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Growth rate of continental crust in the northeast margin
of the North China Craton:
Constraints from the U-Pb dating and Lu-Hf isotopes
of detrital zircons from the Laoha River
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Recently, how to quantitatively estimate the growth rate of continental crust is an enigmatic issue. With the develop-
ment of ICP-MS technology, the U-Pb dating and Lu—Hf isotopic compositions of detrital zircons from the fluvial sediments
can provide an effective and simple approach to constrain the growth rate and evolutionary history of continental crust. In
this paper, 189 concordant detrital zircons from the Laoha River have been analyzed for U-Pb ages and Lu—Hf isotopic
compositions by excimer LA-MC-ICP-MS. Detrital zircons from samples LH and LH2 show three major age groups, i.e.,
2370 Ma~2572 Ma, 1728~2087 Ma, 127~376 Ma and 2374~2598 Ma, 1765~2087 Ma, 119~405 Ma, respectively. They
have the common prominent two stage Hf model ages with a peak at ca. 2.7 Ga, which is consistent with the global
continental crust. These indicate that the timing of the strongest magmatic events is at ca. 2.5 Ga and 1.8 Ga, and the best
estimation age of mantle extraction of the northeast margin of North China Craton is ca. 2.7 Ga. The detrital zircons with
U-PDb ages of ~1.8 Ga and ~2.5 Ga have the two stage Hf model ages of ca. 2.7 Ga, whereas &y(¢) values are different from
those of depleted mantle. These indicate that the majority of continental crust of the northeast margin of North China
Craton at time of ~1.8 Ga originated from the reworking of ~2.7 Ga crust. About 5% of the present crustal volume in the
northeast margin of North China Craton was formed at 2.9 Ga; whilst ~64% of the present crustal volume in the northeast
margin of North China Craton has been formed at 2.5 Ga, which is higher than that of previous studies. It suggests that the
continental crust growth in the North China Craton is not uniform, but it is consistent with the episodic growth of global
continental crust (60%). Moreover, the majority continental crust of the northeast margin of North China Craton has been
formed at 1.8 Ga (84%) as previously interpreted. Finally, we have used formulas to quantitatively calculate the rework-
ing rate and give a suggestion that the time of 2.5 Ga is also the main growth period of continental crust of the North China
Craton, and the time of 1.8 Ga is the strongest reworking period of the continental crust in the craton. In addition, the
reworking rate began to drop after reactivating in the North China Craton, and the addition of depleted mantle was gradu-
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ally increased.
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INTRODUCTION

The growth rate of continental crust remains contro-
versial, with two opposite hypothetical models of which
the most widely accepted one is that the majority of con-
tinental crust began to form after 4.0 Ga and has been
growing irreversibly since then (Moorbath, 1977; Fyfe,
1978; McLennan and Taylor, 1982; Hawkesworth and
Kemp, 2006; Kemp et al., 2006; Wang et al., 2009; Yang
et al., 2009; Dhuime et al., 2012). According to previous
studies, the continental crust in the early Precambrian has
several main growth periods, 3.6 Ga, 2.7 Ga, 1.8 Ga and
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1.2 Ga (McCulloch and Bennett, 1994; Condie, 1998,
2000). The fastest continental crust growth period of the
North China Craton is ~2.7 Ga (Wu et al., 2005; Yang et
al.,2009; Geng et al., 2012; Peng et al., 2012, 2013; Wang
et al., 2012, 2013; Zhao and Zhai, 2013; Zheng et al.,
2013; Bao et al., 2013). The other hypothesis is that the
mass of continental crust that formed between 4.0 Ga and
4.5 Ga was similar to today’s and has been a steady-state
since then with continental crust being recycling into the
mantle as fast as it forms (Armstrong and Harmon, 1981;
Armstrong, 1991; Wang et al., 2009; Yang et al., 2009).

In recent years, how to quantitatively estimate the
growth rate of continental crust is an enigmatic issue
(Iizuka et al., 2010; Dhuime et al., 2012). With the de-
velopment of ICP-MS technology, the U-Pb dating and
Lu—Hf isotopic compositions of detrital zircons from flu-
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Fig. 1. Simplified map of the North China Craton (A) (Zhao et al., 1998, 1999) and Laoha River basin (B).

vial sediments can provide a new perspective on the
growth rate of continental crust. Because the fluvial sedi-
ment composition can reveal information about prov-
enances of sediments, and zircons from fluvial sediments
can be resistant to chemical weathering and mechanical
abrasion, so they can survive weathering from their
protoliths to river mouths where a single sample can pro-
vide information about the sources of an entire river ba-
sin (Rino et al., 2004; Wang et al., 2009; Yang et al.,
2009). In the last decades, although extensive investiga-
tions have been carried out on the formation and evolu-
tion of the North China Craton, which led to discovery
three Paleoproterozoic continent-continent collisional
belts (Khondalite Belt, Trans-North China Orogen and
Jiao-Liao-Ji Belt) (Wan et al., 2000, 2006a, 2012b; Zhao
et al., 2000, 2011; Guan et al., 2002; Guo et al., 2005,
2012; Xia et al., 2006; Zhang, J. et al., 2006, 2007, 2009,
2012; Jian et al., 2012; Zhao and Guo, 2012), most of
these investigations were focused on tectonic processes
operative during the amalgamation of microcontinental
blocks along these collisional belts, but few studies were
concentrated on the accretion of the North China Craton,
and especially on the accretion rates.

Yang et al. (2006) applied fluvial sediments to con-
strain the evolution of continental crust in China. 110
concordant zircons from the Hanjiang River of Shanxi
Province were used to constrain the evolution of north-
ern Yangtze Craton, south China. Unfortunately, the Lu—
Hf isotopes of detrital zircons were not determined in the
study.

Yang et al. (2009) collected the fluvial sediments from
the Yongding River, Luan River and Yellow River to con-
strain the episodic growths of the North China Craton,
but the Yellow River and Luan River do not drain en-
tirely within the North China Craton, and thus they could
not entirely reveal the information of North China Craton.
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Meanwhile, the Yongding River drains mainly in the cen-
tral North China Craton, so it also could not be used to
reveal the growth rate of northeast margin of North China
Craton.

Diwu et al. (2012) measured 187 detrital zircons in
two samples from the lower reach of the Jing River and
the Luo River to characterize the crustal growth history
of the West Block of North China Craton. In his paper,
about 60% of the present crustal volume of the North
China Craton was generated in the between Mesoarchean
and Late Neoarchean (3.0 to 2.5 Ga), and their results
revealed that ~2.7 Ga and ~2.5 Ga are the most promi-
nent time of magmatism and the period of continental
rapidly growth, respectively. Meanwhile, the continental
crust of the North China Craton that formed at 2.5 Ga, is
not a reworking component, and it is a juvenile crust.

In this paper, we collected two fluvial sedimentary
samples from the Laoha River that it drains entirely within
the northeast margin of North China Craton to determine
U-Pb ages and Lu—Hf isotopic compositions of detrital
zircons, and the fluvial sediment can provide an effec-
tive sample of an entire river basin and can reveal infor-
mation about its source areas. So the data can be used to
calculate the continental crust growth rate and identify
periods of crustal growth of the preserved continental
crust in the Laoha River basin.

GEOLOGICAL SETTING AND SAMPLING

The Laoha River, which is 873 km long, originates
from Pingquan County of Hebei Province, and interflows
with Xar Moron River in the Inner Mongolia, China (Fig.
1). In the northeast of the Laoha River, Kerqin Sandy Land
has the detrital zircons that derived from Xing—Meng
Orogenic Belt (Xie et al., 2007). According to the
geotectonic location, the Laoha River drains entirely in



the northeast margin of North China Craton, so it can re-
veal the geological information of the northeast margin
of North China Craton.

The North China Craton is one of the oldest rocks in
the word. Major progress in understanding the geologi-
cal history and tectonic division of North China Craton
has been made in the past few years (Zhao et al., 2011;
Guo et al., 2012; Jian et al., 2012; Wan et al., 2012b;
Zhao and Guo, 2012). The oldest age of rock in the North
China Craton is 3.8 Ga, which have been found in the
Anshan area of Liaoning Province (Liu et al., 1992; Song
et al., 1996; Wan et al., 2005), and the oldest zircon age
in the North China Craton is ca. 3.85 Ga, which was also
found in the Anshan area of Liaoning Province (Liu et
al., 1992; Yang et al., 2009). According to the Nd and Hf
isotopes, the best estimation age of mantle extraction of
the North China Craton is 2.7 Ga (Wu et al., 2005; Yang
et al., 2009; Geng et al., 2012; Diwu et al., 2012; Sun et
al.,2012; Ma et al., 2013; Wang et al., 2013), but the U-
Pb ages in the North China Craton indicated that the
strongest magmatic events occurred at ~2.5 Ga and the
much of continental crust in the North China Craton has
formed at that time (Liu et al., 1990; Zhao et al., 2002;
Kroner et al., 2005; Yang et al., 2009; Wan et al., 2010,
2012a; Geng et al., 2012; Diwu et al., 2012). The West
Block of the North China Craton has formed with the
collision between Yinshan and Erdos Blocks at 1.95~1.90
Ga (Zhao et al., 2005; Wan et al., 2006a, 2010; Yang et
al., 2009), and the united Western Block collided with
the Eastern Block at ~1.85 Ga, (Wan et al., 2000, 2006a;
Zhao et al., 2000; Guan et al., 2002; Guo et al., 2005;
Xiaetal.,2006; Zhang, J. et al., 2006, 2007, 2009, 2012).
After that, the North China Craton completed
cratonization, indicating that the carton could remain
quiescent with zero to negligible growth. However, re-
cent studies have revealed that the North China Craton
has been reactivated during Phanerozoic times (Gao et
al., 2002; Wu et al., 2003; Zheng et al., 2005; Zhang, S.
H. et al., 2007).

In the upper reach, fluvial sediments can reveal the
information about the near sources of river. In the lower
reach, fluvial sediments can reveal the information about
the whole river basin, because it has a big catchment area.
In order to avoid the difference resulting from the upper
and lower reaches, we collected two floodplain samples
in this river. The upper and lower reaches are located in
119°22.458" E, 42°04.386” N and 119°42.431" E,
42°45.548’ N, respectively (Fig. 1).

ANALYTICAL METHODS

Zircons from >5 kg samples were separated by heavy-
liquid and magnetic methods and then purified by hand
picking under a binocular microscope. 1000 zircon grains

were picked out from the samples, and 250 coarse zircon
grains were selected to mount in epoxy resin discs. The
mounts were polished until all zircon grains were cut in
half. All grains were then photographed in transmitted,
reflected light and Cathodoluminescence, in order to iden-
tify preferred locations for LA-MC-ICP-MS analysis.

U-Pb dating

Zircons were dated in situ on an excimer (213 nm wave
length) laser ablation inductively coupled plasma mass
spectrometer (LA-ICP-MS) at the Institute of Mineral
Resources, China Academy of Geological Sciences. The
GeoLas 2005 laser-ablation system was used for the la-
ser ablation experiments. Helium was used as carrier gas
to provide efficient aerosol transport to the ICP and mini-
mize aerosol deposition around the ablation spot and
within the transport tube. The used spot size was 30 um,
the used laser frequency was 10 Hz and the energy den-
sity is 2.5 J/cm?. The laser ablation sampling used the
single point ablation and we used the GJ-1 as external
standard for U-Pb dating, M127 as the external standard
for U and Th concentrations. We tested two GJ-1 and one
Plesovice when 10 sample zircons have been tested, in
order to observe instrument state and repeatability. The
isotopic ratios were calculated using the ICPMSDataCal
software (Liu et al., 2008) and the ages were calculated
using ISOPLOT 3.0 (Ludwing, 2003). Our measurements
of GJ-1 as an unknown sample yielded weighted 2°°Pb/
238U ages of 600.3 £ 4.5 Ma, which is in good agreement
with the apparent ID-TIMS 2%Pb/238U ages of
598.5~602.7 Ma (Jackson et al., 2004). The measurements
of Plesovice yielded weighted 2°°Pb/?>*¥U ages of 336.4 +
2.2 Ma, which is also consistent with the apparent ID-
TIMS 206pp/238U ages of 337.13 £ 0.37 Ma (Slama et al.,
2008).

Lu—Hf isotopes

The Lu—Hf isotope analyses were done on a Nu Plasma
HR MC-ICP-MS, coupled to a GeoLas 2005 excimer ArF
laser ablation system hosted at the Institute of Mineral
Resources, China Academy of Geological Sciences. The
energy density used is 20 J/cm? and a spot size of 55 um
was used, Helium was also used as the carrier gas. The
international standard zircon GJ-1 was used as reference
material. The Hf isotopes were measured on the same
spots or the same age domains with the concordant age
determinations of grains, as guided by CL images. Ana-
lytical details for Lu—Hf isotope of zircons were reported
in Hou and Yuan (2010). Our measured values of well-
characterized zircon standards (GJ-1) yielded weighted
76H£/!7THF ratios of 0.282015 + 28 (2SD, n = 10), which
agreed with the recommended values (Elhlou et al., 2006).
The decay constant for '7Lu and the CHUR ratios of
76H£/'THf and '"Lu/!""Hf used in calculations are 1.867
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Fig. 2. Concordance and distribution diagrams of U-Pb ages from samples of LH and LH2.

x 107" (Scherer et al., 2001) and 0.282772 and 0.0332
(Blichert-Toft and Albarede, 1997), respectively. The two-
stage model age (Tpy;) Was calculated relative to the de-
pleted mantle with a present-day '"*Hf/!”’Hf = 0.28325
and ""Lu/""7Hf = 0.0384 (Griffin et al., 2000), and the
176 u/""7Hf of continental crust is 0.015 (Blichert-Toft and
Albarede, 1997; Griffin et al., 2000; Geng et al., 2012;
Diwu et al., 2012).

RESULTS

In this paper, 99 and 96 zircon grains from samples
LH and LH2 was analyzed by LA-MC-ICP-MS, respec-
tively. 94 and 95 zircon grains yielded concordant ages
(with age concordance in the range from 90% to 110%)
in the samples LH and LH2 (Table 1), respectively. Ac-
cording to zircon U-Pb concordant ages, 27 zircons from
sample LH and 38 zircons from sample LH2 were selected
to determine Lu—Hf isotopic compositions. The follow-
ing results and discussions are based on the concordant

zircons, and we used 20’Pb/>*Pb ages for zircons of age
>1,000 Ma and 2°Pb/?38U ages for zircons of age <1,000
Ma (Yang et al., 2009).

U-Pb ages

The concordant zircons from sample LH show three
major age populations of 2370 Ma~2572 Ma, 1728~2087
Ma and 127~376 Ma and the concordant zircons from
sample LH2 also yield three major age populations of
2374~2598 Ma, 1765~2087 Ma and 119~405 Ma (Fig.
2). In sample LH, the ages populations of 2370 Ma~2572
Ma, 1728~2087 Ma and 127~376 Ma account for 8%, 34%
and 58%, respectively. In sample LH2, the ages
populations of 2374~2598 Ma, 1765~2087 Ma and
119~405 Ma account for 13%, 31% and 56%, respectively.
The concordant zircons from the two samples of LH and
LH2 show broadly similar age patterns with age
populations and proportions. Meanwhile, samples LH and
LH2 have a common feature that there is not concordant
zircons with ages of 500~1700 Ma.
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Table 2. Lu—Hf isotopic compositions of detrital zircons of samples LH and LH2

Sample ~ U-Pbage (Ma) '"°Lu/'"’Hf 20 TSHE/MTTHE 20 ex(®  Town 20
LH-01 252 0.001282 0.000013 0.28234 0.00002 -10.0 1905 44
LH-03 179 0.001014 0.000006 0.28241 0.00002 -9.1 1794 +51
LH-08 213 0.001297 0.000014 0.28253 0.00002 —4.0 1497 +49
LH-09 1835 0.001091 0.000011 0.28152 0.00002 -4.9 2786 44
LH-10 1785 0.000400 0.000003 0.28151 0.00002 5.5 2784 +46
LH-14 1781 0.000910 0.000018 0.28149 0.00002 -6.7 2854 +45
LH-16 2458 0.000742 0.000005 0.28128 0.00002 1.2 2894 +38
LH-21 1769 0.000770 0.000007 0.28152 0.00002 -5.9 2801 +44
LH-22 237 0.000723 0.000003 0.28228 0.00002 -12.3 2038 +46
LH-26 346 0.000581 0.000002 0.28199 0.00002 -20.3 2611 +52
LH-34 1813 0.000911 0.000009 0.28152 0.00003 4.8 2767 156
LH-36 214 0.001997 0.000131 0.28250 0.00003 5.2 1571 164
LH-38 226 0.000890 0.000004 0.28230 0.00002 -11.7 1992 41
LH-53 1898 0.000519 0.000009 0.28148 0.00002 -4.0 2783 +52
LH-55 1872 0.000746 0.000029 0.28154 0.00002 2.6 2675 136
LH-58 269 0.000372 0.000001 0.28214 0.00002 -16.5 2323 +40
LH-60 1824 0.000118 0.000001 0.28158 0.00002 -1.6 2577 +35
LH-66 247 0.000806 0.000008 0.28187 0.00002 -26.7 2933 +46
LH-69 1843 0.000541 0.000004 0.28153 0.00002 =35 2709 +40
LH-79 1861 0.000464 0.000003 0.28149 0.00002 —4.4 2779 +54
LH-81 1850 0.000860 0.000022 0.28149 0.00002 -5.2 2816 44
LH-83 292 0.001314 0.000043 0.28261 0.00004 0.6 1269 +79
LH-92 1854 0.000561 0.000010 0.28152 0.00003 -3.8 2734 160
LH-96 304 0.000162 0.000007 0.28238 0.00004 -7.2 1768 196
LH-98 2572 0.000556 0.000002 0.28126 0.00003 32 2858 166
LH-99 198 0.000807 0.000006 0.28204 0.00003 -21.7 2590 162
LH-100 228 0.000783 0.000008 0.28218 0.00003 -16.2 2270 +55
LH2-03 2552 0.000832 0.000005 0.28131 0.00002 4.2 2783 +43
LH2-1 242 0.002164 0.000004 0.28218 0.00003 -16.0 2271 +55
LH2-4 246 0.002021 0.000007 0.28245 0.00003 -6.5 1678 161
LH2-7 225 0.000666 0.000007 0.28278 0.00002 5.2 927 154
LH2-9 183 0.001827 0.000010 0.28255 0.00003 -39 1468 165
LH2-11 124 0.001203 0.000008 0.28247 0.00002 8.1 1689 +49

500 1000 1500 2000 2500 3000
Age/Ma

Fig.3. U-Pb age versus ey(t) value plots of concordant detri-
tal zircons from LH and LH2.

Lu—Hf isotopes

As shown in Fig. 3, the gy(¢) values of sample LH
yield a wide range from —26.7 to 3.2, and the &y(¢) val-
ues of sample LH2 exhibit a more wide range from —23.4

556 C.Baoetal.

to 12.6 (Table 2). Samples LH and LH2 have a similar
&i(t) values except for four concordant zircons with ages
of ~250 Ma. Figure 3 can also shows the distribution of
the Hf continental model ages (Tpy,). Zircons, which
show age populations of ~2.5 Ga and 1.8 Ga in samples
LH and LH2, have approximate Ty, values of 2.7 Ga.
But four detrital zircons with ages of ~250 Ma in sample
LH2 have a different character that T, < 1000 Ma and
&q¢(t) > 0. According to the geological setting, the Kerqin
sandy land has the zircons with U-Pb ages at ~250 Ma
and Thy, < 1000 Ma (Xie et al., 2007), which is the ma-
terial from the Xing-Meng Orogenic Belt (Kuzmichev et
al., 2005; Demoux et al., 2009). So we must delete these
data when calculated continental crust growth rate of the
North China Craton.

DISCUSSION

Provenance of floodplain sediments
The Laoha River drains entirely within the North
China Craton. Detrital zircons from upper and lower



Table 2. (continued)

Sample ~ U-Pbage (Ma) '"SLu/'"’Hf 20 TSH{/"THE 20 e Towe 20
LH2-13 1906 0.000583 0.000025 0.28151 0.00002 2.7 2708 142
LH2-16 355 0.000925 0.000013 0.28205 0.00002 -18.0 2476 +46
LH2-17 1943 0.000346 0.000003 0.28128 0.00002 -10.0 3183 +41
LH2-19 1887 0.000418 0.000002 0.28147 0.00002 —4.6 2809 143
LH2-21 2394 0.001367 0.000006 0.28144 0.00002 4.5 2641 +46
LH2-25 1887 0.000599 0.000001 0.28154 0.00002 2.4 2674 +42
LH2-26 1888 0.001096 0.000045 0.28155 0.00002 -2.6 2686 41
LH2-27 1817 0.000552 0.000006 0.28156 0.00002 -3.1 2667 41
LH2-28 2562 0.001002  0.000012 0.28129 0.00002 35 2831 +47
LH2-29 205 0.001214 0.000005 0.28237 0.00003 -10.1 1872 165
LH2-31 1895 0.000628 0.000011 0.28152 0.00002 -2.9 2712 43
LH2-32 1940 0.000632  0.000009 0.28156 0.00002 0.3 2587 +45
LH2-34 235 0.001501 0.000015 0.28281 0.00002 6.3 860 +50
LH2-35 2505 0.000790 0.000010 0.28128 0.00002 2.0 2880 +39
LH2-38 1995 0.000297  0.000001 0.28151 0.00002 -04 2634 +41
LH2-39 286 0.000818 0.000010 0.28295 0.00003 12.6 502 161
LH2-40 2587 0.000396 0.000001 0.28130 0.00002 5.4 2735 44
LH2-41 297 0.002520 0.000074 0.28226 0.00003 -11.9 2058 +73
LH2-44 2511 0.000137 0.000004 0.28131 0.00002 44 2737 41
LH2-46 238 0.000515 0.000005 0.28289 0.00003 9.2 682 163
LH2-48 1843 0.001301 0.000003 0.28157 0.00002 -29 2674 +40
LH2-53 1952 0.000511 0.000058 0.28151 0.00002 -1.9 2691 43
LH2-54 228 0.001224 0.000016 0.28231 0.00003 -11.4 1972 167
LH2-57 275 0.001831 0.000011 0.28223 0.00004 -13.4 2131 +78
LH2-73 342 0.000788 0.000003 0.28190 0.00003 234 2799 161
LH2-75 2561 0.000367 0.000011 0.28125 0.00002 3.2 2852 +40
LH2-76 211 0.001506 0.000010 0.28267 0.00003 1.0 1183 166
LH2-82 1858 0.001791 0.000023 0.28158 0.00003 -2.8 2677 163
LH2-84 190 0.003213 0.000008 0.28258 0.00005 -3.0 1415 +112
LH2-86 120 0.000985 0.000003 0.28209 0.00003 -21.6 2525 164
LH2-89 190 0.001720 0.000013 0.28257 0.00005 =33 1438 +104
LH2-94 2002 0.000462 0.000001 0.28145 0.00002 2.7 2782 +46

reaches of the Laoha River have the same age populations.
They show prominent U-Pb age peaks at 2.4~2.5 Ga and
1.8~1.9 Ga, which are the characteristic of the North
China Craton (Fig. 4A) (Wan et al., 2000, 2006a, 2006b,
2010, 2012b; Kusky et al., 2001; Li et al., 2007). The
2.4~2.5 Ga ages are widespread in the North China
Craton, which represents the strongest magmatic events
in the North China Craton. In the northeast of North China
Craton, the SHIRMP age of Zhangsangou Formation is
2517~2534 Ma (Li et al., 2009); the basement rocks in
the Anshan area have the ages of Neoarchean (Liu et al.,
2007). The 1.8~1.90 Ga age is an important period that
represents the collision between the East and West blocks
in the North China Craton (Wan et al., 2000; Zhao et al.,
2000; Guan et al., 2002; Guo et al., 2005; Xia et al., 2006;
Liuetal.,2011a, b; Liu, S. W. et al.,2012; Liet al.,2012;
Santosh et al., 2013). In the Lushan area of Henan prov-
ince, the metamorphic rocks have 1.84~1.87 Ga ages (Wan
et al., 2006a). The 1.8—1.9 Ga zircons have also been
found in the Paleoproterozoic Yejishan, Hutuo, Zhongtiao,
Gantaohe and Songshan Groups in the Trans-North China
Orogen (Liu et al., 2011a, 2011b, 2012a, 2012b, 2012c¢).

In the Daqingshan area in the Western Block of the North
China Craton, the Precambrian Khondalite Belt recorded
the ~1.9 Ga ages, which represent the metamorphic events
of the North China Craton (Wan ef al., 2009; Zhao et al.,
2010). In the Eastern Block of the North China Craton, a
large amount of 1.8—1.9 Ga zircons have been revealed
in the Paleoproterozoic Jiao-Liao-Ji Belt (Li ef al., 2004,
2005, 2006; Luo et al., 2004, 2008; Li and Zhao, 2007;
Zhou et al.,2008; Tam et al., 2011, 2012a, 2012b, 2012c).
After 1.7 Ga, the Precambrian basements of the North
China Craton had been stabilized until the Ordovician
(Gao et al., 2002), which led to the lack of 500~1700 Ma
detrital zircons in the Laoha River. In the Mesozoic (~130
Ma), the magmatic activity was very intense, leading to
the reactivation of the North China Craton, but no zircon
with two stage Hf crust model age of Mesozoic were
found.

According to the Ty, of the Laoha River, the strong-
est peak is 2.7 Ga, which is consistent with the northeast
margin of the North China Craton (Fig. 4B) and the glo-
bal continental crust (Kemp et al., 2006; Hawkesworth
et al., 2010; Condie et al., 2011). However, four detrital
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Fig.4. U-Pb ages and Hf model ages of the northeast margin of North China Craton. Data from the published articles (Xia et al.,
2006; Wu et al., 2007; Zhang, S. H. et al., 2007; Wan et al., 2008; Yang et al., 2009, Shi et al., 2010; Su et al., 2011; Wang et al.,

2011; Zhang et al., 2011, Bao et al., 2012).

zircons from sample LH2 have the T, ages of <1000
Ma. The northeast area of the Laoha River is the Kerqin
sandy land, which has the detrital zircons from the Xing-
Meng Orogeny Belt (Xie et al., 2007). Therefore, these
four detrital zircons of LH2 are interpreted to have been
sourced from the Xing-Meng Orogeny Belt.

Continental crustal evolution and growth of the north-
east margin of the North China Craton

The dominant Nd crust model ages in the North China
Craton range from 2.6~3.0 Ga and are older than 1.8 Ga
(Wu et al., 2005). The strongest peak of Hf model ages in
the North China Craton is ~2.7 Ga (Fig. 4B) (Yang et al.,
2009; Geng et al., 2012; Diwu et al., 2012). In this paper,
the dominant two stage Hf crust model ages is also 2.7
Ga and the detrital zircons with two stage Hf crust model
ages younger than 1.8 Ga exist, which is consistent with
the previous studies (Yang et al., 2009; Diwu et al., 2012).
Therefore, the strongest growth period of continental crust
in the northeast margin of North China Craton is ~2.7 Ga
and the strongest magmatic events in the northeast mar-
gin of North China Craton is ~2.5 Ga, which indicates
that the residence time in the detrital zircons with ages of
~2.5 Ga is ~200 Ma. The subordinate U-Pb ages peak of
detrital zircons in the Laoha River is ~1.8 Ga and the two
stage Hf crust model age of these detrital zircons is also
~2.7 Ga, which also indicates that the best estimation age
of mantle extraction of the North China Craton is ~2.7
Ga. As discussed above, very few detrital zircons have
€ys(?) values identical to depleted mantle values, which
suggests the studied detrital zircons contain amounts of
reworking crustal materials.

Yang et al. (2009) used two stage Hf crust model ages
of detrital zircons in the Luan River and Yongding River
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Fig. 5. Cumulative probability curve of detrital zircons in the
Laoha River. The data of global lithosphere crust and global
integrated crust quote by Belousova et al. (2010), the data of
North China Craton quote by Xia et al. (2006), Zhang, S. H. et
al. (2007), Wan et al. (2008), Yang et al. (2009), Shi et al. (2010),
Zhang et al. (2011), Wang et al. (2011), Bao et al. (2012) and
Diwu et al. (2012).

to study the continental crust growth of North China
Craton. Crustal growth rates based on Ty, suggested that
45% and 90% of the present crustal volume were formed
by 2.5 Ga and 1.0 Ga, respectively. Geng et al. (2011)
studied the detrital zircons from the Daqing River,
Chaobai River and Liaohe River, and suggested that 80%
of the present crustal volume in the east of North China
Craton was formed by 2.2 Ga. Diwu et al. (2012) analyzed
the U-Pb and Lu—Hf isotopes of 187 concordant detrital
zircons form the Jing and Luo River in Shanxi Province,
China, to constrain the evolution of the West Block of
the North China Craton. About 60% of the present crustal



volume in the North China Craton was generated in the
between Mesoarchean and Late Neoarchean (3.0 to 2.5
Ga). Since then, the continental crust remains a stable
rate of growth and completely formed at the end of the
Neoproterozoic (600 Ma). On the other hand, the conti-
nental crust of the North China Craton that formed at 2.5
Ga is juvenile component, not reworking crust. In this
paper, Fig. 5 shows that 5%, 64% and 84% of the present
crustal volume were formed by 2893 Ma, 2525 Ma and
1800 Ma, respectively. 64% of the present crustal vol-
ume in the northeast margin of the North China Craton,
which were formed by 2.5 Ga, is higher than the 45%
from the whole North China Craton (Yang et al., 2009)
and consistent with 60% from the Western Block of the
North China Craton (Diwu et al., 2012) and global conti-
nental crust (Kemp et al., 2006; Hawkesworth et al., 2010;
Belousova et al., 2010; Condie et al., 2011). It indicates
that the continental crust growth of North China Craton
is not uniform at 2.5 Ga, but the growth rate of the north-
east margin of North China Craton is consistent with the
Western Block of North China Craton and global conti-
nental crust. 84% of the present crustal volume in the
northeast margin of North China Craton has been formed
at 1.8 Ga. After that, the North China Craton has com-
pleted cratonization, indicating that the North China Car-
ton could remain quiescent with zero to negligible growth.
Figure 5 can also reveal that the continental growth of
the northeast margin of North China Craton was an epi-
sodic growth, not continuous.

Recently, how to quantitatively estimate the growth
rate of continental crust is an enigmatic issue (lizuka et
al., 2010; Dhuime et al., 2012). In this paper, the formu-
las, proposed by lizuka et al. (2010) have been quoted to
calculate the reworking rate of continental ctust. The for-
mulas are expressed as the following equations:
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Fig. 6. Reworking rate as a function of time. After 1700 Ma,
the North China Craton completed cratonization, which indi-
cates the North China Carton could remain quiescent with zero
to negligible growth, but reactivated after 500 Ma. Therefore,
the North China Craton could remain quiescent with zero to
negligible growth from 1700 Ma to 500 Ma, so we used the
dotted lines to express it.

Hf
mgraniloid X Cgranitoid

e )OI Mg X CT

mgranitoid granitoid M mafic mafic

1
= HF Hf (3)

1+ (mmafic / mgraniloid) X (Cmafic / Cgranitoid)
n—1
2.4 =1(a20). (4)

0

The initial Hf isotope ratio of the granitoid crust
formed during the nth event at time ¢, is calculated by
formula (1). Where acronyms GC, RC and DM represent
the granitoid crust, reworked crustal component and de-
pleted mantle, respectively, and « is the reworking rate.
The Hf isotope ratio of the reworking crust formed dur-
ing the nth event at time ¢, is calculated by formula (2),
which is composed of two parts, granitoid and mafic
rocks. x represents the ratio of !°Hf/!77Hf between
granitoid and mafic rocks, and it can be calculated by
formula (3). Cyranitoia™ and Cpyic " are the concentrations
of Hf in the granitoid and mafic rocks, respectively. The
Hf contents of average precambrian granitoid crust (9.0
ppm; (Vervoort and Jonathan Patchett, 1996)) and of mafic
lower crust (1.9 ppm; (Rudnick and Fountain, 1995)) were
used for CgrzmitoidHf and Cmafich‘ mgranitoid and Mmafic ar€
the mass of the granitoid and mafic rocks. Where q; is the
contribution of the pre-existing crust formed in the ith
event to the reworked crustal component, which is from
the percentage of Tpy,. In this paper, the mass ratio be-
tween mafic and granitoid is unknown during the early
history of earth, 4:1, 2:1, 1:1 and 1:2 are assumed to used
for the ratio of m,i/Myanitoia- ALy = 1.867 x 107"
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(Soéderlund et al., 2003), 0.015, 0.021 and 0.0384 (Grif-
fin et al., 2000) are used for the ratio of [!7Lu/
177Hf]granitoid’ [176Lu/177Hf]mafic and [176Lu/]77Hf]DM;
0.28147 (the average ratio of '"®Hf/""7Hf in this study)
and 0.28325 (Griffin et al., 2000) represent the ratio of
I76H£/177Hf in the average continental crust and depleted
mantle, respectively. As no evidence for reworking of
crust older than 3.2 Ga, our calculations start from 3200
Ma (i.e., t, = 3200 Ma). We have considered that crust
formation events take place with a regular time interval
of 100 Ma, and we used a time window with £100 Ma.

In the North China Craton, the time of 2.5 Ga is the
period of strongest magmatic events (Li ef al., 2009; Liu
et al., 2007; Shen et al., 2005; Lu et al., 2008; Yang et
al., 2008; Zhao et al., 2011; Wu et al., 2013), and the
Towms of rocks with ages of 2.5 Ga is mainly 2.7 Ga. In
traditional views, the rocks with ages of 2.5 Ga are con-
sidered to be the reworked products of the ~2.7 Ga crusts.
However, the North China Craton had a low reworking
rate at 2.5 Ga (Fig. 6), which indicates the time of 2.5 Ga
is also the main growth period in the North China Craton
(Diwu et al., 2012). The reworking rates gradually in-
creased with the decreasing of age in the Precambrian
and the reworking rate is close to 0.5 at ~1.8 Ga, which
indicates that the continental crust of the North China
Craton is composed mainly of the juvenile crust during
Precambrian times. From 400 Ma to 100 Ma, the rework-
ing rates droped gradually, but the ratio between juvenile
and reworking crust was still very low, which is consist-
ent with the reactivation of the North China Craton (Gao
et al., 2002; Wu et al., 2003; Zheng et al., 2005).

Over all, the strongest continental crust growth of the
North China Craton occurred at 2.5 Ga and 2.7 Ga. The
strongest reworking period in the North China Craton is
at 1.8 Ga, and the North China Craton still maintained a
high ratio between reworking and juvenile crusts after
reactivating, but the addition of juvenile crust was gradu-
ally increased.

CONCLUSIONS

(1) U-Pb ages of detrital zircons in the samples of LH
and LH2 reveal three major age groups of 2370 Ma~2572
Ma, 1728~2087 Ma, 127~376 Ma and 2374~2598 Ma,
1765~2087 Ma, 119~405 Ma, respectively, which indi-
cates the prominent magmatic events at ~1.8 Ga and ~2.5
Ga.

(2) Samples LH and LH2 have the common promi-
nent two stage Hf model ages with a peak at 2.7 Ga, which
suggests the best estimation age of mantle extraction of
the northeast margin of North China Craton is 2.7 Ga.
Detrital zircons with U-Pb ages of ~1.8 Ga and ~2.5 Ga
have the two stage Hf crust model ages of 2.7 Ga, and
very few detrital zircons have &(¢) values identical to

560 C.Baoetal.

depleted mantle values. These indicate that the majority
of continental crust of the northeast margin of the North
China Craton originated from reworking crust with age
of ~2.7 Ga.

(3) The continental crust volume of the North China
Craton began to increase fleetly from 2.9 Ga to 1.8 Ga.
About 5% of the present crustal volume in the northeast
margin of North China Craton was formed at 2.9 Ga;
whereas ~64% of the present crustal volume in the north-
east margin of North China Craton has formed at 2.5 Ga,
which is consistent with the Western Block of the North
China Craton and global continental crust. Before 1.8 Ga,
the majority volume (~84%) of the northeast margin of
the North China Craton has formed, which is consistent
with previous studies.

(4) The continental growth of the northeast margin of
the North China Craton is an episodic growth, not con-
tinuously. Moreover, we give a suggestion that the mainly
growth period of continental crust in the North China
Craton is 2.5 Ga and 2.7 Ga, and the strongest reworking
period in the North China Craton is at 1.8 Ga. After the
reactivation of the North China Craton, the addition of
juvenile crust was gradually increased, but the continen-
tal crust that formed at that time, was mainly the contri-
bution of pre-existing crusts.
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