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Abstract

A new paleomagnetic study has been carried out on sediments of middle Cambrian age in the North Sichuan Basin
(Yangtze Block). Detailed stepwise thermal demagnetizations allowed us to isolate three components. Site-mean
direction derived from higher temperature components is D/I =146.9°/-17.1° (ows = 8.3°) yielding a pole position at
51.3°S, 166.0°E. The fold and reversal tests suggest that remanence was acquired during early stage of sedimentation.
Combined with the high-qualities early Sinian (748 Ma) and middle Silurian poles obtained recently from the Yangtze
block, the deriving polar track demonstrates a similar loop to that of Australia. After rotating these poles from South
China to fit that of Australia, the South China Block is placed against northwestern Australia. This reconstruction
favors the correlations of the Jiangnan Grenville-age orogenic belt with the Rudall belt of western Australia, and
subsequently the late Proterozoic Jiangnan and Officer/Adelaide rift systems. The paleobiogeographic evidence also
indicates that this configuration might maintain by the middle Devonian.
© 2004 Elsevier B.V. All rights reserved.

Keywords: South China Block; Australia; Paleomagnetism; Rodinia; Gondwana

1. Introduction correlations of the Australia, Cathaysia and Lau-

rentia blocks, Li et al. [4] proposed that the SCB

There exists a general consensus that the South
China Block (SCB) was formed through the amal-
gamation of a collage between the Yangtze and
Cathaysia blocks during the Grenvillian orogeny
[1-3] (Fig. 1A), although there is significant de-
bate regarding its paleoposition in Rodinia and
Gondwana [4-9]. Based on tectono-stratigraphic
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lay between Australia—East Antarctica and Lau-
rentia in the Rodinian reconstruction. However,
Zhou et al. [9] argued that the Yangtze block
might have been an isolated continent, although
it was presumably located near the Rodinian
supercontinent. Recently, granites associated with
the dykes were dated at 826 £ 10 and 819+ 9 Ma
[10] in northern Guangxi, southern margin of the
Yangtze Block, Southeast China, for which a co-
magmatic and plume-related genesis was pro-
posed [11] regarding to the break-up of the Rodi-
nia Supercontinent. The SCB assumably broke
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away from Eastern Australia around 750 Ma
[4,12].

On the other hand, we note that the close bio-
geographic affinities between South China and
Australia during early to mid-Paleozoic time have
long been recognized [13]. Thus, did the SCB rift
from the eastern part of Australia during the late
Proterozoic, and drift to the western part of Aus-
tralia during the early Paleozoic [7]? It is obvious
that this kind of reconstructions of South China
during the late Proterozoic and early Paleozoic
are hampered by a paucity of high-quality paleo-
magnetic data. Only two key paleopoles of the
late Proterozoic and middle Silurian were ob-
tained recently [8,14].

In this paper we present new middle Cambrian
paleomagnetic results from the Guangyuan area
of the Yangtze Block, which may bridge the sig-
nificant data gap of the late Proterozoic and mid-
Paleozoic apparent polar wander path for South
China, and permit a rigorous test of the proposed
configuration of South China in Rodinia and
Gondwana.

2. Paleomagnetic sampling and results

We sampled the middle Cambrian along a road
in the eastern part of Guangyuan city (32.4°N,
106.3°E) in the northern Yangtze Block (Fig.
I1B). The middle Cambrian Douposi formation
mainly consists of red mudstone and gray sandy
mudstone in its lower part, gray dolomitic lime-
stone and red to gray sandy mudstone in its mid-
dle part and gray dolomite and dolomitic lime-
stone interbedded with siltstone and shale in its
upper part. A rich trilobite assemblage, including
e.g. Paragraulos kunmingensis, Chittidilla aff. Pla-
na and Kummingaspis yunnanonsis, indicative of
middle Cambrian age, was reported from the mid-
dle part of the formation [15]. The Douposi for-
mation is underlain by the well-dated early Cam-
brian Kongmingdong formation that contains a
rich Palaeolenus lantenoisi, Paokannia chinensis,
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Fig. 1. (A) Tectonic framework of South China, and (B) geo-
logical sketch map of the sampling areas in the northeastern
part of Guangyuan city (32.4°N, 106.3°E) in northern Yang-
tze Block. Locations of our sites (circles) are shown in the
area. Abbreviations: Pre-Cam, Precambrian; Caml, Early
Cambrian; Cam2, Middle Cambrian; O, Ordovician; S, Silu-
rian; P-Tr, Permo-Triassic.

Redlichia meitanensis assemblage, and is uncon-
formably overlain by the early Ordovician Banhe
and Zhaojiaba formations. The latter contains tri-
lobites (e.g. Tungtzuella sp., Isotelus sp.) and
graptolites (e.g. Didgmograptus bifidus, D. cf. de-
flexus [15]). The unconformities between the early
Ordovician and middle Cambrian, next to the
lower Cretaceous and upper Jurassic give a multi-
phase age of folding.

Twenty-two sites from the lower/middle part of
the Douposi formation were collected from both
flanks of the folds using a portable drill (Fig. 1B),
and oriented with a magnetic compass. The sam-
ples were cut into 2.3-cm-long specimens with a
diamond saw.

All samples were thermally demagnetized in 17—

-

Fig. 2. Selected Zijderveld diagrams of thermal demagnetizations of NRM showing three NRM components in the samples. Solid
(open) symbols refer to the projection on the horizontal (vertical) plane according to in situ coordinates. Key: T200 =200°C.
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18 steps in an ASC-TD48 oven with an internal
residual field lower than 10 nT. All measurements
of natural remanent magnetization (NRM) were
made on a 2G-755 magnetometer inside a set of
large Helmholtz coils that reduced the ambient
geomagnetic field to around 300 nT in the Paleo-
magnetic Laboratory of the Institute of Geome-
chanics in Beijing. Results were analyzed using
principal component analysis [16] and Fisher sta-
tistics [17] or the McFadden and McElhinny
method [18].

Three NRM components are recognized in the
samples. A component A, for which in situ direc-
tions are close to the PEF, is separated below
240°C (Fig. 2). The mean direction (Dec=357°,
Inc=52.1°, 095=2.0°, N=162 samples) is close
to the present dipole field which is Inc=51.8°,
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Fig. 3. Equal-area stereographic projection of lower tempera-
ture component A in (A) geographic, and (B) stratigraphic
coordinates, respectively. Lower (upper) hemisphere direc-
tions are marked with closed (open) symbols.

and is probably a viscous remanent magnetization
(Fig. 3A). A different component B is determined
between 240°C and 620-640°C. Moreover, a com-
ponent C of either reversed or normal polarity is
revealed up to 690°C from these red bed samples.
The presence of high-coercivity hematite is evi-
denced by the IRM acquisitions, thermal demag-
netization and thermo-remanent analysis (Fig. 4).
Component C decaying linearly to the origin
could be determined from half of samples (Fig.
2). However, remanent directions after 650°C be-
come erratic in the other half of samples, which
prevents the determination of the final directions
(Fig. 5). In this case, some samples displaying
well-defined great circle paths at temperatures
lower than 650°C are shown on the stereographic
plot (Fig. 5). The site-mean direction is then com-
puted using the intersection of sector-constrained
great circles combined with directly observed di-
rections by using the statistical method developed
by McFadden and McElhinny [18]. The directions
of component C with a northwest declination
(downward inclination) and a nearly antipodal
southeast declination (upward) after tilt correc-
tion are revealed from 15 out of 22 sampling sites.
Seven sites with erratic demagnetization directions
or completely Mesozoic overprint were rejected
from further analysis.

The tilt corrections disperse the grouping of
site-mean directions for component B (Fig. 6A).
The ratio of precision parameters before correc-
tion and after progressive corrections (kg/ks =98/
3.9) shows a negative fold test. Site-mean direc-
tion before tilt correction appears to be statistical-
ly indistinguishable from late Cretaceous direc-
tions reported from the Yangtze Block [19],
which implies that this direction would be a Cre-
taceous remagnetization and correspond to the
late phases of the Yanshanian orogeny in the Si-
chuan Basin [19].

Finally, the tilt correction greatly improves the
clustering of site-mean directions for component
C (Fig. 6B). The average site-mean direction
is D=140.4°, I=-—30.3°, olg5s=23.5° before, and
D=146.9°, I=—17.1° and o5 =8.3° (ks/kg =22/
3.6) after tilt correction (Table 1). The fold test
is positive at the 99% probability level according
to the fold tests of McElhinny [20] and McFadden
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Fig. 4. (A,B) Normalized isothermal remanent magnetization acquisition curves of red mudstone samples and opposite field de-
magnetization. (C,D) Three-component IRM thermal demagnetization showing unblocking temperatures around 680°C. Open
circles indicate soft component, 0.12-T field; triangles indicate medium component, 0.4-T field, and squares indicate hard compo-
nent, 2.5-T field. (E,F) Thermomagnetic curves of bulk specimens of the red bed samples showing the Curie points of hematite

around 680°C.

[21]. The antipodal directions of component C
also pass the reversal test of McFadden and
McElhinny [22] at the 95% probability level (C
class). Thus, component C most likely represents
the original remanent direction.

3. Discussion

A high-quality late Proterozoic (748 +12 Ma,
basal Sinian Liantuo formation) pole was ob-
tained from the Three Gorge areas of Yangtze
block by Evans et al. [8]. In comparing the new
lower Sinian pole with the coeval Australian
MDS pole, Evans et al. [§] tried to test the differ-
ent reconstruction models of South China relative
to Australia. These results negate the reconstruc-

tion postulated in the ‘missing link’ hypothesis of
Li et al. [4], except that South China was sepa-
rated from Australia by 750 Ma or with different
orientation. On a series of paleogeographic maps
recently proposed by Li and Powell [7] for the
Australia and South China, South China was de-
signed by an intriguing moving path located in
the east margin (1000-600 Ma) to the north
(505 Ma), and then to the western part (480-450
Ma, and 320 Ma) of Australia. As pointed out by
Evans et al. [§], the SCB lacks high-quality paleo-
magnetic poles from the interval 700-500 Ma.
Thus, these reconstructions are not rigorous at
present. Four preliminary paleopoles of the early
Cambrian and Pre-Cambrian/Cambrian boundary
were reported from the SCB [23-26]. However, as
shown in Fig. 7, these poles were close either to
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Fig. 5. (A-C) Orthogonal vector projection of NRM thermal demagnetization showing erratic directional changes after heating
to 600-650°C according to in situ (I.S.) coordinates, and stereographic projections of the change in NRM directions along re-
magnetization great circles after tilt corrections (T.C.). (D) The site-mean direction (star) for the site SWC18-19 calculated from
the intersection of the great circles with limiting sector constraints and directly observed components.

the Silurian or late Mesozoic poles of the SCB,
which may indicate the later overprint of the
rocks [27].

Positive reversal and fold tests for the high-tem-
perature component C of the Douposi formation
allow us to define a reliable middle Cambrian
north pole at 51.3°S, 166.0°E with dp=4.4° and
dm =8.6°. We note that the post-folding remagne-
tization pole calculated from the secondary com-
ponent B is coherent with the late Cretaceous pole
of South China, and that the early Triassic pole
reported from same sampling area matches well
with that of the Yangtze Block [19,28]. These re-
sults suggest that the middle Cambrian pole orig-
inates from sediment sequences situated in an au-
tochthonous region of the SCB. The sampling

area of the SCB was located in a Southern Hemi-
sphere palaeolatitude (~9°) during the middle
Cambrian.

A preliminary early Ordovician pole was ob-
tained in only 37 samples (5 sites) from Eastern
Yunnan of the SCB [29], which places the SCB in
an intermediate paleolatitude compared with Bal-
tica. However, as pointed out by Nie [30], this
higher southern paleolatitude is incompatible
with the geological information. The dominance
of successive thick platform carbonates, reefs de-
position and the lack of evaporates in the early
Paleozoic suggest that South China might still
been in a dry zone of even tropical latitudes (5-
20°). The Ordovician pole is therefore not consid-
ered in present study.



Z. Yang et al. | Earth and Planetary Science Letters 220 (2004) 423-434 429

270F+ + + + + + + +

In Situ
0

180

+
D=320.4 +

1=30.3 +

k=3.6 +

295=23.5 *

+

N=15 +

270k ++ + + + + + + 49+ + + + + + ++490 270F++ + + + + + + +
+ +

+

+

+

+

+

+

+

Fig. 6. (A,B) Equal-area stereographic projections of site-mean directions of component B before and after tilt corrections.
Present field of sampling area is indicated as a diamond, and deduced Cretaceous magnetization directions are plotted in solid
squares. (C,D) Site-mean directions of component C. Lower (upper) hemisphere directions are marked with closed (open) sym-

bols.

Huang et al. [14] and Opdyke et al. [27] re-
ported two middle Silurian poles from the Si-
chuan and Guizhou provinces of the Yangtze
block. A pre-folding nature and widespread sam-
pling area suggest a key pole nature for the Yang-
tze Block. These three poles, 748 = 12 Ma of the
Liantuo formation, middle Cambrian and Siluri-
an, may form a reliable track for the Yangtze
Block, and can be used for comparison with the
coeval apparent polar wander path from Austra-
lia.

The paleomagnetic data from Australia were
recently summarized by McEhlinny et al. [31].
Critical assessment of Paleozoic paleomagnetic re-
sults from Australia shows a coherent pattern
compared to that of Gondwana. For the conven-
ience of comparison, the Australian APWP in the

Northwest Africa coordinate is rotated back to
itself coordinate around an Euler pole at 28.1°S,
293.2°E with angle of —52.1° [31]. The extension
of the Australian APWP may join to the key
poles of 755%3 Ma derived from the Mundine
Well dyke swarm (MDS) of the Pilbara Craton,
Western Australia [32], and the Elatina and Yal-
tipena formations (600 Ma) of the central Flin-
ders Range of South Australia [33].

A comparison of paleolatitudes at reference
points in both South China and Australia is
shown in Fig. 8 according to the poles around
750 Ma and the lower Paleozoic poles of both
blocks. Both blocks occupied the equatorial trop-
ical latitudes. Thus, a synchronous change of pa-
leolatitudes implies that a close correlation may
have existed between these two blocks, in addition
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Table 1

Characteristic directions of the middle Cambrian from the Guangyuan area (106.3°E, 32.4°N), South China

Site Dip direction N Dg Ig Ds Is k Olgs
SWCI 252 49 3 327.0 60.4 333.6 11.9 27.7 28.0
SwC2 261 52 4 324.6 44.4 331.9 —5.0 141.4 9.0
SWcC4 255 55 2 338.2 70.6 341.5 15.7

SWC6-7 232 54 10 192.5 —70.7 156.6 —23.1 7.4 20.6
SWC8 82 57 3 1384 27.8 140.0 —22.1 57.8 16.4
SWC9 82 57 6 126.6 27.0 130.2 —17.1 11.0 233
SWCI12-13 84 55 5 316.8 —33.8 3224 14.1 20.5 19.6
SWC15-16 263 56 6 1284 —40.6 140.2 5.0 7.3 27.5
SWC17 259 59 6 103.3 —57.8 137.7 —13.6 12.4 20.1
SWC18-19 258 55 9 114.6 —55.9 139.7 —11.0 6.9 21.5
SWC20 265 55 4 55.0 —86.1 169.0 —36.8 49.1 154
SWC21 76 27 4 143.9 9.2 143.3 —16.1 23.1 19.5
SwC22 110 21 5 157.1 —24.8 147.5 -394 55.1 11.8
SWC23 105 22 6 163.6 —23.7 155.6 —42.1 16.1 18.3
SWC24 105 35 4 136.3 20.7 141.6 —0.1 26.5 24.7
Mean 15 140.4 —30.3 146.9 —17.1 22.0 8.3

Fold test is positive according to McElhinny method [20]: ks/kg=22/3.6=6.08 > F(2*(n2—1), 2*(n1—1))=1.88; McFadden meth-

od [21]: critic Xi at 95%=4.51, Xil IS=5.634, Xil TS=5.11.

Reveral test is positive: angle between the mean directions r=3.87° <r .. = 18.4°, classification C.

to a close biological connection during the early
Paleozoic [13].

In a series of reconstructions of South China
and Australia during late Proterozoic and early
Paleozoic, the paleopoles from these two conti-
nents should overlap. To satisfy the available pa-
leomagnetic data, the APW path and block are
rotated so that the middle Cambrian and middle
Silurian poles for South China are coincident with
coeval poles of Australia (Fig. 9). We rotate
South China into the Australian co-ordinate using
an Euler pole at 16.0°S, 325°E (with an angle of
—67.3°). We note, on the other hand, that the
Liantuo pole (748 + 12 Ma) of Evans et al. [8] is
not consistent with the MDS pole (755 % 3 Ma) of
Australia, even if they are located in the same
small circle swathe centered in the Three Gorge
sampling areas of South China. The discrepancy
between the Australian MDS pole and that of
Liantuo of Yangtze Block may reflect either age
differences, or local rotations occurring in either
sampling area. As noted by Evans et al. [§], local
rotation may have occurred during the gentle
folding in between the Three Gorges region and
Yunnan province of Southwest China. In addi-
tion, Shen et al. [34] studied the lower Triassic
Daye limestone at Zigui area in the Three Gorges

region (30.1°N, 110.79°E). High temperature
components separated from five sampling sites
showed that clockwise rotation of 14.3°%9° oc-
curred in the regions relative to the Sichuan Basin
of the Yangtze Block. A correction of local rota-
tion (20°) of the Sinian Liantuo pole may make
an overlap to the MDS pole of Australia (Fig. 9).

In our paleomagnetic fit, the SCB was placed
against northwestern Australia. The connection of
the SCB with Australia leads to a continuation of
the diachronic orogenic belts between the Jiang-
nan Grenville-age belt and the Rudall belt (or
Miles Orogen) in West Australia, suggesting the
link between these two blocks might have initiated
prior to 1 Ga. Wang and Li [36] also demonstrate
that the basin history in South China prior to ca.
600 Ma can be well correlated with that in the
Adelaide and Officer rift systems in southeastern
and central Australia. The depositional sequences
and volcanic successions associated with multi-
stage rift phases in the Jiangnan belt and follow-
ing platform-facies carbonate deposits, e.g. cap
carbonates, suggest that South China could have
been adjacent to Australia in the supercontinent
Rodinia. However, the proposed position of
South China relative to Australia and the time
of separation between them must be reconciled.
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Fig. 7. Stereographic north polar projection of the available
early Cambrian and Precambrian/Cambrian boundary poles
with circles of 95% confidence and their sampled locations
from South China [23-26]. Paleozoic and Mesozoic poles of
the SCB are also presented for further comparison [14,19].
North (South) Hemisphere poles are marked with closed
(open) symbols. Abbreviations: PreCam/Cam, PreCambrian/
Cambrian boundary; Caml, early Cambrian; Cam?2, middle
Cambrian; Silu2, middle Silurian; Dev, Devonian; P2, Late
Permian; P/T, Permo-Triassic boundary; T1, Early Triassic;
T2, Middle Triassic; J1, early Jurassic; J3, late Jurassic; K1,
early Cretaceous; K2, late Cretaceous.

Recent geochronological dating of the Doushan-
tuo formation does not support the argument for
separation between South China and Australia
during the Sturtian/Nantuo glaciation [37]. The
Doushantuo formation was dated around 600
Ma using the Hf-Lu and Pb-Pb methods. It over-
lies conformably the so-called Nantuo glacial for-
mation. Two glacial formations (the Nantuo and
Gucheng formations) are identified in the Yang-
jiaping section of Hunan province in the Yangtze
Block. The upper part of the Dieshuihe formation
that underlies conformably the lower glacial de-
posit (Gucheng formation) was dated at 758 23
Ma by the SHRIMP U-Pb method on zircon [38].
Thus, the Nantuo and Gucheng formations may
be correlated with the Marinoan and Sturtian gla-
ciations of Australia, respectively.

The coherent Silurian poles between South Chi-
na and Australia in our reconstruction that the
SCB sited against Northwest Australia also imply
that two blocks maintained their relative positions
during the early Paleozoic period. This configura-
tion is consistent with the faunal distribution and
early Paleozoic biogeographic evidence [13], next
to the affinity of middle Devonian fresh-water fish
found in West Yunnan of South China and the
Canning Basin of Australia [39]. The latter sug-
gests that South China probably broke away from
Australia after the middle Devonian. Fang et al.
[40] presented preliminary Devonian results in 33
samples (7 sites) from the southwestern part of
South China, which gives a consistent paleolati-
tude for the SCB compared with Australia in the
reconstruction (Fig. 8). However, as noted by
Yang and Besse [41], the sampling areas bounded
between the Red River Fault and Xiaojiang Fault
have suffered from significant clockwise rotation.
We therefore exclude the Devonian pole from
eastern Yunnan to be representative of the SCB.

Our reconstruction favors a long-lived connec-
tion between the Australian and South China
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Fig. 8. Plot of paleolatitudes recalculated from 750 Ma and
early Paleozoic poles of Australia and South China for the
reference points at 23°N, 103°E (South China) and —15°N,
120°E (Australia) vs. time. Vertical bars are latitudinal limits
for the reference points.
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Fig. 9. Paleomagnetically based palaecogeographic reconstruction of South China and Australia/East Gondwana for the late Pro-
terozoic and early Paleozoic in Australian coordinate. This reconstruction is made by rotating the middle Cambrian and middle
Silurian poles (crosses with 95% confidence levels) of South China, which coincide with those of Australia/Gondwana, 67.3°CCW
around an Euler pole at 325°E and 16°S. Australian APWP (stars) in Australian coordinate is after McElhinny et al. [31], Sohl
et al. [33] and Wingate and Giddings [32]. Note that the late Proterozoic (748 Ma) Liantuo pole of South China (triangle) is co-
herent with the coeval pole of Australia after correcting a local clockwise rotation of 20° in the sampling area (cross symbol in
South China). Abbreviations: ANT, Antartica; AUS, Australia; IND, India. This reconstruction shows the Jiangnan orogenic
belt between the Yangtze and Cathaysia blocks may be the northern continuation of the Grenville-age Rudall belt in West Aus-
tralia. Bold lines indicate Grenvill-age orogenic belts. Filled triangles are glacial deposits. India was rotated to Australia in
present coordinate about the Euler pole at 12.7°N, 190°E, CW rotation 65° for the fit of East Gondwana, and a possible position
at 755 Ma after superposing the MDS pole from Australia and the Malani igneous suite (MIS) pole of India [35]. Abbreviations:
Cam2, middle Cambrian; Silu2, middle Silurian; Silu3, late Silurian.

blocks that disregards the occurrence of a break-
up event in Rodinia around 750-820 Ma [12]. At
the same time, this reconstruction critically avoids
the complex large movements of the SCB relative
to Australia during the latest Proterozoic and
early Paleozoic [7]. The proposed reconstruction
and post-middle Devonian breakup between these
two blocks, although preliminary, will be tested
by additional high-quality lower Paleozoic paleo-
poles and geological evidence.

4. Conclusions

This study provides a reliable middle Cambrian
pole obtained from the northwestern part of the
Sichuan Basin in the Yangtze Block. The high-
quality pole is insured by both reversal and fold
tests, and a location situated in an autochthonous
region of the Yangtze Block. Combined with the
available high-quality late Proterozoic (748 £12
Ma) [8] and Silurian poles [14] reported from
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the Yangtze Block, these poles compose of three
guide posts for the late Proterozoic and early Pa-
leozoic APWP of South China.

By comparing the APWP from the SCB and
that of Australia, we suggest that the SCB was
connected with the northwestern margin of the
Australian Block during latest Proterozoic and
early Paleozoic times, and probably started to
break away from Australia in the middle Devoni-
an. The reconstruction proposed is contrary to
the ‘missing link’ model where the SCB was
placed between Australia and Laurentia in the
late Proterozoic, and drifted away around 750
Ma, followed by large relative movements during
the early Paleozoic [4].
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