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Abstract

During the Neoproterozoic, a supercontinent commonly referred to as Rodinia, supposedly formed at ca. 1100 Ma and broke
apart at around 800—700 Ma. However, continental fits (e.g., Laurentia vs. Australia—Antarctica, Greater India vs. Australia—
Antarctica, Amazonian craton [AC] vs. Laurentia, etc.) and the timing of break-up as postulated in a number of influential
papers in the early—mid-1990s are at odds with palacomagnetic data. The new data necessitate an entirely different fit of East
Gondwana elements and western Gondwana and call into question the validity of SWEAT, AUSWUS models and other
variants. At the same time, the geologic record indicates that Neoproterozoic and early Paleozoic rift margins surrounded
Laurentia, while similar-aged collisional belts dissected Gondwana. Collectively, these geologic observations indicate the
breakup of one supercontinent followed rapidly by the assembly of another smaller supercontinent (Gondwana). At issue, and
what we outline in this paper, is the difficulty in determining the exact geometry of the earlier supercontinent. We discuss the
various models that have been proposed and highlight key areas of contention. These include the relationships between the
various ‘external’ Rodinian cratons to Laurentia (e.g., Baltica, Siberia and Amazonia), the notion of true polar wander (TPW),
the lack of reliable paleomagnetic data and the enigmatic interpretations of the geologic data. Thus, we acknowledge the
existence of a Rodinia supercontinent, but we can place only loose constraints on its exact disposition at any point in time.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The notion of a late Proterozoic supercontinent
was postulated in the 1970s as geologists noted the
existence of a number of 1100—1000 Ma ‘mobile
belts’ (Dewey and Burke, 1973). J.D.A. Piper pos-
tulated, early on, that the available paleomagnetic
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data from all the continents could be fitted to a
common apparent polar wander path (APWP). This
led him to suggest that a supercontinent composed of
most of the continental crust remained in a quasi-
rigid configuration throughout the bulk of Precam-
brian time (Piper, 1976, 2000). Paleomagnetic poles
published in the late 1970s and early 1980s generally
had poor age control and allowed sufficient flexibil-
ity to fit almost any pole on the rather tortuous
APWP proposed by Piper (see review in Van der
Voo and Meert, 1991). Subsequent thoughts about
Precambrian supercontinents by Bond et al. (1984)
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relied on evidence from passive margin sequences
around the globe. They argued that the global pres-
ence of these margins heralded the breakup of a
supercontinent at the end of the Proterozoic. In
the early 1990s, Dalziel (1991), Moores (1991) and
Hoffman (1991)—following the suggestion of
McMenamin and McMenamin (1990)—adopted the
name Rodinia for this Meso—Neoproterozoic super-
continent (see also Meert and Powell, 2001). The
geometry of the Rodinia supercontinent has remained
flexible, but generally most models have sought to
develop the configuration around Grenvillian—Sve-
conorwegian—Kibaran aged metamorphic belts
(~ 1350-1000 Ma) and link geologic provinces
across cratonic margins (Fig. 1). In the ‘archetypal’
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Rodinia reconstructions (e.g., Dalziel, 1997), Lauren-
tia formed the core of the supercontinent with East
Gondwana situated along its present-day western
margin (SWEAT, Southwest U.S.—East Antarctic),
and with Amazonia and Baltica positioned along its
present-day eastern margin (Fig. 1).

Early paleomagnetic tests of the Rodinia configu-
ration were broadly supportive of the idea (e.g.,
Powell et al., 1993; Torsvik et al., 1996), but the
quality of the available data were insufficient to
provide any rigorous test of the Rodinia paleogeog-
raphy. In part, this was due to the fact that the older
paleomagnetic studies on Proterozoic rocks were not
tied to a specific radiometric age or were not com-
pletely analyzed for the possibility of younger over-
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Fig. 1. The ‘traditional” model of Rodinia adopted from Dalziel (1997) and Torsvik et al. (1996). The model posits two rifting events, one along
the present-day western margin of Laurentia sometime between 800 and 700 Ma, and a second along the present-day eastern margin of

Laurentia between 600 and 550 Ma.
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printing. Of more recent vintage are paleomagnetic
studies that are conducted in conjunction with radio-
metric studies in order to develop temporally and
spatially defined APWPs. Nevertheless, current Pro-
terozoic paleomagnetic studies are sufficient only to
test paleogeographic relationships between two or
three continents at discrete (and widely separated)
intervals (Meert and Powell, 2001).

Despite a lack of paleomagnetic evidence in favour
of the Rodinia supercontinent, geologic links between
the various cratonic nuclei were held forth in support
of widely varying reconstructions (Young, 1995;
Pelechaty, 1996; Dalziel, 1997; Rainbird et al.,
1998; Karlstrom et al., 1999; Sears and Price, 2000;
Dalziel et al., 2000). Our review paper, a tribute to the
pioneering work of Chris Powell, focuses on key
intervals during the formation and breakup of the
supercontinent and highlights several controversial
aspects of those reconstructions. We wish to note, at
the outset, that each reconstruction discussed below is
based on a particular set of paleomagnetic poles and
polarity options. At times, there are not so subtle
differences between our choice of poles and those
chosen by earlier authors. We do not have the space to
develop a pole-by-pole comparison in this review
paper and therefore our goal is to generate a set of
paleogeographic maps for critical intervals of Neo-
proterozoic history and show how they differ from
previous interpretations. At the same time, we recog-
nize that the limited dataset creates a host of problems
for previous interpretations. Because of the limitations
of the paleomagnetic data, we highlight these prob-
lems for further consideration rather than attempting
to rescue any particular reconstruction.

2. Paleomagnetic constraints on the Neoproterozoic
supercontinent

The interval from ~ 1100 to 900 Ma marks a
geologically important period during the formation of
the Neoproterozoic supercontinent. The Grenvillian,
Sveonorwegian and slightly older Kibaran orogenic
belts are thought to mark the sutures between the
various elements of the Rodinian supercontinent (see
Dalziel, 1997; Meert and Powell, 2001; Powell et al.,
2001; Pesonen et al., this volume). Meert and Powell
(2001) noted that paleomagnetic data for this time

period are lacking for many of the cratonic elements
thought to comprise Rodinia. Therefore, any recon-
struction developed for this time period must be
extremely fluid as new data may create significant
changes in the overall distribution of cratonic ele-
ments surrounding Laurentia. At the same time, any
reconstruction for this period must also fit the paleo-
geographic constraints imposed by younger (pre-
breakup) paleomagnetic data and they must be
geologically reasonable. Table 1 lists available paleo-
magnetic results from the cratonic elements compris-
ing Rodinia and, where possible, these poles are fitted
to an APWP. All poles in Table 1 are calculated on the
assumption that the time-averaged geomagnetic field
is that of a geocentric axial dipole (GAD) field. Some
recent studies cast doubts on this fundamental as-
sumption (e.g., Kent and Smethurst, 1998; Van der
Voo and Torsvik, 2001; Torsvik et al., 2001a), and this
raises some concern about the detailed resolution
power in palacomagnetic reconstructions. For exam-
ple, zonal non-dipole octupole contributions of 10—
20% will introduce latitudinal discrepancies on the
order of 750—1500 km at intermediate latitudes.

2.1. 1100-900 Ma: Laurentia and Baltica

The paleomagnetic database for Laurentia (Fig.
2a) and Baltica (e.g., Fig. 2b and c) during this
interval has been reviewed by a number of different
authors (see Weil et al., 1998; Walderhaug et al.,
1999; Buchan et al., 2001; Powell et al., 2001). For a
complete discussion of the individual poles and the
shape/direction of the Laurentian apparent polar wan-
der path please refer to the above-mentioned articles.
Weil et al. (1998) and Walderhaug et al. (1999)
discussed the enigma of clockwise, anticlockwise
and no loops for the Grenvillian poles in North
America and Baltica. Our path differs from that of
Weil et al. (1998) because we draw the path through
the ‘eastern’ group of Keewanawan paleomagnetic
poles rather than through the ‘western’ group (see
Fig. 2a). Hartz and Torsvik (2002) discuss the rela-
tionship of younger Baltica poles with Laurentia
(~ 750 Ma) and suggest that Baltica might be
inverted with respect to the more ‘traditional” Rodinia
fits (e.g., Fig. 1).

Fig. 2b shows the available paleomagnetic data
from Baltica (assumed north poles) for the interval
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Table 1
Selected paleomagnetic poles
Pole name Symbol Age (Ma) Pole Pole Ags or Q-value** Reference
latitude longitude dp/dm*
Laurentia
Abitibi dikes 1 1141 £2 44°N 211°E 15°/12° 6 Ernst and Buchan, 1993
Seabrook Lake carbonatite 2 1113 £36 46°N 180°E 11° 6 Symons, 1992
Mean Logan sills 3 1109 +4/2 49°N 220°E 3° 5 Halls and Pesonen, 1982
Coldwell complex® 4 1108 + 1 49°N 200°E 16.5 6 Lewchuk and Symons,
1990a
Keewanawan dikes N&R® 5 1102+ 5 44°N 197°E 11°/11° 5 Green et al., 1987
Copper Harbor lavas 6 ~ 1100 35°N 176°E 3°/5° 5 Halls and Palmer, 1981
Mean Logan dikes 7 ~ 1100 35°N 181°E 10° 6 Halls and Pesonen, 1982
Upper Osler volcanics 8 1098 + 3 34°N 178°E 10° 4 Halls, 1974
Portage Lake lavas 9 1095+ 1 27°N 181°E 3°/2° 4 Halls and Pesonen, 1982
Powder mill reverse 10 <1095 39°N 218°E 5°/6° 4 Palmer and Halls, 1986
Lake shore traps 11 1087 £2 22°N 181°E 7°/7° 4 Diehl and Haig, 1994
Clay-Howells carbonatite 12 1075 £ 15 27°N 179°E 7° 5 Lewchuk and Symons,
1990b
Nonesuch shale® 13 <LST 10°N 177°E 3°/6° 5 Henry et al., 1977
Freda sandstone® 14 <NS 1°N 180°E 1°/3° 4 Henry et al., 1977
Jacobsville sandstone 15 <FS >1000 9°S 183°E 3°/6° 5 Roy and Robertson, 1978
mean®
K1 Fond du Lac NU ~ 1020 16°N 160°E 4° 3 Watts, 1981
sandstones
Eileen sandstones NU ~ 1020 20°N 156°E 10° 3 Watts, 1981
Middle River sandstones NU ~ 1020 25°N 148°E 9° 3 Watts, 1981
Haliburton intrusions 16 980 + 10 36°S 143°E 6° 4 Hyodo and Dunlop, 1993
Nippissing diabase remag 17 975 27°S 141°E 8° 3 Hyodo et al., 1986
Granodiorites reset 18 960 37°S 150°E 8° 2 Hyodo et al., 1986
Gatineau Hills 19 ~ 900 32°S 155°E 5° 3 Irving et al., 1972
metamorphics
Little Dal (A +B)" 20 >778 9°N 320°E*** 11° 6 Park, 1981a,b
Top Little Dal 21 ~ 778 24°S 339°E*** 11° 3 Morris and Aitken,
1982
Tsezotene Fm' 22 >778 12°S 326°E*** 8° 4 Park and Aitken, 1986
Tsezotene sills 23 778 £2 2°N 338°E*** 5° 4 Park, 1981a,b
Franklin dikes 24 723 +3 9°S 332°E*** 5° 7 Christie and Fahrig, 1983
Brock Inlier sills 25 723 +3 2°N 345°F*** 16° 4 Park, 1981a,b
Long Range dikes “A”® NU 615+2 11°N 344°E 18° 3 Murthy et al., 1992
Long Range dikes “B”* NU 615+2 69°N 350°E 15° 3 Murthy et al., 1992
Callander complex 26 575+5 46°N 301°E 6°/6° 6 Symons and Chiasson,
1991
Catoctin Basalts-A 27 564 +9 42°N 297°E 9° 6 Meert et al., 1994a,b
Sept-lles Complex B" 28 564 + 4 44°N 315°E 5° 5 Tanczyk et al., 1987
Sept-lles Complex A" NU 564 + 4 20°S 321°E 8° 4 Tanczyk et al., 1987
Tapeats sandstone 29 ~ 508 5°S 338°E 3° 5 Elston and Bressler, 1977
Late Cambrian mean 30 495 3°S 344°E 12° 7 Meert, 1999
Kalahari/Dronning Maud Land
Premier Kimberlites 32 1165+ 10 41°N 55°E 7° 4 Powell et al., 2001
Richterflya' 33 1130+ 12 61°N 29°E 4°/4° 3 Jones et al., 1999
Coats Land Nunataks' 34 1112+ 4 72°N 117°E 7° 4 Gose et al., 1997
Umkondo Igneous 35 1105+ 2 66°N 37°E 3°/3° 4 Hargraves et al., 1994;

Province

Powell et al., 2001
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Pole name Symbol Age (Ma) Pole Pole Ags or Q-value** Reference
latitude longitude dp/dm*
Kalahari/Dronning Maud Land
Post-Waterberg diabase 36 1091 + 15 65°N SI°E 8° 5 Jones and McElhinny,
1966
Kalkpunt Fm® 37 ~ 1065 57°N 3°E 7° 3 Jones and McElhinny,
1966
Central Namaqua 38 1015+ 15 8°N 330°E 10°/10° 3 Onstott et al., 1986
metamorphics
Congo—Sao Francisco/Adjacent Pan—African Belts and Arabian Shield
Post-Kibaran intrusives 39a 1236 + 24 17°S 113°E 7° 4 Meert et al., 1994a.b
Olivenca Dikes-R (SFC) 39b 1078 + 18 10°S 100°E 6° 4 D’Agrella-Filho et al.,
1990
Itaju do Colonia (SFC) 40 ~ 1050 8°N 111°E 6° 4 D’Agrella-Filho et al.,
1990
Olivenca Dikes-N (SFC) 41 ~ 1050 16°N 107°E 5° 4 D’Agrella-Filho et al.,
1990
Ilheus dikes (SFC) 42 1012 + 24 30°N 100°E 3° 4 D’Agrella-Filho et al.,
1990
Nyabikere massif NU ~ 935 43°N 137°E 14° 2 Meert et al., 1994a,b
Suakin gabbros (CC) 43 841+ 4 25°N 134°E 8° 4 Reischmann et al., 1992
Gagwe lavas (CC) 44 795+7 25°S 273°E 10° 5 Meert et al., 1995
Mbozi complex (CC) 45 755 £25 46°N 325°E 9° 6 Meert et al., 1995
Dokhan volcanics 46 593 + 13, 43°S 36.2°E 10° 4 Davies et al., 1980;
(ANSY 602+ 9 Nairn et al., 1987
Sinyai dolerite (PA) 47 547+ 4 28°S 319°E 5° 5 Meert and Van der Voo,
1996
Mirbat sandstone 48 ~ 550 32°S 334°E 7° 3 Kempf et al., 2000
(ANS)
Ntonya Ring 49 522+3 28°N 355°E 2° 5 Briden et al., 1993
structure (PA)
Mean Sao Francisco 50 ~ 520 19°N 330°E 13° 3 D’Agrella-Filho et al.,
Pole (SFC)* 2000
Amazonian Craton
Nova Floresta 51 1199+ 5 25°N 165°E 6° 5 Tohver et al., 2002
Australia
Mundine dikes 52 755+3 45°N 135°E 4° 6 Wingate and Giddings,
2000
Angepena Fm' 53 ~ 650 33°N 164°E 13° 2 McWilliams and
McElhinny, 1980
Yaltipena Fm' 54 ~ 600 44°N 173°E 11° 6 Sohl et al., 1999
Elatina' 55 ~ 600 40°N 182°E 6° 6 Sohl et al., 1999
Brachina Fm' 56 ~ 580 33°N 148°E 16° 5 McWilliams and
McElhinny, 1980
Lower Arumbera/ 57 ~ 570 44°N 162°E 10° 6 Kirschvink, 1978
Pertataka Fm'
Upper Arumbera SS' 58 ~ 550 46°N 157°E 4° 6 Kirschvink, 1978
Todd River 59 ~ 530 43°N 160°E 7° 6 Kirschvink, 1978
Antrim plateau 60 520+ 9 9°N 160°E 13° 4 McElhinny and Luck,
volcanics™ 1970
Hawker Group A 61 ~ 520 21°N 195°E 11° 3 Klootwijk, 1980

(continued on next page)



266

Table 1 (continued)

J.G. Meert, TH. Torsvik / Tectonophysics 375 (2003) 261-288

Pole name Symbol Age (Ma) Pole Pole Ags or QO-value** Reference
latitude longitude dp/dm*
Australia
Billy Creek, 62 ~ 510 37°N 200°E 14° 3 Klootwijk, 1980
Aroona-Wirrealpa-A
Lake Frome-A 63 ~ 505 31°N 207°E 10° 3 Klootwijk, 1980
Giles Creek 64 ~ 505 38°N 205°E 10° 3 Klootwijk, 1980
Dolomite-Lower
Pertaoorta Group 65 ~ 505 33°N 192°E 7° 4 Klootwijk, 1980
South China
Liantuo 66 748 + 12 4°S 341°E 13° 7 Evans et al., 2000
Nantuo Fm" 67 ~ 740 0°N 331°E 5° 4 Rui and Piper, 1997
Meishucun Fm' 68 ~ 525 9°N 31°E 10° 3 Lin et al., 1985
Tianheban Fm® 69 ~ 511 7°S 10°E 23° 3 Lin et al., 1985
Hetang Fm' 70 ~ 511 3°S 16°E 17° 3 Lin et al., 1985
Siberia
Malgin pole 71 ~ 1075 25°S 231°E 3° 6 Gallet et al., 2000
Sette-Daban Sills/ 72 1005 + 4; 4°S 177°E 2° 3 Pavlov et al., 1992
Kandyk Fm" 974+ 7
Shaman Fm® 73 650-580 32°N 251°E 7°/14° 4 Kravchinsky et al., 2001
Minya Fm® 74 650—-580 34°N 217°E 9°/15° 3 Kravchinsky et al., 2001
Cisbaikalia® 75 650—-580 3°S 168°E 9° 5 Pisarevsky et al., 2000
Tsagan-Olom® 76 600545 23°N 208°E 11°/22° 3 Kravchinsky et al., 2001
Kessyusa 77 ~ 545 38°S 165°E 13° 4 Pisarevsky et al., 1998
Inican 78 ~ 538 46°S 162°E 4° 3 Osipova, 1986
Ekreket Fm 79 ~ 510 45°S 159°E 7° 4 Pisarevsky et al., 1998
Kulumbe River 80 ~ 503 42°S 136°E 2°/3° 7 Pavlov and Gallet, 2001
Yuryakh Fm 81 ~ 500 36°S 140°E 5° 4 Pisarevsky et al., 1998
Moyero River Seds 82 ~ 490 37°S 139°E 6° 4 Gallet and Pavlov, 1996
Baltica
Bamble intrusions 83 1100-1040 3°S 37°E 15° 3 This study
(mean)?
Arby dolerite 84 ~ 995 7°N 47°E 7° 3 Patchett and Bylund, 1977
Nilstorp dolerite 85 ~ 984 9°S 59°E 10° 3 Patchett and Bylund, 1977
Falun dolerite 86 ~ 966 6°N 58°E 6° 3 Patchett and Bylund, 1977
Mean pole? 87 ~ 930 43°N 33°E 5° 4 This study
Hunnedalen dikes 88 ~ 848 41°N 42°E 11°/12° 5 Walderhaug et al., 1999
Mean pole? 89 ~ 750 28°S 17°E 8° 3 This study
Egersund dikes 90 ~ 616 48°N 20°E 14° 7 Poorter, 1972;
Torsvik et al., unpubl. data
Fen complex 91 583+ 15 56°N 150°E 7°/10° 4 Meert et al., 1998
Tornetrask Fm 92 ~ 535 56°N 116°E 12°/15° 4 Torsvik and Rehnstrom,
2001
Andarum limestone 93 ~ 500 52°N 111°E 7°/10° 3 Torsvik and Rehnstrom,
2001
Madagascar
Stratoid granite remag 94 52112 7°S 353°E 14° 4 Meert et al., 2003
Carion granite 95 509 + 12 7°S 1°E 13°/17° 4 Meert et al., 2001
India/Seychelles
Kaimur series (IND)" 96 ~ 1200 82°N 286°E 6° 2 Sahasrabudhe and

Mishra, 1966
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Table 1 (continued)

Pole name Symbol Age (Ma) Pole Pole Ags or QO-value** Reference
latitude longitude dp/dm*

India/Seychelles
Majhgawan Kimberlite 97 1116 £ 12 39°N 217°E 31° 2 Miller and Hargraves,
(IND)* 1994
Lattavaram Kimberlite 98 1090 + 20 45°S 238°E 11° 1 Miller and Hargraves,
(IND) 1994
Harohalli dikes (IND)' 99 821+ 12 27°N 79°E 9° 6 Radhakrishna and
Joseph, 1996
Malani rhyolites (IND) 100 761 £ 10 75°N 71°E 10° 6 Torsvik et al., 2001a
Mahe granites (SEY)" 101 755+ 1 77°N 23°E 2° 3 Torsvik et al., 2001b;
Suwa et al., 1994
Mahe Dikes (SEY)" 102 750+ 3 80°N 79°E 16° 4 Torsvik et al., 2001b;
Hargraves and Duncan,
1990
Bhander-Rewa (IND)® 103 <750 47°S 33°E 6°/6° 4 McElhinny et al., 1978
% Combined pole from all three intrusive episodes.
® Mean age.

¢ Overlies Lake shore traps.

4 Overlies Nonesuch shale.

¢ Overlies Freda sandstone.

 Estimated age based on known isotopic and/or stratigraphic position.

¢ The Long Range dike study yielded four virtual geomagnetic poles (two are listed here). There is an ambiguous baked contact test reported
on one of the “A” group dikes, but the baked direction does not closely resemble any of the four VGP directions from the dike (it is closest, but
still some 50—60° different in declination from the “A” direction).

" The Sept-iles “B” direction (after correction for minor tilt—see Symons and Chiasson, 1991) matches other ~ 570 Ma poles from
Laurentia, while the “A” direction falls very close to the Cambro-Ordovician segment of the North American APWP (see Meert and Van der
Voo, 2001).

! Rotated to African coordinates according to Lawver and Scotese (1987).

I New ages reported by Wilde and Youssef (2000). Nairn et al. (1987) argued that because the pre-tilt pole falls near the middle Cambrian
segment of the Gondwana APWP the Dokhan volcanics may have been remagnetized at that time.

X Mean pole reported in Meert (1999).

! Estimated age based on stratigraphic information given in Pisarevsky et al. (2001) and stable isotope calibration given in Walter et al.
(2000).

"™ New upper Concordia intercept age reported by Hanley and Wingate (2000); differs from their preferred age of 513 + 12 Ma.

" Magnetic direction in the sills is identical to that reported in the Kandyk sedimentary rocks suggesting thermal overprint at the time of sill
intrusion.

© All ages reported as ‘Vendian’ in original papers. Estimate is midpoint in published age ranges for these rocks. The Shaman, Minya and
Cisbaikalia poles are taken from the Angara Block of the Siberian platform; the Tsagan-Olom pole is from the Tuva-Mongolian block.
Kravchinsky et al. (2001) argued that the Siberian platform was not assembled until the Vendian—early Cambrian time.

P Mean of poles reported in Walderhaug et al. (1999) and Pesonen et al. (1991).

9 Mean of poles reported in Torsvik et al. (1996).

" Age based on new geochronology and stable isotope curves reported in Rassmussen et al. (2002) and Ray et al. (2002) along with
stratigraphic position.

* The Mahjgawan paleomagnetic pole is nearly identical to the assumed younger Bhander-Rewa pole hinting at possible problems with the
age assignments of one or all of these units.

 Weighted mean of three Rb—Sr ages.

" Rotated to India according to Torsvik et al. (2001b).

* Ags=cone of 95% confidence about the mean pole; dp, dm=cone of 95% confidence about the paleomagnetic pole in the co-latitude
direction (dp) and at a right angle to the co-latitude direction (dm).

** O-value (quality factor) according to Van der Voo (1990).

***These poles are sometimes considered to be of opposite polarity with respect to the Cambrian paleomagnetic poles (see Park, 1992).
NU =Not used in the analysis. The Nyabikere VGP is based on only four samples.
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from 1070 to 850 Ma (Table 1). These poles essentially
define two groups (see Walderhaug et al., 1999), and
Baltica moves from mid-low latitudes at 970 Ma to
high northerly latitudes at ~ 930 Ma. Fig. 2a shows the
available paleomagnetic data from Laurentia for this
same interval of time (keyed to Table 1). Fig. 2c—e
shows different fits of the Baltica poles to the Lauren-
tian path based on the proposals of Bullard et al. (1965),
Piper (1987) (see also Weil et al., 1998) and Torsvik et
al. (1996). Although the Bullard et al. (1965) fit was
proposed for much younger (Pangean) times, the most
recent Rodinia models differ only slightly from the
1965 model. Torsvik et al. (1996) adopted a fit very
close to the Bullard et al. (1965) model, but they also
questioned the notion of a traditional Wilson (1966)
cycle because it required a 180 degree rotation of
Baltica during the initial opening of the lapetus Ocean
(Torsvik et al., 1996; Meert et al., 1998), followed by a
return to nearly the same spot during the Paleozoic
closure of the Iapetus ocean. We offer a slightly
modified fit Baltica—Laurentia based on the paleomag-
netic data listed in Table 1 (see Figs. 2f and 3) with the
following caveats.

Hartz and Torsvik (2002) suggest that these ‘tra-
ditional’ fits of Baltica and Laurentia should be
abandoned because they are largely based on incor-
rect geologic links between a small amount of
‘Grenvillian’ crystalline rocks in southern Baltica
and Grenvillian Belts in Laurentia. They put forward
the notion that Baltica was geographically inverted
with respect to traditional fits at 750 Ma (see later). If
their interpretation is correct (SPUEG fit), it means
that the ‘Grenvillian’ linkages based on earlier inter-
pretations of the APWP for Baltica are merely
fortuitous or, alternatively, that the lengths and
shapes of APWPs in the early Neoproterozoic result
from a component of true polar wander (TPW) rather
than motion of a single supercontinental plate. In-

deed, the notion that Baltica and Laurentia were
drifting independently is supported by the conclu-
sions of Elming and Mattson (2001) who suggested
that rifting between the two continents began at
~ 1.27 Ga, but differs from that of Pesonen et al.
(this issue). It should be noted the SPUEG fit
between Laurentia and Baltica can be reconciled with
paleomagnetic data from the 1100 to 1000 Ma
interval (Hartz and Torsvik, 2002) but it is incom-
patible with ca. 930—850 Ma poles.

2.2. 1100-900 Ma: Amazonian craton (AC)

The position of the AC within Rodinia was thought
to be adjacent to the present-day eastern margin of
Laurentia (Fig. 1), but this position was unconstrained
by paleomagnetic data. Recent paleomagnetic data
from the ~ 1200 Ma Nova Floresta Formation in
Brazil (Tohver et al., 2002) provide an interesting and
new position for the Amazonian craton adjacent to the
Llano region of West Texas. This location for Ama-
zonia provides evidence for the ‘southern continent’
that collided with Laurentia during the Grenvillian
(see Mosher, 1998). Fig. 3a shows the alternative
position for the Amazonian craton based on the Nova
Floresta pole; if the AC collided with Laurentia along
the Llano Grenvillian margin, then it has several
interesting ramifications for Rodinia reconstructions.

The Rio Plata craton (RPC) is traditionally linked
with the AC in Rodinia and earlier reconstructions
(see Fig. 1 and also Rogers and Santosh, 2002). This
connection is only weakly supported by geological
data suggesting assembly of southern Amazonia and
Rio Plata during the Trans-Amazonian orogen or
through the comparison of younger sequences in both
regions (Almeida et al., 2000; Texeira et al., 1999;
Trompette, 1997). In contrast, Brito-Neves (2002)
noted the existence of an oceanic segment between

Fig. 2. (a) Proposed APWP for Laurentia based on poles listed in Table 1. Individual poles (on all figures) are keyed to their numbered entry
(key ages are listed on the figure) in the table. Note: shaded group of poles labeled “W* are poles used by Weil et al. (1998) to constrain the
direction of the North American APWP. (b) Proposed APWP for Baltica (assumed north poles) from 1070 to 930 Ma based on the entries in
Table 1. (c) Baltica poles rotated to the Laurentian APWP (shaded) using the fit of Bullard et al. (1965) (rotated 38° clockwise about an euler
pole located at 88°N, 27°E). Inset figure shows the continental reconstruction (all inset figures show a North pole projection: Laurentia fixed).
(d) Baltica poles rotated to the Laurentian APWP (shaded) using the fit of Piper (1987) (rotated 66.5° clockwise about an euler pole at 80.5°N,
274°E). Inset figure shows the continental reconstruction (e) Baltica poles rotated to the Laurentian APWP (shaded) using the fit of Torsvik et
al. (1996) (rotated 50° clockwise about an euler pole located at 72°N, 43°E). Inset figure shows the continental reconstruction and (f) Baltica
poles rotated to the Laurentian APWP (shaded) using an alternative fit (this study; rotated 35° clockwise about an euler pole located at 70°N,

211°E). Inset figure shows the continental reconstruction.
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the RPC and Amazonia during Brasiliano times,
although the width of this ocean may have been quite
small. A contiguous Rio de la Plata— Amazonian
craton results in considerable overlap with Australia
(in the AUSWUS configuration) and Antarctica in the
SWEAT configuration (Fig. 3a).

In discussing the geometric and geologic relation-
ships between Laurentia, Baltica and Amazonia, Ger-
aldes et al. (2001) suggested a genetic relationship
between 1.55 and 1.60 Ga rapikivi and orogenic suites
within Amazonia and those found in the Baltic shield
(Ahéill et al., 2000). They suggested a continuation of
these belts indicates close proximity between Ama-
zonia and Baltica but not necessarily Laurentia (see
also Pesonen et al., this issue). The Amazonia—Baltica
connection is consistent with the paleomagnetic data
up until ~ 1200 Ma (see Fig. 3b) but because of a lack
of longitudinal control and choice of poles other
options are equally valid (see Tohver et al., 2002;
Pesonen et al., this issue).

2.3. 1100—-900 Ma: Kalahari craton

Paleomagnetic poles from the Kalahari craton are
shown in Fig. 4a (Table 1). The placement of the
Kalahari craton within Rodinia is also the subject of
considerable controversy. Many of the earlier recon-
structions placed the Kalahari craton adjacent to the
Grunehogna province of East Antarctica (Dalziel,
1997). Paleomagnetic data from Gose et al. (1997)
along with geologic data described in Fitzsimons
(2000) and Jacobs et al. (1998) demonstrated that
there was no continuity between the larger East
Antarctic craton and the Kalahari craton during the
Neoproterozoic. Instead, the most recent Gondwana
assembly models (Fitzsimons, 2000; Boger et al.,
2002; Meert, 2003) suggest that the Grunehogna
province was originally part of the Kalahari craton
and was not juxtaposed with the East Antarctic craton
until around 530 Ma. Dalziel et al. (2000) argued that
the Kalahari craton is better placed outboard of the

Llano region of Texas and that it behaved as a rigid
indenter during the Grenvillian assembly of Rodinia
(fit K2, Figs. 3a and 4b). According to their model
and that of Mosher (1998), continental accretion in the
Llano region began at ~ 1250 Ma with an arc—
continent collision, followed by continent—continent
collision between 1150 and 1120 Ma. The Dalziel et
al. (2000) reconstruction is very similar to that pro-
posed by Weil et al. (1998) (fit K1, Figs. 3a and 4c).
Powell et al. (2001) countered that the Kalahari craton
was, at closest, situated some 1000—2000 km away
from the Laurentian margin using the most liberal
estimates allowed by the paleomagnetic data. Powell
and colleagues suggested that the Kalahari craton
became attached to the Laurentian plate, but did not
cause extensive deformation, sometime between 1060
and 1015 Ma in a position along-strike with the Llano
Grenvillian Belt (see Figs. 3a and 4d; fit K3). This
conclusion, while paleomagnetically valid, begs the
question as to what continent caused the deformation
observed in the Llano region. Deformation in the
Namaqua—Natal belts along the Kalahari cratonic
margin began between 1.22 and 1.07 Ga (Robb et
al., 1999) with the accretion of island arcs along the
Natal margin. Younger deformation, between 1060
and 980 Ma, consisted of NE—SW-directed conver-
gence along the southern Kalahari craton (Jacobs et
al., 1993, 1997). This may have involved continent—
continent collision with unknown segments of Rodi-
nia, which Powell et al. (2001) attributed to East
Antarctica or further accretion of other smaller ter-
ranes to the Kalahari craton.

An alternative fit of paleomagnetic poles from the
Kalahari craton is shown in Figs. 3a and 4e (fit K4).
The shape and total length of APWPs for Kalahari
and Laurentia are similar. This relationship was noted
initially by Hartnady and Onstott (1992), and dis-
cussed at length by Weil et al. (1998) and Powell et
al. (2001). By inverting the polarity of the Kalahari
poles, our revised fit of Kalahari poles on the
Laurentian track brings the 1165 Ma Premier Kim-

Fig. 3. (a) The disposition of various cratonic elements to Laurentia (present-day coordinates) discussed in this paper. Euler rotation parameters
are given in the appendix and as captions in other figures with the exception of Amazonia. Amazonia was rotated to Laurentia using the data in
Tohver et al. (2002). RKS =Mesoproterozoic Rapakivi suite of Geraldes et al. (2001). (b) Shows one possible reconstruction of Baltica and
Amazonia at 1.225 Ga following the paleomagnetic data (see also Pesonen et al., this issue) and the suggestion by Geraldes et al. (2001). The
paleomagnetic data in this paper would indicate that if the Baltica— Amazonia link proposed by Geraldes et al. (2001) for the Mesoproterozoic is
correct and the relationship of Amazonia to Laurentia proposed by Tohver et al. (2002) is correct, then Baltica must have rifted from Amazonia

between 1225 and 1100 Ma.
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berlite pole into reasonable agreement with similar-
age poles from Laurentia (in contrast to the other fits
described above). If we reconstruct Kalahari to Lau-
rentia using this fit, it results in a ~50° separation
between Laurentia and Kalahari. Our fit is admittedly
at odds with the previous interpretations that sought
to place the KC on the same ‘plate’ as Laurentia.
While it is possible that our model places the KC on
the same plate as Laurentia, we feel this is unlikely
due to the large separation required in this particular
reconstruction. However, we also note that the shape
and length similarities may arise due to a component
of true polar wander during this interval of time as
discussed below, and that fitting different segments of
the respective APWPs (or inverting the polarity
choice) can bring the KC closer to the Laurentian
margin.

2.4. 1100-900 Ma: Congo—Sao Francisco (CSF)
craton

Weil et al. (1998) evaluated the APWP from the CSF
craton (Fig. 5a). The contiguity of these two cratonic
regions (Congo—Sao Francisco) was discussed in that
paper and elsewhere (see also D’Agrella-Filho et al.,
1990; Almeida et al., 2000). The interpretation by Weil
et al. (1998) used combined paleomagnetic data from
the CSF craton, and they argued that the path length and
shape was similar to the North American APWP
(assuming a counterclockwise Grenvillian loop, Fig.
5b and using the ‘western’ Keewanawan poles, Fig.
2a). The ‘hinge’ of the CSF loop is based on a virtual
geomagnetic pole from only four samples in the Nya-
bikere massif of Burundi (Meert et al., 1994b), and the
age assignment was taken from disturbed argon spectra
ranging from 908 to 1004 Ma. This counterclockwise
shape of the loop (in the Weil et al., 1998 fit) has
additional weak support based on paleomagnetic stud-
ies of the 841 Ma Suakin Gabbro (Reischmann et al.,

1992), and the 795 Ma Gagwe lavas (Meert et al.,
1994a,b). The Suakin gabbro (Sudan), an island arc
fragment within the Mozambique Ocean, is dated to
841 + 4 Ma (**Ar/°Ar) and its pole falls midway
between the 1012 Ma Iheus dikes and the 795 Ma
Gagwe lavas pole and very close to the ~ 935 Ma VGP
determined from the Nyabikere massif (see Fig. 5a).
However, both the Suakin Gabbro pole and the Nya-
bikere pole fall close to younger ~ 560—550 Ma poles
from elsewhere in Gondwana and may represent youn-
ger overprints. This is particularly true of the Suakin
gabbro due to its location within the East African
Orogenic belt (Stern, 1994).

Because of the uncertainty in the direction of the
CSF APWP, we chose to fit the straight-line segment
(1070—1012 Ma) of the CSF path in this paper (see Fig.
5c and d) which leads to alternative reconstructions of
the CSF with Laurentia. The reconstruction shown in
Fig. 5c results in a similar ‘fit” between Laurentia and
the CSF as that given in Weil et al. (1998) with a
slightly larger separation between the cratons in our
model (see Figs. 5b,c and 3a). Alternatively, we can
invert the polarity of the Congo poles and then fit the
CSF APWP to the Laurentian APWP (Fig. 5d). The
resulting reconstruction places the Congo craton in the
vicinity of Kalahari craton (K4) although rotated ~90°
with respect to the Neoproterozoic Damara Belt (Fig.
3a). Interestingly, the Congo craton undergoes a 90°+
rotation during the 795-755 Ma interval as docu-
mented by paleomagnetic poles from the Gagwe lavas
and Mbozi Complex (Meert et al., 1995). Unfortunate-
ly, there are no paleomagnetic data from the Kalahari
craton to further constrain their relationship to each
other during this same interval.

2.5. 1075—-990 Ma Siberian craton

Perhaps the most enigmatic position of any craton
within Rodinia is that of the Siberian craton. The

Fig. 4. (a) Proposed APWP for the Kalahari craton based on the poles listed in Table 1. Individual poles (on all figures) are keyed to their
numbered entry in the list. (b) Kalahari poles rotated to the Laurentian APWP (shaded) using the fit of Dalziel et al. (2000) (rotated 138° clockwise
about an euler pole located at 18.9°N, 23.9°W). Inset figure shows the continental reconstruction (all figures hold Laurentia-fixed in present-day
coordinates). (c) Kalahari poles rotated to the Laurentian APWP (shaded) using the fit of Weil et al. (1998) (rotated 147° counterclockwise about
an euler pole located at 15°S, 156°E). Note that Weil et al. (1998) use the alternative path shown as a dashed line in the figure. Inset figure shows
the continental reconstruction and (d) Kalahari poles rotated to the Laurentian APWP (shaded) using the fit of Powell et al. (2001) (rotated 152.3°
clockwise about an euler pole located at 63°N, 92.7°E). Inset figure shows the continental reconstruction and (e) Kalahari poles rotated to the
Laurentian APWP (shaded) using an alternative fit (this study; rotated 164.6° clockwise about an euler pole located at 64°N, 142.6°E). Inset
figure shows the continental reconstruction. Note: The polarities of the poles are inverted in (d) and (e) with respect to (b) and (c).
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Fig. 5. (a) Proposed APWP for the CSF craton based on the poles listed in Table 1. Individual poles (on all figures) are keyed to their numbered
entry in the list. (b) CSF poles rotated to the Laurentian APWP (shaded) using the fit of Weil et al. (1998) (rotated 185° clockwise about an euler
pole located at 7°N, 150°E). Note: Weil et al. (1998) used the dashed path for Laurentia. Inset figure shows the continental reconstruction (all
inset figures hold Laurentia fixed in present-day coordinates). (c) CSF poles rotated to the Laurentian APWP (shaded) using the polarity option
given in Table 1 (this study; rotated 129.8° clockwise about an euler pole located at 10.1°N, 164.7°E). Inset figure shows the continental
reconstruction and (d) CSF poles rotated to the Laurentian APWP (shaded) using the opposite polarity from (c) (this study; rotated 1511°
clockwise about an euler pole located at 66.7°N, 278.1°E). Inset figure shows the continental reconstruction.

archetypal position of Siberia within Rodinia is along
the present-day northern margin (Arctic margin) of
Laurentia. In spite of a loose agreement regarding this
northerly position, the orientation of Siberia and its
geological correlation with Laurentia during the Pro-
terozoic is hotly debated (see for example Hartz and

Torsvik, 2002; Meert and Van der Voo, 2001; Meert
and Powell, 2001; Sears and Price, 2000; Pisarevsky et
al., 2000; Ernst et al., 2000; Rainbird et al., 1998; Frost
et al., 1998; Pelechaty, 1996; Condie and Rosen, 1994;
Hoffman, 1991). Paleomagnetic data from Siberia
are sparse. Gallet et al. (2000) provide data from the
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Malgin and Linok formations that were formerly
assigned an age of ~750 Ma (Smethurst et al.,
1998). Gallet et al. (2000) reviewed the available
biostratigraphic and geochronologic age constraints
on these formations and suggest that a better estimate
for their age is between 1050 and 1100 Ma. Directional
data from the Linok Formation may have been rotated
by more than 20° during the opening of the Viljuy rift
(Smethurst et al., 1998) and therefore was not used in
this study. We assigned an age of ~ 1075 Ma to the
Malgin Formation paleomagnetic pole.

Gallet et al. (2000) further argued that the Siberian
craton could have been connected to northern Lau-
rentia in a Rainbird et al. (1998) fit by assuming a
south-pole option for the 1075 Ma segment of the
Laurentian path given in Table 1 (Fig. 6a). Indeed,
such a fit is permissible when using this single pole.
Both Buchan et al. (2001) and Ernst et al. (2000)
discuss the paleomagnetic data from the Sette Daban
sills at the SE-margin of the Siberian craton. Sme-
thurst et al. (1998) assumed an age of ~ 750 Ma for
these dikes, but recent geochronologic work by Rain-
bird et al. (1998) indicates that the dikes are more
likely between 950 and 1000 Ma. Pavlov et al. (1992)

provided paleomagnetic data for these dikes that
matches the magnetization observed in the host Kan-
dyk sediments. Ernst et al. (2000) suggested that both
the sediments and the sills are of similar age or that
the magnetization of the sills and sediments were both
reset. It is important to note that the pole position from
both the Kandyk Sediments and the Sette Daban sills
do match a younger (Vendian-age) pole from Cisbai-
kalia (Pisarevsky et al., 2000) although it is quite
distinct from other published Vendian-age poles from
Siberia (Kravchinsky et al., 2001; Table 1, Fig. 6a).
We therefore tentatively accept the Sette-Daban pole
as dating to ~ 990 Ma. Our acceptance of this pole
has important ramifications for the paleoposition of
Siberia with respect to Laurentia. We can fit the
straight-line path between the two poles as we show
in Fig. 6b by rotating the Siberian poles 93° clock-
wise about an euler pole located at 35.4°N, 356.2°E.
This rotation results in a significant separation be-
tween Siberia and Laurentia and, if accepted at face
value, would negate all previously proposed fits
between Laurentia and Siberia.

Nevertheless, given that there are only two poles
defining the straight path and that straight-line seg-

This study

Fig. 6. (a) Proposed APWP for the Siberian craton based on the poles listed in Table 1. Individual poles (on all figures) are keyed to their
numbered entry in the list. (b) Siberian craton poles rotated to the Laurentian APWP (shaded) attempting to fit the straight line segment of the
1075-990 Ma Siberian APWP (this study; rotated 94° counterclockwise about an euler pole located at 26.1°N, 351° E). Other rotations are

possible as discussed in the text.
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Fig. 7. (a) Possible 1075 Ma reconstructions of Laurentia and Siberia using the poles listed in Table 1 for both continents. Depending on the
polarity choice for Laurentia and Siberia, this paleogeography closely approximates the fit advocated by Rainbird et al. (1998), although the
Siberian craton is rotated with the Aldan shield parallel to the Arctic margin of Laurentia (compared with the orthogonal position advocated by
Rainbird et al., 1998). Paleolongitudes are unconstrained in these reconstructions. (b) Possible 975 Ma reconstructions of Laurentia and Siberia
using the Sette-Daban poles for Siberia (Table 1). Depending on the choice of polarity for the poles, this reconstruction matches the fit
advocated by Sears and Price (2000) along the present-day western margin of Laurentia. (¢c) 1075 Ma reconstruction between Baltica and
Siberia. Depending on polarity choice, this reconstruction indicates a possible wide separation between the two cratons (ZEgir Sea; Hartz and
Torsvik, 2002) and (d) 975 Ma reconstruction of Baltica and Siberia. Depending on polarity choice, this model closely approximates the
reconstruction advocated by Hartz and Torsvik (2002) with Siberia and Baltica separated by the ZAgir Sea.
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ments can be fit using a number of different euler
poles, we can instead estimate the closest approach of
Siberia to Laurentia using coeval poles from Siberia
and Laurentia. We are faced with polarity options for
both sets of poles that lead to the options shown in
Fig. 7a. The 1075 Ma reconstruction is broadly
compatible with the suggestion of Rainbird et al.
(1998), although, in the Rainbird et al. (1998) recon-
struction, the Aldan Shield is orthogonal to the
northern margin of Laurentia. In addition, we note
that due to a lack of longitudinal control, a position for
Siberia off the coast of present-day western Laurentia
is equally permissible (see Sears and Price, 2000;
Pesonen et al., this issue). The 975 Ma reconstruction
poses more of a problem for traditional Rodinia fits
(Fig. 7b) because it results in a latitudinal offset
between Siberia and Laurentia.

Another alternative, argued by Hartz and Torsvik
(2002), is that Siberia was not located near Laurentia
at 750 Ma (and probably earlier times), but was
situated close to Baltica and separated from it by
the Agir Sea. The APWPs for Baltica and Siberia for
the interval from 1100 to 975 Ma are of different
lengths although the geochronologic controls on both
APWPs allow for considerable freedom. The differ-
ent APW lengths suggest that Baltica and Siberia
were drifting independently during this interval. Pale-
oreconstructions (Fig. 7c and d) based on the avail-
able poles show that Baltica may have had a close
association with Siberia (dependent on the choice of
polarity). Indeed, the reconstruction at 975 Ma (Fig.
7d) is similar to that advocated by Hartz and Torsvik
(2002).

2.6. India 1100—1000 Ma

The paleomagnetic database for the Indian subcon-
tinent is sparsely populated and poorly resolved.
There are two ~ 1100 Ma paleomagnetic poles from
India that are separated by a minimum of 86° result-
ing in an uncertainty in the paleolatitudinal position of
India (Table 1, Fig. 8a and b). The Majhgawan
kimberlite pole is identical to a presumed younger
paleomagnetic pole from the Bhander-Rewa series
hinting at a possible problem with the age of one or
both of those poles. A poorly documented paleomag-
netic study of the Kaimur Series (Vindhyan Basin) by
Sahasrabudhe and Mishra (1966) is also listed in

a

Fig. 8. 1200—813 Ma poles from India keyed to listing in Table 1.
Assuming the Kaimur pole is representative of India at 1.2 Ga, two
possible paths are possible. One through the Majhgawan kimberlite
pole (97) and the other through the Lattavaram kimberlite pole (98).
(b) Shows the difference in latitude and orientation based on the two
~ 1100 Ma poles.

Table 1. Although the directional data from the
Kaimur Series is close to the expected present-day
field direction in India, the section did exhibit a crude
magnetic polarity sequence hinting that the pole might
have retained a primary magnetization (Rao and
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Bhalla, 1996). The age of the Kaimur is only poorly
known. Recent geochronologic studies in the
Vindhyan basin indicate that the upper part of the
underlying Semri Group is roughly 1.6 Ga (Ray et al.,
2002; Rassmussen et al., 2002). Both the Semri Group
and the overlying Kaimur sandstone are intruded by
the Majhgawan kimberlite dated between 1067 and
1140 Ma (Kumar et al., 1993). The age of the Kaimur
must rest somewhere between 1.6 and 1.1 Ga. Carbon
and strontium isotopic studies of the Semri Group
indicate a possible 1.2 Ga age for the uppermost
Rhotas limestone (Kumar et al., 2002). Therefore,
we consider the Kaimur Series pole to lie somewhere
in the interval from 1.1 to 1.2 Ga and have assigned
an age of 1.2 Ga to this pole in our study. Because the
data are so poor, no direct comparison to any APWP
is attempted. More reliable late Neoproterozoic data
for India are discussed below.

3. True polar wander?

As noted above, well-defined segments of the
Laurentian and Kalahari APWP’s show similar
lengths of motion during the period from 1100 to
1000 Ma. The length of the APWP for the Congo
craton is slightly less during this same interval of time.
Although poorly constrained, the APWP for Siberia
also shows nearly 60° of track length during this
interval. The Baltica APWP also shows a significant
track length, but for a slightly younger interval
~966-930 Ma although the age constraints are not
as refined. Weil et al. (1998) suggested that not only
were the path lengths similar for these continents, but
the shapes were also similar and concluded that this
resulted from all cratons lying within the same plate.
Walderhaug et al. (1999) argued that there is no well-
defined Grenvillian loop in the Baltica APWP. The
loop in the Congo—Sao Francisco path in the Weil et
al. (1998) paper is possible if the VGP from the poorly
dated Nyabikere massif is accepted, but our TPW
analysis uses only the straight-line segment of the
APWP. Our Kalahari fit (discussed above) is quite
different from previous analyses and collectively, the
paleoreconstructions derived from matching the
APWPs from the Congo, Kalahari and to a lesser
extent Siberia cratons, suggest that the one plate
model may not be valid for the 1100—900 Ma period.

Table 2

Analysis of APW lengths

Craton Poles used® Age range® APW rate®
Laurentia-A ~ Mean 5-8 and 15 1100-1040 Ma ~ 8.27.%°
Laurentia-B 15 and 16 1040-980 Ma 83"}
Kalahari 35 and 38 1105-1015 Ma  9.0°%%
Siberia 71 and 72 1075-990 Ma 72578
Congo 39b and 42 1078-1012 Ma  6.015%¢
Baltica-A 83 and 86 1040-966 Ma 350168
Baltica-BY 86 and 87 966-930 Ma  13.3°7%%

#Keyed to Table 1.

° Where ages are estimated an error of + 25 Ma is assigned.
¢ After Meert (1999).

4 Age error is greater than the spread in ages.

A second possibility is that the similarity in path
length for these cratons is due to true polar wander.
Indeed, true polar wander has been proposed for other
periods within the Neoproterozoic and early Paleozoic
(Kirschvink et al., 1997; Evans, 1998) although the
magnitude is hotly debated (Torsvik et al., 1998;
Meert, 1999).

Rates of apparent polar wander for this interval can
be calculated in a variety of ways. The most conser-
vative estimate requires that APWP length is mea-
sured along the shortest path between successive
poles. It is always possible to generate large APW
by inverting polarities between successive poles, but
this results in sometimes drastic changes to the paleo-
geography (Torsvik et al., 1998). Meert (1999) pro-
posed a method for evaluating the relative magnitudes
of APW and associated errors. Table 2 shows the
results of that analysis for the cratons involved. The
average rates of apparent polar wander listed in the
table are moderate for large continents, but do not, in
and of themselves, constitute strong evidence for true
polar wander. On the other hand, since the rates are
similar for all cratons during the same interval and
since superposition of the APWPs suggest that the
cratons do not all lie on the same plate, modest true
polar wander for this period is a viable hypothesis.

4. The breakup of Rodinia: 800—700 Ma

The traditional Rodinia models argue that breakup
of the supercontinent commenced with the 800—700
Ma opening of the Paleo-Pacific ocean between
Laurentia and Australia—Antarctica (Fig. 1). Avail-



Fig. 9. (a) Late Neoproterozoic—Cambrian poles (778495 Ma) from Laurentia keyed to listings in Table 1 (assumed south poles). (b) Late Neoproterozoic—Cambrian (795520
Ma) poles from the CSF craton, Arabian shield and adjacent Pan—African belts keyed to the listings in Table 1 (assumed south poles). (c) Late Neoproterozoic—Cambrian poles
(755-505 Ma) from Australia keyed to listings in Table 1 (assumed south poles). (d) Vendian—Cambrian poles (650—510 Ma) from Siberia keyed to listings in Table 1 (assumed
south poles). (e) Late Neoproterozoic—Cambrian poles (750—500 Ma) from Baltica keyed to listings in Table 1 (assumed south poles). (f) Late Neoproterozoic—Cambrian poles
(761-508 Ma) from India, South China and Madagascar keyed to listings in Table 1.
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750 Ma

Cadomia

Fig. 10. (a) 750 Ma reconstruction modified from Meert (2003) showing the western margin breakup of the Rodinia supercontinent. In this
reconstruction, eastern Gondwana is broken up into two large segments and (b) 750 Ma reconstruction based on the model of Hartz and Torsvik
(2002) showing the relationship of landmasses along the eastern margin of Laurentia.
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able paleomagnetic data from which these models can
be tested are given in Table 1 and shown in Fig. 9a—f.
This model is challenged by a number of recent
authors who argued that the East Gondwana landmass
was not a coherent block in mid-Neoproterozoic time
(Meert, 2001, 2003; Boger et al., 2002; Powell and
Pisarevsky, 2002; Foden et al., 2001; Torsvik et al.,
2001b; Fitzsimons, 2000; Wingate and Giddings,
2000). In addition to those studies, Hartz and Torsvik
(2002) argue that the position of Baltica alongside
northeastern Laurentia should be inverted and they
also challenged the position of Siberia within Rodi-
nia. Tohver et al. (2002) suggest that Amazonia is
better fitted along the southwestern margin of Lau-
rentia within Rodinia as previously discussed. The
positions of Australia and Antarctica within Rodinia
remain problematic. Both AUSWUS and SWEAT
models have been proposed and yet the largely
Mesoproterozoic paleomagnetic data supporting those
configurations is weak (Meert, 2002; Buchan et al.,
2001; Karlstrom et al., 1999). We note that if the
above postulates are correct and we adopt the AUS-
WUS configuration for Australo—Antarctica, then
there is a considerable length of Neoproterozoic rifted
margins surrounding Laurentia with no identifiable
conjugates (Fig. 3). A recent study by Wingate et al.
(2002) proposes an even more southerly fit of Aus-
tralo—Antarctica against Mexico (AUSMEX). All of
these paleomagnetic observations beg the question as
to the existence and makeup of the Rodinia super-
continent. Fig. 10a shows the 750 Ma reconstruction
given in Meert (2003) focused on the breakup along
the western margin of Laurentia and the elements of
East Gondwana. Fig. 10b shows the 750 Ma recon-
struction from Hartz and Torsvik (2002) that focused
on the eastern margin of Laurentia. Amazonia and
Rio Plata are shown in their traditional Rodinia fits
although the paper by Tohver et al. (2005) would
suggest a more southwesterly connection with Lau-
rentia (Llano uplift fit). However, it is probable that
considerable sinsitral strike-slip motion between
Amazonia and Laurentia took place resulting in a
more ‘archetypal’ position of Amazonia alongside
eastern Laurentia. New, high quality paleomagnetic
data from India and Australia (Torsvik et al., 2001b;
Wingate et al., 2000) show a clear latitudinal offset
between these East Gondwana blocks and also an
incompatibility with either AUSWUS or SWEAT

models. India is located at mid to high latitudes
during the 810-750 Ma interval (Torsvik et al.,
2001b; Radhakrishna and Joseph, 1996) whereas
Australia is thought to have remained in near equa-
torial position (Wingate et al., 2000; Pisarevsky et al.,
2001). Fig. 9a is based on these new poles (see Table
1). There are no paleomagnetic data from Siberia for
the 800-700 Ma interval and Hartz and Torsvik
(2002) argue that geologic links between Laurentia
and Siberia during this interval are not strong. Others
(notably Pisarevsky et al., 2000; Pelechaty, 1996)
maintain that Siberia and Laurentia remained in close
proximity until the Cambrian.

Powell and Pisarevsky (2002) propose some alter-
native reconstructions for this time period with the
Congo—Sao Francisco-Kalahari cratons attached to
the Tarim craton and Australia at ca. 810 Ma. Accord-
ing to their model, Congo then rifted away from the
Tarim craton and the KC at ca. 750 Ma only to reunite
with the KC, in more or less the same position at
~ 610 Ma. The many and varied reconstructions for
this time period highlight the need for better con-
strained paleomagnetic and geologic information for
each of the cratonic blocks.

5. 580 Ma and younger reconstructions

The vestiges of the Rodinia supercontinent broke
apart during the terminal Neoproterozoic and the
timing of that breakup is broadly synchronous with
the assembly of Gondwana (Meert, 2003; Powell and
Pisarevsky, 2002; Boger et al., 2002; Meert, 2001;
Torsvik et al.,, 1996). The existence of a younger,
ephemeral supercontinent called Panottia is dependent
on the time of rift-drift transition between Laurentia
and the elements of western Gondwana (traditionally
Amazonia—Rio Plata) and the final assembly of
Gondwana. A number of authors have discussed the
timing of final Gondwana assembly from a number of
perspectives. Meert (2001) suggested, on the basis of
paleomagnetic data, that final Gondwana assembly
did not occur until sometime in the 550-530 Ma
interval. This is consistent with a number of new
geologic findings dividing East Gondwana into sev-
eral different blocks (Fitzsimons, 2000; Boger et al.,
2002; Meert, 2003). Fig. 11 is adopted from Meert
(2003) and shows the position of the major continen-
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Fig. 11. 580 Ma reconstruction modified from Meert (2003), Torsvik and Rehnstrom (2001) and Hartz and Torsvik (2002).

tal blocks at 580 Ma. We note that in our reconstruc-
tion neither Australia nor the Mawson continent (East
Antarctica, see Fitzsimons, 2000) have joined greater
Gondwana and are separated from elements of eastern
Gondwana by the Mawson Sea. Baltica and Siberia
are shown in a slightly modified configuration advo-
cated by Torsvik and Rehnstrém (2001), Rehnstrém et
al. (2002) and Hartz and Torsvik (2002). Hartz and
Torsvik (2002) suggest that the southern lapetan
Ocean opened by 550 Ma and was followed at around
535 Ma by the opening of the northern Iapetan Ocean.
These models are critically dependent on the location
of the Amazonian and Rio Plata cratons whose
positions are largely unconstrained by paleomagnetic
data although the model advocated by Tohver et al.
(2002) would require a significant change to the

paleogeography shown in Fig. 11 (requiring more
than 4500 km of sinistral offset). On the other hand,
preliminary data from the poorly dated Sierra de las
Animas complex (Rio Plata craton) do support the
reconstruction shown in Fig. 11 (Bettucci and Rapa-
lini, 1997; Meert, 2001).

6. Conclusions

Meert and Powell (2001) highlighted the paucity of
the paleomagnetic record in the latest Mesoprotero-
zoic through Neoproterozoic time. New paleomagnet-
ic data from the elements of Rodinia demonstrate the
extremely fluid and controversial nature of 1100—500
Ma reconstructions. Our intent in this paper was to
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highlight the current status of paleomagnetic recon-
structions for this time interval and to point out the
extremely weak case for the Neoproterozoic super-
continent of Rodinia from those data. At the same
time, we acknowledge that progress is made in small
steps and paleomagnetism remains the only quantita-
tive method for documenting plate motions and ori-
entation during Neoproterozoic times. It is also
important to note that the ambiguity in Proterozoic
paleogeography is not confined to paleomagnetic
models. Discussions regarding the makeup, position
and orientation of many cratonic elements within the
larger supercontinent of Rodinia are equally conten-
tious. Nevertheless, a number of new high-quality
paleomagnetic poles from Neoproterozoic and earlier
times are providing new insights into the early geo-
dynamic history of the earth.

Despite the uncertainty in the exact reconstruction,
we can note that Laurentia is surrounded by Neo-
proterozoic rift margins and that similar-age collision-
al belts dissect Gondwana. Collectively, these
observations are consistent with the notion of the
breakup of one large continent and the subsequent
assembly of another. Finally, we also note that al-
though APWPs from several continents show similar
lengths within the 1100—-900 Ma interval, they do not
necessarily provide strong evidence for the traditional
Rodinia supercontinent, but are compatible with a
component of true polar wander during that same
interval.
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Appendix A. Euler poles (clockwise)

Amazonia—Laurentia

This paper (modified from Tohver et al., 2002) 11.6, 286.6, — 147.1
(Fig. 3a)

Tohver et al. (2002) 8.6, 280.2, — 156.5

Antarctica—Laurentia fit
Karlstrom et al. (2001 —AUSWUS 34.4, 101.6, 123.5 (Fig. 3a)
Dalziel (1997)—SWEAT 12.8, 119.9, 134.8 (Fig. 3a)

Australia—Laurentia fit
Karlstrom et al. (2001)—AUSWUS 51.5, 106.7, 114.3 (Fig. 3a)
Dalziel (1997 —SWEAT 28.9, 126.1, 132.1 (Fig. 3a)

Baltica—Laurentia

Bullard et al. (1965) 88 N, 27 E, — 38 (Fig. 2¢)
Piper (1987) 80.5 N, 274 E, —66.5 (Fig. 2d)
Torsvik et al. (1996) 72, 43, — 50 (Fig. 2e)
This study 70, 211, — 35 (Fig. 2f)

Congo—Laurentia

Weil et al. (1998) 7 N, 150 E, — 185 (Fig. 5b)
This study: 10.1 N, 164.7 E, — 129.8 (Fig. 5¢)
Alternative 2: 66.7 N, 278.1 E, —151.1 (Fig. 5d)

Kalahari—Laurentia

Weil et al. (1998) 15 S, 156 E, 147 (Fig. 4c)

Dalziel et al. (2000) 18.9 N, 23.9 W, — 138 (Fig. 4d)
Powell et al. (2001) 63 N, 92.7 E, — 152.3 (Fig. 4d)
This study: 64 N, 142.6 E, — 164.6 (Fig. 4f)

Siberia—Laurentia
Dalziel (1997) 24.1, 17.2, 19.77 (Fig. 1)
This study 26.1, 351, — 94 (Fig. 6d)
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