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A B S T R A C T

The Pingbian Group of southeast Yunnan Province is the only exposed Precambrian unit in the southwestern
corner of the South China Block (SCB). The nature of this group is crucial to reveal the basement component in
the area, and to further understand Precambrian evolution of the SCB and to constrain the boundary between the
Yangtze and Cathaysia blocks. Zircon U-Pb ages indicate that the Pingbian Group sedimentary rocks were de-
posited later than 772–710Ma. “Cambrian” Langmuqiao formation sedimentary rocks near the Pingbian Group
have the maximum deposition age and age spectra of detrital zircons similar to the Pingbian Group, suggesting
that they probably belong to the Pingbian Group. The Pingbian Group sedimentary rocks have variable com-
positions with low SiO2/Al2O3 (3.7∼ 9.7), implying relatively low maturity. Their REE patterns are char-
acterized by enrichment in LREE with (La/Yb)n of 5.3–10.3. Geochemical and petrologic characteristics of these
sedimentary rocks are similar to those Neoproterozoic sedimentary rocks in the southern Yangtze Block. The
Pingbian Group sedimentary rocks show unimodal age spectra of detrital zircons with a peak at 844–808Ma and
minor old detritus. The age spectrum resembles those of Neoproterozoic sedimentary rocks in the southern and
western Yangtze Block, but different from those in the Cathaysia and Indochina blocks, suggesting the Pingbian
Group’s affinity with the Yangtze Block.

The integration of U-Pb ages and Hf-isotopes of detrital zircons indicates that there were five main magmatic
events occurring in the southwestern Yangtze Block. Early Paleoproterozoic, late Paleoproterozoic and late
Mesoproterozoic magmatism mainly involved the reworking of ancient crusts, whereas 1.7–1.5 Ga and
0.9–0.7 Ga magmatic activities were accompanied by the input of significant mantle-derived materials.
Continuous Neoproterozoic mantle-derived magmatism suggests a subduction-related tectonic setting.
Geochemistry of sedimentary rocks and age distribution of detrital zircons suggest that the Pingbian Group was
deposited in the back-arc foreland basin.

All observations suggest that the Pingbian Group is similar to those Neoproterozoic sedimentary rocks in the
western Yangtze Block, and consequently the Pingbian area should belong to the Yangtze Block. Thus, the
boundary between the Yangtze and Cathaysia blocks must be located at east of the study area.

1. Introduction

The South China Block (SCB) consists of the Yangtze Block in
northwest and the Cathaysia Block in southeast. The two blocks amal-
gamated along the Jiangnan Orogen to form a united South China
continent in early Neoproterozoic time (Fig. 1) (Charvet et al., 1996; Li
et al., 1997; Wang et al., 2007a; Zhao and Cawood, 2012). The Jiang-
shan-Shaoxing fault has been defined as the eastern boundary between
them (Fig. 1). However, the western boundary has not been well con-
strained, because the southwestern South China is widely covered by

Phanerozoic sediments (Shu, 2012). In the past 30 years, many scholars
proposed different faults as the western boundary, such as Longsheng
fault (Guo et al., 1981; Xia, 1984; Wang et al., 1986), Lipu fault (Liu
et al., 1993; Chen et al., 2006), Qinzhou-Hangzhou belt (Yang and Mei,
1997; Hong et al., 2002; Hu and Deng, 2009), Shizong-Mile-Luodian
fault (Dong et al., 2002; Guo et al., 2009), Chenzhou- Linwu fault
(Wang et al., 2003, 2010a,b), Pingxiang- Gongcheng - Nanning-
Chongzuo fault (Chen and Zhang, 2003), and Sihui-Wuchuan fault
(Zhang and Wang, 2007). Of them, the Shizong-Mile-Luodian fault di-
vides the southeastern Yunnan into the Cathaysia Block (Fig. 1). As
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many world-class tin deposits have been discovered in the southeastern
Yunnan Province, such as the Gejiu Sn deposit and the Dulong Sn-W
polymetallic deposit (Fig. 2), the region was previously ascribed to the
Cathaysia Block (Mao et al., 2006; Cheng et al., 2012, 2013; Xu et al.,
2015a) with a poor logic that the W-Sn deposits have been regarded as
the most typical and diagnostic deposit type in the Nanling area of
Cathaysia Block. Based on the different geological and geophysical
characteristics from the Yangtze Block, the southeastern Yunnan and
northern Vietnam also were interpreted as a part of the Cathaysia Block
(BGMRYN, 1990; Guo et al., 2009). In contrast, the southeastern
Yunnan was considered to belong to the Yangtze Block or an in-
dependent tectonic terrane by many researchers (Wu, 2000; Chen et al.,
2006; Luo et al., 2009; Liu et al., 2011; Zhang et al., 2015).

Precambrian crust evolution and tectonic affiliation of the south-
eastern Yunnan are always ambiguous due to the lack of Precambrian
exposure. Precambrian rocks have been identified in only two locations
so far, the Dulong-Malipo-Nanwenhe and Pingbian areas (Fig. 2). The
Precambrian metamorphic rocks in the Dulong-Malipo-Nanwenhe area
surround the Nanwenhe-Song Chay granitic complex (Zhou et al.,
2017), and are defined as the Mengdong and Xinzhai groups. New
zircon U-Pb dating results indicate that the Nanwenhe-Song Chay
granites formed at 443–435Ma, and the Mengdong and Xinzhai groups
were deposited in the late Neoproterozoic (Guo et al., 2009; Zhou et al.,
2017, 2018). Precambrian rocks exposed in the Pingbian area are a set
of low-grade meta-sedimentary rocks, and were defined as the Sinian
(late Neoproterozoic) Pingbian Group (BGMRYN, 1990; Cao and Lu,
1992). Therefore, the formation age, composition and tectonic affilia-
tion of these meta-sedimentary rocks will not only reveal the evolu-
tionary history of Precambrian crust in southwest SCB, but also provide
reliable geological evidence to demarcate the western boundary be-
tween the Yangtze and Cathaysia blocks. In addition, the determination
of the basement compositions is also crucial to unravel the genesis of

the Sn-W deposits in South China. In this paper, we integrated U-Pb-Hf
isotopic data of detrital zircons with bulk geochemistry of the Pingbian
Group sedimentary rocks to determine their age, composition, sedi-
mentation environment and tectonic affiliation in an attempt to con-
strain the western boundary between the Yangtze and Cathaysia Blocks.

2. Geological background and sample features

The study area is located at the southwestern margin of the SCB,
near the southeastern section of the Ailaoshan-Red River strike slip
shear zone (Fig. 1), which is the boundary between the SCB and the
Simao-Indochina Block of SE Tibetan Plateau (Xu et al., 2015b). Pro-
terozoic-Cenozoic sediments are exposed in this area with the dominant
Paleozoic strata (Fig. 2). The Ailaoshan Group is distributed along the
Ailaoshan – Red River shear zone, and consists of a set of strongly
migmatized metamorphic rocks. The Pingbian Group was defined as a
Precambrian stratum divided into three units (BGMRYN, 1990) (Fig. 3).
The bottom part consists mainly of gray green sericite phyllite and silty
sericite phyllite interbedded with yellow quartz siltstone; the middle-
upper part includes dark grey sericite slate, silty sericite slate, inter-
bedded with gray fine sandstone and siltstone; and the top is composed
of dark gray or yellow sericite slate, silky slate and siltstone. On the
other hand, Cao and Lu (1992) divided these sedimentary rocks into
five Sinian formations and a pre-Sinian formation based on the micro-
palaeoflora fossils. The Ailaoshan Group is in fault contact with the
Pingbian Group. The high-grade and migmatized Ailaoshan meta-
morphic rocks are obviously different in their lithologic characteristics
from those outside the Ailaoshan – Red River shear zone and their
tectonic affiliation is difficult to determine. Thus, we choose the Ping-
bian Group within the SCB to carry out the detailed researches to reveal
the basement component at the southwestern corner of the SCB. The
samples used in this study were collected from the Pingbian Group and

Fig. 1. Sketch map of Precambrian metamorphic basement and main faults in South China (modified after Zhao and Cawood, 2012).
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nearby Cambrian Langmuqiao Formation. The rock types include meta-
fine-grained sandstone (WS13-37, WS13-39), meta- gravel-bearing fine-
grained sandstone (WS13-38, WS13-40), siltstone (YN14-2-1, YN14-5,
YN14-9), meta- medium-grained sandstone (YN14-3) and silty slate
(YN14-7). All the samples experienced only low-grade metamorphism,
and the petrographic features of their protoliths can be easily re-
cognized. The rocks mainly contain quartz and feldspar with less ser-
icite, and show weak foliation (Fig. 4B, C). The sampling locations and
lithological features of these samples are simplified in Table 1.

3. Analytical methods

Major-element concentrations of the meta-sedimentary rocks in this
study were obtained using an ARL-9800 XRF at the Modern Analysis
Center of Nanjing University, with analytical precision better than 5%
for most elements. Trace-element analyses were carried out at the State
Key Laboratory for Mineral deposits Research, Nanjing University
(MiDeR-NJU), and analytical precision is better than 5% for most trace
elements.

Zircon grains were separated using conventional magnetic and
heavy-liquid separation techniques. More than 200 grains were hand-
picked under a binocular microscope, mounted in epoxy disks and
polished to expose their cores. Cathodoluminescence (CL) imaging was
conducted at the MiDeR-NJU.

In situ zircon U–Pb dating was performed using an Agilent HP7500
ICP-MS at the MiDeR-NJU. The ablated material is transported in a He
carrier gas and then combined with Ar to enter the ICP-MS for isotopic
quantification. Each run includes 10∼ 12 unknown grains and two
standard GJ zircon at the beginning and end of the run. A zircon
standard Mud Tank (732 ± 5Ma, Black, 1978) is analyzed in every run
after two GJ analyses as an independent control on analytical accuracy.
The raw ICP-MS data were acquired using GLITTER 4.4 (Griffin et al.,

2008), and common Pb was corrected using the method described by
Andersen (2002). The age calculations and plotting of Concordia dia-
grams were conducted with program Isoplot (Ludwig, 2001). The
206Pb/238U age is adopted for young (< 1000Ma) zircons, whereas the
207Pb/206Pb age is used for old ones (> 1000Ma).

In situ zircon Hf-isotope analyses were conducted using a Neptune
Plus multi-collector ICP-MS, equipped with a 193 nm laser, at the
MiDeR-NJU. The analyses were carried out with ablation pits 44 μm in
diameter and a repetition rate of 10 Hz. The 176Lu decay constant
adopted in this paper is 1.865× 10−11 per year (Scherer et al., 2001).
A depleted mantle model (176Hf/177Hf= 0.283251,
176Lu/177Hf= 0.0384; Vervoort and Blichert-Toft, 1999) and a chon-
dritic model (176Hf/177Hf= 0.282772, 176Lu/177Hf= 0.0332; Blichert-
Toft and Albarède, 1997) are used to calculate Hf model ages (TDM) and
epsilon Hf values. We have adopted a mean crustal composition
(176Lu/177Hf= 0.015; Griffin et al., 2002) to calculate two-stage crustal
model ages (TDMC) for each zircon.

4. Whole-rock geochemistry

4.1. Major elements

Chemical analytical results show that 6 Pingbian Group samples
have relatively high SiO2 (66.9–77.4 wt%) and Al2O3 (11.2–17.2%) and
variable Fe2O3

t (1.80–6.66 wt%), Na2O (0.22–5.66 wt%) and K2O
(0.23–3.82 wt%), similar to 3 Langmuqiao Formation samples (Table
S1). The SiO2/Al2O3 ratios of sedimentary rocks can reflect their ma-
turity (Taylor and McLennan, 1985). The Pingbian Group and Lang-
muqiao Formation samples have average SiO2/Al2O3= 5.6 and 5.9,
respectively, suggesting low maturity. On Log (Na2O/K2O)− Log
(SiO2/Al2O3) diagram (Fig. 5), the most of samples plot into the feld-
spar sandstone field, also implying a low maturity. Low maturity

Fig. 2. Geological map of the Pingbian area and sampling locations. Pt – Ailaoshan Group, Z (Sinian) – Pingbian Group.
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suggests that the source of these sedimentary rocks is relatively close,
and the detrital materials do not experience long distance transporta-
tion. Compared with the average upper crust composition (UCC;
Rudnick and Gao, 2003), the Pingbian Group and Langmuqiao For-
mation samples have higher SiO2 and lower Al2O3, CaO, Fe2O3

t, MgO,
Na2O and P2O5 (Table S1), suggesting slightly high maturity and more
felsic components in the provenance.

4.2. Trace elements

Sedimentary rocks from the Pingbian Group and Langmuqiao
Formation show large variation in their trace element abundance, e.g.
V, Cr, Rb, Sr, Ba, Zr and Nb (Table S1), implying complex source and
variable weathering degrees in the provenance. Although total amount
of rare-earth elements (REE) of these samples are varied (96 to
238 ppm), their REE patterns are similar, with moderated differentia-
tion of light and heavy REEs ((La/Yb)n=5.3–10.3) and moderated
negative Eu anomalies (Eu/Eu*= 0.44–0.71), except for sample WS13-
39 (Table S1; Fig. 6a). These REE patterns are also similar to those of

the UCC and post-Archean Australian shales (PAAS) (Taylor and
McLennan, 1985) (Fig. 6a). Compared with the PAAS, the Pingbian
Group and Langmuqiao Formation sedimentary rocks show lower
strongly incompatible element contents (except Ba in sample WS13-39),
and similar or slightly high weakly incompatible element contents, such
as Zr, Hf and heavy REEs (Fig. 6b). On the PAAS-normalized trace
element spidergrams (Fig. 6b), many samples show significant deple-
tion in Cs, Rb, Ba, Sr, Ti, Sc and Cr, suggesting strong decomposition of
the feldspar and mafic minerals in the provenance, leading to the loss of
these elements. Sample WS13-39 does not only show positive Eu
anomaly and extremely high Ba content, but also has the highest Sc, Cr,
Co and Ni contents, implying that its provenance contains more mafic
rocks.

5. Zircon U-Pb ages and Hf-isotope compositions

5.1. Zircon U-Pb ages

568 zircon grains from four Pingbian Group and three Langmuqiao
Formation samples are chosen for U-Pb dating. Most zircons are eu-
hedral to subhedral, long-prismatic in habit, indicating a close prove-
nance. CL images show clear oscillatory zoning in most grains (Fig. 7),
typical of magmatic zircons. Some metamorphic zircon grains show
homogeneous internal textures or irregular textures. In addition, a few
grains have core-rim texture (e.g. Fig. 7-(4) and -(14)). Analyzed zir-
cons have Th/U ratios> 0.1, and most of them are>0.4, also sug-
gesting a magmatic origin.

5.1.1. Pingbian Group
Zircon U-Pb dating results show that four Pingbian Group sedi-

mentary rocks have similar detrital zircon age spectra with wide age
variations. These detrital zircons mostly plot on or near the concordia
line (Fig. 8), suggesting that they do not suffer intense late alteration
and Pb loss, which is consistent with the low-grade metamorphism of
zircon-hosted rocks. Thus, these ages represent the crystallization time
of these zircon grains. Although the detrital zircons in these four sam-
ples exhibit large age variations ranging from 2771Ma to 717Ma,
2618Ma to 773Ma, 2640Ma to 719Ma and 2546Ma to 708Ma, re-
spectively, they share a dominant age population in Neoproterozoic
with age peaks of 808Ma to 842Ma (Fig. 9). These four samples all
contain a small amount of Proterozoic zircon grains and a few
Neoarchean ones. These old zircons are mostly rounded or occur in the
cores of grains. Two samples WS13-38 and WS13-40 also show weak
Paleoproterozoic age peaks at 1810 and 1860Ma, respectively (Fig. 9).
Sample WS13-40x is a boulder within sample WS13-40, and shows si-
milar age spectra to the host rock (Fig. 9), suggesting that they have
similar provenance though their deposition ages are different. Five
Neoarchean zircon grains have ages ranging from 2771Ma to 2546Ma.
The youngest concordant (concordance> 90) detrital zircons in these
four samples are 719Ma (n= 3), 772Ma (n= 3), 756Ma (n=6) and
710Ma (n=2), respectively, suggesting their deposition ages younger
than 772–710Ma.

5.1.2. Langmuqiao Formation
The detrital zircons from three Langmuqiao formation samples

WS13-39, YN14-2-1 and YN14-3 exhibit the age spectra similar to those
from the Pingbian Group with dominant Neoproterozoic ages (Fig. 9).
Major age peaks of three samples are 844Ma, 830Ma and 810Ma,
respectively, similar to those of the Pingbian Group samples. The ages
of their youngest detrital zircons are 725Ma (n=2), 739Ma (n=2)
and 751Ma (n= 8), also similar to those Pingbian Group samples.
Sample WS13-39 and YN14-2-1 contain a small number of Mesopro-
terozoic to Archean detrital zircons, but sample YN14-3 does not con-
tain any old zircons (Fig. 9).

Fig. 3. Stratigraphic units of the basement sequences in the Pingbian area
(modified after BGMRYN, 1990).
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5.2. Hf-isotope compositions

The samples from the Pingbian Group and Langmuqiao Formation
show similar zircon Hf-isotope compositions (Fig. 10a). Dominant
Neoproterozoic zircons exhibit large Hf isotope variations with initial
176Hf/177Hf ratios of 0.281936 to 0.282713 and εHf(t) of−12.4 to 15.6.
Moreover, most Neoproterozoic zircons (> 64%) have positive εHf(t)
(Fig. 10b), suggesting that these zircons were originated from the

mantle-derived magmatism in Neoproterozoic. Almost all of early Me-
soproterozoic to late Paleoproterozoic (1.7–1.5 Ga) zircons from sam-
ples WS13-39, WS13-40 and WS13-40x have positive εHf(t), whereas
2.4–1.7 Ga and 1.2–1.0 Ga ones mostly show negative εHf(t) (Fig. 10a).
Paleoproterozoic grains with low Hf-isotope compositions construct a
crustal evolution curve intersecting the depleted mantle (DM) at about
2.9 Ga (Fig. 10a), except for one grain. Five analyzed Neoarchean zir-
cons have lowest Hf-isotope ratios and yield εHf(t) values ranging from

Fig. 4. Photomicrographs of the representative samples used for zircon geochronology.

Table 1
Locations and lithology of the samples in the Pingbian area.

Sample No. Locations Latitude/longitude Lithology Age

WS13-37 Yuping town 23°01′16.08″ 103°42′36.30″ fine meta-sandstone Sinian
WS13-38 Longgu village 23°00′10.97″ 103°43′46.47″ pebbly fine sandstone Sinian
WS13-40 Mawei village 22°53′04.97″ 103°47′58.34″ pebbly fine sandstone Sinian
WS13-40x gravel
WS13-41 Pingtian village 23°03′15.33″ 103°36′54.10″ fine meta-sandstone Sinian
YN14-7 Qianjin village 22°54′55.17″ 103°42′09.88″ silty slate Sinian
YN14-9 Pingtian village 23°03′53.56″ 103°36′38.50″ siltite Sinian
WS13-39 Longgu village 22°59′02.75″ 103°47′14.83″ fine meta-sandstone Cambrian
YN14-2-1 Wantang town 23°05′20.49″ 103°44′44.51″ pebbly siltite Cambrian
YN14-2-2 quartzy sandstone
YN14-3 Wantang town 23°03′52.15″ 103°44′37.64″ medium-grained sandstone Cambrian
YN14-5 Kakou village 23°01′02.43″ 103°45′08.93″ siltite Cambrian

G. Zhu, et al. Precambrian Research 331 (2019) 105350
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−6.63 to −0.48, corresponding the model ages (TDM
C) of 3.3 Ga to

3.5 Ga. These five Neoarchean grains and one Paleoproterozoic grain
with lowest Hf-isotope may form an evolution curve intersecting the
DM at about 3.3 Ga, corresponding to a 176Lu/177Hf of 0.018, similar to
the detrital zircons from Neoproterozoic sedimentary rocks in the
Nanwenhe area of southeastern Yunnan Province and the Song Chay
area in northeastern Vietnam (Zhou et al., 2018).

6. Discussion

6.1. Deposition ages of the Pingbian Group and Langmuqiao Formation

The Pingbian Group was considered previously to deposit in Sinian
(0.78–0.54 Ga) based on the lithologic comparison (BGMRYN, 1990;
Cao and Lu, 1992), but was not well constrained by isotopic geochro-
nological data. Detailed U-Pb dating of detrital zircons from this group
was for the first time carried out in this study. The youngest concordant
ages of a boulder-bearing sandstone (WS13-40) and the boulder (WS13-
40x) within it collected from the bottom of the Pingbian Group are
756Ma and 772Ma, older than the fine-grained sandstone (719Ma,

WS13-38) and siltstone (710Ma, YN14-9) in the middle and upper
group, suggesting that the maximum depositional time of the lower part
is not earlier than 772–756Ma, and the middle and upper parts are not
earlier than 719–710Ma. This stratum is covered by the Cambrian se-
dimentary rocks (BGMRYN, 1990; Cao and Lu, 1992), and therefore the
Pingbian Group in the southeastern Yunnan Province probably was
deposited in late Neoproterozoic.

Three samples WS13-39, YN14-2-1 and YN14-3, collected from the
sedimentary rocks previously defined as the Cambrian Langmuqiao
Formation, yield the youngest concordant age groups at 725Ma,
739Ma and 751Ma, respectively, similar to those from the Pingbian
Group. These ages seem inconsistent with their Cambrian sequence.
Thus, one possibility is that these sedimentary rocks actually belong to
the late Neoproterozoic Pingbian Group, rather than to the Cambrian
Langmuqiao Formation. Another interpretation is that these sedimen-
tary rocks are the Cambrian Langmuqiao formation, but they share the
same provenance as the underlying Pingbian Group. Based on the lack
of younger detrital zircons which have been found in younger sedi-
mentary rocks in the neighbor area (Jiang et al., 2018), these sedi-
mentary rocks mapped previously as Cambrian most probably are the
parts of the Sinian Pingbian Group.

6.2. Provenance of the Pingbian Group

In the reconstruction of the Rodinia and Gondwana supercontinents,
the Yangtze, the Cathaysia and the Indochina blocks are placed ad-
jacent to the study area (Wang et al., 2010a,b; Metcalfe, 2013).
Therefore, these blocks are potential provenance for the Pingbian
Group sedimentary rocks. Comparison of the tectono-thermal events
(age populations) among the different blocks may help to identify the
sources of the sediments and determine its tectonic affiliation.

The Pingbian Group sediments are characterized by abundant
Neoproterozoic detrital zircons with less Meso- to Paleo-proterozoic
ones. The tectonic boundary between the South China and the Tethyan
domain, e.g. Simao-Indochina Block, is generally accepted to be the
Jinshajiang-Ailaoshan-Red River suture zone (Fig. 1; Xu et al., 2015b;
Wu et al, 2017 and references therein), and the Neoproterozoic mag-
matic activities are all limited to the east of the suture zone, i.e. South
China (Chen et al., 2017). Neoproterozoic magmatism was intensive in
the SCB, but mainly occurred around the periphery of the Yangtze
Block. In the western and southern margin of the Yangtze Block near
the study area, there are extensive 860–790Ma igneous rocks (Li, 1999;
Li et al., 2003a,b; Sinclair, 2001; Wang et al., 2006; Zhao et al., 2018;

Fig. 5. Geochemical classification of the sandstones from the Pingbian area
(Mclennan et al., 1993).

Fig. 6. a) Chondrite-normalized REE patterns of the samples from the Pingbian area; b) PAAS-normalized multi-element diagrams for the samples from the Pingbian
area. PAAS datum is from Taylor and McLennan (1985); UCC datum from Rudnick and Gao (2003) and Nantao formation samples from Hu et al. (2016).
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Zhou et al., 2002, 2006). Moreover, the zircons from these igneous
rocks have similar Hf isotope compositions to the coeval detrital zircons
in the Pingbian Group (Wang et al., 2014; Zhao et al., 2008), indicating
that the Neoproterozoic detritus of the Pingbian Group most likely
came from these contemporary igneous rocks in the Yangtze Block.
Although this episode of magmatism also has been found in the eastern

Cathaysia Block (Li et al., 2005; Shu et al., 2011), the euhedral mor-
phology and simple age spectra of the detrital zircons in the Pingbian
Group and low chemical maturity all suggest that these detrital zircons
cannot derive from the remote eastern Cathaysia Block.

The ∼1835Ma detrital zircons are another important component in
the Pingbian Group, though they are less (Fig. 11). However, these

Fig. 7. Representative CL images showing internal structure and morphology of detrital zircons from the Pingbian Group.
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∼1835Ma igneous rocks are lacking in the western and southern parts
of the Yangtze Block. Paleoproterozoic magmatism and metamorphism
mainly occurred in the northern part of the Yangtze Block, and char-
acterized by the major ∼2.0 Ga magmatism and metamorphism with
only minor ∼1.85 Ga magmatism (Li et al., 2014; Peng et al., 2009,
2012; Wang et al., 2015b; Xiong et al., 2009; Yin et al., 2013; Zhang
et al., 2006, 2011). Moreover, the 1.85Ma Quanqitang A-granites in the
northern Yangtze Block have very low zircon 176Hf/177Hf with old Hf
model ages of 3.6–3.8 Ga (Peng et al., 2012; Xiong et al., 2009), much
different from the ∼1835Ma zircons in the Pingbian Group, thus

excluding the possibility of being the potential source of the Pingbian
Group.

Paleoproterozoic (1.92–1.84 Ga) magmatism and metamorphism
are also widespread in the Wuyishan terrane, in the eastern Cathaysia
Block, and has Hf-isotope compositions similar to those in the Pingbian
Group (Liu et al., 2014; Xia et al., 2012; Yu et al., 2009, 2012; Zhao
et al., 2015). However, the Nanling-Yunkai terrane between the study
area and the Wuyishan terrane is characterized by dominant Grenvil-
lian components (Wang et al., 2008a, 2015a; Yu et al., 2008, 2010;
Zhang et al., 2012), which are lack in the Pingbian Group. In addition,

Fig. 8. U-Pb Concordia plots of detrital zircons from the Pingbian Group.
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the paleo-current during late Neoproterozoic to early Paleozoic sedi-
mentation in South China was northwestward but not southwestward
(Wang et al., 2008a, 2010b). Therefore, the Paleoproterozoic detritus in
the Pingbian Group also cannot come from the distant Wuyishan ter-
rane.

Although no Paleoproterozoic (∼1.85 Ga) magmatic or meta-
morphic rocks have been reported in the western and southern Yangtze
Block, ∼1.85 Ga detrital zircons are abundant in some Proterozoic se-
dimentary rocks in these areas, such as the Kunyang Group, Yinmin
Formation and Dongchuan Group in Yunnan Province (Sun et al., 2009;
Wang et al., 2012a; Zhao et al., 2010) and the Sibao Group in the
northern Guangxi Province (Wang et al., 2007a, 2012c). Moreover,
these Paleoproterozoic detrital zircons have Hf-isotope compositions
similar to those in the Pingbian Group. Thus, Paleoproterozoic detrital
zircons in the Pingbian Group probably have the same provenance as
these sedimentary rocks, and all sourced from the Yangtze Block itself.
These Paleoproterozoic basement rocks may be buried in the depth
(Dong et al., 2015).

There is another possibility that the sediments of the Pingbian
Group were derived from the recycling of pre-existing sedimentary
rocks, such as the Kunyang, Dongchuan or Sibao Groups. However, the
most of these detrital zircons are euhedral (Fig. 7) with chemical
compositions indicating a low grade of the maturity, similar to those
Neoproterozoic sedimentary rocks in the western and southern Yangtze

Block. This suggests a proximal source and a low extent of recycling.
Age spectra of the sedimentary rocks in the Pingbian Group are not
exactly similar to those of the Kunyang, Dongchuan and Sibao Groups,
also not supporting that the Pingbian Group were recycled from the
Kunyang, Dongchuan and Sibao Groups. On the other hand, the che-
mical compositions of these sedimentary rocks suggest that their pro-
venance mainly consists of felsic to intermediate igneous rocks, but not
strongly recycled quartzose sedimentary rocks (Fig. 12). Therefore, the
sedimentary rocks in the Pingbian Group probably contain little re-
cycled material.

6.3. Tectonic affiliation and implication of the Pingbian Group

The exact location of the western boundary between the Yangtze
and Cathaysia Blocks is disputed, and many faults were defined as the
westward extension of this boundary (Guo et al., 1981; Xia, 1984; Wang
et al., 1986; Liu et al., 1993; Chen et al., 2006; Yang and Mei, 1997;
Hong et al., 2002; Hu and Deng, 2009; Wang and Li, 2003; Dong et al.,
2002; Guo et al., 2009; Zhang and Wang, 2007). Some suggested that
the boundary extends along the Shizong- Mile- Luodian Fault into
southeast Yunnan Province (Dong et al., 2002; Guo et al., 2009), which
denotes that the southeastern Yunnan Province belongs to the Cath-
aysia Block (Fig. 1). On the other hand, some previous studies indicated
that the southeastern Yunnan Province has the famous Gejiu-Dulong W-

Fig. 9. Probability plots of U-Pb ages of detrital zircons from the Pingbian Group.

Fig. 10. Plots of 176Hf/177Hfi vs U-Pb age for detrital zircons from the Pingbian Group. CHUR-Chondritic Uniform Reservoir, DM- Depleted Mantle; dashed line shows
evolution of an ancient crust with 176Lu/177Hf=0.018.
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Sn deposits which have similar origins to the typical W-Sn deposits in
the Nanling Range, within the central Cathaysia Block, and conse-
quently proposed that the study area has the same basement as the
Cathaysia Block (Cheng and Mao, 2010; Cheng et al., 2012, 2013; Feng
et al., 2013; Mao et al., 2008; Xu et al., 2015a; Yang et al., 2008),
whereas many geologists still argue that the southeastern Yunnan
Province should be a part of the Yangtze Block (Chen et al., 2006; Jiang
et al., 2018; Luo et al., 2009; Wu, 2000; Zhang et al., 2015).

The present study has demonstrated that the detrital materials of the
Pingbian Group mainly derived from the Yangtze Block itself, rather
than the Cathaysia Block. On the other hand, chemical compositions of
the Pingbian Group sedimentary rocks show that their sources consist
mainly of intermediate igneous rocks or the mixing of felsic and mafic
igneous rocks (Fig. 12), similar to those Neoproterozoic sedimentary
rocks in the southern Yangtze Block, but different from those from the
Cathaysia Block, also suggesting an affinity with the Yangtze Block.
There is a possibility that the sediments in the Pingbian Group derived
from the Yangtze Block, but the basement of the Pingbian area belongs
to the Cathaysia Block. However, available researches show that Neo-
proterozoic sedimentary rocks on two sides of the suture zone between
the Yangtze and Cathaysia Blocks have different clastic components,
and the detritus derived respectively from the Yangtze and Cathaysia
Blocks (Wang et al., 2010a, 2012b, 2013, 2012c, 2016b; Yu et al.,
2010). Until early Paleozoic (Cambrian), the south margin of the
Yangtze Block began to accept the detritus from the Cathaysia Block (Li
et al., 2013; Wang et al., 2012b, 2013, 2010b; Zhou et al., 2018). So far,
the Yangtze-derived Neoproterozoic to early Paleozoic sedimentary
rocks have never been observed in the Cathaysia Block. Therefore, the
Pingbian area should be a part of the Yangtze Block.

Late Neoproterozoic glaciation is an important characteristic of the
Yangtze Block. It has been identified to widely occur in late
Neoproterozoic sedimentary rocks in the Yangtze Block (e.g. Jiang
et al., 2018; Zhang et al., 2005, 2008; Zhou et al., 2004). However,
Neoproterozoic moraine rocks have not been reported in the Cathaysia

Block so far. The Nantuo Formation in the Three Gorges area, in the
central Yangtze Block, is the typical glacial rocks. Liu et al. (2008) and
Hu et al. (2016) carried out U-Pb dating of detrital zircons from the
tillites in the Nantuo Formation. These tillites have the youngest det-
rital zircon ages of 706–600Ma and an age spectrum with dominant
Neoproterozoic population peaked at ca. 806Ma, similar to those in the
Pingbian Group (Fig. 11). Moreover, the Nantuo Formation sedimen-
tary rocks have trace element compositions and REE patterns similar to
those of the Pingbian Group (Fig. 6). Cao and Lu (1992) reported that
there are tillites in the lower sequence of the Pingbian Group. We also
found some pebbly sandstones in the Pingbian area during this field
survey. The gravels in these rocks are disorderly accumulated and show
variable sizes and shapes, but most of them are round, characteristic of
tillite gravels. All these observations clearly suggest that the study area
belongs to the Yangtze Block. Therefore, the western boundary between
the Yangtze and the Cathaysia blocks must be located to the southeast
of the Pingbian area, but not the Shizong-Mile-Luodian Fault in the
north (Fig. 1). This conclusion predicates that the basement of the
Yangtze Block can also provide main ore-forming materials for the large
scale Sn-W deposits in the Gejiu-Dachang-Dulong area. Thus, the Sn-W
deposits are not only limited in the Cathaysia Block and therefore
cannot be used as a piece of evidence for determining the boundary
between these two blocks.

6.4. Deposition environment and tectonic implication of the Pingbian Group

The Neoproterozoic tectonic setting of the Yangtze Block is a con-
troversial issue. Strong Neoproterozoic magmatism occurred around
the Yangtze Block. A “plume model” has been suggested by Li et al.
(2003b) to emphasize that Neoproterozoic magmatism resulted from
the breakup of the Rodinia supercontinent caused by the mantle plume
event at about 825Ma. Another “plate-rifting” model was proposed by
Zheng et al. (2007, 2008) to explain the composition variations of these
Neoproterozoic igneous rocks. In contrast, Wang et al. (2008b), Zhou
et al. (2002, 2006) and Zhao et al. (2011) suggested that the Neopro-
terozoic magmatism is closely related to the subduction of an ocean
plate beneath the Yangtze Block. Sun et al. (2008, 2009) agreed with
the subduction model, and proposed that continuous ocean subduction
took place along the western margin of the Yangtze Block from about
920Ma to 740Ma. Subsequently, a passive continental margin was
developed. On the multi-elemental diagrams of tectonic setting dis-
crimination, the Pingbian Group sedimentary rocks compare more
closely with that of the sandstones from continental arc (CIA) settings
than those from the passive continental margin (PM), active continental
margin (ACM) or ocean island arc (OIA) (Fig. 13). In the tectonic dis-
crimination diagrams of La-Th-Sc and Th-Sc-Zr/10 (Fig. 14), almost all
of the Pingbian Group sedimentary rocks fall into the continental arc
field.

Sediments of the continental island arc are mainly derived from the
newly magmatic activities. Sedimentary basins in continental arc set-
ting include fore-arc, inter-arc, and back-arc basins (Bhatia, 1983).
Inter- or fore-arc basins suffer intensive deformation and high-graded
metamorphism, and accept the significant input of mafic rocks from the
source region (Wang et al., 2012c). Weak metamorphism and de-
formation of the Pingbian Group and the input of many ancient mate-
rials (Fig. 9) are inconsistent with an inter- or fore-arc basin setting.
Thus, the Pingbian Group was probably deposited in a back-arc fore-
land basin, in which both juvenile and old crustal materials were
available from the sources.

Detrital zircon spectra may also reflect the tectonic setting of a basin
(Cawood et al., 2012). Based on detrital zircon spectra, the basin types

Fig. 11. U–Pb age spectra of detrital zircons in Neoproterozoic sedimentary rocks from different areas. Data sources: Nantuo Formation (Hu et al., 2016; Pi and Jiang,
2016); Indochina Block (Wang et al., 2016a); Yunkai Massif (Wan et al., 2010; Wang et al., 2015a, 2007b; Yu et al., 2010; Zhou et al., 2015); Southern Yangtze Block
(Wang et al., 2006, 2010a, 2016b); Western Yangtze Block (Sun et al., 2009; Zhao et al., 2010; Wang et al., 2012a,b); Pingbian Group (this study).

Fig. 12. Discrimination diagram of sediment sources (after Roser and Korsch,
1986). The fields of the Yangtze Block and the Cathaysia Block are based on
data from (Wei et al., 2009; Wang et al., 2012b, 2013; Zhou et al., 2015).
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are grouped into three main tectonic settings: (A) convergent, (B) col-
lisional and (C) extensional. Convergent plate margins are character-
ized by a large proportion of zircon ages close to the depositional age,
whereas sediments in collisional, extensional and intra-cratonic settings
contain greater proportions of older zircons. Convergent setting in-
cludes fore-arc, trench and back-arc basins. Some fore-arc and trench

basins have unimodal detrital zircon spectra with a peak age close to
the deposition age of the strata. Whereas back-arc basins have in-
creasing input of the older detritus (Cawood et al., 2012). Based on
differences between the crystallization and depositional ages (CA- DA)
(Fig. 15), the detrital zircon spectra of all Pingbian Group sedimentary
rocks fall into the convergent setting, also supporting the setting of a
back-arc foreland basin.

Sun et al. (2009) suggested that the Neoproterozoic sedimentary
rocks recorded the existence of a large-scale Neoproterozoic continental
arc, and a deposition setting turned into a passive continental margin
after 740Ma. However, this study shows that the Pingbian area could
be still placed in a continental arc environment until 710Ma. In addi-
tion of above observations, the arc-related tectonic setting is supported
by not only abundant Neoproterozoic (900–710Ma) detrital zircons
with positive ɛHf(t) (Fig. 10b), but also by late Neoproterozoic
(765–710Ma) subduction-related magmatism in the nearby areas, such
as southwestern Yangtze Block and northern Vietnam (Qi et al., 2014,
2016; Li et al., 2018a,b).

6.5. Evolution of Precambrian basement in the southwestern Yangtze

Little Precambrian basement is exposed in the southwestern Yangtze
Block, except the late Neoproterozoic Pingbian Group in this study. The
Precambrian rocks may be eroded or covered by Phanerozoic sedi-
mentary rocks. As discussed above, the clastic materials of the Pingbian
Group sedimentary rocks are proximal and derived from the Yangtze
Block itself. Thus, the detritus may better reflect the crustal evolution of
the Precambrian basement (southwestern Yangtze) than the exposed
rocks (Amelin et al., 2000; Griffin et al., 2004; Rino et al., 2004). Si-
milar age spectra and Hf-isotope compositions of the detrital zircons
from the different samples suggest that they came from the same pro-
venance. Therefore, U-Pb ages and Hf-isotope compositions of all
samples are integrated to reveal the generation and evolution of Pre-
cambrian crust in the southwestern Yangtze Block.

Only 8 out of 568 dated zircon grains from the Pingbian Group are
of Archean-age (2.7–2.5 Ga). Five of them were analyzed for Hf-isotope,
and show negative εHf(t) with similar Hf depleted-mantle model age of
ca 3.3 Ga (Fig. 10a), indicating that their host magmas originated from
the reworking of the same Mesoarchean crust. This is the most ancient
crust component reported so far in the southwestern Yangtze Block.

Other detrital zircons from the Pingbian Group were mainly formed
in early Paleoproterozoic (2.45–2.15 Ga), late Paleoproterozoic
(2.0–1.7 Ga), late Paleoproterozoic to early Mesoproterozoic
(1.7–1.5 Ga), late Mesoproterozoic (1.2–1.0 Ga) and Neoproterozoic
(0.93–0.72 Ga) (Fig. 10). Similar Paleoproterozoic age populations
(∼1835Ma, 2400–2300Ma) are also found in other sedimentary rocks
in the western and southern margins of the Yangtze Block (Fig. 16),
suggesting that early Paleoproterozoic (2.45–2.15 Ga) and late Paleo-
proterozoic (2.0–1.7 Ga) are two important episodes of magmatism in
these areas. Early Paleoproterozoic zircons from the Pingbian Group
have Hf-isotope compositions close the CHUR line, similar to those from
the western margin of the Yangtze Block (Figs. 10, 16), whereas most
zircons of this age span in the southern Yangtze Block show positive
εHf(t) (Fig. 16), indicating that the study area has stronger affinity with
the western margin of the Yangtze Block

Late Paleoproterozoic magmatism in the area is simultaneous with
the assembly of the Columbia supercontinent. Most zircon grains have
negative εHf(t), suggesting a crustal-derived magmatism, which is
consistent with the collisional orogeny between two continents. These
features suggest that the Yangtze Block probably is a part of the
Columbia supercontinent, and the southwestern Yangtze Block once
had or was close to a Paleoproterozoic orogen related to the assembly of
supercontinent.

The 1.75–1.50 Ga zircon grains exhibit significantly elevated Hf-
isotope ratios. Except for two grains, all these zircons have positive
εHf(t), similar to those from the western and the southern Yangtze Block

Fig. 13. Normalized trace elements and their ratio distributions for the sedi-
mentary rocks in different deposition environments. a) passive margin (PM), b)
active continental margin (ACM), c) Continental Island Arc (CIA) and d)
Oceanic Island Arc (OIA) (after Wang et al, 2016b).
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(Fig. 16), suggesting a significant input of mantle-derived material and
generation of juvenile crust. This episode of mantle-derived magmatic
activity probably is related to the breakup of the Columbia super-
continent. Minor late Mesoproterozoic zircons have lower Hf-isotope
compositions, implying the reworking of major old crust. This period of
magmatism is likely to be related to the Grenvillian orogeny leading to
the assembly of the Rodinia supercontinent.

In contrast to the late Mesoproterozoic magmatism, Neoproterozoic
magmatism is extremely strong in the western Yangtze Block.
Moreover, Neoproterozoic zircons are predominantly characterized by
positive εHf(t) (Fig. 10), indicating that generation of a great proportion
of mantle-derived materials or juvenile crust. Long time-span for
mantle-derived magmatism probably reflects a subduction-related tec-
tonic setting, which is consistent with the tectonic setting inferred by
the geochemistry and age spectra of the Neoproterozoic sedimentary
rocks. However, this period of magmatism in the southern margin of the
Yangtze Block involved the reworking of more ancient crust (Fig. 16),
suggesting that the strength and effect of the ocean subduction may
have been different in the different regions around the Yangtze Block.

7. Conclusions

The Pingbian Group is composed of metamorphic sedimentary
rocks, with high SiO2 and low CaO, MgO, Na2O and P2O5 relative to the
UCC. Lower SiO2/Al2O3 ratios and highly variable of major and trace
element concentrations suggest the low maturity. Zircon U-Pb dating
results indicate that the Pingbian Group sedimentary rocks have the
maximum deposition ages of 772–710Ma. Some sedimentary rocks
previously defined as Cambrian Langmuqiao Formation probably be-
long to the Pingbian Group.

The Pingbian Group sedimentary rocks are characterized by abun-
dant Neoproterozoic detritus and a small amount of ∼1835Ma,
2400–2300Ma and ∼2630Ma detritus. This age spectrum is similar to
the Neoproterozoic sedimentary rocks in the southern and western
Yangtze Block. Moreover, zircon Hf isotope and bulk geochemical
characteristics of these sedimentary rocks are also similar to those
Neoproterozoic tillites in the Yangtze Block, suggesting the affinity of
the Pingbian Group with the Yangtze Block. Therefore, the Pingbian
area, southeastern Yunnan, should belong to the Yangtze Block, and the
western boundary between the Yangtze and Cathaysia blocks must be
located to the southeast of the study area. The Yangtze basement is also
the potential source of the W-Sn deposits.

Fig. 14. Discrimination diagram of tectonic setting of the sedimentary basins (after Bhatia and Crook, 1986).

Fig. 15. Prediction of the tectonic setting of sedimentary rocks based on dif-
ferences between the crystallization and depositional ages (CA- DA) of the
zircons (after Cawood et al., 2012).

Fig. 16. Plot of 176Hf/177Hf vs. U-Pb age for detrital zircons from the Pingbian
Group and those in the southern and western Yangtze Block (western Yangtze
Block: Wang et al., 2012a; southeastern Yangtze Block: Wang et al., 2010a).
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Five main episodes of magmatism are identified in the southwestern
Yangtze Block. Early Paleoproterozoic, late Paleoproterozoic and late
Mesoproterozoic magmatism mainly involved the reworking of ancient
crusts. 1.7–1.5 Ga and 0.9–0.7 Ga magmatic activities were accom-
panied by the input of significant mantle-derived melts. Neoproterozoic
magmatism and sedimentation occurred a subduction-related tectonic
setting.
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