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ABSTRACT

The Paleotethys Ailaoshan Ocean sepa-
rated the South China and Indochina blocks 
during the late Paleozoic. Uncertainty re-
mains regarding subduction of this ocean—
whether it was subducted eastward beneath 
the South China block or westward beneath 
the Indochina block. In this study, we pres-
ent new detrital zircon U-Pb age, and Hf and 
O isotope data from the Longtan Formation, 
which was recognized to be deposited before 
the ocean closed. Our results show that the 
formation can be divided into three units: 
Unit 1 is distributed west of the suture and 
dominates the area; it contains major age 
peaks at 290–250 Ma and minor multiple 
old age peaks. Unit 2 consists of a minor dis-
tribution west of the suture, and it shows a 
dominant 250 Ma age peak; old zircons are 
very few or not present. Their Hf and O iso-
topic signatures are similar to those of unit 1. 
Unit 3 is distributed east of the suture and is 
characterized by a single distinct ca. 240 Ma 
age peak with almost no Precambrian zir-
cons. We interpret that units 1 and 2 were 
likely deposited in a back-arc and forearc 
basin, respectively, and a volcanic arc devel-
oped on the eastern margin of the Indochina 
block, similar to the present-day northeast-
ern Japan arc. Meanwhile, unit 3 was likely 
deposited in a forearc basin on the western 
margin of the South China block. Therefore, 
the Ailaoshan Ocean may undergone bipolar 
subduction both westward and eastward be-
neath the Indochina and South China blocks, 
respectively.

INTRODUCTION

Mainland Southeast (SE) Asia consists of 
an assemblage of allochthonous (micro-)con-
tinental blocks separated by a series of Tethyan 
sutures (Fig.  1). These blocks are generally 
regarded to have been derived from Gond-
wana and accreted to the southern margin of 
Eurasia during the late Paleozoic to Cenozoic 
(Hara et al., 2010; Metcalfe, 2013; Faure et al., 
2014; Zaw et al., 2014). The northward drift-
ing of these (micro-)continental blocks and 
their accretion onto the Eurasian margin con-
secutively opened and closed the Paleotethys, 
Mesotethys, and Neotethys Oceans (Rogers 
and Santosh, 2003; Metcalfe, 2013; Zaw et al., 
2014), among which the Paleotethys is least 
understood, because most of its evolutionary 
records have been significantly altered by later 
deformation imposed by the Mesotethys and 
Neotethys (Leloup et  al., 1995). Fortunately 
in western Yunnan (SW China), Paleotethyan 
ophiolites and volcanic belts are well preserved 
in many places (e.g., Yang et  al., 2017), and 
they are regarded to represent the remnants of 
two Paleotethyan branches, i.e., the Main Pa-
leotethyan branch (represented by the Changn-
ing-Menglian-Inthanon suture; Hara et  al., 
2010) and the Ailaoshan Ocean (represented 
by the Jingshajiang-Ailaoshan suture; Sone 
and Metcalfe, 2008; Zaw et al., 2014; Lai et al., 
2014a). Uncertainty remains regarding whether 
the Ailaoshan Ocean was subducted eastward 
(present-day orientation) beneath the Yangtze 
block (part of the South China block; Duan 
and Hong, 1981; Xu et al., 2019a) or westward 
beneath the Indochina-Simao (abbreviated 
Indochina) block (Wang and Metcalfe, 2000; 
Cai and Zhang, 2009). Resolving the subduc-
tion polarity is complicated by the fact that re-
gional late Paleozoic–Mesozoic structures were 

reactivated and deformed during the Cenozoic 
India-Asia collision (Leloup et al., 1995). Pre-
vious research on this matter mainly focused 
on identifying arc-related igneous rocks in the 
region, yet their age and geochemical inter-
pretations have also been complicated by the 
overprinting magmatism and metamorphism 
associated with the Cenozoic India-Asia colli-
sion (Faure et al., 2014; Lai et al., 2014b).

Regional comparison of detrital zircon (a re-
sistant mineral) U-Pb age and Hf isotopes has 
been increasingly adopted in tectonic recon-
structions and for recognition of eroded mag-
matic arcs (Cawood et al., 2012; Oo et al., 2015; 
Xu et al., 2019b). In this paper, we first report de-
trital zircon U-Pb age and Hf-O isotope data for 
the Longtan Formation (Fig. 2), which has been 
widely recognized as the youngest precollisional 
detrital sedimentary sequence in the region. We 
found that different parts of the Longtan Forma-
tion contain drastically different detrital zircon 
populations, which represent different deposi-
tional settings (e.g., forearc and back-arc) at op-
posite ends of the Ailaoshan Ocean. These data 
lead to the conclusion that bipolar subduction of 
the Ailaoshan Ocean may have occurred since 
the Early Permian.

GEOLOGICAL BACKGROUND 
AND SAMPLES

Overview

The Ailaoshan belt in SW Yunnan, China 
(∼300 km long and 20–100 km wide; Fig. 1), 
is located between the South China and In-
dochina blocks. The belt is bounded by the 
Amojiang-Lixianjiang fault to the west 
and the Red River fault to the east (Fig.  2; 
YNGMR, 1990). The Ailaoshan belt contin-
ues to the Jinshajiang belt to the northwest †xpxia@gig.ac.cn
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(Mo et al., 1998), whereas its southeastern ex-
tension is uncertain (Lepvrier et al., 2008; Cai 
and Zhang, 2009). The Ailaoshan-Tengtiaohe 
fault has been recognized as the suture be-

tween the South China and Indochina blocks 
(Xia et  al., 2016), although uncertainty re-
mains as the Lixianjiang fault (Chung et al., 
1997) and an ophiolite belt (Wang et al., 2014) 

have also been proposed. The Ailaoshan-
Tengtiaohe fault separates the Ailaoshan high-
grade metamorphic belt (with South China 
affinity) in the east from the lower-grade 
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Figure 1. Tectonic map of South China and mainland SE Asia (modified from Xia et al., 2016). Abbreviations: AL—Ailaoshan; 
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greenschist-facies–metamorphosed Silurian 
to Triassic volcanic-sedimentary sequences 
and ultramafic-felsic intrusions in the west 
(YNGMR, 1990; Fan et al., 2010; Lai et al., 
2014b). The low-grade metamorphic belt is 
dominated by Paleozoic marine sedimentary 
rocks, Triassic terrestrial sedimentary rocks, 
and granitoids. The Paleozoic strata consist 
of metamorphosed clastic sedimentary rocks. 
Coupled with the high-grade metamorphic 

belt, they were once considered to be paired 
metamorphic belts located at the margin of 
the South China block and indicated eastward 
subduction of the Paleo-Tethys Ailaoshan 
Ocean beneath the South China block (Duan 
and Hong, 1981). However, recent studies 
have identified that the low- and high-grade 
metamorphic belts belong to the Indochina 
and South China blocks, respectively (Wang 
et al., 2014; Xia et al., 2016).

Stratigraphy and Samples

The Longtan Formation, the focus of this 
study, is exposed widely throughout southern 
China. It is characterized by a Gigantopteris coal 
series in South China and is regarded to have 
been deposited in the late Early Permian, al-
though it is not strictly synchronous in different 
localities. In the study area, it is distributed on 
both sides of the Ailaoshan suture, although the 

E101 E102 E104E103

N23

N25

AW10

N24

Fault

Ultra-mafic rocks

Paleogene-Quaternary

Cretaceous-Triassic

Carboniferous-Cambrian

Permian

Granite

Proterozoic

Sample location

CLX64 66 67
13YZ15

13YZ17
13YZ29/30

13YZ26
13YZ27

AW08

AE02
AW06

AW07

13ZX19

13ZX18

13ZX02

N

0 20km

Xinping

Jingdong

South China 

Mojiang

Jiangcheng

Lvchun

Yuanyang

Jinping

Gejiu

Mile

HongheIndochina

1

5

6

31 Red River Fault

2 Ailaoshan Fault

3 Sanjiahe Fault

5 Anding-Jiujia Fault
6 Lixianjiang-Amojiang Fault

4 Tengtiaohe Fault

Tertiary Strike-Slip Fault

Ailaoshan Suture

Shuanggou
2

4
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are indicated (modified from Wang et al., 2014; Xia et al. 2016).
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exposure is very limited. We noted that a single 
formation distributed on both sides of a tectonic 
belt is generally not the case in most areas, and 
three units were identified based on the detrital 
zircon data in this study. Therefore, the so-called 
Longtan Formation in the study area should be 
divided into members. West of the Ailaoshan 
suture, the formation is mainly exposed in the 
Jingdong and Lvchun-Jiangcheng areas. East of 
the suture, the formation is mainly exposed in 
the Gejiu-Mile area in the western Yangtze block 
(Fig. 2). Sampling in this study was conducted 
in the Longtan Formation on both sides of the 
Ailaoshan suture (Figs. 2 and 3). In the western 
side of the suture, we collected 14 samples in the 
Lvchun-Jiangchen (CLX64, CLX67, CLX66, 
13YZ17, 13YZ26, 13YZ27, 13YZ15, 13YZ29, 
and 13YZ30) and in the Jingdong (AE02, 
AW06, AW07, AW08, AW10) area. In the sam-
pling area, the Longtan Formation overlies the 
Lower Carboniferous sequences along a paral-
lel unconformity (Fig. 3). The lower part of the 
Longtan Formation consists of shale-sandstone 
interbeds, limestone lenses, and coal seams. The 
middle part of the Longtan Formation is com-
posed mainly of feldspathic lithic sandstone 
interbedded with sandy shale in the north, and 
mainly tuff in the south. The upper part of the 
Longtan Formation consists of sandy shale in-
terbedded with sandstone, limestone, and coal 

seams. The Changxing Formation, dominantly 
limestone, conformably overlies the Longtan 
Formation. Comparatively, there are fewer Up-
per Permian sedimentary rocks to the east of the 
Ailaoshan suture, and our three samples were 
collected in the Gejiu (13ZX18 and 13ZX19) 
and Mile (13ZX02) areas. The Longtan Forma-
tion rocks in Mile comprise mainly sandy shale, 
siltstone, and fine sandstone interbedded with 
sandy limestone, whereas those in Gejiu com-
prise mainly carbonaceous shale interbedded 
with coal seams. The Longtan Formation east 
of the suture is unconformably underlain by the 
Emeishan basalt or Upper Triassic sequences 
(Fig. 3). Quartz is the most abundant mineral in 
all the samples, and volcanic lithic clasts can be 
found in some samples. Detailed sample descrip-
tions are summarized in Table 1, and thin section 
microphotographs are shown in Figure 4.

ANALYTICAL METHODS

Detrital zircons of each sample were separated 
from ∼5 kg crushed samples using conventional 
magnetic and heavy liquid techniques, and indi-
vidual grains were handpicked under a binocular 
microscope. In total, 200 (out of >500) zircons 
for each sample were randomly selected, mount-
ed in epoxy resin, and polished to approximately 
half of the original thickness. The zircons were 

studied under transmitted and reflected light be-
fore analyses in order to avoid cracks or inclu-
sions. Cathodoluminescence (CL) images were 
obtained to characterize zircon internal structure 
for isotope analysis spot selection (Fig. 5).

Zircon U-Pb Dating

The detrital zircon U-Pb dating was conducted 
using a Neptune Plus multicollector–inductively 
coupled plasma–mass spectrometer (MC-ICP-
MS) coupled with a RESOlution M-50 193 nm 
laser-ablation (LA) system at the State Key Lab-
oratory of Isotope Geochemistry, Guangzhou 
Institute of Geochemistry, Chinese Academy 
of Sciences (GIGCAS). Device configurations 
were described in detail by Xia et  al. (2013). 
Laser ablation was conducted with a 24 µm or 
33 µm spot size, 4 Hz frequency, and 2 J/cm2 
energy density. Helium gas was used as a carrier 
gas. Each spot analysis included an ∼30 s blank 
measurement and 30 s sample data acquisition. 
The raw count rates of 202Hg, 204Pb, 206Pb, 207Pb, 
208Pb, 232Th, and 238U were measured. Due to the 
very low 204Pb count and the interference from 
204Hg, the common Pb could not be accurately 
measured, and thus no common Pb correction 
was carried out. The U-Th-Pb ratio and the abso-
lute U abundance were calibrated using Harvard 
Zircon 91500 (Wiedenbeck et  al., 1995). The 
zircon standard Plesovice (Sláma et al., 2008) 
was used to monitor the analytical results. The 
U-Pb analyses always yielded ages within 3% of 
their suggested value. All age calculations and 
concordia diagram production were performed 
with Isoplot 3.0 (Ludwig, 2003).

Lu-Hf Isotope Analysis

Same as the U-Pb dating, the in situ Hf iso-
tope analysis was carried out using the LA-MC-
ICP-MS at the State Key Laboratory of Isotope 
Geochemistry, GIGCAS. Lu-Hf isotope mea-
surements were conducted on the same spot or 
the same age domain as the U-Pb analysis rec-
ognized by CL imaging, and only those grains 
with concordant U-Pb ages (discordance <5%) 
were selected for Lu-Hf isotope analyses. The 
analytical conditions included 45 µm ablation 
spot size, 6 Hz repetition rate, ∼4 J/cm2 energy 
density, and a 30 s ablation time. The mass ob-
tained for Hf isotopes was 180 ∼175, 173, and 
171. The measured isotope ratio of 176Hf /177Hf 
was normalized to 179Hf/177Hf = 0.7325 using 
an exponential law. The detailed data reduction 
procedure was reported in Xia et al. (2011). The 
isotope interference of 176Yb and 176Lu to 176Hf 
was corrected by monitoring 173Yb and 175Lu, re-
spectively. The in situ measured 173Yb/171Yb ratio 
was used for mass bias correction of Yb and Lu, 

Figure  3. Simplified 
Carboniferous–Trias-
sic stratigraphy at the 
Lvchun-Jiangcheng and 
Jingdong areas (west of 
the Ailaoshan suture) 
and the Gejiu-Mile area 
(east of the Ailaoshan 
suture) (modified from 
YNGMR, 1990). Relative 
stratigraphic positions of 
the samples in this study 
are indicated.
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since these two elements have similar physico-
chemical properties. The ratios used for the cor-
rection were 0.7963 for 176Yb/173Yb and 0.02655 
for 176Lu/175Lu (Vervoort et al., 2004). The zircon 
standard Penglai (Li et al., 2010) was analyzed 
twice every hour to check the reliability of the 
method. The results were always within ± 1.5µ 
Hf of the recommended values. The decay 
constant of 1.867 × 10–11/yr for 176Lu (Scherer 
et  al., 2001), the current chondrite values of 
176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 
(Bouvier et  al., 2008), and the zircon age ob-
tained by the previous U-Pb dating were used to 
calculate εHf(t). Two types of Hf-model ages, TDM 
and TC

DM, were calculated from the U-Pb age and 
the Lu-Hf isotope measurements for zircons. The 
single-stage model age (TDM), representing the 
minimum age of the zircon parent magma, was 
calculated relative to the depleted mantle with 

the current values (176Lu/177Hf)DM = 0.0384 and 
(176Hf/177Hf)DM = 0.28325 (Griffin et al., 2000). 
The two-stage model age (TC

DM) was calculated 
with the assumption that the zircon parent mag-
ma was produced by the average continental crust 
(176Lu/177Hf = 0.015) derived from a depleted 
mantle source, which we consider to be a more 
realistic age estimation of the magma source.

Oxygen Isotope Analysis

Zircon oxygen isotopes were measured us-
ing the CAMECA IMS1280-HR secondary 
ion mass spectrometer (SIMS) at the State Key 
Laboratory of Isotope Geochemistry, GIGCAS. 
The detailed procedures were same as those de-
scribed by Yang et al. (2018). The 133Cs+ pri-
mary ion beam with an intensity of ∼2 nA was 
accelerated at 10 kV and focused on an area of Φ 

10 µm on the sample surface, and the size of the 
analysis spot was ∼20 µm in diameter (10 µm 
beam diameter + 10 µm raster). Two off-axis 
Faraday cups were used to measure oxygen iso-
topes in a multicollector mode. The total analysis 
time for each spot was ∼3.5 min, including 30 s 
of presputtering, 120 s of secondary beam auto-
matic tuning, and 64 s of analysis. The oxygen 
isotope data were corrected for the instrument 
mass fraction (IMF) using the Penglai zircon 
standard (δ18OVSMOW = 5.3‰, where VSMOW 
is Vienna standard mean ocean water; Li et al., 
2010). The internal precision of a single analysis 
is usually ∼0.1‰ (1σ) for the 18O/16O ratio. The 
external precision of the point-to-point repro-
ducibility measurement by repeating the Peng-
lai standard was 0.30‰ (2σ, n = 24) for data 
evaluation. In this study, a δ18O weighted aver-
age of 5.60‰ ± 0.10‰ (2σ) was obtained for 

TABLE 1. SAMPLING LOCATIONS AND PETROGRAPHIC FEATURES OF THE SAMPLES

Sample Latitude
(°N)

Longitude
(°E)

Lithology Strata age Mineral composition Brief description

Lvchun-Jiangcheng
CLX64 22°55.177′ 101°56.468′ Mudstone L. Permian Quartz (30%–40%), feldspar (15%–20%),

mica (15%–20%), and matrix (30%–40).
Low-grade metamorphic.

CLX66 22°51.386′ 101°57.367′ Siltstone L. Permian Quartz (30%–40%), feldspar (15%–20%),
mica (5%–10%), and matrix (30%–41).

Fine-grained, subrounded, 
moderately sorted.

CLX67 22°50.900′ 101°56.481′ Arkose L. Permian Quartz (55%–65%), feldspar (25%–30%),
mica (0%–5%), lithic fragments (0%–15%), 

and minor heavy mineral.

Medium-grained, 
subrounded to rounded, 

moderately sorted.
13YZ15 22°59.089′ 101°56.501′ Lithic sandstone L. Permian Sedimentary and volcanic lithic clasts 

(60%–70%), and matrix (10%–15%).
Fine- to medium-grained, 

subangular to subrounded, 
moderately to poorly sorted.

13YZ17 22°51.377′ 101°57.273′ Arkose L. Permian Quartz (65%–70%), feldspar (20%–25%), 
and lithic fragments (0%–10%).

Medium-grained, 
subrounded to rounded, 

moderately sorted.
13YZ26 22°32.174′ 102°13.484′ Lithic sandstone L. Permian Quartz (65%–70%), feldspar (5%–10%), and 

lithic fragments (15%–20%).
Medium-grained, 

subrounded to rounded, 
moderately sorted.

13YZ27 22°27.400′ 101°53.720′ Arkose L. Permian Quartz (65%–70%), feldspar (20%–25%), 
and lithic fragments (0%–10%).

Medium-grained, 
subrounded to rounded, 

moderately sorted.
Jingdong
AE02 24°56.370′ 100°47.470′ Quartz arenites L. Permian Quartz (∼90%), feldspar (∼5%), and minor 

heavy minerals.
Medium-grained, 

subrounded to rounded, well 
to moderately sorted.

AW06 24°51.429′ 100°46.705′ Siltstone L. Permian Quartz (30%–40%), feldspar (15%–20%), 
mica (5%–10%), and matrix (30%–40%).

Fine-grained, subrounded, 
moderately sorted.

AW07 24°51.160′ 100°46.101′ Lithic sandstone L. Permian Quartz (60%–65%), sedimentary and 
volcanic lithic clasts (60%–70%), and matrix 

(5%–10%).

Low-grade metamorphic.

AW08 24°36.127′ 100°53.476′ Lithic sandstone L. Permian Quartz (5%–10%), sedimentary and 
volcanic lithic clasts (60%–70%), and matrix 

(10%–15%).

Fine- to medium-grained, 
subrounded, poorly sorted.

13YZ29 23°00.513′ 101°04.223′ Lithic sandstone L. Permian Quartz (5%–10%), sedimentary and 
volcanic lithic clasts (60%–70%), and matrix 

(10%–15%).

Fine- to medium-grained, 
subrounded, poorly sorted.

AW10 24°34.701′ 100°54.765′ Quartz arenites L. Permian Quartz (∼90%), feldspar (∼5%), and minor 
heavy minerals.

Medium-grained, 
subrounded to rounded, well 

to moderately sorted.
13YZ30 23°07.659′ 101°01.607′ Lithic sandstone L. Permian Quartz (5%–10%), sedimentary and 

volcanic lithic clasts (60%–70%), and matrix 
(10%–15%).

Fine- to medium-grained, 
subrounded, poorly sorted.

Gejiu
13ZX18 23°37.936′ 103°24.062′ Siltstone L. Permian Quartz (80%–85%), feldspar (0%–10%), and 

matrix (0%–10%).
Medium-grained, 

subrounded to rounded, well 
to moderately sorted.

13ZX19 23°40.561′ 103°27.930′ Siltstone L. Permian Quartz (∼80%), feldspar (∼5%), and matrix 
(5%–10%).

Medium-grained, 
subrounded to rounded, well 

to moderately sorted.
Mile
13ZX02 24°22.162′ 103°24.738′ Siltstone L. Permian Quartz (30%–40%), feldspar (15%–20%),

mica (5%–10%), and lithic fragments 
(30%–40%).

Fine-grained, subrounded, 
moderately sorted.
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15 measurements of the Qinghu zircon standard, 
which is within analytical error of the recom-
mended value (5.4‰ ± 0.2‰; Li et al., 2013).

RESULTS

LA-MC-ICP-MS detrital zircon U-Pb age data 
for the 17 analyzed samples are listed in Table 
DR1 and illustrated in Figures DR1 and DR2 as 
supplementary materials.1 The age probability 
plots (Fig. DR2) were constructed based on their 
207Pb/206Pb ages when their ages were older than 
1000 Ma; otherwise, their 238U/206Pb ages were 
used, which provide a more reliable zircon age 
estimation. Zircons were mostly colorless and 

transparent. Most of the zircons showed clear 
oscillatory CL zoning without inherited cores or 
overgrowth rims and had high Th/U ratios (Fig. 5; 
Table DR1), indicating their magmatic origin. 
The detrital zircon Hf-O isotope data are listed in 
Tables DR2 and DR3 as supplementary materials 
(see footnote 1). According to their detrital zircon 
age and Hf-O isotope features, the sedimentary 
rock samples can be divided into three units.

Unit 1: Multimodal Zircon Populations

Unit 1 clastic rock samples are mainly lithic-
feldspar sandstone (CLX64, CLX66, CLX67, 
13YZ17, 13YZ26, 13YZ27, AW06; Fig.  4A) 
with minor quartz arenite (AE02, AW10; 
Fig. 4B). Detrital zircons from the former are 
more angular than those from the latter (Fig. 5). 
These rock samples contain detrital zircon ages 
up to 3559 Ma, with major age peaks at 290–

250 Ma and minor peaks at 420 Ma, 800 Ma, 
and 1800 Ma (Fig.  6; Figs.  DR1–DR2 [foot-
note 1]). For the majority of the zircons (i.e., those 
290–250 Ma), the εHf(t) values are both positive 
and negative (–19.88 to + 16.79; Fig. 7; Table 
DR2 [footnote 1]), with δ18O values from + 5‰ 
to + 11‰ (Fig. 8; Table DR3 [footnote 1]).

Unit 2: Unimodal Zircon Population (Peak 
at 250 Ma)

Unit 2 clastic rock samples comprise main-
ly lithic sandstone (AW07, AW08, 13YZ15, 
13YZ29, and 13YZ30; Fig. 4C), and the lithic 
fragments are mainly volcanic, indicating a prox-
imal volcanic provenance. The zircons are all 
euhedral, and their age spectrum shows a distinct 
single peak at 250 Ma and contains few older zir-
cons (Fig. 6; Fig. DR2 [footnote 1]). The εHf(t) 
values from unit 2 zircons are also both positive 
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Figure 4. Thin section microphotographs of the Longtan samples (cross-polar). (A) Sample CLX67 (arkose). (B) Sample AW10 
(quartz arenite). (C) Sample AW07 (lithic sandstone); (D) Sample 13ZX19 (siltstone). Abbreviations for minerals: Q—quartz; 
Pl—plagioclase; R—rock fragments.

1GSA Data Repository item 2019346, Tables 
DR1–DR3, and Figures DR1 and DR2, is available 
at http://www.geosociety.org/datarepository/2019 or 
by request to editing@geosociety.org.
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and negative (–29.19 to + 8.97; Fig. 7; Table DR2 
[footnote 1]). For those zircons with an age of 
ca. 250 Ma, their εHf(t) values are similar to those 
from unit 1, although a few grains from unit 1 had 
higher εHf(t) up to depleted mantle values (Fig. 7). 
The δ18O values of unit 2 zircons (+4‰ to + 9‰) 
are similar to those of unit 1 (+5‰ to + 11‰; 
Fig. 8; Table DR3 [footnote 1]).

Unit 3: Unimodal Zircon Population (Peak 
at 240 Ma)

Unit 3 samples were all from the eastern side of 
the Ailaoshan suture and consisted of moderately 
sorted siltstone (13ZX02, 13ZX18, and 13ZX19; 
Fig. 4D). The zircons ranged from euhedral to 
anhedral (Figs. 5I and 5K), with ages ranging ca. 
744–229 Ma (peak at 240 Ma; Fig. 6; Figs. DR1–
DR2 [footnote 1]). The εHf(t) values ranged from 
negative to positive (–15.27 to + 8.96; Fig.  7; 
Table DR3 [footnote 1]). No oxygen isotope data 
were obtained for unit 3 zircons.

DISCUSSION

Permian Volcanic Arc in the Eastern 
Margin of the Indochina Block

Sedimentary basins in convergent margins are 
characterized by a higher proportion of detrital 
zircons with ages close to the sediment deposi-

tion age, which is different from collisional/ex-
tensional-related sedimentary basins, where the 
majority of the detrital zircons are much older 
than the sediment deposition age (Fedo et al., 
2003; Escayola et al., 2007). In addition, forearc 
basins are distinct in terms of their unimodal 
detrital zircon population with ages close to the 
sediment deposition age (DeGraaff-Surpless 
et al., 2002; Wu et al., 2010; Decou et al., 2013).

Although the suture line between the South 
China and Indochina blocks has been proposed 
to be the Lixianjiang fault (Chung et al., 1997), 
recent research has relocated it to be the ophiolite 
belt (Wang et al., 2014) or its adjacent Ailaoshan-
Tengtiaohe fault (Xia et al., 2016). Unit 1 and 
2 samples were collected from west of the both 
the ophiolite belt and the Ailaoshan-Tengtiaohe 
fault, and so they represent the sediments depos-
ited at the eastern margin of the Indochina block. 
Each sample yielded an average of 60 concordant 
ages (>90%). Most of the 290–250 Ma zircons 
in this study were subhedral, implying medium-
distance transportation. Considering that samples 
13YZ15, 13YZ26, 13YZ29, 13YZ30, AW07, 
and AW08 contain variable portions of lithic 
clasts, some of which are obviously volcanic 
clasts (Table 1), consistent with the interpretation 
that sediments were sourced from a proximal arc 
system, we propose that the western Ailaoshan 
volcanic arcs may represent a likely detrital 
source for these sedimentary rock samples. 

Permian arc-related igneous rocks have been 
reported in the Taizhong-Lixianjiang (Wei and 
Shen, 1997; Liu et al., 2011) and Wusu-Yaxuan-
qiao (Fan et al., 2010) areas on the western mar-
gin of the Indochina-Simao block. The Taizhong-
Lixianjiang arc-related igneous rocks were dated 
to be Middle Permian to Triassic. The Wusu and 
Yaxuanqiao volcanic rocks, which show an arc 
or mature back-arc basin (mid-ocean-ridge basalt 
[MORB]–like) geochemical affinity, were dated 
to be Permian (288–265 Ma). These rocks sug-
gest continuous Middle Permian to Late Triassic 
subduction along the eastern margin of the Indo-
china block (Liu et al., 2011).

As mentioned above, unit 2 samples have a un-
imodal detrital zircon age distribution. They were 
likely deposited in a forearc basin (DeGraaff-
Surpless et al., 2002; Wu et al., 2010; Decou et al., 
2013), with their detritus mainly derived from the 
local Taizhong-Lixianjiang volcanic arc system 
(Fig. 9A). Compared with unit 2, unit 1 samples 
contain larger amounts of older zircons (minor 
peaks at 430–400 Ma, 950 Ma, and 1830 Ma; 
Fig. 6). As noted by previous studies, Ordovi-
cian–Silurian mafic-felsic rocks are extensively 
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exposed on the western edge of the Indochina-
Simao block (e.g., Lehmann et al., 2013), and in 
central Vietnam (e.g., Tran et al., 2014). Although 
fewer 1000–900 Ma igneous rocks have been rec-
ognized in the Indochina block, previous detrital 
zircon studies on Silurian–Triassic and modern 
river sediments from this block and inherited-
xenocrystic zircons from a Triassic granite have 
indicated pronounced age peaks at ca. 439, 957, 
and 1847 Ma, and their Hf isotope data are simi-
lar to our results (Burrett et al., 2014; Wang et al., 
2014; Xia et al., 2016). Therefore, Precambrian 
zircons were possibly sourced from recycled 
older sediments. Considering that the sediments 
from unit 1 show a higher textural maturity than 
their unit 2 counterparts (Figs. 4 and 5), we sug-
gest that the unit 1 detritus may have been derived 
mainly from the Taizhong-Lixianjiang volcanic 
arcs, with minor contributions from the Indochina 
block (Usuki et al., 2013; Burrett et al., 2014); 
this points to a probable back-arc basin setting for 
the sediment deposition (Fig. 9A).

Middle Triassic Volcanic Arc in the Western 
Margin of the South China Block

Unit 3 samples (13ZX02, 13ZX18, and 
13ZX19) all come from east of the Ailaoshan 
suture. Most of the detrital zircons were euhedral 
to subhedral, indicating a proximal provenance. 
The unimodal detrital zircon age population (ca. 
240 Ma; Fig. 6) suggests a probable forearc basin 
setting (Cawood et al., 2012). Because all three 
samples were subrounded to rounded and well to 
moderately sorted, and lithic fragments occurred 
in the samples, we favor the interpretation that 
they were deposited in an unstable hydrody-
namic environment with a proximal arc source, 
not a long-distance source. Although coeval arc-
related igneous rocks have not been reported in 
the western margin of the South China block, our 
recent work has identified some Middle Triassic 
(ca. 237–235 Ma) gabbroic diorites and granodi-
orites in the Ailaoshan high-grade metamorphic 
belt, which have arc affinity and may represent 

relict of a Triassic island arc providing detritus to 
unit 3. Therefore, it is possible that the volcanic 
arc was mostly eroded, buried, or magmatically 
recycled, probably during the Cenozoic India-
Asia collision and postcollisional extension.

Considering that the sampling area of this unit 
(Gejiu and Mile) is very close to (or within) the 
Emeishan large igneous province, another pos-
sibility arises that unit 3 sediments could have 
incorporated the Emeishan large igneous prov-
ince–derived zircons, such as zircons from 238 
to 260 Ma A-type granites and rhyolitic tuff (Xu 
et al., 2008). Although the age range overlaps 
with our unit 3 zircons, most granitoids associ-
ated with the Emeishan large igneous province 
have an age peak at ca. 260 Ma, which is signifi-
cantly older than that for our unit 3 zircon. Also, 
most of the Emeishan large igneous province–
derived ca. 260 Ma zircons show positive εHf(t) 
values (Xu et al., 2008), which are obviously dif-
ferent from unit 3 zircons of this study. Although 
ca. 238 Ma rhyolitic tuff has a very consistent 
age and similar εHf(t) values to those of our unit 
3 zircons, there are very few occurrences in the 
Emeishan large igneous province, and it cannot 
be the source of unit 3. As stated by Xu et al. 
(2008), it is not easy to evaluate whether these 
rhyolitic tuffs were related to the Emeishan large 
igneous province or not. Circa 250 Ma volcanic 
ash beds are widely distributed in South China 
and have also been interpreted to be a result of 
the closure of the Paleo-Tethys Ocean (Yang 
et al., 2012; Gao et al., 2015), although different 
opinions exist (Xu et al., 2007).

Bipolar Subduction of the Ailaoshan 
Paleotethys Branch

As mentioned above, the subduction polarity 
of the Ailaoshan Ocean remains controversial, 
i.e., west-dipping beneath Indochina or east-dip-
ping beneath South China. Workers who favor 
the former have suggested that the Taizhong-
Lixianjiang volcanic arcs are evidence for sub-
duction beneath the Indochina block (Wei and 
Shen, 1997). In contrast, workers who favor the 
latter suggest that the paired metamorphic belts 
in eastern Ailaoshan (Duan and Hong, 1981), 
with the medium- to high-temperature belt lo-
cated northeast of the low-temperature and me-
dium- to high-pressure belt, indicate a northeast-
dipping subduction.

Due to the lack of direct arc-related magmat-
ic evidence on the western margin of the South 
China block, and the structural disruption im-
posed by the Cenozoic India-Asia collision, the 
east-dipping hypothesis has been less favored 
in the literature. Our previous detrital zircon 
U-Pb data on the Middle Triassic sequence in 
the suture showed a similar U-Pb age pattern as 

Figure  7. Plot of εHf(t) 
vs. age (Ma) for the de-
trital zircons from the 
Longtan Formation. Hf-
isotope evolution line 
for depleted mantle fol-
lows Griffin et al. (2000). 
CHUR—chondritic uni-
form reservoir.

Figure  8. δ18O vs. age 
(Ma) plot for the detrital 
zircons from the Long-
tan Formation.
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that of the Longtan Formation east of the suture, 
which also indicates that a possible arc system 
developed along the west margin of the South 
China block (Xu et al., 2019b). However, it can 
be argued that the Middle Triassic sequence was 
possibly deposited after the ocean closed, and 
those detrital zircons may have come from the 
Taizhong-Lixianjiang arc, developed along the 
east margin of the Indochina block. Therefore, 
this study presents the first evidence on the prob-
able existence of an eroded arc in western South 
China. The distinct ca. 240 Ma detrital zircon 
age peak suggests that this subduction-related 
arc magmatism was likely active during the 
Middle Triassic (Fig. 9B), consistent with some 
suggestions that the Ailaoshan Ocean was com-
pletely closed by the Late Triassic (Huang and 
Opdyke, 2016; Xu et al., 2019c). Recent studies 
have proposed that southeast (SE) Guangxi was 
possibly a part of the eastern Paleo-Tethys, and 
Permian to Triassic igneous rocks in the area 
were a product of east (north) subduction of the 
east Paleo-Tethys Ocean (e.g., Li et al., 2016), 
although some previous studies assigned them 
to be a product of westward subduction of the 
Pacific block (Li et  al., 2006). Detrital zircon 
provenance analyses for the Permian to Triassic 
strata in the area also indicated a Permian arc 
system associated with the eastward subduction 
of the east Paleo-Tethys Ocean (e.g., Yang et al., 
2012; Hou et al., 2017). Therefore, the Ailaoshan 
Ocean may have started its eastward subduction 

in the Permian (Fig. 9A). Thus, our new results 
and previous data from SE Guangxi consistently 
indicate that east (north) subduction of the Paleo-
Tethys Ocean in southwest China did exist, and 
more attention must be paid in any attempt to 
reconstruct the Paleozoic to Mesozoic tectonic 
evolution of the South China block in the fu-
ture, which has been mostly ignored in previ-
ous studies.

CONCLUSIONS

Our detrital zircon U-Pb age and Hf-O iso-
tope data for the Longtan Formation indicated 
that it can be divided into three units: Unit 1 is 
distributed to the west of the suture and domi-
nates the area, and it contains major age peaks at 
290–250 Ma and minor multiple old age peaks. 
Unit 2 consists of a minor distribution west of 
the suture, and it shows a dominant 250 Ma age 
peak; old zircons are very few or not present. Hf 
and O isotopic signatures of unit 2 samples are 
similar to those of unit 1. Unit 3 is distributed 
to the east of the suture and is characterized by 
a single distinct ca. 240 Ma age peak with al-
most no Precambrian zircons. Units 1 and 2 were 
likely deposited in a back-arc and forearc basin, 
respectively, and a volcanic arc developed on the 
eastern margin of the Indochina block, similar to 
the present-day northeastern Japan arc. Mean-
while, unit 3 was likely deposited in a forearc 
basin in the western margin of the South China 

block. Therefore, the Ailaoshan Ocean may have 
undergone bipolar subduction both westward 
and eastward beneath the Indochina and South 
China blocks, respectively.
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