Journal of African Farth Sciences, Vol. 28, No. 1, pp. 17-33, 1999

© 1899 Elsevier Scien
Pergamon PI1:S0899-5362(99)00018-4 All ights reservod. Printod n Grean Betan

0899-6362/99 $- see front matter

The break-up of Rodinia, birth of Gondwana, true polar
wander and the snowball Earth

PAUL F. HOFFMAN
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ABSTRACT — A major global plate reorganisation occurred between ~750 and ~550 Ma. Gondwana
was assembled following the dispersal of Rodinia, a supercontinent centred on Laurentia in existence
since ~1050 Ma. The reorganisation began when tectonic elements, later composing East
Gondwana, rotated piecemeal away from the Pacific margin of Laurentia. These elements swept
across the ancestral Pacific (Mozambique) Ocean that lay between Laurentia and the combined
African cratons of Congo and Kalahari, which were loosely joined after ~820 Ma. Simultaneously,
“the Adamastor (Brasilide) Ocean closed by subduction bordering the West Gondwana cratons,
drawing virtually all of Gondwana together by ~550 Ma. The final assembly of Gondwana occurred
contemporaneously with the separation of Laurentia from West Gondwana.
It has been postulated that the imprint of Rodinia’s long-lived existence on lower mantle
convection produced a prolate ellipsoidal geoid figure. This could give rise to episodic inertial-
interchange true polar wander (lIITPW), meaning that the entire silicate shell of the Earth
(above the core-mantle boundary) rolled through 90° with respect to the diurnal spin axis in
~15 Ma (equivalent to an apparent polar wander velocity of ~66 cm a'}. Although empirical
arguments for IITPW of Cambrian age appear to be flawed, evidence for an ultra-fast (>40 cm
a') meridional component of apparent polar wander for Laurentia between 564 and 550 Ma
suggests that lITPW might have occurred at that time.
The break-up of Rodinia increased the continental margin area and preferential organic C
burial globally, which is reflected by high 3'3C values in seawater proxies. The consequent
drawdown of CO, is implicated in a succession of runaway ice-albedo catastrophes between
~750 and ~570 Ma, during each of which the oceans completely froze over. Each “snowball”
Earth event must have lasted for millions of years because their terminations depended on
extreme CO, levels, built up by subaerial volcanic outgassing in the absence of sinks for C. A
succession of ice-albedo catastrophes, each terminated under ultra-greenhouse conditions,
must have imposed an intense environmental fiiter on the evolution of life. They may have
triggered the radiation of Ediacaran fauna in the aftermath of the final snowball event. It is
increasingly recognised that the Late Neoproterozoic was one of the most remarkable periods
in Earth history, and it appears to exemplify the interplay of tectonics, the environment and
biology in deep time. © 1999 Elsevier Science Limited. All rights reserved. '

RESUME—Les plaques se sont réorganisées a I'échelle globale entre ~750 et ~650 Ma. Le
Gondwana s’est assemblé & la suite de la dispersion de Rodinia, un supercontinent centré sur
la Laurentia depuis ~1060 Ma. La réorganisation a commencé lorsque les éléments tectoniques
qui composeront plus tard le Gondwana Oriental ont tourné par morceaux a partir de la bordure
pacifique de la Laurentia. Ces éléments se sont avancés & travers {'Océan Pacifique ancestral
{Mozambique), situé entre la Laurentia et les cratons africains du Congo et du Kalahari, ensemble
assemblé de fagon lache aprés ~820 Ma. En méme temps, I'Océan Adamastor (Brasilide) s’est
fermé par subduction le long des cratons du Gondwana Occidental et tout ie Gondwana était
pratiquement assemblé vers ~650 Ma. L’assemblage final du Gondwana s’est produit en méme
temps que la Laurentia se séparait du Gondwana Occidental.
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Il a été suggéré que la longévité de Rodinia a influé sur Ila convection du manteau inférieur
pour produire un géoide ellipsoidal allongé. Le résultat pourrait se traduire par des épisodes de
dérive apparente des pdles par inertie et changement interne (IITPW), ce qui signifie que la
totalité de la couche silicatée de la Terre (au-dessus de la limite manteau-noyau) a tourné
jusqu’a 90° par rapport & |'axe de rotation diurne en ~15 Ma (équivalant & une vitesse de
dérive apparente des pdles de ~66 cm a’'). Bien que les arguments empiriques proposés pour
un épisode IITPW au Cambrien semblent faux, les arguments montrant que le composant
méridien de la dérive apparente des pdles de la Laurentia a été ultra-rapide {>40 cm a'') entre
564 et 550 Ma suggérent qu’un épisode IITPW a pu se produire a cette époque.

La dislocation de Rodinia a augmenté la surface des marges continentales et favorisé
I'enfouissement global du carbone organique, ce qui se refléte par de fortes valeurs de §'*C
dans les échantillons représentant |'eau de mer. La chute de CO, qui en résulte provoque une
succession de catastrophes par emballement du systéme glace-albédo entre ~750 et ~670
Ma, durant chacune desquelles les océans ont gelé complétement. Chaque événement terrestre
de ‘boule de neige’ doit avoir duré quelques millions d’années parce que, pour qu’il se termine,
il faut des teneurs extrémes en CO, issues du dégazage des éruptions volcaniques subaériennes
en |'absence de facteurs favorisant la chute des teneurs en C. Une succession de catastrophes
glace-albedo, chacune s’achevant dans des conditions d’ultra-effet de serre, a dG se traduire
par un filtrage intense par I’environnement de I’évolution de la vie. Elle a pu déclencher
I’expansion de la faune d’Ediacara & la suite du dernier événement de ‘boule de neige’. Le
Néoprotérozoique tardif, comme on le reconnait de plus en plus, fut I'une des périodes les plus
remarquables de |"histoire de la Terre et peut servir d’exemple d’interaction entre tectonique,
environnement et biologie dans les temps reculés. © 1999 Elsevier Science Limited.

(Received 3/7/28: accepted 10/11/98)

INTRODUCTION

Gondwana and its dispersal have been recon-
structed with some precision since the advent of
plate tectonics, but its birth is much less certain.
This much is known: Gondwana was a composite
megacontinent born of orogenesis culminating in
geon 5 (i.e. 500-599 Ma). It contained six major
cratons— Amazonia, West Africa, Congo, Kalahari,
Greater India, Australia-Antarctica—welded
together by the Brasiliano/Pan-African orogenic
belts (Fig. 1). The orogenic belts result from the
closures of Neoproterozoic oceans, large and small,
and were internally disrupted as a result of
collisional indentation and lateral extrusion. The
orogens have been studied extensively over the
past 30 years, but the question of where the
cratons came from was seldom asked before the
present decade.

The assembly of Gondwana is linked to the
fragmentation of Rodinia, a pre-existing super-
continent centred on Laurentia {Valentine and
Moores, 1970; Bond et a/., 1984; Hoffman, 1991;
Dalziel, 1992; Li et al., 1996; Frost et a/., 1998;
Weil et al., 1998). According to the standard
Rodinia hypothesis, cratonic West Gondwana
(Amazonia—Rio Plata) adjoined the present Atlantic
margin of Laurentia; cratonic East Gondwana
(South China—Australia—East Antarctica) flanked the
present Pacific margin of Laurentia. The present
southern margin of Laurentia faced the Kalahari
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Craton, and the northern Eurasian cratons of
Baltica, Angara (Siberia) and Sino-Korea framed
its northern margin. The Rodinia hypothesis stems
primarily from geological arguments (Bond et a/.,
1984; Moores, 1991; Dalziel, 1991; Hoffman,
1991; Li et al., 1996), unlike earlier palseomag-
netically-based models of Proterozoic super-
continents (e.g. Piper, 1987). Subsequent, more
reliable, paleeomagnetic evidence has given the
Rodinia hypothesis additional credence (Powell et
al., 1993; Torsvik et al., 1996; Weil et al., 1998).

The fan-like aggregation of Gondwana about a
mean rotation pole in the Wedde!l Sea region invol-
ved the consumption of ocean basins between
East and West Gondwana and the intervening
African cratons—West Africa, Congo-Sao Fran-
cisco and Kalahari (Hoffman, 1991; Dalziel, 1991,
1992). The eastern, or Mozambique Ocean
(Dalziel, 1991, 1992) closed to become the East
African Orogen (Stern, 1994; Shackleton, 1996).
The western, or Adamastor Ocean (Hartnady et
al., 1985) closed to become the Brasiliano and
contiguous orogens (Trompette, 1994). Concur-
rently, the Pacific and lapetus Ocean basins
opened, separating Laurentia from East and West
Gondwana, respectively.

Hartnady (1991) proposed that this global
paleeogeographic reorganisation was due to a
recoiling planform of a hypothetical circum-Rodinia
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Figure 1. Gondwana is a composite megacontinent comprised of six or more pre-1.0 Ga cratons welded by Pan-A frican/Brasiliano
orogenic belts. The Congo and Kalahari Cratons were loosely joined at the Zambezi belt ~820 Ma (Hanson et al., 1993, 1994,
Greater India was accreted at ~680 Ma (Meert and van der Voo, 1997), West Africa at ~610 Ma (Attoh et al., 1997), and
Australia-East Antarctica and Amazonia-Plata at ~550 Ma (Meert and van der Voo, 1997). According to the Rodinia hypothesis,
the Andean margin of Amazonia-Plata was originally connected to the present Atlantic margin of Laurentia, and the present
Pacific margins of East Antarctica-Australia and Laurentia were connected, with South China possibly intervening between
Australia and Canada. This implies that tectonic aggregation involved a large (~130°) anticlockwise rotation of East Gondwana
{East Antarctica-Australia) with respect to West Gondwana {Amazonia-Plata).

subduction zone. Accordingly, the master sub-
duction zone was subsequently folded into the
interior of Gondwana as the supercontinent
“turned itself inside-out” (Hoffman, 1991). He
pointed out the analogy with Late Phanerozoic
global plate kinematics, wherein the Atlantic Basin
opens at the expense of the Pacific Basin, while
the Pangaean supercontinent turns itself inside-
out about a mean Euler pole in northeastern
Siberia. Supposing the Pacific Basin continues to
close, the Americas will follow Africa and Australia
into conjunction with Eurasia, creating a future
supercontinent (Amasia).

Global tectonic reorganisation involving the
break-up of Rodinia and the assembly of Gondwana
may have had far reaching consequences for Earth
history. Kirschvink (1992a, b) proposed that this
time period was characterised by episodes of

‘snowball’ Earth, resulting from runaway ice-
albedo feedback, and by a special type of true
polar wander involving a rapid 90° roll of the entire
solid shell of the Earth (outside the liquid core)
with respect to the spin axis. Both of these
provocative suggestions have recently been taken
up by others and this review ends with a dis-
cussion of the evidence for such events and their
implications.

THE RODINIA HYPOTHESIS

The seed for the Rodinia hypothesis goes back to
the inference that Cambrian Laurentia, which was
ringed by newly-rifted continental margins, had
previously been flanked on all sides by other
continents (Valentine and Moores, 1970; Bond et
al., 1984). There are barely enough continents
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on the globe to fit all the way around Laurentia,
so Rodinia must have been a supercontinent {i.e.
a clustering of virtually all continents).

The notion that the Tasman-Transantarctic
margin of East Gondwana was conjugate to the
western margin of Laurentia was originally pro-
posed on the basis of striking similarities between
the Meso- and Neoproterozoic sedimentary suc-
cessions in both areas (Jefferson, 1978; Eisbacher,
1985; Bell and Jefferson, 1987; Young, 1992).
The comparison implied that the Pacific Basin did
not begin to open until Vendian (~620-543 Ma)
times, and this is consistent with subsidence
curves for the Cordilleran passive margin prism
{Bond et a/., 1984). A Laurentian connection for
East Gondwana received a boost with the proposal
that the Grenville {~1.0 Ga) orogenic front
continued from West Texas and northern Mexico
to Coats Land in Antarctica (Moores, 1991; Dalziel,
1991). Additional support came from the apparent
East Gondwana proven-ance of Mesoproterozoic
sediments in the Belt Basin of western Laurentia
(Ross et al., 1992; Blewett et a/., 1998), and
parallels between the Palaoproterozoic Wopmay
and Pine Creek Oro-gens of northwestern Canada
and northeastern Australia, respectively (Hoffman,
1991; Idnurm and Giddings, 1995).

Bond et a/. (1984) did not identify a match for
the Cordilleran margin, but they suggested that
the Andean margin of West Gondwana was con-
jugate to Laurentia’s eastern margin. This was
based on striking stratigraphical and faunal simi-
larities between Early Palaozoic sections in
northwestern Argentina and the eastern United
States (Bond et a/., 1984, see also Hartnady,
1986). Basement rocks in the forelands of the
Andes and Appalachians appear to represent the
matching flanks of a bilateral Grenville {(geon 13-
10; 1.3-1.0 Ga) Orogen (Hoffman, 1991; Wasteneys
et al., 1995; Sadowski and Bettancourt, 1996;
Tosdal, 1996), providing additional support for the
West Gondwana connection. Subsidence curves
on both margins, however, indicate a Vendian age
for separation, by which time Gondwana was
thought to have already been assembled (Bond
et al., 1984). Consequently, the Rodinia hypo-
thesis has always been in conflict with the
subsidence histories of the Laurentian margins
{Hoffman, 1991).

The original basis for the West Gondwana
connection now appears to be invalid. The occur-
rence of Early Palazozoic strata with Acadia-Baitic
fauna in northwestern Argentina is apparently the
result of Mid-Palaeozoic tectonic terrane transfer
across the lapetus Ocean (Dalla Salda et a/., 1992;
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Thomas and Astini, 1996), and therefore has no
bearing on the Neo-proterozoic position of West
Gondwana. The only grounds for the West Gond-
wana connection are the matching Grenvillian
basement rocks, cited above, and paleeomagnetic
constraints (Weil et a/., 1998).

The primary basis for the East Gondwana
connection has also been invalidated. The ‘Gren-
villian” (Kibaran) rocks in Coats Land apparently
belong to the Namaqua-Natal Orogen of the
Kalahari Craton (Gose et al., 1997), which is
separated from the East Antarctic Craton by the
Pan-African Orogen of eastern Dronning Maud
Land and Latzow-Hom Bay (Shiraishi et a/., 1994;
Shackleton, 1996). Thus, the so-called SWEAT
connection (Moores, 1991; Dalziel, 1991) actually
has no bearing on the position of East Gondwana
(East Antarctica-Australia-India) (Gose et al.,
1997). The East Gondwana connection rests on
tectonostratigraphical relations, cited above, be-
tween the respective margins of eastern Australia
and western Laurentia.

Break-up of Rodinia

The Rodinia hypothesis is predicated on the co-
existence of East and West Gondwana connections
to Laurentia. It can only be viable if one or the
other of the connections was broken before
Gondwana assembled (Hoffman, 1991; Dalziel,
1992). The age of lapetus Ocean opening is
constrained by zircon and baddeleyite U-Pb ages
for peralkaline rift-related volcanism and mafic
dyke swarms, respectively. Rift-related magmatic
activity occurred episodically for almost 200 Ma
along the Appalachian-Caledonian margin, but the
youngest ages are in the northern Appalachians:
5644 Ma in Pennsylvania (Aleinikoff et al.,
1995), 554 +4/-2 Ma in Quebec (Kumarapeli et
al., 1989) and 550.5 + 3/-2 Ma in western New-
foundiand (McCausland and Hodych, in press).
These ages support the subsidence data and imply
that the West Gondwana connection was not
completely broken until after ~550 Ma (Bingen et
al., 1998; Meert et al., 1998).

An earlier opening of the Pacific Basin, around
750-720 Ma, has been advocated on tectono-
stratigraphical and palseomagnetic grounds (Ross,
1991; Powell et a/., 1993, 1994). Mafic dyke
swarms were intruded normal to the western
Laurentia and East Gondwana margins at ~780
and ~827 Ma, respectively (Park et a/., 1985;
Wingate et a/., 1998). However, some find the
arguments for a pre-600 Ma opening of the Pacific
Basin unconvincing. Rui and Piper {1997) and
Veevers et al. (1997) remind us that they con-






