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a  b  s  t  r  a  c  t

Diabase  sill  swarms  are  widespread  within  the  Neoproterozoic  sedimentary  rocks  in the  Liaodong  Penin-
sula (named  as the  Dalian  mafic  sill  swarms),  eastern  North  China  Craton  (NCC).  Our  new  zircon  LA-ICP-MS
U–Pb  and baddeleyite  SIMS  Pb–Pb  dating  results  on  five  diabase  sill  samples  emplaced  into  the  Qiaotou,
Cuijiatun  and  Xingmincun  Formations  in  the  Liaodong  Peninsula  indicate  their  emplacement  during
the  early  Neoproterozoic  (Tonian)  period  at 0.92–0.89  Ga  and  pre-magmatic  regional  uplift  prior  to  ca.
0.92–0.89  Ga.  The  above  results  provide  important  constraints  on  the  upper  boundary  of  the  Neoprotero-
zoic  strata  and  their  macroscopic  carbonaceous  fossils  and  organic-walled  microfossils  in  the  eastern
and southeastern  NCC  and  indicate  they are Tonian  in  age.  The early  Neoproterozoic  Dalian  diabase  sills
belong  to the  tholeiitic  series  and  are  characterized  by  low  contents  of  SiO2 and  K2O,  high  contents  of
TiO2,  Fe2O3T and MgO, slight  light  REE  (LREE)-enrichment  and  no  Eu  anomalies  on  chondrite-normalized
REE  patterns,  enrichment  of high  field  strength  element  (HFSE)  and  lack  of  negative  Nb,  Ta, Zr,  Hf, P  and
Ti  anomalies  on primitive  mantle-normalized  spidergrams;  and  exhibit  geochemical  characteristics  of
within  plate  basalt  on discrimination  diagrams.  The  newly  identified  Dalian  diabase  sills,  together  with
the  previously  reported  Xu-Huai  and  Sariwon  mafic  sills  and  the  Dashigou  mafic  dykes,  constitute  an
early  Neoproterozoic  (0.92–0.89  Ga)  large  igneous  province  in  the  NCC  (Sino-Korean  Craton).  Formation
of  the  early  Neoproterozoic  diabase  sill  (dyke)  swarms  in the NCC  is probably  related  to  a  continental

rifting  event  that  have  led  to breakup  of  southeastern  NCC  from  some  other  continents  in  the  Rodinia
supercontinent.  Breakup  of  the  NCC  from  the  Rodinia  supercontinent  at around  0.92–0.89  Ga is also  sup-
ported  by  pre-magmatic  regional  uplift  of  the  southeastern  NCC  prior  to  ca.  0.92–0.89  Ga  and  evolution
trend  of the  Dalian  diabase  sills  from  within  plate  basalt  to  mid-ocean  ridge  basalt  on  the Zr/Y  vs. Zr
discrimination  diagram.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Mafic dyke (or sill) swarms are important indicators for
idespread continental lithospheric extension and pointers of con-

inental rifting and breakup events, and are very essential for
ncient continental reconstructions (e.g., Halls, 1982; Fahrig, 1987;
amo et al., 1989; Harris and Li, 1995; Ernst et al., 1995, 2008; Yale

nd Carpenter, 1998; Bleeker and Ernst, 2006; Hanski et al., 2006;
olm et al., 2006; Hou et al., 2008; Peng, 2010; Ernst, 2014). The
orth China Craton (NCC) is one of the oldest cratons in the world

∗ Corresponding author at: No. 11 South Minzudaxue Road, Haidian District, Bei-
ing 100081, China. Tel.: +86 10 88815058; fax: +86 10 68422326.

E-mail address: tozhangshuanhong@163.com (S.-H. Zhang).

ttp://dx.doi.org/10.1016/j.precamres.2015.11.005
301-9268/© 2015 Elsevier B.V. All rights reserved.
and experienced a complex geological evolution since the early Pre-
cambrian (Zhai and Santosh, 2013; Zhao and Zhai, 2013; Zhao, 2014
and references therein). Although most researchers believe that the
NCC was involved in the assembly of the Columbia (also known as
Nuna) supercontinent during the late Paleoproterozoic (e.g., Zhao
et al., 2002, 2003, 2004, 2006, 2011; Wilde et al., 2002; Kusky et al.,
2007; Kusky and Santosh, 2009; Santosh, 2010), whether or how
the NCC was involved in the Meso-Neoproterozoic supercontinents
(Columbia and Rodinia) and the position of the NCC in these super-
continents still remains unclear or controversial because of lack of
reliable isotopic ages for Meso-Neoproterozoic (1.6–0.5 Ga) mag-

matism and tectonism in the NCC (e.g., Zhai, 2004; Lu et al., 2008).
Thus, many paleogeographic reconstructions for the Columbia and
Rodinia supercontinents during the Meso-Neoproterozoic time
have excluded the NCC (e.g., Hoffman, 1991; Dalziel, 1991; Rogers

dx.doi.org/10.1016/j.precamres.2015.11.005
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precamres.2015.11.005&domain=pdf
mailto:tozhangshuanhong@163.com
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ig. 1. Geological sketch map showing distribution of the diabase sills within the N
ample sites are also shown in the diagram.

nd Santosh, 2002; Pesonen et al., 2003) or put it far away from
ther continents (e.g., Li et al., 2008). Recently, two stages of mafic
ill (dyke) swarms, one in the Mid-Mesoproterozoic (1.35–1.32 Ga),
nother in the early Neoproterozoic (0.92–0.90 Ga), have been iden-
ified from the NCC (Liu et al., 2006; Gao et al., 2009; Zhang et al.,
009, 2012a; Li et al., 2009a; Peng et al., 2011a, 2011b; Wang et al.,
012; Peng, 2015). Moreover, several 1.23–1.21 Ga mafic intrusions
ave been identified from the eastern NCC (Peng et al., 2013; Wang
t al., 2015). The Mid-Mesoproterozoic (1.35–1.32 Ga) mafic sill
warms were considered to be related to breakup of the north-
rn NCC from the Columbia supercontinent (Zhang et al., 2009,

012a; Wang et al., 2014a), which is supported by new paleomag-
etic results (Zhang et al., 2012b; Chen et al., 2013; Xu et al., 2014).
he early Neoproterozoic (0.92–0.90 Ga) mafic dyke (sill) swarms
rovide important evidence for involvement of the NCC in the
terozoic sedimentary rocks in the Liaodong Peninsula (modified after GSILP, 2001).

Rodinia supercontinent. However, since sill (dyke) swarms associ-
ated with large igneous provinces do not always lead to breakup
(e.g., Goldberg, 2010; Ernst, 2014), it is still uncertain whether
they are related to local extension or breakup of the NCC from the
Rodinia supercontinent because their ages are much older than the
main period of the Rodinia breakup during the Mid-Neoproterozoic
period (e.g., Karlstrom et al., 2001; Li et al., 2008; Evans, 2013).

In this contribution, we present new geological and geochrono-
logical evidence for early Neoproterozoic (Tonian) emplacement of
the large volumes of diabase sills within the Neoproterozoic sedi-
mentary rocks in the Liaodong Peninsula in the eastern NCC and

regional uplift in the eastern NCC prior to ca.  0.92–0.89 Ga. The
results presented in this study provide critical constraints on upper
boundary of the Neoproterozoic strata and their macroscopic car-
bonaceous fossils and organic-walled microfossils in the eastern
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Fig. 2. A reconstruction map  showing distribution of the early Neoproterozoic mafic sill (dyke) swarms in the NCC (Sino-Korean Craton) during the early Neoproterozoic
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eriod.  The southeastern and northeastern boundaries of the NCC are reconstruc
riassic-Jurassic period and possibly crustal shortening in northeastern NCC induc
edimentary rocks in the southeastern NCC (For interpretation of the references to 

nd southeastern NCC as well as the timing and processes of conti-
ental rifting and breakup of the southeastern NCC from the Rodinia
upercontinent.

. Geological setting

The Liaodong Peninsula is located in the eastern NCC (Fig. 1).
rior to sinistral strike-slip motion of the Tan-Lu fault zone dur-
ng the Triassic-Jurassic period (e.g., Xu et al., 1987; Zhu et al.,
005), it was located in the southeastern part of the NCC (Fig. 2).
ts basement consists of highly metamorphosed Archean and
aleoproterozoic rocks, which are covered by a thick sequence
f low-grade to unmetamorphosed Mesoproterozoic (Yushulazi
ormation), Neoproterozoic (Yongning, Diaoyutai, Nanfen, Qiao-
ou, Changlingzi, Nanguanling, Ganjingzi, Yingchengzi, Shisanlitai,

ajiatun, Cuijiatun and Xingmincun Formations, Fig. 3) and
ambrian-Ordovician marine clastic and carbonate platformal sed-

ments, Middle Carboniferous to Early Permian shallow marine
lastic rocks interbedding with terrigenous coal-bearing clastics,
nd Jurassic-Early Cretaceous terrestrial sediments and volcanic
ocks (Fig. 1). Mesoproterozoic strata in the Liaodong Peninsula are
bout 3.5 km thick and the thickness of the Neoproterozoic strata
s over 12.7 km (Fig. 3, GSILP, 2001). Since most of the previously
egarded “Neoproterozoic” strata in northern and southern mar-
ins of the NCC were recently proved to be Mesoproterozoic in age
y high-precision SHRIMP or LA-ICP-MS U–Pb dating (e.g., Gao et al.,
007, 2008; Zhang et al., 2009, 2012a; Lu et al., 2010; Su et al., 2012),
he Liaodong Peninsula became one of the few remaining places
ith exposure of complete sequences of the Neoproterozoic strata

n the NCC.
Similar to other parts of the NCC, there is no angular unconfor-

ity between strata from the Mesoproterozoic to Early Permian.
rom Middle Triassic, the Liaodong Peninsula was  strongly
eformed with emplacement of large volumes of Mesozoic gran-

toid intrusions (e.g., Xu et al., 1991; Yang et al., 1996, 2002,
007a, 2011; Bing and Wang, 2004; Wu et al., 2005; Liu et al.,
005b; Lin et al., 2011). Middle-Late Triassic deformation, which

s probably related to overriding plate deformation of the Sulu

ontinent–continent collision, is strongly affected by near N–S
ontraction with development of large scale folding in the Meso-
eoproterozoic to Early Permian strata (Yang et al., 2002, 2011;
ing and Wang, 2004). In the Early Cretaceous, the Liaodong
 considering the sinistral strike-slip motion of the Tan-Lu fault zone during the
 Tan-Lu fault. Yellow-shaded area shows distribution of the early Neoproterozoic

 in this figure legend, the reader is referred to the web version of this article.).

Peninsula is characterized by NW–SE extension with development
of extensional volcano-sedimentary basins and metamorphic core
complexes (e.g., Yang et al., 1996; Liu et al., 2005b; Lin et al., 2011).

3. Field occurrence and sample description

Diabase intrusions are very common in the Liaodong Peninsula
and occur mainly as sills within the Neoproterozoic Yongning, Qiao-
tou, Changlingzi, Nanguanling, Ganjingzi, Yingchengzi, Cuijiatun
and Xingmincun Formations. The diabase sills are usually several
meters to several hundred meters thick and several hundred meters
to over ten kilometers long (Fig. 1). At least three layers of dia-
base sills exist within the Ganjingzi Formation near Dalashufang
along the western coast of the Liaodong Peninsula (Fig. 4A). Near
the boundary of sills, baked zones are very common in sandstones
and siltstones and the dolomites and limestones display recrys-
tallization due to thermal emplacement of diabase sills (Fig. 5D,
E). Usually these diabase sills were folded with the surrounding
strata, indicating their emplacement prior to regional folding dur-
ing the Middle-Late Triassic. They exhibit coarse-, medium- to
fine-grained ophitic texture with similar mineral compositions of
clinopyroxene (45–65 vol.%), plagioclase (30–55 vol.%), hornblende
(0–5 vol.%) and Fe–Ti oxides (magnetite and ilmenite, 0–5 vol.%)
and minor quartz, K-feldspar and biotite (Fig. 6). Some diabase
sills are characterized by exfoliate concentric weathering near sur-
face (Fig. 5). Similar to the Meso-Neoproterozoic sedimentary rocks
in the Liaodong Peninsula, the diabase sills underwent no intense
metamorphism. Most plagioclase has experienced saussuritization
and some clinopyroxene was  altered to chlorite, biotite and uralite.

Over twenty large diabase samples (>15 kg) emplaced into
the Neoproterozoic sedimentary rocks in different places in the
Liaodong Peninsula were collected to separate zircons and badde-
leyites for U–Pb/Pb–Pb geochronology. Among them four samples
yield sufficient zircon grains and three samples yield sufficient
baddeleyite grains for dating. Description of the geochronological
samples is listed below.

Sample 11224-1 is a medium-grained diabase collected from
a sill emplaced into the Qiaotou Formation northwest to Pulan-

dian (GPS position: E121◦48.05′; N39◦26.22′). It is composed of
clinopyroxene (58 vol.%), plagioclase (39 vol.%) and Fe–Ti oxides
(magnetite and ilmenite, 3 vol.%), with accessory apatite, zircon and
titanite. Zircons from this sample are transparent-semitransparent,
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Fig. 3. Stratigraphic column of the Meso-Neoproterozoic sedim

reamy white-pink, euhedral or subhedral prisms with a size ran-
ing from 50 to 180 �m and length/width ratio of 1:1 to 2:1. They
re quite homogeneous and exhibit weak oscillatory zoning in
athodoluminescence (CL) images (Fig. 7A). Some zircons are char-
cterized by thin schlieren parallel to their long axis.

Sample 11210-1 is a coarse-grained diabase collected from a
ill emplaced into the Xingmincun Formation near Wangjiatun
long the eastern coast of the Liaodong Peninsula (GPS posi-
ion: E121◦53.27′; N39◦02.59′). It consists of plagioclase (35 vol.%),
linopyroxene (60 vol.%) and Fe–Ti oxides (magnetite and ilmenite,

 vol.%), with accessory apatite, zircon, baddeleyite and titanite.
ircons from this sample are transparent-semitransparent, pink
uhedral prisms with a size ranging from 30 to 150 �m and
ength/width ratio of 1:1–3.5:1. In CL images, they are quite homo-
eneous and exhibit weak oscillatory zoning (Fig. 7B). Some zircons

xhibit thin schlieren parallel to their long axis. Baddeleyites are
rown euhedral small platy prisms with a size ranging from 30
o 60 �m.  They exhibit homogeneous structures in CL and back-
cattered electron (BSE) images (Fig. 8B).
y rocks in the Liaodong Peninsula (modified after GSILP, 2001).

Sample 11205-1 is a weathered medium-grained diabase
collected from a sill emplaced into the Cuijiatun and Xingmin-
cun Formations north to Gezhenbu along the western coast of
the Liaodong Peninsula (GPS position: E121◦31.11′; N39◦01.75′).
Its mineral assemblage is clinopyroxene (50 vol.%), plagioclase
(48 vol.%) and Fe–Ti oxides (magnetite and ilmenite, 2 vol.%),
with accessory apatite, zircon and baddeleyite. The zircons
are transparent-semitransparent-opaque, creamy white-pink, and
euhedral prisms with length/width ratio of 1:1 to 3:1. The grain
sizes are from 50 to 100 �m.  They are very homogeneous and
exhibit weak or no oscillatory zoning in CL images (Fig. 7C). Most
zircons from this sample are characterized by thin schlieren paral-
lel to their long axis. Baddeleyites are brown euhedral platy prisms
with a size ranging from 30 to 150 �m.  They are quite homogeneous
in CL and BSE images (Fig. 8A).
Sample 11202-1 is another weathered medium-grained diabase
collected from a sill emplaced into the Cuijiatun and Xingmin-
cun Formations north to Gezhenbu along the western coast of
the Liaodong Peninsula (GPS position: E121◦32.02′; N39◦02.41′).
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Table  1
LA-ICP-MS U–Pb dating results of zircons from the diabase sill swarms in the Liaodong Peninsula.

Grain-spot Total Pb (ppm) 232Th (ppm) 238U (ppm) 232Th/238U Isotopic ratios

207Pb/206Pb ±1� 207Pb/235U ±1� 206Pb/238U ±1�

Sample 11224-1 (Liaodong Peninsula, diabase sills emplaced into the Qiaotou Formation; GPS position: E121◦48.05′; N39◦26.22′)
01  853 994 632 1.57 0.0701 0.0013 1.6221 0.0323 0.1663 0.0017
02  709 1106 850 1.30 0.0680 0.0013 1.1303 0.0215 0.1193 0.0010
03  781 897 691 1.30 0.0705 0.0013 1.5666 0.0286 0.1596 0.0012
04  755 1341 939 1.43 0.0675 0.0013 1.0281 0.0245 0.1092 0.0016
05  624 748 664 1.13 0.0704 0.0014 1.4926 0.0320 0.1524 0.0015
06  894 1027 737 1.39 0.0739 0.0016 1.6413 0.0346 0.1599 0.0014
07  564 631 552 1.14 0.0703 0.0015 1.5752 0.0343 0.1615 0.0013
08  583 644 554 1.16 0.0710 0.0015 1.6024 0.0331 0.1625 0.0013
09  600 756 612 1.23 0.0700 0.0013 1.4522 0.0293 0.1494 0.0014
10  272 287 289 0.99 0.0723 0.0021 1.6689 0.0486 0.1662 0.0018
11  832 1017 751 1.35 0.0699 0.0015 1.4788 0.0316 0.1519 0.0011
12  1240 1895 1100 1.72 0.0692 0.0015 1.2128 0.0269 0.1260 0.0012
13  520 581 508 1.14 0.0701 0.0016 1.5959 0.0372 0.1637 0.0014
14  637 697 600 1.16 0.0703 0.0015 1.6965 0.0415 0.1731 0.0023
15  782 906 654 1.38 0.0699 0.0015 1.6167 0.0435 0.1649 0.0024
16  587 664 577 1.15 0.0679 0.0015 1.5759 0.0347 0.1658 0.0015
17  616 688 575 1.20 0.0680 0.0015 1.5143 0.0315 0.1591 0.0013
18  674 796 563 1.41 0.0688 0.0017 1.5386 0.0373 0.1594 0.0017

Sample 11210-1 (Liaodong Peninsula, diabase sills emplaced into the Xingmincun Formation; GPS position: E121◦53.27′; N39◦02.59′)
01  323 369 289 1.27 0.0754 0.0027 1.9156 0.0740 0.1828 0.0038
02  2072 10300 3794 2.71 0.0624 0.0012 0.4544 0.0100 0.0520 0.0006
03  1723 9530 3327 2.86 0.0593 0.0012 0.3867 0.0076 0.0469 0.0005
04  655 1239 796 1.56 0.0685 0.0015 1.2220 0.0260 0.1282 0.0011
05  911 2885 1665 1.73 0.0648 0.0014 0.7033 0.0165 0.0778 0.0007
06  534 844 640 1.32 0.0680 0.0016 1.3689 0.0321 0.1449 0.0012
07  831 1236 823 1.50 0.0683 0.0017 1.4909 0.0376 0.1566 0.0014
08  994 3053 1807 1.69 0.0602 0.0014 0.6248 0.0164 0.0744 0.0010
09  792 1240 708 1.75 0.0708 0.0017 1.5622 0.0407 0.1587 0.0024
10  2788 10631 3515 3.02 0.0648 0.0015 0.6430 0.0170 0.0710 0.0010
11  374 638 492 1.30 0.0686 0.0021 1.3684 0.0404 0.1433 0.0018
12  806 3369 2195 1.54 0.0634 0.0016 0.5267 0.0131 0.0594 0.0006
13  545 855 650 1.32 0.0735 0.0023 1.4698 0.0452 0.1433 0.0018
14  1080 2713 1263 2.15 0.0653 0.0015 0.9347 0.0236 0.1023 0.0014
15  1328 2472 1294 1.91 0.0672 0.0013 1.2390 0.0246 0.1319 0.0011
16  973 1574 899 1.75 0.0684 0.0015 1.4257 0.0313 0.1493 0.0013
17  880 3028 1619 1.87 0.0681 0.0013 0.7069 0.0146 0.0744 0.0008
18  802 1478 769 1.92 0.0691 0.0018 1.3536 0.0426 0.1403 0.0027

Sample 11205-1 (Liaodong Peninsula, diabase sills emplaced into the Cuijiatun and Xingmincun Formations; GPS position: E121◦31.11′; N39◦01.75′)
01  835 1134 1040 1.09 0.0701 0.0013 1.3195 0.0240 0.1351 0.0011
02  527 631 648 0.97 0.0704 0.0014 1.5253 0.0306 0.1556 0.0014
03  1231 2492 1590 1.57 0.0648 0.0013 0.8811 0.0210 0.0974 0.0013
04  848 1085 814 1.33 0.0693 0.0014 1.4771 0.0302 0.1531 0.0012
05  781 2066 1865 1.11 0.0653 0.0015 0.6303 0.0151 0.0693 0.0008
06  1126 3118 1852 1.68 0.0655 0.0016 0.6514 0.0174 0.0714 0.0010
07  1301 2139 1416 1.51 0.0683 0.0015 1.1281 0.0260 0.1185 0.0013
08  1009 1366 1142 1.20 0.0719 0.0014 1.3695 0.0297 0.1366 0.0013
09  323 141 212 0.67 0.1577 0.0029 9.0622 0.2021 0.4118 0.0056
10  570 654 476 1.37 0.0794 0.0017 1.7499 0.0366 0.1581 0.0012
11  636 733 743 0.99 0.0700 0.0014 1.5538 0.0316 0.1599 0.0020
12  1078 1837 1253 1.47 0.0681 0.0014 1.0852 0.0225 0.1142 0.0009
13  1237 2629 1571 1.67 0.0666 0.0014 0.8411 0.0208 0.0904 0.0013
14  725 836 654 1.28 0.0847 0.0020 1.8479 0.0473 0.1555 0.0014
15  891 3089 2697 1.15 0.0653 0.0012 0.5086 0.0117 0.0563 0.0010
16  1249 3004 1911 1.57 0.0631 0.0012 0.6971 0.0186 0.0792 0.0016
17  1521 6780 3937 1.72 0.0653 0.0014 0.3898 0.0097 0.0427 0.0005
18  992 1720 1165 1.48 0.0703 0.0015 1.1915 0.0364 0.1204 0.0025

Sample 11202-1 (Liaodong Peninsula, diabase sills emplaced into the Cuijiatun and Xingmincun Formations; GPS position: E121◦32.02′; N39◦02.41′)
01  341 389 358 1.09 0.0695 0.0022 1.5622 0.0499 0.1599 0.0019
02  1431 5552 3258 1.70 0.0662 0.0015 0.4551 0.0105 0.0490 0.0006
03  1351 4136 1814 2.28 0.0676 0.0016 0.6013 0.0173 0.0633 0.0012
04  1354 4683 2970 1.58 0.0634 0.0012 0.4823 0.0110 0.0544 0.0009
05  954 2676 2295 1.17 0.0680 0.0011 0.7093 0.0259 0.0746 0.0026
06  2066 5114 1302 3.93 0.0666 0.0015 0.8004 0.0211 0.0858 0.0010
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Table 1 (Continued)

Grain-spot Isotopic ages (Ma)

207Pb/206Pb ±1� 207Pb/235U ±1� 206Pb/238U ±1�

Sample 11224-1 (Liaodong Peninsula, diabase sills emplaced into the Qiaotou Formation; GPS position: E121◦48.05′; N39◦26.22′)
01  931 24 979 13 992 10
02  878 25 768 10 727 6
03  943 25 957 11 955 7
04  854 26 718 12 668 9
05  939 28 927 13 915 9
06  1039 29 986 13 956 8
07  936 31 960 14 965 7
08  959 29 971 13 971 7
09  928 26 911 12 897 8
10  994 41 997 18 991 10
11  928 31 922 13 912 6
12  906 30 806 12 765 7
13  931 34 969 15 977 8
14  937 29 1007 16 1029 13
15  928 32 977 17 984 13
16  865 31 961 14 989 8
17  878 29 936 13 952 7
18  894 33 946 15 954 9

Sample  11210-1 (Liaodong Peninsula, diabase sills emplaced into the Xingmincun Formation; GPS position: E121◦53.27′; N39◦02.59′)
01  1080 45 1087 26 1082 21
02  687 28 380 7 327 4
03  576 26 332 6 295 3
04  885 30 811 12 778 6
05  769 34 541 10 483 4
06  878 34 876 14 872 7
07  880 37 927 15 938 8
08  609 33 493 10 463 6
09  952 30 955 16 950 13
10  769 33 504 11 442 6
11  887 40 875 17 863 10
12  724 35 430 9 372 4
13  1028 42 918 19 863 10
14  785 31 670 12 628 8
15  843 27 818 11 799 6
16  880 30 900 13 897 8
17  870 25 543 9 463 5
18  902 35 869 18 846 15

Sample 11205-1 (Liaodong Peninsula, diabase sills emplaced into the Cuijiatun and Xingmincun Formations; GPS position: E121◦31.11′; N39◦01.75′)
01  931 24 854 11 817 6
02  939 27 941 12 932 8
03  769 29 642 11 599 8
04  906 29 921 12 919 7
05  787 31 496 9 432 5
06  791 32 509 11 445 6
07  880 30 767 12 722 7
08  983 29 876 13 825 7
09  2431 20 2344 20 2223 25
10  1183 29 1027 14 946 7
11  931 23 952 13 956 11
12  872 30 746 11 697 5
13  833 29 620 11 558 7
14  1309 36 1063 17 932 8
15  787 22 417 8 353 6
16  722 27 537 11 491 9
17  783 31 334 7 270 3
18  939 31 797 17 733 15

Sample 11202-1 (Liaodong Peninsula, diabase sills emplaced into the Cuijiatun and Xingmincun Formations; GPS position: E121◦32.02′; N39◦02.41′)
01  922 46 955 20 956 11
02  813 29 381 7 308 4
03  857 31 478 11 396 7
04  720 24 400 8 341 5
05  869 34 544 15 464 15
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t is composed of clinopyroxene (47 vol.%), plagioclase (50 vol.%)

nd Fe–Ti oxides (magnetite and ilmenite, 3 vol.%), with accessory
patite and zircon. Zircons from this sample are semitransparent-
paque, creamy white-pink, euhedral or subhedral prisms with a
ize ranging from 50 to 200 �m and length/width ratio of 1:1 to
12 531 6

3:1. In CL images, they are very homogeneous and exhibit weak or

no oscillatory zoning (Fig. 7D). Some zircons exhibit thin schlieren
parallel to their long axis.

Sample 11217-1 is a coarse-grained diabase collected from a
sill emplaced into the Qiaotou Formation near Dagushan along the
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ig. 4. Geological sections showing the diabase sills within the Neoproterozoic sed
ormation near Dalashufang along the western coast of the Liaodong Peninsula; (B)

astern coast of the Liaodong Peninsula (GSP position: E121◦49.68′;
38◦59.71′). It consists of plagioclase (33 vol.%), clinopyroxene

60 vol.%), hornblende (2 vol.%) and Fe–Ti oxides (magnetite and
lmenite, 5 vol.%), with accessory apatite and baddeleyite. Its bad-
eleyite are brown euhedral platy prisms with a size ranging from
0 to 150 �m and exhibiting homogeneous structures in CL and BSE

mages (Fig. 8C).

. Methods and analytical procedures

.1. Sample preparation and imaging

Zircons and baddeleyites were separated using conventional
rushing and separation techniques and were then handpicked
nder a binocular microscope. They were mounted in epoxy resin
nd polished to expose the cores of the grains in readiness for
hotomicrograph, CL, BSE, and LA-ICP-MS U–Pb or SIMS Pb–Pb
nalyses. Zircons and baddeleyites were imaged using the LEO
450VP scanning electron microscope attached with GATAN Mini-
L detector at the Institute of Geology and Geophysics, Chinese
cademy of Sciences, Beijing. CL images of the analyzed zircon
rains are shown in Fig. 7. CL and BSE images of the analyzed
addeleyite grains are shown in Fig. 8.
.2. Zircon LA-ICP-MS U–Pb and trace element analysis

U–Pb dating and trace element analyses of zircon were con-
ucted synchronously by LA-ICP-MS at the State Key Laboratory
tary rocks in the Liaodong Peninsula. (A) Diabase sills emplaced into the Ganjingzi
se sill emplaced into the Qiaotou Formation northwest to Pulandian.

of Geological Processes and Mineral Resources, China University
of Geosciences, Wuhan. Detailed operating conditions for the laser
ablation system and the ICP-MS instrument and data reduction are
the same as description in Liu et al. (2008, 2010a, 2010b). The ICP-
MS used is an Agilent 7500a. The GeoLas 2005 laser-ablation system
was used for the laser ablation experiments. Nitrogen was  added
into the central gas flow (Ar + He) of the Ar plasma to decrease
the detection limit and improve precision (Hu et al., 2008). Sites
for analyses were selected on the basis of CL and photomicro-
graph images. The spots used were 30–32 �m in diameter. U, Th
and Pb concentrations were calibrated by using 29Si as an inter-
nal standard and NIST SRM 610 as the reference standard. Isotopic
ratios were calculated using ICPMSDataCal 7.7 (Liu et al., 2008,
2010a), which were then corrected for both instrumental mass bias
and depth-dependent elemental and isotopic fractionation using
Harvard zircon 91500 (Wiedenbeck et al., 1995) as an external
standard. Concordia diagrams and weighted mean ages were pro-
duced using the program ISOPLOT/Ex 3.23 (Ludwig, 2003).

4.3. Baddeleyite SIMS Pb–Pb dating

Baddeleyite SIMS Pb–Pb dating was performed on a Cameca IMS
1280-HR large-radius ion microprobe at the Institute of Geology
and Geophysics, Chinese Academy of Sciences, Beijing following

the method of Li et al. (2009b, 2010). The ellipsoidal spot is about
20 �m × 30 �m in size. The multi-collector mode equipped with
four ion counting EMs  was used to measure secondary ion beam
intensities of 204Pb, 206Pb, 207Pb and 208Pb at a mass resolution of
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Fig. 5. Field photograph of typical diabase sills emplaced into the Neoproterozoic sedimentary rocks in the Liaodong Peninsula. (A) Diabase sill emplaced into the sandstone
of  the Yongning Formation (E122◦52.31′; N40◦09.28′); (B) diabase sill emplaced into the limestone (recrystallized to white marble) of the Ganjingzi Formation (E121◦35.16′;
N39◦03.23′); (C) medium-grained diabase within the Ganjingzi Formation (E121◦35.33′; N39◦03.37′); (D) diabase sill emplaced into the limestone (recrystallized to white
marble) of the Ganjingzi Formation (E121◦35.35′; N39◦03.40′); (E) diabase sill emplaced into the silty limestone (recrystallized to white marble) of the Ganjingzi Formation
(E121◦34.62′; N39◦01.91′); (F) diabase sill emplaced into the sandstone of the Qiaotou Formation (E121◦49.68′; N38◦59.71′); (G) medium-grained diabase within the Xing-
mincun Formation (E121◦53.27′; N39◦02.59′); (H) coarse-grained diabase within the Xingmincun Formation (E121◦53.27′; N39◦02.59′); (I) diabase sill emplaced into the
sandstone of the Cuijiatun Formation (E121◦53.37′; N39◦01.98′); (J) diabase sill emplaced into the sandstone of the Qiaotou Formation (E121◦47.75′; N39◦26.11′); (K) sphe-
riodal  weathering of diabase within the Qiaotou Formation (E121◦48.05′; N39◦26.22′); (L) coarse- to medium-grained diabase within the Qiaotou Formation (E121◦47.00′;
N
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39◦27.00′).

8000 (at 50% peak height, fixed exit slit). The 206Pb signal was
sed as reference peak for tuning the secondary ions. The standard
halaborwa was used to calibrate the Pb/U ratio and U concen-

ration (Heaman and LeCheminant, 1993; Heaman, 2009). For Pb
sotopes analyses, each measurement consists of 70 cycles, and the
otal analytical time is ca. 12 min. The radiogenic 207Pb/206Pb ratios
f baddeleyite were calculated by correction of common Pb using
non-radiogenic 204Pb. Weighted mean ages were calculated using
the program ISOPLOT/Ex 3.23 (Ludwig, 2003).
4.4. Major and trace element geochemistry

Major elements except FeO were analyzed on fused glass
discs by X-ray fluorescence spectrometry and FeO contents by



S.-H. Zhang et al. / Precambrian Research 272 (2016) 203–225 211

Fig. 6. Photomicrograph (cross-polarized light) of typical diabase samples within the Neoproterozoic sedimentary rocks in the Liaodong Peninsula. (A) Medium-grained
diabase within the Ganjingzi Formation (sample 11199-1); (B) medium-grained diabase within the Cuijiatun and Xingmincun Formations (sample 11203-1); (C) medium-
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rained  diabase within the Changlingzi Formation (sample 11207-1); (D), (E) coar
edium-grained diabase within the Qiaotou Formation (sample 11224-1). Mineral

lassical wet chemical analysis at the Analytical Laboratory of the
eijing Research Institute of Uranium Geology. Trace elements
including REE) were determined by ICP-MS (Agilent 7700e ICP-

S)  at the Wuhan Sample Solution Analytical Technology Company
imited, Wuhan, China. About 50 mg  whole-rock powders were
eighed and then dissolved in distilled HF-HNO3 in Teflon screw-

ap beakers and high-pressure Teflon bombs at 190 ◦C for over 24 h,
ried and then digested with HNO3 at 140 ◦C for 1 day. The sam-
le was re-dissolved by adding 1 ml  HNO3, 1 ml  MQ  H2O and 1 ml

nternal standard In, and resealed and heated in the bomb at 190 ◦C
or over 12 h. The final solution was diluted to 100 g with mixture
f 2% HNO3 for ICP-MS analysis. Indium was used as an internal
tandard to correct for matrix effects and instrument drift. Four
nternational standards AGV-2 (andesite), BHVO-2 (basalt), BCR-2
basalt) and RGM-2 (rhyolite) were used to monitor analyses. Errors
or major element analysis are within 1%, except for P2O5 (5%), and
nalyses for most trace elements (including REE) are within 10%.

. Results

.1. Zircon U–Pb geochronology

Zircons from four diabase samples were analyzed using the LA-
CP-MS method. The analytical results are listed in Table 1 and
lotted on concordia diagrams in Fig. 9. Usually, zircons with high
ontents of U (>1200 ppm) usually have suffered substantial Pb
oss; however, those with low contents of U (<1100 ppm) usually
ield concordant ages with concordance >95%.

Eighteen spots on 18 zircon grains from sample 11224-1
mplaced into the Qiaotou Formations were dated and most of
he analyses are concordant. Although three analyses (spots 02,
4 and 12) are not concordant due to minor amounts of Pb
oss (Fig. 9A), their 207Pb/206Pb ages are well concentrated. The
eighted mean 207Pb/206Pb age of all analyses is 923 ± 22 Ma  (95%

onfidence, MSWD  = 2.3, N = 18). Different to the synmagmatic zir-
ons from intermediate-acid igneous rock that are characterized by
ined diabase within the Xingmincun Formation (sample 11210-1); (F) coarse- to
viations: Cpx, clinopyroxene; Pl, plagioclase.

oscillatory zoning, zircons from the diabase sample are quite homo-
geneous and exhibit weak oscillatory zoning in CL images (Fig. 7A)
and show high Th/U ratios (0.99–7.70, Table 1), indicating they are
magmatic in origin. The above characteristics are very similar to
those of the synmagmatic zircons from the diabase samples in the
NCC (e.g., Liu et al., 2006; Gao et al., 2009; Zhang et al., 2009, 2012a;
Wang et al., 2012) and North Korea (Peng et al., 2011b). Therefore,
the above weighted mean 207Pb/206Pb age of 923 ± 22 Ma  reflects
the crystallization age of the diabase sills emplaced into the Qiaotou
Formations.

Eighteen spots on 18 zircon grains from sample 11210-1
emplaced into the Xingmincun Formation were analyzed (Fig. 9B).
One concordant analysis (spot 01) yields a slightly older 207Pb/206Pb
age of 1080 ± 45 Ma  and reflected the age of the Mesoproterozoic
inherited zircons. Apart from other 8 analyses (spots 02, 03, 05, 08,
10, 12, 14 and 15) with significant Pb loss, the remaining analyses
yield a weighted mean 207Pb/206Pb age of 900 ± 34 Ma  (95% con-
fidence, MSWD  = 1.9, N = 9). Their zircons are quite homogeneous
and exhibit weak oscillatory zoning in CL images (Fig. 7B) with high
contents of Th and U and high Th/U ratios (1.30–3.02, Table 1), typ-
ical of synmagmatic zircons from diabase samples. Therefore, the
weighted mean 207Pb/206Pb age of 900 ± 34 Ma is interpreted as the
crystallization age of the diabase sills emplaced into the Xingmin-
cun Formation.

Eighteen spots on 18 zircon grains from sample 11205-1
emplaced into the Cuijiatun and Xingmincun Formations were
dated and plotted on a concordia diagram in Fig. 9C. One analy-
sis (spot 09) yields an early Paleoproterozoic inherited 207Pb/206Pb
age of 2431 ± 20 Ma,  similar to the ages of the basement rocks
in the NCC. Two analyses (spots 10 and 14) yield Mesoprotero-
zoic inherited 207Pb/206Pb age of 1309 ± 36 Ma  and 1183 ± 29 Ma,
respectively. Apart from 3 inherited analyses (spots 09, 10 and 14)

and 7 analyses with significant Pb loss (spots 03, 05, 06, 13, 15,
16 and 17), the weighted mean 207Pb/206Pb age of the remaining
analyses is 924 ± 28 Ma  (95% confidence, MSWD  = 1.5, N = 8, Fig. 9C).
Similar to synmagmatic zircons from other samples, zircons from
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Fig. 7. CL images of the analyzed zircon grains together with LA-ICP-MS U–Pb analyses spots. (A) Sample 11224-1; (B) sample 11210-1; (C) sample 11205-1; (D) sample
11202-1.
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Fig. 8. CL and BSE images of the analyzed baddeleyite grains together with SIMS

ample 11205-1 are quite homogeneous and exhibit weak oscilla-
ory zoning in CL images (Fig. 7C) and show high contents of Th and

 and high Th/U ratios (0.99–1.72, Table 1). Therefore, the weighted

ean 207Pb/206Pb age of 924 ± 28 Ma  is interpreted as the crystal-

ization age of the diabase sills emplaced into the Cuijiatun and
ingmincun Formations.
b analyses spots. (A) Sample 11205-1; (B) sample 11210-1; (C) sample 11217-1.

Because most of zircons from sample 11202-1 emplaced into the
Cuijiatun and Xingmincun Formations are characterized by signif-
icant Pb loss, only 6 spots on 6 grains were analyzed. One analyses

(spot 01) with relatively low content of U (358 ppm) is concord-
ant and yields a reliable 207Pb/206Pb age of 922 ± 46 Ma  (Fig. 9D).
Their zircons are also typical of synmagmatic zircons from diabase
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ig. 9. U–Pb concordia diagrams for zircons from the diabase sill samples emplaced
rosses  are 2�.

amples and exhibit weak oscillatory zoning in CL images (Fig. 7D)
ith high Th/U ratios of 1.09–3.93 (Table 1). Therefore, the

07Pb/206Pb age of 922 ± 46 Ma  on the concordant analysis is inter-
reted as the crystallization age of the diabase sills emplaced into
he Cuijiatun and Xingmincun Formations.

.2. Baddeleyite Pb–Pb geochronology

Baddeleyites from three diabase samples were analyzed using
he SIMS method and the analytical results are listed in Table 2
nd plotted on 207Pb/206Pb age diagrams in Fig. 10. Twenty-one
pots on 21 baddeleyite grains from sample 11205-1 emplaced
nto the Cuijiatun and Xingmincun Formations were dated and
lotted on a 207Pb/206Pb age diagram in Fig. 10A. Except for three

mprecise analyses due to high common Pb (spots 02, 03 and 09),
he remaining analyses yield a weighted mean 207Pb/206Pb age of
24 ± 5 Ma  (95% confidence, MSWD  = 1.3, N = 18). This age is exactly
he same as that of zircons from this sample (Fig. 9C), indicating

mplacement of the diabase sills at ca.  0.92 Ga.

Nineteen spots on 19 baddeleyite grains from sample 11210-1
mplaced into the Xingmincun Formation were analyzed and plot-
ed on a 207Pb/206Pb age diagram in Fig. 10B. Except for one analysis
the Neoproterozoic sedimentary rocks in the Liaodong Peninsula. Data-point error

due to high common Pb (spot 02), the remaining analyses yield
a weighted mean 207Pb/206Pb age of 886 ± 5 Ma  (95% confidence,
MSWD  = 1.2, N = 18). The above age is similar to that of zircons from
this sample (Fig. 9B), indicating emplacement of the diabase sills at
0.90–0.89 Ga.

Nineteen spots on 19 baddeleyite grains from sample 11217-1
emplaced into the Qiaotou Formation were analyzed and plotted
on a 207Pb/206Pb age diagram in Fig. 10C. Except for one analysis
due to high common Pb (spot 03), the remaining analyses yield
a weighted mean 207Pb/206Pb age of 909 ± 7 Ma (95% confidence,
MSWD  = 1.4, N = 18), which is interpreted as the crystallization age
of the diabase sills emplaced into the Qiaotou Formation at ca.
0.91 Ga.

5.3. Major and trace element compositions

The major and trace element compositions of 18 diabase sill
samples emplaced into different layers within the Neoprotero-

zoic strata in the Liaodong Peninsula are listed in Table 3. Most
of them exhibit similar major and trace element compositions
and are characterized by low contents of SiO2 (45.62–54.77 wt.%)
and K2O (0.04–1.91 wt.%), high contents of TiO2 (1.60–4.70 wt.%),
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Table  2
SIMS Pb–Pb dating results of baddeleyites from the diabase sill swarms in the Liaodong Peninsula.

Grain spot U (ppm) 206Pb/204Pb 207Pb*/206Pb* ±1� (%) 207Pb*/206Pb* Age (Ma) ±1�

Sample 11205-1 (Liaodong Peninsula, diabase sills emplaced into the Cuijiatun and Xingmincun Formations; GPS position: E121◦31.11′; N39◦01.75′)
11205-1@01 722 71265 0.06983 0.62 918 13
11205-1@02 381 519 0.09543 1.24 863 47
11205-1@03 273 556 0.09917 11.21 1029 428
11205-1@04 787 20364 0.07145 0.33 950 7
11205-1@05 1410 242825 0.06922 0.65 904 13
11205-1@06 740 67361 0.07000 0.32 922 7
11205-1@07 232 58272 0.07063 0.76 940 16
11205-1@08 996 47403 0.07012 0.61 923 13
11205-1@09 487 121 0.18086 3.85 645 403
11205-1@10 539 8992 0.07135 0.45 921 14
11205-1@11 1310 8101 0.07154 0.68 922 14
11205-1@12 862 114066 0.06951 0.73 910 15
11205-1@13 623 9174 0.07139 0.39 923 9
11205-1@14 1042 402178 0.06991 0.28 925 6
11205-1@15 318 1874 0.07802 0.78 940 30
11205-1@16 294 35544 0.07020 0.45 922 10
11205-1@17 1987 323803 0.06984 0.38 922 8
11205-1@18 1006 125703 0.06982 0.35 920 7
11205-1@19 273 20051 0.07042 0.50 920 11
11205-1@20 291 60059 0.06987 0.51 917 11
11205-1@21 486 4400 0.07252 0.48 907 14

Sample 11210-1 (Liaodong Peninsula, diabase sills emplaced into the Xingmincun Formations, GSP position: E121◦53.27′; N39◦02.59′)
11210-1@01 872 8023 0.07060 0.70 893 18
11210-1@02 564 1146 0.08161 8.03 902 270
11210-1@03 1028 16470 0.06929 0.37 881 8
11210-1@04 1954 212567 0.06854 0.14 883 3
11210-1@05 735 75860 0.06915 0.26 898 6
11210-1@06 1320 141048 0.06911 0.55 899 11
11210-1@07 447 73855 0.07016 1.79 927 37
11210-1@08 969 122732 0.06899 0.42 895 9
11210-1@09 290 56299 0.06876 0.54 884 11
11210-1@10 2521 290015 0.06850 1.58 882 33
11210-1@11 263 40232 0.06853 0.38 874 8
11210-1@12 701 95715 0.06965 0.74 914 15
11210-1@13 1187 117102 0.06862 1.54 884 32
11210-1@14 1459 142032 0.06858 0.36 883 7
11210-1@15 2356 265442 0.06846 0.59 881 12
11210-1@16 1048 127698 0.06796 0.68 864 14
11210-1@17 1198 166161 0.06931 0.56 905 12
11210-1@18 327 41677 0.06874 0.57 881 12
11210-1@19 729 110385 0.06870 0.55 886 11

Sample 11217-1 (Liaodong Peninsula, diabase sills emplaced into the Qiaotou Formation, GSP position: E121◦49.68′; N38◦59.71′)
11217-1@01 845 102650 0.06903 0.40 896 8
11217-1@02 724 98522 0.06955 0.67 911 14
11217-1@03 985 383 0.10897 7.78 975 357
11217-1@04 522 60535 0.06882 0.87 886 18
11217-1@05 833 81930 0.06924 0.77 901 16
11217-1@06 1347 167800 0.06895 0.71 895 15
11217-1@07 776 1740 0.07785 0.95 917 23
11217-1@08 2462 260118 0.06975 0.45 919 9
11217-1@09 2559 342765 0.06999 0.30 927 6
11217-1@10 670 63981 0.06986 0.73 918 15
11217-1@11 797 166728 0.06877 0.65 889 13
11217-1@12 3141 95988 0.06969 0.60 915 12
11217-1@13 4804 442517 0.06958 0.70 915 14
11217-1@14 455 1425 0.08001 2.23 927 68
11217-1@15 2091 4427 0.07016 2.02 835 53
11217-1@16 2338 77089 0.06950 0.25 908 6
11217-1@17 1190 155289 0.06859 1.16 884 24
11217-1@18 2055 241643 0.07000 1.26 927 26
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11217-1@19 1333 147315 0.068

ommon Pb corrected using measured 204Pb.

e2O3T (11.38–20.35 wt.%) and MgO  (1.26–6.71 wt.%) and variable
g#  values from 14.9 to 53.9. In the total alkali (K2O + Na2O)

s. silica (SiO2) and Nb/Y vs. Zr/TiO2 classification diagrams
Fig. 11A, B), most of them fall into the fields of basalt and

asaltic andesite and the subalkaline field. On the whole-rock alkali
Na2O + K2O)–FeOT–MgO (AFM) diagram for further classification
f subalkaline volcanic rocks, they exhibit tholeiitic composi-
ions (Fig. 11C). They exhibit similar rare earth element (REE)
0.49 895 10

compositions with total REE contents from 54.9 ppm to 256.8 ppm.
Their chondrite-normalized REE patterns (Fig. 12A, C, E) are charac-
terized by slight light REE (LREE)-enrichment (LaN/YbN = 2.55–5.76)
and no Eu anomalies (EuN/EuN = 0.82–1.22). On primitive mantle-

normalized spidergrams (Fig. 12B, D, F), most of them are enriched
in Rb, Ba, Th, U and light REE. They are also enriched in high field
strength element (HFSE) and lack negative Nb, Ta, Zr, Hf, P and Ti
anomalies.
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Table 3
Major and trace element compositions of the diabase sill swarms in the Liaodong Peninsula.

Number 11197-1 11199-1 11200-1 11202-1 11203-1 11205-1 11206-1 11207-1 11210-1
Longitude 121◦55.69′ 121◦35.35′ 121◦35.16′ 121◦32.02′ 121◦31.69′ 121◦31.11′ 121◦34.66′ 121◦30.70′ 121◦53.27′

Latitude 39◦03.14′ 39◦03.55′ 39◦03.23′ 39◦02.41′ 39◦02.76′ 39◦01.75′ 39◦01.92′ 39◦00.71′ 39◦02.59′

Major element oxides (wt.%)
SiO2 48.17 50.56 47.44 49.15 47.92 54.77 50.93 49.73 45.62
TiO2 2.56 2.25 3.83 4.23 4.05 2.17 3.71 3.19 4.06
Al2O3 13.01 13.42 11.80 11.90 12.16 12.34 11.98 12.37 13.14
Fe2O3T 14.47 12.71 18.19 16.67 17.43 14.30 17.01 14.79 16.90
MnO  0.21 0.19 0.24 0.21 0.19 0.14 0.24 0.20 0.21
MgO  5.26 5.37 4.70 3.50 3.82 1.26 3.27 5.37 4.97
CaO  8.35 10.14 8.52 6.95 5.98 2.92 6.28 8.55 9.52
Na2O 1.88 2.44 2.29 2.59 3.04 2.57 2.75 2.85 2.46
K2O 0.72 0.77 0.73 1.38 0.71 1.91 0.84 0.81 1.37
P2O5 0.23 0.24 0.30 0.57 0.42 0.79 0.42 0.32 0.29
LOI  5.05 1.89 1.95 2.81 4.25 6.78 2.58 1.78 1.44
Total  99.91 99.97 99.99 99.96 99.96 99.94 100.00 99.95 99.98
FeO  5.51 9.11 7.83 5.47 8.95 2.15 10.39 11.00 5.01
Mg#  41.9 45.6 33.9 29.4 30.3 14.9 27.6 41.8 36.8

Trace  elements (ppm)
La 11.4 14.0 16.3 32.5 22.1 41.9 24.8 24.3 20.2
Ce  28.2 34.9 38.2 68.3 48.9 88.2 57.2 55.1 44.3
Pr  3.95 4.83 5.25 9.25 6.90 12.3 7.78 7.15 5.69
Nd  18.4 22.3 24.2 40.6 30.9 53.6 35.4 30.9 24.6
Sm  5.08 5.80 6.47 9.84 7.69 12.5 9.27 7.12 5.85
Eu  1.79 1.97 2.33 3.22 2.73 3.78 3.05 2.08 2.13
Gd  5.24 6.49 7.01 10.2 8.42 13.1 10.0 6.97 5.90
Tb  0.88 1.08 1.16 1.57 1.38 2.10 1.59 1.11 0.97
Dy  5.58 6.54 6.87 9.47 8.42 12.6 9.94 6.64 5.73
Ho  1.10 1.28 1.40 1.82 1.65 2.47 1.95 1.27 1.10
Er  2.96 3.56 3.85 4.97 4.61 6.57 5.30 3.33 3.01
Tm  0.44 0.51 0.56 0.70 0.65 0.93 0.78 0.47 0.43
Yb  2.68 3.11 3.33 4.37 3.96 5.81 4.66 2.85 2.66
Lu  0.39 0.47 0.50 0.63 0.58 0.85 0.69 0.41 0.39∑

REE 88.1 106.9 117.5 197.5 148.9 256.8 172.5 149.7 123.0
LaN/YbN 2.87 3.05 3.32 5.03 3.77 4.87 3.60 5.76 5.14
EuN/EuN

* 1.06 0.98 1.06 0.98 1.04 0.90 0.97 0.90 1.11
Li  15.0 19.6 24.1 24.0 22.3 17.2 20.2 18.8 15.5
Be  0.85 1.00 1.09 1.82 1.33 2.56 1.47 1.37 0.95
Sc  37.4 43.2 39.1 32.6 32.5 18.3 35.8 31.9 43.9
V  368 357 546 424 406 45.9 254 340 692
Cr  117 49.0 1.40 7.83 42.3 0.56 0.53 52.4 18.1
Co  45.2 43.7 48.3 39.3 40.4 16.9 37.8 48.6 52.7
Ni  69.4 39.2 16.8 21.3 36.3 0.51 0.76 49.4 48.6
Cu  53.5 32.8 43.8 32.0 26.1 7.09 5.83 150 223
Zn  100 96.8 125 197 109 138 137 232 141
Ga  19.4 21.8 22.4 22.6 21.9 25.0 24.2 18.5 23.0
Rb  18.4 21.5 19.0 46.0 28.5 62.1 21.2 15.8 47.6
Sr  357 305 219 336 432 198 199 285 359
Y  29.7 36.1 38.0 50.3 45.8 65.4 52.6 34.2 30.3
Zr  130 157 173 261 223 424 256 215 150
Nb  12.6 13.5 16.3 28.5 23.4 31.5 26.3 28.4 23.3
Sn  1.34 1.36 1.72 2.44 2.69 1.66 2.34 1.76 1.52
Cs  0.83 0.49 1.11 1.53 1.23 1.88 1.12 0.62 1.94
Ba  188 171 116 401 161 377 138 186 326
Hf  3.38 4.05 4.47 6.56 5.76 10.6 6.65 5.44 3.77
Ta  0.77 0.84 0.98 1.69 1.32 1.68 1.49 1.65 1.31
Tl  0.060 0.063 0.097 0.22 0.13 0.25 0.086 0.072 0.17
Pb  3.17 2.22 2.62 14.1 1.48 7.10 1.30 4.54 4.91
Th  1.85 2.26 2.36 5.55 3.63 9.91 3.57 3.91 2.06
U  0.41 0.46 0.52 1.23 0.78 1.98 0.76 0.91 0.44

Number 11213-1 11215-1 11217-1 11218-1 11220-1 11221-1 11223-2 11224-1 11227-1
Longitude 121◦53.50′ 121◦53.37′ 121◦49.68′ 121◦40.47′ 121◦40.91′ 121◦28.90′ 121◦47.75′ 121◦48.05′ 121◦47.00′

Latitude 39◦01.88′ 39◦01.98′ 38◦59.71′ 38◦54.25′ 38◦54.19′ 38◦57.70′ 39◦26.10′ 39◦26.22′ 39◦27.00′

Major element oxides (wt.%)
SiO2 47.52 46.88 48.24 47.35 48.28 46.84 46.24 47.89 51.93
TiO2 1.60 1.97 3.28 2.76 2.87 2.75 4.70 2.49 2.93
Al2O3 14.38 13.57 12.55 14.24 14.68 13.12 14.45 13.86 12.21
Fe2O3T 11.38 13.08 16.55 13.78 16.08 14.21 20.35 13.46 16.93
MnO  0.16 0.18 0.22 0.17 0.20 0.20 0.22 0.18 0.25
MgO  6.71 5.15 4.32 4.65 5.88 6.34 2.46 6.21 2.89
CaO  10.56 10.21 8.84 9.12 7.23 8.88 2.21 10.06 4.57
Na2O 2.22 2.63 2.43 1.93 1.92 1.87 1.30 1.96 2.54
K2O 0.71 0.48 1.04 0.69 0.04 1.06 1.89 0.69 1.15
P2O5 0.14 0.19 0.45 0.28 0.37 0.28 0.60 0.25 0.62
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Table  3 (Continued)

Number 11213-1 11215-1 11217-1 11218-1 11220-1 11221-1 11223-2 11224-1 11227-1
Longitude 121◦53.50′ 121◦53.37′ 121◦49.68′ 121◦40.47′ 121◦40.91′ 121◦28.90′ 121◦47.75′ 121◦48.05′ 121◦47.00′

Latitude 39◦01.88′ 39◦01.98′ 38◦59.71′ 38◦54.25′ 38◦54.19′ 38◦57.70′ 39◦26.10′ 39◦26.22′ 39◦27.00′

LOI 4.57 5.63 2.06 4.93 2.40 4.38 5.31 2.94 3.94
Total  99.95 99.96 99.98 99.90 99.94 99.93 99.73 99.99 99.96
FeO  4.84 3.98 4.37 5.04 9.44 9.22 4.44 5.11 8.76
Mg#  53.9 43.8 34.1 40.1 42.0 46.9 19.3 47.8 25.3

Trace  elements (ppm)
La 7.04 9.42 25.4 14.9 12.3 19.7 22.5 14.9 29.7
Ce  16.5 23.4 56.2 32.6 29.5 43.3 64.7 37.0 66.4
Pr  2.45 3.24 7.41 4.85 4.19 5.75 7.19 4.98 9.16
Nd  11.3 14.7 32.8 22.0 19.3 25.5 32.8 22.7 41.1
Sm  3.10 3.96 7.93 5.70 5.02 6.26 8.53 5.94 10.4
Eu  1.33 1.64 2.83 1.99 1.76 2.25 2.43 2.19 3.41
Gd  3.60 4.39 8.29 6.27 5.65 6.61 9.63 6.26 11.1
Tb  0.59 0.74 1.36 1.02 0.90 1.10 1.59 1.04 1.75
Dy 3.66 4.53 8.11 6.22 5.40 6.50 9.65 6.46 10.7
Ho  0.76 0.93 1.64 1.24 1.07 1.29 1.97 1.27 2.14
Er  2.05 2.65 4.45 3.39 3.03 3.57 5.40 3.44 5.91
Tm  0.31 0.35 0.64 0.47 0.42 0.51 0.77 0.48 0.84
Yb  1.86 2.23 3.95 2.84 2.62 3.05 4.69 3.08 5.38
Lu  0.27 0.32 0.59 0.43 0.37 0.46 0.71 0.44 0.80∑

REE 54.9 72.6 161.5 103.9 91.5 125.9 172.6 110.2 198.9
LaN/YbN 2.55 2.85 4.34 3.53 3.17 4.36 3.25 3.28 3.73
EuN/EuN

* 1.22 1.20 1.07 1.02 1.01 1.07 0.82 1.10 0.97
Li  27.2 17.7 10.2 13.6 15.4 56.0 28.9 25.3 21.6
Be  0.43 0.52 1.21 0.92 0.82 1.03 1.85 1.10 1.99
Sc  39.9 36.7 37.9 36.8 35.3 38.1 37.8 35.2 25.7
V  289 312 344 354 331 340 302 367 148
Cr  239 83.2 6.84 262 268 68.9 5.14 155 0.67
Co  49.1 57.9 43.9 39.0 38.6 51.0 35.9 48.0 25.3
Ni  101 65.7 29.9 74.2 67.0 68.3 13.3 84.4 0.67
Cu  78.0 90.4 118 35.9 33.5 116 14.6 25.8 5.83
Zn  72.2 77.5 121 104 99.5 118 135 112 113
Ga  16.8 19.0 23.1 21.2 19.4 21.6 25.9 21.3 25.6
Rb  38.8 22.8 28.1 20.8 21.6 0.36 55.3 33.9 36.6
Sr  485 379 285 262 239 634 155 297 244
Y  20.9 24.8 43.9 33.9 28.9 34.2 51.2 34.0 57.7
Zr  70.6 89.8 209 148 130 159 262 163 323
Nb  5.90 7.38 23.0 14.4 12.1 15.9 3.82 15.3 32.8
Sn  0.75 0.87 1.80 1.42 1.28 1.38 2.48 1.69 3.93
Cs  1.22 1.06 4.66 0.57 0.68 0.14 1.48 0.89 1.03
Ba  351 128 328 172 414 30.8 657 431 295
Hf  1.91 2.39 5.22 3.81 3.27 4.09 6.84 4.18 8.04
Ta  0.37 0.45 1.23 0.88 0.73 0.96 0.12 0.93 1.73
Tl  0.12 0.086 0.18 0.17 0.15 0.004 0.36 0.24 0.25
Pb  1.15 5.38 4.83 2.94 4.30 4.13 2.61 2.22 1.55
Th  0.64 0.85 2.61 2.25 2.01 2.02 4.48 2.43 4.79
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U  0.15 0.21 0.57 0.45 

e2O3T – Fe2O3 total; LOI – loss on ignition; Mg#  = molecular MgO/(TFeO + MgO); E

. Discussion

.1. Precise emplacement ages of the diabase sills in the Liaodong
eninsula

The emplacement ages of the diabase sills within the Neopro-
erozoic sedimentary rocks in the Liaodong Peninsula (named as
he Dalian mafic sill swarms) are highly controversial. Although
ome researchers proposed their emplacement during the latest
esoproterozoic to earliest Neoproterozoic (Liu et al., 2006; Peng

t al., 2011b), others favor their emplacement during the Late Tri-
ssic (Yang et al., 2004, 2007b; Liu et al., 2013), or even the latest
eoarchean to earliest Paleoproterozoic (Liu et al., 2012), mainly
ased on zircon U–Pb dating. Yang et al. (2004) dated a diabase sam-
le from a sill emplaced into the Qiaotou Formation near Daheishan
y the zircon SHRIMP U–Pb method and most zircons are earliest
eoproterozoic in age and yield a weighted mean 207Pb/206Pb age

f 904 ± 15 Ma  (N = 9), which was considered as age of inherited zir-
ons. One zircon grain yields a Late Triassic age of 211 ± 2 Ma  and
as considered as the emplacement age of the diabase sills (Yang
0.45 0.41 2.32 0.51 1.06

hondrite-normalized Eu; EuN
* = (SmN × GdN)1/2.

et al., 2004). Yang et al. (2007b) reported the zircon SHRIMP U–Pb
ages (213 ± 5 Ma,  N = 11, MSWD  = 1.2) of another diabase sample
from a dyke within the Late Triassic syenite in the southwestern
edge of the Liaodong Peninsula (Fig. 1). However, since the diabase
sample dated by Yang et al. (2007b) is from a dyke emplaced into
the Late Triassic syenite with distinct petrological and geochem-
ical compositions as the diabase sills within the Neoproterozoic
sedimentary rocks, the above age of 213 ± 5 Ma  couldn’t reflect
the emplacement ages of the diabase sills in the Liaodong Penin-
sula. Recently, Liu et al. (2012) reported two  zircon LA-ICP-MS
U–Pb ages of 2510 ± 18 Ma  (N = 15, MSWD  = 0.72) and 2476 ± 18 Ma
(N = 8, MSWD  = 1.7) from two diabase sills within the Neopro-
terozoic strata near Dalian harbor and considered them as latest
Neoarchean to earliest Paleoproterozoic mafic dykes. Obviously,
latest Neoarchean to earliest Paleoproterozoic ages obtained by Liu
et al. (2012) reflect those of inherited zircons since these diabase
sills were emplaced into the Neoproterozoic sedimentary rocks.

Later, Liu et al. (2013) reported a zircon LA-ICP-MS U–Pb age of
210 ± 2 Ma  (N = 12, MSWD  = 0.11) from a diabase sill within the
Ganjingzi Formation west to Gezhenbu along the western coast of
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ig. 10. Pb/ Pb age diagrams for baddeleyites from the diabase sill samples
mplaced into the Neoproterozoic sedimentary rocks in the Liaodong Peninsula.
ata-point error symbols are 2�.

he Liaodong Peninsula. However, the ca.  210 Ma  zircons dated by
iu et al. (2013) are characterized by strong oscillatory zoning (see
ig. 3 inset of Liu et al., 2013), which is very different from syn-
agmatic zircons separated from diabase samples (e.g., Liu et al.,

006; Gao et al., 2009; Zhang et al., 2009, 2012a; Peng et al., 2011b;
ang et al., 2012). Moreover, the Late Triassic emplacement ages

f ca.  210 Ma  are inconsistent with regional folding of these diabase
ills with the hosting Neoproterozoic sedimentary rocks during the
iddle-Late Triassic (e.g., Wang et al., 2000; GSILP, 2001; Yang et al.,

011), as indicated by the Yujiacun syenite pluton emplaced into
he deformed Neoproterozoic strata in the southwestern edge of
he Liaodong Peninsula with emplacement of 219 ± 1 Ma (Wu et al.,
005).

Our new zircon LA-ICP-MS U–Pb and baddeleyite SIMS Pb–Pb

ating results on five samples from the diabase sills emplaced

nto the Neoproterozoic Qiaotou, Cuijiatun and Xingmincun For-
ations yields weighed mean 207Pb/206Pb ages from 924 ± 5 Ma  to

86 ± 5 Ma,  indicating emplacement of these diabase sill swarms
search 272 (2016) 203–225

during the early Neoproterozoic (Tonian) at ca.  920–890 Ma.  Our
synmagmatic zircons from the diabase samples exhibit similar
characteristics (euhedral or subhedral prisms in shape, weak oscil-
latory zoning in CL images, high contents of Th and U and high Th/U
ratios) as those of the Neoproterozoic zircons previously dated by
Yang et al. (2004), indicating the Neoproterozoic zircons are syn-
magmatic zircons instead of inherited ones as previously reported
(Yang et al., 2004). This is further confirmed by similar zircon U–Pb
and baddeleyite Pb–Pb ages obtained by same samples (11210-
1, Figs. 9B and 10B; 11205-1, Figs. 9C and 10A). Compared with
zircon, baddeleyite ages are particularly useful in confirming the
emplacement age of mafic-ultramafic rock, as baddeleyites are not
inherited (e.g., Heaman and LeCheminant, 1993; Söderlund et al.,
2013). The above newly obtained emplacement ages are consis-
tent with the field occurrence of these diabase sills since they only
occur within the Neoproterozoic sedimentary rocks and have never
been found in the strata younger than the Neoproterozoic. More-
over, these Neoproterozoic emplacement ages are also consistent
with the fact that the diabase sills were strongly deformed with
the hosting Neoproterozoic sedimentary rocks prior to emplace-
ment of the Yujiacun syenite pluton with zircon LA-ICP-MS U–Pb
age of 219 ± 1 Ma  (Wu  et al., 2005).

6.2. Constraints on upper boundary of the Neoproterozoic strata
and their macro- and microfossils in the southeastern NCC

Sedimentation of the Neoproterozoic strata in the Liaodong
Peninsula has long been considered as from 1.00 Ga to 0.60 Ga or
0.54 Ga due to lack of reliable isotopic ages (e.g., LBGMR, 1989,
1997; Qiao and Gao, 2000; GSILP, 2001; Qiao, 2002; Meng and
Ge, 2002; Wang et al., 2014b). Because the Xingmincun Formation
in the topmost part of the Neoproterozoic strata in the Liaodong
Peninsula was  intruded by the Dalian diabase sills, our new zir-
con and baddeleyite ages provide important constraints on the
upper boundary of the Neoproterozoic strata in the eastern NCC.
Moreover, detrital zircon U–Pb dating on the Mesoproterozoic
Yushulazi Formation overlain by the Yongning Formation in the
lower most of the Neoproterozoic strata in the Liaodong Peninsula
indicate its deposition after 1.05 Ga (Luo et al., 2006). Therefore,
sedimentation of the extremely thick (>12.7 km) Neoproterozoic
sedimentary rocks in the eastern NCC occurred during a short
period from 1.05 Ga to 0.92–0.89 Ga. The sedimentary gap between
the Neoproterozoic and Cambrian strata in the eastern NCC is longer
than 0.35 Ga, which is much longer than previously regarded. The
new geochronological results on diabase sills also indicate that
the Liaodong Peninsula in the eastern NCC has undergone sig-
nificant uplift prior to ca.  0.92–0.89 Ga. In the Xu-Huai area in
the southeastern NCC, sedimentation of the Neoproterozoic strata
had ended prior to ca.  0.92–0.89 Ga because the Jinshanzhai and
Wangshan Formations in the topmost part of the Neoprotero-
zoic strata were intruded by the early Neoproterozoic diabase
sills (ABGMR, 1977; Pan et al., 2000a, 2000b; Liu et al., 2006;
Wang et al., 2012). Therefore, sedimentation of the Neoproterozoic
strata in the southeastern NCC had ended prior to ca.  0.92–0.89 Ga,
which is much earlier than previously regarded (e.g., LBGMR,
1989, 1997; Qiao and Gao, 2000; GSILP, 2001; Meng and Ge,
2002).

Macroscopic carbonaceous fossils and organic-walled microfos-
sils are very common in the Neoproterozoic strata of Xu-Huai (e.g.,
Sun et al., 1986; Zang and Walter, 1992; Yin and Sun, 1994; Dai
et al., 2012; Tang et al., 2013, 2015; Xiao et al., 2014), eastern Shan-
dong (e.g., Yin, 1991) and Liaodong Peninsula (e.g., Hong et al., 1988;

Chen, 1990, 1991) in the eastern and southeastern NCC. They were
named as “Huainan Biota” (e.g., Zheng, 1979; Niu and Zhu, 2002)
and are comparable with the Precambrian biota from the Little Dal
Group in the Mackenzie Mountains of northwestern Canada (e.g.,
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AFM)  (Irvine and Baragar, 1971) classification diagrams for the Dalian diabase sills

ofmann and Aitken, 1979). Although these fossils were consid-
red as a special biota prior to the Neoproterozoic global glaciations
Snowball Earth) and are of great significance for early Neoprotero-
oic global biological evolution (e.g., Niu and Zhu, 2002; Xiao et al.,
014), their ages are highly controversial, mainly due to poor con-
traints on the ages of the Neoproterozoic strata in the eastern and
outheastern NCC. Traditionally, the Neoproterozoic strata in the
astern and southeastern NCC and their fossils were regarded as
ryogenian–Ediacaran in age (e.g., Xing, 1989; Yin, 1991; Zang and
alter, 1992; Yin and Sun, 1994; Xing et al., 1996; Qiao and Gao,

000; Qiao, 2002; Niu and Zhu, 2002; Liu et al., 2005a). However,
ecent results show that these fossils and the Neoproterozoic strata
f Xu-Huai area are likely early Neoproterozoic (Tonian) in age
Tang et al., 2013, 2015; Xiao et al., 2014). Our new zircon U–Pb and
addeleyite Pb–Pb dating results of the diabase sills emplaced into
he Neoproterozoic sedimentary rocks in the Liaodong Peninsula
urther confirmed that the Neoproterozoic strata and their fossils
n the eastern and southeastern NCC are definitely Tonian in age.

.3. Comparison with the Neoproterozoic mafic dykes and
iabase sills in other parts of the NCC (Sino-Korean Craton)

Neoproterozoic magmatic events have seldom been reported
n the NCC previously. Recently, some Neoproterozoic mafic mag-

atism was recognized from the central and eastern Sino-Korean
raton (Figs. 1 inset and 2, Liu et al., 2006; Gao et al., 2009;
eng et al., 2011a, 2011b; Wang et al., 2012). These include the

u-Huai diabase sills in the southeastern NCC (zircon SHRIMP

06Pb/238U ages of 925 ± 10 Ma  to 907 ± 38 Ma, recalculated from
iu et al., 2006; zircon SHRIMP 206Pb/238U age of 930 ± 10 Ma,  Gao
t al., 2009; zircon SHRIMP and LA-ICP-MS 206Pb/238U ages from
2 (Winchester and Floyd, 1977) and (C) whole-rock alkali (Na2O + K2O)–FeOT–MgO
n the Neoproterozoic sedimentary rocks in the Liaodong Peninsula.

933 ± 14 Ma  to 890 ± 14 Ma,  Wang et al., 2012), the Dashigou mafic
dykes in the central NCC (baddeleyite TIMS and SIMS 207Pb/206Pb
ages from 926 ± 2 Ma  to 920 ± 6 Ma,  Peng et al., 2011a) and the Sari-
won diabase sills in North Korea (baddeleyite SIMS 207Pb/206Pb
age of 899 ± 7 Ma,  Peng et al., 2011b). The newly obtained ca.
920–890 Ma emplacement ages of the Dalian diabase sills in the
Liaodong Peninsula are similar to those of the Neoproterozoic
mafic dykes and diabase sills in other parts of the Sino-Korean
Craton, indicating emplacement of the mafic magmatism in the
central and eastern Sino-Korean Craton during the early Neopro-
terozoic (Tonian) at around 0.92–0.89 Ga. The newly identified
Dalian mafic sills, together with the Xu-Huai and Sariwon mafic sills
and the Dashigou mafic dykes, constitute an early Neoproterozoic
(0.92–0.89 Ga) large igneous province in the Sino-Korean Craton
(Fig. 2).

The early Neoproterozoic diabase sills in the Liaodong Penin-
sula consist mainly of clinopyroxene, plagioclase and Fe-Ti oxides
and belong to the tholeiitic series (Fig. 11, group 1 of Yang et al.,
2007b; Liu et al., 2013). Their mineral assemblage and geochemical
compositions are very similar to those of the recently recognized
early Neoproterozoic Xu-Huai diabase sills in the southeastern NCC
(Pan et al., 2000a; Wang et al., 2012), the Sariwon diabase sills in
North Korea (Peng et al., 2011b) and the Dashigou mafic dykes in the
central NCC (Peng et al., 2011a). If calculated using new emplace-
ment age of 905 Ma,  the diabase sills in the Liaodong Peninsula
exhibit εNd(t) values of −0.9 to 4.5 and Nd isotopic TDM model
ages of 1.16–1.85 Ga (recalculated from Yang et al., 2007b and Liu

et al., 2013). These Nd isotopic compositions are also similar to
those of the Xu-Huai and Sariwon diabase sills and Dashigou mafic
dykes (Peng et al., 2011a, 2011b), indicating all these sill (dyke)
swarms could relate to same mantle processes during the early
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ig. 12. Chondrite-normalized REE patterns (A, C, E) and primitive mantle-normaliz
ocks  in the Liaodong Peninsula. The chondrite and primitive mantle values are from
n  Fig. 11.

eoproterozoic. Slightly negative to positive εNd(t) values and
oung Nd isotopic TDM model ages indicate that ancient litho-
pheric mantle of the NCC was not main source areas of the early
eoproterozic diabase sill (dyke) swarms. On the Zr/Y vs. Zr and
i–Zr–Y discrimination diagrams (Fig. 13), most diabase samples
all into the field of within plate basalt. Therefore, the 0.92–0.89 Ga
iabase sill swarms in the Liaodong Peninsula were likely generated
y partial melting of the depleted asthenosphere mantle coupled
ith differential crustal assimilation in a continental rifting set-

ing that finally led to fragmentation of the southeastern NCC from
he Rodinia supercontinent. Emplacement of the 0.92–0.89 Ga dia-
ase sills from continental rifting to lithospheric rupture is also

upported by their evolution trend from within plate basalt to
id-ocean ridge basalt on the Zr/Y vs. Zr discrimination diagram

Fig. 13A).
ergrams (B, D, F) for the Dalian diabase sills within the Neoproterozoic sedimentary
or and McLennan (1985) and Sun and McDonough (1989), respectively. Symbols as

6.4. Early Neoproterozoic pre-magmatic regional uplift of the
southeastern NCC

Pre-magmatic surface uplift is a very common process asso-
ciated with large igneous provinces and mantle plumes (e.g.,
Campbell and Griffiths, 1990; Griffiths and Campbell, 1991;
Rainbird, 1993; Farnetani and Richards, 1994; Williams and Gostin,
2000; Rainbird and Ernst, 2001; Sengör, 2001; Stephen et al.,
2001; Nyblade and Sleep, 2003; He et al., 2003; Ernst and Buchan,
2003; Mazumder and Foulger, 2004; Trubitsyn and Trubitsyn,
2005; Campbell, 2005; Saunders et al., 2007; Ernst, 2014). Many
major mafic/ultramafic lavas have been attributed to mantle

plumes that are expected to produce crustal uplift (doming) pre-
ceding the major phase of volcanism (Mazumder and Foulger,
2004). Such pre-magmatic uplift would significantly affect regional
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ig. 13. Major and trace elements discrimination diagrams for the Dalian diabase s
r  diagram from Pearce and Norry (1979); (B) Ti–Zr–Y diagram from Pearce and Ca

edimentation patterns and lead to thinning or absence and ero-
ion of strata (Rainbird, 1993; Rainbird and Ernst, 2001; He et al.,
003; Mazumder and Foulger, 2004). It is difficult to defend a large

gneous province-mantle plume connection where pre-magmatic
ithospheric uplift is absent (Mazumder and Foulger, 2004). Recent
esults have revealed that all rifts undergo a phase of uplift before
he lithosphere ruptures (Esedo et al., 2012; Frizonde de Lamotte
t al., 2015). Uplift of margins prior to breakup is typical, and
n expected process accompanying continental breakup (Esedo
t al., 2012). Pre-breakup uplift has been reported in the North
tlantic Igneous Province, the Main Ethiopian Rift, East Africa and

he Iberia-Newfoundland rift system (Meyer et al., 2007; Corti,
009; Péron-Pinvidic and Manatschal, 2009). Initial breakup of
ondwana in Antarctica was characterized by emplacement of
a. 180 Ma  Ferrar diabase sill swarms and pre-magmatic uplift in
he Transantarctic Mountains (e.g., Elliot and Fleming, 2000, 2008;
édard et al., 2007). Therefore, recognizing of pre-magmatic uplift

s very important to link mafic sill (dyke) swarms and lavas with
antle plume and/or continental breakup events.
Our field investigation and new geochronological results of the

iabase sills emplaced into the Neoproterozoic sedimentary rocks
n the Liaodong Peninsula (Fig. 2) indicate that sedimentation of
he Neoproterozoic strata in the eastern NCC had ended prior to
a. 0.92–0.89 Ga. Similar absence of sedimentation of the Neopro-
erozoic strata occurred in Xu-Huai area in southeastern NCC as
evealed by our field investigation and previously geochronologi-
al results (Liu et al., 2006; Gao et al., 2009; Wang et al., 2012).
herefore, the southeastern NCC has undergone significant uplift
rior to ca.  0.92–0.89 Ga. The above pre-magmatic regional uplift

s of significant tectonic implications and probably resulted from
re-breakup uplift (Esedo et al., 2012) related to breakup (from
ifting to rupture) of the NCC from the Rodinia supercontinent.
re-magmatic uplift of the southeastern NCC recognized in this
ontribution provides important evidence for continental rifting
nd initial breakup of the southeastern NCC from the Rodinia super-
ontinent in the early Neoproterozoic at around 0.92–0.89 Ga.

.5. Tectonic implications for evolution of the NCC in the Rodinia
upercontinent

Although reliable late Mesoproterozoic (1.2–1.0 Ga) tectono-
agmatic records during assembly of the Rodinia supercontinent
as not been reported in the NCC, abundant 1.2–1.0 Ga detrital
ircons have been identified from the latest Mesoproterozoic to
eoproterozoic sedimentary rocks in the eastern and southeast-
rn Sino-Korean Craton (Li et al., 2005; Luo et al., 2006; Gao et al.,
ithin the Neoproterozoic sedimentary rocks in the Liaodong Peninsula. (A) Zr/Y vs.
73). Symbols as in Fig. 11.

2010; Chu et al., 2011; Lu et al., 2012; Yang et al., 2012; Hu et al.,
2012). These 1.2–1.0 Ga detrital zircons were considered as evi-
dence for assembly of the NCC within the Rodinia supercontinent
(e.g., Lu et al., 2012), even though their source areas are still unclear.
Existence of the 1.2–1.0 Ga detrital zircons and 0.92–0.89 Ga mafic
magmatism in the eastern and southeastern NCC indicates that the
southeastern margin of the NCC was probably connected to some
other continents that are characterized by strong Grenville magma-
tism in the Rodinia supercontinent (Fig. 2). Continental rifting and
initial breakup of the southeastern NCC from some other continents
in the Rodinia supercontinent occurred in the early Neoproterozoic
at around 0.92–0.89 Ga, which is much earlier than fragmentation
of main components of the Rodinia supercontinent during the Mid-
Neoproterozoic (e.g., Li et al., 2008). Fragmentation and break-up
of the Rodinia supercontinent was likely diachronously.

Since ages of the early Neoproterozoic diabase sill (dyke)
swarms in the Sino-Korean Craton are similar to those of the Gangil-
Mayumbian bimodal volcanics in the Congo Craton (Tack et al.,
2001; Ernst et al., 2008, 2013) and the Bahia mafic dykes in the
São Francisco Craton (Evans et al., 2010, 2015), Peng et al. (2011a)
and Cederberg et al. (2015) proposed that the NCC was proba-
blly connected to Congo and São Francisco cratons in the Rodinia
supercontinent. However, in many palaeomagnetic and paleogeo-
graphic reconstruction of the Rodinia supercontinent in the early
Neproterozoic period (e.g., Zhai et al., 2003; Zhang et al., 2006; Li
et al., 2008; Evans, 2009; Lu et al., 2012), the NCC was very far from
the Congo and São Francisco cratons. Recent paleomagnetic results
from the early Neoproterozoic mafic sills and carbonate rocks in
the Xu-Huai area in the southeastern NCC suggest paleogeographic
proximities of the NCC to Laurentia, and probably to Siberia as
well in the supercontinent Rodinia (Fu et al., 2015). Although the
early Neoproterozoic sill (dyke) swarms and pre-magmatic uplift
of the southeastern NCC provide important evidence for breakup
of the NCC from the Rodinia supercontinent, the position of the
NCC within the Rodinia supercontinent is still uncertain. Further
paleomagnetic studies on these newly identified early Neoprotero-
zoic diabase sills in the Liaodong Peninsula will provide important
constraints on the position of the NCC within the Rodinia super-
continent.

7. Conclusions
1) Our new zircon LA-ICP-MS U–Pb and baddeleyite Pb–Pb dating
results on five samples from the Qiaotou, Cuijiatun and Xingmin-
cun Formations clearly indicated that emplacement of the large
volume of diabase sills (the Dalian mafic sill swarms) within
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the Neoproterozoic sedimentary rocks in the Liaodong Penin-
sula occurred during the early Neoproterozoic (Tonian) at ca.
920–890 Ma,  not Late Triassic or latest Neoarchean to earliest
Paleoproterozoic as previously reported.

) The age for the upper boundary of the Neoproterozoic strata
(Xingmincun Formation) in the Liaodong Peninsula is no later
than 0.92–0.89 Ga, which is much earlier than previously
regarded. Sedimentation of the extremely thick Neoproterozoic
sedimentary rocks in the eastern and southeastern NCC occurred
during a short period from 1.05 Ga to 0.92–0.89 Ga. The Neo-
proterozoic strata and their macroscopic carbonaceous fossils
and organic-walled microfossils in the eastern and southeast-
ern NCC are definitely Tonian in age, not Cryogenian–Ediacaran
age as previously suggested. The sedimentary gap between the
Neoproterozoic and Cambrian strata in eastern and southeast-
ern North China Craton could be much longer than previously
regarded.

) The southeastern NCC has undergone significant uplift prior
to ca.  0.92–0.89 Ga. This pre-magmatic (or pre-breakup) uplift
could be either related to a mantle plume or rifting leading to
breakup of the southeastern NCC from the Rodinia superconti-
nent at 0.92–0.89 Ga.

) Formation of the early Neoproterozoic diabase sill swarms in
southeastern NCC is likely related to a continental rifting event
leading to breakup of the southeastern NCC from some other
continents in the Rodinia supercontinent at ca.  0.92–0.89 Ga,
which is much earlier than fragmentation of main components
of the Rodinia supercontinent during the Mid-Neoproterozoic
peroid.
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