pre-Cretaceous reconstructions. In this work we utilise a
combination of geodynamic model predictions and palaeomagnetic and
LIP records to evaluate the likelihood of some alternative palae-
olongitudinal models. Through recognizing two different types of inertia
interchange true polar wander (IITPW) (type-1 and type-2; Fig. 17a-c)
during Nuna time (Fig. 17d) and the 960—780 Ma period of the Rodinia
time (Fig. 17e), respectively, in conjunction with the LIP record during
supercontinent cycles, we are able to assign significantly more confi-
dence on the extended-orthoversion model (Fig. 18, Scenario Ia and Ib;
see Figs. 9—14 and Supplementary Materials 7 and 8 for re-
constructions) over Scenario II (Fig. 19) and the fixed-LLSVP model
promoted by other workers (Dziewonski et al., 2010; Torsvik, 2019;
Torsvik et al., 2014, 2016).

Being perhaps the first full-plate global palaeogeographic recon-
struction back to 2000 Ma, our model will no doubt have much room for
improvement in almost all aspects, but it does provide a testable global
geotectonic and geodynamic framework for future research. Improve-
ments will come through further geodynamic modelling and improved
geophysical (e.g., palaesomagnetism) and the whole spectrum of
geological datasets. The datasets we employed here are valuable col-
lections, and can be analyzed in more detail to further test the validity of
our reconstructions and together, be applied to a wide range of Earth
System studies (e.g., sea-level changes, extreme global climate events,
global supermountain events and atmospheric oxygenation, and bio-
logical evolution etc.; Li et al., 2013; Zhu et al., 2022). There is none-
theless an urgent need for more systematically collected and global
uniformly formatted spatial geoscience databases for the entire Earth
history. Such databases will facilitate more systematic, big-data and
machine-learning-based, global geotectonic and geodynamic recon-
struction and analyses.
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