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Abstract

We report here new geochronological and paleomagnetic data from the 802+ 10 Ma Xiaofeng dykes in South
China. Together with existing data, these results suggest that Rodinia probably spread from the equator to the polar
region at ca. 800 Ma, followed by a rapid ca. 90° rotation around an axis near Greenland that brought the entire
supercontinent to a low-latitude position by ca. 750 Ma. We propose that it was the initiation of a mantle superplume
under the polar end of Rodinia that triggered an episode of true polar wander (TPW) which brought the entire
supercontinent into equatorial latitudes. An unusually extensive emerged land area at the equator increased both
atmospheric CO, drawdown and global albedo, which, along with waning plume volcanism led directly to the low-

latitude Sturtian glaciation at ca. 750-720 Ma.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Fragmentation of the early Neoproterozoic
supercontinent Rodinia [1-3] coincided with a re-
markable series of geological events. Widespread
non-orogenic, bimodal magmatism between 8§30
and 740 Ma, accompanied by lithospheric doming
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* Supplementary data associated with this article can be
found at S0012821X04000640

and continental rifting, has been interpreted as
indicating the existence of a mantle superplume
under Rodinia that eventually disaggregated the
supercontinent [4]. Near-equatorial glacial depos-
its at this time at sea level [5] have led to the
hypothesis of one or more snowball Earth epi-
sodes [6,7]. Is there any causal relationship be-
tween these events? In this paper we present geo-
chronological and paleomagnetic results from the
Xiaofeng dykes in South China that together with
similar-aged results from other continents, can
best be interpreted as indicating a ca. 90° true
polar wander (TPW) event between ca. 800 and
750 Ma. This enables us to explore possible genet-
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ic linkages between the formation and breakup of
the supercontinent Rodinia, the Rodinian super-
plume, the TPW event, and the ca. 750-720 Ma
low-latitude glaciation.

2. Regional geology and SHRIMP U-Pb zircon
age determination

The Xiaofeng dykes are a chemically composite
suite (SiO; contents between 47 and 76%) intrud-
ing the 819+7 Ma Huangling Batholith [8,9] in
the Three Gorges region of the South China
Block (Fig. la). The dykes are sub-vertical, with
strikes varying between 37 and ca. 70°, and thick-
nesses between a few centimeters and over 20 m.
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The densest occurrence of the dykes is found
along the southeastern margin of the Huangling
Batholith just north of Xiaofeng, where dykes ac-
count for 65-80% of the rock volume in a zone of
up to 3 km wide (Fig. 1) [9]. Locally porphyritic,
felsic dykes are seen to be cross-cut by thinner,
more mafic dykes; however, all the dykes are re-
garded as being of the same generation [9] be-
cause (1) the chemical compositions of the Xiao-
feng dykes are composite between the more mafic
and felsic endmembers, (2) there is no difference
in either orientation or spatial distribution be-
tween dykes of different compositions, and (3)
all dykes intrude the Huangling Batholith and
are non-conformably overlain by the 748+ 12
Ma [10] Liantuo Formation, a non-metamor-
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Fig. 1. Localities of paleomagnetic sampling (a, b) and a photo showing the 802+ 10 Ma mafic dykes (dark colored) intruding

the 819+ 7 Ma Huangling granitoid (light colored) (c).
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phosed siliciclastic unit with a gentle dip of ca. 10°
toward the southeast throughout the study region.
The age of the Xiaofeng dykes is thus constrained
to be between 819+ 7 and 748 + 12 Ma.

To obtain a more precise age constraint on the
Xiaofeng dykes, we collected two block samples
for age determinations: one from an intermedi-
ate dyke, and another from a pale-gray colored,
porphyritic felsic member of the dykes (SiO;=
65.2%). Whereas the intermediate sample failed
to produce zircon grains suitable for SHRIMP
dating, the more felsic sample (99SCO1; location
31°00.868'N, 111°17.569’E, which is between pa-
leomagnetic sites HLG7-12 and HLG13-18)
yielded sufficient quantity of euhedral magmatic
zircon grains of 70-300 um dimension.

Twenty grains from the latter sample were an-
alyzed on the SHRIMP-II ion microprobe at Cur-
tin University of Technology following standard
procedures [11]. The measured isotopic ratios and
calculated ages for individual spot analyses are
given in Table 1, and concordia plots of results
in Fig. 2. Of the 20 grains analyzed, grains 6 and
11 are discordant, and grain 17 gives a signifi-
cantly younger (ca. 750 Ma) age than the bulk

Table 1
SHRIMP zircon U-Pb data from sample 99SCI1?

of the analyses. These three grains likely have
suffered Pb loss. Grains 8 and 9 are also excluded
from mean-age calculation because their 2°°Pb/
238U ages are more than two standard deviations
away from the mean value, likely due to xenocrys-
tic inheritance. The remaining 15 analyses give a
weighted mean 2°°Pb/>%U age of 802+10 Ma
(26; MSWD =1.02), taken as the crystallization
age of the dykes.

3. Paleomagnetic results

We collected 450 oriented samples from 77 sites
for paleomagnetic analyses, including 72 sites
from the dykes (commonly one site per dyke,
mainly mafic dykes sampled), and five sites from
the country rocks (Fig. 1). The country rocks
away from the dense dyke swarm (both the
819 =7 Ma Huangling Batholith and the Archae-
an—Paleoproterozoic Kongling Complex) were
sampled in order to perform a baked contact
test [12]. At all sites, one specimen from each
sample was subjected to stepwise thermal demag-
netization, and some selected specimens subjected

Spot U Th Th/U %com 207pb/2%Py  * 1o

2pb2BY - k1o

WTppABU 1o Age P°PbBU * 1o

(ppm) (ppm) 206Pp
8 155 232 149  061%  0.0659 0.0020 0.1410  0.0022  1.281 0.046 850 12
9 98 125 127 129%  0.0656 0.0028 0.1379  0.0022 1.247 0.060 833 13
14 152 165 108 033%  0.0667 0.0016 0.1363  0.0020 1.254 0.038 824 12
15 164 186 113  081%  0.0642 0.0019 0.1360  0.0020  1.204 0.041 822 12
18 125 145 116  0.58%  0.0671 0.0027 0.1342  0.0021 1.242 0.057 812 12
4 415 509 123 054%  0.0677 0.0011  0.1341 0.0018  1.252 0.028 811 10
1 114 186  1.63 245%  0.0701 0.0037 0.1334  0.0021 1.289 0.074 807 12
20 193 200 104 0.18%  0.0676 0.0016 0.1327  0.0019 1.237 0.036 803 11
13 72 109 152 097%  0.0697 0.0039 0.1322  0.0023 1271 0.078 801 13
532 672 209 0.92%  0.0652 0.0014 0.1320  0.0018 1.187 0.033 799 11
19 154 35 231 1.16%  0.0632 0.0023  0.1320  0.0020 1.149 0.047 799 11
16 199 287 144 0.11%  0.0685 0.0013 01316  0.0019 1.244 0.032 797 11
7 116 188  1.61 035%  0.0693 0.0024 0.1315  0.0021  1.256 0.050 796 12
3213 351 165 0.67%  0.0660 0.0016 0.1310  0.0019 1.193 0.036 794 1
12 173 192 111 034%  0.0684 0.0019 0.1309  0.0019 1.235 0.040 793 11
10 65 73 113 072%  0.0684 0.0042 01299  0.0023 1.224 0.080 787 13
2 307 537 175 029%  0.0674 0.0011 0.1289  0.0018 1.197 0.027 782 10
17 139 390 281 3.96%  0.0647 0.0044 0.1226  0.0020  1.094 0.079 746 11
11195 234 120 159%  0.0703 0.0034 0.1062  0.0016 1.029 0.053 651 9
6 369 641 174 495%  0.0665 0.0030  0.1048  0.0015  0.961 0.047 642 9

2 Radiogenic lead corrected using 2**Pb.
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Fig. 2. Concordia plots of SHRIMP U-Pb zircon analyses and cathodoluminescence (CL) images of some of the zircon crystals.

Analyses used for calculating the mean age are shown in gray.

to alternating-field demagnetization, with rema-
nent magnetization measured on a 2G-755 cryo-
genic magnetometer in the University of Western
Australia.

Principal component analysis [13] revealed two
consistent remanence vectors from the dykes. The
first one is a low- to intermediate-temperature
component (C1) that conforms to the Present geo-
magnetic dipole field direction (Fig. 3a,c—¢; Table
21). This component is present in almost all the
sites investigated.

The second component (C2) is a high-temper-
ature steep two-polarity characteristic remanence.
It is found in 168 samples from 54 sites (Fig. 3;

! See online version of this article.

Table 3). The remanence typically has unblocking
temperatures between 500 and 580°C, approach-
ing the Curie temperature of magnetite (Fig. 3a—
d). This, together with the susceptibility—tem-
perature curves (Fig. 3c—d), suggests that C2 is
likely carried by pseudo-single-domain magnetite.
Whereas C2 from the majority of the dykes gives
steep-negative inclinations, on four occasions we
observed steep-positive inclinations (Fig. 3b; Ta-
ble 3). The in situ mean direction of C2 is:
D=087.6°, I=-723°, N=54, os=6.1° and
k=11.1. After the gentle dip corrections restoring
the overlying Neoproterozoic succession to hori-
zontal, the mean direction becomes D =051.3°,
I1=-76.6°, N=54, oys=6.1° and k=11.2.
Although we sampled both the Archaean-Pa-
leoproterozoic Kongling Complex (sites XD57,
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Fig. 3. Representative demagnetization data (a—d), in situ site mean direction of the viscous component C1 (e), and site mean di-
rections of the characteristic remanence component C2 (f). For the orthogonal plots, open (closed) circles are projections on the
vertical (horizontal) planes. The stereographic plots are in equal-angle projections, where open (closed) circles are projections on
the upper (lower) hemisphere. Results of two magnetic susceptibility-temperature measurements, using a Bartington MS2 W/F

system, are shown in inserts of (c) and (d).
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Table 3
Site mean directions of the characteristic remanence (C2) from the Xiaofeng dykes
Site In situ Tectonic corrected ning Olys Tectonic correction
Dec. Inc. Dec. Inc. ) R-hand strike Dip
©) ©) ®) ®)
XDO01 89.9 —60.3 73.7 —66.2 6/6 5.7 46 10
XD02 109.8 —64.6 95.6 —73.0 3/7 20.8 46 10
XDO03 249.3 —69.7 269.1 —64.1 1/7 - 46 10
XD04 12.3 —50.6 3.7 —44.4 6/6 12.2 46 10
XD06 49.5 —=75.1 15.3 —72.6 7/9 14.9 46 10
XD09 42.7 —60.7 259 —58.6 4/6 24.9 46 10
XDI10A 299.0 —57.1 302.4 —47.5 2/3 - 46 10
XD10B 238.9 53.0 225.4 54.1 4/4 322 46 10
XDl11 53.6 —58.1 34.7 —56.9 2/6 - 50 12
XD12 107.7 —54.4 95.1 —63.8 1/7 - 50 12
XD14 99.5 —31.3 93.5 —40.0 4/4 13.1 50 12
XD17 111.9 —59.8 97.0 —69.7 2/5 - 50 12
XD18 83.1 —73.2 9.6 —75.7 516 2.7 50 12
XD19 155.7 —51.7 161.7 —63.1 2/5 - 50 12
XD21 82.8 —66.5 53.5 —70.4 2/5 - 50 12
XD22 96.0 —67.7 65.8 —74.1 1/6 - 50 12
XD23 57.7 —73.6 19.9 —=71.1 515 16.3 50 12
XD24 90.1 —45.3 78.8 —52.1 2/6 - 50 12
XD25 87.9 —60.5 66.5 —66.1 2/5 - 50 12
XD28 40.2 —73.0 9.3 —67.7 3/4 22.5 50 12
XD32 340.1 —59.9 335.1 —438.4 4/6 25.7 50 12
XD33 89.1 —76.7 31.3 —79.1 1/5 - 50 12
XD34 257.5 —48.5 267.7 —42.0 515 5.2 50 12
XD36 115.8 —50.2 107.5 —60.8 4/6 13.7 50 12
XD38 129.8 —70.0 115.7 —81.5 2/6 - 50 12
XD39 163.9 —73.2 203.1 —82.5 3/6 12.9 50 12
XD41 122.5 —68.9 102.7 —79.7 4/6 8.5 50 12
XD42? 121.9 —67.3 104.3 —78.1 515 133 50 12
XD43? 121.2 —70.3 97.0 —80.8 3/5 20.0 50 12
XD44 101.8 —64.1 78.8 —-72.0 3/7 13.4 50 12
XD45 102.0 —55.3 87.4 —63.8 516 9.8 50 12
XD46* 242.8 68.6 212.2 68.1 516 11.7 50 12
XD47 98.4 —63.3 75.7 —70.7 3/5 10.6 50 12
XD43 66.2 —52.3 50.2 —54.0 4/6 4.5 50 12
XD49 52.6 —32.8 449 —32.5 4/6 114 50 12
XD50 119.4 —45.4 113.5 —56.4 1/6 - 50 12
XD52 137.4 —60.0 135.8 —72.0 516 12.6 50 12
XD53 54.8 —69.2 38.5 —66.7 6/6 5.2 67 7
XD54 96.6 —65.7 81.2 —68.3 3/7 31.8 67 7
XD56 43.8 —50.8 36.5 —47.6 1/6 - 67 7
XD58 63.7 —29.6 57.9 —32.2 3/6 22.5 46 10
XD59 56.8 —73.3 25.0 —75.7 717 5.0 26 9
XD60 51.9 —75.9 14.0 —77.1 6/6 11.0 26 9
XD61 74.8 —80.0 13.7 —83.3 6/6 7.8 26 9
XD62 57.1 —83.6 340.1 —82.1 515 44 26 9
XD63 74.2 —76.0 353 —80.6 3/4 32 26 9
XD64 78.8 —70.0 56.6 —76.1 516 18.8 26 9
HLG13-18 185.6 —86.8 298.8 —81.7 516 11.1 46 10
HLG19-24 142.6 —76.4 159.8 —86.2 4/6 20.2 46 10
HLG25-30 112.7 —78.3 55.5 —85.3 3/6 44 46 10

HLG31-36 38.2 —69.1 260.1 —65.1 4/6 18.5 46 10
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Table 3 (Continued).

Site In situ Tectonic corrected nin, s Tectonic correction
Dec. Inc. Dec. Inc. ©) R-hand strike Dip
©) ©) ) (@)

HLG60-64 67.5 —60.0 180.1 —68.0 1/5 - 46 10

HLG65-69 6.9 —53.6 358.2 —46.7 3/5 2.7 46 10

HLG75-80 93.7 —54.7 207.6 —59.0 6/6 8.2 46 10

Mean directions:

87.6 —72.3 51.3 —76.6 N=54
s = 6.1 k=11.1 s = 6.1 k=112

Pole position from tectonic-corrected direction, using site location (30.96°N,

111.23°E):

(13.5°N, 91.0°E), dp=10.5°, dm=11.3°

For most of the results, each site represents an individual dyke.

n=number of samples accepted form each site; n, = total number of samples analyzed.
@ Sites with mixed polarities. Sites XD42 and XD43 both contain samples from small mafic veins close to, but not necessarily
part of, the main dykes sampled; Site XD46 is 4 m away from a group of closely-spaced dykes (sites XD45 and XD47) that

gave the opposite remanent direction.

XD58, XLG37-42 and XLG43-48) and the
819+t 7 Ma Huangling Batholith (sites XLG49-
54) for a baked contact test, unfortunately none
of those sites revealed well-defined remanence vec-
tors apart from a viscous component from sites
XD57 and XD58. We interpret component C2 as
a primary remanence representative of the time-
averaged Neoproterozoic geomagnetic field based
on the following observations: (1) the overlying
little-deformed Liantuo Formation retains a pri-
mary magnetization [14,15], indicating that there
has been no pervasive overprint event in the re-
gion; (2) the remanence direction is dissimilar to
any known younger magnetizations expected of
the region, including that from the overlying ca.
750 Ma Liantuo Formation; (3) the unblocking
temperatures are commonly between 500 and
580°C (Fig. 3), typical of low-titanium magnetite
of magmatic origin; (4) there is no evidence of the
region being heated to elevated temperatures since
the intrusion of the dykes; and (5) the presence of
dual polarity and moderate standard deviation
about the mean indicate adequate time averaging
of geomagnetic secular variation.

The gentle dipping of the overlying strata and
the sub-vertical nature of the dykes indicate that
the region has not been tilted significantly since
ca. 750 Ma, and we are thus able to provide a
good control on the paleohorizontal of the dykes.

The fact that there is no systematic difference be-
tween dykes of different chemical compositions
reinforces the geological interpretation that the
studied dykes belong to the same generation [9].
The paleomagnetic pole from the tilt-corrected
mean C2 direction is located at 13.5°N, 091.0°E,
with dp=10.5°, dm=11.3°. We interpret the
SHRIMP result of 802+ 10 Ma as the age of
this paleopole.

4. Geodynamic interpretations

4.1. Rodinia reconstructions, and a possible TPW
event

Our new paleomagnetic pole places South Chi-
na at 55-70° paleolatitude at ca. 800 Ma, in par
with high paleolatitude indicated by a similarly-
aged pole from India. However, presumed coeval
paleomagnetic data from Laurentia and Australia
[16] indicate low-latitude positions that would ap-
pear to separate these cratons substantially from
the high-latitude continents. We consider three
possible interpretations for these results. One is
that an equatorial Rodinia supercontinent ex-
cluded high-latitude cratons such as South China
and India [17]. However, such a paleogeography
has difficulty in explaining striking similarities
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Fig. 4. Paleogeographic reconstructions of Rodinia (a) at ca. 800 Ma and (b) during its breakup at ca. 750 Ma according to one
possible scenario, in which South China was located between Australia and Laurentia, and Rodinia broke apart by ca. 750 Ma.
Paleopoles are color-coded to their host cratons with numbers showing their ages in Ma. South China poles (green): 802+ 10
Ma Xiaofeng dykes (this study), and 748 £ 12 Ma Liantuo pole [14,15]; Indian (blue) poles: 814+ 34 Ma Harohalli dykes pole
[19], the 771-751 Ma Malani Igneous Suite pole [54], and the rotated pole from the 755-748 Ma Mahe dykes from Seychelles
[55]; Australia (violet): the ca. 820 Ma Wooltana Volcanics pole [20], the WTC pole from the cap dolomite of the Walsh Tillite
(putative Sturtian equivalent) [56], and the 755%3 Ma Mundine Well dykes pole [25]; Congo (indigo): 795+7 Ma Gagwe lavas
pole [21,22], and the 755%25 Ma Mbozi Complex pole [21]; Laurentia (yellow): R2 pole from the Rapitan glacial deposits [26],
and others from the compilation of McElhinny and McFadden [12]. Note that the age and reliability of 820-800 Ma Laurentian
poles are highly uncertain [24]. Key Euler poles used in (a) are: Congo (43.0, 029.1, 92.4), Laurentia (41.5, —168.0, 115.1), South
China (—26.7, —030.9, 85.1), Australia (—10.6, —013.9, 156.3), India (20.5, 167.3, —78.3). Sources of relative positions for other
continents, where no paleomagnetic constraint is available for the times concerned, are: Baltica [24], Siberia [57], North China
and Tarim [58]. The position of the Amazon craton relative to Laurentia is slightly readjusted from the position suggested by
Tohver et al. [59]. White triangles in (b) show the occurrence of the Sturtian glacial deposits.

in Neoproterozoic magmatic and rifting events
among India, South China, Australia and Lauren-
tia [4,18].

Alternatively, we can use the new 802+ 10 Ma
Xiaofeng dykes pole from South China, the
814+ 34 Ma Harohalli dykes pole from India
[19], the ca. 820 Ma Wooltana Volcanics pole
from Australia [20] and the ca. 810-795 Ma
Gagwe lavas pole from the Congo craton [21,22]
to reconstruct a ca. 800 Ma Rodinia similar to
that of Li et al. [23] (Fig. 4a). With such use of
a single set of coeval poles for reconstruction, rel-
ative paleolongitudes are non-unique, and the
continental blocks can thus be moved along the
paleolatitudinal small circles to make alternative

reconstructions. Continents shown in gray are
those without paleomagnetic constraints, and
sources of their relative positions are given in
the figure caption. Although the poorly con-
strained Laurentian ca. 800 Ma poles from the
Grenville Belt and Mackenzie Mountains [12] do
not fit with such a reconstruction, these are re-
garded as unreliable by Pisarevsky et al. [24]. Ma-
jor implications of this reconstruction are that (1)
Rodinia stretches from the pole to the equator at
ca. 800 Ma, and (2) the supercontinent would
have broken apart by ca. 750 Ma [25], with all
the continental blocks distributed at low to inter-
mediate paleolatitude (Fig. 4b).

A third possible interpretation (Fig. 5) involves



Z.X. Li et al. | Earth and Planetary Science Letters 220 (2004) 409421 417

India , E Madagasca
& Seychelles

a. Ca. 800 Ma

Polar
Superplume

771-751 ¥/

. 2 /
Laurentia Tarim ‘% W55-748 4

Siberia

N China

Laurentia

Sub-equatorial
Superplume

Siberia

Laurentia

Kalahari?

Amazon

Baltica

%, W Africa

Fig. 5. Paleogeographic reconstructions of Rodinia (a) at ca. 800 Ma and (b) at ca. 750 Ma according to an alternative scenario
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reconstructing Rodinia through matching the
paired ca. 820-800 and 750-700 Ma paleopoles
where available, rather than using paleopoles of
a single age only. Again continents with no paleo-
magnetic data are shown in gray, but the conti-
nents constrained by paleomagnetic data are fixed
relative to each other by the paired poles. There
are a few salient features in the distribution of the
paleopoles in this interpretation. (1) All the poles,
including those from Laurentia, fall along a great
circle centered around Greenland. (2) All the ca.
820-800 Ma poles, except those from Laurentia
which are not regarded as reliable [24], overlap
each other. (3) The three poles related to the first
Neoproterozoic glacial deposits all fall close to

each other: that of the Rapitan glacial deposits
in western Laurentia (pole R2 [26] in Fig. 95),
that of the cap dolomite above the Walsh Tillite
in northwestern Australia (pole WTC [27]), and
that of the Liantuo Formation in South China,
which underlies and shares the same remanent
direction as the Nantuo glacial deposits [14,15].
(4) The group of well-dated ca. 770-745 Ma poles,
whilst clustering in a girdle distribution, cannot be
matched as closely as the 820-800 Ma poles in
this configuration. (5) The ca. 1100-1050 Ma
poles between Laurentia and Australia also match
reasonably well (see insert in Fig. 5a). The posi-
tion of South China in this configuration is differ-
ent from that in Fig. 4a, but it is still adjacent to
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both Australia and India and thus can account
for their comparable Neoproterozoic tectonostra-
tigraphic records [4,23,28].

The combined 800-750 Ma apparent polar
wander path implies pole-to-equator velocities of
ca. 20 cm/yr for India and South China. Coeval
data from Australia and Congo also indicate sim-
ilar amounts of rapid rotations during that time
interval, although their latitudinal drift rates were
not as dramatic as for India and South China
because of their closer affinity to the common
Euler pole near Greenland. If Rodinia contained
all the continents on Earth as many have argued
[1-3], this would imply a rapid and wholesale 90°
rotation of the entire continental land mass
around an equatorial axis, motion that is most
easily explained by inertial interchange TPW
(IITPW [29,30]). In this interpretation, the girdle
distribution of the 770-745 Ma poles is primarily
due to TPW, but it could also be partly due to
subordinate relative plate motions during the
breakup of Rodinia.

The relative timing relationships between the
formation of the supercontinent Rodinia (=900
Ma [1-3,31]), the Rodinian superplume (ca. ?860—
740 Ma [4]), the possible TPW event (800-750
Ma, this study), the breakup of Rodinia (ca. 750
Ma [25] and this study), and the low-latitude gla-
ciation at ca. 750-720 Ma [5] are intriguing. We
discuss below possible genetic linkages between
these events, and illustrate the sequence of events
in Fig. 6.

4.2. Supercontinent—superplume coupling

As for the case of the Phanerozoic superconti-
nent Pangea and related superplume (superswell)
event [32-34], formation of the Rodinia supercon-
tinent by the early Neoproterozoic led to the sub-
sequent formation of the Rodinian superplume by
ca. 830 Ma [4]. This could be due partly to the
thermal insulation effect of the supercontinent
[32,33], and partly to the upwelling effect on the
hot lower mantle by avalanched cold lithosphere
[35,36] around the supercontinent. The individual
plumes related to the superplume event were
probably mostly ‘secondary’ plumes coming from
the top of the superplume dome, with perhaps

a. 1000-900 Ma
Final amalgamation of
the supercontinent

Rodinia.
b. 820-800 Ma
Rodinia stretching from equator to the pole;
Superplume event starts beneath the polar
end: plume magmatism and continental
rifting.
d. 780-750 Ma
c. 800-750 Ma 2nd episode of the
90° true polar superplume event: more
wander. plume magmatism and
L _continental rifting. ’
e.Ca. 750 Ma £, Waning plum;:‘

Rodinia at the equator:

volcanism
increased global albedo | | reduces CO2
and CO2 drawdown. outgassing.

g. Low-latitude h. Rodinia begins to
glaciation break up.

l !
i. Ca. 720 Ma
CO2 buildup during the ice age®”, plus sea-
level rise due to breakup of Rodinia that further
reduces weathering (CO2 drawdown) as well
as albedo: end of the Sturtian glaciation.

Fig. 6. A schematic flow chart illustrating the causal relation-
ships between the major global events during early Neopro-
terozoic.

some ‘primary’ plumes coming from the lower-
most mantle boundary layer (the D’) [37].

Such a supercontinent-superplume coupling
corresponds to the supercontinent mantle upwell-
ing segment of the super-event cycle proposed by
Condie [38,39], but not to his suggested plume
bombardment prior to the supercontinent forma-
tion
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4.3. Superplume event as the cause for TPW

Li et al. [4] identified two episodes of major
plume activities in Rodinia. The first was between
830 and 795 Ma, and it was prominent in South
China, India, Australia and southern Africa but
with little activity in Laurentia. The second epi-
sode (780-745 Ma) extended into much of Rodi-
nia (Figs. 4, 5). The first episode of plume break-
out, at the polar end of Rodinia, should have
been associated with major perturbations to man-
tle mass anomalies and hence, the Earth’s inertial
figure. Dynamic topography across major density
discontinuities in the solid Earth drives large-scale
mantle upwellings to the equator via TPW [40],
and large and rapid TPW rotations are to be ex-
pected in the geological record [41,42], especially
during times of supercontinental breakup when
symmetries of mantle convection poise the planet
for polar instability [43]. The paleomagnetic re-
constructions in Fig. 5 are consistent with the
ca. 830-795 Ma superplume being driven to the
equator in this manner. By ca. 750 Ma, regardless
whether Rodinia had already started to break
apart (Fig. 4b) or was still coherent (Fig. 5b),
all continents, along with the superplume, were
at low to intermediate paleolatitudes, a state in
which the maximum moment of inertia had be-
come aligned with the Earth’s rotation axis.

4.4. Causes for low-latitude glaciations (a snowball
Earth?)

Numerous mechanisms have been suggested as
causes for Neoproterozoic low-latitude glaciations
without altering the Earth’s obliquity [44]: en-
hanced global albedo by emerged continents dom-
inantly along the paleoequator [6,45], enhanced
silicate weathering due to low-latitude tectonism
[46] along with increased organic carbon burial
[47], and CO, drawdown due to the weathering
of large basaltic provinces [48].

These processes all may have contributed to
cause the Sturtian glaciation at ca. 750-720 Ma,
when the fragmenting Rodinia had migrated to
dominantly low latitudes (Figs. 4b, 5b). Lack of
ca. 800 Ma glacial events, despite similarly wide-
spread extensional tectonics and plume-related

volcanism at that time [4,49-51], is consistent
with our new paleomagnetic data and interpreta-
tion of a polar Rodinia sector (Figs. 4a, 5a), that
would have made Rodinia immune to ice-induc-
ing albedo and chemical weathering mechanisms
for glaciation at that time. Only after Rodinia had
rotated to become an equatorial ‘ringworld’, co-
inciding with the waning of plume volcanism that
reduced the supply of CO, to the atmosphere, did
global energy balance and geochemical cycles re-
spond with dramatic changes in climate [45,52].

Our model can be further tested by multidisci-
plinary studies of the various Neoproterozoic
events concerned, and particularly through ob-
taining more precisely-dated, high-quality paleo-
magnetic data, which are still sparse for the Neo-
proterozoic [53].
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