
1 Introduction 
 

The collision,  assembly and break–up of  continents 
represent special and critical periods in the history of 
Earth.  The  configuration  and  assembling  way  of 
supercontinents have been hot topics among geologists in 
the  past  few  decades  (Piper,  1982;  Rogers,  1996; 
Smethurst et al., 1998; Åhäll et al., 1998; Piper, 2000; 
CorreaGomes et al., 2000; Dalziel et al., 2000; Rogers et 
al., 2002; Evans et al., 2011; Zhang et al., 2012; Evans, 
2013; Wen et al., 2018). After the SWEAT hypothesis for 
Rodinia reconstruction was firstly put  forward in  last 
century (Dalziel, 1991; Moores, 1991; Hoffman, 1991), 
many other geologists also came up with different Rodinia 
configuration  hypothesis  based  on  geological  and 
paleomagnetic evidences, such as AUSWUS (Karlstrom et 
al., 1999), AUSMEX (Wingate et al., 2002) and SAMBA 
(Johansson, 2009).  SWAET, AUSWUS and AUSMEX 
modles connected Australia to the north–western, western 
and  southern  part  of  Laurentia,  SAMBA assured  the 
proximity  between  Amazonia  and  Baltic.  All  in  all, 

positioning Laurentia in the central part of Rodinia was 
the similarity for these configuration models (Li et al., 
2008).  However,  these  models  seldom  discussed  the 
paleoposition  of  NCC  in  Rodinia.  Because  ~1.0  Ga 
magmatism is scarcely reported in NCC, whether and how 
it was involved in the evolution of Rodinia are still unclear 
enough. 

North China Craton has been gradually becoming a 
popular studying area of precambrian geology. The ~1.95 
Ga Khondalite Belt in western block and the ~1.85 Ga 
Trans–North–China–Orogen witnessed the involvement of 
NCC in Columbia (Zhao et al., 1999a; Zhao et al., 1999b; 
Zhao et al., 2000a; Zhao et al., 2000b; Rogers et al., 2002; 
Zhao et al., 2003; Zhai et al., 2003; Kusky et al., 2009; 
Santosh, 2010). Based on geological and paleomagnetic 
facts, NCC might connect with Siberia, Baltic, Laurentia 
and India in Columbia (Rogers et al., 2002; Zhao et al., 
2003; Liu et al., 2014; Xu et al., 2014; Liu et al., 2018). 
The separation of NCC from Columbia might commence 
roughly at 1400Ma and ended at 1.32–1.30 Ga (Zhang et 
al., 2009; Zhang et al., 2012; Zhang et al., 2017). 

Rodinia  was  assembled  by  the  ~1.0  Ga  Grenville 
orogenesis,  the position of NCC in Rodinia has been 
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tentatively discussed from the perspective of geology and 
paleomagnetism.  Given  NCC  and  Laurentia  showed 
similar APWPs during 1200–700 Ma (Zhang et al., 2006) 
and  the  similarities  between  Mesoproterozoic  strata 
exposed in NCC and Siberia, NCC might be adjacent to 
Siberia and the northwestern part of Laurentia in Rodinia 
(Li et al., 1996; Li et al., 2008). According to the studies 
on  provenance  of  Neoproterozoic  strata  in  the  north 
margin of NCC, Liu C H et al. (2017) proposed proximity 
between Baltic and NCC in Rodinia. However, relevant 
discussions about the position of NCC in Rodinia are still 
limited, more data are needed for a better understanding 
towards this question. 

Zircons  have  been  extensively  applied  in  the 
geochronological studies for its stability and resistance 
(Won Kim et al., 2019; Pulsipher et al., 2019). Detrital 
zircons have been gradually becoming a useful tool for 
determining  the  maximum  depositional  age  and 
provenance of clastic strata, geochronological studies on 
detrital  zircons  will  also  have  great  significance  in 
interpreting the proximity among different blocks. In the 
north  margin  of  NCC lies  Meso–  to  Neoproterozoic 
strata  called  Bayan  Obo  Group,  this  paper  launches 
studies on U–Pb geochronology of detrital zircons from 
this group and illustrates evolving history of NCC during 
the transition from Columbia to Rodinia. Furthermore, 
potential proximity among NCC, Baltic, Amazonia and 
Laurentia from 1.5 Ga to 0.9 Ga is also discussed in this 
paper. 
 
2 Geological Background 

 
As one of the oldest cratons globally (Zhai, 2013; Zhai, 

2014),  NCC was assembled by the collision between 
eastern and western part at ~1.85 Ga (Zhao et al., 2000b; 
Zhao et al., 2004; Zhao et al., 2008; Zhao et al., 2011; 
Zhao et al., 2012) (Fig. 1). Then it went through broad 
extensional  period  from ~1.85  Ga,  the  representative 
magmatism included the intrusion of  ~1.78 Ga mafic 
dykes, Xiong’er volcanic succession (Peng et al., 2007; 
Peng,  2015),  1.72–1.62  Ga  non–orogenic  magmatism, 
large igneous province at 1.32 Ga as well as mafic dykes 
at 900 Ma (Lu et al., 2002; Zhai et al, 2003; Zhang et al., 
2007; Zhai et al., 2011a; Zhai, 2011b; Zhai et al., 2015). 
All  in  all,  NCC  was  in  a  post-orogenic  extensional 
tectonic setting during 1.7–0.9 Ga, when the mantle went 
through a secular cooling process which was one of main 
characteristics  during  the  Earth’s  Middle  Age 
(Hawkesworth et al, 2014). 

The constant rifting led to the formation of Yanliao (Lu 
et al., 2008), Zha’ertai–Bayan Obo (Li et al., 2013; Liu et 
al.,  2014;  Zhong et  al.,  2015;  Liu  et  al.,  2018)  and 
Xiong’er rift zone (Zhao et al., 2002; Zhao et al., 2004b) 
in  the  eastern,  northern  and  southern  part  of  NCC 
respectively. In Yanliao rift zone, the strata is divided into 
Changcheng, Jixian and Qingbaikou system from lower to 
upper. According to the latest geochronological data, the 
lower boundary of Changcheng system was constrained at 
1650 Ma, ~150 Ma younger than the conventional 1800 
Ma (Li et al., 2013). But this age might only represent the 
sedimentary age in Miyun area, the actual lower boundary 

of Changcheng system might be older (Qiao et al., 2014). 
More  and  more  precise  dating  results  of  volcanic 
interlayers provided better constrains on the sedimentary 
age of the strata in Yanliao rift zone, such as K–rich 
volcanic rocks of 1683±67 Ma and 1641±4 Ma from 
Tuanshanzi Formation (Zhang et al., 2013), volcanic rocks 
of ~1625 Ma from Dahongyu Formation; tuff of ~1560 
Ma  from  Gaoyuzhuang  Formation  (Li  et  al.,  2010), 
bentonite of ~1485 Ma and ~1440 Ma from Wumishan 
and  Tieling  Formation  respectively  (Li  et  al.,  2014); 
bentonite of 1368–1380 Ma from Xiamaling Formation 
(Su et al., 2010). Based on the above data, Li et al. (2013) 
proposed that the lower boundary age of Jixian system 
should be set at 1600 Ma, a new defined Awaiting System 
was from 1400 Ma to 1000 Ma (Gao et al., 2011; Li et al., 
2013). Meanwhile, the missing of sediment from 1320 Ma 
to 900 Ma might represent the overall uplift in the Yanliao 
rift zone (Zhang et al., 2017). 

The strata in Langshan–Zha’ertai–Bayan Obo rift zone 
includes  Zha’ertai,  Bayan  Obo,  Huade  and  Langshan 
Group.  The  Zha’ertai  Group  is  mainly  composed  of 
epimetamorphic  sedimentary  rocks,  including 
metamorphic  conglomerate,  conglomerate–bearing 
feldspar quartz sandstone, quartzite, dolomite, phyllite and 
carbonaceous phyllite (Li et al., 2007; Qiao et al., 1991). 
From the bottom to top, the Zha’ertai Group is divided 
into  the  Shujigou,  Zenglongchang,  Agulugou  and 
Liuhongwan  Formation.  U–Pb  ages  of  zircons  from 
intermediate–basic  volcanic  interlayer  in  Shujigou 
Formation was 1743 ±7 Ma (Li et al., 2007), indicating 
Zha’ertai Group should deposit after that. The ages of 
detrital zircons in this formation exhibit two clusters at 
1.8~1.9 Ga and 2.5 Ga (Gong et al., 2016). Based on the 
lithological  similarity,  the  Zha’ertai  Group  may  be 
comparable with Changcheng system in Yanliao rift zone 
(Gong et al., 2016). However, Liu et al.(2018) suggested 
that Zha’ertai Group was in an intracratonic position and 
mainly received sediments older than 1.7 Ga from inner 
NCC, causing this group might show two age peaks at 
~1.85 Ga and ~2.5 Ga even in Neoproterozoic, therefore it 
might  be  inappropriate  to  make the  whole  Zha’ertai 
Group equivalent to Changcheng System. Located in the 
eastern side of the Zha’ertai Group, Huade Group is a set 
of epimetamorphic or unmetamorphic sedimentary rocks 
mainly  consisting  of  sandstone,  wacke,  feldsparthic 
sandstone, mudstone and limestone, some of which have 
undergone  low–grade  metamorphism  to  become 
quartzite, schist, slate, diopside and marble (Hu et al., 
2009). The detrital zircons in the Huade Group defined 
several age peaks, such as 2530 Ma, 1837 Ma, 1718 Ma, 
1575  Ma,  1508  Ma  and  1360  Ma,  the  Sanxiatian 
Formation  on  the  top  of  Huade  Group  deposited 
simultaneously with Baiyinbaolage Formation of Bayan 
Obo Group, Liuhongwan Formation of Zha’ertai Group 
and Xiamaling Formation in Yanliao Rift Zone (Liu et 
al.,  2018).  The  Langshan  Group  is  in  the  west  of 
Zha’ertai  Group.  From bottom to  top,  the  Langshan 
Group consists of four formations, mainly made up of 
two mica quartz schist, hornblende marble, metamorphic 
sandstone,  mica  quartz  schist,  limestone  and 
carbonaceous  sericite  quartz  phyllite.  The  youngest 
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detrital zircons in metamorphic sedimentary rocks show 
an age peak at 1187–810 Ma (Hu et al., 2014). Based on 
the ~804 Ma and ~817 Ma metamorphic acid volcanic 
rocks in this strata, Langshan Group was believed to be 
Neoproterozoic sediments (Hu et al., 2015). 

The Bayan Obo Group in the studied area can be 
divided  into  the  Dulahala  (Chd),  Jianshan  (Chj), 
Halahuogete (Jxh), Bilute (Jxb), Baiyingbaolage (Qnby) 
and Hujiertu Formation (Qnhj) from bottom to top (Fig. 
2). The Dulahala Formation was dominated by clastic 
rocks, mainly composed of metamorphic pebble–bearing 
quartz sandstone, metamorphic sandstone and so on. The 
Jianshan Formation was composed of sericite phyllite and 
metamorphic coarse sandstone, metamorphic feldsparthic 
quartz  sandstone,  with  development  of  cleavage  and 
foliation.  The  Halahuogete  Formation  was  a  set  of 
glutenite, metamorphic conglomerate, dark gray quartz 
marble and grayish fine-grained limestone. The lithology 
of  the  Bilute  Formation  was  mainly  sericite  phyllite, 
which was a weak layer in the Bayan Obo Group and had 
suffered  strong  deformation.  The  lithology  of 
Baiyinbaolage  Formation  was  quartzite  and  meta–
quartzite. The lithology and thickness of this formation 
were stable, therefore, it can serve as a marker layer for 
regional strata comparision. Hujiertu Formation mainly 
composed  of  limestone,  sericite  slate,  silty  slate  and 
epidote–chlorite–actinolite  schist.  Overall,  Bayan  Obo 
Group is a set of epimetamorphic strata and has undergone 
low-grade metamorphism. 

3 Samples and Methods  
 
3.1 Sample descriptions 

The samples were mainly collected in Shangdu area, 
Wulanchabu City, Inner Mongolia (Fig. 3, Fig. 4). Sample 
JN2013–1 was collected from the Dulahala Formation 
near Banbanshi (Position: N41°36′33″, E 113°19′10″). 
The sample is fine grained meta-quartz sandstone and 
consists of 95% quartz and 5% cement composed by 
sericite (Fig. 5a). Sample JN2013–2, sericite phyllite, was 
collected from the lower part of Jianshan Formation near 
Banbanshi  (Position:  N41°36′47″ ,  E113°18′45″ ).  The 
main mineral is sericite, with a content of about 55%; 
quartz with a content of about 45% (Fig. 5b).  

Sample  JN2013–3  was  collected  from Halahuogete 
Formation, also near Banbanshi (Position: N41°37′35″, 
E113°18′08″),  which is  a  pebble–bearing mate-coarse 
grained quartz sandstone. The sample is mainly composed 
by quartz (90%). The cement is almost sericite and its 
content is about 10% (Fig. 5c). 

Sample JN2013–5 was collected from Bilute Formation, 
and  the  sampling  position  was  in  the  north  of  the 
Banbanshi  (Position:  N41°40′18″ ,  E113°18′01″ ).  The 
outcrop is carbonaceous sericite phyllite, the main mineral 
is sericite with size less than 0.025 mm and its content is 
about 95%, the rest are quartz with a content of about 5% 
(Fig. 5d).  

Sample  JN2013–6  was  collected  from  the 
Baiyinbaolage Formation, about 1 km north of Xijingzi 

 

Fig. 1. The Precambrian tectonic divisions of NCC (after Zhao et al., 2006; Zhao et al., 2012).  
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Town (Position: N41°48′25″, E113°13′55″). The outcrop 
is metamorphic fine-grained quartz sandstone. Its main 
mineral is quartz with a particle size from 0.5–1 mm and 
the content is 95%. The cement is mainly sericite with 
content of about 5% (Fig. 5e).  

Sample  JN2013–8  was  collected  from  Hujiertu 

Formation and its location was about 1.5 km south of 
Xijingzi Town (Position: N 41°47′03″, E 113°12′59″). The 
sample is metamorphic fine–grained quartz sandstone, the 
size of quartz in the sample is 0.05–0.1 mm with a content 
of about 85%, the rest 15% is sericite recrystallized from 
muddy (Fig. 5f).  

 

Fig. 2. The stratigraphic frame of the Bayan Obo Group (after Zhong et al., 2015; Liu C H et al., 2017).  
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Fig. 3. (a) Tectonic division of north margin of North China Craton (after Xiao et al., 2003); (b) geologic sketch map of 
Shangdu area (after Wang W Q et al., 2013).  

Fig. 4. (a) Geologic map of Banbanshi area and locations of samples; (b) geologic map of Xijingzi area and locations of samples 
(after Wang W Q et al., 2013).  
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3.2 Methods 
The separation process of zircons was completed in the 

Keda Rock Mineral Separation Company in Langfang 
City, Hebei Province. The samples were crushed to the 
appropriate  particle  size  and  then  separated  using 

gravitational  and  magnetic  separating  methods.  The 
separated  zircons  were  examined  by stereo  binocular. 
Finally, selected zircons were put on an epoxy resin disk 
and polished to expose their surfaces. After photographing 
in  both  reflected  and  transmitted  light,  CL 

 

Fig. 5. Microscopic pictures of each sample from Bayao Obo Group.  
(a) fine grained mate–quartz sandstone from Dulahala, composed by 95% quartz (Qtz) and 5% Sericite(Srt); (b) sericite phyllite from Jianshan, cement is 
Sericite; (c) pebble–bearing mate–coarse grained quartz sandstone from Halahuogete; (d) carbonaceous sericite phyllite, composed by flake sericite (95%); (e) 
metamorphic fine-grained quartz sandstone from Baiyinbaolage, made up by 95% quartz; (f) metamorphic fine- grained quartz sandstone from Hujiertu, con-
tains few quartz pebbles.  
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(cathodoluminescence) imaging was taken by a 
JSM6510  SEM  attached  with  a  Gatan  CL 
detector. 

LA–ICP–MS U–Pb zircons dating was carried 
out at the Key Laboratory of Mineral Resources 
Evaluation  in  Northeast  Asia,  Ministry  of 
Natural Resources, Jilin University, Changchun, 
China. Helium was used as carrier gas to provide 
efficient  aerosol  transport  to  the  ICP  and 
minimize aerosol deposition around the ablation 
site and within the transport tube (Eggins et al., 
1998; Jackson et al., 2004). Argon was used as 
the make–up gas and was mixed with the carrier 
gas via a T–connector before entering the ICP. 
The analysis spots were 32 μm in diameter. U, 
Th and Pb concentrations were calibrated using 
29Si as an internal standard. The standard zircon 
91500  was  used  as  an  external  standard  to 
normalize isotopic fractionation during analysis. 
Analytical  procedures  used  follow  those 
described by Yuan et al., (2004). Raw data were 
processed  using  the  ICPMSDataCal  program 
(Liu et al., 2009; Liu et al., 2010). Uncertainties 
of individual analyses were reported with 1σ 
error; weighted mean ages were calculated at 1σ 
confidence level. Common lead correction was 
made following the method of Anderson (2002). 
The data were processed using the ISOPLOT 
(Version 3.0) program (Ludwig, 2003).   

 
4 Results  
 

We show the ages of detrital zircons from six 
formations of Bayan Obo Group. The reliable 
data with concordance between 90% and 110% 
were selected for further analysis. For most of 
ages were older than 1000 Ma, we used the 
207Pb/206Pb age to make the binned frequency 
histograms and calculate weighted average age. 

Sample  JN2013–1  was  collected  from  the 
Dulahala Formation. Its zircons are columnar or 
granular, with a particle size of 100–150 μm. 
They  are  well  rounded  showing  the 
characteristics  of  transportation.  Th/U  ratio 
varies from 0.14 to 2.34, implying these zircons 
are magmatic. However, on the CL images, most 
of  the  zircons  show  weak  oscillatory  zones 
indicating the magmatic zircons have undergone 
slight recrystallization (Fig. 6). 25 reliable data 
points are obtained from 60 zircons (Table 1). 
These ages fall into a range from 1737 Ma to 
2472 Ma with a major age peak at 1860 Ma and 
a minor peak at 2440 Ma. At the same time, a 
group of 6 zircons yields the youngest weighted 
mean  207Pb/206Pb  age  at  1783±28  Ma  (n=6, 
MSWD=1.10)  (Fig.  7a),  representing  the 
maximum  depositional  age  of  the  Dulahala 
Formation.  

Sample  JN2013–2  was  collected  from  the 
Jianshan Formation. The zircons separated from 
this  sample  is  columnar  or  granular  with 
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diameter ranging from 100–130 μm. Th/U ratio of these 
zircons is between 0.16 and 6.96 and some zircons have 
oscillatory zones, implying they are magmatic. But the 
zircons  with  weak  growth  zones  or  without  may  be 
magmatic  and  underwent  metamorphism  or 
recrystallization  (Fig.  6).  The  20  reliable  ages  data 
distribute between 1794 Ma and 2473 Ma (Table 2), the 
minimum  weighted  mean  age  is  1807±44  Ma  (n=5, 
MSWD=0.109)  (Fig.  7b),  representing  the  maximum 
depositional age of the Jianshan Formation.  

The  zircons  of  Sample  JN2013–3  collected  from 
Halahuogete Formation are columnar or granular and their 
length to width ratio is 1:1– 2:1, showing well–grinded 
characteristics. Most of the zircons show oscillatory zones 
implying  magmatic  origin,  and  a  few  of  them  are 
metamorphic or recrystallized zircons (Fig. 6). 32 reliable 
ages were acquired from 60 zircons (Table 3). The 207Pb–
206Pb ages vary from 1861 Ma to 2613 Ma, and the 
youngest  weighted  mean  age  is  1878±28  Ma  (n=4, 
MSWD=0.13)  (Fig.  7c)  which  is  the  maximum 
sedimentary age of Halahuogete Formation. 

Sample  JN2013–5  was  collected  from  the  Bilute 
Formation. The zircons are ellipsoidal or granular with 
size between 80 and 120 μm. The CL images show that 
both magmatic and recrystallized zircons are present (Fig. 
6). The Th/U ratio is between 0.29 and 1.81. A total of 26 

Fig. 6. Representative selection of cathodoluminescence (CL) 
zircon images with positions of spots, their numbers and 207Pb
–206Pb ages.  
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data were obtained from 60 zircons (Table 4). The zircon 
ages range from 1522 Ma to 2706 Ma and the youngest 
group of five zircons yields the weighted mean age at 
1552±42 Ma (n=5, MSWD=0.38) (Fig. 7d), indicating 
Bilute Formation deposited after that.  

Sample JN2013–6 was collected from Baiyinbaolage 
Formation. Zircons are ellipsoidal or granular, with size of 
80–100  μm  and  length  to  width  ratio  at  1:1–1:2. 
According to the characteristics of CL images, the zircons 
can  be  divided  into  magmatic,  recrystallized  and 

metamorphic  zircons  (Fig.  6).  48  reliable  ages  were 
obtained from 60 zircons, ranging between 1170 Ma and 
2618 Ma (Table 5). The ages of zircons mainly cluster in 
five ranges, which are 1.17–1.30 Ga, 1.44–1.60 Ga, 1.61–
1.79 Ga and 1.81–1.88 Ga respectively. Most of zircons 
with ages younger than 1700 Ma are magmatic zircons 
with recrystalized characteristics and their Th/U ratio is 
between 0.21 and 1.85. A group of youngest zircons give 
the weighted mean age at 1251±74 Ma (n=5, MSWD=1.9) 
(Fig. 7e), which represents the lower boundary of the 

 

Fig. 7. Weighted average age and binned frequency histograms of zircon ages for each sample from the Bayan Obo 
Group.  
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Baiyinbaolage Formation.  
Sample JN2013–8 was collected from Hujiertu 

Formation. The zircons from this formation is 
granular or round, with a size of 80–100 μm. A 
total of 41 age data are obtained from 60 zircons 
(Table 6). The ages range between 1092 Ma and 
2542 Ma with the Th/U ratio between 0.30 and 
4.19. Combined with the characteristics of CL 
images, magmatic zircons are dominant in this 
sample, while a small number of metamorphic 
zircons  also  exist  (Fig.  6).  Ages  of  zircons 
mainly concentrate in the following ranges: 1.02
–1.29 Ga, 1.34–1.49 Ga, 1.51–1.57 Ga, 1.62–
1.79  Ga  and  1.81–2.54  Ga.  The  youngest 
weighted  mean  age  is  1156±34  Ma  (n=7, 
MSWD=0.44) (Fig. 7f), which indicates Hujiertu 
Formation deposited after that.  

 
5 Discussions 
 
5.1 Depositional age of Bayan Obo Group 

Actually,  it  is  controversial  with  the 
sedimentary age of the Bayan Obo Group. The 
disputes mainly focused on whether it deposited 
in the early Paleozoic (Sun, 1992; Tan et al., 
2000) or the Meso– to Neoproterozoic. However, 
the idea of regarding it as early Paleozoic strata 
has not been supported by convincing fossils 
evidences. In recent years, great progresses have 
been made in the chronological study of Jixian 
standard section in the Yanliao rift zone and the 
depositional age of this strata has been revised. 
The sedimentary age of the Changcheng System 
was 1650 Ma–1600 Ma, that of Jixian System 
was 1600–1400 Ma, and 1400–1000 Ma was 
Awaiting System, the age of Qingbaikou was 
younger than 1000 Ma (Li et al., 2013). This 
revised age of Jixian standard section provides a 
reference for the comparison of strata in the 
northern margin of NCC. Based on our newly 
obtained age data of detrital zircons and previous 
research results, the depositional age of Bayan 
Obo Group is discussed in this paper.  

The youngest weighted mean 207Pb/206Pb ages 
obtained from Dulahala Formation and Jianshan 
Formation are 1783±28 Ma (n=6, MSWD=1.10) 
and  1807±44  Ma  (n=5,  MSWD=0.109) 
respectively.  The  minimum  ages  of  detrital 
zircons  from  Dulahala  Formation  given  by 
previous studies include 1827 Ma (Ma M Z et 
al., 2014), 1822±9 Ma (n=3, MSWD = 0.72) 
(Zhong  et  al.,  2015),  1809±9  Ma  (n=3, 
MSWD=0.72) (Zhou et al., 2018). Meanwhile, 
the youngest detrital zircon ages from Jianshan 
Formation  published  by  predecessors  include 
1716 Ma, 1810 Ma (Zhou et al., 2018), 1847 Ma 
(Zhong et al., 2015). Combined with the ~1743 
Ma basic volcanic interlayer at the bottom of the 
Zha’ertai Group (Li et al., 2007), the ~1670 Ma 
gabbro intruding into Dulahala Formation (Zhou 
et  al.,  2016) and the whole rock 207Pb–206Pb 
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isochron age of sedimentary carbonate rock at 
1649±45 Ma (Yang et al., 2012), it can be 
preliminarily concluded that the sedimentary 
age from Dulahala to Jianshan Formation at 
the bottom of the Bayan Obo Group was 1800–
1650 Ma. 

The youngest 207Pb/206Pb weighted mean age 
of detrital zircons obtained from Halahuogete 
Formation  is  1878±28  Ma  (n=4, 
MSWD=0.13). While the youngest weighted 
mean 207Pb/206Pb age given by detrital zircons 
from Bilute Formation is 1552±42 Ma (n=5, 
MSWD=0.38). The youngest detrital zircons 
ages  from  the  above  two  formations  are 
roughly  equal  to  those  from  the  previous 
studies,  such  as  1834-1757  Ma  from 
Halahuogete Formation (Liu C H et al., 2017; 
Zhong et al., 2015) and 1561±40 Ma from 
Bilute Formation (Liu C H et al., 2017). It is 
worth  noting  that  Halahuogete  Formation 
exhibits characteristics of local cycling (Liu C 
H et al., 2017), therefore its true depositional 
age might be much younger than the maximum 
depositional age of this formation. Given the 
H8  ore–bearing  dolomite  from  Bayan  Obo 
Group  yielded  Sm–Nd  isotopic  age  at 
1341±160  Ma  (Yang  et  al.,  2011)  and 
232Th/208Pb age at 1325±60 Ma (Campbell et 
al.,  2014),  gabbro  intruded  into  Bilute 
Formation with age of 1342±9 Ma (Zhou et al., 
2016),  granites  intruded into the middle of 
Bayan Obo Group with age between 1313 and 
1331 Ma (Shi et al., 2012; Zhang et al., 2012), 
this paper believes that the depositional age of 
Halahuogete to Bilute Formation in the middle 
part of the Bayan Obo Group was between 
1500  and  1350  Ma,  comparable  to  Jixian 
System (1600–1400 Ma) (Li et al., 2013). This 
result  is  consistent  with  the  previous 
conclusion that the middle part of Bayan Obo 
Group  deposited  between  1.56–1.35  Ga 
(Zhong et al., 2015; Liu C H et al., 2017). 

The youngest weighted mean 207Pb/206Pb age 
of  detrital  zircons  from Baiyinbaolage  and 
Hujiertu  Formation  is  1251±74  Ma  (n=5, 
MSWD=1.9)  and  1156±34  Ma  (n=7, 
MSWD=0.44) respectively. The above results 
are  consistent  with  the  previously  reported 
youngest  weighted mean  207Pb/206Pb  age at 
1250 Ma for  Baiyinbaolage  Formation  and 
1116–1144  Ma  for  Hujiertu  Formation 
respectively (Zhou et al., 2018; Liu C H et 
al.,2017).  According to the ~900 Ma basic 
dykes intruding into Neoproterozoic strata in 
the eastern part of North China Craton, the 
upper sedimentary age of Bayan Obo Group 
was temporarily placed at 900 Ma through 
regional stratigraphic comparison (Peng et al., 
2011a, 2011b). Therefore, the depositional age 
of the Baiyinbaolage to the Hujiertu Formation 
were between 1250 Ma and 900 Ma, which is 
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generally comparable with the Qingbaikou period (1000–
800 Ma) (Li et al., 2013).  

 
5.2 NCC provenance  

The age of detrital zircons in Bayan Obo Group can be 
divided into the following groups: 2.51–2.71 Ga, 2.00–
2.48 Ga, 1.95–1.80 Ga, 1.60–1.75 Ga and 1.10–1.60 Ga. 
The zircons with ages of Neo–Archean (2.51–2.71 Ga) 
and early Paleoproterozoic (2.00–2.48 Ga) are mainly 
present in Dulahala, Jianshan and Halahuogete Formation, 
especially there exists a prominent peak of this age range 
in Halahuogete Formation. The Th/U ratio for most of 
zircons falling into this age range is larger than 0.1, which 
indicates they are magmatic, but oscillatory zones of some 
zircons are really weak implying they were metamorphic 
zircons affected by recrystallization. The magmatism and 
metamorphism in the period of 2.60–2.58 Ga and 2.52–
2.48 Ga have been reported in Yinshan Block (Ma et al, 
2018). For example, the 2535±8 Ma diorite in the Guyang 
area (Ma et al, 2018), 2697±11 Ma granitic gneiss in the 
Xi Ulanbulang area (Dong et al., 2012b), 2502±14 Ma 
hornblende, 2581±7 Ma gneissic granite and 2479±21 Ma 
kyanite–garnet–bearing monzogranitic  gneiss  (Wang et 
al.,  2015),  2511±11  Ma  mate–gabbro,  2512±10  Ma 
charnockite (Zhang X H et al., 2014), protolith age of 
amphibolite is at 2538±9 Ma and its metamorphism age at 
2452±7 Ma in Guyang area (Ma X D et  al.,  2014), 
2465±18 Ma tonalite, 2523±7 Ma diorite (Ma et al., 2013). 
2503±10 Ma hornblende monzogranulite and 2472±14 Ma 
biotite  monzogranulite  in  Xi  Ulan area (Dong et  al., 
2012a).  At the same time,  in the eastern part  of the 
Khondalite Belt, such as Zhuozi area, the detrital zircons 
in  sillimanite–cordierite–  garnet  gneiss  yield  weighted 
mean age at 2017±9 Ma (Cai et al., 2017), and the detrital 
zircons from garnet–bearing felsic gneiss gave peak age of 
2040 Ma (Jiao et al., 2013). The peak age of the cordierite
–garnet–sillimanite gneiss in the Jining complex is 2086 
Ma (Xia et al., 2006). Therefore, the magmatic rocks and 
metamorphic rocks existing in the area of Guanyang, Xi 
Ulanbulang and Zhuozi might provide the detritus with 
age of Neoarchean and early paleoproterozoic for Bayan 
Obo  Group.  This  conclusion  is  also  consistent  with 
paleocurrent  from  southwest  to  northeast  during  the 
deposition of Jianshan Formation (Zhang X, 2014).  

The detrital zircons with age from 1.95 Ga to 1.80 Ga 
mainly occurred in the Dulahala and Jianshan Formation, 
and there only existed a small amount of zircons with this 
age in the middle and upper succession of Bayan Obo 
Group. Th/U ratio of zircons falling into this age range is 
larger than 0.1, which is not typical for metamorphic 
zircons.  However,  zircons  underwent  granulite  facies 
metamorphism  could  have  a  very  high  Th/U  ratio. 
Meanwhile, the CL images of these zircons also show 
metamorphic characteristics, therefore zircons with age 
from 1.95 Ga to 1.80 Ga are mainly metamorphic. 1.95–
1.80 Ga metamorphism are widespread in the Khondalite 
Belt. For example, in Zhuozi area, 1945±15 Ma, 1902±16 
Ma and 1842±20 Ma sillinite–garnet gneisses (Xia et al., 
2006), 1919±10 Ma granulite (Santosh et al., 2007) and 
the garnet–bearing quartz lens with age of 1896±4 Ma, 
1916±6 Ma and 1891±5 Ma were reported (Jiao et al., 

2013). In Daqingshan area, the metamorphic zircons from 
gneiss yielded ~1.90 Ga metamorphic age (Ma et al., 
2015), tonalitic gneiss and charnockitic gneiss gave the 
metamorphic  ages  at  1904±13 Ma and  1936±20 Ma, 
respectively.  The  metamorphic  zircons  obtained  from 
mylonitized charnockite yielded ages ranging from 1846 
Ma to 1945 Ma (Liu J H et al., 2017), and metamorphic 
zircons from amphibolite yielded weighted mean age at 
1941±14 Ma and 1910±9 Ma (Wang X et al., 2018). It is 
worth noting that the HREE form of zircon in garnet–
bearing  metamorphic  rocks  will  be  much  flatter 
(Schaltegger et al., 1999; Whitehouse et al., 2003), but the 
metamorphic  zircons  formed  under  granulite  facies 
through anatexis could show a HREE form similar to that 
of magmatic zircons. Under this situation, the formation of 
garnets will not affect the HREE content (Rubatto, 2002). 
The gneiss and garnet–bearing felsic gneiss in Daqingshan 
area show characteristics of anatexis (Ma et al., 2015; Xu 
et al., 2015), the Yb/SmN of almost all 1.95–1.80 Ga 
detrital zircons in this study is more than 10 (Table 1-6), 
therefore,  the  Daqingshan  and  Zhuozi  areas  in  the 
Khondalite Belt may be the main provenances for the late 
Paleoproterozoic zircons. 

1.60–1.75 Ga detrital zircons mainly occurred in the 
Bilute, Baiyinbaolage and Hujiertu Formation. Most of 
these zircons develop oscillatory zone with Th/U ratio 
larger  than  0.1,  implying  they  are  magmatic.  The 
magmatic events of this age are widespread in NCC, such 
as the AMCG assemblage and the mafic dykes formed in 
the  post–collision  extensional  environment  after 
convergence of eastern and western landmasses at 1.85 
Ga. The mafic dykes are mainly distributed in Taihang–
Lvliang area with ages of 1769–1778 Ma (Wang et al., 
2004; Peng et al., 2007; Peng et al., 2012). There are 
AMCG assemblages in Miyun area, such as the 1715±6 
Ma and 1693±7 Ma plagioclasite in Damiao, Hebei (Zhao 
et  al.,  2004a),  1692–1753  Ma  Changsaoying  and 
Gubeikou moyite and syenite (Zhang et al., 2007), 1790–
1614 Ma Shachang biotite granite (Wang X X et al., 
2018), ~1679 Ma Wenquan A type granite (Jiang et al., 
2011), the 1696–1721 Ma Jianping diorite and syenite 
(Wang W et al., 2013), 1679–1685 Ma rapakivi granite in 
Miyun area (Peng et al., 2012; Gao et al., 2008; Yang et 
al., 2005). Because the mafic rocks contain small amount 
of zircons and their mineral composition is dominated by 
easily weatherable mafic minerals, they are not regarded 
as the provenance of the Bayan Obo Group. Therefore, the 
granitic rocks in Miyun area may be the main provenances 
for the detrital zircons with age of 1.60-1.75 Ga in Bayan 
Obo Group.  

Combined  with  previous  published  ages  of  detrital 
zircons, it can be found that the provenances of the Bayan 
Obo group show a regular change during the period of its 
sedimentation (Fig. 8). The ages of detrital zircons from 
Dulahala Formation show a dominant peak at 1960 Ma 
and a weaker peak at 2520 Ma. Jianshan Formation shows 
two dominant peaks at 1920 Ma and 2540 Ma. It should 
be noted that the age peaks of 2.50–2.70 Ga in the two 
formations  are  comparably  weak,  indicating  that  the 
Khodalite  Belt  was  the  dominant  provenance  while 
Yinshan  Block  served  as  the  secondary  provenance. 
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Halahuogete Formation yields two main age peaks at 1860 
Ma and 2500 Ma, Bilute Formation shows a major age 
peak at 1780 Ma and a minor age peak at 2560 Ma. The 
age peak of 2.50–2.70 Ga in Halahuogete Formation is 
more  prominent  than  that  in  Dulahala  and  Jianshan 
Formation, which might imply the erosion rate of the 
basement in Yinshan Block come to peak at ~1600 Ma 
and it  therefore became the dominant provenance for 
Halahuogete Formation. For the Bilute Formation, the 
Khondalite Belt was still its main provenance, and the 
supply of 2460 Ma detrital material from the Yinshan 
Block was relatively weak. In Baiyinbaolage and Hujiertu 
Formation, the upper part of Bayan Obo Group, there exist 
age peaks younger than 1.60 Ga, which indicates a non–
NCC provenance for them. The details will be discussed 
in the following part.  

 
5.3 Non–NCC provenance 

According to previous studies about provenances of the 
Meso–proterozoic  sedimentary  strata  in  the  northern 
margin of the North China Craton, it was believed that 
these zircons with age younger than 1.60 Ga might come 
from North American, Baltic, North Indian or Australia 
(Liu et al., 2014; Liu C H et al., 2017; Liu et al., 2018). 
And the fact that there is no 1.58–1.53 Ga magmatism in 
the Laurentia (Aleinikoff et al., 2013) made it impossible 
to be provenance for the detrital zircons with the same 
ages  in  Bayan  Obo  Group.  On  Baltic  developed 
magmatism of 1.59–1.48 Ga, 1.37–1.33 Ga and 1.18–1.08 
Ga (Åhäll et al., 2000), making it the potential provenance 
for the Bayan Obo Group (Liu C H et al., 2017). However, 
the hypothesis that NCC remained closed to Baltic during 
the whole-time span from 1.55 Ga to 0.9 Ga needs further 
consideration.  

In recent years, the palaeogeographic location of NCC 
from the early Mesoproterozoic to Neoproterozoic has 
also been a hot topic (Li et al., 1996; Zhang et al., 2006; 
Zhang et al., 2009; Zhai et al., 2011a; Zhang et al., 2012; 
Zhang et al., 2017). ~1.32 Ga mafic rocks and bimodal 
volcanic rocks developed in the northern margin of NCC 
indicated that the northern and southern margin of NCC 
were adjacent to Laurentia and Siberia respectively from 
early Paleoproterozoic to middle Mesoproterozoic (Zhang 
et al., 2009; Zhang et al., 2012). The ~1.32 Ga large 
igneous province in the northern margin of NCC indicated 
that the northern and northeastern margins of NCC were 
likely to be adjacent to the northern margin of the northern 
Australia during 1.6–1.5 Ga, and the separation was at 
around  1.33  Ga  (Zhang  et  al.,  2017).  Based  on 
paleomagnetic data, NCC and Laurentia shared the similar 
APWPs between 1200–700 Ma, indicating that the two 
cratons were adjacent to each other in Rodinia, and the 
separation of them commenced at 650–615 Ma (Li et al., 
1996;  Zhang  et  al.,  2006).  More  paleomagnetic  data 
obtained in recent years also supported the proximities 
among NCC, Laurentia, Siberia and Baltic in the early 
Mesoproterozoic to Neoproterozoic, and the separation of 
NCC from Columbia might begin at ~1400 Ma (Xu et al., 
2014; Fu et al., 2015).  

In  most  supercontinent  reconstruction  models,  the 
northwestern part of Baltic was connected to the eastern 

 

Fig. 8. Binned frequency histograms of Dulahala, Jianshan, Hala-
huogete and Bilute formations from Bayan Obo Group.  
Data source from Zhong et al., (2015); Zhou et al., (2016); Liu C H et al., 
(2017); Zhou et al., (2018).  
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part of Laurentia from 1.9 Ga to 1.3 Ga (Johansson, 2009). 
The SAMBA model (South America–Baltic) of Rodinia 
connected the northwest Amazonia to the southwest Baltic 
and  the  western  margin  of  Baltic  collided  with 
southeastern  margin  of  Amazonia  at  0.9–1.1  Ga 
(Johansson, 2009). Cawood et al. (2017) also suggested 
that with the final closure of the Mirovoi Ocean, the 
western Amazonia collided with the eastern Laurentia at 
1.0 Ga. At the same time, the southern margin of Baltic 
collided with the northern Amazonia, forming a part of the 
Rodinia.  Therefore,  Amazonia and Baltic were placed 
adjacent to each other in these models. What’s more, 
magmatism with ages of 1.78–1.55 Ga, 1.50–1.30 Ga and 
1.25–1.10  Ga  developed  in  Rondonian–San  Ignacio 
Province of Amazonia (Bettencourt et al., 2010), which 
will serve as a potential provenance for the detrital zircons 
with ages younger than 1.60 Ga in Bayan Obo Group. 

Based on the Rodinia reconstruction model proposed by 
predecessors and the age of detrital zircons obtained from 
Bayan Obo Group in this paper, it is believed that during 
1560–1350 Ma, when Bilute Formation deposited, Baltic 
was potential non–NCC provenance. When Baiyinbaolage 
and  Hujiertu  Formation  deposited,  Amazonia  and 
Laurentia might provide detrital zircons younger than 1.60 
Ga. Therefore, NCC might be more adjacent to Amazonia 
and Laurentia in Rodinia (Fig. 9).  

 
6 Conclusions  
 

Based on the studies on ages of detrital zircons from 
Bayan  Obo  Group,  this  paper  mainly  discussed  its 
provenances and the position of NCC in Rodinia, and 
came to these following conclusions:  

The  deposition  time  of  the  Dulahala  and  Jianshan 

Formation was 1.80–1.65 Ga , Halahuogete and the Bilute 
Formation  was  1.56–1.35  Ga,  and  Baiyinbaolage  and 
Hujiertu Formation was 1250–900 Ma. 

Detrital zircons with age of 2.51–2.71 Ga and 2.00–2.48 
Ga were from Guyang, Xi Ulanbulang and Zhuozi area; 
the Khondalite Belt provided detrital zircons with age of 
1.95–1.80 Ga; zircons with age of 1.60–1.75 Ga might 
come from granitic rocks in Miyun Area. 

Baltic  might  provide  the  detrital  zircons  with  ages 
younger than 1.60 Ga for Bilute Formation during 1560-
1350 Ma, while Amazonia and Laurentia provided detrital 
zircons  younger  than  1.60  Ga  in  Baiyinbaolage  and 
Hujiertu  Formation,  suggesting  that  NCC  might  be 
adjacent to Amazonia and Laurentia in Rodinia. 
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