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A B S T R A C T

The Fangniushan supracrustal strata located in Xiaoshan area is one of the best-preserved Paleoproterozoic
lowgrade metasedimentary units exposed in the southern North China Craton, which is mainly composed of
quartzite and feldspar quartzite with minor pebbly quartzite and conglomerates. It unconformably contacts with
the underlying Taihua Complex and the overlying Paleoproterozoic Xiong’er Group. Ages of the youngest detrital
zircons from the quartzites combined with the formation age of the overlying Xiong’er Group bracket the de-
positional time of the Fangniushan supracrustal strata at ca. 1.87–1.80 Ga. Low CIA (< 70), ICV (0.48–1.46)
values and high SiO2/Al2O3 (4.1–75.1) ratios for the Fangniushan metasedimentary rocks are suggestive of
chemically mature source that experienced weak to moderate chemical weathering in their source areas, which
is also supported by the A-CN-K signatures. Detrital zircon U-Pb ages of the Fangniushan metasedimentary rocks
yield three populations of ~2.00 to 2.24 Ga, ~2.25 to 2.40 Ga and ~2.50 to 2.88 Ga. REE patterns combined
with trace elements characteristics involving La, Th, Zr, Hf, Co and Sc reveal that the Fangniushan metasedi-
mentary rocks dominantly received detritus from felsic sources in the Xiaoshan and adjacent Xiaoqinling,
Xiong’ershan and Zhongtiaoshan areas. Taking all these geochronological and geochemical signatures into ac-
count, the Fangniushan supracrustal strata was most likely deposited in a retro-arc foreland setting. In combi-
nation with previous studies on other Paleoproterozoic metavolcanic-sedimentary sequences, we prefer that the
southern NCC might have experienced tectonic regime change from rift to subduction during Paleoproterozoic.

1. Introduction

The Neoarchean-Paleoproterozoic transition was marked by sig-
nificant tectono-magmatic changes on Earth (e.g., Holland, 2002;
Bekker et al., 2004; Lyons et al., 2014), which has witnessed the as-
sembly of the Columbia or Nuna supercontinents in geological history.
As one of the well-known oldest and largest cratons in the world (Liu
et al., 1992), the North China Craton (NCC) has witnessed complicated
early Precambrian evolutionary history. It is generally accepted that the
different micro-continental blocks which constitute the NCC were clo-
sely related to the amalgamation of the Columbia supercontinent (Hou
et al., 2008; Li et al., 2010a, 2012; Zhai and Santosh, 2011, 2013; Zhao
et al., 2004a, 2011). However, it is still controversial on the number of

continental blocks, time and processes during the formation of the NCC
in the reconstruction of the Columbia supercontinent (Zhai et al., 2000,
2005; Zhao et al., 2000, 2001, 2005; Kusky and Li, 2003; Kusky, 2011;
Faure et al., 2007; Trap et al., 2012). A most popular view considered
that the NCC can be divided into the Eastern and Western blocks, se-
parated by the intervening Trans-North China Orogen (TNCO) (Fig. 1).
One school of thought suggested that the final amalgamation of the
NCC occurred at ~1.85 Ga by eastward subduction along the TNCO
between the Eastern and Western blocks (Zhao et al., 2001, 2005,
2012b; Wilde et al., 2002; Kröner et al., 2005), whereas some other
researchers proposed westward subduction with collision at ~2.5 Ga
(Kusky et al., 2001; Kusky and Li, 2003; Polat et al., 2006) or westward
subduction with two collisional events at ~2.1 Ga and ~1.85 Ga (Faure
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et al., 2007; Trap et al., 2007, 2008, 2012). Therefore, the Paleopro-
terozoic tectonothermal events in the TNCO are vital importance for the
overall evolution of the NCC.

The TNCO is a nearly NS-trending ~ 1200 km long and 100–300 km
wide belt across the central part of the NCC. Based on the extensive
structural, lithological, metamorphic, geochemical, and geochronolo-
gical studies of the metamorphic complexes in the northern and central
segments, Zhao et al. (2005, 2008) suggested that the TNCO may re-
present a long-lived magmatic arc (from 2.5 Ga to 1.85 Ga). However,
although a number of studies focused on the Paleoproterozoic high-
grade metamorphic and igneous rocks have been carried out in the past
few years (e.g. Wan et al., 2006, 2013; Huang et al., 2012, 2013; Lu
et al., 2013, 2014; Yu et al., 2013; Diwu et al., 2014; Zhou et al., 2014,
2015; Chen et al., 2016, 2020), it still remains unknown whether or not
the southern segment of the TNCO also underwent such a long-lived
subduction (Huang et al., 2013), which in turn, limits our under-
standing of the tectonic evolution of the TNCO as a whole in the Pa-
laeoproterozoic.

It is noteworthy that the final amalgamation and cratonization of
the NCC was traditionally considered to be related to the late
Paleoproterozoic Lüliang Movement, which resulted in regional un-
conformity between Paleoproterozoic supracrustal strata and
Mesoproterozoic sedimentary cover (Zhao et al., 1993). These Paleo-
proterozoic clastic sedimentary rocks, as geological records of the Ar-
chean-Palaeoproterozoic tectonothermal events, can record valuable
information of source rocks and provide rigorous constraints on the
early crustal components and tectonic processes (Diwu et al., 2013;
Wang et al., 2018a,b). Thus, geochronology and geochemistry studies
of clastic sedimentary rocks have become one of the hotspots in geo-
logical research (e.g. Liu et al., 2016, 2018; Sun et al., 2017a,b). In the
southern TNCO, Paleoproterozoic strata occur mainly in the Lushan,
Dengfeng, Wangwushan, Zhongtiaoshan and Xiaoqinling areas, where
from the east to west, the Upper Taihua, Songshan, Yinyugou, Zhong-
tiao, Danshanshi groups and Tietonggou Formation are exposed
(Fig. 1). Recently, fewer studies have been done on depositional ages
and environments of the Paleoproterozoic sedimentary sequences, but
debate remains on the tectonic evolution process of them. For example,
the Songshan Group in the Dengfeng Complex is tentatively correlated
with the Hutuo Group in the Wutai Complex and both were interpreted
to deposit in a rift basin (Du et al., 2009, 2010, 2017; Wan et al., 2009),
whereas some researchers suggested that the lower part of the Hutuo

and Songshan groups were deposited after ~2.10 Ga and ~ 2.35 Ga, in
accordance with collision between the Eastern and Western blocks
along the TNCO at ~1.85 Ga (Liu et al., 2011, 2012a). Similar debates
exist in interpreting the tectonic setting of the Upper Zhongtiao and
Upper Taihua groups, which are thought to be formed either in foreland
basins (Liu et al., 2012b) or in extensional continental setting (Sun
et al., 1991; Geng et al., 2003, 2008; Sun et al., 2017b).

On the other hand, the Paleoproterozoic Fangniushan supracrustal
strata outcrops in the Xiaoshan area of the southern NCC, in particu-
larly, is one of the best-preserved sedimentary sequences but is poorly
studied by far. Low greenschist facies metamorphism of the sedimen-
tary rocks imply little effect on the parent rocks, and thus the primary
rock assemblages and geochemical compositions are well preserved.
Besides, the Fangniushan supracrustal strata was unconformably over-
lies the Neoarchean Taihua Complex and overlain by the
Mesoproterozoic Xiong’er Group, make it an ideal target to recognize
the formation and tectonic evolution of the southern NCC from
Neoarchean to Paleoproterozoic.

In this contribution, we present new field investigations, U-Pb-Hf
isotopic compositions of detrital zircons, as well as whole-rock major
and trace elements geochemistry of the Fangniushan metasedimentary
rocks in the Xiaoshan area. Combined with other previously studies of
sedimentary sequences in the southern NCC, the new dataset is used to
investigate the depositional age, provenance and tectonic setting of the
Fangniushan supracrustal strata, and further provide significant con-
straints on the Paleoproterozoic tectonic evolution of the southern NCC.

2. Geological background

The North China Craton (NCC), bounded by the Central Asian
Orogenic Belt to the north and the Qinling-Dabie and Sulu Orogenic
belts to the south (Fig. 1), is one of the oldest cratonic blocks in the
world as old as 3.80 Ga (Liu et al., 2008; Wu et al., 2008; Zhai and
Santosh, 2011; Zhai, 2014). Basement of the NCC is mainly composed
of Neoarchean to Paleoproterozoic TTG gneisses, metamorphosed su-
pracrustal units, and sparse Paleoarchean rocks, and is overlain by
Mesoproterozoic to Cenozoic unmetamorphosed cover sequences (Zhao
et al., 2012b). On the other hand, the Trans-North China Orogen
(TNCO) in the prevailing model of Zhao et al. (2001) is mainly com-
posed of Neoarchean to Paleoproterozoic TTG gneisses, syn- to post-
tectonic granites and mafic dykes, meta-supracrustal rocks

Fig. 1. Major distribution of the early Precambrian
geological bodies in the North China Craton
(modified after Zhao et al., 2005). Abbreviations
for metamorphic basements: Lushan (LS), Dengfeng
(DF), Wangwushan (WWS), Zhongtiaoshan (ZTS),
Xiaoshan (XS), Xiaoqinling (XQL), Lüliang (LL),
Wutai (WT), Fuping (FP), Anshan-Benxi (AS-BX).
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(metamorphic clastic sedimentary and volcanic rocks), as well as high-
pressure granulites, retrograded eclogites and crustal-scale ductile
shear zones (Zhao et al., 2001; Li et al., 2002; Kusky and Zhai, 2012).

The Fangniushan supracrustal strata outcrops in the Xiaoshan area,
northwest of Henan Province, southern part of the TNCO. Early
Precambrian successions in this area consist dominantly of Neoarchean
to Paleoproterozoic Taihua Complex, Paleoproterozoic low-grade me-
tamorphic supracrustal rock series, Mesoproterozoic Xiong'er,
Guandaokou and Ruyang groups (Fig. 2a; 3) (Bureau of Geology and
Mineral Resources of Henan Province (BGMRHP, 1995).

The Fangniushan supracrustal strata has been traditionally con-
sidered as part of the Songshan Group in the past (BGMRHP, 1995).
However, based on detailed field mapping and regional comparison, we
disagree with this view because of the following reasons: (1) The
Fangniushan metasedimentary sequence overlies on the Taihua Com-
plex of the Xiaoshan area and overlain by the Xiong’er Group with an
angular unconformity (Fig. 2b; 3; 4a, b), while the Songshan Group
overlies unconformably the Dengfeng Complex (Diwu et al., 2008; Liu
et al., 2012a). (2) The ~500 m thick Fangniushan supracrustal strata is
mainly composed of medium- to coarse-grained quartzite and feldspar
quartzite in the lower part with minor pebbly quartzite and conglom-
erates in the upper part (Fig. 3), all of which have been metamorphosed
in low greenschist facies. In addition, ripple marks and cross-bedding

structures still preserved in some quartzites (Fig. 4c, d), which was
considered to have deposited in littoral sedimentary environment.
However, the Songshan Group is a green-schist facies metamorphosed
clastic-carbonate sedimentary strata dominantly consists of feldspar
quartzites and mica schists, with interlayers of marble and carbonanc-
eous schist (Diwu et al., 2008; Liu et al., 2012a). (3) The Fangniushan
supracrustal strata was formed at late Paleoproterozoic, and dom-
inantly received detritus from the early Paleoproterozoic crust (see our
discussion below). Nevertheless, U-Pb ages of detrital zircons from the
Songshan Group yielded age populations mainly at Meso-Neoarchean,
with depositional age in the period between ~2.35 and ~1.80 Ga
(Diwu et al., 2008; Liu et al., 2012a).

On the other hand, the Tietonggou Formation outcrops in the ad-
jacent Xiaoqinling region consists of a succession of clastic sedimentary
rocks, which unconformably overlies the Taihua Complex and overlain
by the Xiong’er Group. The Fangniushan supracrustal strata show si-
milar characteristics with the adjacent Tietonggou Formation in terms
of lithologies (mainly quartzite and conglomerate), metamorphic grade
(low greenschist facies), sedimentary environment (littoral facies ter-
rigenous clastic formation), detrital zircon age distribution and de-
positional time (late Paleoproterozoic) (Diwu et al., 2013), thus, we
uniformly regard them as the same strata deposited in different places.

Fig. 2. (a). Simplified geological map of the Xiaoshan area (modified after BGMRHP, 1995). (b). A cross section through the Fangniushan supracrustal strata.
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3. Samples and analytical methods

3.1. Zircon separation and CL imaging

Zircon grains were separated from three quartzite samples (17XS-5,
10, 19) and one feldspar quartzite sample (18XS-2) for zircon U-Pb
dating and Hf isotope analysis. The sampling locations are shown in
Fig. 3.

Zircon grains were separated using standard density and magnetic
methods and then purified by hand-picked under a binocular micro-
scope. The grains were randomly selected and were mounted in epoxy,
then polished to expose half of the crystals for analysis. In order to
reveal the origin and internal structure of zircon grains, Cathode-lu-
minescence (CL) imaging was performed using a JXA-8100 Electron
Probe Micro-analyzer with Mono CL3 cathode-luminescence System for
high resolution imaging and spectroscopy at Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIGCAS).

3.2. LA-ICP-MS zircon U-Pb dating

Zircon U-Pb dating was conducted at GIGCAS, using an Agilent
7500a ICP-MS combined with a Resonetics RESOlution M-50 (193 nm
ArF excimer) laser ablation system. Helium was used as the carrier gas
to enhance the transport efficiency of the ablated material. Laser

ablation was operated at a constant energy of 80 mJ at 8 Hz, with a spot
diameter of 31 μm. The NIST SRM 610 and zircon 91,500 were used as
the external calibration standards to calculate trace element con-
centrations and to normalize isotopic fractionation of unknowns, re-
spectively. Each zircon grain analysis had a background acquisition
time of ~20 s followed by sample data acquisition of 40 s. Detailed
operating conditions and procedures are described by Li et al. (2015).
U-Pb raw data were corrected offline using ICPMSDataCal (Liu et al.,
2010), trace-element concentrations were obtained by normalizing
count rates for each analyzed element to those for Zr to be stoichio-
metric in zircon. The age calculations and Concordia plots were made
using Isoplot (version 3.0) (Ludwig, 2003). As a result of 207Pb/206Pb
ages are more precise for older ages, we rely on 207Pb/206Pb ages as the
zircon formation ages (Gehrels et al., 2006).

3.3. Zircon Hf isotope analysis

In situ zircon Lu-Hf isotopic analysis was performed using a Neptune
MC-ICP-MS with a 193 nm laser ablation microprobe at GIGCAS.
Detailed analytical procedure including instrument conditions and data
acquisition are described in Xu et al. (2004) and Wu et al. (2006). A
44 μm laser diameter spot with a repetition rate of 8 Hz at laser power
of 80 mJ/cm2 were selected, resulting in 500 cycles data. Isobaric in-
terference of 176Yb on 176Hf isotope was corrected using the intensity of

Fig. 3. Schematic stratigraphic section of Fangniushan supracrustal strata modified from BGMRHP (1995).
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the interference-free 172Yb isotope and a recommended 176Yb/172Yb
ratio of 0.5886 (Chu et al., 2002). Interference of 176Lu on 176Hf was
corrected using the intensity of the interference-free 175Lu isotope and a
recommended 176Lu/175Lu ratio of 0.02655 (Machado and Siminetti,
2001). Zircon Penglai was used as the reference standard during routine
analyses, with a recommended 176Hf/177Hf ratio of 0.282900 ± 50 (Li
et al., 2010b). The present day chondritic ratios of
176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al.,
2008) were adopted to calculate εHf (t) values. Single-stage model ages
(TDM1) were calculated with respect to the depleted mantle with a
present-day 176Hf/177Hf ratio of 0.28325 and 176Lu/177Hf ratio of
0.0384 (Griffin et al., 2000). Two-stage model ages (TDMC) were cal-
culated using a 176Lu/177Hf ratio (0.015) of the average continental
crust derived from the depleted mantle (Griffin et al., 2002).

3.4. Whole-rock major and trace element analyses

Least-altered 15 (feldspar) quartzite samples were collected from
the Fangniushan metasedimentary rocks for major and trace elements
analyses at the GIGCAS. Samples were crushed and pulverized to
powder of 200 mesh in agate mortars. Whole-rock major element
analyses were performed by X-ray fluorescence spectrometry (XRF) on
fused glass beads with the analytical uncertainties at± 1–2%. The
detailed analytical procedures were described in Li et al. (2006).

Trace elements, including REE, were analyzed using a Perkin-Elmer
Sciex Elan 6000 inductively coupled plasma mass spectrometry (ICP-
MS). Before analysis, the powdered samples (finer than 200 meshes)
were digested with mixed acids of HNO3 and HF acid in srew-top Teflon
beakers for seven days at ~100 °C to dissolve refractory minerals
completely. Analytical procedures were similar to those described by Li
(1997). A set of USGS and Chinese national rock standards, including

BHVO-2, GSR-1, GSR-2, GSR-3, AGV-2, W-2 and SARM-4, were chosen
for calibration, with a precision better than 5% for most elements.

4. Results

4.1. Zircon U-Pb ages

LA-ICP-MS U-Pb analytical data are listed in Table 1 and reported as
207Pb/206Pb age, U-Pb results with discordance> 10% are thought to
be unreliable and excluded out of consideration.

4.1.1. 17XS-5 (quartzite sample)
Zircons from the quartzite sample 17XS-5 are 80–200 μm in length,

with aspect ratios of 1:1–1:3 and prismatic or ellipsoidal in shape. CL
images show that they have obvious oscillatory growth zonings (Fig. 5).
These features, together with their high Th (40–559 ppm) and U
(61–1064 ppm) contents and Th/U ratios (0.12–1.49, 0.63 on average),
suggesting a magmatic origin (Vavra et al., 1999; Hoskin and Black,
2000). 85 analyzed spots acquired the concordant ages ranging from
1.83 to 2.83 Ga with a remarkable age peak at ~ 2.17 Ga and two sub
peaks at ~2.31 Ga and ~2.47 Ga (Fig. 5). The youngest concordant
zircon with concordance at 99% in this sample yields a 207Pb/206Pb age
of 1833 ± 50 Ma.

4.1.2. 17XS-10 (quartzite sample)
In CL images (Fig. 5), zircon crystals from the quartzite sample

17XS-10 are typically subhedral-rounded or granular, and 50–220 μm
in length, with length/width ratios of 1:1–3:1. Most of the zircons
contain oscillatory growth zoning and yield relatively high Th/U values
(0.09–1.42, 0.67 on average) that indicate a magmatic origin (Vavra
et al., 1999; Hoskin and Black, 2000). 74 analyses are concordant or

Fig. 4. Field relations of rocks from Fangniushan supracrustal strata (a) The boundary between the Fangniushan supracrustal strata and Taihua Complex. (b) The
boundary between the Fangniushan supracrustal strata and Xiong’er Group. (c) Feldspar quartzite of the Fangniushan supracrustal strata. (d) Quartzite of the
Fangniushan supracrustal strata.
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Table 1
LA-ICP-MS U-Pb dating results of zircons from the Fangniushan metasedimentary rocks in the Xiaoshan area.

Contents (ppm) Th/U Isotopic ratios Age(Ma)

Spot no. Th U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ Concordance

17XS-5
1 184 365 0.50 0.1360 0.0016 7.4635 0.0974 0.3963 0.0034 2177 16 2169 12 2152 16 99%
2 65 78 0.84 0.1431 0.0018 8.4464 0.1296 0.4264 0.0045 2266 22 2280 14 2290 20 99%
3 154 233 0.66 0.1466 0.0015 8.6861 0.1011 0.4280 0.0035 2306 18 2306 11 2297 16 99%
4 144 218 0.66 0.1356 0.0015 7.4427 0.1012 0.3961 0.0039 2172 19 2166 12 2151 18 99%
5 100 185 0.54 0.1335 0.0015 7.6582 0.1060 0.4137 0.0041 2146 20 2192 13 2232 19 98%
6 96 148 0.65 0.1442 0.0018 8.6618 0.1275 0.4336 0.0045 2277 21 2303 13 2322 20 99%
7 95 188 0.50 0.1271 0.0016 7.0528 0.1050 0.4001 0.0039 2058 23 2118 13 2170 18 97%
8 78 128 0.60 0.1454 0.0021 8.9225 0.1436 0.4428 0.0047 2292 -8 2330 15 2363 21 98%
9 105 200 0.53 0.1322 0.0019 7.5928 0.1411 0.4136 0.0054 2127 26 2184 17 2231 25 97%
10 225 211 1.06 0.1325 0.0018 7.2384 0.1043 0.3940 0.0034 2131 23 2141 13 2141 16 99%
11 102 164 0.62 0.1317 0.0017 7.4622 0.1186 0.4084 0.0045 2121 23 2168 14 2208 21 98%
12 89 108 0.82 0.1439 0.0018 8.8501 0.1361 0.4450 0.0056 2276 21 2323 14 2373 25 97%
13 157 198 0.79 0.1599 0.0018 10.7110 0.1854 0.4828 0.0068 2455 19 2498 16 2539 30 98%
14 511 430 1.19 0.1415 0.0015 8.0536 0.1262 0.4103 0.0052 2246 19 2237 14 2216 24 99%
15 60 118 0.51 0.1341 0.0017 7.5299 0.1205 0.4057 0.0050 2154 22 2177 14 2195 23 99%
16 152 284 0.54 0.1609 0.0019 10.4349 0.1629 0.4677 0.0056 2465 14 2474 15 2473 24 99%
17 123 323 0.38 0.1591 0.0021 10.0361 0.1449 0.4547 0.0037 2446 22 2438 13 2416 17 99%
18 58 107 0.54 0.1338 0.0018 7.5169 0.1199 0.4053 0.0045 2150 23 2175 14 2193 21 99%
19 121 265 0.46 0.1348 0.0016 7.3972 0.1068 0.3952 0.0038 2161 20 2161 13 2147 18 99%
20 197 387 0.51 0.1350 0.0015 7.6130 0.1043 0.4071 0.0046 2165 18 2186 12 2202 21 99%
21 304 572 0.53 0.1349 0.0014 7.2491 0.1099 0.3871 0.0050 2165 17 2143 14 2110 23 98%
22 87 128 0.68 0.1794 0.0021 12.7429 0.1734 0.5120 0.0051 2647 19 2661 13 2665 22 99%
23 60 129 0.47 0.1371 0.0018 7.8420 0.1183 0.4122 0.0046 2190 23 2213 14 2225 21 99%
24 239 558 0.43 0.1333 0.0017 6.5930 0.0933 0.3559 0.0036 2142 22 2058 13 1963 17 95%
25 140 238 0.59 0.1478 0.0019 9.1228 0.1491 0.4440 0.0053 2321 22 2350 15 2369 24 99%
26 46 99 0.46 0.1353 0.0019 7.6436 0.1162 0.4076 0.0043 2168 24 2190 14 2204 20 99%
27 76 329 0.23 0.1936 0.0020 14.4995 0.1865 0.5396 0.0051 2773 12 2783 12 2782 22 99%
28 50 185 0.27 0.2003 0.0021 15.4689 0.1999 0.5573 0.0056 2829 17 2845 12 2855 23 99%
29 77 143 0.54 0.1378 0.0016 7.6721 0.1000 0.4016 0.0033 2200 20 2193 12 2176 15 99%
30 143 151 0.95 0.1482 0.0018 8.6812 0.1194 0.4228 0.0033 2325 20 2305 13 2273 15 98%
31 91 187 0.49 0.1375 0.0018 8.1385 0.1240 0.4275 0.0041 2198 22 2247 14 2294 19 97%
32 125 257 0.48 0.1472 0.0019 8.6649 0.1254 0.4252 0.0035 2314 22 2303 13 2284 16 99%
33 56 61 0.93 0.1354 0.0019 7.3571 0.1103 0.3938 0.0036 2169 25 2156 13 2141 17 99%
34 227 218 1.04 0.1357 0.0015 7.4235 0.1158 0.3951 0.0046 2173 19 2164 14 2147 21 99%
35 153 247 0.62 0.1345 0.0015 7.4125 0.0961 0.3980 0.0035 2158 19 2162 12 2160 16 99%
36 260 540 0.48 0.1629 0.0016 10.0944 0.1321 0.4471 0.0042 2487 17 2443 12 2382 19 97%
37 136 163 0.84 0.1491 0.0018 8.7826 0.1282 0.4258 0.0046 2336 26 2316 13 2287 21 98%
38 99 236 0.42 0.1481 0.0018 8.3866 0.1374 0.4084 0.0051 2324 20 2274 15 2207 23 97%
39 366 430 0.85 0.1114 0.0032 5.0086 0.1559 0.3205 0.0052 1833 51 1821 26 1792 25 98%
40 149 100 1.49 0.1168 0.0018 5.6354 0.0941 0.3482 0.0035 1907 32 1922 14 1926 17 99%
41 40 132 0.31 0.1372 0.0019 7.5317 0.1227 0.3958 0.0042 2192 24 2177 15 2150 20 98%
42 238 294 0.81 0.1366 0.0016 7.6320 0.1050 0.4027 0.0036 2184 20 2189 12 2182 17 99%
43 128 210 0.61 0.1371 0.0016 7.6835 0.1060 0.4040 0.0038 2191 21 2195 12 2187 17 99%
44 117 216 0.54 0.1352 0.0015 7.3404 0.0884 0.3922 0.0037 2169 20 2154 11 2133 17 99%
45 129 164 0.78 0.1666 0.0018 11.3217 0.1439 0.4903 0.0047 2524 18 2550 12 2572 20 99%
46 103 322 0.32 0.1278 0.0013 6.8406 0.0935 0.3861 0.0041 2078 19 2091 12 2104 19 99%
47 75 107 0.70 0.1341 0.0017 7.4644 0.1058 0.4022 0.0041 2154 22 2169 13 2179 19 99%
48 361 1064 0.34 0.1208 0.0014 4.8490 0.0666 0.2894 0.0028 1969 21 1793 12 1638 14 90%
49 301 485 0.62 0.1360 0.0014 6.3599 0.0739 0.3372 0.0027 2177 18 2027 10 1873 13 92%
50 138 351 0.39 0.1372 0.0013 7.6762 0.0896 0.4033 0.0033 2192 17 2194 11 2184 15 99%
51 559 524 1.07 0.1452 0.0014 7.2142 0.0724 0.3585 0.0023 2300 16 2138 9 1975 11 92%
52 286 288 0.99 0.1484 0.0015 8.5922 0.1075 0.4177 0.0039 2327 17 2296 11 2250 18 97%
53 126 302 0.42 0.1383 0.0014 7.9877 0.1081 0.4165 0.0043 2206 18 2230 12 2245 19 99%
54 111 186 0.59 0.1372 0.0014 7.6100 0.0898 0.4005 0.0033 2192 18 2186 11 2171 15 99%
55 180 291 0.62 0.1389 0.0015 7.7449 0.0911 0.4025 0.0032 2213 19 2202 11 2181 15 99%
56 141 288 0.49 0.1381 0.0016 8.0008 0.1248 0.4178 0.0049 2203 25 2231 14 2250 22 99%
59 53 106 0.50 0.1497 0.0017 8.9169 0.1554 0.4304 0.0062 2342 19 2330 16 2307 28 99%
60 102 198 0.52 0.1379 0.0013 7.9727 0.1155 0.4172 0.0048 2211 17 2228 13 2248 22 99%
61 217 516 0.42 0.1593 0.0014 9.1805 0.1147 0.4161 0.0042 2450 14 2356 12 2243 19 95%
62 124 213 0.58 0.1348 0.0013 7.6425 0.1087 0.4093 0.0046 2161 21 2190 13 2212 21 99%
63 180 488 0.37 0.1424 0.0012 7.0602 0.0768 0.3579 0.0026 2257 15 2119 10 1972 12 92%
64 128 186 0.69 0.1478 0.0014 8.8822 0.1082 0.4343 0.0041 2321 17 2326 11 2325 18 99%
65 131 205 0.64 0.1361 0.0012 7.5120 0.0947 0.3998 0.0041 2189 15 2174 11 2168 19 99%
66 137 264 0.52 0.1461 0.0011 8.8009 0.1006 0.4366 0.0042 2302 13 2318 11 2335 19 99%
67 97 161 0.61 0.1361 0.0012 7.5251 0.0908 0.4010 0.0039 2177 16 2176 11 2174 18 99%
68 253 523 0.48 0.1612 0.0011 9.1915 0.1109 0.4129 0.0043 2468 11 2357 11 2228 20 94%
69 144 177 0.82 0.1428 0.0012 8.2304 0.1021 0.4175 0.0041 2261 15 2257 11 2249 19 99%
70 131 345 0.38 0.1316 0.0011 7.0032 0.0868 0.3855 0.0038 2120 47 2112 11 2102 17 99%
71 154 195 0.79 0.1666 0.0015 11.0580 0.1265 0.4810 0.0041 2524 15 2528 11 2531 18 99%
72 238 263 0.91 0.1479 0.0014 8.6721 0.1130 0.4247 0.0042 2322 17 2304 12 2282 19 99%
73 460 745 0.62 0.1354 0.0013 6.2122 0.1522 0.3315 0.0073 2169 17 2006 21 1845 36 91%
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Table 1 (continued)

Contents (ppm) Th/U Isotopic ratios Age(Ma)

Spot no. Th U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ Concordance

74 183 169 1.09 0.1372 0.0014 7.3975 0.1806 0.3893 0.0084 2192 17 2161 22 2120 39 98%
75 96 144 0.66 0.1357 0.0013 7.4533 0.0995 0.3978 0.0040 2173 18 2167 12 2159 19 99%
77 200 196 1.02 0.1368 0.0013 7.8613 0.0995 0.4155 0.0040 2187 16 2215 11 2240 18 98%
78 247 228 1.08 0.1361 0.0013 7.6184 0.0952 0.4049 0.0039 2177 17 2187 11 2191 18 99%
79 90 100 0.89 0.1480 0.0016 8.9339 0.1237 0.4360 0.0041 2324 19 2331 13 2332 18 99%
80 183 374 0.49 0.1465 0.0013 8.6571 0.0899 0.4269 0.0030 2306 11 2303 10 2292 14 99%
81 403 633 0.64 0.1900 0.0020 12.0283 0.1383 0.4565 0.0035 2742 18 2607 11 2424 15 92%
82 91 132 0.69 0.1873 0.0020 13.9603 0.1927 0.5377 0.0056 2718 17 2747 13 2774 24 99%
83 94 233 0.40 0.1346 0.0014 7.6532 0.1123 0.4094 0.0045 2161 17 2191 13 2212 21 99%
84 41 344 0.12 0.1352 0.0013 7.5679 0.0945 0.4028 0.0037 2169 16 2181 11 2182 17 99%
85 123 190 0.65 0.1337 0.0014 7.5934 0.1017 0.4087 0.0040 2148 19 2184 12 2209 19 98%
86 151 225 0.67 0.1332 0.0015 7.6495 0.1077 0.4135 0.0046 2140 19 2191 13 2231 21 98%
87 137 257 0.53 0.1339 0.0016 7.4468 0.1011 0.4003 0.0040 2150 21 2167 12 2171 19 99%
88 73 173 0.42 0.1423 0.0019 8.5967 0.1423 0.4344 0.0055 2255 24 2296 15 2326 25 98%

17XS-10
1 43 97 0.4 0.1799 0.0024 13.0533 0.1937 0.5217 0.0056 2654 23 2684 14 2707 24 99%
2 224 215 1.0 0.1446 0.0018 8.6559 0.1234 0.4311 0.0052 2283 22 2302 13 2311 23 99%
3 123 180 0.7 0.1454 0.0017 8.7755 0.1247 0.4339 0.0046 2292 20 2315 13 2323 21 99%
4 80 151 0.5 0.1353 0.0016 7.6098 0.1271 0.4042 0.0053 2168 21 2186 15 2188 24 99%
5 102 168 0.6 0.1360 0.0016 7.7947 0.1072 0.4126 0.0045 2177 16 2208 12 2227 21 99%
8 119 189 0.6 0.1392 0.0019 7.8657 0.1213 0.4065 0.0041 2218 24 2216 14 2199 19 99%
9 58 137 0.4 0.1366 0.0019 7.9431 0.1370 0.4193 0.0053 2185 24 2225 16 2257 24 98%
10 163 262 0.6 0.1364 0.0016 7.5140 0.1007 0.3971 0.0037 2181 25 2175 12 2155 17 99%
11 381 336 1.1 0.1477 0.0016 8.2964 0.1046 0.4049 0.0033 2320 20 2264 12 2191 15 96%
12 179 171 1.0 0.1455 0.0017 8.8381 0.1255 0.4380 0.0044 2294 20 2321 13 2342 20 99%
13 61 80 0.8 0.1476 0.0020 9.0824 0.1492 0.4438 0.0049 2320 24 2346 15 2368 22 99%
14 468 611 0.8 0.1313 0.0015 5.7635 0.0993 0.3159 0.0041 2117 19 1941 15 1770 20 90%
15 196 138 1.4 0.1467 0.0019 8.7517 0.1277 0.4307 0.0040 2309 22 2312 13 2309 18 99%
16 174 192 0.9 0.1450 0.0019 8.6129 0.1288 0.4289 0.0041 2288 23 2298 14 2301 18 99%
17 231 290 0.8 0.1441 0.0018 8.5715 0.1322 0.4293 0.0045 2277 22 2294 14 2303 20 99%
18 224 197 1.1 0.1443 0.0017 8.7010 0.1355 0.4353 0.0050 2279 21 2307 14 2330 22 99%
19 253 369 0.7 0.1436 0.0016 8.0301 0.1178 0.4030 0.0044 2272 23 2234 13 2183 20 97%
20 68 141 0.5 0.1345 0.0016 7.7102 0.1097 0.4138 0.0045 2158 26 2198 13 2232 20 98%
21 140 234 0.6 0.1348 0.0015 7.7165 0.1087 0.4126 0.0044 2161 19 2199 13 2227 20 98%
22 173 217 0.8 0.1441 0.0016 8.2023 0.1173 0.4098 0.0042 2277 19 2254 13 2214 19 98%
23 161 355 0.5 0.1472 0.0018 9.0717 0.1379 0.4445 0.0057 2314 22 2345 14 2371 25 98%
24 213 352 0.6 0.1320 0.0017 6.5549 0.1238 0.3562 0.0051 2124 23 2053 17 1964 24 95%
25 135 247 0.5 0.1369 0.0015 7.8369 0.1097 0.4121 0.0044 2189 20 2212 13 2225 20 99%
26 44 82 0.5 0.1815 0.0020 13.4096 0.2140 0.5329 0.0074 2666 19 2709 15 2754 31 98%
27 37 316 0.1 0.1809 0.0017 13.4304 0.1440 0.5351 0.0042 2661 15 2710 10 2763 18 98%
28 225 396 0.6 0.1357 0.0013 7.0164 0.0907 0.3725 0.0037 2173 17 2114 12 2041 18 96%
29 193 259 0.7 0.1486 0.0014 9.0366 0.1147 0.4385 0.0042 2329 17 2342 12 2344 19 99%
30 108 100 1.1 0.1448 0.0016 8.4546 0.1079 0.4219 0.0039 2285 19 2281 12 2269 18 99%
32 172 210 0.8 0.1362 0.0014 7.7265 0.1112 0.4101 0.0048 2179 19 2200 13 2215 22 99%
33 135 174 0.8 0.1472 0.0015 8.8554 0.1168 0.4348 0.0045 2315 17 2323 12 2327 20 99%
34 191 204 0.9 0.1465 0.0014 8.8377 0.1183 0.4362 0.0049 2305 10 2321 12 2334 22 99%
35 346 364 1.0 0.1639 0.0014 10.3550 0.1241 0.4569 0.0046 2498 13 2467 11 2426 21 98%
36 117 135 0.9 0.1380 0.0013 7.6059 0.0981 0.3991 0.0043 2202 17 2186 12 2165 20 99%
37 50 99 0.5 0.1355 0.0015 7.6625 0.1031 0.4100 0.0046 2172 20 2192 12 2215 21 98%
38 350 695 0.5 0.1312 0.0009 6.1449 0.0603 0.3388 0.0026 2114 13 1997 9 1881 13 94%
39 110 240 0.5 0.1487 0.0012 8.9342 0.1069 0.4347 0.0042 2331 14 2331 11 2327 19 99%
40 93 98 0.9 0.1490 0.0015 8.0543 0.0959 0.3917 0.0033 2344 18 2237 11 2131 15 95%
41 155 255 0.6 0.1405 0.0019 8.3171 0.1213 0.4250 0.0041 2233 24 2266 13 2283 19 99%
42 170 258 0.7 0.1416 0.0017 8.1742 0.1110 0.4136 0.0038 2247 21 2250 12 2232 17 99%
43 95 147 0.6 0.1442 0.0018 8.7447 0.1150 0.4349 0.0042 2280 21 2312 12 2328 19 99%
44 163 422 0.4 0.1449 0.0016 8.8563 0.1162 0.4371 0.0048 2287 -14 2323 12 2338 22 99%
46 198 244 0.8 0.1450 0.0018 8.4835 0.1137 0.4173 0.0049 2288 -12 2284 12 2248 22 98%
47 200 219 0.9 0.1472 0.0019 8.9804 0.1233 0.4351 0.0056 2313 23 2336 13 2329 25 99%
48 79 123 0.6 0.1357 0.0020 7.7044 0.1241 0.4044 0.0060 2173 26 2197 15 2189 28 99%
49 222 217 1.0 0.1499 0.0022 8.9933 0.1349 0.4272 0.0061 2346 24 2337 14 2293 27 98%
50 274 259 1.1 0.1479 0.0020 9.2128 0.1336 0.4439 0.0060 2321 23 2359 13 2368 27 99%
51 151 232 0.6 0.1487 0.0019 9.4112 0.1339 0.4517 0.0061 2331 22 2379 13 2403 27 99%
52 125 207 0.6 0.1372 0.0017 7.8301 0.1042 0.4079 0.0049 2192 21 2212 12 2205 22 99%
53 87 148 0.6 0.1385 0.0016 7.9907 0.1017 0.4130 0.0046 2209 20 2230 12 2228 21 99%
54 92 253 0.4 0.1494 0.0017 9.3118 0.1422 0.4458 0.0056 2339 19 2369 14 2376 25 99%
55 72 89 0.8 0.1682 0.0022 11.3197 0.1704 0.4834 0.0059 2540 22 2550 14 2542 26 99%
56 308 319 1.0 0.1482 0.0017 8.4884 0.1253 0.4106 0.0051 2326 20 2285 14 2218 23 97%
57 29 67 0.4 0.1704 0.0024 11.7422 0.2000 0.4957 0.0061 2561 23 2584 16 2595 26 99%
58 25 55 0.4 0.1690 0.0023 11.4495 0.1706 0.4877 0.0049 2548 23 2560 14 2561 21 99%
59 136 153 0.9 0.1459 0.0017 8.5910 0.1263 0.4248 0.0051 2298 19 2296 13 2282 23 99%
60 187 229 0.8 0.1664 0.0017 11.2907 0.1366 0.4886 0.0044 2522 17 2547 11 2565 19 99%
61 117 180 0.7 0.1460 0.0015 8.8953 0.1158 0.4389 0.0043 2300 17 2327 12 2346 19 99%
62 27 67 0.4 0.1474 0.0019 8.5680 0.1207 0.4191 0.0037 2316 22 2293 13 2256 17 98%
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Table 1 (continued)

Contents (ppm) Th/U Isotopic ratios Age(Ma)

Spot no. Th U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ Concordance

63 84 205 0.4 0.1471 0.0016 8.8219 0.1144 0.4323 0.0038 2322 18 2320 12 2316 17 99%
64 189 324 0.6 0.1465 0.0017 8.7041 0.1290 0.4283 0.0046 2305 20 2308 14 2298 21 99%
65 62 129 0.5 0.1831 0.0022 13.3608 0.1961 0.5263 0.0054 2681 20 2705 14 2726 23 99%
66 126 222 0.6 0.1335 0.0016 7.2279 0.1062 0.3902 0.0038 2144 20 2140 13 2124 18 99%
67 365 617 0.6 0.1289 0.0013 5.9717 0.1105 0.3345 0.0057 2084 18 1972 16 1860 27 94%
68 407 359 1.1 0.1453 0.0014 8.4939 0.1242 0.4212 0.0049 2291 17 2285 13 2266 22 99%
69 173 294 0.6 0.1453 0.0015 8.7842 0.1223 0.4357 0.0047 2291 18 2316 13 2331 21 99%
70 113 253 0.4 0.1432 0.0016 8.6002 0.1862 0.4320 0.0080 2266 20 2297 20 2315 36 99%
71 192 343 0.6 0.1434 0.0016 8.0466 0.0960 0.4044 0.0027 2269 19 2236 11 2189 13 97%
72 50 218 0.2 0.1321 0.0017 7.5545 0.1300 0.4118 0.0051 2126 24 2179 16 2223 23 98%
73 94 342 0.3 0.1447 0.0016 8.8981 0.1202 0.4429 0.0045 2285 20 2328 12 2364 20 98%
74 26 301 0.1 0.1437 0.0015 8.6329 0.1183 0.4327 0.0045 2272 19 2300 13 2318 20 99%
75 80 119 0.7 0.2063 0.0022 16.5215 0.2076 0.5766 0.0052 2876 17 2907 12 2935 21 99%
77 197 211 0.9 0.1406 0.0015 7.9867 0.1131 0.4087 0.0045 2235 19 2230 13 2209 20 99%
78 163 322 0.5 0.1549 0.0017 9.6445 0.1391 0.4487 0.0056 2800 18 2401 13 2389 25 99%
79 76 140 0.5 0.1301 0.0016 7.4684 0.1244 0.4127 0.0053 2100 22 2169 15 2227 24 97%

17XS-19
1 103 218 0.47 0.1301 0.0016 7.1694 0.1092 0.3967 0.0047 2099 22 2133 14 2154 22 99%
2 228 477 0.48 0.1297 0.0014 7.1887 0.0927 0.3987 0.0038 2094 18 2135 12 2163 18 98%
3 199 316 0.63 0.1306 0.0014 7.1789 0.0861 0.3957 0.0033 2106 19 2134 11 2149 15 99%
4 59 162 0.36 0.1307 0.0018 7.1358 0.0977 0.3941 0.0035 2107 24 2129 12 2142 16 99%
5 362 263 1.38 0.1142 0.0013 5.4829 0.0780 0.3462 0.0038 1866 20 1898 12 1916 18 99%
6 36 398 0.09 0.1231 0.0013 6.3491 0.0853 0.3718 0.0037 2067 19 2025 12 2038 17 99%
7 223 240 0.93 0.1421 0.0017 8.1760 0.1090 0.4151 0.0035 2254 20 2251 12 2238 16 99%
9 34 122 0.28 0.1302 0.0016 7.3341 0.1168 0.4059 0.0046 2102 22 2153 14 2196 21 98%
10 95 116 0.82 0.1262 0.0018 6.7898 0.1285 0.3871 0.0046 2056 26 2084 17 2109 21 98%
11 281 338 0.83 0.1726 0.0018 12.0822 0.1705 0.5035 0.0051 2583 17 2611 13 2629 22 99%
12 198 455 0.43 0.1274 0.0013 6.4653 0.0865 0.3649 0.0034 2063 18 2041 12 2005 16 98%
13 79 172 0.46 0.1346 0.0016 8.2181 0.1010 0.4397 0.0033 2158 25 2255 11 2349 15 95%
14 192 178 1.08 0.1396 0.0017 7.7831 0.1035 0.4015 0.0038 2222 16 2206 12 2176 17 98%
15 150 325 0.46 0.1291 0.0016 7.0580 0.1062 0.3928 0.0042 2087 22 2119 13 2136 20 99%
16 206 210 0.98 0.1373 0.0019 7.9558 0.1220 0.4162 0.0042 2194 24 2226 14 2243 19 99%
17 163 284 0.58 0.1275 0.0017 6.8955 0.1009 0.3887 0.0038 2065 24 2098 13 2117 18 99%
18 111 138 0.81 0.1408 0.0018 8.3419 0.1238 0.4260 0.0042 2237 23 2269 14 2288 19 99%
19 97 122 0.79 0.1381 0.0021 8.3794 0.1441 0.4367 0.0045 2203 28 2273 16 2336 20 97%
20 346 351 0.99 0.1374 0.0015 6.6668 0.1030 0.3489 0.0041 2195 19 2068 14 1929 20 93%
21 186 263 0.71 0.1327 0.0015 6.9668 0.0837 0.3784 0.0031 2200 19 2107 11 2069 15 98%
22 188 248 0.76 0.1311 0.0015 7.2189 0.1114 0.3968 0.0047 2113 20 2139 14 2154 22 99%
23 104 247 0.42 0.1312 0.0015 7.5531 0.1128 0.4149 0.0048 2115 53 2179 13 2237 22 97%
24 301 816 0.37 0.1248 0.0014 5.6142 0.0808 0.3242 0.0033 2026 25 1918 12 1810 16 94%
25 68 106 0.65 0.1362 0.0017 7.6522 0.1325 0.4057 0.0053 2179 27 2191 16 2195 24 99%
26 104 200 0.52 0.1365 0.0014 7.5530 0.1020 0.3999 0.0040 2184 19 2179 12 2169 19 99%
27 152 189 0.81 0.1512 0.0018 8.8911 0.1218 0.4248 0.0032 2361 20 2327 13 2282 15 98%
28 151 182 0.83 0.1285 0.0013 6.8382 0.0921 0.3850 0.0037 2077 19 2091 12 2100 17 99%
29 139 300 0.46 0.1481 0.0012 8.7241 0.0844 0.4260 0.0030 2324 14 2310 9 2288 14 99%
30 91 161 0.56 0.1503 0.0013 8.9498 0.0908 0.4310 0.0032 2350 10 2333 9 2310 14 99%
31 234 260 0.90 0.1490 0.0013 7.9164 0.0973 0.3846 0.0039 2344 15 2222 11 2098 18 94%
32 114 313 0.36 0.1362 0.0012 7.4457 0.0805 0.3957 0.0033 2180 15 2166 10 2149 15 99%
33 63 149 0.42 0.1302 0.0013 6.9259 0.0917 0.3850 0.0038 2102 17 2102 12 2099 18 99%
34 461 545 0.85 0.1452 0.0012 7.1747 0.0757 0.3575 0.0027 2290 15 2133 10 1970 13 92%
35 129 324 0.40 0.1312 0.0010 7.1444 0.0939 0.3941 0.0044 2115 13 2130 12 2142 21 99%
36 93 245 0.38 0.1377 0.0011 7.5773 0.0764 0.3985 0.0031 2198 14 2182 9 2162 14 99%
37 136 168 0.81 0.1376 0.0012 7.4063 0.0858 0.3898 0.0035 2198 15 2162 10 2122 16 98%
38 65 72 0.91 0.1493 0.0015 8.9950 0.1144 0.4372 0.0044 2339 17 2337 12 2338 20 99%
39 71 229 0.31 0.1487 0.0011 9.1023 0.1133 0.4435 0.0048 2331 12 2348 11 2366 22 99%
40 72 210 0.34 0.1453 0.0013 8.6932 0.1509 0.4347 0.0073 2291 16 2306 16 2327 33 99%
41 236 436 0.54 0.1341 0.0011 6.7443 0.0660 0.3644 0.0026 2154 14 2078 9 2003 12 96%
42 575 499 1.15 0.1444 0.0011 7.4398 0.1138 0.3730 0.0051 2281 13 2166 14 2043 24 94%
43 213 293 0.73 0.1357 0.0011 7.5027 0.0929 0.4003 0.0037 2173 14 2173 11 2170 17 99%
44 76 207 0.37 0.1345 0.0012 7.5229 0.0950 0.4048 0.0038 2158 17 2176 11 2191 17 99%
45 52 483 0.11 0.1272 0.0012 6.7644 0.0925 0.3851 0.0041 2061 16 2081 12 2100 19 99%
46 109 282 0.38 0.1359 0.0014 7.6049 0.1048 0.4048 0.0036 2176 19 2185 12 2191 16 99%
47 50 318 0.16 0.1294 0.0015 6.9398 0.1046 0.3878 0.0038 2090 20 2104 13 2113 18 99%
48 66 191 0.35 0.1825 0.0023 13.1889 0.2190 0.5224 0.0054 2676 22 2693 16 2710 23 99%
49 86 113 0.76 0.1358 0.0019 7.7085 0.1339 0.4102 0.0040 2174 24 2198 16 2216 19 99%
50 249 949 0.26 0.1235 0.0014 5.6739 0.0879 0.3317 0.0034 2007 20 1927 13 1847 17 95%
51 57 475 0.12 0.1253 0.0013 6.6215 0.1028 0.3814 0.0044 2035 20 2062 14 2083 20 99%
52 101 168 0.60 0.1335 0.0016 7.2732 0.1272 0.3936 0.0056 2146 20 2146 16 2140 26 99%
54 68 183 0.37 0.1460 0.0018 8.8304 0.1351 0.4364 0.0049 2299 20 2321 14 2334 22 99%
55 69 99 0.69 0.1469 0.0019 8.9862 0.1505 0.4413 0.0056 2311 23 2337 15 2357 25 99%
56 185 373 0.50 0.1215 0.0016 6.0904 0.1050 0.3607 0.0046 1989 56 1989 15 1985 22 99%
58 88 92 0.95 0.1446 0.0018 8.6495 0.1483 0.4294 0.0051 2284 22 2302 16 2303 23 99%
60 116 226 0.51 0.1349 0.0016 7.6622 0.1119 0.4087 0.0046 2165 21 2192 13 2209 21 99%
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Table 1 (continued)

Contents (ppm) Th/U Isotopic ratios Age(Ma)

Spot no. Th U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ Concordance

61 103 122 0.84 0.1356 0.0017 7.4207 0.0999 0.3943 0.0036 2172 22 2163 12 2143 17 99%
63 325 530 0.61 0.1447 0.0018 8.4936 0.1321 0.4219 0.0048 2284 22 2285 14 2269 22 99%
64 194 318 0.61 0.1476 0.0021 8.8001 0.1311 0.4286 0.0042 2318 24 2318 14 2299 19 99%
65 139 320 0.43 0.1388 0.0025 8.2966 0.1684 0.4306 0.0051 2213 31 2264 18 2308 23 98%
66 230 465 0.49 0.1290 0.0021 6.3206 0.1159 0.3531 0.0037 2084 33 2021 16 1949 18 96%
67 184 280 0.66 0.1410 0.0020 8.3413 0.1373 0.4263 0.0043 2239 25 2269 15 2289 20 99%
68 124 215 0.58 0.1326 0.0018 7.4627 0.1145 0.4059 0.0040 2132 29 2169 14 2196 18 98%
69 264 316 0.84 0.1430 0.0017 8.5640 0.1152 0.4316 0.0040 2265 21 2293 12 2313 18 99%
70 178 406 0.44 0.1220 0.0015 5.7602 0.0764 0.3403 0.0032 1987 21 1940 12 1888 15 97%
71 285 553 0.52 0.1318 0.0015 6.0268 0.0806 0.3291 0.0030 2124 21 1980 12 1834 15 92%
72 168 96 1.74 0.1468 0.0021 8.1207 0.1922 0.3975 0.0078 2309 30 2245 21 2158 36 96%
73 155 366 0.42 0.1311 0.0016 6.6292 0.1065 0.3637 0.0044 2122 55 2063 14 2000 21 96%
74 107 236 0.45 0.1452 0.0017 8.6861 0.1224 0.4309 0.0045 2290 20 2306 13 2310 20 99%
76 69 116 0.60 0.1209 0.0016 6.1889 0.1261 0.3686 0.0062 1970 24 2003 18 2023 29 99%
77 85 100 0.85 0.1471 0.0017 8.9828 0.1190 0.4399 0.0040 2313 19 2336 12 2350 18 99%
78 47 71 0.67 0.1393 0.0019 8.5003 0.1442 0.4394 0.0051 2220 23 2286 15 2348 23 97%
79 97 313 0.31 0.1331 0.0014 7.4203 0.1146 0.4003 0.0042 2140 19 2163 14 2170 19 99%
81 155 261 0.59 0.1365 0.0017 7.7597 0.1160 0.4103 0.0043 2184 22 2204 14 2216 20 99%
82 269 818 0.33 0.1226 0.0014 5.3919 0.0883 0.3173 0.0040 1994 20 1884 14 1777 20 94%
84 152 163 0.93 0.1450 0.0017 8.7092 0.1220 0.4346 0.0047 2289 20 2308 13 2327 21 99%
85 215 338 0.64 0.1459 0.0015 8.2380 0.1051 0.4084 0.0038 2298 18 2258 12 2208 17 97%
86 90 156 0.58 0.1338 0.0016 7.4623 0.0999 0.4047 0.0042 2150 21 2168 12 2190 19 98%
87 130 152 0.85 0.1321 0.0017 7.3686 0.1151 0.4044 0.0047 2126 24 2157 14 2189 22 98%
88 36 142 0.25 0.1246 0.0017 6.4859 0.0953 0.3779 0.0038 2033 25 2044 13 2066 18 98%

18XS-2
1 200 468 0.43 0.1418 0.0022 8.1503 0.1719 0.4145 0.0068 2250 27 2248 19 2235 31 99%
2 119 222 0.54 0.1347 0.0018 7.5998 0.1146 0.4064 0.0044 2161 23 2185 14 2199 20 99%
4 166 257 0.65 0.1959 0.0023 14.4949 0.2516 0.5321 0.0076 2792 19 2783 17 2750 32 98%
5 154 146 1.05 0.1639 0.0020 11.2149 0.1804 0.4933 0.0067 2498 21 2541 15 2585 29 98%
6 106 163 0.65 0.1377 0.0018 7.9653 0.1260 0.4169 0.0051 2198 22 2227 14 2246 23 99%
7 81 180 0.45 0.1357 0.0019 7.6143 0.1279 0.4046 0.0053 2173 24 2187 15 2190 24 99%
8 185 346 0.53 0.1447 0.0021 8.4754 0.1379 0.4205 0.0043 2285 24 2283 15 2263 20 99%
9 102 154 0.66 0.1370 0.0021 7.9271 0.1441 0.4162 0.0051 2191 27 2223 16 2243 23 99%
10 110 162 0.68 0.1830 0.0026 13.1962 0.2146 0.5186 0.0058 2681 23 2694 15 2693 25 99%
11 137 166 0.82 0.1350 0.0019 7.6748 0.1368 0.4088 0.0054 2165 24 2194 16 2209 25 99%
12 167 200 0.83 0.1461 0.0018 8.5819 0.1153 0.4231 0.0037 2302 21 2295 12 2275 17 99%
13 90 167 0.54 0.1351 0.0018 7.6213 0.1118 0.4074 0.0046 2165 23 2187 13 2203 21 99%
14 122 172 0.71 0.1325 0.0024 7.6285 0.1346 0.4086 0.0059 2131 31 2188 16 2208 27 99%
15 124 192 0.65 0.1345 0.0017 7.7294 0.1205 0.4138 0.0046 2158 23 2200 14 2232 21 98%
16 84 84 1.00 0.1448 0.0022 8.3888 0.1377 0.4182 0.0042 2285 32 2274 15 2252 19 99%
17 133 191 0.70 0.1331 0.0020 7.3392 0.1166 0.3977 0.0035 2139 21 2154 14 2158 16 99%
18 244 306 0.80 0.1470 0.0020 8.5939 0.1456 0.4206 0.0046 2322 28 2296 15 2263 21 98%
19 40 56 0.71 0.1477 0.0023 8.7589 0.1392 0.4289 0.0041 2320 26 2313 15 2301 19 99%
20 121 163 0.74 0.1458 0.0018 8.8911 0.1412 0.4396 0.0050 2298 21 2327 15 2349 23 99%
21 97 111 0.88 0.1340 0.0019 7.4832 0.1191 0.4033 0.0042 2150 25 2171 14 2184 19 99%
22 126 264 0.48 0.1613 0.0020 10.3167 0.1443 0.4609 0.0041 2469 20 2464 13 2444 18 99%
23 144 187 0.77 0.1452 0.0023 8.8668 0.1605 0.4375 0.0061 2300 27 2324 17 2339 27 99%
24 42 86 0.48 0.1585 0.0030 10.1242 0.2567 0.4566 0.0059 2439 33 2446 23 2424 26 99%
25 116 264 0.44 0.1344 0.0021 7.5118 0.1757 0.4035 0.0076 2167 27 2174 21 2185 35 99%
26 174 194 0.90 0.1458 0.0020 8.7916 0.1413 0.4349 0.0047 2298 24 2317 15 2328 21 99%
27 200 464 0.43 0.1772 0.0021 12.3242 0.1748 0.5012 0.0046 2627 20 2629 13 2619 20 99%
28 178 316 0.56 0.1345 0.0016 7.5230 0.1311 0.4028 0.0053 2158 21 2176 16 2182 24 99%
29 254 358 0.71 0.1450 0.0017 8.5652 0.1242 0.4258 0.0044 2288 21 2293 13 2287 20 99%
30 66 121 0.54 0.1812 0.0023 13.0908 0.2002 0.5219 0.0060 2665 21 2686 15 2707 25 99%
31 69 172 0.40 0.1366 0.0018 7.7900 0.1313 0.4108 0.0047 2185 23 2207 15 2219 22 99%
34 126 193 0.65 0.1353 0.0018 7.4362 0.1123 0.3962 0.0035 2168 24 2165 14 2151 16 99%
35 188 246 0.76 0.1646 0.0020 10.9770 0.1615 0.4808 0.0048 2503 20 2521 14 2531 21 99%
36 151 270 0.56 0.1462 0.0018 8.9212 0.1437 0.4403 0.0056 2302 21 2330 15 2352 25 99%
38 201 273 0.74 0.1340 0.0017 7.5533 0.1245 0.4061 0.0049 2152 23 2179 15 2197 22 99%
39 115 123 0.93 0.1468 0.0023 8.8010 0.1639 0.4319 0.0054 2309 26 2318 17 2314 24 99%
40 203 236 0.86 0.1614 0.0026 10.3107 0.1921 0.4599 0.0054 2472 27 2463 17 2439 24 99%
41 34 230 0.15 0.1424 0.0024 8.4532 0.1582 0.4288 0.0058 2257 28 2281 17 2300 26 99%
42 162 407 0.40 0.1443 0.0021 8.5727 0.1526 0.4276 0.0052 2280 25 2294 16 2295 24 99%
43 231 455 0.51 0.1350 0.0018 6.8302 0.0933 0.3647 0.0025 2165 24 2090 12 2004 12 95%
44 167 385 0.43 0.1342 0.0017 7.5603 0.1174 0.4063 0.0046 2154 22 2180 14 2198 21 99%
45 60 104 0.58 0.1357 0.0020 7.6353 0.1318 0.4070 0.0053 2173 26 2189 16 2201 24 99%
46 70 124 0.56 0.1818 0.0023 13.0872 0.1920 0.5197 0.0057 2669 20 2686 14 2698 24 99%
47 148 389 0.38 0.1318 0.0016 7.0340 0.1093 0.3846 0.0043 2124 21 2116 14 2098 20 99%
48 559 233 2.40 0.1446 0.0018 8.4420 0.1262 0.4212 0.0042 2283 23 2280 14 2266 19 99%
49 201 277 0.72 0.1450 0.0020 8.7276 0.1467 0.4348 0.0054 2288 23 2310 15 2327 24 99%
50 70 117 0.60 0.1465 0.0021 8.7663 0.1361 0.4321 0.0041 2305 24 2314 14 2315 19 99%
51 161 215 0.75 0.1361 0.0017 7.6697 0.1427 0.4063 0.0057 2177 16 2193 17 2198 26 99%
52 65 159 0.41 0.1373 0.0018 7.5698 0.1089 0.3980 0.0034 2194 22 2181 13 2160 16 99%

(continued on next page)
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near-concordant and give U-Pb ages with wide apparent 206Pb/207Pb
age range of 2.08–2.88 Ga, forming a remarkable age peak at ~2.30 Ga
(Fig. 5). The youngest concordant zircon in this sample yields a
207Pb/206Pb age of 2100 ± 22 Ma.

4.1.3. 17XS-19 (quartzite sample)
The majority of zircons from the quartzite sample 17XS-19 are

subhedral, subrounded to subangular, range in size from 50 μm to
250 μm. Most zircons have clearly oscillatory growth zonings (Fig. 5).
80 analyses give concordant or near-concordant 207Pb/206Pb ages
cluster at 1.87–2.68 Ga, with three major age peaks at ~2.11 Ga,
2.18 Ga, and 2.29 Ga (Fig. 5). These zircons have Th contents of
34–575 ppm, U contents of 71–949 ppm, and Th/U ratios of 0.09–1.74
(0.61 on average), indicating a magmatic origin (Vavra et al., 1999;
Hoskin and Black, 2000). The youngest concordant zircon has
207Pb/206Pb age of 1866 ± 20 Ma.

4.1.4. 18XS-2 (feldspar quartzite sample)
Zircons from sample 18XS-2 are mostly subrounded to subangular

with length/width ratios of 1:1–3:1. According to the CL images, most
zircons exhibit oscillatory zonings, with minor showing homogenous or
mottled textures with or without metamorphic rim, implying secondary
modification (Fig. 5). These features, together with their variable Th
(35–559 ppm), U (56–468 ppm) concentrations and Th/U ratios
(0.15–2.40), imply a magmatic origin of these zircons (Vavra et al.,
1999; Hoskin and Black, 2000). 76 analyses are concordant on the U-Pb
concordia diagram (Fig. 5), yielding 207Pb/206Pb ages between 2.79 Ga
and 2.11 Ga, with two prominent age peaks at ~.17 Ga and 2.31 Ga,
and three sub peaks at ~2.49 Ga, 2.67 Ga and 2.79 Ga (Fig. 5). The
youngest concordant 207Pb/206Pb age is 2109 ± 20 Ma.

4.2. In situ zircon Lu-Hf isotopes

197 zircons with concordant U-Pb ages were selected for in-situ Lu-
Hf isotopic analyses. The results are given in Table 2.

The analyzed detrital zircons can be broadly subdivided into

Neoarchean and Paleoproterozoic age groups (Fig. 6a). For the
Neoarchean zircons (22 grains), their 176Lu/177Hf and 176Hf/177Hf ra-
tios range from 0.000264 to 0.001867, and 0.281030 to 0.281453,
respectively. All zircons, except for 2 grain (−0.8 to −0.7), have po-
sitive εHf(t) values from 0.1 to 8.9 (Fig. 6b), with the model age TDM1

and TDMC of 2.50–3.09 Ga and 2.51–3.26 Ga, suggesting their origin
from a juvenile crust. For the dominant Paleoproterozoic zircon popu-
lation, their 176Lu/177Hf and 176Hf/177Hf ratios range from 0.000051 to
0.003291, and 0.281166 to 0.281706, respectively. They have a wide
range of εHf(t) values of –7.3 to 8.9 (Fig. 6b), with the model age TDM1

and TDMC of 2.19–2.88 Ga and 2.25–3.29 Ga, indicative of the mixing of
a Neoarchean crust with juvenile crustal additions.

4.3. Whole-rock major and trace element geochemistry

Whole-rock major and trace element data of the Fangniushan me-
tasedimentary rocks are listed in Table 3. The quartzite samples are
characterized by variable contents of SiO2 (67.51–96.88 wt%), Al2O3

(1.29–16.97 wt%) and K2O + N2O (0.50–8.40 wt%). Concentrations of
CaO, Fe2O3 + MgO, and TiO2 are low in the analyzed samples, ranging
from 0.03 to 2.94 wt%, 0.86–4.11 wt%, and 0.03–0.39 wt%, respec-
tively. On the sediment classification diagram of Herron (1988), most of
the Fangniushan metasedimentary rocks share similar geochemical
characteristics, as shown by their respective log(SiO2/Al2O3) (0.61 to
1.88) and log(Fe2O3/K2O) (−0.33 to 0.33) values. These rocks are
plotted mainly within the arkose and subarkose field (Fig. 7).

The total REE contents of the samples range between 16.40 and
559.69 ppm (147.03 ppm on average), similar to the upper continental
crust (UCC) (148.44 ppm) and Post-Archean Australian Shale (PAAS)
(184.77 ppm) (Taylor and McLennan, 1985). Except for 3 samples
(17XS-11, 17XS-22 and 17XS-24), the sedimentary rocks have broadly
similar chondrite-normalized REE patterns, with obvious enriched
LREE ((La/Yb)N = 5.50–115.43), relatively flat HREE ((Gd/
Yb)N = 0.83–6.57) and negative Eu anomalies (Eu/Eu* = 0.50–1.03)
(Fig. 8a), similarly to those of the PAAS (Taylor and McLennan, 1985).
Besides, most of samples have very flat upper continental crust (UCC)-

Table 1 (continued)

Contents (ppm) Th/U Isotopic ratios Age(Ma)

Spot no. Th U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ Concordance

53 191 281 0.68 0.1470 0.0017 8.6418 0.1329 0.4240 0.0045 2311 20 2301 14 2279 20 99%
54 58 123 0.47 0.1352 0.0018 7.6254 0.1189 0.4071 0.0041 2169 23 2188 14 2202 19 99%
55 233 282 0.83 0.1347 0.0018 6.9146 0.1165 0.3704 0.0042 2161 24 2101 15 2031 20 96%
56 199 373 0.53 0.1318 0.0019 6.9666 0.1121 0.3818 0.0037 2122 24 2107 14 2085 18 98%
57 79 183 0.43 0.1467 0.0022 8.9016 0.1515 0.4386 0.0047 2309 31 2328 16 2344 21 99%
58 133 197 0.68 0.1355 0.0019 7.3840 0.1170 0.3930 0.0035 2172 25 2159 14 2137 16 98%
59 142 225 0.63 0.1342 0.0018 7.0578 0.0991 0.3796 0.0028 2153 22 2119 13 2074 13 97%
60 72 125 0.57 0.1358 0.0018 7.6709 0.1200 0.4084 0.0047 2176 24 2193 14 2208 22 99%
61 391 463 0.84 0.1308 0.0015 5.9219 0.0767 0.3267 0.0027 2109 21 1964 11 1822 13 92%
62 229 237 0.97 0.1455 0.0017 8.7715 0.1219 0.4350 0.0045 2294 20 2315 13 2328 20 99%
63 122 126 0.97 0.1460 0.0019 8.8157 0.1455 0.4357 0.0054 2300 23 2319 15 2331 24 99%
64 159 343 0.46 0.1342 0.0016 6.5166 0.0957 0.3500 0.0036 2153 22 2048 13 1935 17 94%
65 124 147 0.84 0.1353 0.0022 7.6975 0.1518 0.4114 0.0049 2169 28 2196 18 2221 22 98%
66 78 149 0.52 0.1360 0.0019 7.7445 0.1220 0.4119 0.0039 2177 29 2202 14 2224 18 99%
67 123 182 0.68 0.1360 0.0018 7.7133 0.1320 0.4098 0.0050 2177 23 2198 15 2214 23 99%
68 208 184 1.14 0.1485 0.0019 8.7597 0.1348 0.4260 0.0042 2328 22 2313 14 2288 19 98%
69 163 229 0.71 0.1379 0.0017 7.6192 0.1051 0.3990 0.0036 2211 21 2187 12 2165 16 98%
70 134 161 0.83 0.1395 0.0019 8.0513 0.1301 0.4170 0.0049 2221 23 2237 15 2247 22 99%
71 119 208 0.57 0.1518 0.0020 9.3245 0.1403 0.4433 0.0044 2366 24 2370 14 2365 20 99%
72 313 301 1.04 0.1484 0.0021 8.8083 0.1698 0.4279 0.0063 2327 25 2318 18 2296 28 99%
73 54 187 0.29 0.1857 0.0028 13.0041 0.2002 0.5046 0.0039 2706 25 2680 15 2633 17 98%
74 194 267 0.73 0.1509 0.0021 9.1170 0.1434 0.4353 0.0043 2367 23 2350 14 2329 19 99%
75 81 152 0.53 0.1389 0.0019 7.9937 0.1351 0.4169 0.0057 2213 24 2230 15 2247 26 99%
76 211 250 0.85 0.1473 0.0018 8.6818 0.1141 0.4250 0.0033 2317 21 2305 12 2283 15 99%
77 153 198 0.78 0.1364 0.0016 7.7639 0.1285 0.4101 0.0051 2183 21 2204 15 2215 23 99%
78 122 201 0.61 0.1485 0.0017 9.1115 0.1355 0.4424 0.0047 2329 21 2349 14 2361 21 99%
79 153 218 0.70 0.1474 0.0017 8.8116 0.1236 0.4310 0.0042 2316 19 2319 13 2310 19 99%
80 95 218 0.44 0.1348 0.0016 7.3506 0.1029 0.3935 0.0036 2161 22 2155 13 2139 17 99%
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Fig. 5. Zircon U-Pb concordia diagrams and histograms of concordant zircon 207Pb/206Pb ages for three samples of Fangniushan metasedimentary rocks.
Representative Cathode-luminescence (CL) images of zircons are inserted in each diagram.
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Table 2
Detrital zircon Lu-Hf isotope compositions of the Fangniushan metasedimentary rocks in the Xiaoshan area.

Spot no. Age (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(0) εHf(t) TDM1 (Ma) TDMC (Ma) fLu/Hf

17XS-5-1 2177 0.040274 0.000919 0.281406 0.000012 −48.4 −1.1 2578 2844 −0.97
17XS-5-2 2266 0.031381 0.000660 0.281523 0.000015 −44.3 5.4 2402 2495 −0.98
17XS-5-3 2306 0.027865 0.000609 0.281219 0.000013 −55.0 −4.4 2809 3152 −0.98
17XS-5-4 2172 0.038769 0.000777 0.281493 0.000015 −45.3 2.1 2450 2637 −0.98
17XS-5-5 2146 0.053669 0.001110 0.281443 0.000015 −47.1 −0.7 2541 2799 −0.97
17XS-5-6 2277 0.025304 0.000564 0.281314 0.000013 −51.6 −1.6 2678 2952 −0.98
17XS-5-7 2058 0.038725 0.000787 0.281540 0.000015 −43.6 1.2 2387 2606 −0.98
17XS-5-9 2127 0.026042 0.000566 0.281525 0.000012 −44.2 2.6 2393 2574 −0.98
17XS-5-10 2131 0.044749 0.000947 0.281436 0.000016 −47.3 −1.1 2539 2808 −0.97
17XS-5-11 2121 0.047043 0.000999 0.281371 0.000015 −49.6 −3.7 2631 2967 −0.97
17XS-5-12 2276 0.051115 0.001151 0.281334 0.000015 −50.9 −1.8 2692 2964 −0.97
17XS-5-13 2455 0.055182 0.001147 0.281391 0.000016 −48.9 4.2 2614 2720 −0.97
17XS-5-14 2246 0.041224 0.000887 0.281362 0.000014 −49.9 −1.1 2636 2896 −0.97
17XS-5-15 2154 0.044754 0.000938 0.281451 0.000014 −46.8 0.0 2518 2760 −0.97
17XS-5-16 2465 0.030840 0.000708 0.281318 0.000014 −51.5 2.6 2683 2833 −0.98
17XS-5-17 2446 0.031913 0.000644 0.281453 0.000013 −46.7 7.1 2496 2530 −0.98
17XS-5-18 2150 0.034886 0.000705 0.281439 0.000016 −47.2 −0.2 2519 2768 −0.98
17XS-5-19 2161 0.029091 0.000637 0.281447 0.000014 −46.9 0.4 2504 2736 −0.98
17XS-5-20 2165 0.038044 0.000773 0.281450 0.000013 −46.8 0.4 2509 2740 −0.98
17XS-5-21 2165 0.059301 0.001257 0.281449 0.000012 −46.8 −0.3 2541 2785 −0.96
17XS-5-22 2647 0.042043 0.000900 0.281145 0.000014 −57.6 0.2 2931 3124 −0.97
17XS-5-23 2190 0.041733 0.000833 0.281541 0.000015 −43.6 4.2 2388 2520 −0.97
17XS-5-24 2142 0.069828 0.001438 0.281540 0.000013 −43.6 2.2 2428 2611 −0.96
17XS-5-25 2321 0.033565 0.000721 0.281347 0.000013 −50.5 0.3 2645 2864 −0.98
17XS-5-26 2168 0.034601 0.000701 0.281463 0.000014 −46.3 1.1 2485 2699 −0.98
17XS-5-27 2773 0.023295 0.000496 0.281068 0.000011 −60.3 1.1 3003 3165 −0.99
17XS-5-30 2325 0.047748 0.001040 0.281306 0.000017 −51.9 −1.5 2722 2986 −0.97
17XS-5-31 2198 0.030769 0.000653 0.281417 0.000012 −48.0 0.2 2545 2781 −0.98
17XS-5-32 2314 0.035427 0.000739 0.281292 0.000014 −52.4 −1.8 2720 2994 −0.98
17XS-5-33 2169 0.038592 0.000746 0.281355 0.000015 −50.2 −2.8 2635 2948 −0.98
17XS-5-34 2173 0.086833 0.001682 0.281527 0.000014 −44.1 2.0 2462 2644 −0.95
17XS-5-35 2158 0.034099 0.000672 0.281400 0.000013 −48.6 −1.4 2569 2847 −0.98
17XS-5-36 2487 0.038907 0.000880 0.281279 0.000014 −52.9 1.4 2747 2924 −0.97
17XS-5-37 2336 0.039998 0.000883 0.281277 0.000016 −52.9 −2.1 2750 3028 −0.97
17XS-5-38 2324 0.051399 0.001218 0.281346 0.000017 −50.5 −0.4 2680 2913 −0.96
17XS-5-40 1907 0.032725 0.000653 0.281494 0.000015 −45.3 −3.6 2441 2797 −0.98
17XS-5-42 2184 0.044897 0.000929 0.281506 0.000013 −44.8 2.6 2442 2614 −0.97
17XS-5-44 2169 0.037012 0.000756 0.281449 0.000015 −46.8 0.5 2508 2736 −0.98
17XS-5-45 2524 0.044316 0.000886 0.281308 0.000016 −51.8 3.3 2709 2834 −0.97
17XS-5-46 2078 0.026055 0.000543 0.281608 0.000013 −41.2 4.4 2279 2416 −0.98
17XS-5-47 2154 0.033720 0.000716 0.281576 0.000014 −42.4 4.7 2334 2455 −0.98
17XS-5-48 1969 0.056483 0.001143 0.281544 0.000016 −43.5 −1.1 2403 2684 −0.97
17XS-5-49 2177 0.034274 0.000751 0.281418 0.000013 −48.0 −0.4 2550 2801 −0.98
17XS-5-50 2192 0.028921 0.000631 0.281386 0.000015 −49.1 −1.0 2585 2852 −0.98
17XS-5-53 2206 0.046454 0.001041 0.281486 0.000016 −45.5 2.2 2476 2655 −0.97
17XS-5-54 2192 0.023037 0.000536 0.281389 0.000014 −49.0 −0.8 2575 2836 −0.98
17XS-5-55 2213 0.040178 0.000818 0.281394 0.000015 −48.8 −0.6 2588 2839 −0.98
17XS-5-56 2203 0.032097 0.000670 0.281407 0.000015 −48.4 −0.1 2560 2802 −0.98
17XS-5-59 2342 0.030357 0.000640 0.281260 0.000013 −53.5 −2.1 2757 3039 −0.98
17XS-5-60 2211 0.024770 0.000535 0.281505 0.000015 −44.9 3.8 2419 2561 −0.98
17XS-5-61 2450 0.023487 0.000530 0.281290 0.000010 −52.5 1.5 2709 2888 −0.98
17XS-5-62 2161 0.032928 0.000727 0.281493 0.000012 −45.3 1.9 2447 2640 −0.98
17XS-5-64 2321 0.065005 0.001329 0.281483 0.000013 −45.6 4.2 2499 2615 −0.96
17XS-5-65 2189 0.071052 0.001439 0.281555 0.000017 −43.1 3.7 2407 2547 −0.96
17XS-5-66 2302 0.058715 0.001472 0.281342 0.000012 −50.7 −1.4 2705 2964 −0.96
17XS-5-67 2177 0.039509 0.000775 0.281538 0.000012 −43.7 3.9 2388 2529 −0.98
17XS-5-68 2468 0.040929 0.000800 0.281393 0.000012 −48.8 5.2 2587 2669 −0.98
17XS-5-69 2261 0.075917 0.001676 0.281434 0.000014 −47.4 0.7 2590 2799 −0.95
17XS-5-70 2120 0.041654 0.000821 0.281474 0.000012 −46.0 0.2 2479 2717 −0.98
17XS-5-71 2524 0.031962 0.000674 0.281402 0.000016 −48.5 6.9 2567 2597 −0.98
17XS-5-72 2322 0.030568 0.000665 0.281361 0.000013 −50.0 1.0 2622 2826 −0.98
17XS-5-74 2192 0.076734 0.001590 0.281561 0.000013 −42.9 3.8 2408 2546 −0.95
17XS-5-75 2173 0.044359 0.000914 0.281374 0.000016 −49.5 −2.3 2621 2919 −0.97
17XS-5-77 2187 0.058274 0.001344 0.281513 0.000013 −44.6 2.3 2459 2634 −0.96
17XS-5-78 2177 0.019594 0.000416 0.281293 0.000013 −52.4 −4.4 2697 3053 −0.99
17XS-5-79 2324 0.031554 0.000762 0.281340 0.000016 −50.7 0.1 2657 2882 −0.98
17XS-5-80 2306 0.031802 0.000664 0.281340 0.000012 −50.7 −0.1 2650 2883 −0.98
17XS-5-81 2742 0.082331 0.001867 0.281265 0.000017 −53.3 4.8 2839 2901 −0.94
17XS-5-82 2718 0.042155 0.000922 0.281065 0.000012 −60.4 −1.1 3041 3261 −0.97
17XS-5-83 2161 0.064005 0.001334 0.281543 0.000011 −43.5 2.8 2417 2582 −0.96
17XS-5-84 2169 0.002702 0.000051 0.281339 0.000014 −50.8 −2.4 2611 2921 −1.00
17XS-5-85 2148 0.043637 0.000943 0.281533 0.000016 −43.9 2.8 2405 2576 −0.97
17XS-5-87 2150 0.041769 0.000796 0.281411 0.000013 −48.2 −1.3 2562 2838 −0.98
17XS-5-88 2255 0.020919 0.000458 0.281214 0.000012 −55.2 −5.4 2805 3182 −0.99

(continued on next page)
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Table 2 (continued)

Spot no. Age (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(0) εHf(t) TDM1 (Ma) TDMC (Ma) fLu/Hf

17XS-10-01 2654 0.014626 0.000357 0.281134 0.000017 −58.0 0.9 2906 3083 −0.99
17XS-10-03 2292 0.028183 0.000655 0.281324 0.000016 −51.3 −1.0 2671 2928 −0.98
17XS-10-04 2168 0.028934 0.000571 0.281321 0.000016 −51.4 −3.8 2670 3009 −0.98
17XS-10-05 2177 0.055019 0.001148 0.281599 0.000017 −41.5 5.5 2327 2426 −0.97
17XS-10-08 2218 0.043866 0.001014 0.281569 0.000014 −42.6 5.5 2361 2456 −0.97
17XS-10-09 2185 0.043284 0.000943 0.281405 0.000015 −48.4 −1.0 2581 2844 −0.97
17XS-10-11 2320 0.045197 0.000998 0.281289 0.000015 −52.5 −2.2 2742 3023 −0.97
17XS-10-12 2294 0.035893 0.000768 0.281383 0.000017 −49.2 0.9 2599 2805 −0.98
17XS-10-13 2320 0.021938 0.000470 0.281166 0.000015 −56.9 −5.7 2870 3248 −0.99
17XS-10-15 2309 0.086922 0.001888 0.281310 0.000018 −51.8 −3.0 2778 3071 −0.94
17XS-10-16 2288 0.025299 0.000583 0.281245 0.000014 −54.1 −3.8 2773 3103 −0.98
17XS-10-17 2277 0.058218 0.001314 0.281360 0.000017 −50.0 −1.1 2668 2922 −0.96
17XS-10-18 2279 0.048816 0.001119 0.281252 0.000015 −53.8 −4.6 2801 3145 −0.97
17XS-10-19 2272 0.055090 0.001167 0.281367 0.000014 −49.8 −0.7 2648 2895 −0.96
17XS-10-20 2158 0.049098 0.001002 0.281478 0.000014 −45.8 0.9 2485 2701 −0.97
17XS-10-21 2161 0.035764 0.000856 0.281365 0.000015 −49.8 −2.8 2629 2941 −0.97
17XS-10-22 2277 0.042692 0.000937 0.281377 0.000015 −49.4 0.1 2619 2847 −0.97
17XS-10-23 2314 0.052811 0.001194 0.281483 0.000016 −45.6 4.3 2490 2606 −0.96
17XS-10-25 2189 0.031725 0.000653 0.281293 0.000015 −52.4 −4.4 2713 3066 −0.98
17XS-10-26 2666 0.011979 0.000264 0.281163 0.000015 −57.0 2.4 2859 2996 −0.99
17XS-10-27 2661 0.027651 0.000609 0.281116 0.000013 −58.6 0.0 2948 3147 −0.98
17XS-10-28 2173 0.036259 0.000733 0.281530 0.000014 −44.0 3.5 2397 2548 −0.98
17XS-10-29 2329 0.108632 0.002261 0.281431 0.000014 −47.5 1.1 2636 2824 −0.93
17XS-10-30 2285 0.034605 0.000696 0.281341 0.000016 −50.7 −0.6 2651 2899 −0.98
17XS-10-32 2179 0.066747 0.001314 0.281582 0.000015 −42.2 4.6 2362 2481 −0.96
17XS-10-33 2315 0.068022 0.001461 0.281328 0.000020 −51.1 −1.6 2723 2986 −0.96
17XS-10-34 2305 0.046406 0.001111 0.281408 0.000015 −48.3 1.6 2588 2775 −0.97
17XS-10-35 2498 0.037207 0.000754 0.281299 0.000017 −52.2 2.6 2712 2859 −0.98
17XS-10-36 2202 0.043223 0.000894 0.281660 0.000015 −39.4 8.5 2229 2248 −0.97
17XS-10-37 2172 0.044592 0.000915 0.281346 0.000015 −50.5 −3.3 2660 2983 −0.97
17XS-10-39 2331 0.038171 0.000862 0.281402 0.000016 −48.5 2.3 2580 2747 −0.97
17XS-10-41 2233 0.048142 0.001088 0.281329 0.000016 −51.1 −2.8 2695 2999 −0.97
17XS-10-42 2247 0.041536 0.000909 0.281337 0.000015 −50.8 −2.0 2672 2955 −0.97
17XS-10-43 2280 0.021951 0.000484 0.281229 0.000014 −54.6 −4.4 2787 3135 −0.99
17XS-10-44 2287 0.048479 0.001079 0.281435 0.000011 −47.4 2.1 2549 2723 −0.97
17XS-10-46 2288 0.042647 0.000927 0.281392 0.000014 −48.9 0.9 2598 2805 −0.97
17XS-10-47 2313 0.029831 0.000660 0.281195 0.000015 −55.8 −5.1 2845 3206 −0.98
17XS-10-48 2173 0.168269 0.003291 0.281484 0.000020 −45.6 −1.9 2634 2891 −0.90
17XS-10-49 2346 0.036313 0.000778 0.281309 0.000016 −51.8 −0.5 2700 2939 −0.98
17XS-10-50 2321 0.050359 0.001088 0.281207 0.000016 −55.4 −5.2 2862 3218 −0.97
17XS-10-51 2331 0.036881 0.000823 0.281412 0.000016 −48.2 2.7 2563 2719 −0.98
17XS-10-52 2192 0.055892 0.001187 0.281535 0.000015 −43.8 3.4 2419 2567 −0.96
17XS-10-53 2209 0.048900 0.001067 0.281525 0.000016 −44.2 3.6 2425 2567 −0.97
17XS-10-54 2339 0.043497 0.000921 0.281312 0.000014 −51.7 −0.8 2706 2952 −0.97
17XS-10-56 2326 0.091384 0.001865 0.281400 0.000015 −48.6 0.5 2651 2856 −0.94
17XS-10-58 2548 0.020626 0.000469 0.281424 0.000013 −47.7 8.6 2524 2507 −0.99
17XS-10-59 2298 0.048590 0.001015 0.281243 0.000014 −54.2 −4.3 2807 3145 −0.97
17XS-10-60 2522 0.026641 0.000568 0.281299 0.000013 −52.2 3.4 2699 2822 −0.98
17XS-10-61 2300 0.038331 0.000814 0.281359 0.000012 −50.1 0.1 2635 2861 −0.98
17XS-10-62 2316 0.025582 0.000532 0.281366 0.000014 −49.8 1.2 2606 2805 −0.98
17XS-10-64 2305 0.067137 0.001484 0.281322 0.000014 −51.3 −2.1 2732 3006 −0.96
17XS-10-65 2681 0.025606 0.000590 0.281097 0.000014 −59.3 −0.2 2972 3174 −0.98
17XS-10-66 2144 0.043663 0.000902 0.281570 0.000015 −42.6 4.0 2353 2492 −0.97
17XS-10-68 2291 0.047417 0.001028 0.281250 0.000016 −53.9 −4.2 2798 3133 −0.97
17XS-10-69 2291 0.049254 0.001065 0.281318 0.000013 −51.5 −1.9 2707 2982 −0.97
17XS-10-70 2266 0.023247 0.000534 0.281328 0.000014 −51.1 −1.3 2657 2924 −0.98
17XS-10-71 2269 0.041398 0.000918 0.281184 0.000016 −56.2 −6.9 2880 3286 −0.97
17XS-10-72 2126 0.018454 0.000370 0.281413 0.000014 −48.1 −1.2 2532 2811 −0.99
17XS-10-73 2285 0.029165 0.000606 0.281437 0.000012 −47.3 2.9 2515 2673 −0.98
17XS-10-74 2272 0.020594 0.000497 0.281321 0.000012 −51.4 −1.3 2665 2934 −0.99
17XS-10-75 2876 0.046347 0.001037 0.281030 0.000014 −61.7 1.0 3098 3250 −0.97
17XS-10-77 2235 0.019811 0.000448 0.281203 0.000014 −55.5 −6.3 2819 3219 −0.99
17XS-10-78 2800 0.026304 0.000558 0.281253 0.000012 −53.8 8.1 2760 2733 −0.98
17XS-10-79 2100 0.021899 0.000501 0.281259 0.000015 −53.6 −7.4 2748 3187 −0.98
17XS-19-01 2099 0.048845 0.000925 0.281544 0.000014 −43.5 2.1 2389 2581 −0.97
17XS-19-02 2094 0.038001 0.000725 0.281507 0.000014 −44.8 0.9 2428 2652 −0.98
17XS-19-03 2106 0.060253 0.001214 0.281463 0.000014 −46.4 −1.1 2519 2788 −0.96
17XS-19-05 1866 0.041524 0.000842 0.281516 0.000013 −44.5 −4.0 2423 2788 −0.97
17XS-19-06 2067 0.005608 0.000133 0.281453 0.000012 −46.7 −0.8 2463 2739 −1.00
17XS-19-07 2254 0.027553 0.000589 0.281377 0.000017 −49.4 0.1 2595 2828 −0.98
17XS-19-09 2102 0.021427 0.000474 0.281585 0.000013 −42.0 4.3 2306 2445 −0.99
17XS-19-10 2056 0.028562 0.000562 0.281404 0.000016 −48.5 −3.4 2557 2896 −0.98
17XS-19-11 2583 0.062470 0.001244 0.281172 0.000013 −56.7 −0.9 2921 3145 −0.96
17XS-19-12 2063 0.031394 0.000611 0.281484 0.000014 −45.6 −0.4 2451 2714 −0.98
17XS-19-14 2222 0.028366 0.000601 0.281282 0.000012 −52.8 −4.0 2724 3065 −0.98

(continued on next page)
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Table 2 (continued)

Spot no. Age (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(0) εHf(t) TDM1 (Ma) TDMC (Ma) fLu/Hf

17XS-19-15 2087 0.068122 0.001364 0.281432 0.000011 −47.5 −2.8 2573 2884 −0.96
17XS-19-16 2194 0.022350 0.000478 0.281281 0.000013 −52.8 −4.5 2717 3074 −0.99
17XS-19-17 2065 0.054363 0.001059 0.281467 0.000014 −46.2 −1.6 2503 2790 −0.97
17XS-19-18 2237 0.025137 0.000571 0.281416 0.000014 −48.0 1.1 2541 2749 −0.98
17XS-19-19 2203 0.071326 0.001363 0.281428 0.000016 −47.6 −0.4 2577 2818 −0.96
17XS-19-20 2195 0.048048 0.000957 0.281513 0.000014 −44.6 3.1 2434 2592 −0.97
17XS-19-21 2200 0.037262 0.000710 0.281415 0.000014 −48.1 0.1 2552 2789 −0.98
17XS-19-22 2113 0.050987 0.001357 0.281463 0.000013 −46.4 −1.1 2529 2796 −0.96
17XS-19-23 2115 0.038540 0.000778 0.281416 0.000012 −48.0 −1.9 2555 2850 −0.98
17XS-19-26 2184 0.041856 0.000928 0.281453 0.000013 −46.7 0.7 2514 2733 −0.97
17XS-19-28 2077 0.066336 0.001339 0.281675 0.000011 −38.9 5.7 2235 2336 −0.96
17XS-19-29 2324 0.038733 0.000765 0.281397 0.000011 −48.7 2.1 2580 2752 −0.98
17XS-19-30 2350 0.131126 0.002318 0.281583 0.000023 −42.1 6.8 2425 2470 −0.93
17XS-19-32 2180 0.132348 0.002504 0.281605 0.000012 −41.3 3.7 2405 2539 −0.92
17XS-19-33 2102 0.069381 0.001351 0.281706 0.000013 −37.8 7.3 2192 2250 −0.96
17XS-19-35 2115 0.041406 0.000867 0.281441 0.000014 −47.2 −1.2 2527 2801 −0.97
17XS-19-36 2198 0.033507 0.000826 0.281439 0.000012 −47.2 0.7 2527 2746 −0.98
17XS-19-37 2198 0.044453 0.000916 0.281339 0.000017 −50.7 −3.0 2669 2982 −0.97
17XS-19-38 2339 0.033452 0.000667 0.281273 0.000015 −53.1 −1.8 2741 3015 −0.98
17XS-19-39 2331 0.043215 0.000858 0.281436 0.000015 −47.3 3.5 2532 2668 −0.97
17XS-19-40 2291 0.047819 0.000981 0.281361 0.000015 −50.0 −0.2 2644 2878 −0.97
17XS-19-43 2173 0.059234 0.001186 0.281471 0.000013 −46.1 0.7 2506 2724 −0.96
17XS-19-44 2158 0.031896 0.000634 0.281524 0.000012 −44.2 3.1 2399 2562 −0.98
17XS-19-45 2061 0.089110 0.002111 0.281551 0.000015 −43.3 −0.2 2457 2697 −0.94
17XS-19-46 2176 0.034118 0.000698 0.281480 0.000012 −45.8 1.8 2463 2657 −0.98
17XS-19-47 2090 0.008744 0.000177 0.281471 0.000013 −46.1 0.4 2441 2685 −0.99
17XS-19-48 2676 0.020169 0.000440 0.281147 0.000014 −57.5 1.8 2894 3047 −0.99
17XS-19-49 2174 0.037910 0.000788 0.281476 0.000012 −45.9 1.5 2473 2674 −0.98
17XS-19-51 2035 0.022844 0.000402 0.281470 0.000017 −46.1 −1.3 2457 2746 −0.99
17XS-19-52 2146 0.023164 0.000617 0.281472 0.000014 −46.0 1.0 2468 2686 −0.98
17XS-19-54 2299 0.016803 0.000439 0.281321 0.000015 −51.4 −0.6 2660 2910 −0.99
17XS-19-55 2311 0.021393 0.000492 0.281314 0.000017 −51.6 −0.7 2673 2922 −0.99
17XS-19-56 1989 0.064907 0.001538 0.281688 0.000014 −38.4 3.9 2228 2379 −0.95
17XS-19-58 2284 0.027934 0.000576 0.281248 0.000013 −54.0 −3.8 2768 3098 −0.98
17XS-19-60 2165 0.077061 0.001622 0.281480 0.000015 −45.8 0.2 2523 2750 −0.95
17XS-19-64 2318 0.032237 0.000786 0.281320 0.000014 −51.4 −0.8 2685 2933 −0.98
17XS-19-67 2239 0.031234 0.000738 0.281311 0.000012 −51.8 −2.8 2695 3002 −0.98
17XS-19-68 2132 0.049193 0.001032 0.281358 0.000015 −50.1 −3.9 2651 2992 −0.97
17XS-19-69 2265 0.087019 0.001807 0.281281 0.000016 −52.8 −4.9 2812 3155 −0.95
17XS-19-70 1987 0.050344 0.000947 0.281572 0.000013 −42.5 0.5 2353 2594 −0.97
17XS-19-73 2122 0.037917 0.000752 0.281379 0.000012 −49.3 −3.0 2603 2924 −0.98
17XS-19-76 1970 0.025564 0.000540 0.281458 0.000013 −46.5 −3.3 2483 2828 −0.98
17XS-19-77 2313 0.022745 0.000524 0.281349 0.000016 −50.4 0.6 2628 2845 −0.98
17XS-19-78 2220 0.032561 0.000874 0.281450 0.000013 −46.8 1.5 2515 2711 −0.97
17XS-19-79 2140 0.059580 0.001118 0.281557 0.000013 −43.0 3.2 2384 2544 −0.97
17XS-19-81 2184 0.032051 0.000665 0.281470 0.000014 −46.1 1.7 2475 2672 −0.98
17XS-19-84 2289 0.026886 0.000584 0.281182 0.000015 −56.3 −6.0 2857 3244 −0.98
17XS-19-85 2298 0.043472 0.000938 0.281336 0.000012 −50.9 −0.9 2675 2926 −0.97

Fig. 6. (a) Age distributions of all analyzed detrital zircons from Fangniushan metasedimentary rocks and (b) εHf(t) vs. 207Pb/206Pb ages diagram of all analyzed
detrital zircons.
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normalized REE patterns (Fig. 8b) (Rudnick and Gao, 2003).

5. Discussion

5.1. Depositional age of the Fangniushan supracrustal strata

Although the Fangniushan supracrustal strata was thought to be
formed in Paleoproterozoic based on stratigraphic correlation with both
underlying and overlying units (BGMRHP, 1995), the depositional age
of this strata have not been well constrained because of its lack of re-
liable geochronological data. However, due to the lack of biological
fossils and interlayered volcanic rocks in Precambrian sedimentary se-
quences, it is very difficult to obtain a precise estimation of the de-
positional age. Detrital zircon, a mechanically robust mineral, on the
other hand, can survive erosion, transportation, diagenesis and meta-
morphism, and effectively constrain the maximum depositional age of a
sedimentary sequence (e.g. Fedo et al., 2003, Wang et al., 2017b,
2018a,b; Liu et al., 2016, 2018).

Detrital zircon grains from different samples of the Fangniushan
supracrustal strata display obvious oscillatory growth zonings and high
Th/U values (0.64 on average), suggesting a magmatic origin (Vavra
et al., 1999; Hoskin and Black, 2000). Furthermore, the metasedimen-
tary rocks only experienced low greenschist facies metamorphism,
which precludes the possibility of metamorphic resetting or re-
crystallization after deposition. Detrital zircons in this study yield wide
207Pb/206Pb ages ranging from 1.83 Ga to 2.88 Ga with the majority
older than 2.0 Ga. The youngest concordant 207Pb/206Pb age group
define a weighted average age of 1873 ± 32 Ma (n = 3,
MSWD = 0.92), older than the single-grain youngest age of
1833 ± 50 Ma found in sample 17XS-5. We prefer to use the ~ 1.87 Ga
to represent the maximum depositional age as it was suggested that the
reliable age constraint should belong to a significant population com-
posed of three or more zircons (Andersen, 2005). Additionally, the
Fangniushan supracrustal strata is unconformably overlain by the
Xiong’er Group. SHRIMP and LA-ICP-MS U-Pb analyses on magmatic
zircons from the Xiong’er volcanic rocks reveal that the Xiong’er Group

Table 3
Major and trace element data of the Fangniushan metasedimentary rocks in the Xiaoshan area.

Sample no. 18XS-1 18XS-2 17XS-1 17XS-2 17XS-4 17XS-6 17XS-7 17XS-9 17XS-10 17XS-11 17XS-12 17XS-16 17XS-17 17XS-22 17XS-24

Major oxides (wt.%)
SiO2 81.85 87.70 88.54 96.88 91.82 90.59 86.07 88.46 88.42 70.32 87.86 78.38 83.63 69.61 67.51
TiO2 0.24 0.06 0.13 0.04 0.03 0.02 0.12 0.08 0.06 0.08 0.04 0.19 0.24 0.39 0.27
Al2O3 11.02 7.64 6.02 1.29 4.41 5.12 8.08 6.52 7.01 14.83 7.21 10.06 9.15 16.97 15.04
Fe2O3T 1.55 1.04 1.71 0.93 1.40 1.23 1.33 1.22 1.26 1.53 1.25 2.25 1.97 0.64 2.33
MnO 0.04 0.04 0.08 0.06 0.06 0.07 0.07 0.07 0.06 0.12 0.07 0.09 0.05 0.04 0.06
MgO 0.12 0.08 0.11 0.06 0.13 0.10 0.08 0.07 0.10 0.20 0.10 0.79 0.14 0.22 1.78
CaO 0.10 0.04 0.10 0.03 0.04 0.08 0.08 0.07 0.07 2.88 0.04 1.23 0.14 1.98 2.94
Na2O 0.21 0.18 0.13 0.01 0.09 0.11 0.17 0.13 0.14 3.18 0.14 0.12 0.20 7.01 4.58
K2O 3.13 2.13 1.69 0.44 1.23 1.46 2.28 1.80 2.00 3.09 2.07 3.21 2.48 1.36 2.16
P2O5 0.07 0.02 0.08 0.01 0.02 0.02 0.06 0.05 0.02 0.03 0.02 0.10 0.13 0.15 0.13
L.O.I 1.58 0.99 1.00 0.29 0.92 0.75 1.23 0.91 0.91 3.73 0.84 2.92 1.41 1.55 3.03
Total 17.82 12.16 10.92 3.12 8.30 8.94 13.38 10.84 11.57 29.59 11.74 20.77 15.67 29.92 32.05

Trace elements (ppm)
Sc 2.70 1.50 3.00 0.90 2.20 0.80 2.10 2.10 1.00 1.20 1.10 7.80 2.50 8.60 2.10
Ti 0.11 0.04 0.05 0.02 0.02 0.01 0.05 0.03 0.03 0.06 0.03 0.08 0.08 0.22 0.16
V 13.00 4.00 14.00 7.00 7.00 5.00 9.00 10.00 6.00 8.00 5.00 29.00 20.00 44.00 29.00
Cr 18.00 50.00 21.00 31.00 19.00 70.00 20.00 20.00 69.00 10.00 20.00 19.00 67.00 20.00 49.00
Co 1.20 1.00 2.40 0.90 1.10 1.20 1.70 1.70 1.40 0.90 1.20 3.90 3.10 0.50 3.20
Ni 4.10 2.50 3.80 2.00 1.70 3.10 2.30 2.60 2.70 0.50 2.20 7.40 3.60 1.20 12.60
Ga 11.75 7.99 7.89 2.21 5.26 5.64 9.70 7.01 7.40 16.90 8.10 12.70 10.85 14.60 18.55
Ge 0.10 0.07 0.12 0.06 0.05 0.05 0.09 0.09 0.06 0.09 0.11 0.25 0.21 0.42 0.32
Rb 109.00 74.40 54.70 13.90 40.50 48.90 72.00 56.60 66.30 90.40 66.60 116.00 93.10 57.80 77.50
Sr 55.40 44.20 32.40 2.80 17.90 22.60 38.00 32.40 30.40 311.00 32.50 54.80 84.10 234.00 290.00
Ba 810.00 570.00 601.00 53.10 274.00 367.00 535.00 707.00 567.00 1040.00 495.00 926.00 693.00 178.50 563.00
Y 20.10 6.60 14.20 2.20 14.60 4.10 11.70 12.00 7.50 8.10 6.80 25.30 16.50 12.90 4.70
Nb 6.00 1.80 6.20 1.40 1.80 1.20 5.10 3.80 3.20 8.60 2.40 7.30 10.50 10.20 6.10
Ta 1.00 0.30 0.50 0.11 0.11 0.08 0.32 0.17 0.18 0.33 0.15 0.34 0.68 0.85 0.41
Zr 324.00 106.00 174.00 40.00 58.00 62.00 169.00 109.00 97.00 101.00 90.00 173.00 124.00 178.00 135.00
Hf 9.10 3.00 5.00 1.20 1.80 1.90 4.70 3.10 2.70 3.10 2.70 4.70 3.60 4.70 3.50
Pb 8.80 2.00 3.90 1.10 2.80 2.00 3.10 3.60 2.60 26.60 2.60 10.20 5.80 4.00 4.80
Th 12.35 6.19 19.10 2.94 6.14 4.09 12.30 9.08 6.39 1.33 7.13 17.50 30.60 9.51 6.86
U 1.51 0.57 1.38 0.70 0.66 0.60 0.91 0.83 0.80 1.27 0.62 2.58 4.00 1.24 0.91
La 32.80 13.20 42.70 4.00 16.10 11.40 28.70 24.70 18.00 8.20 18.20 65.50 83.70 140.00 31.10
Ce 64.00 25.00 82.70 7.30 33.80 21.80 54.60 49.00 34.70 15.80 35.80 122.00 152.50 278.00 60.60
Pr 7.29 2.89 7.97 0.71 3.04 2.09 5.53 4.97 3.47 1.63 3.46 12.20 15.30 26.90 5.85
Nd 26.00 10.00 26.90 2.50 11.40 7.20 19.00 16.90 11.10 5.70 12.00 42.40 50.10 87.20 19.00
Sm 4.39 1.53 3.99 0.47 2.25 1.04 2.47 2.72 1.80 1.19 1.98 6.45 6.63 11.85 2.45
Eu 0.95 0.24 0.61 0.09 0.40 0.17 0.39 0.45 0.28 0.39 0.30 1.40 0.96 2.35 0.66
Gd 3.89 1.14 3.04 0.36 2.37 0.89 1.79 2.40 1.52 1.08 1.41 5.24 4.37 6.91 1.73
Tb 0.62 0.17 0.45 0.06 0.37 0.13 0.32 0.34 0.23 0.18 0.20 0.71 0.57 0.71 0.17
Dy 3.73 1.04 2.51 0.35 2.28 0.74 2.02 2.22 1.40 1.09 1.24 4.11 3.06 3.06 0.88
Ho 0.74 0.23 0.51 0.07 0.48 0.15 0.43 0.48 0.27 0.26 0.26 0.80 0.62 0.45 0.16
Er 2.15 0.70 1.48 0.20 1.41 0.44 1.24 1.36 0.75 0.83 0.78 2.36 1.78 1.12 0.44
Tm 0.32 0.11 0.23 0.03 0.21 0.07 0.19 0.20 0.11 0.14 0.12 0.36 0.26 0.15 0.06
Yb 2.11 0.76 1.56 0.22 1.38 0.45 1.21 1.32 0.76 1.07 0.76 2.27 1.68 0.87 0.34
Lu 0.32 0.13 0.23 0.04 0.21 0.07 0.19 0.20 0.12 0.18 0.12 0.34 0.24 0.12 0.05
REE 149.31 57.14 174.88 16.40 75.70 46.64 118.08 107.26 74.51 37.74 76.63 266.14 321.77 559.69 123.49
Eu/Eu* 0.69 0.53 0.51 0.64 0.53 0.53 0.54 0.53 0.50 1.03 0.52 0.71 0.51 0.73 0.93
La/Yb 11.15 12.46 19.63 13.04 8.37 18.17 17.01 13.42 16.99 5.50 17.18 20.70 35.74 115.43 65.61
Gd/Yb 1.53 1.24 1.61 1.35 1.42 1.64 1.22 1.50 1.65 0.83 1.53 1.91 2.15 6.57 4.21
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was formed at 1.80–1.75 Ga (Zhao et al., 2002, 2004b; Peng et al.,
2008; He et al., 2009; Zhao et al., 2009; Wang et al., 2010), which can
be used to constrain the minimum depositional age of the Fangniushan
supracrustal strata.

In summary, based on our new geochronological data and those
from other studies, we propose that the Fangniushan supracrustal strata
were formed at the time between ~1.87 Ga and ~1.80 Ga, which is
consistent with the depositional time of the Tietonggou Formation in
the adjacent Xiaoqinling area (1.91–1.80 Ga, Diwu et al., 2013).

5.2. Sedimentary provenance

5.2.1. Source-area chemical weathering and maturity
Geochemistry characteristics of clastic sedimentary rocks are pow-

erful tools to trace the provenance (Cox et al., 1995; Hofmann, 2005;
Sugitani et al., 2006). Chemical compositions of sedimentary rocks,
however, could be modified by sedimentary processes and meta-
morphism, including transportation, deposition, diagenesis, post-de-
positional chemical weathering and alteration (Taylor and McLennan,
1985; Roddaz et al., 2006; Wang et al., 2018a). Therefore, it is neces-
sary to evaluate the influence of these processes on the chemical
compositions of sediments (e.g. Wang and Zhou, 2013).

The composition of source rocks and weathering trend can be illu-
strated by the A (Al2O3)–CN (CaO* + Na2O)-K (K2O) triangular

diagram of molecular proportions, where CaO* refers to CaO present in
silicate minerals (Nesbitt and Young, 1984, 1989). On the A-CN-K
diagram (Fig. 9a), the Fangniushan metasedimentary rocks are mainly
plotted along the weathering trend predicted by the average A-type
granite line composition, indicating the provenance underwent low
degree of chemical weathering and do not affected by post-depositional
alteration of potassium (K). This conclusion is also supported by the
Chemical Index of Alteration (CIA) principle proposed by Fedo et al.
(1995), which is frequently used to evaluate the degree of chemical
weathering in the source of sedimentary rocks. CIA values of all samples
are lower than that of Post Archean Australian Shale (PAAS = 70–75;
McLennan et al., 1993) (Fig. 9b), indicating generally weak to moderate
weathering on the Fangniushan metasedimentary rocks.

SiO2/Al2O3 is a commonly used index for evaluating compositional
maturation of sediments (Roser and Korsch, 1986), with more quartz
and less feldspar and mafic minerals, maturity as well as SiO2/Al2O3

ratios in sediments become higher. All the SiO2/Al2O3 ratios of the
studied samples are higher than 4.0 (4.1–75.1), suggesting that the
detritus underwent long term recycling before accumulation and have
higher level of maturity. In addition, the maturity of the clastic sedi-
mentary rocks can be reflected by the Index of Compositional Varia-
bility (ICV) values (Cox et al., 1995). Typically, sediments with low ICV
values may have been derived from a mature source containing large
amounts of clay minerals, indicating sediment recycling in a passive
tectonic setting (Van de Kamp and Leake, 1985). By contrast, sediments
with high ICV values could imply first cycle deposits sourced from
immature rocks in an active tectonic environment (Van de Kamp and
Leake, 1985). The ICV values of the Fangniushan metasedimentary
rocks range from 0.48 to 1.46 (Fig. 9b), suggesting the sedimentary
protoliths were mainly derived from a chemically mature sedimentary
source, with minor contribution from immature source (Fedo et al.,
1995; Cox et al., 1995).

5.2.2. Nature of source rocks
Concentrations and patterns of REEs have been utilized as reliable

indicators for sedimentary provenance (Taylor and McLennan, 1985).
Although the samples from the Fangniushan metasedimentary rocks
have varied total REE concentrations, they show similar chondrite-
normalized REE patterns, with LREE enrichments, relatively flat HREE
and slightly negative Eu anomalies, indicating felsic to intermediate
dominant sedimentary provenance (Slack and Stevens, 1994; Wang
et al., 2012).

Trace elements, such as La, Th, Zr, Hf, Co and Sc, have been proven
to be useful tools for discriminating felsic and mafic materials as they
have relatively low mobility during post-depositional alterations
(Taylor and McLennan, 1985; Bhatia and Crook, 1986; Cullers, 2000).

Fig. 7. Classification for samples of Fangniushan supracrustal strata after
Herron (1988) using log(Fe2O3/K2O) vs. log(SiO2/Al2O3).

Fig. 8. Chondrite-and upper crust-normalized REE patterns for samples of Fangniushan supracrustal strata. Chondrite and upper crust-normalized data after Sun and
McDonough (1989) and Rudnick and Gao (2003).
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The metasedimentary rocks of the present study have low Cr/Zr and Cr/
Th values of 0.06–1.13 and 1.09–17.11, respectively; and high Th/Cr
(0.06–0.92), Th/Sc (1.11–12.24), La/Sc (4.44–33.48), and La/Co
(4.44–280), comparable with those of felsic rocks and upper continental
crust (Taylor and McLennan, 1985; Cullers, 2000). Also, Floyd and
Leveridge (1987) used a La/Th vs. Hf plot to discriminate different
source compositions for sandstones. In Fig. 10, the majority of samples
fall in the field of acidic arc source fields, indicating that the source
materials were dominated of felsic rocks. In the ternary diagrams of La-
Th-Sc and Th-Hf-Co (Fig. 11a, b), most samples cluster near the com-
positions of granite components, indicating a felsic signature of source
rocks, in agreement with the interpretation from REE features as dis-
cussed above.

In addition, on the A-CN-K triangular plot (Fig. 9a), the weathering
trends of the majority studied samples are parallel to the average A-type
granite line composition, reflecting an acid rock source. Therefore, we
conclude that the Fangniushan metasedimentary rocks dominantly re-
ceived detritus from felsic sources composed of TTG-like, granitic, and
felsic volcanic rocks.

5.2.3. Possible source areas
Detrital zircon U-Pb ages combined with whole-rock geochemistry

and zircon Hf isotopes of sedimentary rocks can provide useful in-
formation about their potential provenance (e.g. Roser and Korsch,
1986; McLennan et al., 1993; Fedo et al., 2003; Sun et al., 2017a; Liu
et al., 2017, 2018; Wang et al., 2012, 2018a,b). All of the detrital zir-
cons from the Fangniushan metasedimentary rocks yield magmatic ages
of 1833–2876 Ma, and can be divided into three groups:
~2.00–2.24 Ga, ~2.25–2.40 Ga and ~2.50–2.88 Ga, peaking at
2.17 Ga, 2.31 Ga and 2.50–2.67 Ga, respectively (Fig. 6a). In compar-
ison with the latter two groups, the ~2.00–2.24 Ga detrital zircons
(54%) are predominant in the Fangniushan metasedimentary rocks. The
zircon populations at ~2.00–2.24 Ga are consistent with the ages of
2.16 Ga Bayuan tonalite gneiss in the Xiaoqinling area (Huang et al.,
2013), the 2.06–2.19 Ga Ganshugou tonalite and K-feldspar granite
gneiss (Huang et al., 2012), and the 2.16–2.17 Ga Muce monzonitic
gneisses (Chen et al., 2016) in the Xiong’ershan area. Additionally,
these igneous rocks yield a wide range of zircon εHf(t) values, which
overlap with those of the 2.00–2.24 Ga detrital zircons (−7.3 to +8.9)
from the studied samples (Fig. 6b). Therefore, these ~2.00 to 2.24 Ga
zircons are likely to be derived from the coeval igneous rocks in the
adjacent Xiaoqinling and Xiong’ershan areas.

The subordinate population (34%) of detrital zircons has the age
range between 2.25 Ga and 2.40 Ga, with age peak at ~2.31 Ga.
Magmatic events of this period were widely recognized in the southern
NCC, adjacent possible provenance include the 2.31–2.32 Ga TTG
gneisses, quartz diorites (Diwu et al., 2018), and 2.34 Ga granitoid
gneisses (Luo, 2016) in the Xiaoshan area. The 2.25–2.32 Ga TTG
gneisses (Huang et al., 2013; Diwu et al., 2014; Wang et al., 2017a) and
2.29–2.36 Ga granitoids (Huang et al., 2013; Yu et al., 2013; Diwu
et al., 2014; Wang et al., 2017a) in the Xiaoqinling area. The
2.31–2.34 Ga TTG gneisses (Diwu et al., 2007; Huang et al., 2012) and
2.30–2.31 Ga diorites (Huang et al., 2012; Diwu et al., 2014; Zhou
et al., 2016) in the Xiong’ershan area. The 2.35 Ga granites (Zhang
et al., 2012) in the Zhongtiaoshan area. Besides, εHf(t) values of the
2.25–2.40 Ga detrital zircons (−6.9 to +6.8) are identical with the
similar-aged zircons found in the Xiaoshan and adjacent Xiaoqinling,
Xiong’ershan and Zhongtiaoshan areas (Fig. 6b). Such geochronological
and isotopic similarities suggest that the detrital zircons age at
2.25–2.40 Ga were sourced from the coeval igneous rocks in the
southern NCC.

The 2.50–2.88 Ga detrital zircons are documented in all the four
samples but only make up 12% of all the zircon ages, although

Fig. 9. Geochemical diagrams showing variations of weathering and maturity for Fangniushan supracrustal strata. (a) A-CN-K diagram after Nesbitt and Young
(1984). Abbreviations for Ka: kaolinite, Gi: gibbsite, Chl: chlorite, Sm: smectite, il: illite, Mus: muscovite, Pl: plagioclase, K-sp: potassium plagioclase; (b) CIA-ICV
diagram after Nesbitt and Young (1982). Symbols are the same as in Fig. 7.

Fig. 10. La/Th-Hf diagram showing source compositions for Fangniushan su-
pracrustal strata (after Floyd and Leveridge, 1987). Symbols are the same as in
Fig. 7.

Q. Sun, et al. Precambrian Research 346 (2020) 105789

17



Neoarchean is the strongest crustal growth time of the southern NCC
(Diwu et al., 2014; Sun et al., 2017a). Such an age range fits precisely
with the 2.50–2.52 Ga TTG gneisses in the Xiaoshan area (Diwu et al.,
2018; Luo et al., 2018). The 2.79–2.80 Ga TTG gneisses (Jia et al.,
2016), 2.48–2.55 Ga TTG gneisses (Huang et al., 2013; Wang et al.,
2017a), 2.47 Ga granitoid and diorite gneisses (Huang et al., 2013;
Diwu et al., 2014) in the Xiaoqinling area. The 2.45–2.56 TTG gneisses
(Sun and Hu, 1993; Tian et al., 2006; Guo et al., 2008; Zhang et al.,
2013), 2.71 Ga TTG gneiss (Zhu et al., 2013), and 2.44–2.62 Ga gran-
itoids (Yu et al., 2006; Zhao et al., 2012a; Zhang et al., 2012) in the
Zhongtiaoshan area. We interpret the Neoarchean to early Paleopro-
terozoic felsic igneous rocks from these regions are the main sources for
the 2.50–2.88 Ga detrital zircons in the Fangniushan metasedimentary
rocks.

5.3. Depositional setting and implications for the Paleoproterozoic tectonic
evolution of the southern NCC

As discussed in the preceding section, the tectonic evolution of the

NCC during the Paleoproterozoic is still under debate. The Fangniushan
sedimentary sequence in the southern NCC shows a coarsening se-
quence from the base upwards (BGMRHP, 1995), which consists mainly
of thick bedded meta-sandstones and conglomerates metamorphosed in
the sub-greenschist facies, with cross-beddings in some quartzites, both
of which are consistent with molasse deposits formed in a foreland
basin (Condie, 1997). In addition, the Fangniushan metasedimentary
rocks show wide range of detrital zircon ages from 1.86 Ga to 2.88 Ga,
favor a foreland basin as sediments in foreland basin are likely to re-
ceive detritus from both cratonic interior and newly formed materials
(DeCelles and Giles, 1996; Condie, 1997; Cawood et al., 2012). More-
over, the contemporary igneous rocks including granites and mafic
dykes were formed mainly at ~1.86–1.80 Ga in the southern NCC,
which were suggested resulted from partial melting of pre-existing
crustal materials in a syn-orogenic or post-orogenic setting (e.g. Deng
et al., 2016; Jia et al., 2016, 2020; Wang et al., 2017a). Combined with
the late Palaeoproterozoic metamorphism of the southern NCC (Lu
et al., 2020, and references therein), a collision-related foreland basin
setting is reasonable for the Fangniushan supracrustal strata.

On the other hand, the typical tectonic environment (oceanic island
arc, continental island arc, active continental margin and passive
margin) of sandstones can be strongly reflected by their geochemical
compositions (Bhatia, 1983; Bhatia and Crook, 1986; Mclennan and
Taylor, 1991). Our new data indicate that the Paleoproterozoic Fang-
niushan metasedimentary rocks are relatively enriched in the LREE and
depleted in the HREE, with negative Eu anomalies, relatively high La/
Sc, La/Y, and low Sc/Cr values, suggesting they were deposited in a
basin associated with plate convergence (Bhatia and Crook, 1986).
Immobile elements, such as La Th, Sc, and Zr, are widely used in dis-
tinguishing tectonic environments (Bhatia and Crook, 1986). On the
frequently used Th- Zr/10-Co, Th-Sc-Zr/10 and La-Th-Sc diagrams for
tectonic setting discrimination of sandstones (Bhatia and Crook, 1986),
majority of the studied samples cluster in or around the continental
island arc and passive continental margin field (Fig. 12), which is in
strong agreement with those of retro-arc basins, as they contain both
arc-related lithologies and craton-derived sources (DeGraaff-Surpless
et al., 2002; Liu et al., 2012a; Wang et al., 2018b). Consequently, we
suggest that the Fangniushan supracrustal strata in southern NCC was
most likely formed in a retro-arc foreland environment in the period of
1.87–1.80 Ga.

Apart from the Fangniushan metasedimentary rocks in the Xiaoshan
area, there are several Paleoproterozoic metavolcanic-sedimentary se-
quences deposited in the southern NCC, which can provide significant
constraints on the Paleoproterozoic tectonic evolution. For example,
the Yinyugou Group in the Wangwushan area and Songshan Group in
the Dengfeng area were formed at the time after ~2.35 Ga, they show
similar characteristics in terms of lithologies (mainly siliciclastics
rocks), metamorphic grade (greenschist facies), and sedimentary

Fig. 11. Geochemical triangle diagrams of sedimentary samples from the
Fangniushan supracrustal strata. (a) La-Th-Sc diagram after Cullers and
Podkovyrov (2000); (b) Th-Hf-Co diagram after Wang et al., (2012). Average
source rock compositions are from Condie (1993). Symbols are the same as in
Fig. 7.

Fig. 12. La-Sc-Th, Th-Sc-Zr/10 and Th- Zr/10-Co plots of Fangniushan meta-
sedimentary rocks for tectonic setting discrimination (after Bhatia and Crook,
1986). Dotted lines represent the dominant fields for the various tectonic set-
tings: OIA-oceanic island arc; CIA-continental island arc; ACM-active con-
tinental margin; PM-passive margin. Symbols are the same as in Fig. 7.
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environment (neritic-littoral facies clastics-carbonate formation) (Diwu
et al., 2008; Liu et al., 2012a; Sun et al., 2017a). The Songshan Group
was tentatively correlated with the Hutuo Group in the Wutai Complex,
which were interpreted to deposit in a rift basin (Du et al., 2009, 2010,
2017; Wan et al., 2009). Recently, our new geochronological and
geochemical data suggest that an extensional continental setting was
most likely represented by the Yinyugou Group (Sun et al., 2017a). In
addition, the ~2.23 to 2.13 Ga upper Taihua Group in the Lushan area
show similar characteristics to the Khondalite Series (Sun, 1983; Wan
et al., 2006; Diwu et al., 2010; Sun et al., 2017b), which has long been
considered to deposited in a stable continental margin (Lu et al., 1995).
Meanwhile, the contemporaneous garnet-bearing quartz monzonite
(2134 ± 17 Ma) and slightly older potassic granites in the Lushan area
(2194 ± 29 Ma) show intermediate shoshonitic and fractionated
aluminous A-type granites in compositions, respectively. Both of them
were formed in extensional or intra-continental rift settings (Zhou et al.,
2014, 2015). The coeval metamorphosed mafic dykes (2128 ± 29 Ma)
recognized in the Lushan area were also suggested to have emplaced in
rift-related, or more precisely in an extensional setting (Sun et al.,
2017b).

On the other hand, the late Paleoproterozoic sequence-set in the
southern NCC comprises the 1.91–1.80 Ga Tietonggou Formation in the
Xiaoqinling area and the 1.85–1.78 Ga Danshanshi Group in the
Zhongtiaoshan area, both of which consists mainly of metaconglome-
rates and meta-sandstones, whose depositional setting were estimated
in a retro-arc foreland basin (Liu et al., 2012b; Diwu et al., 2013), si-
milar with the Fangniushan supracrustal strata in the Xiaoshan area.
Therefore, we suggest that the Fangniushan rock associations were
formed during closure of the pre-existing extension-related basin in the
final cratonization of the NCC.

Taken together, we prefer that the southern NCC might have ex-
perienced a tectonic change from rift to subduction during
Paleoproterozoic. Nevertheless, the mechanism of rift evolution and the
time of subduction initiation are still unresolved and need to be further
studied in the future.

6. Conclusions

Based on the detailed zircon U-Pb and Lu-Hf isotope compositions,
and whole-rock geochemical data, we can draw the following main
conclusions:

(1) The Fangniushan supracrustal strata in the Xiaoshan area was de-
posited at ca. 1.87–1.80 Ga.

(2) The Fangniushan metasedimentary rocks dominantly received det-
ritus from felsic sources in the Xiaoshan and adjacent Xiaoqinling,
Xiong’ershan and Zhongtiaoshan areas.

(3) The Fangniushan supracrustal strata was most likely formed in a
retro-arc foreland setting, while the southern NCC might have ex-
perienced tectonic regime change from rift to subduction during
Paleoproterozoic.
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