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a  b  s  t  r  a  c  t

A  new  paleomagnetic  pole  is obtained  from  the  top  of  Member  3 of the  Doushantuo  Formation  in  the
Jiulongwan  section  of  the Yangtze  Gorges  area  in  South  China.  A total  of  191  samples  from  23  sites  were
collected  and  subjected  to  stepwise  alternating  field  (AF)  and  thermal  demagnetization.  After  the  removal
of a  soft  component  (SC)  of  viscous  magnetic  remanence  acquired  in present  geomagnetic  field,  a high
temperature  component  (HC),  likely  carried  by magnetite,  was  isolated.  The  HC  includes  vectors  from
147  samples  using  principal  component  analysis  and  arc  constraints  from  44  samples  using  remagneti-
zation  great-circle  analysis.  Both  the  vectors  only  and  the  combined  vectors  and  arc  constraints  of  the
HC  passed  a reversal  test.  This  is the  first Ediacaran  paleomagnetic  remanence  from  the  South  China
Block  (SCB)  that  passes  a reversal  test,  and  it is  interpreted  as  a  primary  remanence.  The  HC vectors
were  thus  used  to calculate  the  paleomagnetic  pole,  and  in combination  with  arc  constraints,  were  used
for polarity  interpretation.  The  vectors  give  a  mean  direction  of (D  =  75.2◦, I =  41.0◦,  ˛95 =  2.5◦,  N =  147)

◦ ◦
upercontinent reconstruction after  bedding  correction,  and  a  corresponding  paleomagnetic  pole  at 23.9 N,  187.0 E  (dm/dp  = 3.0/1.8).
This  pole  differs  significantly  from  previously  published  results  of  the Doushantuo  Formation,  which
may  have  been  subjected  to Paleozoic  remagnetization.  Our  results  provide  a 23.5  ± 1.8◦ N paleolatitude
for  the  Yangtze  Gorges  area  of the SCB  and  suggest  several  alternative  paleogeographic  options  for  the
Ediacaran–Cambrian  amalgamation  of East  Gondwana,  depending  on  chronostratigraphic  correlations.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The South China Block (SCB) is one of the most intensively inves-
igated Neoproterozoic tectonic units for its well-preserved records
ncompassing some of the major geological, biological and geo-
hemical events including the breakup of supercontinent Rodinia
nd assembly of Gondwana, the initiation and meltdown of the
ost severe glaciations in Earth history, the rise of early animal

ife and possible ocean oxygenation events. A reliable paleogeo-
raphic reconstruction for the SCB is crucial for understanding the
otential causal links between these geological, biological and geo-

hemical events. Existing paleogeographic reconstructions pose
ncertainties or controversies on whether, when and how the SCB
as connected to Australia and India, and the position of the SCB

∗ Corresponding author. Tel.: +86 10 82322257; fax: +86 10 82321983.
E-mail address: shzhang@cugb.edu.cn (S. Zhang).

ttp://dx.doi.org/10.1016/j.precamres.2014.09.018
301-9268/© 2014 Elsevier B.V. All rights reserved.
during the ‘snowball’ Earth times (e.g., Jiang et al., 2003; Macouin
et al., 2004; Hoffman and Li, 2009; Li et al., 2013, 2014; Zhang et al.,
2013; Yao et al., 2014).

In some paleogeographic reconstructions, the SCB was  placed
close to the paleo-equator through the Ediacaran Period (ca.
635–541 Ma). Evidence supporting this low-latitude position was
from an eastward, shallow remanent magnetization observed from
the Doushantuo Formation (ca. 635–551 Ma) in the Yangjiaping
Section, northern Hunan Province (Macouin et al., 2004; Fig. 1a).
However, the primary origin of this paleomagnetic direction has
been questioned (Zhang et al., 2013) because, (1) it does not con-
tain the pattern of numerous Ediacaran geomagnetic field reversals
observed in Australia (e.g., Sohl et al., 1999; Raub, 2008; Schmidt
et al., 2009; Schmidt and Williams, 2010); (2) the calculated paleo-

magnetic pole is similar to Early Cambrian and Silurian poles of the
SCB; and (3) the positive fold test only constrains the magnetiza-
tion to pre-Jurassic in age. Therefore, a more rigorous examination
is required.

dx.doi.org/10.1016/j.precamres.2014.09.018
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precamres.2014.09.018&domain=pdf
mailto:shzhang@cugb.edu.cn
dx.doi.org/10.1016/j.precamres.2014.09.018
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ig. 1. (a) Simplified Geological map  of the Yangtze Gorge region showing the sam
f  the upper Member 3 of the Doushantuo Formation, with paleomagnetic sites lab

In this paper, we report new paleomagnetic results that pass a
eversal test from the upper Doushantuo Formation in the Yangtze
orges area of the SCB. The new data are significantly steeper than

hose previously determined (e.g., Macouin et al., 2004), fill the
ap of the paleomagnetic database of the SCB between ca. 635 Ma
nd Early Cambrian, and provide important constraints for the Edi-
caran paleogeographic position of the SCB.

. Geological background and sampling

The SCB contains the Yangtze Block (YB) in the northwest and
he Cathaysia Block in the southeast. Almost all the available Pre-
ambrian paleomagnetic data for the SCB are from the YB, because
he Precambrian strata in the Cathaysia Block are poorly dated and
trongly deformed. Although no paleomagnetic data are available
rom the Cathaysia Block, paleogeographic reconstructions com-

only place the Cathaysia and Yangtze Blocks as one coherent
ontinental unit since ca. 900 Ma  (e.g., Li et al., 2008).

Neoproterozoic strata in the YB are well dated and consist
f three major parts (Fig. 2): (1) the pre-Cryogenian siliciclastic
nits in the lower part, represented by the Liantuo Forma-
ion/Banxi Group, with ages ranging from ∼820 Ma to ∼720 Ma

Zhang et al., 2008a,b); (2) the Cryogenian glacial and interglacial
eposits in the middle, including two glacial diamictite intervals
the Chang’an/Dongshanfeng formations and the Nantuo Forma-
ion) separated by interglacial manganese-bearing shale/siltstone
ocation. (b) and (c) Typical outcrop photos of the dolomite/limestone ribbon rocks
he diameter of paleomagnetic drilling holes is ∼2.5 cm.

of the Datangpo/Xiangmeng formations dated between ∼663
and ∼654 Ma  (Zhou et al., 2004; Zhang et al., 2008a,c); and (3)
the Ediacaran mixed carbonate-siliciclastic units assigned to the
Doushantuo and Dengying/Liuchapo formations at the top.

The Doushantuo Formation was deposited along a passive
margin, facing southeast in present-day coordinates (Jiang et al.,
2011). In the Yangtze Gorges area, the Doushantuo Formation
conformably overlies the Nantuo glacial diamictite and is divided
into four members (Fig. 2). Member 1 refers to the ca. 5-m-thick
cap carbonate at the base of the Doushantuo Formation. Mem-
ber 2 consists of ∼100-m-thick alternating organic-rich shale and
carbonates with abundant pea-sized chert nodules. Member 3 con-
sists of 60–80-m-thick limestone and dolostone with thin shaly
interbeds. Member 4 refers to the ca. 10-m-thick black, organic-rich
shale interval at the top of the Doushantuo Formation, containing
abundant carbonate concretions (Dong et al., 2013). The cap car-
bonate of Member 1 and the organic-rich black shale of Member
4 are the stratigraphic marker beds for regional correlations of the
Doushantuo Formation (Jiang et al., 2011). A prominent negative
�13C excursion from Members 3 and 4 was intensively studied in
many exposed sections of the YB, and has been correlated with
the Shuram �13C excursion in Oman and Wonoka �13C anomaly in

Australia (e.g., Jiang et al., 2007; Zhou and Xiao, 2007; Zhu et al.,
2007, 2013b; Sawaki et al., 2010; Tahata et al., 2013).

The age of the Doushantuo Formation in the Yangtze Gorges
area is constrained by a few zircon U–Pb ages (Condon et al., 2005;
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Fig. 2. Stratigraphic variation of the high temperature component (HC) in the Member 3 of the Doushantuo Formation from the Jiulongwan section, showing declinations
and  inclinations in tilt-corrected coordinates. Stratigraphic columns and carbon isotopic data are after Jiang et al. (2007). Fm, Formation; Gp, Group; LT, Liantuo Formation;
B tangpo
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X,  Banxi Group; CA, Chang’an Formation; DSF, Dongshanfeng Formation; DTP, Da
ormation; DY, Dengying Formation; LCP, Liuchapo Formation.

hang et al., 2005; Fig. 1b). The ash beds within the Doushantuo
ap carbonate (Member 1), at the base of Member 2, and at the
op of Member 4 were dated at 635 ± 0.6 Ma,  632 ± 0.5 Ma,  and
51 ± 0.7 Ma,  respectively (Condon et al., 2005). A U–Pb SHRIMP
ge of 614 ± 7.6 Ma  was also reported from a tuffaceous bed in
he middle Member 2 of the Zhangchunping section (Liu et al.,
009), but the distribution of this ash bed is limited and its corre-

ation with other sections is uncertain. Recently, Zhu et al. (2013a)
eported a Re–Os age of 591 ± 5.3 Ma  for the black shales at the bot-
om of Member 4, but this age was determined after excluding the
iscordant data points.

Our new paleomagnetic study was conducted in the Jiulongwan
ection, ∼20 km west of the Yichang city (30◦48.6′N, 111◦4.4′E),
ubei province (Fig. 1). Paleomagnetic sampling covers the upper-
ost 14 m of Member 3 (Fig. 2). The sampled interval is composed

f thinly laminated limestone-dolomite “ribbon” rocks (Fig. 1b and
) that have negative �13C values of −6‰ to −8‰, covering the
pper part of the �13C excursion (“N3” in Jiang et al., 2007).

A total of 191 samples were collected from 23 stratigraphic
ites using a gasoline-powered drill (Fig. 2). Among these samples,
9 samples were collected from 11 sites (ZG01-09, ZG12-13) in

007, and 132 samples were collected from 12 sites (JLW01-12)

n 2013. Samples were oriented using a magnetic compass and a
un compass when possible. No significant difference was  observed
etween results using the two devices.
 Formation; XM,  Xiangmeng Formation; NT, Nantuo Formation; DST, Doushantuo

3. Paleomagnetic experiments and results

3.1. Laboratory conditions and procedures

Samples of ZG01-09 and ZG12-13 were subjected to stepwise
alternating field (AF) and thermal demagnetization in the paleo-
magnetic laboratory of Yale University; while samples of JLW01-12
were subjected to thermal demagnetization in Paleomagnetism
and Environmental Magnetism Laboratory in China University of
Geosciences, Beijing (CUGB). Samples and instruments in both
laboratories were kept in a �-metal shielded room during the
demagnetization process, with ambient magnetic fields typically
100–300 nT in the sample loading, transfer, and storage regions,
and <10 nT in the magnetometer measurement and furnace heat-
ing/cooling zones.

For ZG01-09 and ZG12-13 samples, which were trimmed
to 0.7 cm-high right cylinders, remanent magnetizations were
measured using a 2G superconducting magnetometer outfitted
with automated sample changing capabilities (Kirschvink et al.,
2008), and thermal demagnetization was carried out using a
TD-48 thermal demagnetizer (ASC Scientific) in a N2 atmo-

sphere. AF demagnetization was  carried out using a Molspin
tumbling demagnetizer. After natural remanent magnetization
(NRM) measurements, low-field AF demagnetization (reaching
peak alternating field of 15 mT in 2.5 mT  steps) was applied. Then
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he samples were cooled and re-warmed in a shielded liquid N2
asin through the Morin transition of hematite (258 K) and the
erwey transition of magnetite (120 K). These treatments were
onsidered to have removed viscous remanence carried by multi-
omain particles of hematite or magnetite (Özdemir et al., 2002).
fter this procedure, the specimens were subjected to further step-
ise thermal demagnetization at 170, 185, 200, 220, 240, 260, 280,

90, 300, 310, 320, 325, 335, 345, 360, 380, 400, 420, 435, 447, 456,
66, 470 ◦C. All 59 samples were demagnetized through these steps
ntil their directional behavior became unstable due to acquisition
f spurious magnetizations.

For JLW01-12 samples, which were trimmed to 2.2 cm-high
ight cylinders, remanent magnetizations were measured using a
G 755-4K superconducting magnetometer, and thermal demag-
etization was carried out using a TD-48 thermal demagnetizer in
ir. After NRM measurements, all 132 specimens were subjected
o step-wise thermal demagnetization at 100, 150, 170, 200, 240,
80, 300, 315, 330, 360, 390, 410, 430, 450, 470, 500 ◦C, until the
emanence directions became unstable.

.2. Paleomagnetic results

No systemic difference is observed between the paleomagnetic
xperiments from the two laboratories in Yale and CUGB. The NRM
ntensities of the samples are of 1–10 mA/m.  Based on the stability
f remanence, we divided the samples into two  groups. Group 1
ata, with 147 samples, are characterized by both a soft component
SC) and a hard component (HC), each of which can be identified as a
inear vector using principal component analysis (PCA) (Kirschvink,
980; Fig. 3a–f). Group 2 data, with 44 samples, have a SC that
an be calculated as a linear vector using PCA, but the HC can only
e inferred by remagnetization great circles on stereographic plots
Fig. 3g and h).

For group 1 samples, the SC was determined mostly below
00 ◦C or by low alternating field. Directions of this component
in situ) are close to the present geomagnetic field in this region
D = 356.6◦, I = 47.2◦, IGRF, online data). The SC from these samples
s thus interpreted as a component from recent, viscous remanent

agnetization (VRM) (Fig. 4). Mean direction of the SC is Dg = 1.2◦,
g = 43.4◦, ˛95 = 1.15◦ in the geographic coordinates, and Ds = 7.9◦,
s = 43.4◦, ˛95 = 1.17◦ after tilt correction. The HC was defined gen-
rally between 315 ◦C and 490 ◦C. The unblocking temperature of
he HC is near to, but lower than, the Curie temperature of mag-
etite (∼575 ◦C), suggesting that it is probably carried by detrital,
i-bearing magnetite. This is supported by the stepwise thermal
emagnetization of three orthogonal isothermal remanent mag-
etization (IRM) directions (after Lowrie, 1990) for representative
amples (Fig. 5). The HC has dual-polarity (Figs. 2b and 6a): directed
estward and moderately up (spanning the lower 8 m of the samp-

ing section), or eastward and moderately down (spanning the
pper 6 m).  The HC passed a reversal test of “B” Class (Table 1;
cFadden and McElhinny, 1990). The magnetostratigraphic pat-

ern (Fig. 2) may  have recorded a geomagnetic field reversal during
eposition of the Doushantuo Formation, and is interpreted to be
rimary in the sense of either a detrital-remanent magnetization
DRM), a post-depositional remanent magnetization (pDRM), an
arly diagenetic chemical-remanent magnetization (CRM), or some
ombination thereof. The sample-level average HC direction (of
he 147 specimens) is Dg = 72.8◦, Ig = 47.6◦, ˛95 = 2.5◦ in geographic
oordinates, and Ds = 75.2◦, Is = 41.0◦, ˛95 = 2.5◦ in stratigraphic
oordinates (Table 1). On site level (n = 14), the average direction
s Dg = 72.0◦, Ig = 48.8◦, ˛95 = 7.2◦ in geographic coordinates, and

s = 74.3◦, Is = 42.2◦, ˛95 = 7.4◦ in stratigraphic coordinates (Table 1).

Interestingly, group 1 remanence vectors from the upper polar-
ty zone show systematic trends in inclination through the strata
Fig. 2). It is not clear whether such trends are due to (i) differing
arch 259 (2015) 130–142 133

degrees of unresolved SC contamination of the HC remanence, (ii)
variable amounts of sedimentary inclination shallowing in the HC
remanence, (iii) paleolatitude shifts of the SCB during Doushantuo
deposition, or (iv) geomagnetic excursions or enhanced paleosecu-
lar variation of the Ediacaran geodynamo. Given that the aggregate
HC data pass a Class “B” reversal test, the first explanation (i) seems
unlikely. Inclination shallowing (ii) remains an important problem
in paleomagnetic studies of sedimentary rocks, but quantification
can be impractical (e.g., Schmidt, 2014). We  note that the inclina-
tion variance of our data is larger than expected from geomagnetic
field models (Tauxe and Kent, 2004), so there does not exist a single
correction factor that can uniformly explain the Doushantuo incli-
nation variability. Furthermore, hypothesis (ii) implies that some
stratigraphic intervals are much more strongly compacted than
others, which is not supported by invariant lithofacies characteris-
tics through the measured section. In addition, our paleogeographic
reconstructions of the SCB with Australia rely entirely on sedi-
mentary paleomagnetic results with moderate inclinations, which
may  be shallowed to various degrees, but the large-scale relative
paleogeographic motions are dominated by variations in declina-
tion instead of inclination. Thus, the shallowing effects are likely
to be minor. Hypothesis (iii) would need to be tested by detailed
sampling of additional sections of Doushantuo Member 3 or time-
equivalent units across the SCB. Hypothesis (iv) cannot be excluded,
but such explanations are ad hoc and would need to be verified by
detailed, additional study.

For group 2 samples, the PCA-defined SC directions resemble
those of group 1. It is thus interpreted as a VRM of the recent
geomagnetic field. However, the residual magnetization of the sam-
ples became too weak to be measured when they were heated
over ∼330 ◦C. In these cases, the HC cannot be fitted directly by
high-temperature vectors decaying to the origin. We  applied the
remagnetization circle analysis for these samples (McFadden and
McElhinny, 1988), by combining the arc-constraint components
with those vector-fit components of group 1 samples (Fig. 6b).
While the vector-fit components of the group 1 samples are sub-
equally divided between the two  polarities, the arc constraints from
group 2 samples mainly appear in the lower polarity zone. The arc
constraints extrapolate beyond the ends of long remagnetization
circles, which is consistent with the hypothesis that arc constraints
primarily reflect incompletely removed VRM (Haggart et al., 2009;
Zhang et al., 2013).

The HC, combining both vectors and arc constraints, also passed
a reversal test of “B” Class (Table 1; McFadden and McElhinny,
1990). The sample-level average HC direction (of the 191 sam-
ples, and number of the arcs was weighted by 0.5 for averaging in
this study, N = 169) is Dg = 71.4◦, Ig = 47.8◦, ˛95 = 2.3◦ in geographic
coordinates, and Ds = 73.9◦, Is = 41.3◦, ˛95 = 2.3◦ in stratigraphic
coordinates (Table 1). The site-level (n = 18) mean direction is
Dg = 69.4◦, Ig = 49.3◦, ˛95 = 5.5◦ in geographic coordinates, and
Ds = 71.7◦, Is = 42.7◦, ˛95 = 5.6◦ after bedding correction. There is no
significant difference between the results that included the arc con-
straints and those that only used the PCA vectors (Table 1). The
data from group 2 are all in the lower part of our sampled section
(Fig. 2), supporting the interpretation derived from group 1 vector
data, in which only one geomagnetic reversal occurred during the
deposition of these strata.

Four methods have been used to calculate the corresponding
paleomagnetic pole: (i) Based on the sample-level direction aver-
age, and using all the usable directions of the HC (groups 1 and 2),
the paleomagnetic pole is at 25.1◦ N, 187.3◦ E, dm/dp = 2.8◦/1.7◦; (ii)
Averaging the site-level Virtual Geomagnetic poles (VGPs), using

all usable observations of groups 1 and 2, the pole is at 26.7◦ N,
186.2◦ E, A95 = 5.4◦; (iii) Based on the sample-level direction aver-
age and using the vector-fit data (group 1) only, the paleomagnetic
pole is at 23.9◦ N, 187.0◦ E, dm/dp = 3.0◦/1.8◦; and (iv) Averaging



134 S. Zhang et al. / Precambrian Research 259 (2015) 130–142

Fig. 3. Typical demagnetization trajectories, in tilt-corrected coordinates. (a)–(c) Typical samples of the polarity 1. (d)–(f) Typical samples of the polarity 2, whose high
temperature components (HCs) are identified using principal components analysis (PCA) (Kirschvink, 1980). (g) and (h) Typical samples of polarity 2, whose HCs are defined
by  arc constraints.
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Table 1
Paleomagnetic results for the high-temperature component (HC) of Doushantuo Formation Member 3 in South China, Jiulongwan (30.810◦ N, 111.073◦ E).

Site Total, L C N/n In geographic coordinates In stratigraphic coordinates dm/dp
A95 (◦)

D (◦) I (◦) k ˛95 (◦) Plat (◦ N) Plon (◦ E) dm/dp
A95 (◦)

D (◦) I (◦) k ˛95 (◦) Plat (◦ N) Plon (◦ E)

JLW04 18, 18L0C 18 76.8 40.2 33.9 6.0 22.3 186.9 7.2/4.4 80.4 33.7 34.0 6.0 17.3 189.6 6.8/3.9
JLW05  18, 18L0C 18 63.3 47.2 65.5 4.3 35.8 186.4 5.6/3.6 69.2 41.8 65.1 4.3 29.2 188.9 5.3/3.2
ZG01  6, 6L0C 6 78.6 57.6 40.0 9.8 26.8 170.7 14.4/10.5 75.9 51.9 40.2 9.8 26.9 177.5 13.4/9.1
ZG02  6, 6L0C 6 75.6 64.7 124.3 5.5 31.3 162.2 8.8/7.1 72.6 58.9 124.6 5.5 31.6 170.7 8.2/6.1
ZG03  10, 10L0C 10 64.2 67.0 129.3 4.0 39.2 159.9 6.6/5.5 63.0 61.1 129.8 4.0 39.3 169.6 6.1/4.7
JLW12  15, 15L0C 15 71.2 51.3 128.0 3.4 30.4 179.7 4.6/3.1 75.3 44.2 127.9 3.4 24.8 184.5 4.3/2.7
JLW11  10, 10L0C 10 80.1 30.5 212.5 3.3 16.6 191.6 3.7/2.0 81.5 23.0 210.3 3.3 13.3 194.9 3.5/1.9
ZG04  14, 14L0C 14 82.2 64.1 125.7 3.4 26.7 161.7 5.4/4.3 78.1 58.5 125.7 3.4 27.4 169.8 5.0/3.7
JLW10  13, 13L0C 13 80.2 25.7 100.5 4.2 15.2 194.2 4.5/2.4 81.3 18.2 100.8 4.2 12.2 197.4 4.4/2.3
ZG05-06  11,1L10C 6 236.7 −42.7 30.4 8.4 −40.0 13.3 10.4/6.4 239.3 −35.4 26.5 9.0 −35.8 18.2 10.4/6.0
JLW03  8, 3L5C 5.5 251.9 −51.8 51.2 7.8 −30.0 359.0 10.6/7.3 255.7 −44.4 50.6 7.9 −24.6 4.2 9.9/6.2
JLW01-02  12, 11L1C 11.5 243.6 −44.0 20.2 9.9 −34.5 9.3 12.4/7.8 248.5 −37.3 20.2 9.9 −28.5 12.6 11.6/6.8
JLW07  15, 5L10C 10 248.7 −50.9 27.6 7.4 −32.3 0.9 10.0/6.7 252.3 −44.2 27.8 7.4 −27.3 5.7 9.3/5.8
JLW06  5, 0L5C 2.5 248.6 −47.5 59.8 10.0 −31.4 4.3 13.0/8.4 251.3 −41.0 61.0 9.9 −27.2 8.6 12.0/7.3
JLW08  6, 5L1C 5.5 223.5 −51.6 83.3 7.4 −53.1 7.2 10.1/6.9 230.8 −46.9 90.1 7.1 −46.1 11.2 9.2/5.9
JLW09  11, 11L0C 11 252.7 −39.9 23.1 9.7 −25.7 8.9 11.7/7.0 255.3 −32.8 23.1 9.7 −21.4 12.5 11.0/6.2
ZG07-08  5, 0L5C 2.5 251.4 −56.5 205.6 5.4 −31.8 354.0 7.8/5.6 254.1 −50.3 183.6 5.7 −27.8 359.7 7.6/5.1
ZG09-13  7, 0L7C 3.5 238.5 −46.5 53.3 8.3 −39.5 8.9 10.7/6.9 240.3 −40.1 43.9 9.2 −36.2 14.0 11.1/6.7

Sample-level average for groups 1
and 2, N = 169

71.4 47.8 23.6 2.3 29.2 182.9 3.0/2.0 73.9 41.3 22.8 2.3 25.1 187.3 2.8/1.7

Site-level  average for groups 1 and
2, n = 18

69.4 49.3 40.5 5.5 31.6 181.1 A95 = 5.5 71.7 42.7 38.5 5.6 26.7 186.2 A95 = 5.4

Sample-level average for group 1,
N = 147

72.8 47.6 22.8 2.5 28.0 182.6 3.3/2.1 75.2 41.0 22.2 2.5 23.9 187.0 3.0/1.8

Site-level  average for group 1,
n = 14

72.0 48.8 31.1 7.2 29.5 180.4 A95 = 7.4 74.3 42.2 29.8 7.4 25.9 185.5 A95 = 6.7

Total, number of samples demagnetized; L, number of samples with vector component; C, number of samples with arc constraints only; N, number of samples for statistics (vector is weighted by 1, arc weighted by 0.5); n, number
of  sites for statistics; D, declination; I, inclination; k, Fisher precision parameter of the mean; ˛95/A95, radius of circle of 95% confidence about the mean direction/pole; Plat/Plon, latitude/longitude of VGP; dm/dp, semi-axes of
elliptical  error around the pole at a probability of 95%.
Vector components pass a reversal test (McFadden and McElhinny, 1990), class B, with a critical angle 9.2◦ , angular difference is 4.6◦ . Components combined with vector and arc constraints also pass a reversal test, class B, with a
critical  angle 9.2◦ , angular difference is 4.6◦ .



136 S. Zhang et al. / Precambrian Research 259 (2015) 130–142

Fig. 4. Equal area projections of the soft component directions.
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ig. 5. Stepwise thermal demagnetization of the three orthogonal directions held
amples of (a) the polarity 1, (b) the polarity 2, whose HC is identified using PCA, an

he site-level VGPs, but using the group 1 data only, the pole is
t 25.9◦ N, 185.5◦ E, A95 = 6.7◦. There is no significant difference
bserved between the results of these methods, but we favor the
esult of method (iii), i.e., using the vector-fit data only to calculate
he pole and paleolatitude. The new paleomagnetic pole does not
esemble any younger poles of the SCB (Fig. 7a), adding confidence
o its reliability.

.3. Comparison with previous results

Our new results differ from the previously reported paleo-
agnetic pole and inclination (0.6◦ N, 196.9◦ E, dp/dm = 4.5◦/9◦)

rom the Doushantuo Formation in the Yangjiaping section, Hunan
rovince (Macouin et al., 2004). Although there are some uncertain-
ies related to stratigraphic correlation between the two sections,
he cap carbonate at the base of the Doushantuo Formation and
he Doushantuo/Dengying boundary are very likely correlatable
Jiang et al., 2011; Zhu et al., 2013b). Samples from the Yangjiap-
ng section were from strata between the cap carbonate and the
oushantuo/Dengying boundary (Fig. 2 in Macouin et al., 2004),
ainly covering the upper part of the Doushantuo Formation with

nother site (S2) in the lower part of the Doushantuo Formation,
hich was included in the average data (Table 2 in Macouin et al.,

004). Our sampling segment may  be correlated to the strata cov-
red by their site S6 or slightly lower, if the �13C excursion can
e correlated across the platform faces of the Doushantuo basin
Zhu et al., 2007, 2013b; Jiang et al., 2011). The fact that there is
o similarity between the two paleomagnetic results suggests that
ne of the studies (or both) failed to retrieve the primary remanent
agnetization.

We  suggest that the HC preserved in Member 3 of the Doushan-

uo Formation in the Yangtze Gorges area (this study) is the primary
emanence because (1) the remanence passed a reversal test; (2) its
orresponding pole does not resemble any younger paleomagnetic
sothermal remanent magnetization (IRM) (after Lowrie, 1990) for representative
the polarity 2, whose HC is defined by arc constraints.

poles reported from the SCB; and (3) the paleolatitude derived from
this remanence reasonably fits between the paleolatitudes of latest
Cryogenian (the Nantuo Formation; ≤635 Ma) and early Cambrian
(Lin et al., 1985). The results from the Yangjiaping section failed
to meet these criteria, although they passed a fold test. Because
the fold was formed in Jurassic time (HNBGMR, 1988; Macouin
et al., 2004), the fold test could not exclude the possibility of a
pre-Jurassic remagnetization. In fact, the paleomagnetic pole from
the Yangjiaping section (Macouin et al., 2004) resembles the Early
Cambrian (Lin et al., 1985) and Silurian poles (Opdyke et al., 1987;
Huang et al., 2000) of the SCB and conflicts with the numerous
Ediacaran geomagnetic reversals observed from stratigraphic suc-
cessions in Australia (Sohl et al., 1999; Raub, 2008; Schmidt et al.,
2009; Schmidt and Williams, 2010). Thus, it is likely that the pale-
omagnetic results from the Yangjiaping section record an early
Paleozoic remagnetization.

4. Paleogeographic implications

4.1. Late Neoproterozoic paleolatitudinal changes of SCB

Our new results, in combination with previously published
high-quality Neoproterozoic paleomagnetic data (Table 2), depict
notable paleolatitudinal changes of the SCB from ca. 800 Ma to
ca. 530 Ma  (Fig. 7b). In the Yangtze Gorges area, the upper part
of the Liantuo Formation is recently considered younger (e.g.,
∼720 Ma,  in Li et al., 2013) than previously thought (748 ± 12 Ma,
Ma  et al., 1984), because some younger detrital zircon grains are
found from this formation and correlative strata, using SHRIMP or
ICP-MS methods (Gao et al., 2011; Du et al., 2013; Liu et al., 2013),

although neither may  conclusively determine the depositional age
of this formation. An unresolved question is why the Liantuo pale-
omagnetic pole (ca. 720 Ma;  Evans et al., 2000) resembles the
Nantuo pole (ca. 636 Ma;  Zhang et al., 2013), both of which passed
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Fig. 6. Equal area projections of the high-temperature component directions. (a) Components are all vectors, identified using principal component analysis. (b) Components
combining all vectors and arc constraints.

Fig. 7. (a) Apparent polar wander path (APWP) of the SCB since ∼800 Ma; the Precambrian and Cambrian poles are colored dark gray and younger poles are light gray.
All  poles are listed in Table 2. (b) Paleolatitude and orientation variations of the SCB between ∼800 Ma  and Middle Cambrian based on the paleomagnetic poles in Table 2.
Longitude for each paleogeographic position is arbitrary. Patterns represent major geological features for each stage: ca. 800 Ma:  bimodal volcanic rocks and red beds; ca.
750–700 Ma:  red beds; ca. 635 Ma:  Marinoan glacial deposits; ca. 600–560 Ma:  carbonates with acanthomorphs and prominent negative �13C excursion; ca. 515 Ma–510 Ma:
phosphorite-bearing black shale and limestone. Absolute ages assigned for Cambrian poles are based on the stratigraphic correlation of Zhu (2010).
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Table 2
Paleomagnetic poles selected for APWPs and reconstructions in Figs. 7–9.

Age (Ma) Pole Rock unit Plat (◦ N) Plong (◦ E) A95 (dm/dp) (◦) Notes and References

Australia
∼505 HR/JC Middle Cambrian 19.3 219.1 10 Mitchell et al. (2010)
∼520 Todd Todd river dolomite, Allua Fm,  Eninta Fm 43.2 159.9 5.9 Kirschvink (1978)
∼540 A2a Early Cambrian 37.0 160.8 6.7 McElhinny et al. (2003)
∼550 ARL Arumbera sandstone, N Australia 53.9 168.1 8.8 Mitchell et al. (2010)
∼550 AEC Arumbera sandstone 59.9 144.3 12.7 Mitchell et al. (2010)
∼550 IAR L Arumbera Fm,  U Pertatataka Fm 44.3 161.9 10.2 Grey and Corkeron (1998), Kirschvink (1978)
∼550 A1a Average above 3 for ∼550 Ma 53.1 159.1 16.2
∼560 Wo Wonoka Fm,  S Australia 5.2 210.5 6.8/3.6 Schmidt and Williams (2010)
∼580 By Bunyeroo Fm, S Australia 18.1 196.3 11.8/6.5 Schmidt and Williams (2010)
∼590 Br Brachina Fm,  S Australia 46 135.4 4.6/2.4 Schmidt et al. (2009)
∼635 NU Nuccaleena Fm,  S Australia 32.3 170.8 3.9/2.2 Schmidt et al. (2009)
∼635 EF Elatina Fm,  S Australia 43.7 179.3 4.2/2.1 Schmidt et al. (2009), Sohl et al. (1999)
>635 YA Yaltipena Fm,  S Australia 44.2 172.7 11.4/5.9 Sohl et al. (1999)

India
∼560–635 Marwar Jodhpur Fm −1.0 344.0 9.0/5.0 Davis et al. (2013)

South China Block (SCB)
Cza Cenozoic 87.5 315.6 5.9 Huang et al. (2008)
K2

a Late Cretaceous 75.5 205.3 4.5 Huang et al. (2008)
K1

a Early Cretaceous 79.0 208.3 5.9 Huang et al. (2008)
J3

a Late Jurassic 71.0 215.1 6.7 Huang et al. (2008)
J2

a Middle Jurassic 65.0 186.2 15.0 Enkin et al. (1992)
J1

a Early Jurassic 65.5 190.9 5.3 Zhao et al. (1996)
T3

a Late Triassic 51.4 187.2 8.5 Wu et al. (1998)
T2

a Middle Triassic 34.7 209.4 9.1 Huang et al. (2008)
T1

a Early Triassic 45.0 216.8 3.9 Huang et al. (2008)
P2

a Late Permian 53.4 247.7 4.0 Huang et al. (2008)
P1 Early Permian 65.3 265.2 8.1/4.2 Wu et al. (1998)
C1 Early Carboniferous 47.5 229.1 9.6/4.8 Zhang et al. (2001)
D3 Late Devonian 45.4 234.1 6.6/3.3 Zhang et al. (2001)
D12 Early and Middle Devonian 36.1 231.4 12.5/6.5 Zhang et al. (2001)
S23

a Middle and Late Silurian 10.3 195.8 3.3 Opdyke et al. (1987), Huang et al. (2000)
O23 Middle and Late Ordovician −29.5 227.1 6.3 Zhang et al. (2012a)
O1 Early Ordovician −38.4 154.9 14.2/7.4 Wu et al. (1998)

∼510b Cam2
a Middle Cambrian −47.6 174.5 5.2 Bai et al. (1998), Yang et al. (2004)

∼515b A3a Early Cambrian, Tianheban & Hetang Fms  5.3 192.7 15.0 Lin et al. (1985)
∼560–600 DS3 Member 3 of Doushantuo Fm 23.9 187.0 3.0/1.8 This study
636  ± 5 NT Nantuo Fm 7.5 161.6 5.9 Zhang et al. (2013)
748 ± 12 LT Liantuo Fm,  CIT subset 3.4 163.6 2.7/2.1 Evans et al. (2000)
802 ± 10 XF Xiaofeng dykes 13.5 91 11.3/10.5 Li et al. (2004)

Tarim
∼615 Zm Zhamoketi Fm −4.9 146.7 3.0 Zhao et al. (2014)
635–615 Sb Sugetbrak Fm 19.1 149.7 9.3 Zhan et al. (2007)
∼635 Tr Tereeken Fm 27.6 140.4 8.8 Zhao et al. (2014)

Fm,  Formation; Plat/Plon, latitude/longitude of VGP; A95, radius of circle with 95% confidence about the palaeopole. Other abbreviations are the same as in Table 1.

m
m
t
t
d
n

d
a
c
t
h
r
w
r
b
a
2
t
t

a Averaging poles.
b Absolute age is assigned based on the stratigraphic correlation by Zhu (2010).

agnetostratigraphic field stability tests. Possible interpretations
ay  include that (1) the Liantuo Formation is not much older

han the Nantuo Formation in the Yangtze Gorges area, (2)
he SCB did not have much paleolatitudinal/orientational change
uring the Cryogenian, or (3) significant Cryogenian paleolatitudi-
al/orientational changes of SCB have not been discovered yet.

In spite of this uncertainty, available paleomagnetic data clearly
emonstrate that the SCB was located at high latitudes (≥60◦ N)
t ca. 800 Ma  and then moved toward mid-latitudes (≥30◦ N) by
a. 700 or 750 Ma.  The drifting path of the SCB from ca. 800 Ma
o ca. 750 Ma  is less certain, but if the continental block did not
ave significant rotation, it may  have passed through the polar
egion. Intensive magmatic activity occurred in the SCB when it
as in the high-latitude location, which has been interpreted as

esulting from an upwelling mantle plume associated with the
reakup of the supercontinent Rodinia (Li et al., 2003) or from
 long-lived active continental margin of Rodinia (Cawood et al.,
013). The high-latitudinal pre-Cryogenian sedimentary rocks, up
o a few thousand meters thick, are predominately reddish clas-
ic sandstone, siltstone and shales, suggesting a likely greenhouse
climate condition before the Cryogenian Period. The SCB was
located at mid-latitudes during the Cryogenian glaciations
(Sturtian and Marinoan) and then moved slowly southward toward
the paleoequator during Ediacaran and early Cambrian time (ca.
635–510 Ma,  Fig. 7b).

Determination of the geomagnetic field polarity in Precam-
brian time may  be aided from the information of independent
evidence, such as paleocurrent or trade-wind directions (Zhang
et al., 2012b). But in most cases, polarity is determined on the
basis of the coherence of paleocontinental drift rate interpreted
from the paleomagnetic data available. The SCB is placed in the
northern hemisphere during the late Neoproterozoic and early
Cambrian because its northern hemisphere positions minimize the
Proterozoic–Phanerozoic apparent polar wander path of the SCB
(Fig. 7a). It is also consistent with the use of the Laurentian database
in the global reconstruction during the late Neoproterozoic (Li et al.,

2013). According to this analysis, we  can conclude that the east and
down HC polarity of the upper part of Doushantuo Member 3 is
geomagnetically Normal, and its antipodal HC direction is Reverse
(Fig. 2).
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Fig. 8. (a) APWP fit and paleogeographic reconstruction of the SCB, India, Australian blocks, East Antarctica and Tarim at ca. 570–560 Ma,  based on the Doushantuo Member
3-Wonoka-Marwar correlation supported by bio- and chemostratigraphy calibrated by U–Pb ages (“option (I)” referred in text). All poles used are listed in Table 2, blocks
corresponding to their poles by color. In this snapshot map  of ca. 570–560 Ma,  paleolatitudes were determined by using the pole of Wonoka Formation for Australian blocks,
East  Antarctic and Tarim, the pole of the Member 3 of the Doushantuo Formation for the SCB, the pole of the Marwar supergroup for India. Relative cratonic reconstructions
were  constrained by APWP fit. Euler rotation (47.3, 154.3, 86.4) was  used to rotate the Tarim to the southern Australia frame; this link was based on matching three Ediacaran
poles  of Tarim (Table 2) to the Australian APWP. East Antarctica rotated to southern Australia using (−1.6, 39.0, 31.3) based on those blocks’ connection in Gondwana (Powell
and  Li, 1994). Northern Australia was rotated using Euler rotation (−20, 135, −20) for correcting possible convergence of the Paterson-Petermann orogen according to Li
and  Evans (2011). Pattern fill on the SCB and India show the proximity of the Ediacaran basins (see text for details). (b) SCB-Gondwana connection in Paleozoic based on an
APWP  fit after Zhang (2004); the SCB rotated to Australia using (11.3, 148.3, 62.1), Tarim rotated to Australia following that in (a). The paleogeographic reconstruction of
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ondwana at ca. 505 Ma  used the pole HR/JC from Australia (Mitchell et al., 2010; T
nd  the Pinjarra-Prince Charles/Kuungan orogen.

.2. Ediacaran paleogeographic reconstruction of SCB

Ediacaran apparent polar wander paths (APWPs) of the major
ontinents including Laurentia, Baltica and Australia, show very
omplex pattern, leading to the hypothesis of true polar wan-
er (Evans, 2003), equatorial dipole geomagnetic field (Abrajevitch
nd Van der Voo, 2010), rapid plate drifting or complex rotation
Schmidt and Williams, 2010; McCausland et al., 2011; Meert,
014). The available paleomagnetic data from SCB, however,
how no similarity with those APWPs from Laurentia, Baltica and
ustralia (Fig. 7), indicating that either the SCB was  isolated from

hem, or that substantial Ediacaran apparent polar wander may  not
et have been discovered for the SCB.

There has been persistent debate about the paleogeographic
elationship between SCB, India and Australia in late Neoprotero-
oic time (Li et al., 2013; Zhang et al., 2013; Yao et al., 2014; and
eferences therein). Existing reconstructions place the SCB either
lose to northern India (e.g., Jiang et al., 2003; Zhang et al., 2013; Yao
t al., 2014), adjacent to the western side of Australia (e.g., Zhang
nd Piper, 1997; Yang et al., 2004), or as an isolated continent block
lose to but not connected with either India or Australia (e.g., Zhou
t al., 2002). Our new paleomagnetic results provide some con-
traints for the possible locations of the SCB during the Ediacaran,
ut the lack of a direct/reliable age from the sampled stratigraphic

nterval allows for three alternative reconstruction interpretations
s described below.

The samples for our new paleomagnetic data were collected
rom the uppermost Member 3 of the Doushantuo Formation,
bout 10 m below a well-dated ash bed of 551.1 ± 0.7 Ma  (Condon
t al., 2005). Considering that the Doushantuo Formation (ca.

35–551 Ma)  covers ∼90% of Ediacaran time, a simple age extrap-
lation would place the sampled interval at ca. 560–570 Ma
e.g., Jiang et al., 2007). This is consistent with the Pb–Pb
ge of 574 ± 14 Ma  from the upper phosphorite layers of the
). CPK shows a possible link between the Cathaysian Caledonian orogen in the SCB,

Doushantuo Formation in Weng’an (Chen et al., 2004) and the
similarity of acritarch fossils between Jiulongwan and Weng’an
sections (e.g., Zhou et al., 2007; Xiao et al., 2014). The Doushan-
tuo Members 3 and 4 host a prominent negative �13C excursion
that has been correlated with the Shuram �13C excursion in Oman
(Fike et al., 2006; Le Guerroue, 2010), the Wonoka �13C excur-
sion in Australia (Calver, 2000), and the Krol B �13C excursion
in India (Kaufman et al., 2006; Jiang et al., 2007). The presence
of similar acritarchs in Member 2 and lower Member 3 of the
Doushantuo Formation and in the Bunyeroo Formation below
the Wonoka �13C anomaly (Zhou et al., 2007; Liu et al., 2013)
and Sr isotope values (Sawaki et al., 2010; Le Guerroue, 2010)
support the Doushantuo Member 3–Wonoka Formation correla-
tion. In this case, the combination of the Doushantuo Member 3
paleomagnetic pole (this study), the Wonoka pole (Schmidt and
Williams, 2010), and the recently published pole from the Mar-
war Supergroup (Sonia sandstone, Jodhpur Group) in NW India
(ca. 635–560 Ma;  Davis et al., 2013) would place the SCB close
to northwestern India (Fig. 8a). This position, which we  refer to
as reconstruction option (I), is broadly consistent with the recon-
struction proposed by Jiang et al. (2003) based on the sequence
stratigraphic analysis and the tectonic models recently proposed
by Yao et al. (2014). Although the paleolongitude can be arbitrary,
moving the SCB toward the Australian blocks will not improve
the fitting of the APWPs and is thus unnecessary. This reconstruc-
tion suggests that the SCB-Australia connection was formed later,
during the Ediacaran–Cambrian transition (Zhang, 2004; Zhang
et al., 2013), via large-scale sinistral transform motion between
SCB + India and Tarim + Australia + East Antarctica (Fig. 8). If this was
the case, the Caledonian orogen of the Cathaysia block might be the

result of final amalgamation of the East Gondwana (“CPK” depicted
in Fig. 8b).

The recently published Re–Os age of 591 ± 5.3 Ma  (Zhu et al.,
2013a) from the basal Doushantuo Member 4, however, questions
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Fig. 9. Alternative paleogeographic reconstructions show the SCB’s relations in Ediacaran time. (a) APWP comparisons and possible geographic relations of the SCB if the
Re–Os  age of 591 ± 5.3 Ma  from the basal Member 4 of the Doushantuo Formation is used and a Doushantuo Member 3–Brachina correlation (at ∼590–600 Ma,  “option (II)”
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eferred  in text) is assumed. The dashed outline of the SCB shows its relative posit
ossible geographic relations of the SCB (at ∼550 Ma,  “option (III)” referred in tex
onoka Formation (Schmidt and Williams, 2010) and the Australian APWP jumps b

s  in Fig. 8.

he age assignment of ca. 560 Ma  for the sampled interval and the
ge of the Member 3–4 �13C excursion. If we take this Re–Os age
s the constraint, then the Doushantuo Member 3 paleomagnetic
ole would be better compared with the Brachina pole in Australia
nd permissibly, the Marwar pole in India. The allowable recon-
truction according to this option (II) would place the SCB close to
ustralia (Fig. 9a), similar to its position attached to NW Australia

n Early Paleozoic (Fig. 8b; Zhang, 2004; Zhang et al., 2013). In
his case, it implies that the SCB reached a position closed to NW
ustralia during ca. 600–590 Ma,  and that prior to ca. 600 Ma,  the
CB was more distant from Australia during and before the Mari-
oan glaciation. This reconstruction is also consistent with our
revious paleomagnetic data for an early Cambrian SCB-Australia
onnection (Zhang et al., 2013) and with the recent tectonic model
f Yao et al. (2014), in which the SCB was considered as an iso-
ated block during the Cryogenian. The reconstruction of option (II)

ould also be broadly permissible if Doushantuo Member 3 corre-
ates to slightly younger than the Wonoka Formation in Australia,
a. 555 Ma  (Option III, Fig. 9b), in which case the joint SCB + Australia
PWP has swung back toward the Ediacaran–Cambrian boundary
oles of Pertatataka and lower Arumbera Sandstone from central
ustralia (Kirschvink, 1978).

We favor either of the two younger age options for Doushantuo
ember 3. The Re–Os age of 591 ± 5.3 Ma  is obtained from a subset

f four data points after excluding the other three discordant data
oints (Zhu et al., 2013a). If all the seven data points are included,
n age of 595 ± 22 Ma  has enough room to accommodate a direct
oushantuo Member 3–Wonoka correlation, which is supported by
xisting carbon and strontium isotope chemostratigraphy and bios-
ratigraphy. Such a direct correlation would favor reconstruction
ption (I). The origin of the Shuram-Wonoka �13C excursion has
een debated (e.g., Knauth and Kennedy, 2009; Derry, 2010; Schrag
t al., 2013), and if the isotopic anomalies are slightly diachronous
n the ca. 570–555 Ma  range between SCB and Australia, then recon-
truction option (III) becomes viable.
The plentiful Ediacaran fossils in the SCB have a salient
haracteristic. The earliest Ediacaran acanthomorphic acritarch
ssemblage (the lower Tianzhushania spinosa assemblage; Liu et al.,
013) that possibly reflects the rise of the complex animal life, has
ached to the Australia in Paleozoic depicted in Fig. 8b. (b) APWP comparisons and
ssumed the Doushantuo Member 3 is slightly younger than the sampled strata of
ward the Arumbera Sandstone poles (listed in Table 2). Other symbols are the same

not been discovered from other continents except for the likely
presence in Lesser Himalaya of northern India (Tiwari and Knoll,
1994; Mathur et al., 2009, 2014). Our ∼560–570 Ma  reconstruction
permits the paleogeographic proximity of SCB and northern India
during the early Ediacaran Period (Jiang et al., 2003). The preser-
vation of early Ediacaran metazoan fossils in the SCB and northern
India implies either a unique paleo-environmental control on per-
mineralization of fossils or the origin and early diversification of
post-Marinoan animal life in an isolated, moderate latitudinal cor-
ner of the northern hemisphere.

5. Conclusion

A new paleomagnetic pole from the upper Member 3 of the Edi-
acaran Doushantuo Formation was obtained from the Jiulongwan
section in the Yangtze Gorges area, Hubei Province, South China.
This paleomagnetic pole represents the first Ediacaran pole in South
China that passes a reversal test, and fills the paleomagnetic data
gap between poles from the Cryogenian Nantuo Formation and
the Early Cambrian. The new pole differs from the previously pub-
lished Doushantuo paleomagnetic result of the Yangjiaping section,
northern Hunan province, which we suggest has been remagne-
tized during the early Paleozoic. Although there is no direct age
constraint for the paleomagnetic pole, existing chemo- and bios-
tratigraphy allows for the Doushantuo Member 3 to correlate either
directly with the Australian Wonoka Formation, or perhaps slightly
younger Australian units. Depending on these correlations, vari-
ous tectonic scenarios of paleogeographic evolution during East
Gondwana assembly can be envisaged. South China was most likely
an isolated continental block located close to northern India dur-
ing the Ediacaran but was  progressively approaching northwestern
Australia during the latest Ediacaran and Early Cambrian.
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