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Abstract

The age and duration of the Emeishan basalts (SW China) remain poorly constrained largely due to the severe thermo-
tectonic overprinting of the Ar–Ar system and failure to obtain zircon separates from erupted basalts. In an attempt to solve this
problem, geochemical analyses and SHRIMP zircon U–Pb dating have been carried out on rare felsic ignimbrite in the
uppermost of the Emeishan lava succession, the Xuanwei Formation which immediately overlies the Emeishan basalts and a clay
tuff at the Middle–Late Permian boundary at the Chaotian section. Clastic rocks of the lowermost Xuanwei Formation (Group 1)
in eastern Emeishan large igneous province (LIP) have a geochemical affinity to the Emeishan felsic volcanic rocks, whereas the
overlying sediments (Group 2) are compositionally more akin to mafic components of the Emeishan traps. This is the reverse of
volcanic sequence of the central Emeishan LIP where the felsic extrusives sit above predominant mafic rocks. It is likely that the
clastic rocks are water-transported sediments resulting from erosion of the volcanic rocks in the center of the Emeishan LIP. This
interpretation is further supported by the general agreement between the age of the lowermost Xuanwei Formation (257±4 Ma;
260±5 Ma) and that of the silicic ignimbrite (263±4 Ma) and the clay tuff at the Middle–Late Permian boundary at Chaotian
(260±5 Ma). These ages, interpreted as the termination age of the Emeishan volcanism, are indistinguishable within error from
the Middle–Late Permian boundary age (260.4±0.4 Ma) and the main stage (259–262±3 Ma) of the Emeishan volcanism
inferred from dating of mafic and alkaline intrusions in the Emeishan LIP. All these suggest that the emplacement of the
Emeishan volcanism took place over a very short interval. Moreover, the temporal link and geochemical analyses suggest that
the Chaotian clay at the Middle–Late Permian boundary was genetically related to the Emeishan silicic volcanism. This, together
with the fact at that both the Emeishan basalts and the Chaotian clay rest on the Maokou Formation, leads us to infer that the
Emeishan basalt was emplaced at the Middle–Late Permian boundary. In this sense, the Emeishan volcanism can be regarded as
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a boundary event and its age is presumed at ∼ 260 Ma. Although more precise dating is required, both stratigraphic correlation
and chronologic data presented in this paper lend supports to the notion that the Emeishan volcanism was one of likely causes of
the end-Guadalupian mass extinction.
© 2007 Elsevier B.V. All rights reserved.
Keywords: SHRIMP dating; age and duration; Xuanwei Formation; silicic ignimbrite; clay tuff; Emeishan flood volcanism; end-Guadalupian
mass extinction
1. Introduction

Voluminous flood volcanism is potentially responsi-
ble for global climate change and mass extinction during
geologic time [1–8]. A causative link has been
considerably strengthened by the close temporal
relationship between mass extinctions and large igneous
provinces (LIPs) [2,7,9–12] and the extremely short
eruption interval of flood volcanism that can overwhelm
atmospheric and biospheric system [6]. The best
example came from the Siberian traps, the largest
subaerial volcanic event known on the Earth. Data
suggest that formation of this massive province occurred
at the Permian–Triassic boundary, coincident with the
largest mass extinction event in geological history
[9,10,12].

Another mass extinction event occurred at the
Middle–Late Permian boundary, i.e., the end-Guadalu-
pian event [13,14]. Courtillot et al. [4] and Hallam and
Wignall [15] independently proposed that the end-
Guadalupian mass extinction coincided with the erup-
tion of the lavas that formed the Emeishan LIP in SW
China. To test this proposition, a number of attempts
have been made to establish the age and duration of the
Emeishan flood volcanism [16–22]. Unfortunately,
most of the 40Ar/39Ar radiometric dating yielded
Mesozoic–Cenozoic overprint ages [18,21], which
may be related to the Mesozoic and Cenozoic thermo-
tectonic events in the western Yangtze Craton. Lo et al.
[16] reported the main stage of mafic flood magmatism
at ∼ 251–253 Ma, and subordinate activity at ∼ 255 Ma
by using high-precision Ar–Ar dating on the volcanic
and intrusive rocks of the Emeishan LIP. As a
consequence, they argued for a temporal link with the
Permian–Triassic boundary event. However this in-
ferred main phase is not consistent with the fact that the
Emeishan basalts are sandwiched by Middle Permian
Maokou limestone and Late Permian Luopingian
sediments. Such a stratigraphic correlation suggests
that the Emeishan volcanism occurred during the early
Late Permian [4] or at the Middle–Late Permian
boundary. This discrepancy has been ascribed to
problems associated with the calibration of the age of
monitor standards [7].

So far, the most meaningful age for the Emeishan
flood volcanism was provided by Sensitive High-
Resolution Ion Microprobe (SHRIMP) U–Pb analyses
of zircons separated from mafic and alkaline intrusions
and dykes. Zhou et al. obtained a mean 206U/238Pb age
of 259±3 Ma for zircons from the Xinjie sills, which
were interpreted as part of the feeder system of the main
mafic eruptive phase [17]. This age is identical within
error to that of the Middle–Late Permian boundary,
therefore in support of a temporal linkage with the end-
Guadalupian biotic crisis. Similar zircon U–Pb age
(261±4 Ma) has recently been obtained by Luo et al.
[22] on the nepheline syenite from Maomaogou in
central Emeishan LIP [22]. Guo et al. [20] obtained a
slightly older age of 262±3 Ma on the zircons from
dykes that intruded Devonian strata in western Sichuan
and they interpreted this age as the onset of the flood
volcanism. While the consistency between these ages
and stratigraphic correlations highlights the usefulness
of U–Pb zircon dating techniques in establishing the
temporal framework of the LIPs, to the exact timing and
duration of the Emeishan volcanism remains uncertain.
The main problem is that the geologic significance of
the dated material is unclear and whether intrusions (i.e.,
mafic sills and dykes) represent single or multiple events
during the flood volcanic episode.

Severe thermo-tectonic overprinting of the Ar–Ar
system and failure to obtain zircon separates from
erupted basalts renders direct dating of the Emeishan
basalts impossible at this stage. For this reason, rare
felsic member occurring in the uppermost Emeishan
basalts, the Xuanwei Formation which immediately
overlies the Emeishan basalts and a clay tuff at the
Middle–Late Permian boundary at the Chaotian section
have been targeted for geochemical and SHRIMP zircon
U–Pb analyses. In particular, the Xuanwei Formation
(with thickness of 78–286 m and an average of
∼ 200 m) is distributed systematically around the
elliptical, Chuandian paleosurface in the center of the
Emeishan LIP (Fig. 1b) [23,24], which most likely
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formed as a consequence of plume-induced domal uplift
[23]. It is thus possible that the formation of the
Xuanwei Formation was related to erosion of the
Emeishan volcanic rocks in the center of the province
due to uplift of the Chuandian paleosurface [e.g., 25,26].
If this is the case, examination of the Xuanwei
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Formation could yield information about the pre-
erosional lithologic components of the Emeishan
volcanic rocks in the central LIP and eventually the
timing of termination of the Emeishan flood volcanism.
On the basis of geochemical evaluation, it will be shown
that lowermost part of terrigenous Xuanwei sediments
in the eastern Emeishan LIP were derived by erosion of
the felsic member of the central Emeishan LIP.
Consequently, the SHRIMP zircon U–Pb ages of the
lowermost Xuanwei Formation and felsic member in
uppermost Emeishan basalts provides constraints on the
timing of termination of the Emeishan flood volcanism.
This absolute age and relative temporal relationship,
together with age (260.4±0.4 Ma) of the Middle–Late
Permian boundary [27], has implications for the
duration of Emeishan flood volcanism and relationships
to the late Permian mass extinctions.

2. Geological background and sampling

The Emeishan LIP in SW China, which consists of
massive flood basalts and numerous contemporaneous
mafic and felsic intrusions, covers an area of more than
2.5×105 km2 with a total thickness ranging from several
hundred meters up to 5 km [28]. The relatively small
exposure is most likely related to major disruption of the
former igneous province along the Ailaoshan–Red
River fault and the Longmenshan thrust belt [4,29]
and subduction in the western Yangtze during closure of
the paleoTethyan ocean [30]. The Emeishan flood
volcanism succession comprises predominantly basaltic
flows and pyroclastic deposits, with minor amounts of
picrites and basaltic andesites. In addition, at Binchuan,
where the thickest flood basalt is reported, several thin
interbedded felsic layers form an important member in
the uppermost sequence. So far, these felsic rocks are
not documented in other places, probably due to
intensive erosion in the central part of the LIP [23,24]
(Fig. 1).

In the eastern LIP, the Emeishan basalts overlie the
Middle Permian Maokou Formation, and are, in turn,
overlain by the Late Permian Xuanwei (terrestrial clastic
rocks) and Longtan (marine clastic rocks) Formations,
which are of the Luopingian stage. The age of the top
Fig. 1. (a) Schematic illustration of the geological features of the Emeishan
paleogeography of the Late Permian (after the Emeishan volcanism) in the U
and Early Triassic at four sampling localities in the eastern Emeishan Larg
province; Section B — Seshui, Fuyuan county, Yunnan province; Section C
Guang'an county, Sichuan province. The numbers near the section indica
intermediate and the outer zones, which are defined in terms of extent of ero
boundary of the Maokou Formation is roughly estimat-
ed at 258 Ma [25]. Therefore, stratigraphic data in the
eastern LIP suggests that the Emeishan flood volcanism
was erupted near the end-Guadalupian [4]. Recently, the
age of Middle–Late Permian boundary is reported at
260.4±0.4 Ma [27] at Penglaitan, a global stratotype
section and point (GSSP), which is located ca 400 km
southeast from the Emeishan LIP. This provides a good
reference from which the age of the Emeishan
volcanism can be constrained. However, in most parts
of the Emeishan LIP, the basalts overlie the Middle
Permian Maokou Formation, but are overlain by Upper
Triassic (e.g., the core of the LIP) or Lower Triassic
(e.g., the west of the LIP) sedimentary rocks. Clearly,
the relative time framework in the eastern LIP needs to
be confirmed by radiometric dating which can provide
absolute dates and the duration of the Emeishan
volcanism.

Systematic stratigraphic studies and paleogeographic
reconstructions reveal the presence of an elliptical,
Chuandian paleosurface in the center of the Emeishan
LIP (Fig. 1b) [23,24]. This paleosurface most likely
formed as a consequence of plume-induced domal uplift
and the accumulation of voluminous flood basalts and
was maintained until the Late Triassic [23,24]. As
indicated in Introduction, distribution of the Xuanwei
Formation surrounding the Chuandian paleosurface
suggests a possible genetic link between formation of
the Xuanwei sediments and the erosion of the Emeishan
volcanic rocks in the inner zone. Genesis of the
Xuanwei Formation is therefore the key to define the
pre-erosional lithologic components of the Emeishan
volcanic rocks in the central LIP.

With these in the mind, top to bottom sampling of the
Xuanwei Formation has been carried out at Zhejiao
(Weining county, Guizhou province, Section A, Fig. 1),
Seshui (Fuyuan county, Yunnan Province, Section B,
Fig. 1) and Shawan (Emei county, Sichuan province,
Section C, Fig. 1). In addition, clayey mudstones at the
Middle–Late boundary at Chaotian (Guangyuan city,
Sichuan Province) (Fig. 1) and a silicic ignimbrite in the
uppermost part of Emeishan volcanic succession at
Jiangwei (Eryuan county, Yunnan province) (Fig. 1)
have also been sampled.
large igneous province and the sampling locations; (b) lithofacies and
pper Yangtze Craton; (c) stratigraphic sections the Xuanwei Formation
e igneous province. Section A — Zhejiao, Weining county, Guizhou
— Sawan, Emei county, Sichuan province; Section D — Chaotian,

te the thickness of the units. Dashed lines in (a) separate the inner,
sion of the Maokou Formation [23].



Table 1
Major element composition of the Xuanwei Formation sediments, ignimbrite in the upper sequence of the Emeishan volcanic succession and the clay layer from the Chaotian section (1)

Group 1 Group 2

Section Zhejiao Seshui Shawan Chaotian Zhejiao

Sample ZJ-2 ZJ-3 ZJ-4 ZJ-5 SS-3 SS-4 SS-5 SS-6 SS-7 SS-8 SW-5 SW-6 SW-8 CT-2 ZJ-1 ZJ-6 ZJ-7

SiO2 40.39 35.59 31.83 42.86 56.43 57.79 60.43 59.06 62.43 52.95 40.24 42.11 41.69 31.86 27.62 46.71 42.45
TiO2 1.55 0.85 2.19 3.67 0.68 0.57 0.56 0.79 0.71 0.88 4.99 5.14 4.89 2.13 5.27 6.12 5.08
Al2O3 37.71 46.85 51.27 37.54 23.27 21.13 20.12 18.63 20.18 31.09 34.3 36.58 35.46 22.57 20.41 27.59 36.2
Fe2O3 6.42 1.86 1.42 0.63 7.18 8.09 7.61 8.1 5.86 2.2 6.58 2.62 4.4 3.9 33.64 6.72 2.17
MgO 0.11 0 0.21 0 0.37 0.17 0.21 0.54 0.55 0.51 0.16 0.13 0.22 0.43 3.3 0.22 0
CaO 0.03 0.06 0.04 0.08 0 b0.05 b0.05 b0.05 0.39 0.01 0.09 0.04 0.12 17.55 0.1 0.05 0.05
Na2O 0.11 0.04 0.05 0.03 b0.1 b0.1 0.17 b0.1 b0.1 b0.1 0.4 0.13 0.14 b0.1 0 0 0
K2O 0.05 0.67 0.77 0.15 2.17 0.54 0.65 2.14 2.2 2.24 0.1 0.03 0.04 0.47 0.17 0.68 0.14
MnO 0.01 0 0 0 0.04 0.09 0.04 0.06 0.04 0.03 0.02 0.01 0.03 0 0.12 0.01 0
P2O5 0 0.25 0.02 0.22 0.15 0.1 0.08 0.04 0.04 0.11 0.04 0.02 0.12 0.02 0.54 0.11 0.08
LOI 14.04 13.64 12.76 14.24 9.85 11.62 10.42 10.46 7.37 9.76 13.2 13.08 12.47 20.75 9.8 10.88 13.2
Total 100.42 100.05 100.55 99.42 100.15 100.1 100.31 99.82 99.75 99.79 100.13 99.88 99.56 99.68 100.97 99.09 99.37
KAT 24.39 55.05 23.44 10.24 34.03 37.06 35.67 23.54 28.52 35.21 6.87 7.11 7.25 10.59 3.87 4.51 7.13
KAT=Al2O3/TiO2

Major element composition of the Xuanwei Formation sediments, ignimbrite in the upper sequence of the Emeishan volcanic succession and the clay layer from the Chaotian section (2)

Group 2

Section Zhejiao

Sample ZJ-8 ZJ-9 ZJ-10 ZJ-11 ZJ-12 ZJ-13 ZJ-14 ZJ-15 ZJ-16 ZJ-17 ZJ-18 ZJ-19 ZJ-20 ZJ-21 ZJ-22 ZJ-23 ZJ-24 ZJ-25

SiO2 52.86 22.79 45.28 43 61.44 46.8 53.46 39.33 51.22 46.03 45.63 49.92 48.83 55.58 47.07 48.62 55.85 53.32
TiO2 3.4 1.95 4.51 5.11 3.09 6.26 4 5.03 3.37 5.32 3.06 6.09 5.8 5.2 6.32 6.21 3.83 4.72
Al2O3 15.63 10.82 20.85 23.78 13.35 31.06 21.3 22.16 14.68 23.71 15.17 25.43 28.46 25.08 27.72 30.81 25.37 22.19
Fe2O3 15.46 14.77 14.37 13.56 12.53 2.23 4.1 18.85 15.98 10.93 25.73 4.21 1.61 1.54 3.89 2.58 2.45 6.98
MgO 1.57 1.37 1.41 0.95 1.46 0.36 0.56 0.9 1.74 0.9 2.88 0.63 0.52 0.57 0.46 0.37 0.37 0.6
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CaO 0.33 24.69 0.27 0.28 0.03 0.03 0.3 0.08 0.81 0.42 0.78 0.23 0.19 0.3 0.31 0.18 0.24 0.33
Na2O 0 0.63 0 0 0 0 0.22 0 0.59 0 0.54 0 0 0 0.31 0 0.06 0.06
K2O 0.89 0.24 1.25 1.1 0.7 0.46 1.17 0.63 0.67 0.84 0.07 0.86 0.93 1.5 0.48 0.97 1.34 1.68
MnO 0.07 1.06 0.13 0.01 0.05 0 0 0.03 0.1 0.02 0.07 0 0 0 0.01 0.01 0.03 0.02
P2O5 0.31 0.21 0.35 0.05 0.28 0.08 0.09 0.08 0.34 0.06 0.34 0.06 0.07 0.05 0.15 0.11 0.1 0.08
LOI 9.62 21.98 11.57 12.01 7.67 12.3 14.46 12.61 9.93 11.91 6.58 11.93 12.87 9.44 12.69 10.75 9.61 9.92
Total 100.13 100.5 99.99 99.86 100.61 99.58 99.66 99.7 99.43 100.16 100.86 99.35 99.27 99.28 99.4 100.61 99.26 99.9
KAT 4.6 5.54 4.63 4.65 4.32 4.96 5.33 4.4 4.36 4.45 4.96 4.18 4.91 4.82 4.39 4.96 6.62 4.7
KAT=Al2O3/TiO2

Major element composition of the Xuanwei Formation sediments, ignimbrite in the upper sequence of the Emeishan volcanic succession and the clay layer from the Chaotian Section (3)

Group 2 Ignimbrite

Section Zhejiao Seshui Shawan Jiangwei

Sample ZJ-26 ZJ-29 ZJ-31 SS-1 SS-2 SS-9 SS-10 SS-11 SS-12 SW-1 SW-3 SW-4 SW-9 SW-14 SW-15 SW-16 JW-1

SiO2 53.02 53.6 39.59 43.01 37.78 55.39 48.8 45.13 42.49 28.03 23.73 41.61 40.15 43.98 40.98 58.93 79.57
TiO2 3 3.22 4.7 7.36 7.16 4.6 5.5 5.43 7.55 7.72 6.2 9.11 5.26 5.3 3.25 2.88 0.39
Al2O3 16.21 15.07 18.56 30.38 26.42 22.69 29.71 33.66 32.84 23.36 19.74 32.96 30.47 36.12 12.93 13.04 12.7
Fe2O3 13.94 13.49 24.37 6.91 12.11 3.77 5.12 3.41 3.38 27.32 39.09 3.55 11.12 0.62 13.46 9.9 2.37
MgO 4.37 4.61 1.69 0.32 0.18 0.89 0.32 0.22 0.19 0.79 0.35 0.21 0.23 0.08 3.44 4.36 0.21
CaO 2.63 2.51 0.04 b0.05 b0.05 0 0.03 0.04 0.05 1.63 1.47 0.16 0.16 0.09 11.66 2.41 0.12
Na2O 2.83 3.77 0.04 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 0.53 5.11 b0.1
K2O 0.67 0.64 1.83 0.19 0.13 1.3 0.76 0.17 0.08 0.13 0.2 0.02 0.12 0.01 1.19 0.16 2.66
MnO 0.14 0.16 0.09 0.01 0 0.01 0.01 0.01 0.01 0.08 0.05 0.02 0.01 0.03 0.31 0.2 0
P2O5 0.35 0.28 0.53 0.06 0.07 0.08 0.11 0.09 0.09 1.04 0.93 0.13 0.08 0.06 0.27 0.24 0.01
LOI 2.38 3.17 9.35 12.05 15.86 10.91 9.77 12.18 12.38 10.11 7.95 12.28 12.53 13.13 12.47 2.48 2.43
Total 99.54 100.5 100.78 100.29 99.7 99.64 100.13 100.35 99.06 100.21 99.71 100.04 100.14 99.42 100.48 99.71 100.46
KAT 5.4 4.69 3.95 4.13 3.69 4.93 5.4 6.19 4.35 3.03 3.18 3.62 5.79 6.82 3.98 4.53 32.18

KAT=Al2O3/TiO2.
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3. Analytical methods

Sixty-seven samples were collected from the Xuan-
wei Formation and the Lower Triassic Feixianguan
formation (Fig. 1) in the eastern Emeishan LIP, most of
which are mudstones or clay rich rocks. Thin sections
were made for each sample and examined under the
microscope. Fifty-eight samples were analyzed for
major element compositions at the Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences, using
wave-length X-ray fluorescence spectrometry (XRF).
Six of them were selected for ICP-MS analysis for their
trace-element composition. Detailed descriptions of the
analytical techniques are reported elsewhere [28].

Three mudstones (Sample ZJ-3, SW-1 and CT-2),
which were collected from the lowermost unit of the
Xuanwei Formation and one ignimbrite (Sample JW-1)
in the uppermost Emeishan basalts at Jiangwei, Eryuan
county, Yunnan province, were selected for U–Pb zircon
dating. After chipping, 2 kg samples were ground to
b0.1 mm in an agate mill. Zircons were separated using
conventional heavy liquid and magnetic techniques and
purified by hand-picking under a binocular microscope.
Internal structure of the zircons was examined using
cathodoluminescence (CL) imaging techniques prior to
U–Pb isotopic analyses. The U–Pb analyses were
performed using a Sensitive High-Resolution Ion
Microprobe (SHRIMP II) at the Institute of Geology,
Chinese Academy of Geological Sciences, Beijing.
Detailed analytical procedures are similar to those
described by Williams et al. [36]. The standard TEM
zircons (417 Ma) were used in inter-element fraction-
ation, and U, Th and Pb concentrations were determined
based on the standard Sri Lankan gem zircon SL13
(572 Ma). Data processing was carried out using the
SQUID 1.03 and Isoplot/Ex 2.49 programs of Ludwig
[37,38], and the 204Pb-based method of common Pb
correction was applied. The reverse discordance in the
U–Pb zircon concordia diagrams reflects relatively large
uncertainties associated with 207Pb/235U ages, which
may be related to correction of common lead that is
difficult to determine precisely. However, this effect is
minor for the 206Pb/238U ages. Consequently, the ages
quoted in the text are 206Pb/238U ages, which are the
weighted mean at the 95% confidence level.

4. Results

4.1. Rock description

Most samples of the Xuanwei Formation in three
sections are mudstones or clay rich rocks, which have
typical pelitic textures. However, some samples (e.g.,
ZJ-26 and ZJ-3) have relatively coarse grain size and
can be classified as sandstones. Sample ZJ-26 mainly
consists of basalt clasts, which are about 1–2 mm in
size, well sorted and subrounded. Sample ZJ-3 also
shows a clastic texture. Clasts in this sample are mostly
light grey and subordinately black grey. They are
rounded to angular in shape with size ranging from 1 to
4 mm. Some clasts show an irregular and tortured shape.
Although sample ZJ-3 is strongly altered, tuffaceous and
volcanic breccia textures flow-banding and vesicular
structures are still preserved (see EPSL Online Supple-
ment File A).

Sample JW-1 was taken from an interbedded felsic
layer with a thickness of 6.5 m in the uppermost unit of
the Emeishan basalt at Jiangwei, Eryuan county, Yunnan
Province (Fig. 1). Its lithology mostly consists of
ignimbrites, which are vitric tuffs with 60 to 80 vol.%
glass and pumice, 15 to 30 vol.% free crystals, and 5 to
25 vol.% lithic fragments.

4.2. Major elements

Major element compositions of the samples collected
from the Xuanwei and Feixianguan Formations are
listed in Table 1. Loss on ignition (LOI) ranges from 8 to
22%, mostly around 12%. High LOI contents are
consistent with a high percentage of clay minerals in
these rocks. The analyses are characterized by high
Al2O3 and Fe2O3 and low total alkali (K2O+Na2O)
contents (0.01–2.56%), suggesting that these rocks were
intensely weathered and altered. In particular, the
samples collected from the bottom of the Xuanwei
Formation (e.g., ZJ-1, SW-1, SW-3, SS-2) exhibit
distinctively high content of Fe2O3 (33.64%–39.09%),
Al2O3 (19.09–20.41%), TiO2 (5.27–7.72%) and low
SiO2 (27.62–34.74%). These samples may represent
strong alteration and weathering of the Emeishan flood
basalts (Table 1).

For convenience, the sedimentary rocks of the
Xuanwei Formation are divided into two groups in
terms of Al2O3/TiO2 ratio, a ratio that remains virtually
constant during surficial weathering and alteration of
rocks [30,31]. Group 1 samples have higher Al2O3/TiO2

(7–55) than Group 2 samples (3.8 to 6.8). Fig. 2a shows
the variation of the Al2O3/TiO2 ratio with stratigraphic
height for the Xuanwei and Feixianguan Formations at
Zhaojiao, Weining county, western Guizhou province.
This vertical distribution of Group 1 and Group 2 is also
seen at Seshui (Fig. 2b) and Shawan Sections (Fig. 2c).
The common feature of the compositional variation of
the Xuanwei Formation at these three sections is that the



Fig. 2. Plot of Al2O3/TiO2 ratio for the Xuanwei Formation sedimentary rocks against their stratigraphic height at three sections in eastern Emeishan
LIP. Locations of sections are shown in Fig. 1. See text for the definition of Group 1 and Group 2 sediments. The range of Al2O3/TiO2 ratio for high-Ti
basalts is from Xu et al. [24]. The rhyolites and tuff were sampled from the center of the Emeishan large igneous province (unpublished data). The
range of the Al2O3/TiO2 ratio for A-type granites is from Zhang et al. [47].
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Group 2 samples lie above the Group 1 samples
(Figs. 1c and 2).

4.3. Trace elements

The Group 1 and Group 2 samples are also distinct in
terms of their minor and trace element compositions. High
field strength elements (HFSE) and contents in Group 1
samples (1141–4311 ppm) are much higher than those of
Group 2 mudstones (302–966 ppm; Table 2). Rare earth
elements (REE) contents in Group 1 samples are variable.
ZJ-3 and ZJ-5 are much higher in total REE (2219 and
2648 ppm, respectively) than Group 2 mudstones (285–
328 ppm; Table 2). However, REE contents in ZJ-2 and
ZJ-4 are comparatively low (only 225 ppm and 20 ppm,
respectively). Based on negative Eu anomaly, Group 1
could be further divided into two subgroups, i.e., Group
1a and Group 1b. REE patterns of Group 1a samples are
strongly fractionated and possess strong negative Eu
anomalies (Fig. 3a). The Group 1b sediments are
characterized by weak negative Eu anomalies (Fig. 3b).
In contrast, REE in Group 2 samples are less fractionated
and show very weak to no Eu and positive anomalies
(Fig. 3c). Fig. 3 also compares the REE patterns of the
Xuanwei sediments with those of felsic and mafic rocks
from the Emeishan LIP. The compositional similarity
betweenGroup 1 samples and rhyolites suggests a genetic
link between them (Fig. 3a, b). On the other hand, the
Group 2 samples compositionally resemble the Emeishan
basalts, although more pronounced Sr anomalies are
observed in sediments (Fig. 3c).

4.4. SHRIMP zircon U–Pb dating

4.4.1. Xuanwei Formation (ZJ-3 and SW-5)
ZJ-3 was collected from the lowermost unit of the

Xuanwei Formation at Zhejiao, Weining county,
Guizhou province, which directly overlies ∼ 1000 m
thick Emeishan basaltic sequence (Fig. 1c). Detrital
zircons from this sample are clear, pale and euhedral.
The well-developed tetragonal dipyramids in these
crystals and oscillatory zoning (see EPSL Online



Table 2
Trace element concentration of the Xuanwei Formation sediments, ignimbrite in the upper sequence of the Emeishan volcanic succession and the clay layer from the Chaotian Section

Group 1 Group 2 Ignimbrite

Section Zhejiao Seshui Shawan Chaotian Zhejiao Seshui Shawan Jiangwei

Sample ZJ-2 ZJ-3 ZJ-4 ZJ-5 SS-3 SS-5 SS-6 SS-7 SS-8 SW-5 SW-8 CT-2 ZJ-8 ZJ-26 SS-1 SW-4 SW-9 SW-15 JW-1

Rb 1 20.9 4.1 7.2 43.7 13.3 49.4 45.9 58.4 6.6 1.7 15.7 34.8 11.3 7.5 1.4 6.6 39.5 115.5
Sr 4 156 3 120 122.4 35.4 43.4 33.3 90.7 36.6 207.6 79.5 31 201 60.2 150.7 46.4 130.9 63.7
Y 24 121 4 136 333 181.5 144.3 255 79.3 44.9 56.8 30.6 41 31 5.7 48.5 62.3 29.5 104.2
Zr 2783 828 1935 1858 3391 2804 2843 3349 832 1516 1519 506 367 294 326 807 674 239 1366
Nb 327 155 260 235 457.2 394 403.5 197.2 113.2 193.6 199.4 59.3 58 43 44.3 84 79.7 25.7 144.8
Ba 29.2 181.58 28.22 67 140.9 54 125 146.7 201.6 105.1 25.3 52.6 380.3 379.29 128.5 74.3 56.9 293.4 282.1
La 16.8 329.1 0.9 625.3 308.2 190.6 112.2 307.3 109.2 55.3 205.9 45.4 59.3 52.3 50 227.5 82 41.1 104.9
Ce 101 1005 4 1360 623.1 426.6 234.6 756.9 201.3 123.5 393.8 75.2 108 102 106.8 493.4 180.2 94.5 216.1
Pr 8 115 0 103 72 56.3 28.4 105.7 22.7 15.3 43.6 8.9 16 14 13.8 66.9 22.6 13.1 28.1
Nd 45 396 2 265 231.2 206.5 104.3 367.8 74.1 62.5 147.2 31.4 59 50 51.7 237 79.5 54.5 98.7
Sm 6.9 70.7 1.4 28.8 49.4 46.4 31.1 62.9 12.7 16.4 28.1 5.5 10.9 9.5 7.4 30.5 14.3 10.5 20
Eu 1 5.6 0.2 2.3 2.4 2.2 2 2.3 2.9 3.7 5.1 1.4 2.7 2.7 2.2 5.7 3.5 3.3 1.6
Gd 5.4 38.8 1.8 15.1 59.5 45.1 30.3 59.7 12.9 15.2 27.3 5.7 9.9 8 4.6 22.6 13.1 9.6 20.2
Tb 1.1 8.6 0.5 5.5 11.1 7.5 5.3 9.5 2.3 2 3.2 1 1.5 1.1 0.4 2.4 2 1.2 3.7
Dy 6.6 50.6 2.5 37.8 68.6 42.4 30.8 55.4 15 9.3 14 6 8.5 6.6 1.9 12.5 12.3 6.4 22.5
Ho 1.3 9.4 0.4 7.8 14 8.1 5.8 10.1 3.2 1.7 2.3 1.2 1.6 1.2 0.3 2.2 2.5 1.2 4.6
Er 3.6 26.1 0.9 24.6 38.7 21.7 15.9 27.3 9.9 4.3 6 3.5 4.1 3.2 0.8 6.6 7.3 3 13
Tm 0.6 4.7 0.1 4 5.8 3.1 2.4 3.5 1.4 0.6 0.7 0.5 0.6 0.5 0.1 0.9 1 0.4 1.9
Yb 3.8 33.4 1 28.5 34.3 20.2 15.1 20 9 4 4.7 3.2 3.5 2.7 0.9 5.4 6.3 2.3 12.2
Lu 0.51 4.13 0.12 3.87 5.1 3 2.2 2.7 1.4 0.6 0.7 0.5 0.53 0.4 0.1 0.8 0.9 0.3 1.8
Hf 63.79 27.72 40.59 44.35 93 73 71.1 82.7 20.1 34.6 37.4 13 10.54 7.87 8.1 20 16 5.4 33.2
Ta 22.13 9.57 17.15 16.59 37.1 29.9 28.8 30.4 7.8 12.7 13.5 4.3 4.16 3.02 3.3 5.9 5.7 1.7 10.9
Th 44.9 27 2.3 37.9 93.5 74.7 72.5 74.9 17.8 40 42 17.3 10.5 7.4 6.4 16.5 18.6 3.7 33.3
U 11.8 67.4 15.6 19.4 21.3 24.7 15 16.7 4.8 7.2 12.4 37.1 2.5 1.7 1.2 5.9 4.6 1 8.2
REE 226 2218 20 2648 1856 1261 765 2046 557 359 940 220 327 285 247 1163 490 271 654
HFSE 3220 1141 2257 2290 4311 3482 3491 3914 1053 1802 1826 613 481 379 387 966 838 302 1659
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Fig. 3. Chondrite-normalized REE abundances (a, b, c) of Group 1
and Group 2 clastic rocks of the Xuanwei Formation. The
compositions of mafic and felsic rocks of the Emeishan large
igneous province [28,29] are shown for comparison. Normalization
values are from [35].
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Supplement File A) suggest an igneous origin. This is
further confirmed by relatively high Th/U ratios of these
zircons (∼ 0.6) [39]. Zircon grains of sample ZJ-3 have
a relatively wide range in U (81–577 ppm) and Th (45–
364 ppm) concentrations. Among eighteen zircon grains
analyzed, grain #8 yields a disconcordant age
(∼ 1100 Ma) (see EPSL Online Supplement File B).
Although analysis of grain #7 was concordant, it yielded
an age of 294 Ma which is significantly older than the
majority of the analyses. These two grains are therefore
excluded in age calculation. The remaining 16 zircon
grains plot on the Concordia curve yielding a mean
238U/206Pb age of 257±4 Ma with a MSWD value of
2.2 (Fig. 4a and EPSL Online Supplement File B). This
age represents the crystallization age of the source
materials of the Xuanwei clastic sediments.

Sample SW-5 was collected from the lowermost part
of the Xuanwei Formation at Shawan, Emei county,
Sichuan province (Fig. 1a, b and Section C). Zircons
analyses from this sample are very similar to those of
sample ZJ-3, and the interpretation is identical. A total
of 14 analyses from 14 zircons were made and most of
them are concordant and near-concordant (Fig. 4b). A
weighted mean 206Pb/238U age of 260±5 Ma with a
MSWD value of 6.5 is interpreted as the crystallization
age of the magmatic zircons.

4.4.2. Ignimbrite (JW-1)
JW-1 is a fine-grain ignimbrite collected from the

uppermost part of the Emeishan basalts near Jiangwei
(Eryuan county, Yunnan province). Zircons from this
sample are clear, pale and euhedral. An igneous origin
of these zircons is suggested based on the well-
developed tetragonal dipyramids, oscillatory zoning
and relatively high Th/U ratios of these zircons
(∼ 0.6). Thirteen analyses on 15 zircons form a cluster
on the concordia plot (Fig. 4c) with a weighted mean
206Pb/238U age of 263±4 Ma with a MSWD value of
7.5. This is interpreted to represent the crystallization
age of the magmatic zircons.

4.4.3. Clay at the Middle–Late Permian boundary
(CT-02)

CT-2 is a clay collected at the Middle–Late Permian
boundary at Chaotian. Zircon grains from this sample
have a relatively wide range in U (52–641 ppm) and Th
(29–295 ppm) concentrations. Th/U ratios of these
zircons are rather constant (∼ 0.6) except one (1.9).
Among eighteen zircon grains analyzed, grain #6 yields
a disconcordant age (∼ 1250 Ma) (Table 3). Although
analysis of grain #3 was concordant, it yields an age of
292 Ma which is significantly older than the majority
of the analyses (EPSL Online Supplement File B).
However, this age is close to 294 Ma observed in ZJ-3.
Whether this 292–294 Ma age records a pre-Emeishan
igneous activity in the region remains to assess. The
remaining 16 zircon grains plot on the Concordia curve
yielding a weighted mean 238U/206Pb age of 260±4 Ma
with a MSWD value of 2.2 (Fig. 4d and EPSL Online



Fig. 4. SHRIMP U–Pb Concordia diagram of zircons from (a, b) the clastic sediments (ZJ-3, SW-5) from the lowermost Xuanwei Formation, (c)
silicic ignimbrite (JW-1) in the uppermost of the Emeishan volcanic succession and (d) clayey tuff (CT-2) at the Middle–Late Permian boundary at
Chaotian.
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Supplement File B). This age represents the crystalliza-
tion age of the source materials of felsic tuff.

5. Discussion

5.1. Provenance analysis of the Xuanwei Formation

As mentioned previously, the subcircular uplift,
called as Chuandian “old land” in Chinese geologic
literature [42], existed in the inner zone of the Emeishan
LIP after the main period of Emeishan volcanism
(Fig. 1b) and was maintained until the Late Triassic
[23,24]. It is interesting to note that the distribution of the
Xuanwei Formation (i.e., terrestrial clastic sediments of
Upper Permian) is exclusively around this “old land”.
Moreover, the Xuanwei Formation is enclosed bymarine
clastic rocks of the Longtan Formation (Fig. 1b). Such a
spatial configuration is strongly indicative of a genetic
linkage between the uplift (and erosion) of the old land
and the formation (and deposition) of the clastic rocks. It
is possible that these clastic rocks of Late Permian were
derived from the erosion of the uplifted old land during a
tropical climate [28]. The gradual transition from the old
land in the west, via terrigenous facies of the Xuanwei
Formation to the marine facies of the Longtan Formation
in the east reflects a paleosurface created by plume-
induced doming [23].

In the Chuandian “old land”, the Upper Triassic rocks
directly cover the remnant Emeishan basalts, and there-
fore it is possible that the Xuanwei Formation may have
been derived by weathering and transportation of the
Emeishan basalts in the “old land” (i.e., in the center of
the Province) [26]. The remnant in the inner zone of the
Emeishan LIP indicates that the pre-erosional volcanic
rocks are composed of mainly basalts and subordinate
felsic rocks at the top of the lava succession [28,32].
These felsic rocks are therefore the most likely source for
the lowermost unit (Group 1) of the Xuanwei Formation.
This geological setting (i.e., terrestrial deposits and two
possible source rocks) makes it possible to analyze the
provenance of the Xuanwei Formation since the geo-
chemical “fingerprints” of mafic and felsic extrusive
rocks are very different.

The Al2O3/TiO2 ratio is the most useful indicator of
provenance [33,40]. For acidic tuff [26,40,43] it is
typically N40, but ranges from 4 to 7 for mudstones
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derived from mafic lavas [26,31]. The Al2O3/TiO2 ratio
of the Group 1 samples from the Xuanwei Formation at
the Zhejiao section ranges from 7 to 55 (Table 1), which
is comparable with the ratio (11–43) of the rhyolites and
the tuff in the upper Emeishan LIP at Binchuan
(unpublished data). Specifically, the Al2O3/TiO2 ratio
of sample ZJ-3 is as high as 55, a value typical of felsic
volcanics [26,41]. This ratio is also similar to the Al2O3/
TiO2 ratio of the felsic tuff (42.7) in the upper Emeishan
LIP at Binchuan (unpublished data). On the other hand,
the Al2O3/TiO2 ratio of the other 24 samples (Group 2)
is significantly lower, ranging from 3.8 to 6.8, with an
average of 5.5 (Table 1). This value is very similar to
that of the Emeishan basalts (3.9–5.9) in the center of
the province [28].

Trace element abundances and ratios of some im-
mobile elements in the altered clastic rocks further assist
with provenance analyses. The high field strength
elements (HFSE), which are relatively immobile in the
sedimentary environment, can be used to infer the
source composition [34]. Because the HFSE are prefer-
entially partitioned into melts during crystallization and
anatexis, felsic rocks display an enrichment in HFSE in
comparison to mafic rocks [40,44]. Higher HFSE abun-
dances in the Group 1 sediments (1141–4311 ppm)
compared to that of the Group 2 sediments (302–
966 ppm) are consistent with the derivation of the
former from the felsic rocks and the later from the mafic
rocks.

REE compositions can also be used for monitoring
the source composition because mafic rocks generally
show less fractionated REE patterns with low LREE/
HREE ratios and weak to no Eu anomalies. In contrast,
felsic rocks usually show fractionated chondrite-nor-
malized patterns and strong negative Eu anomalies
[33,34]. Such characteristics can be preserved in
sedimentary rocks [34,45,46]. The REE abundance in
the Group 1 sediments (e.g. ZJ-3, ZJ-5, SS-3, 5, 6, 7, 8)
is much higher than in the Group 2 samples (Table 2,
Fig. 3). Moreover, the REE patterns of the Group 1a
samples are strongly fractionated and possess strong
negative Eu anomalies, resembling those of felsic
extrusive in the uppermost Emeishan sequence and
Late Permian A-type granites (co-magmatic with the
Emeishan volcanism) in the center of the province [47].
The REE patterns of the Group 1b sediments possess
weaker negative Eu anomalies, implying the involve-
ment of the Emeishan basalt in the sedimentation
processes. The low Al2O3/TiO2 ratio of the Group 1b
sediments (e.g., SW-5, 6.87; CT-2, 10.59) may have
resulted from the mélange of mafic and felsic compo-
nents. In contrast, REE in Group 2 samples are less
fractionated and show weak to no Eu anomalies
(Fig. 3c), a feature reminiscent of mafic rocks.

In summary, geochemical analysis suggests that the
Group 1 sediments in the Xuanwei Formation exhibit a
compositional affinity with felsic rocks though some
samples (e.g., SW-5; CT-2) may mix with mafic
composition, and the Group 2 samples are composi-
tionally akin to mafic rocks. To gain further insights into
the origin of the Xuanwei Formation, two additional
Xuanwei sections at Seshui and Shawan (Fig. 1 and 2)
have been examined. The results show that both Group
1 and Group 2 sediments are present at these localities
(Tables 1, 2 and Fig. 2). Moreover, the stratigraphic
correlation between the Group 1 and Group 2 sediments
are the same at all three sections examined, that is, the
Group 2 sediments sit above the Group 1 sediments
(Fig. 2). This can therefore be taken as an intrinsic
feature of the Xuanwei Formation.

If we consider the spatial distribution of the Xuanwei
Formation exclusively surrounding the Chuandian old
land (Fig. 1b), it is highly possible that the Group 1
sediments in the lowermost Xuanwei Formation were
derived from the felsic members of the Emeishan LIP,
and the Group 2 sediments from the mafic rocks
(Fig. 5). A similar conclusion has been reached by
Zhou et al. [31] who studied detrital claystones of the
Xuanwei Formation. More importantly, the stratigraph-
ic sequence of mafic-related Group 2 samples overly-
ing the felsic-related Group 1 rocks in the Xuanwei
Formation (Figs. 1 and 2) is the reverse of the volcanic
sequence of the Emeishan lavas in which the rhyolites
and trachytes occur above the basaltic lavas (Fig. 5).
The Group 1 sediments have a thickness with a range
of 2–20 m, some samples (e.g., ZJ-3) are typical of
sandstones (EPSL Online Supplement File A). As a
consequence, the formation of Group 1 sediments may
have involved erosion and water transportation/depo-
sition (Fig. 5). The Xuanwei Formation was formed
after the termination of the Emeishan flood basalt
volcanism. The uppermost silicic members in the
center of the LIP were eroded first and the “felsic”
materials were transported and deposited in the eastern
LIP, forming the lowermost part of the Xuanwei
Formation. Further erosion uncovered the mafic part
of the Emeishan LIP and this eroded “mafic” material
was deposited over those sediments derived from the
felsic flows (Fig. 6). This interpretation finds its
supporting evidence from the general agreement
between the age of the lowermost Xuanwei Formation
(257±4 Ma; 260±4 Ma) and that of the silicic
ignimbrite in the uppermost of the Emeishan lava
succession (263±5 Ma).



Fig. 5. Schematic illustration showing a possible origin of the Xuanwei Formation. Geochemically, Group 1 and Group 2 sediments of the Xuanwei
Formation are related to the felsic and mafic components of the central Emeishan LIP, respectively. The stratigraphic sequence that the felsic-derived
Group 1 and the mafic-derived Group 2 sediments is the reverse of the volcano-stratigraphy of the Emeishan volcanism where felsic extrusives post-
dated mafic extrusives. It is likely that the Xuanwei sediments in the eastern Emeishan LIP resulted from unroofing, erosion and deposition of
Emeishan volcanic rocks from the central LIP. Keys are the same as in Fig. 1.
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5.2. Origin of the clay bed at the Middle–Late Permian
boundary at Chaotian

A 2 m thick clay tuff bed between the Maokou
Formation and Wujiaping Formation was recently
documented at Chaotian (Northern Sichuan), ca
300 km north of the Emeishan LIP (Fig. 1a) [49].
Based on XRD, XRF and SEM analyses, Isozaki et al.
[49] suggested that this clay bed originated from a
volcanic ash of rhyolitic to dacitic composition, and
proposed that a thick rhyo-dacitic ash bed must have
covered most of South China at the end-Guadalupian.
Isozaki et al. [49] argued that this felsic ash bed was not
from the Emeishan LIP, mainly because of the
dominant basaltic lava and pyroclastics in this LIP.
Actually, the Emeishan LIP does have felsic extrusive
in the uppermost unit of lava sequence [28,42,47].
Moreover, the above-mentioned provenance ana-
lyses and the widespread Xuanwei Formation strongly
suggest that there was a significant felsic component
in the Emeishan LIP, a feature shared by other con-
tinental LIP such as the Etendeka, Karoo and Yemen
[50]. The volume of volcanic ash may imply either
proximity to the source or unusually intense felsic
volcanism. Given the genetic link and spatial proximity
of the two events, the possible linkage between
the Emeishan volcanism and the clay tuff bed be-
tween the Maokou and the Wujiaping Formations can
be conceived.

To further elaborate this issue, we analyzed and dated
a clayey mudstone sample (CT-2) collected at the
Middle–Late Permian boundary at Chaotian. This
sample is compositionally very similar to the silicic
member of the Emeishan volcanism and the Group 1
sediments of the Xuanwei Formation (Tables 1 and 2).
For instance, it exhibits a strongly fractionated REE
pattern with a pronounced negative Eu anomaly. The
Al2O3/TiO2 ratio of CT-2 is 10.6, significantly higher
than that of the mafic member (3.5–6.8) but close to that
of felsic rocks (11.4–42.7). Moreover, SHRIMP U–Pb
analyses on the zircons extracted from CT-2 yield a
238U/206Pb age of 260±4 Ma, which, despite its
relatively large uncertainty, is virtually identical to the
recommended age (260±0.4 Ma) of the Middle–late
Permian boundary [23]. In addition, this age is in-
distinguishable within error from the age of the
Emeishan silicic rocks (263±5 Ma) and from that
(257±4 Ma; 260±4 Ma) of the lowermost Xuanwei
Formation, whose precursor was the silicic members of
the Emeishan volcanism. Therefore, both geochemical
assessment and chronological data are consistent with
the notion that the Emeishan volcanism was responsible
for the clay tuff bed between the Maokou and the
Wujiaping Formations (Fig. 6).



Fig. 6. Stratigraphic correlation in the Emeishan LIP and South China suggesting the emplacement of the Emeishan flood volcanism at the
Middle–Late Permian boundary. Locations of sections A–D are shown in Fig. 1. Section E is a composite stratigraphic column at Binchuan;
section F is a hypothetical stratigraphic column at Xinjie, central LIP, ages of mafic dikes are from [17,20], age of syenite from [22]. Erosion of
volcanic rocks in this region provided materials to form the Xuanwei Formation. Ages of the P–Tr boundary, the base of the Changhsingian stage
and the Middle–Late boundary of section D are from [51] and [27]. The thick dashed line marks the termination of the Emeishan flood volcanism.
The dash-dot line indicates the onset of flood volcanism. These two lines join at Chaotian section imply that duration of the Emeishan flood
volcanism is very short.
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5.3. Emplacement of the Emeishan basalt at the
Middle–Late Permian boundary

The Emeishan basalt is traditionally referred to as a
lithological unit of the Upper Permian in China [42].
This notion is based on the initial definition of the
Emeishan basalt Formation in the centre of the
Emeishan LIP where the Emeishan basalts overlies the
Middle Permian Maokou Formation and is overlain by
Triassic sediments (Fig. 6 in [23]). It is this observation
that led to the suggestion that the Emeishan basalts were
mainly emplaced at the Permian–Triassic (P–Tr)
boundary [16,24,32,48]. However it is now clear that
the contact between the Triassic sequence and the
Emeishan basalts is an erosional unconformity, which
resulted from prolonged uplift of the central Emeishan
LIP and concomitant erosion of the Emeishan basalts
[23,24]. As a consequence the stratigraphic relationships
in this region do not provide any unambiguous
constraint on the timing of volcanism.

Courtillot andRenne [7] reviewed the ages of themajor
LIPs on Earth and put forward the hypothesis that most
LIPs are emplaced in less than 1Myr and linked themwith
major bioclimatic events. Based on this hypothesis,
Courtillot et al. [4] predicted that the Emeishan LIP was
emplaced at the end Guadalupian. This prediction finds
supporting evidence in the eastern Emeishan LIP, where
both Emeishan basalts and overlying strata (i.e., Late
Permian Xuanwei and Longtan Formations) are not
significantly eroded [23]. Lack of significant erosion of
the Middle Permian Maokou Formation suggests that the
onset of basaltic eruptions is close to the Middle–Late
Permian boundary or at the end of the Guadalupian. A
similar conclusion has been reached by He et al. [23]
based on sedimentologic investigations of catastrophic
deposits of the Middle Permian in the western Emeishan
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LIP. Nevertheless, the stratigraphic constraint on the
termination of Emeishan volcanism remains unclear,
because it is not sure whether the Xuanwei Formation is
a lateral equivalent of the Wuchiapingian or the
Luopingian. For instance, if the Xuanwei Formation is
only one of the constituent parts of the Late Permian, it
follows that the Emeishan LIP was not necessarily
emplaced before the Wuchiapingian stage. The data
presented in this paper help clarify these ambiguities.

The petrogenetic assessment suggests that the
sediments in the Xuanwei Formation were derived
from the erosion of the Emeishan volcanic rocks in the
inner zone. In particular, the Group 1 sediments in the
lowermost of the Xuanwei Formation mainly represent
eroded materials of the silicic member of the uppermost
sequence of the Emeishan volcanic succession. There-
fore the base of the Xuanwei Formation provides a firm
limit on the termination of the Emeishan volcanism. On
the other hand, the Chaotian clay bed is demonstrated to
be genetically related to the Emeishan silicic volcanism.
Therefore, felsic member in the uppermost Emeishan
basalts, Group 1 sediments of Xuanwei Formation and
clayey tuff at Late–Middle Permian boundary are
located in an isochron horizon (Fig. 6). Given the fact
that both the Emeishan basalts and the Chaotian clay rest
on the Maokou Formation, it can be inferred, in
particular, that the Emeishan basalt is the stratigraphic
equivalent of the clay bed at the Chaotian section. It
follows that the main phase of the Emeishan volcanism
must have been emplaced prior to the Wuchiapingian
stage and most likely occurred at the Middle–Late
Permian boundary (Fig. 6).

5.4. Implication for age and duration of the Emeishan
flood volcanism

The suggestion that the Emeishan volcanism is a
boundary event yields important implications for the age
of this large igneous province. Specifically, the age of the
Middle–Late Permian boundary (260.4±0.4Ma [27]) can
be taken as the timing of the main phase of the Emeishan
flood volcanism. This is consistent with the SHRIMP
dates obtained on the Xinjie mafic intrusion (259±3Ma).
Zhou et al. [17] argued that the age of the Xinjie intrusion
represents that of the main eruption of the Emeishan
volcanism. Similar interpretation has beenmade byKamo
et al. [12] who showed that numerous mineralized
intrusions are co-magmatic with the main phase of the
Siberian basaltic volcanism [12].

The SHRIMP dates reported in this study provide
further constraints on the age and duration of the
Emeishan volcanism. JW-1 is a silicic ignimbrite in the
uppermost part of the Emeishan as lava succession.
Hence, the age of this sample (263±4Ma) can be taken as
the approximate estimate of the termination age of the
Emeishan volcanism. Another independent constraint on
the termination age of the Emeishan volcanism comes
from the geochronologic data of the lowermost Xuanwei
Formation which sits above the Emeishan basalts,
because the Group 1 sediments, situated at the lowermost
part of the Xuanwei Formation, may have resulted from
deposition of erodedmaterials of the felsic extrusives (tuff
or ignimbrite) of the Emeishan LIP. Since some of them
are typical sandstone, it can be inferred that eroded
materials were transported by water. This transportation
and deposition is a natural process that concentrates
zircon grains. The zircons in Group 1 sediments therefore
inherited those of felsic extrusives. SHRIMP analyses on
these zircons from two samples (ZJ-3, SW-5) yield 257±
3 Ma and 260±5 Ma, respectively. The relatively large
uncertainty could be due to detrital nature of the zircons in
these samples. Nevertheless, these ages are identical
within error to that of the silicic ignimbrite. Therefore
diverse approaches yield consistent estimates on the
termination age (∼ 260 Ma) of the Emeishan volcanism.

It is important to note that the termination age of the
Emeishan volcanism (257±4 Ma, 260±5 Ma, 263±
5 Ma) is indistinguishable within error from the Middle–
Late Permian boundary age (260.4±0.4 Ma) [27], and is
also very close to the age of the main phase of volcanism
(e.g., 259±3 Ma) [17] and ages (∼ 260 Ma) of mafic and
felsic intrusions in the Emeishan LIP [53–56]. Conse-
quently, a very short duration can be inferred for the
Emeishan volcanism although more precise dates are
required in the future study. Previous arguments for a
short duration of the Emeishan volcanism had been
mainly based on the consideration of weathered features
[28,52] and comparison of paleomagnetic data from a
section in the east of the province with the perceived
magnetostratigraphy of the period [57].

5.5. Implications for the end-Guadalupianmass extinction

Although Courtillot et al. [4] and Hallam andWignall
[15] independently proposed that the Emeishan volca-
nism may have been responsible for the end-Guadalu-
pian mass extinction, the relation between these two
events has not yet been fully explored [58]. Both
stratigraphic and chronological data presented in this
paper suggest that the Emeishan volcanism was
emplaced at the Middle–Late Permian boundary,
thereby providing new constraints on the temporal link
between the Emeishan flood volcanism and the end-
Guadalupian biotic crisis. It may be the rapidity of the
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eruption that played a key factor in global climate and
mass extinction in the Late Permian [6], although other
causes such as severe sea level fall [15] should be
evaluated as well in the future.

6. Conclusions

Based on geochemical analyses and SHRIMP zircon
U–Pb dating of silicic ignimbrite in the uppermost
Emeishan volcanic succession, clayey tuff at Middle–
Late Permian boundary and clastic rocks of the Xuanwei
Formation from three sections, the following conclusions
can be drawn regarding the origin of the Xuanwei For-
mation and the timing of the Emeishan flood volcanism:

(1) Group 1 sediments in the lowermost part of
Xuanwei Formation were genetically related to the
felsic extrusive part of the Emeishan LIP, whereas
the overlying Group 2 sediments were composi-
tionally more akin to mafic part. This sedimentary
sequence is the reverse of the Emeishan lava
sequences in which rhyolites sit above the basaltic
lavas, suggesting that the formation of the Xuanwei
sediments was related to the unroofing, erosion
and deposition of the Emeishan volcanic rocks in
the center of the LIP. The widespread nature of
the Xuanwei Formation in South China implies the
existence of a significant felsic member in the
uppermost part of the Emeishan LIP although felsic
member was persevered in few localities. It is
highly plausible that the Emeishan flood volcanism
could have been responsible for the thick rhyolitic
ash layer at the Middle–Late Permian boundary in
South China. Therefore, felsic member in the
uppermost Emeishan flood basalt, Group 1 sedi-
ments of Xuanwei Formation and the clayey tuff at
Late–Middle Permian boundary are located on an
isochron horizon, implying the emplacement of the
Emeishan volcanism at the Middle–Late Permian
boundary.

(2) SHRIMP zircon U–Pb dating of silicic ignimbrite
in the uppermost Emeishan basalts, clay tuff at the
Middle–Late Permian boundary at the Chaotian
section and the lowermost clastic rocks of the
Xuanwei Formation suggests that the Emeishan
felsic extrusive rocks was erupted at ∼ 260 Ma.
Given that the felsic magmatism occurred in the
uppermost lava succession, these dates are inter-
preted as the termination age of the Emeishan flood
volcanism. This termination age is remarkably
close to the estimated Middle–Late Permian
boundary age and previous dating on mafic
intrusions, implying a short duration of a few
million years of volcanism. Both the temporal
coincidence and the rapid eruption lend support to
the conclusion that the Emeishan volcanismmay be
the cause of the end-Guadalupian mass extinction.
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