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ABSTRACT

Late Neoarchean-Paleoproterozoic marks a major period of continental growth and recycling, the culmi-
nation of which witnessed the assembly of the Columbia supercontinent and its subsequent breakup. The
North China Craton (NCC) preserves important records of tectonic activities and crust building and recy-
cling processes during this time. In this study, we carried out U-Pb geochronology and Lu-Hf isotopic
analyses of detrital zircon grains from four sedimentary formations of the Changcheng Group in the
Yanliao intracontinental rift in NE NCC. Our isotopic ages constrain the timing of initiation of the
Yanliao rift as ca. 1680 Ma. The zircon U-Pb data show two major age populations at 2.7-2.5 Ga and
2.2-1.9 Ga, with high and positive eyft) values of + 0.1 to + 34.6. Both the Neoarchean and
Paleoproterozoic detrital zircon populations were derived from the basement rocks of the NCC. The
results from our study indicate major juvenile crust accretion during Neoarchean and Paleoproterozoic
associated with the craton building process of the NCC.

© 2021 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

The mechanism, timing and volumes of continental crustal
growth during the early history of Earth have been of wide interest
and research on these frontier themes have provided important
insights into the evolution of continents through time (e.g.,
Cawood and Hawkesworth, 2019; Hawkesworth et al.,, 2019;
Palin and Santosh, 2020). Crustal growth at convergent margins
is accomplished by tectonic accretion of intra-oceanic island arcs
or magmatic additions at continental arcs (Furnes et al., 2020;
Santosh, 2013; Tian and Xiao, 2020). Precambrian terranes provide
windows to the processes of continental growth and recycling, cra-
tonization and intra-cratonic processes (e.g., Jayananda et al,
2020; Santosh et al., 2020a). Granitoids as the major components
of continental crust commonly display enriched Sm-Nd and Lu-
Hf isotope composition and were interpreted as a result of recy-
cling of older crust (Allegre and Othman, 1980; Darbyshire and
Shepherd, 1994; Liew and Hofmann, 1988). This has led to the con-
cept that the present-day continent crust is what is preserved from
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its growth during the Precambrian era with only little addition
during the Phanerozoic. However, recent studies have shown that
substantial volumes of new crustal growth have occurred in the
younger Earth, such as in the case of the Central Asian Orogenic
Belt, the largest Phanerozoic orogen in the world (Geng et al.,
2009; Tang et al., 2012a, 2012b, 2012c).

The North China Craton (NCC), one of the oldest cratons in the
world has been in focus for investigations related to episodic crus-
tal growth during Neoarchean and Paleoproterozoic (Fig. 1; Shi
et al., 2019, 2012; Tang and Santosh, 2018a; Zhai and Santosh,
2011; Zhou et al., 2014). Previous studies suggested that the oldest
crust of the NCC might have formed at 4.0-3.8 Ga, and ca. 3.8-
3.7 Ga detrital zircon grains were found in the Proterozoic and
Paleozoic strata in central, southern and northeastern sections of
the NCC, indicating an Eoarchean crust growth event (Tang and
Santosh, 2018a; Zhai and Santosh, 2011, 2013). Zhai and Santosh
(2011) reviewed the Precambrian magmatic events in the NCC,
and proposed that 78% of these occurred during 3.0-2.5 Ga, 15%
during pre-3.0 Ga, and 7% during post-2.5 Ga. The 3.0-2.5 Ga mag-
matic phases have been subdivided into two pluses at 2.9-2.7 Ga
and 2.6-2.5 Ga. The former is coeval with the world-wide 2.8-
2.7 Ga Tonalite-Trondhjemite-Granodiorite (TTG) suite of rocks,
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Fig. 1. (a) General geological and tectonic framework of the crustal blocks and orogenic belts in the North China Craton (after Santosh et al., 2020b).

marking the most significant crust growth event in earth history.
Late Neoarchean-Paleoproterozoic was a key period for the con-
struction of Earth’s first coherent supercontinent, the Columbia
supercontinent during Paleoproterozoic, and its subsequent
breakup (Meert, 2012; Meert and Santosh, 2017; Palin et al,,
2020). As an important crustal fragment within the Columbia
assembly, the Precambrian crustal evolution history of the NCC is
of wide interest. In the NE NCC, the Yanliao rift basin developed
thick Paleoproterozoic to Neoproterozoic (1.8 to 0.80 Ga) sedimen-
tary strata (Figs. 1-3), and provided us an ideal area for investigat-
ing the Precambrian crustal evolution history of the NCC.

Zircon is a common accessory mineral in crustal lithologies, and
is resistant to hydrothermal alteration, weathering and other sec-
ondary processes (Hawkesworth and Kemp, 2006; Kemp et al.,
2010). Zircon Lu-Hf isotopes provide important information on
the nature of primary magmas (Hawkesworth and Kemp, 2006;
Kemp et al., 2009). Thus, combined zircon U-Pb ages and Lu-Hf iso-
tope compositions are powerful tracers to reveal crustal growth
and recycling events (Griffin et al., 2004; Hawkesworth and
Kemp, 2006; Santosh et al., 2020a). In this contribution, we present
zircon U-Pb ages and Lu-Hf isotopes on a suite of sedimentary
strata from four formations of the Changcheng Group within the
Yanliao rift zone in the North China Craton (Figs. 1, 2 and 3). Based
on the results, we evaluate the depositional ages and provenance
of these sediments and discuss their implications on the
Neoarchean-Paleoproterozoic crust growth events of the NCC.

2. Geological background and sampling

The North China Craton, covering an area of 1.3 x 10° km?, is
bounded by the Qilian Orogen to the west, the Central Asian Oro-
genic Belt to the north, the Qinling-Dabie Orogenic Belt to the
south and the Sulu ultrahigh-pressure metamorphic belt to the
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east, respectively (Fig. 1; Zhao et al., 2005; Santosh, 2010). The
NCC was formed by the amalgamation of two major continental
blocks, the Eastern Block (EB) and the Western Block (WB), along
the Trans-North China Orogen (TNCO) and the final collision of
these blocks is considered to have occurred during the Late Paleo-
proterozoic at ca. 1.85 Ga (Zhai and Santosh, 2011; Zhao et al,,
2005). The WB is composed by the Yinshan and Ordos blocks that
were amalgamated along the Khondalite Belt at ~1.95 Ga (Zhao and
Zhai, 2013). The EB can be divided into the Longgang and Langrim
blocks separated by the Paleoproterozoic Jiao-Liao-Ji Belt (Fig. 1;
Zhao et al., 2012; Zhao and Zhai, 2013). The TNCO is dominated
by Paleoproterozoic lithotectonic assemblages but also contains
abundant Neoarchean supracrustal rocks, TTGs and granitoids with
sporadic calc-alkaline volcanics and clastic sediments (Zhao et al.,
2005; 2012;; Tang and Santosh, 2018a; Gao and Santosh, 2020).
The Eastern Block preserves Archean basement which includes
both high-grade terranes and low-grade granite-greenstone belts
such as those in Southern Jilin, North Liaoning, Anshan-Benxi,
Southern Liaoning, Western Liaoning, Eastern Hebei, Miyun, Wes-
tern Shandong and Eastern Shandong, (Tang and Santosh, 2018a;
Wu et al,, 2016; Zhao et al,, 2012). The TTG gneisses constitute
70% of the total exposure of the Neoarchean basement (Peng
et al., 2012a; 2012b;; Santosh, 2010; Wu et al., 2013), and the
supracrustal rocks comprise mainly sedimentary and bimodal vol-
canic rocks (Liu et al., 2014; Wu et al., 2016). All these rocks were
deformed and metamorphosed under greenschist- and granulite-
facies at ca. 2.48-2.50 Ga (Kusky and Li, 2003; Wu et al., 2013;
Zhao et al., 2012; Zhao and Zhai, 2013). The pre-Neoarchean rocks
were found only in the Anshan and Eastern Hebei areas (Fig. 2),
including fuchsite-bearing quartzites with 3.5-3.85 Ga detrital zir-
cons, the ~3.5 Ga amphibolites in the Caozhuang area of Eastern
Hebei, and the 3.3-3.8 Ga granitoids and metasedimentary rocks
in the Anshan area (Tang and Santosh, 2018a; Zhai and Santosh,
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Fig. 2. Simplified geological map of the middle segment of the northern margin of the North China Craton (Wang et al., 2015).

2011). These pre-Neoarchean rocks may have experienced multi-
ple episodes of metamorphism and deformation between 3.8 and
2.5 Ga, but much of their petrographic and isotopic information
on the early tectono-thermal events was obliterated by the last
metamorphic event at ~2.5 Ga (Shi et al., 2012; Tang and
Santosh, 2018b; Zhong et al., 2018). The Paleoproterozoic Jiao-
Liao-Ji Belt in the eastern part of the Eastern Block (Fig. 1) is com-
posed of Paleoproterozoic sedimentary and volcanic successions
including the Fengzishan and Jingshan Groups in eastern Shan-
dong, the South and North Liaohe Groups in eastern Liaoning,
and the Ji'an and Laoling Groups in southern Jilin, which are asso-
ciated with voluminous Paleoproterozoic granitoid and mafic
intrusions (Zhao et al., 2005). Most of the sedimentary and volcanic
successions and pre-tectonic (gneissic) granites in the Jiao-Liao-Ji
Belt were formed in the period ca. 2200-2000 Ma, and were meta-
morphosed and deformed at ~1900 Ma (Chen et al., 2013; Zhou
et al,, 2017).

In the NE NCC, within a major intracontinental rift basin, named
the Yanliao rift basin or aulacogen (Fig. 2), deposition of thick sed-
imentary strata occurred during 1.8 to 0.80 Ga (Wang et al., 2015).
The sequence has been divided into four groups and 12 formations
with a total thickness of ~9000 m. However, only the lowermost
group formed in a rift graben, which extends from east to west
and is bounded by deep faults on both sides. The lowermost group
is called the Changcheng Group. With a total thickness of around
2700 m, this Group is composed of the Changzhougou, Chuanling-
gou, Tuanshanzi and Dahongyu Formations (Fig. 3). The lowermost
Changzhougou Formation, unconformably overlying early Precam-
brian granitic gneiss (Fig. 3), is composed predominantly of con-
glomerate, pebble-bearing sandstone and arkosic sandstone of
fluvial facies in the lower portion and sandstone of marine facies
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in the middle-upper parts (Fig. 3). Conformably overlying the
Changzhougou Formation is the Chuanlinggou Formation that is
composed mostly of shales and siltstone (Fig. 3), and is in turn con-
formably overlain by the dolomite-dominated Tuanshanzi Forma-
tion (Fig. 3). The uppermost Dahongyu Formation conformably
overlies the Tuanshanzi Formation and consists of littoral and ner-
itic sandstone, shale and potassium-rich trachyte with cherty dolo-
stone in the upper part.

Fifteen samples were collected from the Shoushan and Jiashanxi
sections in the Xingcheng area (NE China) for zircon U-Pb
geochronology and Lu-Hf isotopic analyses. A summary of the sam-
ple details is given in Table 1. The field photographs, as well as the
hand-specimen and thin section photomicrographs are shown in
Figs. 3 and 4.

The Changzhougou Formation can be divided into three succes-
sions. The lower succession is composed of coarse-grained arkoses
with cross-bedding forming in an estuary environment. The middle
succession consists of thinly-bedded quartz siltstone intercalated
with pelitic siltstone and silty mudstone, and the upper succession
comprises white, pure sandstone named the “Great Wall Quartz
Sandstone”. We collected medium-grained sandstone, sandy mud-
stone and feldspathic sandstone from the Changzhougou Forma-
tion. These rocks show high mineral and textural maturity. The
Chuanlinggou Formation is composed of three successions, in
ascending order, namely black shale with dolomite lenses,
thickly-bedded dolomite, and an intercalation of siltstone and
thinly-bedded sandstone. We collected one siltstone sample from
the middle section of the Chuanlinggou Formation. The Tuanshanzi
Formation predominantly consists of muddy and silty dolostone in
the lower part and clastic dolomitic sandstone, thin-bedded sand-
stone and small stromatolitic bioherms in the upper part. Siltstone,
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sandstone and feldspathic sandstone samples have been selected
from the Tuanshanzi Formation. The Dahongyu Formation can also
be divided into three successions in ascending order: black shale,
silicified rock with Cynobacteria-Oscillatoriopsis fossils, and sand-
stone beds. Four sandstone samples were selected from Dahongyu
Formation.

3. Analytical methods

Zircon U-Pb dating was conducted by LA-ICP-MS at the Wuhan
SampleSolution Analytical Technology Co., Ltd., Wuhan, China.
Detailed operating conditions for the laser ablation system and
the ICP-MS instrument and data reduction are the same as
described by Zong et al. (2017). Laser sampling was performed
using a GeolasPro laser ablation system that consists of a COMPex-
Pro 102 ArF excimer laser (wavelength of 193 nm and maximum
energy of 200 mJ) and a Microlas optical system. An Agilent
7700e ICP-MS instrument was used to acquire ion-signal intensi-
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ties. Helium was applied as a carrier gas. Argon was used as the
make-up gas and mixed with the carrier gas via a T-connector
before entering the ICP. A “wire” signal smoothing device is
included in this laser ablation system (Hu et al., 2015). The spot
size of the laser was set to 30 um in this study. Zircon 91500 and
glass NIST610 were used as external standards for U-Pb dating
and trace element calibration, respectively. Each analysis incorpo-
rated a background acquisition of approximately 20-30 s followed
by 50 s of data acquisition from the sample. An Excel-based soft-
ware ICPMSDataCal was used to perform off-line selection and
integration of background and analyzed signals, time-drift correc-
tion and quantitative calibration for trace element analysis and U-
Pb dating (Liu et al., 2008, 2010). Concordia diagrams and weighted
mean calculations were made using Isoplot/Ex_ver3 (Ludwig,
2003).

The in-situ Lu-Hf analysis was conducted using a Neptune Plus
MC-ICP-MS (Thermo Fisher Scientific, Germany) in combination
with a Geolas HD excimer ArF laser ablation system (Coherent,
Gottingen, Germany) that was hosted at the Wuhan Sample
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Table 1

Summary of locations, lithology and formations of the representative samples from

the Changcheng Group in the Xingcheng area.

Sample Locations Formations Rock types

No.

SS-1 Shoushan  Dahongyu (Chd) Sandstone

SS-3 Shoushan  Tuanshanzi (Cht) Feldspathic sandstone

SS-6 Shoushan  Chuanlinggou Siltstone
(Chch)

SS-7 Shoushan  Changzhougou Feldspathic sandstone
(Chc)

SS-8 Shoushan  Changzhougou Sandy mudstone
(Chc)

SS-9 Shoushan  Changzhougou Sandy mudstone
(Chc)

JSX-1 Jiashanxi ~ Dahongyu (Chd) Sandstone

JSX-2 Jiashanxi  Dahongyu (Chd) Sandstone

JSX-3 Jiashanxi ~ Dahongyu (Chd) Sandstone

JSX-3-2 Jiashanxi ~ Dahongyu (Chd) Sandstone

JSX-4 Jiashanxi  Tuanshanzi (Cht) Sandstone

JSX-5 Jiashanxi  Tuanshanzi (Cht) Siltstone

JSX-6 Jiashanxi  Tuanshanzi (Cht) Pelitic siltstone

JSX-9 Jiashanxi ~ Changzhougou Medium-grained
(Chc) sandstone

JSX-10 Jiashanxi ~ Changzhougou Medium-grained
(Chc) sandstone

Solution Analytical Technology Co., Ltd, Hubei, China. A “wire” sig-
nal smoothing device is included in this laser ablation system, by
which smooth signals are produced even at very low laser repeti-
tion rates down to 1 Hz (Hu et al,, 2015). Helium was used as
the carrier gas within the ablation cell and was merged with argon
(makeup gas) after the ablation cell. Small amounts of nitrogen
were added to the argon makeup gas flow for the improvement
of sensitivity of Hf isotopes (Hu et al., 2012). Compared to the stan-
dard arrangement, the addition of nitrogen in combination with
the use of the newly designed X skimmer cone and Jet sample cone
in Neptune Plus improved the signal intensity of Hf, Yb and Lu by a
factor of 5.3, 4.0 and 2.4, respectively. All data were acquired on
zircon in single spot ablation mode at a spot size of 44 pm. The
energy density of laser ablation that was used in this study

was ~ 7.0 ] cm~2. Each measurement consisted of 20 s of

Gondwana Research 96 (2021) 76-88

acquisition of the background signal followed by 50 s of ablation
signal acquisition. Detailed operating conditions for the laser
ablation system and the MC-ICP-MS instrument and analytical
method are the same as the description by Hu et al. (2012).

4. Results
4.1. 1. Geochronological data

4.1.1. Changzhougou Formation

Zircon grains from 15 samples were analyzed for U-Pb. Optical
and cathodoluminescence (CL) imaging reflects typical source-
proximal (e.g., angular grains) and igneous origin (oscillatory zon-
ing) features (Figs. 5-7).

Fifty analyses on sample JSX-10 yielded mostly high Th/U ratios
(0.3 - 2.5; Supplementary Table S1). Forty-two of the spots fall
along a lead-loss line with the upper intercept at 2602 + 55 Ma
(Fig. 5a). These analyses yielded 2°’Pb/2%°Pb ages ranging between
2.11 Ga and 2.68 Ga, with one major age peak at 2.55 Ga and a
minor peak at 2.15 Ga.

Sample JSX-9 is sandstone from the middle section of the
Changzhougou Formation (Chc). The zircons are commonly 60-
150 pum in size, round and ellipsoidal in shape, and show oscilla-
tory zoning in CL image (Fig. 5b). A total of fifty analyses were
made on 50 zircons. Their Th/U ratios range from 0.2 to 1.9 (Sup-
plementary Table S1). Forty-six analyses show lead loss and fall
along a lead-loss line with the upper intercept at 2583 + 18 Ma
(Fig. 5b). Their 2°’Pb/2°°Pb ages range from 2.20 Ga to 2.69 Ga,
and show a significant age peak at 2.60 Ga.

Fifty analyses were performed on sample SS-9, and their Th/U
ratios range from 0.4 to 2.3. Most analyses are discordant and fall
along a Pb loss line with the upper intercept at 2581 * 22 Ma
(Fig. 5¢). These analyses show a wide range of 2°’Pb/?°°Pb ages
between 2.49 Ga and 2.78 Ga.

Forty-eight analyses were performed on sample SS-8. The zir-
cons are medium grained (mostly 60-100 pum), round or stubby
in shape, and show oscillatory zoning or homogeneous structures
in CL images (Fig. 5d). Eleven analyses were excluded due to erro-
neous 2°’Pb/2%Pb ages. The remaining 37 analyses show lead loss

Fig. 4. Photomicrographs of the Changzhougou Formation. Mineral abbreviations: Bt-Biotite; Qtz-Quartz; Fsp-Feldspar.
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and fall along a lead-loss line with the upper intercept at
2678 + 22 Ma (Fig. 5d). Their 2°7Pb/?%°Pb ages show a range of
2.52 Ga and 2.72 Ga with a significant peak at 2.6 Ga.

Sample SS-7 was taken from the upper section of the Changz-
hougou Formation (Chc), and 50 analyses were performed on this
sample. The =zircons mostly medium grained (mostly 70-
150 pm), stubby in shape, and show oscillatory zoning in CL
images (Fig. 6a). Fifteen of these were excluded due to high error.
The remaining 35 analyses show lead loss (Fig. 6a) and fall along a
lead-loss line with the upper intercept at 2597 + 36 Ma. Their
207pp2%6pp ages show a range of 2.41 Ga and 2.69 Ga with a
significant peak at 2.6 Ga.

4.1.2. Chuanlinggou Formation

We collected four mudstone and siltstone samples from the
Chuanlinggou Formation, but only one sample contains enough
zircons for U-Pb dating. We carried out 33 U-Pb analyses on zircon
grains from sample SS-6, and they show high and variable Th/U
ratios of 0.3 - 2.2. Eleven of these were excluded due to high error.
The remaining analyses are discordant (Supplementary Fig. S1a),
yielding an age peak at 2.55 Ga.

4.1.3. Tuanshanzi Formation
Fifty analyses on sample JSX-6 yielded mostly high Th/U ratios
(0.3 - 2.7), (Supplementary Table S1), consistent with an igneous
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origin. Most analyses are discordant, and Forty of them fall along
a lead-loss line with the upper intercept at 2587 * 40 Ma
(Fig. 6b). These analyses yielded 2°7Pb/2%Pb ages ranging between
2.09 and 2.68 Ga, with one major age peak at 2.55 Ga.

Fifty analyses were performed on sample |SX-4, and their Th/U
ratios range from 0.3 to 4.4. Twelve analyses were excluded due to
erroneous 297Pb/2%Pb ages. Most analyses are discordant due to
significant lead loss, and fall along a line with the upper intercept
at 2525 + 18 Ma (Fig. 6¢). These analyses show a wide range of 27-
Pb/?%®Pb ages between 2.48 Ga and 2.91 Ga with one major peak at
2.58 Ga.

Forty analyses were performed on sample SS-3. The zircons are
medium sized (mostly 60-100 pm), round or stubby in shape, and
show oscillatory zoning or homogeneous structures in CL images
(Fig. 6d). Eight analyses were excluded due to erroneous
207pp/296ph ages. The remaining 37 analyses show lead loss
(Fig. 6d) and fall along a lead-loss line with the upper intercept
at 2597 + 26 Ma. Their 2°7Pb/2%Pb ages show a range of 1.92 Ga
and 2.72 Ga with a significant peak at 2.60 Ga.

Sample JSX-5 is siltstone from the middle section of the Tuan-
shanzi Formation (Cht). The zircons are commonly 60-150 pm in
size, ellipsoidal in shape, and show oscillatory zoning in CL image
(Supplementary Fig. S2b). A total of forty-six analyses were made
on 46 zircons. Their Th/U ratios range from 0.1 to 3.1 (Supplemen-
tary Table S1). Twenty-two analyses show lead loss and fall along
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two lead-loss lines with the upper intercept at 1920 + 54 Ma and
2734 + 35 Ma (Supplementary Fig. S2b).

4.1.4. Dahongyu Formation

Forty analyses were performed on sample JSX-3, and their Th/U
ratios range from 0.5 to 2.0. The forty analyses could be subdivided
into two groups, and most analyses are discordant due to signifi-
cant lead-loss. These analyses fall along two lead-loss lines with
the upper intercepts at 2118 + 48 Ma and 2508 + 21 Ma (Fig. 7a).
These analyses show a wide range of 2°’Pb/?°°Pb ages between
2.48 Ga and 2.91 Ga with one major peak at 2.58 Ga. The younger
group shows 2°7Pb/2%Pb ages of 1.98 Ga and 2.23 Ga, and the older
group shows 2°7Pb/2%°Pb ages of 2.33 Ga and 2.58 Ga.

Sample JSX-3-2 was taken from the lower section of the Dahon-
gyu Formation (Chd), and 25 analyses were performed on zircons
from this sample. The zircons are medium in size (mostly 70-
140 pm), stubby in shape, and show oscillatory zoning in CL
images. Ten analyses were excluded due to their erroneous
207pp[296pp ages. The remaining 15 analyses show severe lead loss
(Supplementary Fig. S2c) and fall along a lead-loss line with the
upper intercept at 2631 = 77 Ma. Their 2°’Pb/?°°Pb ages show a
range of 2.11 Ga and 2.80 Ga with a significant peak at 2.65 Ga.

Sample JSX-2 is sandstone from the middle section of
the Dahongyu Formation (Chd). The zircons are commonly
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100-150 pm in size, round and ellipsoidal in shape, and show
oscillatory zoning in CL image (Fig. 7b). A total of fifty analyses
were made on 50 zircons. Their Th/U ratios range from 0.1 to 1.2
(Supplementary Table S1). Thirteen analyses were excluded due
to erroneous 2°7Pb/?°°Pb ages. Most analyses show lead loss and
fall along a lead-loss line with the upper intercept at
2078 + 44 Ma (Fig. 7b). Their 2°7Pb/?°°Pb ages range from
1.96 Ga to 2.74 Ga, and show two significant age peaks at
2.15 Ga and 2.60 Ga.

Fifty analyses on sample JSX-1 yielded mostly high Th/U ratios
(0.1 - 3.6), (Supplementary Table S1). With five analyses excluded
due to their discordance and plotting far away from the pervasive
Pb loss line, the remaining data fall along a lead-loss line with the
upper intercept at 2581 £ 27 Ma (Fig. 7c). These analyses yielded
207pb2%6pp ages ranging between 1.81 Ga and 2.77 Ga, with one
age peak at 2.55 Ga.

Fifty analyses were performed on sample SS-2. The zircons
are medium in size (mostly 50-120 pm), round or stubby in
shape, and show oscillatory zoning or homogeneous structures
in CL images. Four analyses are excluded due to high error.
The remaining 46 analyses show significant lead Iloss
(Supplementary Fig. S2d). Their 2°’Pb/2°°Pb ages show a range
of 1.96 Ga and 2.68 Ga with two significant peaks at 2.10 Ga
and 2.60 Ga.
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Fifty analyses were performed on sample SS-1, and their Th/U
ratios range from 0.3 to 2.6. Twenty-seven analyses are discordant
due to significant lead-loss, and fall along two lead-loss lines with
the upper intercepts at 2057 + 87 Ma and 2572 + 24 Ma (Fig. 7d).
These analyses show a wide range of 2°7Pb/?°°Pb ages between
1.91 Ga and 2.69 Ga with two peaks at 2.15 Ga and 2.55 Ga.

We compiled all the published detrital zircon U-Pb ages about
the Changcheng Group in Fig. 8. The Changzhougou and Tuan-
shanzi formations show one significant peak at 2.60 Ga and
2.65 Ga, respectively. The Chuanlinggou and Dahongyu formations
show two age peaks at 2.00 Ga and 2.55 Ga, and 2.10 Ga and
2.60 Ga, respectively.

4.2. Zircon in-situ Lu-Hf isotopes

Zircon Lu-Hf isotopic results for the dated samples are listed in
Supplementary Table S2 and shown on Figs. 9 and 10. Initial Hf iso-
topic ratios are recalculated based on their upper intercept ages,
using the '7°Lu-'7®Hf decay constant reported by (Soderlund
et al., 2004). 175Lu/77Hf ratios of most zircons are less than 0.003
(Supplementary Table S2), indicating a low radiogenic growth of
176Hf. Two-stage model ages (Tpmo) are calculated for the source
of magma by assuming a mean '”®Lu/'”’Hf value of 0.015 for the
average continental crust (Griffin et al., 2002).
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4.2.1. Changzhougou Formation
Fifteen Lu-Hf analyses were performed on 15 zircons from the
sample JSX-10 (Supplementary Table S2). These spots have high
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and positive eyqt) values of + 5.7-+15.3 and relatively young two-
stage Hf model ages (Tpyz = 2.1-2.7 Ga) compared with their zir-
con U-Pb ages (Figs. 9 and 10; Supplementary Table S2).

Fifteen Lu-Hf analyses were performed on 15 zircons from the
sample JSX-9 (Supplementary Table S2). These spots have high and
positive eyft) values of + 4.1 — +14.4 and relatively young two-
stage Hf model ages (Tpmz = 2.2-2.8 Ga) compared with their zir-
con U-Pb ages (Fig. 9; Supplementary Table S2).

Fifteen Lu-Hf analyses were performed on 15 zircons from the
sample SS-9 (Supplementary Table S2). These spots also show high
and positive gyg(t) values of + 4.0 - +10.2 and relatively young two-
stage Hf model ages (Tpmz = 2.4-2.8 Ga) compared with their zir-
con U-Pb ages (Fig. 9; Supplementary Table S2).

Eleven Lu-Hf analyses on 11 zircons from the sample SS-8 (Sup-
plementary Table S2) yielded high and positive eyd{t) values
of + 1.9 - +16.6 and relatively young two-stage Hf model ages
(Tpmz = 2.0-2.9 Ga) compared with their zircon U-Pb ages (Fig. 9;
Supplementary Table S2).

Fourteen Lu-Hf analyses on 14 zircons from the sample SS-7
(Supplementary Table S2) show high and positive eyft) values
of + 3.2 - +8.7 and relatively young two-stage Hf model ages
(Tomz = 2.5-2.9 Ga) compared with their zircon U-Pb ages (Fig. 9;
Supplementary Table S2).

4.2.2. Chuanlinggou formation
Fifteen Lu-Hf analyses on 15 zircons from the siltstone sample
SS-6 (Supplementary Table S2) show high and positive eyqt) values
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of + 6.8 — +22.9 and relatively young two-stage Hf model ages
(Tpmz = 1.7-2.7 Ga) (Figs. 9 and 10; Supplementary Table S2).

4.2.3. Tuanshanzi formation
Fourteen Lu-Hf analyses on 14 zircons from the sample JSX-6
(Supplementary Table S2) yield high and positive eydt) values
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of + 7.5 - +16.1 and relatively young two-stage Hf model ages
(Tpmz = 2.1-2.7 Ga) compared with their zircon U-Pb ages (Figs. 9
and 10; Supplementary Table S2).

Among the fourteen Lu-Hf analyses on 14 zircons from the
sample JSX-5 (Supplementary Table S2), except two spots
(JSX-5-20 and ]SX-5-36) with negative eyqt) values (-0.6 and
—3.8), the remaining 12 spots show a range of positive eyq(t) values
(+3.1 - +35.8), and relatively young two-stage Hf model ages
(Tpmz = 0.3-2.6 Ga) compared with their zircon U-Pb ages (Fig. 9).

Fourteen Lu-Hf analyses on 14 zircons from the sample SS-3
(Supplementary Table S2) show high and positive eyft) values
of + 7.7 - +18.0 and relatively young two-stage Hf model ages
(Tpmz = 2.1-2.7 Ga) compared with their zircon U-Pb ages (Fig. 9;
Supplementary Table S2).

4.2.4. Dahongyu formation

Fifteen Lu-Hf analyses on 15 zircons from the sample JSX-3
(Supplementary Table S2) yield high and positive eyft) values
of + 3.7 - +34.6 and relatively young two-stage Hf model ages
(Tpmz = 1.0-2.9 Ga) compared with their zircon U-Pb ages (Fig. 9;
Supplementary Table S2).

Among the fifteen Lu-Hf analyses on 15 zircons from sample
JSX-2, except four spots (JSX-2-39, JSX-2-42, JSX-2-46 and ]JSX-
2-50) with negative eyqt) values (-29.4, —4.4, —9.5 and —4.9),
the remaining 11 zircons have high and positive gyft) (+0.3 -
+9.7) and relatively young Tpymo (2.1-2.7 Ga) (Fig. 9; Supplemen-
tary Table S2).

Fifteen Lu-Hf analyses on 15 zircons from sample JSX-1. show
two spots (JSX-1-32 and JSX-1-41) with negative eyqt) value
(-1.4 and —3.1), and the remaining13 zircons having high and pos-
itive eyf(t) (+3.0 - +34.7) and relatively young Tpyp (1.0-2.9 Ga)
(Fig. 9; Supplementary Table S2).

Among the fifteen Lu-Hf analyses on 15 zircons from sample
SS-2, two spots (SS-2-18 and SS-2-21) show negative gyf(t) value
(-1.4 and —3.1), and the remaining 13 zircons have high and posi-
tive eyt) (+1.0 — +18.2) and relatively young Tpwm> (1.9-3.0 Ga)
(Fig. 9; Supplementary Table S2).

Fourteen Lu-Hf analyses on 14 zircons from sample SS-1 show
three spots (SS-1-12, SS-1-26 and SS-1-30) with negative ey(t)
values (-9.2, —0.8 and —8.8), and the remaining with positive
epr(t) (+0.1 — +10.2) and relatively young Tpy (2.3-3.1 Ga) (Fig. 9).

5. Discussion
5.1. Depositional age of the Changcheng Group

The Tuanshanzi and Dahongyu formations of the Changcheng
Group contain several layers of voluminous K-rich volcanics (Qu
etal, 2014; Wang et al., 2015). Lu et al. (2008) carried out SHRIMP
zircon U-Pb dating on trachyte from the upper Dahongyu Forma-
tion and obtained a U-Pb age of 1622 + 23 Ma. A volcanic sample
collected from the Dahongyu Formation yielded single-grain zircon
U-Pb age of 1625 + 6 Ma, also interpreted as the age of volcanic
eruption (Lu and Li, 1991). Wan et al. (2011) re-analyzed the same
volcanic sample from the Dahongyu Formation using the SHRIMP II
ion microprobe and obtained an age of 1622 + 23 Ma, consistent
with the conventional single-grain age of 1625 + 6 Ma. Zhang
et al. (2015) carried out SHRIMP zircon U-Pb dating on alkali basalt
of the Dahongyu Formation and mafic dyke that intruded into the
Chuanlinggou Formation in the Yaoliao rift, and reported ages of
1624 + 9 Ma and 1620 + 9 Ma, respectively. Two trachyandesites
of the second and third eruption cycles and one sub-alkaline basalt
from the fourth eruption cycle of the overlying Dahongyu Forma-
tion were dated by Wang et al. (2015) as 1664 + 6, 1652 + 7,
and 1645 = 5 Ma, based on the zircon U-Pb method. Thus, the
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volcanism and sedimentation of the Dahongyu Formation may
have lasted from 1664 Ma to 1625 Ma for nearly 40 Myrs.

Zhang et al. (2013) reported a zircon U-Pb age of 1637 + 15 Ma
for potassic volcanic rock from the upper section of the Tuanshanzi
Formation at Pinggu in the Beijing city. A single-grain zircon U-Pb
upper concordia intercept age of 1683 * 67 Ma was determined by
Li et al. (1995) for a volcanic rock of the Tuanshanzi Formation,
interpreted as the age of volcanic eruption. Wang et al. (2015)
dated a trachybasalt from the upper section of the Tuanshanzi For-
mation as 1671 £ 5 Ma, and proposed that the eruption of volcanic
rocks and deposition of dolostones with minor shales and sand-
stones of the Tuanshanzi Formation occurred at ca. 1670 Ma or ear-
lier. Our study clearly establishes the geochronological framework
of the stratigraphic sequences in the Changcheng Group (Fig. 3),
and we conclude that the Tuanshanzi and Dahongyu Formations
formed at ca. 1670 Ma and 1664-1625 Ma, respectively.

One of the key issues is the lowest boundary age of the Chang-
cheng Group, and hence the time of initiation of the Yanliao rift,
which was previously considered to be at 1800 Ma, ~1800-1750
Ma, ~1700 Ma, or 1650 Ma, respectively (Lamb et al., 2009; Li
et al,, 2015; Liu et al,, 2019; Lu et al., 2002; Miao et al., 2019;
Peng et al., 2009; Wan et al., 2011). No volcanic rocks were found
interlayered within the Chuanlinggou and Changzhougou forma-
tions, and therefore, their deposition age remained equivocal.
Wan et al. (2003) reported detrital SHRIMP U-Pb zircon ages for
an arkosic sandstone of the Changzhougou Formation and recog-
nized several zircon populations, among which the youngest is
around 1.8 Ga, indicating deposition of the Changzhougou Forma-
tion later than 1.8 Ga. Recently, Peng et al. (2012a); (2012b;))
reported ID-TIMS baddeleyite U-Pb age of 1731 + 4 Ma for a mafic
dyke that was unconformably overlain by the sedimentary rocks of
the Changzhougou Formation in Miyun, and proposed that the
lowest boundary age of the Changcheng Group should be later than
1730 Ma, possibly at ca. 1700 Ma (Fig. 3). Zhang et al. (2015) car-
ried out U-Pb dating on xenotime and monazite grains from the
Chuanlinggou Formation and reported the oldest population of
1716 £ 3 Ma, which is interpreted as the minimum depositional
age of the Chuanlinggou Formation. Moreover, a vast magmatic
belt (~500 km in length) with formation ages of 1680-1750 Ma
has been recognized along the northern margin of the NCC. All
the 1680-1750 Ma magmatic plutons were emplaced into the
Archean basement rocks, and did not intrude the sedimentary
cover of the Changcheng Group (i.e. Yanliao rift). All these lines
of evidence suggest that the incipient deposition of the Chang-
cheng Group sedimentary rocks probably occurred later than the
emplacement of these 1680-1750 Ma magmatic plutons. Accord-
ingly, we propose that the lowest boundary age of the Changcheng
Group, corresponding to the initiation of the Yanliao rift, should be
earlier than 1671 Ma, but younger than 1680 Ma. Given that there
are still two formations (Changzhougou and Chuanlinggou) that lie
below the Tuanshanzi Formation (ca. 1671 Ma), the initiation tim-
ing of the Yanliao rift can be reasonably constrained as ca.
1680 Ma.

5.2. Provenance of the Changcheng Group

Detrital zircons of the Changcheng Group show two main inter-
vals at 2.7-2.5 Ga and 2.1-1.9 Ga. The ~ 2.7 Ga age data are mainly
reported from western and eastern Shandong and some in Zhangji-
akou, Guyang, Houqiu and Fuping. Late Neoarchean magmatic
rocks are widely distributed in the Eastern Block, Western Block
and TNCO with ages varying from 2.55 Ga to 2.48 Ga (Guo et al,,
2013; Li et al, 2016; Santosh et al,, 2016; 2020b; 2018b;; Shi
et al., 2012; Tang and Santosh, 2018a), and they show similar rock
associations with TTG rocks, which underwent metamorphism
between 2.52 and 2.50 Ga. Similar ~ 2.5 Ga tectonic-magmatic
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events are also widely reported from Archean cratons in southern
India and Antarctica, and also other coeval cratons (e.g., Jayananda
et al., 2020). The sedimentary rocks in our study show poorly-
rounded grains that include minor plagioclase feldspar. Thus, the
2.7 - 2.5 Ga detrital zircons are more likely derived from the
NCC itself. This conclusion is also evidenced by the zircon Lu-Hf
isotopic characteristics. Most of the 2.7 — 2.5 Ga detrital zircons
of the Changcheng Group show high and positive eyft) values as
shown in Fig. 10, which are similar to those of the widely dis-
tributed 2.7 - 2.5 Ga magmatic rocks. For example, felsic rocks of
the Dengfeng complex (2.75 - 2.48 Ga) show high eyft) values
of + 5.0 — +9.7 (Shi et al., 2019); granites of the Yishui Complex
(2.54 - 2.49 Ga) have eyg(t) values of —2.5 - +5.0 and Neoarchean
model ages of 2.92 - 2.70 Ga (Li et al,, 2016; Santosh et al., 2017).
Diverse Neoarchean granitoid suites from tonalite-trondhjemite-g
ranodiorite (TTG) to potassic granitoids (2.59 - 2.50 Ga) in the
Northern Liaoning Province display high eyft) values of +0.5 -
+8.7 and model ages of 2.84 - 2.54 Ga (Wang et al., 2017).

Regarding the 2.2-1.9 Ga detrital zircons, we interpret that
these were also derived from the NCC basement. This conclusion
is mainly based on the following observations: (1) Several 2.2 -
2.0 Ga felsic volcanic rocks and plutons are widely exposed in
the Daqingshan, northwestern Hebei, Wutai, Liiliang, Zhong-
tiaoshan and Dashiqiao. The 2.0 - 1.8 Ga rocks are widely dis-
tributed in the khondalite belt of the Inner Mongolia Suture Zone
(Santosh, 2010), several complexes within the TNCO, and the Pale-
oproterozoic meta-volcano-sedimentary complex (i.e., Liaohe
Group) in the Liaoning Province (Li et al., 2018; Tang and
Santosh, 2018a; Zhao et al., 2005). (2) A large number of granites
with ages ranging from 2.2 to 1.90 Ga were emplaced into the
Inner Mongolia-Eastern Hebei Orogenic Belt (Kusky and Li,
2003). (3) Several ~ 2.0 Ga granite intrusions are recognized in
the Tianzheng, and the Liiliang Mountains, and voluminous S-
type granites were generated through anatexis and metamorphism
of the khondalites in the western part of the North China Craton
(Kusky and Li, 2003). (4) Several ~ 2.2 Ga magnesian andesites,
Nb-enriched basalt-andesites, and adakitic rocks are also identified
in the Liiliang Complex and represent a Paleoproterozoic subduc-
tion belt in the North China Craton (Liu et al., 2014). (5) Most of
these Paleoproterozoic magmatic rocks also show zircon grains
with high and positive ey{t) values (Fig. 10), which are identical
to those of the 2.2-1.9 Ga detrital zircons of the Changcheng Group
(Li et al., 2018; Liu et al,, 2014; Tang and Santosh, 2018a).

5.3. Episodic Neoarchean-Paleoproterozoic crust growth of the North
China Craton

The high eyf(t) values from zircon grains are commonly consid-
ered to be representative of juvenile continental materials (Jahn,
2004; Kemp et al., 2007, 2005). The detrital zircons of the Chang-
cheng Group have high and positive eyf(t) values (+0.1-+34.6;
Fig. 10). Compared with their crystallization ages, these Neoarch-
ean to Paleoproterozoic zircons have relatively young T,py ages
of 2.0-2.9 Ga. Thus, we infer two major crust growth events in
NCC at 2.7-2.5 Ga and 2.2-1.9 Ga. The former could be subdivided
into two phases at 2.75-2.60 Ga and ~ 2.5 Ga. The first phase of
2.75-2.60 Ga crust growth is dominated by the plume-arc interac-
tion process (Guo et al., 2016; Li et al., 2016; Santosh et al., 2017;
Tang and Santosh, 2018a), and involved both vertical (mantle
plume) and/or lateral (in convergent margins) accretion. The sec-
ond phase of ~ 2.5 Ga crust growth involves oceanic lithospheric
subduction (Li et al., 2016; Santosh et al., 2016, 2017) and is dom-
inated by lateral accretion. The latter 2.2 - 1.9 Ga crust growth
events also could be subdivided into two phases at 2.20 -
2.00 Ga and 2.00 - 1.90 Ga. The first event at 2.20 - 2.0 Ga is related
to the oceanic subduction and the collision between the Eastern
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and Western Blocks (Liu et al., 2014; Tang and Santosh, 2018a;
Zhou et al,, 2017), and dominated by lateral accretion. The second
event at 2.0-1.90 Ga occurred possibly during the post-collisional
extension setting, and could be ascribed to vertical (intraplate set-
ting) accretion.

Furthermore, late Paleoproterozoic (1.71 - 1.62 Ga) volcanic
and intrusive rocks are also identified in the Changcheng Group,
and are widely reported in the NCC (Liu et al,, 2016; Lu et al,
2002; Sun et al., 2017; Wang et al., 2013, 2015; Xia et al., 2013).
As shown in Fig. 10, these rocks also show high and positive eyg(t)
values for zircon grains. Thus, we propose that the NCC might have
experienced a late Paleoproterozoic (1.71 - 1.62 Ga) crust growth
event. The generation of these magmatic rocks was believed to
be triggered by the delamination of the continental lithosphere
in a post-orogenic setting following the final amalgamation of
the North China Craton within the Columbia supercontinent
(Wang et al, 2015). Thus, the late Paleoproterozoic (1.71 -
1.62 Ga) crustal growth event could also be ascribed to vertical
(in intraplate setting) accretion.

In summary, the NCC has experienced three phase of
Neoarchean-Paleoproterozoic crust growth at 2.7 - 2.5 Ga, 2.2 -
1.9 Ga and 1.7 - 1.6 Ga, which involved both vertical (mantle
plume) and/or lateral (convergent margin) accretions.

6. Conclusions

(1). Detrital zircon grains from the Changcheng Group define

two major age populations at 2.7 - 2.5 Ga and 2.2 -

1.9 Ga, with high and positive eyq(t) values of + 0.1 to + 34.6.

Both the 2.7 - 2.5 Ga and 2.2 - 1.9 Ga detrital zircons were

derived from the NCC basement rocks.

(3). The NCC experienced three phases of Neoarchean-
Paleoproterozoic crust growth at 2.7 - 2.5 Ga, 2.2 - 1.9 Ga
and 1.7 - 1.6 Ga, involving both vertical (mantle plume)
and/or lateral (convergent margins) accretions.

(2).
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