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a  b  s  t  r  a  c  t

New  paleomagnetic  pole  positions  are  obtained  from  the  Neoproterozoic  sills  and  carbonate  rocks  of the
Huaibei  Group  in  the  northern  Jiangsu  and Anhui  Provinces  (Xuhuai  region),  North  China.  A total  of 240
samples  are used  in statistics  after  stepwise  thermal  demagnetization  and  principal  component  analysis,
including  85 samples  from  three  ∼890 Ma mafic  sills,  27  samples  from  the  ∼890-Ma-sill-baked  rocks
of  the  Wangshan  Formation  (Fm),  50 samples  from  unbaked  rocks  of  the  Wangshan  Fm,  60  samples
from  unbaked  rocks  of the  Jiayuan  Fm  and  18  samples  from  a  ∼925  Ma  mafic  sill.  For  most  of  these
samples,  after  removing  a low  unblocking  temperature  component  (LTC)  of  viscous  magnetic  remanence
acquired  in  recent  geomagnetic  field,  high  unblocking  temperature  components  (HTCs),  likely  carried
by  magnetite  for the  sill  and  unbaked  carbonate  samples  and  by partly  oxidized  magnetite  for baked
carbonate  samples,  were  isolated.  The  HTCs  of  the  ∼890 Ma  sills  passed  a reversal  test,  a  fold  test,  and  a
baked  contact  test. It is  interpreted  as  a primary  remanence,  defining  a key  pole  (Q  = 7)  at  52.6◦N, 330.0◦E
(A95 = 5.3◦) for the  North  China  Craton  (NCC).  The  HTCs  of the  unbaked  carbonate  rocks  of  the  Wangshan
Fm passed  a fold  test,  the  corresponding  pole  being  at 26.1◦N, 320.3◦E (A95 =  5.2◦). The  sample-level
mean  direction  of the  ∼925  Ma  sill  provides  a virtual  geomagnetic  pole (VGP)  position  of  30.9◦S,  136.2◦E,
dm/dp  =  4.0◦/2.4◦, being  antipodal  to the  pole  of the  Wangshan  Fm.  We  interpreted  that  the  two  rock
units  have  the  same  age  and  their  mean  pole  likely  represents  the primary  remanences.  A paleomagnetic
pole  position  of  54.0◦S, 107.3◦E (A95 = 4.0◦) is obtained  from  the  Jiayuan  Fm,  by  averaging  the  site-level
VGPs. This  pole  is of  dual  polarity  and  consistent  with those  published  poles  from  this  formation  and
other  three  carbonate  formations  in  the middle  part  of  Huaibei  Group,  but  differs  from  any  younger  poles
obtained  in  the  region.  We  also  interpreted  it as of  a primary  remanence.  Our  new  data,  together  with

the  published  poles,  depicted  a loop-like  segment  of  apparent  polar  wander  path  of  the  NCC,  with  an
apex  at  ∼925  Ma.  It is  termed  as  the  “Huaibei  loop”  herein.  The  comparison  between  the  “Huaibei  loop”
and  the  “Sveconorweigian  loop”,  aided  by  the  “right-way  up” model  of Laurentia–Baltica  connection,
indicates  the  paleogeographic  proximities  of the NCC  to Laurentia,  and  probably  to  Siberia  as well,  in the

supercontinent  Rodinia.

. Introduction
The question like how did the North China Craton (NCC) connect
ith other paleocontinents in the Precambrian supercontinents,

.g. Nuna (Columbia) and Rodinia, is of great interest to geologists in

∗ Corresponding author: State Key Laboratory of Biogeology and Envi-
onmental Geology, China University of Geosciences, Beijing 100083, China.
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multiple research fields. Numerous models, often conflicting with
each other, have been proposed and no consensus has been reached.
Paleomagnetism remains the most powerful tool to test these mod-
els, but recent geochronological progress in the NCC (Su et al.,
2012; Li et al., 2013 and references therein) suggested that most
high quality Precambrian paleomagnetic poles of the NCC are older
than ∼1.30 Ga (Halls et al., 2000; Wu  et al., 2005; Pei et al., 2006;

Zhang et al., 2000, 2006, 2012; Chen et al., 2013; Xu et al., 2014).
It means that the separation path of the NCC from Nuna and its
paleogeographic position in Rodinia cannot be paleomagnetically
constrained by available data.
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ig. 1. (a) and (b) showing tectonic position of the NCC (North China Craton) and
ampling location. (d) The stratigraphy of the Huaibei Group, with geochronologica

In this paper, we report new paleomagnetic results obtained
rom the Huaibei Group, exposed at the southeastern margin of the
CC (Fig. 1), and the Precambrian mafic sills that intruded into the
uaibei Group. Newly published U–Pb zircon dates, biostratigra-
hic and chemostratigraphic analyses indicate that the age of the

ower to middle part of the Huaibei Group and the sills is between
1120 and ∼890 Ma  (Liu et al., 2006; Wang et al., 2012; Yang et al.,
012; Xiao et al., 2014). Our new data provide important paleolat-

tudinal information for the NCC in this time interval, and allow us
o reconstruct the paleogeographic position of the NCC in Rodinia.

. Geological background

.1. Strata

The Huaibei Group is a suite of siliciclastic and carbonate rocks
Cao et al., 1985; Xing, 1989; Xiao et al., 2014), exposed in the north-
rn Jiangsu and Anhui Provinces (also known as the Xuhuai region),
outheastern margin of the NCC (Fig. 1a and b). It is subdivided into

3 formations (Fig. 1c and 1d).

The lower part of the Huaibei Group is dominated by siliciclas-
ic rocks (Fig. 1d). The Lanling Formation (Fm) is characterized by
ross-stratified quartz sandstone; the Xinxing Fm consists of gray
udy region. (c) Geological map  of the Huaibei region showing the paleomagnetic
traints.

shale with carbonate concretions, and the Jushan Fm is composed
of thick- to medium-bedded quartz sandstone (Cao et al., 1985).

The middle-upper Huaibei Group consists mainly of carbonate
rocks. The ∼450-m-thick Jiayuan Fm,  overlying quartz sandstone of
the Jushan Fm,  consists of silty limestone, argillaceous limestone,
and calcareous shale. The ∼200-m-thick Zhaowei Fm overlies the
Jiayuan Fm.  It consists of thick-bedded, dark gray limestone with
molar tooth structures in the lower part, and thin-bedded ribbon
rocks (limestone with interbedded calcareous mudstone) in the
upper part. The overlying Niyuan Fm,  up to 600 m thick in places,
consists of thick-bedded, yellowish gray dolomitic limestone in the
lower part and dolostone in the upper part. The Jiudingshan Fm,
overlying the Niyuan Fm,  consists of thick-bedded, light gray stro-
matolitic and microbial dolostone. The succeeding Zhangqu Fm is
∼300 m thick and consists of a 1-m-thick intraclastic limestone at
the base, thin-bedded light gray micritic limestone in the lower
part, and medium-bedded microcrystalline dolostone in the upper
part. The ∼300-m-thick Weiji Fm,  overlying the Zhangqu Fm,  con-
sists of medium-bedded light gray dolostone in the lower part, and

thick-bedded light gray and red dolomitic limestone with stroma-
tolites in the upper part. The Shijia Fm is characterized by light gray
and reddish purple shale with interbeds of stromatolitic dolostone
(Cao et al., 1985; BGMRAP, 1987). The Wangshan Fm is ∼500 m
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Table 1
Paleomagnetic results of the ∼890 Ma sills intruding into the Wangshan Formation near Xuzhou, Jiangsu Province.

Site N/N0/(n) In geographic coordinates In stratigraphic coordinates

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

Sill #1 (33◦59′47′′N, 117◦19′19′′E), near Chulan
A12XZ02 6/6 329.2 11.9 46.8 9.9 50.1 349.8 10.1/5.1 328.0 −6.3 46.8 9.9 42.2 342.8 9.9/5.0
A12XZ03 7/9 342.1 18.8 23.7 12.7 60.6 335.5 13.2/6.9 340.4 2.2 23.7 12.7 52.3 330.6 12.7/6.4
A12XZ05 5/6 344.6 12.5 37.0 12.7 58.9 328.0 12.9/6.6 343.8 −3.7 37.0 12.7 51.0 323.6 12.7/6.4
A12XZ08 7/8 339.6 20.7 30.6 11.1 60.2 340.8 11.7/6.1 337.8 3.7 30.6 11.1 51.7 334.9 11.1/5.6
Average  for sill #1 on site-level (4) 338.2 15.8 114.0 8.6 57.7 339.2 A95 = 8.1 336.9 −1.4 104.3 9.0 49.5 333.4 A95 = 8.1
Average for sill#1 on specimen-level 25 338.8 16.5 28.8 5.5 57.8 339.5 5.7/2.9 337.6 −0.6 28.8 5.5 49.8 333.5 5.5/2.8

Sill  #2 (34◦01′02′′N, 117◦20′29′′E), near Chulan
B13XZ31 9/10 169.0 −18.2 275.1 3.1 −63.3 142.2 3.2/1.7 167.2 −7.8 275.1 3.1 −57.6 141.7 3.1/1.6
B13XZ32 6/6 168.0 −18.4 156.0 5.4 −63.1 144.2 5.6/2.9 166.3 −7.8 156.0 5.4 −57.3 143.3 5.4/2.7
B13XZ33 6/6 162.8 −17.9 387.8 3.4 −60.6 153.8 3.5/1.8 161.3 −6.8 387.8 3.4 −54.8 151.0 3.4/1.7
B13XZ34 12/12 163.9 −19.6 294.4 2.5 −61.9 152.7 2.6/1.4 162.1 −8.7 294.4 2.5 −56.0 150.6 2.5/1.3
B13XZ35 5/8 161.6 3.2 59.2 10.0 −50.4 147.0 10.0/5.0 162.7 14.2 59.2 10.0 −45.6 142.3 10.2/5.2
Average  for sill #2 on site-level (5) 165.0 −14.2 63.0 9.7 −59.9 148.0 A95 = 5.6 163.9 −3.4 63.0 9.7 −54.3 145.7 A95 = 5.3
Average for sill #2 on specimen-level 38 165.3 −15.9 69.5 2.8 −60.8 148.3 2.9/1.5 163.9 −5.1 69.5 2.8 −55.2 146.3 2.8/1.4

Sill  #3 (34◦05′30′′N, 117◦22′25′′E), near Huanglongshan
B13XZ71 11/11 161.3 19.2 61.1 5.9 −42.6 142.8 6.2/3.2 159.5 −3.7 61.1 5.9 −52.5 152.5 5.9/3.0
B13XZ72 11/11 165.6 21.2 165.1 3.6 −42.9 136.9 3.8/2.0 163.0 0.9 165.1 3.6 −51.9 145.7 3.6/1.8
Average  for sill #3 on specimen-level 22 163.4 20.2 87.1 3.3 −42.8 139.9 3.5/1.8 161.3 −2.3 87.1 3.3 −52.7 149.3 3.3/1.7
Average  for all sills on site-levela (11) 342.5 8.8 24.3 9.4 −56.3 150.0 A95 = 5.5 341.1 1.4 85.3 5.0 52.3 329.3 A95 = 3.5
Average pole on sill-level: “N = 3′′ 52.6 330.0 A95 = 5.3

N/N0/(n), number of samples for statistic/number of samples for demagnetization/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%.

a All 11 sites jointly pass a reversal test (McFadden and McElhinny, 1990), class C, with a critical angle 10.0◦ , angular difference is 7.0◦ , and a fold test by McFadden (1990), Definition 2.
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hick (Cao et al., 1985; BGMRAP, 1987) and the strata consist of
hin- to medium-bedded dolostone and limestone, with abundant
tromatolites and molartooth structures (Cao et al., 1985; Meng
nd Ge, 2004; Liu et al., 2010; Jia et al., 2011). The Jinshanzhai Fm
onsists of glauconitic quartz sandstone, greenish gray shale, glau-
onitic limestone, and stromatolitic dolostone. The Jinshanzhai Fm
s parallel disconformably overlying the Wangshan Fm.  The Gouhou
m is ∼100 m thick and characterized by red and yellowish green
hale and siltstone, with minor dolostone interbeds in the upper
art.

The lower Cambrian Houjiashan Fm disconformably overlies the
ouhou Fm.  The Houjiashan Fm has a thin phosphorite at the base,

ollowed by thick-bedded limestone.

.2. Mafic sills

In the study area, layer-parallel giant mafic sills, intruded into
ifferent formations of the Huaibei Group, with the latest horizon
t the bottom of the upper Jinshanzhai Fm.  In this study, paleo-
agnetic samples were collected from the mafic sills that intruded

nto the Wangshan and Niyuan formations (Fig. 1c). The sills are
0–200 m thick, generally more than 10 km in length and dis-
ributed in a NE–SW outcrop pattern (Fig. 1c). They are composed

ainly of diabase. The carbonate host rocks near the sills have weak
arbleization or skarnization. The sills sometimes display amyg-

aloidal structure at the top, columnar joints at the edges and the
pheroidal weathering on the surface.

.3. Age constraints of the sills and the Huaibei Group

At least two age groups of mafic sills intruding the Huaibei Group
ave been dated using zircon U–Pb analyses. The two  groups have
ignificantly different petrological and geochemical characteristics
Wang et al., 2012) and yield distinguishable paleomagentic rema-
ence (see discussion in Section 4.3, this study). The younger sills

ntruding the Wangshan Fm at Langan (33◦58.551′N, 117◦18.320′E)
ere dated as 896.6 ± 16.3 Ma  (Zircon, SHRIMP analyses, weighted
ean 206Pb/238U age) and 890 ± 14 Ma  (Zircon, LA-ICP-MS analy-

es, weighted mean 206Pb/238U age) (Fig. 1b) (Wang et al., 2012).
he older mafic sills intruding the Niyuan and Jiudingshan forma-
ions, however, yield more complex age data (Liu et al., 2006; Gao
t al., 2009). At a section 3 km west of the Niyuan village (Fig. 1b,
4◦09.76′N, 117◦27.01′E), sills occur within the Niyuan Fm and
wo samples from these sills were dated (Liu et al., 2006). Their
ircon U–Pb ages were interpreted as 976 ± 24 Ma (T0398-1) and
038 ± 26 Ma  (T0398-2), respectively, both being weighted mean
07Pb/206Pb dates of SHRIMP analyses (Fig. 3 in Liu et al., 2006).
owever, the concordia plot of the sample T0398-2 shows very
omplex radiogenic lead loss. We  thus consider that the weighted
ean 207Pb/206Pb date (1038 ± 26 Ma)  from this sample cannot

epresent the age of the sill. For the sample T0398-1, the U–Pb anal-
ses are much more concordant. But considering the larger errors of
he 207Pb analyses (Table 1 in Liu et al., 2006), we recommend to use
he weighted mean 206Pb/238U date as representative for the age of
he sill. Our recalculation indicates that it should be 924.5 ± 9.5 Ma,
f all the concordant analyses are included (n = 27, MSWD  = 1.4).
his does not conflict with the age reported by Liu et al. (2006)
n their original analyses. This sill was dated again using SHRIMP
ircon U–Pb method by Gao et al. (2009), giving a weighted mean
06Pb/238U date of 930 ± 10 Ma  (n = 13, MSWD  = 0.62). These anal-
ses show that the older sills intruding into the Xuhuai Group are
oeval with the ∼925 Ma  mafic dykes in other parts of the NCC

eported by Peng et al. (2011).

No volcanic ash beds have been found to directly date the
uaibei Group, but some detrital zircon analyses have been pub-

ished (Yang et al., 2012). The youngest detrital zircon population Ta
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Table 3
Paleomagnetic results for contact test from the Chuanlan section.

Site N/N0/(n) In geographic coordinates In stratigraphic coordinates

D (◦) I (◦) K ˛95 (◦) D (◦) I (◦) K ˛95 (◦)

Baked carbonate of the Wangshan Formation
A13XZ01 12/12 332.5 8.8 9.0 15.3 332.6 −8.6 9.0 15.3
A13XZ07 6/7 347.4 32.6 30.3 12.4 340.3 19.4 30.3 12.4
A13XZ11-12 9/10 331.0 −2.1 11.3 16.0 332.0 −14.0 11.6 15.8

Wangshan Formation
A13XZ03 5/5 324.1 −29.5 177.6 5.8 329.6 −53.8 177.6 5.8
Average  for Chulan sectiona (6) 330.8 −26.7 170.9 5.1 334.7 −45.4 147.7 5.5

∼890  Ma sill
Average for Chulan sectionb (4) 338.2 15.8 114.0 8.6 336.9 −1.4 104.3 9.0
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bbreviations are the same as in Table 1.
a 6-Site-average direction of the Wangshan Formation from the Chulan section, s
b 4-Site-average direction of the ∼890 Ma  sill from the Chulan section, see Table 

f the sandstone from the Xinxing Fm has an average age of
121 ± 27 Ma  (n = 9; LA-ICP-MS analyses), with the youngest zircon
hat was dated of 1069 ± 27 Ma  (Yang et al., 2012). The youngest
etrital zircon populations of the sandstone from the Jinshanzhai
m have average age of 925 ± 10 Ma  (n = 8) and 825 ± 11 Ma  (n = 4),
espectively (LA-ICP-MS analyses, Yang et al., 2012).

Recently, based on the available isotopic ages and biostratigra-
hic and chemostratigraphic analyses, Xiao et al. (2014) suggested
hat the Huaibei group and its equivalents nearby are of early-

iddle Tonian age, not as young as Cryogenian or as old as
esoproterozoic. In addition to a favorable interpretation of Tonian

ge for the microfossils, they suggested that the positive �13Ccarb
lateau from the upper part of the Huaibei Group could be cor-
elated with the early-middle Tonian carbonates in Australia and
aurentia (Xiao et al., 2014, and references therein).

Based on these analyses, we consider that the lower part (From
he Xinxing Fm to Zhaowei Fm)  of the Huaibei Group is younger
han ∼1120 Ma  (constrained by the average age of the youngest
etrital zircon population) and is older than the ∼925 Ma  sills that

ntruded the strata. The Wangshan Fm is older than ∼890 Ma  and
ounger than ∼1120 Ma.  The Jinshanzhai Fm should be younger
han ∼825 Ma  (constrained by the average age of the youngest
etrital zircon population) and older than the Cambrian strata over-

ying it.

.4. Structures

The study area is located in the western side of the Tanlu fault
Fig. 1b), which is considered to be a Mesozoic transform boundary
etween the NCC and the South China Block (Wang et al., 2005).
he Cambrian strata and the undivided Archean–Paleoproterozoic
asement rocks indicate that the study area is a coherent part of
he NCC. The Huaibei Group, Precambrian sills and the Cambrian
trata were all folded during the middle Jurassic (BGMRJP, 1984),
ut the disconformable parallel contact between the Cambrian and
uaibei Group indicate that the Precambrian strata had not been

ilted until after Cambrian time.

. Paleomagnetic sampling

The first paleomagnetic investigation of the Huaibei Group was
arried out over thirty years ago by Fang et al. (1983). Instruments
nd technique used in that time were rather simple but their report
s still valuable. Zhang et al. (2000, 2006) have reviewed those

ata and suggested that: (1) the paleopoles derived from the Jin-
hanzhai, Wangshan, Shijia, Weiji, Jiudingshan formations are close
o each other and similar to the late Mesozoic to Cenozoic poles of
he NCC, so they likely represent Mesozoic to Cenozoic overprints;
le 2.

(2) the data obtained from the Zhangqu, Niyuan, Zhaowei, Jiayuan
formations are acceptable in spite of the small number of samples.

Samples were collected from three ∼890 Ma  sills (sill “#1”, “#2”
and “#3” in Fig. 1c) and one ∼925 Ma  sill (sill “#4” in Fig. 1c) and the
Wangshan and Jiayuan formations, using a gasoline-powered drill
and were oriented using a magnetic compass and a sun compass
when possible. No significant difference was observed between the
results using the two orientation devices. Samples that were mea-
sured and used in statistics are listed on site-level in individual
tables (Tables 2–5) for each rock-unit, with their GPS information
that corresponds to the sampling locations in Fig. 1c.

4. Paleomagnetic experiments, analyses and results

4.1. Laboratory conditions and procedures

All experiments were conducted in the Paleomagnetism and
Environmental Magnetism Laboratory of China University of Geo-
sciences, Beijing (CUGB). Diabase core samples were cut into
∼0.7 cm thick specimens, and carbonate core samples were cut into
∼2.2 cm thick specimens. Specimens and instruments were kept in
a �-metal shielded room during the demagnetization process, with
ambient magnetic fields typically 100–300 nT in the sample load-
ing, transfer, and storage regions, and <10 nT in the magnetometer
measurement and furnace heating/cooling zones.

After measurements of the natural remanent magnetization
(NRM), alternating field demagnetization was performed on only
a few specimens. Since only soft components could be isolated
and no stable hard component was  gained during AF demagnetiza-
tions, almost all specimens were subjected to step-wise thermal
demagnetizations. These demagnetizations were conducted at
temperatures of 80, 120, 150, 200, 300, 350, 400, 450, 480, 510,
530, 540, 550, 560, 565, 570, 575, 580, 585, 590, 600, 620 ◦C, until
the remanence directions became unstable. The thermal demag-
netization was carried out using a TD-48 thermal demagnetizer.
Remanent magnetizations of 24 diabase samples from the sill “#1”
were measured using a JR-6A spinner magnetometer. Remanent
magnetizations of the other samples were measured using a 2G
755-4K superconducting magnetometer.

4.2. Paleomagnetic results

4.2.1. Paleomagnetism of the ∼890 Ma sills
The NRM intensities of the specimens of the ∼890 Ma  sills range

between 0.1 and 1 A/m. Two  components were identified using

principal component analysis (PCA) (Kirschvink, 1980).

A low unblocking temperature component (LTC) was identified
and erased in temperature below 350 ◦C in most cases (Fig. 2a–d)
The LTC directions (in situ) of the specimens from the sill “#1”
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Fig. 2. Examples of magnetic behavior during thermal demagnetizations of diabase specimens from the ca 890 Ma  sills of the sill “#1” (a), the sill “#2” (b), and the sill “#3” (c
and  d), respectively. The magnetic behavior during thermal demagnetization of a carbonate specimen of the Wangshan baked by the sill “#1” (e) and of carbonate specimen
from  the Wangshan Fm collected in the Chulan (f) and the Huanglongshan (g) sections. The directions of remanence are all in geographic coordinates.
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Table 4
Paleomagnetic results of the Jiayuan Formation near Xuzhou, Jiangsu Province (34◦11′55.7′′N, 117◦34′1.3′′E).

Site N/N0/(n) In geographic coordinates In stratigraphic coordinates

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

B13XZ01 10/10 187.1 42.0 26.5 9.6 −31.2 109.9 11.8/7.2 178.6 16.9 26.5 9.6 −47.1 119.5 9.9/5.1
B13XZ02 8/8 191.2 39.7 40.7 8.8 −32.3 105.4 10.6/6.3 186.6 9.3 40.7 8.8 −50.6 107.2 8.9/4.5
B  13XZ04 5/5 189.3 38.5 97.3 7.8 −33.4 107.1 9.3/5.5 185.1 10.8 97.3 7.8 −50.1 109.6 7.9/4.0
B  13XZ05 5/5 187.0 3.2 30.8 14.0 −53.6 105.7 14.0/7.0 188.4 −18.9 30.8 14.0 −64.3 98.1 14.6/7.6
B  13XZ06 7/7 188.9 27.1 60.8 7.8 −40.7 106.1 8.5/4.6 186.1 5.0 60.8 7.8 −57.8 106.0 7.8/3.9
B  13XZ07 4/5 188.3 32.0 172.0 7.0 −37.8 107.5 7.9/4.4 184.1 2.7 172.0 7.0 −54.2 110.5 7.0/3.5
B13XZ08 5/5 191.2 30.5 57.6 10.2 −38.3 103.8 11.4/6.3 186.9 1.9 57.6 10.2 −54.3 105.6 10.2/5.1
B13XZ09 7/7 194.5 27.6 206.8 4.2 −39.2 99.3 4.6/2.5 190.3 6.4 206.8 4.2 −51.4 100.9 4.2/2.1
B13XZ10 9/10 191.8 20.6 30.5 9.5 −43.8 101.3 10.0/5.2 187.5 −0.3 29.6 9.6 −55.2 104.3 9.6/4.8
Average on site-level (9) 189.9 29.1 45.6 7.7 −39.4 105.2 8.5/4.7 186.0 3.8 60.2 6.7 −53.5 107.5 6.7/3.4
Average pole for the

Jiayuan Formation on
site-level

−38.9 105.2 A95 = 4.7 −54.0 107.3 A95 = 4.0

Abbreviations are the same as in Table 1.

Table 5
Paleomagnetic results of the ∼925 Ma  sill near Xuzhou, Jiangsu Province (34◦08′57.0′′N, 117◦28′26.0′′E).

Site N/N0 In geographic coordinates In stratigraphic coordinates

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

B13XZ56 8/9 154.0 24.0 78.9 6.3 −37.1 150.0 6.7/3.6 165.4 40.2 78.9 6.3 −31.2 133.3 7.6/4.6
B13XZ57 10/10 150.6 21.9 155.2 3.9 −36.6 154.3 4.1/2.2 160.6 39.3 155.2 3.9 −30.6 138.4 4.7/2.8
Average on sample-level 18 152.1 22.8 108.0 3.3 −36.8 152.4 3.5/1.9 162.7 39.7 108.0 3.3 −30.9 136.2 4.0/2.4

Abbreviations are the same as in Table 1.

Fig. 3. Equal area projections of the low unblocking temperature component (LTC) directions isolated in the sill “#1” (a), the sill “#2” (b) and the sill “#3” (c).
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nd the sill “#3” concentrated around the present field direction
PFD) of this region (D = 354.5◦, I = 51.3◦, IGRF, online data) (Fig. 3a
nd c) and were thus interpreted as a viscous remanent magne-
ization (VRM) of the recent geomagnetic field. However, the LTC
emanence directions of the specimens from the sill “#2”were dis-
ributed randomly (Fig. 3b).

Magnetic behaviors of the high unblocking temperature com-
onent (HTC) varied with the mineral size of the sills. Stable HTC
irections were usually identified in the fine-grained sills, but could
e occasionally identified in the coarse-grained sills. The unblock-

ng temperature of the HTC is often near to the Curie temperature of
agnetite (∼575 ◦C, Fig. 2a–d), suggesting that it is probably carried

y magnetite.
The sill “#1” is coarse-grained diabase. We  collected 54 samples

rom eight sites (A12XZ01-08, Fig. 1c), but the HTCs could only be
solated in 25 samples from 4 sites (Table 1). For the sill “#2”, sam-
les from site B13XZ36 were coarse diabase and the HTC directions
ere scattered. The HTC directions isolated in the samples from the

ther five sites of the sill “#2” (B13XZ31-35) and the two sites of
he sill “#3” (B13XZ71-72) were stable and were all used for mean
alculations.

These HTCs were of dual polarity (Fig. 4a). The northwestward
irections were defined as polarity 1 and the southeastward direc-
ions as polarity 2. This component passed a reversal test of “C”
lass (McFadden and McElhinny, 1990) and a fold test of McFadden
1990), Definition 2 (Table 1). The concentration of the rema-
ence directions varied systematically as the strata were step-wise
nfolded (Watson and Enkin, 1993). The precision parameter, k, of
he mean remanence direction reached the highest value when the
trata were unfolded to 98.5%, with the kmax = 85.4 and k = 24.3 in
he geographic coordinate (Fig. 4b). This suggests that remanence
ecorded by the ∼890 Ma  diabase sills had been acquired before the
eds were tilted.

The HTC site-mean direction of the sill “#1” is Dg = 338.2◦,
g = 15.8◦, ˛95 = 8.6◦ in geographic coordinates and Ds = 336.9◦,
s = −1.4◦, ˛95 = 9.0◦ in stratigraphic coordinates. The mean pole
osition in stratigraphic coordinates falls at 49.5◦N, 333.4◦E
A95 = 8.1◦), by averaging the virtual geomagnetic poles (VGP) of
ll sites (Table 1). The HTC site-mean direction of the sill “#2”
s Dg = 165.0◦, Ig = −14.2◦, ˛95 = 9.7◦ in geographic coordinates and
s = 163.9◦, Is = −3.4◦, ˛95 = 9.7◦ after tilt correction. The mean pole
veraged from the VGPs of all sites in stratigraphic coordinates is
ocated at 54.3◦S, 145.7◦E (A95 = 5.3◦, Table 1). No site-mean HTC
irection has been calculated for the sill “#3”, since there are only
wo sites from this sill.

We use two methods to calculate the mean pole of the ∼890 Ma
ills: (1) by averaging all the VGP of each site from all sills, the
ean paleomagnetic pole is at 52.3◦N, 329.3◦E (A95 = 3.5◦, Table 1);

2) because only three separate sills were sampled, we calculate the
ean as N = 3 intrusions. The pole is at 52.6◦N, 330.0◦E (A95 = 5.3◦,

able 1). They are identical within error, but the method 2 presents
lightly larger error, being better to represent the paleomagnetic
ecord of the ∼890 Ma  sills.

.2.2. Paleomagnetism of the Wangshan Fm
The samples of the Wangshan Fm are all carbonate rocks, includ-

ng samples baked by the ∼890 Ma  sills and fresh dolomite samples
unbaked). In this subsection, we only discuss the results from the
nbaked samples.

The NRM intensities of the samples from the Wangshan Fm are
.5–10 mA/m.  Two remanence components were identified. The
TC remanence was isolated and in most cases erased in tempera-

ures below 300 ◦C (Fig. 2f and g). The directions of this component
in situ) are close to the PFD of the region (Fig. 5a and b) and this
omponent is thus interpreted as a VRM of the recent geomagnetic
eld.
rch 269 (2015) 90–106 97

The HTC was  identified in roughly 50% of the sampled sites,
which include six sites in the Chulan section and four sites in the
Huanglongshan section. In some cases, usually for the relatively
pure dolomite layers, the magnetization intensities of most sam-
ples in a site were so low that it was  not possible to identify any
HTC, we did not include such a site in the paleomagnetic statistics.
In the Huanglongshan section, sites B13XZ69 and B13XZ70 are very
close to each other, and each has a few samples yielding the HTC,
therefore, we  combined them as one site in the statistics (Table 2).

In general, the isolated HTC has an unblocking temperature up
to 570 ◦C (Fig. 2f and g), suggesting that magnetite is likely the mag-
netic carrier. The HTC was  directed northwestward and moderately
up after tilt correction (Fig. 6a). It is clearly different to the HTC of
the ∼890 Ma  sills that intruded into the Wangshan Fm.  The HTC of
the Wangshan Fm also passed a fold test of McFadden (1990), Def-
inition 2 (Table 2). The step-wise unfolding test indicated that the
precision parameter, k, reached the highest value when the strata
were unfolded to 93.3%, with the kmax = 120.1 and k = 15.9 in the
geographic coordinate (Fig. 6b; Table 2). This suggests that the HTC
recorded by the carbonate rocks of the Wangshan Fm was acquired
before the folding.

The site-level (n = 6) average HTC direction of the Chulan sec-
tion is Dg = 330.8◦, Ig = −26.7◦, ˛95 = 5.1◦ in geographic coordinates
and Ds = 334.7◦, Is = −45.4◦, ˛95 = 5.5◦ in stratigraphic coordinates.
The mean paleomagnetic pole position in stratigraphic coordinates
falls at 24.8◦N, 322.4◦E (A95 = 6.1◦), by averaging the VGP of each
site (Table 2). The HTC site-mean (n = 3) direction of the Huang-
longshan section is Dg = 343.7◦, Ig = −64.9◦, ˛95 = 11.2◦ in geographic
coordinates and Ds = 342.0◦, Is = −42.6◦, ˛95 = 12.4◦ in stratigraphic
coordinates. The mean paleomagnetic pole position calculated
from the site mean VGPs is located at 28.6◦N, 315.9◦E (A95 = 13.9◦,
Table 2). The mean paleomagnetic pole position for the Wangshan
Fm is at 26.1◦N, 320.3◦E (A95 = 5.2◦, Table 2), by averaging the VGP
of each site from the Chulan and Huanglongshan sections.

4.2.3. Contact test between the ∼890 sills and Wangshan Fm
A contact test was successfully carried out in the Chulan sec-

tion (Figs. 7 and 8). Sites A13XZ01, 07, 11 and 12 are situated up to
∼3 m above the contact with the ∼890 Ma  sill (Fig. 8b). The carbon-
ate rocks that were baked by the sills are whitish. The site A13XZ03
is situated far from the boundary (Fig. 8b) and seems lithologically
distinct from the baked zone. The NRM intensities of the baked
carbonate specimens of the Wangshan Fm are 0.1–1 mA/m.  Two
components were identified using PCA (Kirschvink, 1980). A LTC
remanence was  identified in temperatures below 400 ◦C in most
cases (Fig. 2e) and the remanence directions (in situ) are close to
the PFD of this region (Fig. 7a and b), so it is interpreted as a VRM
of the recent geomagnetic field. A HTC magnetization could gene-
tally be defined in temperatures between 560 and 620 ◦C in most
cases. During the thermal demagnetization treatment, the rema-
nence intensity decreased sharply at ∼520 ◦C and then decreased
in temperatures until 620 ◦C (Fig. 2e), indicating that magnetite and
hematite may  both exist in the samples.

The HTC directions of the baked carbonate rocks (sites A13XZ01,
07 and 11-12) are close to the site-level mean direction of the
∼890 Ma  sill (Fig. 8a, Table 3), but different from the site-level mean
direction of the Wangshan Fm (Fig. 8a, Table 3). This suggests that
the baked carbonate rocks were remagnetized during the process
of the intrusion. On the contrary, the remanence directions after
tilt correction of the unbaked samples (sites A13XZ03) are consis-
tent with the remanence directions of the Wangshan Fm (Table 2),

but different from the remanence directions of the ∼890 Ma sills
(Fig. 8a and c, Table 3). This indicates that the unbaked carbonate
rocks of the Wangshan Fm were not remagnetized during the sill
intrusion. This positive baked contact test strongly suggests that
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Fig. 4. (a) Equal area projections of the high unblocking temperature component (HTC) directions of the ∼890 Ma  sills before and after tilt correction. (b) Results of step-wise
unfolding test (Watson and Enkin, 1993). The precision parameter (k) reaches the highest value when the strata are 98.5% unfolded, with kmax = 85.4 and k = 24.3 in geographic
coordinate.

Fig. 5. The direction of the LTC remanence of the Wangshan Fm (shown in equal area projection) from the Chulan (a) and the Huanglongshan (b) sections.
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Fig. 6. (a) Equal area projections of the HTC directions of the Wangshan Fm before and after tilt correction. (b) Results of step-wise unfolding test (Watson and Enkin, 1993).
The  precision parameter (k) reach the highest value when the strata are 93.3% unfolded, with kmax = 120.1 and k = 15.9 in geographic coordinate.

Fig. 7. The directions of the LTC remanence carried by baked carbonate rocks of the Wangshan Fm from the Chulan section.

Fig. 8. (a) Baked contact test between the host rocks of the Wangshan Fm and the ∼890 Ma  sills, in the Chulan section. Equal area projections of the HTC directions of three
sites  of the baked carbonate rocks of the Wangshan Fm (A13XZ01, A13XZ07 and A13XZ11-12) are close to the mean direction of the diabase sill in this section; while they
are  obviously different from the mean direction of the Wangshan Fm in this region and the mean direction of the unbaked site A13XZ03, suggesting that the HTC of the
baked  carbonate rocks was a thermal overprint acquired during the intrusion of the ∼890 Ma  sills. (b) The distribution of samples of the three sites (A13XZ01, A13XZ07 and
A13XZ11-12) of the baked carbonate rocks and the one site (A13XZ03) of the unbaked carbonate rocks of the Wangshan Fm.
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Fig. 9. Examples of remanence behavior during thermal demagnetization of specimens from carbonate rocks of the Jiayuan Fm (a, b) and from diabase specimens of the
925  Ma  sills (c, d). The directions are in geographic coordinates.

Fig. 10. The directions of the LTC (a) and the HTC (b) of the Jiayuan Fm.  The directions are shown in an equal area projection.
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Fig. 11. The directions of the LTC (a) and the HTC (b) of the ∼925 Ma  sill. The directions are shown in an equal area projection.
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he HTC magnetization carried by the ∼890 Ma  sills is a primary
emanent magnetization.

.2.4. Paleomagnetism of the Jiayuan Fm
The NRM intensities of the carbonate rocks of the Jiayuan Fm
re 0.1–1 mA/m.  Two components of the remanent magnetizations
ere identified. The LTC was isolated in temperatures below 300 ◦C

nd a HTC defined in temperatures up to 480 ◦C (Fig. 9a and b). The
TC remanence directions (in situ) are close to that of the PFD of this
re listed in Table 6 and the Phanerozoic data selection is after Huang et al. (2008),
eries 2/3/4 of Cambrian; O1, Early Ordovician; P2, Late Permian; T1, Early Triassic;
c; K, Cretaceous; N, Cenozoic. The stratigraphic correlation of the Cambrian is after
is referred to the web version of this article.)

region (Fig. 10a), which suggests that the magnetization is a VRM.
The HTC is most probably carried by magnetite–tianomagnetite.

The site-level (n = 9) mean HTC direction of the Jiayuan
Fm is Dg = 189.9◦, Ig = 29.1◦, ˛95 = 7.7◦ in geographic coordi-
nates and Ds = 186.0◦, Is = 3.8◦, ˛95 = 6.7◦ in stratigraphic coor-

dinates (Fig. 10b), corresponding to a pole at 53.5◦S, 107.5◦E
(dm/dp = 6.7◦/3.4◦, Table 4). A mean paleomagnetic pole can
also be obtained by averaging the VGP of each site (Table 4),
resulting in a pole position at 54.0◦S, 107.3◦E (A95 = 4.0◦,
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able 4). The precision increasing slightly between geographic and
tratigraphic coordinates, even though not significantly at 95% con-
dence level, should be a signal of positive fold test, though not
onclusive.

.2.5. Paleomagnetism of the ∼925 Ma  sill
The NRM intensities of these specimens are 1–10 mA/m.  Two

omponents of remanence were identified. One of which was
emoved in temperatures below 400 ◦C (Fig. 9c and d). This LTC
emanence has directions close to that of the PFD of this region
Fig. 11a) and it is thus interpreted as VRM. A HTC remanent mag-
etization is identified with unblocking temperature up to 550 ◦C
Fig. 9c and d), indicating that magnetite is likely the major mag-
etic carrier.

Like that of the ∼890 Ma  sills, the remanence directions of the
oarse-grained diabase are chaotic when the samples are heated in
igh temperatures and no HTCs could be obtained. Therefore, only
he stable HTCs from the fine-grained diabase samples were used
n the paleomagnetic statistics (Table 5).

The sample-level (N = 18) average HTC direction of the ∼925 Ma
ill is Dg = 152.1◦, Ig = 22.8◦, �95 = 3.3◦ in geographic coordinates
nd Ds = 162.7◦, Is = 39.7◦, ˛95 = 3.3◦ in stratigraphic coordi-
ates (Fig. 11b), corresponding to a VGP of 30.9◦S, 136.2◦E
dm/dp = 4.0◦/2.4◦, Table 5).

.3. Origin and age of the remanence

In this study, we isolated four high unblocking temperature
omponents (HTCs) from the Huaibei Group sedimentary rocks and
he Neoproterozoic sills. The HTC magnetizations in the ∼890 Ma
ills passed a fold test, a reversal test and a baked contact test and
he calculated pole is significantly different from any younger poles
f the NCC (Fig. 12). We  interpret this remanence component as
rimary.

The HTC of the carbonate rocks of the Wangshan Fm passed a
old test. Although the fold was formed during middle Jurassic time
BGMRJP, 1984), the positive inverse contact test indicates that the
emanence was acquired before the ∼890 Ma  sill intrusion. How-
ver, this component is approximately antipodal to the HTC of the
925 Ma  sill that intruded the Niyuan Fm.  Possible interpretations
f this similarity are: (1) the Wangshan Fm is roughly coeval to
he sill, and their HTCs represent the dual polarity records of the
eomagnetic field around ∼925 Ma;  (2) the Wangshan Fm is older
han this sill but has been remagnetized during intrusion related
hermal or fluid event around ∼925 Ma;  (3) both the Wangshan Fm
nd this sill were remagnetized at a younger stage. The first two
ypotheses both suggest that the HTC is the paleomagnetic records
f ∼925 Ma.  The third hypothesis, however, demands more discus-
ion. The pole derived from the Wangshan Fm (WS, Fig. 12) and
he VGP from the ∼925 Ma  sill (XS1, Fig. 12) fall close to the Late
ambrian and Early Ordovician poles of the NCC (Fig. 12). Some
520 Ma  tectonic events near the southern margin of the NCC have
een reported and some authors correlated them with the sedi-
entary hiatus that existed throughout the NCC between the latest
eoproterozoic and the Epoch 2 of Cambrian (e.g. Han et al., 2009).

 remagnetization acquired during this time interval cannot easily
e excluded. But the baked contact test between the ∼890 Ma sill
nd the Wangshan Fm strongly suggest that even if such a remag-
etization occurred, it must be local. We  carried out the sampling in
everal locations of the Wangshan Fm and the results are same. At
he same time, we carried out the sampling of the similar carbonate
ocks of the other formations in this region, but we have not found

his remanence direction (see discussion in the next paragraph). For
hese reasons, we interpret the HTCs of the Wangshan Fm and the
925 Ma  sill as the paleomagnetic records of the NCC at ∼925 Ma.
f course, there is a fourth hypothesis for the paleomagnetic
its  anti-polarity to compare with the previously published poles. (For interpretation
of  the references to color in this figure legend, the reader is referred to the web
version of this article.)

similarity between the sill “#4” and Wangshan Fm:  they could both
be primary, and Wangshan Fm is older than 925 Ma,  but almost no
apparent polar wander (APW) occurred for some amount of time
prior to 925 Ma.

There is no robust field test for the HTC renmanence isolated
from the carbonate rocks of the Jiayuan Fm.  However, a magneti-
zation carrying an apparently reversed direction from that of the
Jiayuan Fm has previously been reported by Fang et al. (1983),
although only 26 specimens from eight block samples were stud-
ied. Similar directions were also isolated from the Zhaowei, Niyuan
and Zhangqu formations (Fang et al., 1983). These four formations
occupy the middle part of the Huaibei Group and are all dominated
by carbonate rocks. We  consider that they may  jointly represent a
time interval during which the paleomagnetic directions did not
change much (Zhang et al., 2000, 2006) but reversals occurred
(Fig. 13). We  thus further average all site VGPs to get a mean pole
for this component (LHB in Fig. 12), which falls at 50.6◦S, 107◦E
(A95 = 3.8◦, Table 6). As this remanence has not been found in the
Wangshan Fm or in any other younger rock units in the region, it
can be considered to be older than ∼925 Ma  and younger than the
youngest population of detrital zircons (∼1120 Ma)  of the lower
Huaibei Group.

In summary, our new paleomagnetic data include: (1) a new
high quality pole for the ∼890 Ma  mafic sills; (2) a new pole for the
Wangshan Fm and the older sill which is likely to be ∼925 Ma  in
age; (3) new data for the middle part of Huaibei Group which were
constrained to be between ∼925 and ∼1120 Ma  in age.

5. Implications

5.1. The “Huaibei loop”of apparent polar wander path (APWP) of

the NCC

The three poles obtained from the Huaibei Group and the Pre-
cambrian sills intruding into it define a new segment of the APWP
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Table  6
Paleomagnetic poles used for reconstruction.

Pole Rock-unit Age (Ma) Plat (◦N) Plon (◦E) dp/dm A95 (◦) Criterion
1234567 (Q)

Test References

Poles from the North China Craton
XS2 ∼890 Ma  Sills in Huaibei region 890 ± 14, Uz 52.6 330.0 5.3 1111111 (7) F, C, Rc This study
XS1  ∼925 Ma Sill in Huaibei region

(VGP)
925 ± 10, Uz −30.9 136.2 2.4/4.0 1010100 (3) This study

WS  Wangshan Formation 1121–890, Dz, S 26.1 320.3 5.2 0111100 (4) F, Cr This study
NF  Nanfen Formation <1077, Ud −16.5 121.1 8.8/13.0 0110101 (4) Lin (1984), Yang et al.

(2012)
LHB  Middle part of Huaibei Group

(mean pole)
1121–925, Dz, S −50.6 107 3.8 0110111 (5) Fang et al. (1983), Zhang

et al. (2000), This study
DJ  Dongjia Formation 1610–520, S −60.8 97.4 4.3/8.5 0110111 (5) Rd Zhang et al. (2000)

Poles from Baltica
1  Hunnedalen dykes 848 ± 27, Ar −41.0 222.0 10/11 1110101 (5) Walderhaug et al. (1999)
2 Rogaland Ingneous Complex 869 ± 14, Ar −46.0 238.0 18.1 1110101 (5) Walderhaug et al. (2007)
3 Egersund-Onga anorthosite ∼930,a Uz −42.1 200.4 9.0 0110100 (3) Brown and McEnroe

(2004)
4 Protogine Zone metamorphic,

Sweden
950–930,a Ar −45.9 219.4 5.9 0110100 (3) Pisarevsky and Bylund

(1998)
5 Mean ∼850 Ma  Baltica pole −43.7 213.3 4.6 Walderhaug et al. (1999)
6 Brattön-Älgö

Norite-Anorthosite Complex
916 ± 11, Uz 5.0 249.0 3.9 1110101 (5) Stearn and Piper (1984),

Scherstén et al. (2000)
7 Mean 946–935 Ma  Baltica pole 946–935, Ar −0.9 240.7 6.8 1111111 (7) C, Rc Elming et al. (2014)
8 Tärnö-Fäjö dykes 946–954, Ub 12.8 246.7 15.5 1000101 (3) Patchett and Bylund

(1977), Söderlund et al.
(2005), Pisarevsky and
Bylund (2006)

9 Nilstorp dyke (VGP) 966 ± 2, Ub 9.0 239.0 8.1 1000101 (3) Patchett and Bylund
(1977), Söderlund et al.
(2005)

10 Laanila Ristijärvi 1042 ± 50, SN −2.1 212.2 16.5 0011101 (4) C Mertanen et al. (1996)
11 Mean ∼1100 Ma  Baltica pole 0.7 208.0 16.0 Pesonen et al. (2003)

Dating method of age: Ar = 40Ar–39Ar; Uz = U–Pb zircon; Ub = U–Pb Beddeleyite; Dz = detrital zircon U–Pb age constrained; SN = Sm–Nd; S = stratigraphic correlation. Criterion,
the  7-point criterion system of Van der Voo (1990), Q, number of criteria met; Test: F, fold test; C, backed contact test; Cr, inverse contact test; Rc, reversal test (class C of
M
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cFadden and McElhinny, 1990). Other abbreviations are the same as in Table 1.
a The magnetizations were interpreted as of ∼840–870 Ma  (Walderhaug et al., 20

or the NCC, a loop with an apex close to the ∼925 Ma  poles
Fig. 12). Interestingly, two previously reported Precambrian poles
lso fall on this loop. One is the pole obtained from the Nan-
en Fm (NF) in Liaoning Province (Lin, 1984), falling close to the
oles of ∼925 Ma  (Fig. 12). The age of the Nanfen Fm has not
een well constrained yet. A recent detrital zircon study (Yang
t al., 2012) demonstrated that the Diaoyutai Fm,  which is over-
ain by the Nanfen Fm,  is younger than 1077 ± 17 Ma  (the youngest
ge population of the detrital zircons, n = 6). The Nanfen Fm is
ommonly correlated with the lower part of the Huaibei Group
e.g. Xiao et al., 2014), but our paleomagnetic data suggest that
he Nanfen Fm should be younger than the lower-middle Huaibei
roup and may  be close to ∼925 Ma  in age. Another published
ole was obtained from the Dongjia Fm (DJ; Zhang et al., 2000),
alling close to the poles from the middle formations of the Huaibei
roup (LHB; Fig. 12). The Dongjia Fm is exposed in western Henan
rovince, also located along the southern margin of the NCC. It
ontains abundant microfossils (Yin and Guan, 1999), some of
hich (acritarchs) are also present in the Huaibei Group, suggest-

ng a possible correlation between the Dongjia Fm and the Huaibei
roup (Shuhai Xiao, personal communications). However, there

s no evidence to confirm which part of the Huaibei Group that
an be correlated to the Dongjia Fm.  The Dongjia pole may  be
ither older than the Jiayuan pole, or younger than the ∼890 Ma
ole.

We thus consider this APWP loop to be younger than ∼1120 Ma,
ith an apex close to the 925 Ma  poles and an end at the ∼890 Ma

ole. Most poles of the loop are likely of earliest Neoproterozoic in
ge, if Xiao et al. (2014)’s analyses are accepted. We  herein term this
PWP loop, excluding the Dongjia pole at this stage, as the “Huaibei

oop”.
ming et al., 2014).

5.2. Revising the NCC’s position in Rodinia

The NCC’s position in Rodinia has once been paleomagnetically
proposed by Zhang et al. (2006), by matching the coeval APWP
segments of the NCC and Laurentia. However, the Precambrian
geochronological progress of the NCC (Su et al., 2008, 2010, 2012; Li
et al., 2013) demonstrates that most NCC’s poles used in that study
are significantly older than they were considered to be at that time.
The new paleomagnetic and geochronologic results obtained from
the Huaibei Group presented here and the sills intruding into these
strata allow us to reconsider the reconstruction models.

The “Huaibei loop” has a similar shape and age with the “Sve-
conorwegian loop” that was recently revised by Elming et al. (2014).
If both the NCC and Baltica were part of the supercontinent Rodinia,
the two loops should reasonably match. As depicted in Fig. 14, when
the NCC is rotated to present Baltica shield using an Euler rotation
(72, 87.5, 103.2), to superimpose the ∼925 Ma poles of the “Huaibei
loop” on top of poles of the similar age poles in the “Sveconorwegian
loop”, the ∼890 Ma  pole from the NCC falls on a position between
the 870–840 Ma  poles and the 960–915 Ma  poles of the “Sveconor-
wegian loop”, and NF and the LHB poles fall not so far from the
1100–1000 poles of the “Sveconorwegian loop”, This suggests that
both NCC and Baltica may  be part of a rigid Rodinia during ca.
1100–890 Ma.  Since most Grenville poles of the Laurentia are actu-
ally older than ∼925 Ma  (Brown and McEnroe, 2012; Elming et al.,
2014), we cannot make a direct comparison between the “Huaibei
loop” and the “Grenville loop”. However, if we accepted the widely

accepted “right-way-up” model (Cawood and Pisarevsky, 2006; Li
et al., 2008; Evans, 2009) of the Laurentia–Baltica connection in
the Rodinia reconstruction, the NCC would be placed along the
arctic Canadian side of the Laurentia (Fig. 14), based on the best
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ig. 14. Possible connection between the NCC and Baltica–Laurentia in Rodinia b
aurentia is rotated to Baltica according to the “right-way-up” model (Cawood and
oles  are rotated to Baltica using Euler rotation (72, 87.5, 103.2). Pole symbols and 

tting between the “Huaibei” and “Sveconorweigian” loops. The
ap between the NCC and Baltica is considerablely large in size,
mplying that the two cratons, if part of the same supercontinent,

ust have been connected via Greenland and other continental
lock(s) during the time interval of Rodinia existence (Fig. 14).

A Neoproterozoic proximity between the NCC and São Francisco
SF)–Congo craton has been speculated in recent years based on
he new findings of the ∼920 Ma  large-scale igneous activities
n these two cratons (Peng et al., 2011). Our paleomagnetic data
btained from the ∼925 Ma  sill and Wangshan Fm in the NCC can
e directly compared with the paleomagnetic data from the newly
ated ∼920 Ma  dykes exposed in Bahia, Braizil (Evans et al., in press)
o test the models of their relationship. The paleomagnetic data of
he Bahia dykes suggest a moderate to high paleolatitudinal posi-
ion of the SF–Congo craton at ∼920 Ma,  while our ∼925 Ma  data
lace the NCC at low latitude. If the NCC at a low latitude neighbored
he SF–Congo craton at ∼920 Ma  as suggested by Peng et al. (2011),
heir possible connection could be that depicted in Fig. 15b, pla-
ing these two cratons in north-south juxtaposition. Furthermore,
ombined with the “best-fit” model of Huaibei and Sveconorwe-
ian loops, the proximity between the NCC and the SF–Congo
an only be permitted if adopting one of the alternative models
roposed by Evans et al. (in press), in which the SF–Congo was
laced along the present western side of the Laurentia (Fig. 15b).
uch a position of SF–Congo, however, faces some geological
ifficulties, namely that the ∼1000 Ma  Irumide orogen of SF–Congo
as no direct continuation in Laurentia.

Interestingly, our new model also permits that the NCC neigh-

ored Siberia, if the “Laurentia–Siberia” model of Pisarevsky and
atapov (2003) is adopted (Fig. 15). If so, the NCC was located along

he present eastern side of the Siberia. Some early Neoprotero-
oic mafic sills in present southeastern Siberia have been reported
on the paleomagnetic data available (all in present northern Europe coordinate).
evsky, 2006) using Euler rotation (81.5, 250.0, 50.0) (Evans, 2009), the NCC and its
information are listed in the Table 6.

(Khudoley et al., 2001; Gladkochub et al., 2010), although they
might be tens of million years older than ∼920 Ma.  If the mafic
dykes and sills exposed in Bahia, NCC, southeastern Siberia and
Baltica, as well as the relevant volcanic complexes (e.g. reviewed
in Peng et al., 2011), have a causal link and represent a large
igneous province (LIP) in the earliest Neoproterozoic (Fig. 15b), it
should be comparable, in size and latitudinal position, to the LIPs
(or plumes) associated with the African Large Low Shear Velocity
Province (LLSVP) that was once beneath the Gondwana-land and
Pangea (Burke et al., 2008; Torsvik and Cocks, 2013).

The revised NCC’s connections in Rodinia still imply its Lauren-
tian proximities, which are supported by the geological evidence
listed in the earlier studies (e.g. Li et al., 1996, 2008; Zhang et al.,
2000, 2006). However, the NCC’s connections in Rodinia suggested
here are quite different from its paleomagnetically restructed posi-
tion in the Nuna supercontinent (e.g. Zhang et al., 2012; Xu et al.,
2014; Pisarevsky et al., 2014), indicating that the moved a consid-
erable distance from departing Nuna to joining Rodinia.

5.3. Paleolatitudes of NCC and Rodinia

Our new paleomagnetic data support an equatorial position
of the NCC during the time of deposition of the middle part of
Huaibei Group carbonates (Fig. 15a). Thereafter the NCC once
moved to a slightly higher paleolatitudinal position before ∼925 Ma
(Fig. 15b), and then moved back to an equatorial position at
∼890 Ma  (Fig. 15c). Since the number of reliable paleomagnetic

poles for the time interval 1100 and 830 Ma  is very less, the poles
from the Neoproterozoic sills and their host strata of the Huaibei
Group provide important paleolatitudinal constraints for the tec-
tonic reconstruction of Rodinia.
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he  ∼890 Ma  paleomagnetic pole “XS2” of the NCC. Absolute longitudes for the enti
46.8,  329.4, −55.9) after McElhinny et al. (2003). (For interpretation of the referenc

. Conclusions

We  report a series of paleomagnetic poles obtained from the
uaibei Group and newly dated intrusive sills in the southeastern
CC. The high unblocking temperature component of the ∼890 Ma

ills passed a baked contact test, a reversal test and a fold test, defin-
ng a key pole (Q = 7, Van Der Voo, 1990) for the NCC. Even if the
uality of the other three poles is lower (see that in Table 6), they are
lso interpreted as calculated from primary magnetizations. These
ata together with the poles from the Nanfen Fm and other for-
ations of the middle and lower Huaibei Group depict a loop-like

egment of APWP of the NCC, with an apex of ∼925 Ma.  It is termed
he “Huaibei loop” herein.

Comparison between the “Huaibei loop” and the “Sveconor-
eigian loop”, together with the widely accepted “right-way up”
odel of Laurentia–Baltica connection, suggests the geographic

roximities between the NCC and Laurentia in early Neoproterozoic
ime. The NCC could also be close to the SF–Congo craton around
925 Ma  if the SF–Congo was juxtaposed to the present western

ide of the Laurentia in Rodinia.
Our data indicate that the NCC was located in a tropic

egion during probably latest Mesoproterozoic and earliest
eoproterozoic. It moved to a slightly higher paleolatitude by
925 Ma,  and then went back to the equatorial region by ∼890 Ma.
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