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AGE AND GROWTH OF THE ARCHEAN KONGLING TERRAIN, SOUTH
CHINA, WITH EMPHASIS ON 3.3 GA GRANITOID GNEISSES

SHAN GAO**# 7, JIE YANG##+#5, LIAN ZHOU*, MING LI*¥, ZHAOCHU HU*,
JINGLIANG GUO*S, HONGLIN YUAN#**, HUJUN GONG**, GAOQIANG XIAO**,
and JUNQI WEI#*

ABSTRACT. The North China craton and the Yangtze craton (South China) both
contain Archean rocks in eastern China. Unlike the North China craton, where Archean
rocks are widespread, in the Yangtze craton the exposed Archean rocks are only known
in the Kongling terrain (360 km~). Zircon U-Pb ages and Lu-Hf isotopic compositions
of three granodioritic-trondhjemitic gneisses and three metasedimentary rocks from
the Kongling terrain were analyzed by LA-ICP-MS and LA-MC-ICP-MS. Igneous zircons
in one trondhjemitic gneiss in the north of the Kongling terrain have an age of 33027
(10) Ma. Evidence from cathodoluminescence imaging, variations in Th/U and degree
of U-Pb age discordance suggest that apparently younger zircons in the same popula-
tion are variably disturbed 3302 Ma grains. Thus, this trondhjemitic gneiss is the oldest
known rock in South China and predates the earlier reported ~2900 Ma granitoid
magmatism by 400 Ma. Zircon cores from one granodioritic gneiss in the north of the
Kongling terrain also give a concordant age group at 3200 to 3300 Ma. Regardless as
inherited or not, these cores crystallized from a magma indistinguishable in age with
the trondhjemite. Concordant U-Pb ages for igneous zircons in one granodioritic
gneiss in the south of the Kongling terrain yielded a weighted average ***Pb/**"Pb age
of 2981+13 Ma (20, MSWD=9.7, n=21). The zircon age and initial Hf isotopic
compositions are similar to those of widespread granitoid gneisses from the north of
the Kongling terrain (2903-2947 Ma), and indicate that the south and north of the
Kongling terrain are correlative. The results also reinforce that magmatism of the
whole Kongling terrain mainly occurred at 2900 Ma.

Available Hf isotopic data from the Kongling terrain show that juvenile crustal
additions occurred mainly between 3150 and 3800 Ma with a significant peak at 3300 to
3500 Ma. The ~3300 Ma zircons from the trondhjemitic gneiss have Hf crust
formation ages of 3450 to 3730 Ma, some of which have nearly chondritic € (t). The
whole-rock depleted mantle Nd model age of this rock is 3400 Ma, close to its age of
magmatism and consistent with the Hf model age. Its £yq4 value at 3300 Ma is nearly
chondritic (1.26). These lines of evidence suggest that the 3300 Ma trondhjemite
represent juvenile crust additions to the pre-existing continental crust.
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INTRODUCTION

Studies of ancient rocks are critical for understanding formation and evolution of
the Early Earth. Granitoids are products of crust formation and evolution (Condie,
1998, 2000; Hawkesworth and Kemp, 2006a, 2006b; Condie and others, 2009). Detrital
zircons are a powerful tool to study crustal growth (Condie and others, 2005, 2009;
lizuka and others, 2005; Hawkesworth and Kemp, 2006a, 2006b; Liu and others, 2008;
Yang and others, 2009). The North China craton and Yangtze craton (South China)
are the two largest Archean-bearing blocks in eastern China. They collided along the
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Qinling-Dabie-Sulu orogenic belt in the Triassic (for example, Hacker and others,
1998; Ayers and others, 2002; Zheng and others, 2003). Unlike the North China
craton, where Archean rocks are widespread, Precambrian basement of the Yangtze
craton is exposed sporadically due to coverage by thick Neoproterozoic and Phanero-
zoic sedimentary sequences. Although increasing evidence shows that Archean (2.5-3.8
Ga) rocks and inherited zircons are present in the Yangtze craton (Gao and others,
1999; Qiu and others, 2000; Liu and others, 2006, 2008; Zhang and others, 2006a,
2006b, 2006¢; Zheng and others, 2006), exposed Archean rocks are only known in the
Kongling terrain (Gao and Zhang, 1990; Gao and others, 1999; Qiu and others, 2000;
Zhang and others, 2006b, 2006¢; Jiao and others, 2009) (fig. 1). For the northern
segment of this terrain, ion microprobe (SHRIMP) and laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb zircon analyses reveal dominant
dioritic-tonalitic-trondhjemitic-granodioritic (DTTG) magmatism at 2.90 to 2.95 Ga
and that inherited zircons of 3.0 to 3.2 Ga as xenocrysts were found in the DTTG
gneisses (Qiu and others, 2000; Zhang and others, 2006b). Granitoid gneiss of
3218%+13 Ma (20) in age was also locally identified at the Kongling village (Jiao and
others, 2009). Detrital zircons from the metapelites are 2.87 to 3.28 Ga old (Qju and
others, 2000), and the rocks have Nd depleted mantle model ages of 3.07 to 3.21 Ga
(Gao and others, 1999). Based on Hf model ages of zircons from the DTTG gneisses,
Zhang and others (2006b) imply the presence of =3.5 Ga continental crust in the
Yangtze craton. 3.0 to 3.8 Ga detrital zircons are also present in Neoproterozoic
sandstones and tillites from the Yangtze Gorges area (Liu and others, 2006, 2008;
Zhang and others, 2006¢). However, the sources for the >3.2 Ga inherited and detrital
zircons are unknown. In addition, the Kongling terrain consists of northern and
southern segments and all previous geochronological studies are confined to the
western part of its northern segment. It has been unknown whether the southern
segment is Archean and correlative with the northern segment.

Here we report our finding of 3.3 Ga granitoid gneisses from the eastern part of
the northern Kongling segment, which are currently the oldest known rocks in South
China. We also report the first age dates of granodioritic gneiss and metasedimentary
rocks from the southern Kongling segment. The results show that the two Kongling
segments are correlative.

GEOLOGICAL SETTING AND SAMPLES

The study area is located in the Yangtze Gorges area (fig. 1). The area is an oval
dome structure consisting of the Kongling high-grade metamorphic terrain and the
Huangling intrusive complex in the center, which are surrounded by the Neoprotero-
zoic and Phanerozoic sedimentary rocks. The Kongling terrain represents the only
known Archean rocks exposed in the Yangtze craton and consists of northern and
southern segments (referred to as the North Kongling terrain and South Kongling
terrain hereafter), which are separated by the Neoproterozoic Huangling intrusive
complex (fig. 1). The dominant North Kongling terrain consists of three types of rock
associations (Gao and Zhang, 1990; Gao and others, 1999): (1) dioritic, tonalitic,
trondhjemitic, granitic and migmitic gneisses of intrusive origin; (2) metasedimentary
rocks; and (3) amphibolite and locally preserved mafic granulite, commonly occurring
as lenses, boudins, and layers in the gneisses. These rocks were intruded by the
K-feldspar-rich Quangqitang granite and mafic dikes (fig. 1), which yielded U-Pb zircon
ages of 1854+17 Ma (20) (Xiong and others, 2009) and 1852*11 Ma (20) (Peng and
others, 2009), respectively. No age and geochemical studies have previously been
reported for the South Kongling terrain.

The Huangling intrusive complex is dominated by tonalite-trondhjemite-
granodiorite with minor K-feldspar granite and consists of four suites: Huanglingmiao
trondhjemite, Dalaoling granodiorite, Shandouping tonalite and Xiaofeng tonalite (S.
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Fig. 1. Geological map of the Archean Kongling terrain. Inset shows major tectonic divisions of China,
where YZ and SC denote the Yangtze Craton and South China Orogen, respectively.

Gao, unpublished data) (fig. 1). The Huanglingmiao trondhjemite was dated at 819+7
Ma by SHRIMP zircon U-Pb method (Ma and others, 1984). LA-ICP-MS zircon U-Pb
dating vyields ages of 7957 Ma, 794*+7 Ma and 744*22 Ma for the Dalaoling



156 S. Gao and others—Age and growth of the Archean Kongling terrain,

granodiorite, Shandouping and Xiaofeng tonalites, respectively (Ling and others,
2006).

Liu and others (2006, 2008) determined U-Pb age and Hf isotopic compositions
of 1130 detrital zircons from 8 sandstone and tillite samples of Neoproterozoic
formations from the Yangtze Gorges area. The results reveal four major age groups of
720 to 910 Ma, 1.90 to 2.05 Ga, 2.40 to 2.55 Ga and 2.60 to 2.70 Ga with few grains of 3.2
to 3.5 Ga. Zhang and others (2006a) obtained ages of detrital zircons from one
Neoproterozoic sandstone as old as 3.8 Ga. Existing Hf isotopic compositions of
detrital zircons from the Neoproterozoic sediments show both juvenile crustal growth
and reworking of old crust for all the age groups (Liu and others, 2008). The
Paleoproterozoic was a period of prominent crustal reworking whose rock display
negative €, (t) values. The Neoproterozoic was a period of significant juvenile crustal
additions, accounting for 68 percent of zircons with positive € (t) values similar to
those of the depleted mantle. Crustal additions at 3.2 to 3.8 Ga are also significant, as
indicated by the zircon Hf continental model ages (see below for discussion).

In order to further investigate the age and growth of the Kongling terrain,
particularly the undated parts, we took two granitoid gneisses (KH80, KH84) from the
eastern part of the North Kongling terrain and one granodioritic gneiss (KH89) and
three metasedimentary samples (KH91, KH93, KH95) from the South Kongling
terrain (fig. 1). The former two samples were taken from Bianyuchigou, which is 16 km
southeast of the 2.9 Ga trondhjemitic gneiss samples (KY05, KY17) and 14 km south of
the 3.2 Ga granitoid gneiss (06HL09) dated by Qiu and others (2000) and Jiao and
others (2009), respectively (fig. 1). For samples from the South Kongling terrain,
granodioritic gneiss KH89 was taken from Dengcun, while the two metasandstones
(KH91, KH95) and one metapelite (KH93) were collected from Maoyacun. All these
samples were subjected to amphibolite-facies metamorphism.

Sample KH80 was taken from a large heterogeneous outcrop in a stream, which is
dominated by gray gneiss cut by migmitic K-feldspar-rich veins and quartzo-feldspathic
pods (left corner of fig. 2A), indicative of later partial melting. However, the taken
granodioritic gneiss is free from obvious migmitic veins and comprises 30 percent
quartz, 40 percent plagioclase, 20 percent orthoclase and 10 percent biotite (fig. 2D).

Sample KH84 was taken from a relatively homogeneous outcrop of gray gneiss
which shows clear alternating dark biotite-rich bands and light quartzospathic bands
(fig. 2B). This sample is trondhjemitic gneiss, and comprises 20 percent quartz, 55
percent plagioclase, 10 percent orthoclase and 15 percent biotite (fig. 2E).

For samples from the South Kongling terrain, granodioritic gneiss KH89 was
taken from a major road cut (fig. 2C). The rock is relatively homogeneous and foliated
and consists of 30 percent quartz, 40 percent plagioclase, 20 percent orthoclase and 10
percent biotite (fig. 2F). The three homogeneous metasedimentary rocks were taken
from a small road within a distance of 150 m. No later veins were visible on the
outcrops of these three samples (figs. 2G, 2H, 2I). Of them KH91 and KH95 are
sandstone and consist of 35 to 40 percent quartz, 30 percent plagioclase, 25 to 30
percent orthoclase, and 5 percent biotite (figs. 2] and 2K). KH93 is graphite- and
biotite-bearing paragneiss and consists of 20 percent quartz, 20 percent plagioclase, 25
percent orthoclase, 25 percent biotite and 10 percent sillimanite (fig. 2L).

ANALYTICAL METHODS

Sample Preparation
Whole rock samples were crushed in an alumina disk mill and powdered in an
agate mortar.
Zircons were separated by heavy-liquid and magnetic methods and then purified
by hand picking under a binocular microscope. >2000 zircon grains were separated,
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from which >200 zircon grains were selected and mounted on a double-sided tape,
cast in epoxy resin and polished to expose surfaces suitable for LA-ICP-MS analysis.
The surfaces of the grain mounts were acid-washed in dilute HNOg and pure ethanol
to suppress lead contamination.

Major and Trace Element Compositions

Chemical compositions of whole rocks were measured at the State Key Laboratory
of Continental Dynamics, Northwest University, China. Major element compositions
were analyzed by XRF (Rikagu RIX 2100) using fused glass disks. Trace element
compositions were analyzed by ICP-MS (Agilent 7500a with shielded torch) after acid
digestion of samples in high-pressure Teflon bombs. Analyses of US Geological Survey
basalt and andesite standards (BCR-2, BHVO-1 and AGV-1) indicate precision and
accuracy better than 5 percent for major elements and 10 percent for trace and rare
earth elements (Rudnick and others, 2004).

Sr-Nd Isotopes

Full details of the Rb-Sr and Sm-Nd procedures were reported in Gao and others
(2004). Isotopic ratios were analyzed on a Triton TI mass spectrometer (Thermo
Finnigan, Germany) operated in static mode at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences, Wuhan. 87Rb/®%Sr
and 147Sm/ 144N ratios were calculated from measured Rb, Sr, Sm and Nd contents
determined by ICP-MS. The measured 13Nd/'Nd and 87Sr/ 86Sr ratios were normal-
ized to "Nd/"Nd = 0.7219 and ®°Sr/**Sr = 0.1194, respectively. The La Jolla
standard measured during the course of our analyses yielded MINA/ N of
0.511847%1 (20,,,n = 2), and BCR2yielded '**Nd/'**Nd = 0.512612+1 (20,,, n=1).
NBS-987 yielded ®’Sr/®*°Sr = 0.710278+3 (20,,,n = 1).

m’

CL Imaging

Prior to in situ U-Pb and Hf isotopic analysis, cathodoluminescence (CL) images
of zircons were carried out using a Quanta 400 FEG High Resolution Emission Field
Environmental Scanning Electron Microscope connected to an Oxford INCA350
energy dispersive system (EDS) and a Gatan Mono CL3+ cathodoluminescence (CL)
system at the State Key Laboratory of Continental Dynamics, Northwest University. The
imaging conditions were 10 kv with a spot size of 6.7 nm and a working distance of 8.4
mm. The CL images were used to demonstrate the internal textures of zircons and to
select optimum spot locations for U-Pb dating.

U-Pb Dating

Zircons were dated in two modes. For KH80 and KH84, zircons were dated in-situ
using an excimer (193 nm wave length) laser ablation inductively coupled plasma mass
spectrometer (LA-ICP-MS) at the State Key Laboratory of Geological Processes and
Mineral Resources, Wuhan, China. The ICP-MS used is an Agilent 7500a from Agilent
(Japan). The GeoLas 2005 laser-ablation system (MicroLas™ Beam Delivery Systems,
Lambda Physik AG, Germany) was used for the laser ablation. Helium was used as
carrier gas to provide efficient aerosol transport to the ICP and minimize aerosol
deposition around the ablation site and within the transport tube (Eggins and others,
1998; Jackson and others, 2004). The spot size and laser frequency were 30 wm and 10
Hz, respectively. U, Th and Pb concentrations were calibrated by using *’Si as an
internal standard and NIST SRM 610 as the reference standard. High-purity argon was
used together with an in house helium filtrating column, which resulted in 209ph and
2?Hg being less than 100 cps in the gas blank. Therefore, the contribution of ***Hg to
204ph was ne ligible and no correction was made. 207pr, /206pp, 206py, /2381 207pt, /20U
and **®*Pb/**Th ratios, calculated using GLITTER 4.0 (Macquarie University), were
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Fig. 2a. Left panel. Photos of field occurrences of samples KH80 (A), KH84 (B), KH89 (C). Rulers are 30
and 40 cm in (a) and (b). Right panel. Corresponding micrographs under cross polarized light of samples
KHS80 (D), KH84 (E), and KH89 (F).

corrected for both instrumental mass bias and depth-dependent elemental and
isotopic fractionation using Harvard zircon 91500 (Wiedenbeck and others, 1995) as
external standard. The ages were calculated using ISOPLOT 3 (Ludwig, 2003).

For the other samples, we used our developed technique of simultaneous determi-
nations of U-Pb age, Hf isotopes and trace element compositions of zircon by
combining excimer laser ablation quadrupole and multiple collector ICP-MS at the
State Key Laboratory of Continental Dynamics, Northwest University (Yuan and others,
2008).

Our measurements of the reference zircon GJ-1 treated as an unknown during the
runs of the Kongling zircons yielded weighted 206py, /2381y ages of 598*3 Ma (20,
MSWD=2.2, n=13), which is in good agreement with the apparent ID-TIMS 206py, /
38U ages of 598.5 to 602.7 Ma (Jackson and others, 2004). Analytical details for age
and trace element determinations of zircons were reported in Yuan and others (2004,



South China, with emphasis on 3.3 Ga granitoid gneisses 159

Fig. 2b. Photos of field occurrences of samples KH91 (G), KH93 (H), and KH95 (L). Corresponding
micrographs under cross polarized light of samples KH91 (]), KH93 (K), and KH95 (I). Scale bars indicate
0.50 mm. Qz = quartz; Pl = plagioclase; Or = orthoclase; Bi = biotite; Gr = graphite; Sill = sillimanite.

2008). Common Pb corrections were made following the method of Andersen (2002).
Because measured ***Pb usually accounts for <0.3 percent of the total Pb, the
correction is insignificant in most cases.

As shown by Vermeesch (2004), for provenance studies, a minimum of 117
detrital zircon grains have to be dated from a single sample in order to yield statistically
significant results. 101, 143 and 155 zircons were dated for metasediments KH91,
KH93 and KH95, respectively.

Hf Isotopes
Hf isotope analysis was done on a Nu Plasma HR MC-ICP-MS (Nu Instruments
Ltd., UK), coupled to a GeoLas 2005 excimer ArF laser-ablation system in the State Key
Laboratory of Continental Dynamics, Northwest University. The energy density was
15-20 J/cm® and a spot size of 44 pm was used. Helium was also used as carrier gas. We
used high-purity argon (99.9995%) and high-purity helium (99.9995%), purified by an
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in-house filtration column, which is composed of 15L 13X molecular sieve and can
reduce the gas backgrounds of ***Pb and **’Hg to <100 and 400 counts per second
(cps) (Yuan and others, 2008). These backgrounds were measured by ion counters
(MC-ICP-MS) and correspond to 0.05 and 0.1 ppt, respectively. The sensitivity in laser
ablation mode is 7 to 8 volts per 1 percent of hafnium at 44 pm.

Interference correction for Yb and Lu is of paramount importance for precise in
situ measurements of Hf isotopes in zircon (Woodhead and others, 2004). Interfer-
ence of '"°Lu on '"°Hf was corrected by measuring7 the intensity of the interference-
free '"°Lu isotope and using the recommended '"°Lu/'"’Lu ratio of 0.02669 (De-
Bievre and Taylor, 1993) to calculate 176Lu/ 7THf ratios. Similarly, the interference of
75Yb on '"°Hf was corrected by measuring the interference-free 172yb isotope and
using the recommended 176yh/172Yb ratio of 0.5886 (Chu and others, 2002) to
calculate! 76Hf/ 77THf ratios. In doing so, a mean 173vh /1 “yb ratio for the analyzed spot
itself was automatically used in the same run to calculate a mean 3y, value (lizuka and
Hirata, 2005), and then the '"°Yb signal intensity was calculated from the '"®Yb signal
intensity and the mean By, value.

According to age dating, the Hf isotopes were measured in two modes. For KH80
and KH84, the analysis was done on the same spots or the same age domains for age
determinations, as guided by CL images. For the other samples, we used our developed
technique of simultaneous determinations of U-Pb age, Hf isotopes and trace element
compositions of zircon by combining excimer laser ablation quadrupole and multiple
collector ICP-MS (Yuan and others, 2008). This allows simultaneous collections of data
on U-Pb age, Hf isotopes and trace element compositions of the same aerosol from the
same spot of zircon. Our measured age and Hf isotope values of six well-characterized
zircon standards (91500, Temora-2, GJ-1, Mud Tank, BR266 and Monastery) using this
technique agree with the recommended values to within 20. Detailed description of
the technique and analyses of the six standard zircons were reported in Yuan and
others (2008).

RESULTS

Elemental and Sr-Nd Isotopic Compositions

Major and trace element compositions of the six samples under investigation are
given in table 1. Granodioritic gneiss KH80 contains 73.6 weight percent SiO,, 4.36
weight percent Na,O and 3.26 weight percent K,O and a Na,O/KyO ratio of 1.34.
Trondhjemitic gneiss KH84 has 70.3 weight percent SiO,, 5.54 weight percent Na,O
and 2.05 weight percent K,O and a Na,O/K,O ratio of 2.70. Both samples show
significant heavy rare earth element depletions (Lay/Yby=26-36) (fig. 3A). Sample
KHB80 is characterized by a remarkable positive Eu anomaly (Eu/Eu*=5.73), whereas
only a weak negative anomaly is present in KH84 (Eu/Eu*=0.86) (fig. 3A). In trace
element composition, these two samples are depleted in Nb and Ta and enriched in
Pb, characteristic of continental crust and island arc magmas (Rudnick and Gao, 2003)
(fig. 3B). KH80 also shows a large positive Sr anomaly (fig. 3B).

For samples from the South Kongling terrain, granodioritic gneiss KH89 has 71.9
weight percent SiO,, 3.86 weight percent Na,O and 3.15 weight percent K,O and a
Na,O/KyO ratio of 1.23. This sample shows the most fractionated REE pattern with
Lay/Yby=92 and a weak negative Eu anomaly (Eu/Eu*=0.87) (fig. 3A). Its trace
element composition also shows significant Nb-Ta-Ti depletion and Pb enrichment.
Sandstones KH91 and KH95 have 74.1 to 79.2 weight percent SiO,. Graphite- and
biotite-bearing paragneiss KH93 has 55.5 weight percent SiO, and 22.3 weight percent
Al,Og. All the three sedimentary rocks are characterized by significant negative Eu
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TaBLE 1

Chemical and isotopic compositions of rocks from Kongling terrain

KHS80 KH84 KHS89 KH91 KH93 KH95
SiO, 73.60 70.29 71.85 79.15 55.52 74.11
TiO, 0.13 0.29 0.20 0.31 0.83 0.27
Al O, 14.79 15.37 14.85 10.87 21.31 12.12
TFe,0; 1.03 2.31 1.98 1.13 8.37 1.81
MnO 0.01 0.03 0.02 <0.01 0.14 0.03
MgO 0.34 0.92 0.57 0.31 4.29 0.60
CaO 1.69 221 2.28 0.33 1.38 1.30
Na20 436 5.54 3.86 1.48 1.37 2.68
K,0 3.26 2.05 3.15 5.35 3.71 5.09
P,0s 0.02 0.13 0.06 0.04 0.09 0.06
LOI 0.45 0.75 0.81 0.66 2.50 1.46
TOTAL 99.68 99.89 99.63 99.63 99.51 99.53
Li 8.83 18.2 18.6 272 80.2 21.0
Be 1.66 2.34 2.66 1.49 1.93 1.60
Sc 1.27 3.58 2.66 3.42 25.7 222
v 10.1 23.7 16.4 21.9 178 21.9
Cr 2.49 15.3 3.39 27.8 416 6.95
Co 2.44 5.93 3.86 3.48 42.1 222
Ni 2.23 13.7 4.14 10.4 219 3.35
Cu 7.32 13.9 10.2 4.69 70.4 5.49
Zn 24.4 514 333 213 231 352
Ga 16.9 20.8 19.9 13.9 27.6 16.0
Ge 0.68 0.91 0.92 0.96 2.88 1.06
Rb 72.1 92.8 147 117 145 126
Sr 331 399 416 57.8 218 202
Y 1.33 9.46 5.24 8.53 27.5 40.1
Zr 88.6 137 199 170 159 233
Nb 2.68 9.30 10.4 9.29 7.51 12.2
Cs 0.54 2.11 3.33 2.06 18.9 1.55
Ba 963 373 787 497 456 1251
La 6.00 253 44.9 27.0 38.5 88.0
Ce 9.73 48.9 76.9 52.1 76.4 177
Pr 0.50 5.04 7.86 6.07 9.08 21.7
Nd 2.79 18.4 25.7 21.9 344 73.5
Sm 0.50 3.28 3.53 3.68 6.46 12.6
Eu 0.72 0.83 0.85 0.67 1.51 1.91
Gd 0.30 2.67 2.54 2.68 5.89 9.68
Tb 0.05 0.37 0.28 0.37 0.86 1.34
Dy 0.24 1.80 1.13 1.81 4.94 7.44
Ho 0.04 0.33 0.19 0.34 0.99 1.44
Er 0.11 0.81 0.41 0.88 2.63 3.88
Tm 0.02 0.100 0.050 0.12 0.36 0.52
Yb 0.11 0.65 0.33 0.77 242 3.26
Lu 0.023 0.088 0.052 0.11 0.35 0.40
Hf 2.56 3.44 543 4.70 4.27 6.17
Ta 0.048 0.57 0.95 0.95 0.73 1.27
Pb 22.6 16.7 17.5 12.8 56.5 26.5
Th 0.75 5.73 12.1 10.1 7.51 11.4
U 0.24 0.63 1.10 1.28 2.28 2.35
Lan/Yn 35.6 26.3 92.3 23.6 10.7 18.2
Euw/Eu* 5.73 0.86 0.87 0.65 0.75 0.53

Major element concentrations are reported in weight percent and trace and rare
element concentrations in parts per million (ppm).
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TABLE 2

Sr-Nd isotopic compositions of rocks from Kongling terrain

KHS80 KH80R KH84 KH89
87Sr/%Sr 0.730716 0.735792  0.743932
26 4 4 3
8Rb/ASr 0.63164 0.67476 1.02600
Nd/MNd 0.510710  0.510718  0.510759  0.510369
26 6 9 1 2
S m/'**Nd 0.10786 0.10773 0.08303
Toum (Ga) 3.48 3.41 3.22
£na (0 Ma) -37.57 -36.61 -44.22
ena (2981Ma) -3.47 -2.45 -0.56
€na (3300 Ma) 0.24 1.26 4.19

The decay constant (A) of '*’Sm used in model age calculation is 0.00654
Ga~'. The model age based on depleted mantle (Tp,y) assumes a linear evolution
of isotopic composition from ey4(T) = 0 at 4.56 Ga to approximately +10 at the
present time. The notation of €y, follows DePaolo and Wasserburg (1976), and
model ages (Tpy,) were calculated using equations: Ty, = 1/AXIn{1+[(***Nd/
"INd)samplex0.51315] /[ (**7Sm/'**Nd)sample X0.2187]}.

anomalies (Eu/Eu*=0.53-0.75) similar to the post-Archean sediments (Taylor and
McLennan, 1985; Rudnick and Gao, 2003) (fig. 3A). Their trace element compositions
are more or less similar to KH89 with Nb-Ta-Ti depletion and Pb enrichment.
However, they all show pronounced Sr depletion (fig. 3B).

Sr-Nd isotopic compositions of the three dated granitoid gneisses are listed in
table 2. As will be described below, sample KH84 has magma emplacement age of 3.3
Ga. Sample KH80 may be of the same age or contains inherited materials of the same
age. Initial e€y4 values of both rocks at 3.3 Ga are 0.24 to 1.26. Sample KH89 was
emplaced at 2981 Ma. Its initial €44 value at the time of emplacement is close to
chondritic (—0.56).

Zircon U-Pb Age

U-Pb data for concordant (age concordance within 100+£10%) and discordant
(age concordance out of 100=10%) zircons are given in Appendix table Al (http://
earth.geology.yale.edu/~ajs/SupplementaryData/2011/02GaoTableAl xls) and table A2
(http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/03GaoTableA2.xls), re-
spectively. Our following discussion will be confined to concordant zircons and the
206py, /207py, age will be used, as all of the concordant zircons are older than 1.0 Ga. Errors
reported for a single grain/spot analysis are 1o as presented in Appendix table Al
(http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/02GaoTableAl xls) and
Appendix table A2 (http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/
03GaoTableA2.xls) and 20 for the weighted average age of a concordant age group.

Eastern Part of North Kongling Terrain
Zircons from KH80 and KH84 are mostly translucent, light yellow and prismatic.
Their length (100 pum) to width (up to 450 pm) ratios range from 1.5: 1 to 5:1. Most of
them show oscillatory zoning typical of magmatic zircons (figs. 4A, 4F to 4N). Some
show a core-rim structure (figs. 4A to 4D). Few magmatic zircons have very thin and
bright rims (figs. 4H, 4], and 4K).
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Fig. 4. Cathodoluminescence images of zircons in granodioritic gneiss KH80 (A to E) and trondhje-
mitic gneiss KH84 (F to O). White bars indicate 50 um. Note two analyses KH80-63C2 and C3 in (A) were
made on the same spot. This is also true for KH80-39C1, C2 in (B), KH84-48C1, C2in (J) and KH84-22C1, C2
in (L).
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Granodioritic Gneiss KHS0

Ninety-eight LA-ICP-MS U-Pb dates were obtained on KH80. The concordant ages
can be divided into four groups (figs. bA and 6A; Appendix table Al, http://
earth.geology.yale.edu/~ajs/SupplementaryData/2011/02GaoTableAl xlIs):

(1) 3.1 to 3.3 Ga, which is represented by ten concordant analyses with apparent
206ph /297ph ages ranging from 3101 to 3815 Ma. They yield a weighted average
206Pb/207Pb age of 326227 Ma (20, MSWD=8.9, n=10). They occur as cores with
later overgrowths. The cores are characterized by weak oscillatory zoning (figs. 4A and
4C) or are dark and structureless (fig. 4B) Their Th/U varies between 0.35 and 0.75. In
contrast, the overgrowths vary widely in CL image, age and Th/U ratio. They are
weakly zoned (KH80-63R2) (fig. 4A), structureless (fig. 4B) or oscillatory (fig. 4C). The
oldest grain is KH80-63. Three analyses on its weak oscillatory zoned core give the ages
of 3315+28 Ma (KHS80-63C1), 3267+28 Ma (KH80-63C2) and 3279+8 Ma (KHS80-
63C3) (fig. 4A), with Th/U ratios of 0.60 to 0.75. The core is surrounded by later
overgrowths (KH80-63R2) of 2099 * 29 Ma with Th/U of 0.11 and dark zoning. The
core of grain KH80-37 (KH80-37C1) gives an age of 32229 Ma and Th/U=0.47 (fig. 4C).

(2) 2.7 to 2.8 Ga, which is represented by 15 concordant analyses with apparent
206ph /297Ph ages ranging from 2730 to 2844 Ma. They show oscillatory zoning (fig. 4D)
and give a weighted average *°°Pb/?""Pb age of 2796+16 Ma (20, MSWD=10.1,
n=15). Their Th/U ratios range from 0.20 to 0.53.

(3) 2.5 to 2.6 Ga, which is denoted by 14 concordant analyses with apparent
206ph /297ph ages ranging from 2529 to 2691 Ma. They give a weighted average
206ph /297Ph age of 2615+29 Ma (20, MSWD=18, n=14). Their Th/U ratios range
from 0.15 to 0.55. They exhibit oscillatory zoning (not shown).

(4) 1.9 to 2.0 Ga, which is represented by 11 analyses with apparent 2’°Pb/2°’Ph
ages ranging from 1916 to 2099 Ma. They give a weighted average *°Pb/?*"Pb age of
1981=16 Ma (20, MSWD=3.5, n=11) and Th/U=0.06 to 0.15. They are typically dark,
weakly zoned and structureless in CL images and occur as separate grains or over-
growths (figs. 4A and 4E).

In addition, the 3.2 Ga, 2.6 Ga and 1.9 Ga zircons form trends of Pb loss with a
lower intercept at ~600 Ma (fig. 5A).

Trondhjemitic Gneiss KH84

Seventy-four U-Pb dates were obtained from KH84 [Appendix table Al (http://
earth.geology.yale.edu/~ajs/SupplementaryData/2011/02GaoTableAl xls) and table A2
(http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/03GaoTableA2.xls) |. The
concordant ages can be divided into three major groups [figs. 5B and 6B; Appendix table
Al (http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/02GaoTableAl .xls) ]:

(1) 3.0 to 3.3 Ga, which is represented by 32 analyses with apparent 206py, /207pt,
ages ranging from 3072 to 3302 Ma. They yield a weighted average **°Pb/?°’Pb age of
3234+15 Ma (20, MSWD=23, n=32). Their Th/U ratios vary between 0.19 and 0.78.
Unlike those from KH80, the whole grains of these oldest zircons show homogeneous
clear oscillatory zoning except very thin bright rims on some of them and there is no
significant core-rim difference in age (figs. 4G to 4L). Of them the oldest grains are
KH84-06 and KH84-18. Both give ages of 3302+7/8 (figs. 4F and 4G).

(2) 2.8 to 2.9 Ga, which is represented by 18 analyses with apparent 2°°Pb/2°’Ph
ages ranging from 2860 to 3011 Ma. They give a weighted average *°Pb/?*"Pb age of
2913+18 Ma (20, MSWD=15, n=18). Their Th/U ratios vary from 0.37 to 1.22. They
typically show oscillatory zoning (for example, KH84-26R, KH84-34R1; figs. 4M and
4N) and were altered by later overgrowth. This is well exemplified by KH84-26 with the
much younger 2060 Ma black irregular core whose Th/U ratio is extremely low
(0.048). The 2.8 Ga portion of KH84-34 was also modified by 2505 Ma oscillatory
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Fig. 5. Zircon U-Pb concordia plots for granodioritic gneiss KH80 (A) and trondhjemitic gneiss KH84
(B) from the North Kongling terrain. Error ellipses are shown at 1o.

overgrowth in the core and rimmed by the 2326 Ma overgrowth. But structureless
grains are also present (KH84-05; 28738 Ma, Th/U=0.39) (fig. 4F).

(3) 2.5 to 2.6 Ga, which is denoted by 9 analyses with apparent 2°°Pb/2°’Pb ages
ranging from 2505 to 2680 Ma. They give a weighted average 2°°Pb/2*’Pb age of
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and metasedimentary rocks KH91, KH93 and KH95 (D, E, F) from the South Kongling terrain.

2587+44 Ma (20, MSWD=34, n=9). Their Th/U ratios range from 0.14 to 0.36. As
described above, they typically show oscillatory zoning (for example, KH84-34C; fig. 4N).

There are two minor younger age populations:

(1) 2.3 to 2.4 Ga, which is represented by 4 analyses with apparent **°Pb/2°’Pb
ages ranging from 2304 to 2434 Ma. They give a weighted average *°Pb/?’Pb age of
2332+49 Ma (20, MSWD=3.4, n=4). Their Th/U ratios vary from 0.059 to 0.31. They
usually occur as dark overgrowths (KH84-34R2; fig. 4N). )

(2) 1.9 to 2.1 Ga, which is represented by 6 analyses with apparent **°Pb/2°"Ph
ages ranging from 1941 to 2212 Ma. They give a weighted average 2°°Pb/?*’Pb age of
214592 Ma (20, MSWD=5.5, n=6). Their Th/U ratios vary from 0.048 to 0.17. They
usually also occur as black overgrowths (KH84-26C, fig. 4M).
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Fig. 7. Variation of concordant zircon Th/U ratio with age for KH80 and KH84 from the North
Kongling terrain (A) and for KH89, KH91, KH93 and KH95 (B) from the South Kongling terrain.

One concordant zircon has age of 1606*+53 Ma (KH84-20; fig. 40) and Th/
U=0.042. Zircon Th/U ratios of the two North Kongling granitoid gneisses show a
clear decreasing trend with decreasing age (fig. 7A). The values of all the >2.8 Ga
zircons vary from 0.30 up to 1.2, typical of igneous zircons, whereas <2.4 Ga zircons
have a Th/U ratio that ranges from 0.20 to 0.04, characteristic of metamorphic zircons
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(Hoskin and Schaltegger, 2003). Zircons of the intermediate ages (2.4-2.8 Ga) show
intermediate Th/U ratios (0.2-0.4).

South Kongling Terrain

Granodioritic gneiss KH89.—Sixty-one analyses were done on granodioritic gneiss
KHB89 (Appendix table Al, http://earth.geology.yale.edu/~ajs/SupplementaryData/
2011/02GaoTableAl xls and Appendix table A2, http://earth.geology.yale.edu/~ajs/
SupplementaryData/2011/03GaoTableA2 xls). They form a discordia with the upper
intercept at 295120 Ma and lower intercept at 726120 Ma (fig. 8A). Twenty-one
2.93 to 3.07 Ga concordant zircons at the upper intercept give a weighted average
206ph /297Ph age of 2981+13 Ma (20, MSWD=9.7, n=21) (fig. 8A). Fourteen 2.8 Ga
concordant zircons produce a weighted average 2OGPb/Qwa age of 2849*10 Ma (20,
MSWD=2.3, n=14). All but two ~3.0 Ga grains have Th/U ratios of 0.20 to 1.55 (fig.
7B). In contrast, the values of the 2.8 Ga zircons are =0.20 (fig. 7B). The ~3.0 Ga
zircons show clear to weak oscillatory zoning or are structureless (figs. 9A, 9B and 9C),
while the 2.8 Ga zircons are structureless (figs. 9D and 9E).

Metasediments KH91, KH93 and KH95.—One hundred and one analyses were
made on metasandstone KH91 (Appendix table Al, http://earth.geology.yale.edu/
~ajs/SupplementaryData/2011/02GaoTableAl xls and table A2 http://earth.geology.yale.
edu/~ajs/SupplementaryData/2011/03GaoTableA2 xls). Fiftyseven concordant zircons
form a group that has a weighted average 2°°Pb,/?°’Pb age of 26716 Ma (206, MSWD=5.4,
n=>57) (fig. 10A). They have Th/U ratios of 0.28-1.66 (fig. 7B). Five older 2733-2785 Ma
zircons give a weighted average 2°°Pb/?""Pb age of 2771+15 Ma (20, MSWD=1.5, n=5).
Their Th/U ratios range from 0.41 to 1.68. There is one concordant zircon (KH91-05) of
apparent 2°°Pb/27Pb age of 1889=21 (1¢), with a Th/U ratio of 1.03.

One hundred and fifty analyses were carried out on another metasandstone KH95
(Appendix table Al, http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/
02GaoTableAl.xls and Appendix table A2, http://earth.geology.yale.edu/~ajs/
SupplementaryData/2011/03GaoTableA2 xls). Fifty-eight concordant zircons form a
group yielding a weighted average 206py, /207pp, age 0of 2697*8 (20, MSWD=9.3, n=58)
(fig. 10B). They have Th/U ratios of 0.28 to 2.31 (fig. 7B) with an average of 0.71.
There is one concordant zircon (KH95-77) of apparent 2*°Pb/2*’Ph age of 2318+50
(1o), with a Th/U ratio of 0.28. The zircon ages and characteristics are very similar to
those of KH91.

One hundred and forty three analyses were carried out on metapelite KH93
(Appendix table Al, http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/
02GaoTableAl xls and table A2 http://earth.geology.yale.edu/~ajs/SupplementaryData/
2011/03GaoTableA2.xls). Four >3.1 Ga concordant zircons were found in this sample
(fig. 8B): KH93-08 has a 2°°Pb/?"Pb age of 3490+11 Ma (1o) (Th/U=0.47), KH93-136
327012 Ma (Th/U=0.43), KH93-44 323229 Ma (Th/U=0.81), and KH93-23 315011
Ma (Th/U=0.24). The other twenty-five concordant zircons form a group that gives a
weighted average age of 291122 Ma (20, MSWD=13, n=25) (fig. 8B).

Hf Isotopes

Hf isotopes were analyzed on 202 selected close to concordant zircons from the six
samples under investigation (Appendix table Al, http://earth.geology.yale.edu/~ajs/
SupplementaryData/2011/02GaoTableAl.xls). The initial '"°Hf/""Hf ratios were
calculated with reference to the chondritic reservoir (CHUR) at the time of zircon
%rpwth from magmas. The decay constant for '"°Lu and the chondritic ratios of

76Hf/177Hf and bLu/177Hf used in calculations are 1.865Xx10 ! yr_1 (Scherer and
others, 2001) and 0.282772 and 0.0332 (Bichert-Toft and Albaréde, 1997), respec-
tively. The single-stage model age (Tppp) was calculated relative to the depleted
mantle with a present-day '"*Hf/""Hf = 0.28325 and '"°Lu/"""Hf = 0.0384 (Griffin
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the South Kongling terrain. Error ellipses are shown at 1o.

and others, 2000). A two-stage continental model age (Tpye) was also calculated by
projecting the initial '"°Hf/"""Hf of zircon back to the depleted mantle growth curve
using '"°Lu/ YTHf = 0.0093 for the upper continental crust (Vervoort and Patchett,

1996).
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Eastern Part of North Kongling Terrain

Hf isotopes were analyzed on 45 closed to concordant zircons for each of KH80 and
KH84 (Appendix table A1, http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/
02GaoTableAl xls). Figure 11 illustrates variation of initial £y, with time, while figure 12
shows distribution of T}y, model ages. There are eight zircons from KH84 whose € (t) is
nearly chondritic (2.90 to —1.0). The values of other zircons of the two samples are < —1.
They show a clear decreasing trend with decreasing age and can be interpreted to have
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derived from 3.2 to 4.0 Ga old crustal source rocks at varying times (fig. 11A). Depleted
mantle and crustal model ages of zircons with Th/U > 0.30 vary from 3.2 to 3.7 Ga and
3.2 to 3.9 Ga, respectively (Appendix table Al, http://earth.geology.yale.edu/~ajs/
SupplementaryData/2011/02GaoTableAl xlIs; fig. 12A).
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(Vervoort and Patchett, 1996).
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South Kongling Terrain

35, 33, 17, and 28 concordant zircons from KH89, KH91, KH93 and KH95 were
analyzed for Hf isotopes, respectively (Appendix table Al, http://earth.geology.yale.edu/
~ajs/SupplementaryData/2011/02GaoTableAl xlIs). As shown in figure 11B and
Appendix table Al, http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/
02GaoTableAl.xls, there are four 2.7 to 2.9 Ga zircons from KH93 that have & (t) =
1.1 to 5.1. One zircon [KH93-26 (2844 Ma)] has gy, (t) = 15, which is significantly
above the coeval depleted mantle value, the reason for which is unclear. Two grains
from KH89 (KH89-25 and KH89-57) also have €, (t) close to 1.0. All other zircons
from the South Kongling have negative €y (t). They can be interpreted to have
derived from 2.9 to 4.0 Ga old crustal source rocks at varying times (fig. 11B). Their
depleted mantle and crustal model ages vary from 2.9 to 3.6 Ga and 2.9 to 3.8 Ga,
respectively (excluding KH93-26) (Appendix table Al, http://earth.geology.yale.edu/
~ajs/SupplementaryData/2011/02GaoTableAl xls; fig. 12B).

DISCUSSION

3.3 Ga Granitoid Magmatism

The following four lines of evidence show that the 3.2 to 3.3 Ga zircons in KH84
from the eastern segment of the North Kongling terrain represent age of the
crystallization of the trondhjemite magma. First, these zircons are prismatic and show
no age zoning and later overgrowth except for very thin bright rims on some of them
(figs. 4F to 4L). This is unlike the xenocryst zircons that all occur as absorbed cores
overgrown by younger 2.8 to 2.9 Ga zircons (Zhang and others, 2006b). Second, they
form the major concordant age population, which contrasts with the scarcity of their
inherited counterparts (Zhang and others, 2006b). Third, they exhibit clear oscillatory
zoning and Th/U ratio ranging from 0.18 to 0.77, features typical of magmatic zircons
(Hoskin and Schaltegger, 2003). Finally, as described above, unlike KH80, the outcrop
for KH84 is relatively homogeneous and injection of migmatic veins is invisible (fig. 2B).

The 3.2 to 3.3 Ga zircon cores in KH80 may be interpreted in two ways. In the first
scenario, they were inherited and entrained from the nearby trondhjemite like KH84.
Thus, the granodiorite magma crystallized at 2.8 Ga. Alternatively, the granitoid
magama crystallized at 3.3 Ga and the 2.8 Ga zircons represent later overgrowth.
Compared to KH84, the outcrop of KHS80 is heterogeneous and migmitized (fig. 2A)
and contains more K-Afeldspar and higher K,O, indicating more extensive later
alteration and overprinting. This is supported by the apparently complicated age
patterns of KH80 compared to KH84. For example, few zircons from KH84 have
apparent 207pp /206pH, ages younger than 1800 Ma. This is in great contrast to the
KH80, which experienced significant lead loss at ~600 Ma (fig. 5A).

Nevertheless, KH84 is 3.2 to 3.3 Ga trondhjemite. Its best estimate of emplace-
ment age is represented by the two oldest concordant analyses (KH84-6C and KH84-
18C), which give identical 2*Pb/?°’Pb age of 3302+7/8 Ma (Appendix table Al,
http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/02GaoTableAl xls). As
evidenced by cathodoluminescence imaging, Th/U ratios (fig. 7A) and discordia
defined by in-situ analyses (fig. 5B), the younger zircons from the same group resulted
from variable late disturbance. Thus, the trondhjemitic gneisses represent the oldest
known rocks in South China. Regardless as inherited or not, the zircon cores of similar
ages in KH80 crystallized from a magma indistinguishable in age with the trondhjemite.

Multiple Zircon Overgrowths

The major younger zircon populations occur at 2.8 to 2.9 Ga, 2.5 to0 2.6 Ga, and 1.9
to 2.2 Ga. Of them the 2.8 to 2.9 Ga igneous zircons were well documented by DTTG
gneisses in the western segment of the North Kongling terrain (Gao and others, 1999;
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Qiu and others, 2000; Zhang and others, 2006b). They show oscillatory zoning with
Th/U ratios being 0.26 to 1.12. They represent magmatism which produced rocks
dominating the Kongling terrain. The 2.5 to 2.6 Ga magmatism is unknown in the
Kongling terrain (Gao and others, 1999; Qiu and others, 2000; Zhang and others,
2006b; Jiao and others, 2009). They exhibit weak oscillatory zoning and sometimes
occur as core (KH84-34C) within older (2.8 Ga) mantle (KH84-34R1) (fig. 4N). Their
Th/U ratios are low and range from 0.05 to 0.36. These lines of evidence suggest that
they are most likely to be metamorphic. The 1.9 to 2.2 Ga zircons typically show patch
structure (KHB80-11) or are black structureless (KH84-26C) (figs. 4E and 4M). In the
latter case, their rim (KH84-26R) is older (3008 Ma) (fig. 4M), implying recrystalliza-
tion of the core during growth of the rim over it. This is consistent with their very low
Th/U ratios (0.05-0.11) (Appendix table Al, http://earth.geology.yale.edu/~ajs/
SupplementaryData/2011/02GaoTableAl xls). Zircons of this age group were also
found in DTTG gneisses from the western segment of the North Kongling terrain (Qiu
and others, 2000; Zhang and others, 2006b). Ling and others (2001) obtained
whole-rock-garnet-plagioclase Sm-Nd isochron ages of 1939+44 Ma and 1958*15 Ma
from a paragneiss and an amphibolite in the North Kongling terrain, respectively. As
described above, the K-feldspar-rich Quangqitang granite and mafic dikes, which
intruded into the Kongling gneisses (fig. 1), yielded a U-Pb zircon age of 1854+17 Ma
(20) (Xiong and others, 2009) and 1852*11 Ma (20) (Peng and others, 2009),
respectively. These observations point out that the 1.9 to 2.2 Ga zircons reflect an
important tectono-thermal and metamorphic event that led to the amphibolite-
granulite-facies metamorphism of the Kongling terrain and produced the Quangitang
granite. The concordant 1.6 Ga zircon (KH84-20) shows very weak zoning (fig. 40)
and also has very low Th/U ratio of 0.04 and is thus likely to be metamorphic as well.

As described above, for the North Kongling gneisses KH80 and KH84 all the >2.8
Ga zircons show oscillatory zoning and have Th/U that varies from 0.30 up to 1.2,
typical of igneous zircons, whereas <2.4 Ga zircons are typically structureless and have
a lower Th/U ratio (0.20 to 0.04; fig. 7A), characteristic of metamorphic zircons
(Hoskin and Schaltegger, 2003). Zircons of the intermediate ages (2.4-2.8 Ga) show
intermediate Th/U ratios (0.2-0.4). These features indicate that the <2.4 Ga zircons
are metamorphic and the >2.8 Ga zircons are mainly igneous.

The Pb loss at 600 to 730 Ma is apparent from the lower intercept for both
granodioritc gnessies KH80 and KH89 from North and South Kongling (figs. 5 and 8).
Most of zircons from the three metasedimentary samples from the South Kongling
terrain also define discordias with lower intercepts also at 600 to 730 Ma (figs. 8 and
10). They suggest that the metasediments were derived mainly from single sources and
that their zircons were also subjected to Pb loss at 600 to 730 Ma. The age of Pb loss is
broadly correlative to the extensive magmatism of the Huanglin intrusive complex at
750 to 820 Ma, as described above. Magmatism of similar ages is widespread in South
China and is considered to be related to the breakup of the Rodinian supercontinent
(Li and others, 1999, 2006 and references therein). Unfortunately, the precise age of
the Pb loss is poorly constrained with a large error (120 Ma) for the lower intercept
(fig. 8A), and only one ~600 Ma zircon for KH80.

Correlation of the South and North Kongling Terrains

As described above, concordant zircons at the upper intercept of granodioritic
gneiss KH89 from the South Kongling terrain give a weighted average °°Pb/?°’Pb age
of 2981 %13 Ma, which is indistinguishable from the upper intercept age of 2951+20
Ma within error. Together with their high Th/U ratios (0.20-1.55) and oscillatory
zoning, 2981 Ma is interpreted to represent the age of the granodiorite magmatism.
The significantly low Th/U ratios (0.08-0.20) and structureless CL images (figs. 9D and
9E) of the younger 2.8 Ga zircons indicate metamorphic overgrowth. The age of the
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granodioritic gneiss is similar to those of the trondhjemitic and migmitic gneisses from
the western segment of the North Kongling terrain (2903-2947 Ma) (Qjiu and others,
2000; Zhang and others, 2006b). A similar magmatic age group (2913=18 Ma) is also
recorded in KH84 from the eastern segment of the North Kongling terrain. Zircon
initial €, at 2.9 Ga for KH89 range from 1.07 to —10.5 with an average of —4.0 = 2.9
(1a). Their Ty ages vary from 3.3 to 3.7 Ga with an average of 3.49 * 0.13 Ga (1o).
The Hf isotopic compositions are similar to those of 2.9 Ga zircons in three granitoid
gneisses from the North Kongling terrain (Zhang and others, 2006b), which have
initial €y in the range from 0 to —8.6 with an average of —4.0 £ 2.0 (1o) and Ty, in
the range from 3.3 to 3.7 Ga with an average of 3.45% 0.10 Ga (20). They are also
similar to the 2.9 Ga zircons from KH80 and KH84, which have initial € in the range
from —1.9 to —8.5 with an average of —5.6 £ 2.5 (10) and Ty in the range from 3.3
to 3.7 Ga with an average of 3.54* 0.13 Ga (20). It is therefore concluded that the
South Kongling terrain correlates with its northern counterpart. The 2.9 Ga granitoid
magmatism dominates the entire Kongling terrain. Whether 3.3 Ga granitoid magma-
tism existed in the South Kongling terrain needs further studies.

Hf Isotope Behavior During Metamorphism

CL images and Th/U ratios suggest that for the North Kongling granitoid gneisses
KHB80 and KH84, the <2.4 Ga zircons are metamorphic, whereas the >2.8 Ga ones are
igneous. Figure 11A shows that although the post-Archean zircons from these two
samples evolved to lower gy, (t), all the zircons, regardless of their age, can be
interpreted by being derived from crustal sources formed between 3.2 and 4.0 Ga.
Concordant zircons in granodioritic gneiss KH89 from the South Kongling terrain
formed in a relative narrow age range (2827 to 3066 Ma). Their &4 (t) does not change
with the highly variable Th/U ratio (0.05 to 1.55) (fig. 7B; Appendix table Al,
http://earth.geology.yale.edu/~ajs/SupplementaryData/2011/02GaoTableAl xls);
zircons with Th/U < 3.0 have & (t) values similar to those with Th/U >3.0 (fig. 11B).
It is thus suggested that the Lu-Hf isotopes in the three amphibolite-facies granitoid
gneisses were largely immune to later metamorphism. The general immobility of Hf
isotopes during metamorphic processes was also inferred from previous studies
(Schmidberger and others, 2005; Zheng and others, 2006; Wu and others, 2007). The
relatively large spread in g (t) of the three granitoid gneisses (fig. 11) at a given age
may be attributed to source heterogeneities or mixing between mantle-derived and
crustal magmas.

Source Provenance of Melasediments

All three metasedimentary rocks from the South Kongling terrain show promi-
nent negative Eu anomalies (Eu/Eu*=0.53-0.75), which are similar to those of
post-Archean shales (Taylor and McLennan, 1985; Rudnick and Gao, 2003). Except
four >3.0 Ga zircons, detrital zircons from these three clastic metasediments define
discordias with upper intercept ages of 2.9 Ga for metapelites KH93 and 2.6 Ga for
metasandstones KH91 and KH95. The lower intercepts are anchored at 600 to 730 Ma,
which is similar to the age of widespread Neoproterozoic Huangling magmatism to the
south. Accordingly the discordias represent varying Pb loss of the Archean zircons due
to the Neoproterozoic magmatism. This indicates that the three South Kongling
metasediments were derived from single sources of similar ages. Since Archean rocks
of varying ages are present in the Kongling terrain and the age variability is not
observed in metasandstones KH91 and KH95, this further implies that these two
samples were derived from a near source. The concordant age group of KH93 agrees
with those of DTTG gneisses from the western segment of the North Kongling terrain
and the South Kongling terrain, and can be interpreted to have been derived from
these DTTG gneisses. Three ca. 3.2 Ga zircons can also be interpreted similarly as
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inherited zircons or being derived from the trondhjemite in the eastern segment of the
North Kongling terrain. However, the source of the 3.4 Ga zircon is unknown in the
Kongling terrain and needs further study.

The three metasediments from the South Kongling terrain display coupled Eu
and Sr depletions (figs. 3A and 3B). These features contrast with the absence of Eu and
Sr depletions in the 2.9 Ga DTTG gneisses, which are characterized by variable Sr
enrichments. Because Sr and Eu are predominantly hosted by plagioclase, the above
observations indicate that the development of negative Sr and Eu depletions in the
South Kongling metasediments is due to preferential decomposition of plagioclase in
the source rocks. These results reinforced that the Eu depletion of the clastic
sedimentary rocks are largely controlled by decomposition of plagioclase (Gao and
Wedepohl, 1995).

Crustal Growth

The Kongling terrain contains the only known exposed Archean rocks of the
Yangtze craton (Gao and Zhang, 1990; Gao and others, 1999; Qiu and others, 2000;
Zhang and others, 2006b; Jiao and others, 2009). According to this study and previous
works (Qiu and others, 2000; Zhang and others, 2006b; Jiao and others, 2009),
trondhjemitic and migmitic gneisses from the western segment of the North Kongling
terrain and the South Kongling terrain are 2.90 to 2.95 Ga in age, while they are
apparently older (3.2-3.3 Ga) in the eastern segment of the North Kongling terrain.
Detrital zircons from the Kongling metapelites are 2.87 to 3.28 Ga in age (Qiu and
others, 2000). Few =3.5 Ga zircons as well as 3.6 to 4.0 Ga Hf model ages obtained by
previous studies (Liu and others, 2006, 2008; Zhang and others, 2006a) and this study
documents the existence of Eoarchean crust. The tonalitic, trondhjemitic and granitic
gneisses, amphibolites and metasedimentary rocks (excluding resitite components of
high grade metasedimentary rocks, whose Sm-Nd isotopic compositions were dis-
turbed) have Nd model ages in the range of 2.7 to 4.2 Ga (Gao and others, 1999). As
discussed above and shown by Zhang and others (2006a), abundant zircons show Hf
model ages of a similar range. Taken together, previous data suggest that there are
several episodes of Archean crustal growth in the Yangtze craton with four age peaks at
2.35 t0 2.50 Ga, 2.60 to 2.70 Ga, 2.95 to 3.00 Ga and 3.20 to 3.80 Ga (Zhang and others,
2006a; Liu and others, 2008).

Since most of our dated zircons have £ (t) = 0, indicating that they were derived
from the pre-existing 2.9 to 4.0 Ga continental crust. For such zircons the two-stage Hf
model ages may better indicate the separation age of their crustal source from the
mantle, that is, the crustal formation age (fig. 12). The two granodioritic and
trondhjemitic gneisses from the North Kongling terrain have T, in the range from
3.2 and 3.9 Ga with an average of 3.69 = 0.30 (20) (fig. 12A). The granodioritic gneiss
from the South Kongling terrain shows a similar Ty range but the average [3.49 =
0.26 (20)] is apparently younger (fig. 12B). The Ty, of the three metasedimentary
rocks from the South Kongling terrain are significantly younger in the range (2.85-3.80
Ga) and the average [3.32 = 0.30 (20)] (fig. 12B). Together with results for three ~2.9
Ga granitoid gneisses from the North Kongling terrain (Zhang and others, 2006b), all
the available 180 zircon Hf analyses from the Kongling terrain show a major Ty
range between 3.15 and 3.8 Ga and a significant peak at 3.3 to 3.5 Ga with an average of
3.41* 0.80 (20) (fig. 12C).

The two granodioritic and trondhjemitic gneisses from the North Kongling
terrain have identical Nd model ages of 3.4 Ga, close to their oldest age of magmatism
and consistent with the Hf model age peak. Their &y4 values at 3.3 Ga are nearly
chondritic (0.24-1.26). Together with some of zircons from KH84 that have nearly
chondritic &y (t), the above lines of evidence suggest that the 3.3 Ga granitoids
represent juvenile crust additions to the pre-existing continental crust.
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Our results contrast with combined zircon age and Nd isotopic studies of
worldwide granitoids (Condie and others, 2009), which show that granitoid episodes
that are clearly important times of juvenile continental crust production occur at 2700,
2550, 2120, 1900, 1700, 1650, 800, 570 and 450 Ma. The results also contrast with
studies of detrital zircons from the Yellow River and two smaller rivers from North
China, which suggest significant peaks of crust formation at 2.7 to 2.8 Ga (Yang and
others, 2009). However, our results agree with Hf isotope data for detrital zircons from
eastern Australia, which suggest a major pulse of Archean juvenile crust production in
part of Gondwana at 3.3 Ga (Kemp and others, 2006). It is apparent that crustal growth
history show significant regional variations. Therefore, the construction of the global
crustal growth history has to be based upon data from as large as possible areas. In
addition, the present results reinforce our previous studies (Gao and others, 2004; Liu
and others, 2008) that North China and South China have distinct histories of crustal
formation and evolution.

CONCLUSIONS

The igneous protolith of trondhjemitic gneisses from the North Kongling terrain
crystallized at 3302 Ma. It represents the oldest known rock component in South China
and predates the previously reported ~2.9 Ga granitoid magmatism by 400 Ma.

Igneous zircons in one sranodioritic gneiss from the South Kongling terrain yield
a weighted mean 2°°Pb/?**’Ph age of 2981+13 Ma. The zircon age and initial Hf
isotopic compositions are similar to those of the granitoid gneisses from the North
Kongling, and indicates that the South and North Kongling terrains are correlative.
Our results also reinforce that magmatism of the whole Kongling terrain mainly
occurred at 2.9 Ga.

Available Hf isotopic data from the Kongling terrain show that juvenile crustal
additions occurred mainly between 3.15 and 3.8 Ga with a significant peak at 3.3 to 3.5
Ga. This is well exemplified by the 3.3 Ga trondhjemitic gneiss which has a Nd model
age of 3.4 Ga with a nearly chondritic £y4 value at 3.3 Ga and some of whose zircons
have nearly chondritic € (t).

Our results contrast with combined zircon age and Nd isotopic studies of
worldwide granitoids, which show that granitoid episodes that are clearly important
times of Archean juvenile continental crust production occur at 2700 and 2550 Ma.
The results also contrast with studies of detrital zircons from the Yellow River and two
smaller rivers from North China, which suggest a significant peak of crust formation at
2.7 to 2.8 Ga. However, our results agree with Hf isotope data for detrital zircons from
eastern Australia, which suggest a major pulse of Archean juvenile crust production in
part of Gondwana at 3.3 Ga. It is apparent that crustal growth history show significant
regional variations. Therefore, the construction of the global crustal growth history has
to be based upon data from as large as possible areas. In addition, the present results
reinforce our previous studies that North China and South China have distinct
histories of crustal formation and evolution.
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