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Previous studies on the temporal link between the end-Guadalupianmass extinction event and Emeishanflood
volcanism were mainly based on geochronological and bio- and chemostratigraphic correlation techniques
(Wignall et al., 2009). The absence of material-based hard evidence that directly links the extinction with the
Emeishan volcanism remains a major obstacle regardless of the indication of coincidence in timing (Isozaki et
al., 2007). The Emeishan basalts overlie Permian platform carbonates that may contain a record of the end-
Guadalupian mass extinction and erosional product of this province. This paper presents mineralogy and
geochemistry ofmudstones from the Guadalupian–Lopingian Boundary (G–LB) at Chaotian, SWChina. Results
indicate that these G–LBmudstones are not air-fall acidic tuff as previously thought, but likely represent clastic
rocks derived from erosional deposits of the Emeishan large igneous province (ELIP). Mudstones of the lower
part (Group 1) have a geochemical affinity to the Emeishan felsic volcanic rocks, whereas mudstones of the
upper part (Group 2) are compositionally akin to mafic components of the Emeishan traps. This
chemostratigraphic sequence resembles the Xuanwei Formation which sits on the Emeishan basalts (He et
al., 2007). These data therefore indicate that the lower part of themudstones at the Chaotian G–LB section, the
lowermost part of Xuanwei and Longtan Formations and the Emeishan felsic extrusives broadly constitute an
isochron horizon throughout the ELIP and adjacent region, suggesting a short duration for the Emeishan
volcanism. A temporal coincidence between Emeishan volcanism and the end-Guadalupian mass extinction
are therefore inferred thus providing support for a cause-and-effect relationship.
ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

The temporal link between mass extinction events and large
igneous province (LIP) volcanism is one of the most intriguing
relationships in Earth's history (Courtillot et al., 1999; Wignall, 2001),
with the end-Permian extinction–Siberian Traps association being the
most examined (Wignall et al., 2009). In recent years the end-
Guadalupian event, at the Middle–Late Permian boundary, has
become a subject of great interest. Based on stratigraphic constraints,
Courtillot et al. (1999) and Hallam andWignall (1999) independently
proposed that the end-Guadalupian mass extinction coincided with
the ELIP in SW China. This notion gained support from a number of
geochronological data from mafic dykes (Zhou et al., 2002; Guo et al.,
2004; Zhong and Zhu, 2006), mafic lavas (Fan et al., 2004), felsic and
alkaline intrusives (Zhong et al., 2007; Luo et al., 2007; Xu et al., 2008)
and felsic extrusives and their erosional products (He et al., 2007).
However, the temporal link between the end-Guadalupian mass
extinction and the ELIP is still a matter of debate (Ali et al., 2005).
Former geochronological correlation techniques with inherent timing
inaccuracies make this link uncertain (Isozaki and Ota, 2007; Wignall
et al., 2009). Secondly, this absence of material-based hard evidence
that directly links the extinction with the LIP volcanism remains a
major obstacle regardless of the credibility of the coincidence in timing
(Isozaki et al., 2007, Isozaki and Ota, 2007). Isozaki's group recently
argued, based on the study of the Guadalupian–Lopingian Boundary
(G–LB) mudstones and its regional correlation, that the Emeishan
flood volcanism postdated the end-Guadalupian mass extinction (Ota
and Isozaki, 2006; Isozaki et al., 2007; Isozaki, 2007; Isozaki and Ota,
2007). One key point for this argument is the interpretation of an
altered, acidic volcanic ash layer as the origin for the G–LB mudstones
(Isozaki et al., 2004). However firm evidence has not yet been demon-
strated. The ELIP in southwest China was emplaced on a Permian
carbonate platform, which may have preserved the marine bio-
extinction record and the erosional products of the ELIP. Sections of the
platform along the margins of the ELIP thus may provide an oppor-
tunity to evaluate the temporal relationship between the extinction
and the Emeishan volcanism. To clarify these relations, we have
examined themineralogy and geochemistry of mudstones at Chaotian
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section in the north of the ELIP (Fig. 1). Together with a previous study
on the Xuanwei Formation and the uppermost felsic volcanic rocks of
the Emeishan succession, we are able to document multiple phenom-
ena associated with the end-Guadalupian mass extinction.

2. Geological background and sampling

The ELIP in SW China (Fig. 1a), 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
Fig. 1. (a) Schematic illustration of the geological features of the Emeishan large igneous prov
zones, which are defined in terms of extent of erosion of the Maokou Formation (He et a
volcanism) in the Upper Yangtze Craton (modified from He et al. (2006)); (c) stratigraphic
section. Section A—Chaotian, Guangyuan city, northern Sichuan province; Section B—Liangsh
by He et al. (2007), Zhou et al. (2000) and Huang (1997).
from several hundred meters up to 5 km (Xu et al., 2001; Xiao et al.,
2003, 2004). In the eastern ELIP, the basalts unconformably overlie the
Middle Permian Maokou Formation and are, in turn, overlain by the
Xuanwei (terrestrial clastic rocks) and Longtan (marine clastic rocks)
Formations, which are of the Lopingian (He et al., 2003, 2009). In the
central part of the ELIP, the basalts overlie theMaokou Formation, and in
turn are overlain by upper Triassic sedimentary rocks, indicative of deep
erosion of the central ELIP.

Since the Early Permian a carbonate platform covered the South
China Block (Wang et al., 1994; Feng et al., 1997; ECS, 2000).
ince and the sampling locations. Dashed lines separate the inner, intermediate and outer
l., 2003); (b) lithofacies and paleogeography of the Late Permian (after the Emeishan
sections and sampling localities at Chaotian. Triangle represents location of sampling

an, Shanxi province. Green triangles represent sampling locations of Xuanwei Formation



Table 1
Mineral compositions from XRD analyses of G–LB mudstones and acidic tuff at
Chaotian.

Sample Mineral compositions (wt.%)

CT-51 Rectories 17.7; feldspar 10.3; quartz 67.5
CT-52 Rectories 20.6; feldspar 11; quartz 48.3; calcite 20.1
CT-53 Rectories 33.6; montmorillonite 17.9; feldspar 9.5; quartz 25.5; calcite

11.9; anatase 1.6
CT-54 Illite 23.5; montmorillonite 22.6; quartz 29.8; calcite 20.9; anatase 3.2
CT-55 Montmorillonite 21; chamosite 18.4; quartz 1.4; calcite 43.9; anatase 5.8;

goethite 9.5
CT-56 Kaolinite 20.6; halloysite 22.4; montmorillonite 10.3; quartz 1.7; calcite

40.1; anatase 4.9
CT-57 Kaolinite 42.9; rectories 8.7; saponite 34.2; quartz 1; calcite 1.3; anatase

10.5; hematite 1.3
CT-58 Kaolinite 40.4; rectories 42.5; feldspar 1.6; quartz 0.9; calcite 0.7; anatase

13.8
CT-60 Illite 64.3; feldspar 17.7; quartz 8.8; calcite 8.1; anatase 1.1
CT-61 Illite 82.2; quartz 5.2; calcite 10.5; hematite 2.1
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Emplacement of the ELIP in southwest China around the G–LB
resulted in differentiation of this carbonate platform (He et al., 2006).
The central ELIP, volcanism formed a subcircular uplift and lasted until
the Late Triassic (Fig. 1b) (He et al., 2006). The areas outside of the
ELIP are characterized by continuous carbonate platform sedimenta-
tion during the Permian except the G–LB marine regression (ECS,
2000). The marine regression at the Middle–Late Permian boundary
(i.e., G–LB) resulted in deposition of a variable thick mudstone either
at the basal part of theWuchiaping Formation or between theMaokou
and Wuchiaping Formations (Fig. 1c) (Wang et al., 1994; Feng et al.,
1997; ESC, 2000). The distinct mudstone bed at the G–LB consists of
two parts at the Chaotian section. The lower part is known as the
Wangpo bed or G–LB “acidic tuff” and the upper part is known as the
Heshan bed (Lai et al., 2008).

The Chaotian section is situated to the north of the ELIP (Fig. 1a),
where the Permian carbonate platform was located (Fig. 1b).
Recently, detailed studies on Permian biostratigraphic units at
Chaotian have been conducted by Isozaki et al. (2004, 2007) and Lai
et al. (2008). The G–LB and the end-Guadalupian mass extinction
horizon were placed at the base of Wuchiaping Formation (Isozaki et
al., 2007). The G–LB mudstones at the Chaotian section may record an
erosional product of the ELIP. If correct, this section provides an
opportunity to evaluate the temporal relationship between the
extinction and the Emeishan volcanism.

With these aims in the mind, top to bottom sampling of the G–LB
mudstones have been carried out at Chaotian (Fig. 1c). In addition,
two samples of the Permian–Triassic Boundary (P–TB) acidic tuff at
Chaotian have been sampled for the purpose of comparison.

3. Analytical methods

Identification of bulk and clay minerals were carried out on
unoriented powder mounts by X-ray diffraction (XRD) (BRUKER D8
ADVANGE in German) at the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (GIGCAS). Qualitative and semi-
quantitative characterization of mineralogy is based on peak intensity
measurements on X-ray patterns. The diagnostic peak and the
corrective intensity factor are indicated for each mineral. Semi-
quantitative determination of the main clay species was based on the
height of specific reflections, generally measured on ethylene glycol
runs. The intensity of the 10 Å peakwas taken as a reference, the other
intensities were divided by a weight factor and all identified clay
species values were summed up to 100%. Corrective factors were
determined by long-term empirical experiments at GIGCAS.

All samples were analyzed for major element compositions at
GIGCAS using wave-length X-ray fluorescence spectrometry (XRF). A
pre-ignition was used to determine the loss on ignition (LOI) prior to
major element analyses. Accuracy is within 1% for major elements.
These samples were also selected for ICP-MS analysis of trace-element
compositions. Accuracy for trace and rare earth elements is within 5%.
Sample preparation techniques and other details are presented in Li et
al. (2002).

4. Results

4.1. XRD results

Mineral compositions from XRD analyses are listed in Table 1.
Representative XRD diagrams are shown in Fig. 2. Based on the
mineralogy, mudstones at the Chaotian section are roughly divided
into lower and upper parts, respectively corresponding to theWangpo
Bed and Heshan Bed (Table 1; Fig. 1c). The samples from the lower
part (including sample CT51–54) are characterized by mixture of
quartz (25.5–67.5%) and clay minerals. In particular, XRD data
indicate that CT51 contains up to 67.5% quartz (Table 1; Fig. 2). In
contrast, the samples from the upper part (including sample CT55–
58) are characterized by mixture of clay minerals (mainly kaolinite,
rectories and montmorillonite) and anatase (4.9–13%), with a
subordinate amount of quartz (0.9–1.4%). Acidic tuffs at the
Permian–Triassic boundary (CT60, 61) are dominated by illite
(84.2–64.3%) with some quartz (5.2–8.8%) and feldspars (0–17.7%).
Samples, CT52, 54, 55, 57 are abundant in calcite (20.1–43.8%).
Especially CT-56 contains up to 43.8% calcite, indicating that the
sample is a marlite or marl.

4.2. Major elements

Major element compositions of the samples collected from G–LB
mudstones and P–TB acidic tuff at the Chaotian section are listed in
Table 1. Loss on ignition (LOI) ranges from 8% to 22% with most
samples ∼12%. High LOI contents are consistent with a high
percentage of calcite and clay minerals in these rocks. The bulk rock
analyses are characterized by high Al2O3 and Fe2O3 and low total alkali
(K2O+Na2O) contents (0.4–2.11%), suggesting that these rocks were
intensely weathered and altered. In particular, the samples collected
from the upper part (CT57, 58) of the Chaotian section exhibit
distinctively high content of Al2O3 (31.55%), Fe2O3 (2.33–5.6%) and
TiO2 (2.35–5.23%). For convenience, G–LB mudstones from Chaotian
section are divided into two groups in terms of Al2O3/TiO2 ratio, a ratio
that remains virtually constant during surface weathering and
alteration of rocks (Hayashi et al., 1997). Thus, this ratio is the most
useful indicator for the provenance of sedimentary rocks (Taylor and
McLennan, 1985; Hayashi et al., 1997) and acidic tuffs as well (Zhou
and Kyte, 1988). Similar to the results fromHe et al. (2007), the Al2O3/
TiO2 ratios for the Group 1 sediments are greater than 7 whereas the
ratios for the Group 2 sediments are less than 7.

Group 1 sediments from the Chaotian section are characterized by
high Al2O3/TiO2 (13.6–39.6), which is very similar to the ratio (11–43)
of the rhyolites and tuffs in the upper sequence of the lava succession
at Binchuan (Zhang et al., 1988; Xu et al., 2010). The highest Al2O3/
TiO2 ratio (39.9) is noted for sample CT51, a value typical of felsic
extrusives (Hayashi et al., 1997). Group 2 sediments including CT55,
57, 58 occupy the upper part of G–LB mudstones and show
significantly lower Al2O3/TiO2 ratios (5.94–6.35) except CT-53(9.54).
This range in Al2O3/TiO2 ratio is comparable with those of the
Emeishan basalts in the center of the province (Xu et al., 2001).

4.3. Trace elements

The Group 1 and Group 2 sediments are also distinct in terms of the
minor and trace-element compositions. Total rare earth element (REE)
contents (148–524 ppm) in Group 1 samples are higher than Group 2
mudstones (118–186 ppm; Table 2, Fig. 3), however, contents of high



Fig. 2. Representative XRD patterns of G–LB mudstones and acidic tuffs at Chaotian section.
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field strength elements (HFSE) in Group 2 samples (525–1320 ppm)
are much higher than those in Group 1 samples (181–426 ppm;
Table 2). REE patterns of Group 1 and Group 2 are similar, both have
weakly fractionated and possess moderately negative Eu anomalies
(0.64–0.74, Fig. 3), resembling REE pattern of upper continent crust
(Taylor and McLennan, 1985).

5. Discussions

5.1. Are G–LB mudstones at Chaotian acidic tuff?

As mentioned above, G–LB mudstones at Chaotian section are
divided into two layers. The lower layer is called the “G–L boundary
acidic tuff” or Wangpo Bed (Isozaki et al., 2004; Isozaki and Ota,
2007). The upper layer is called the Shale Bed (Isozaki and Ota, 2007)
or Heshan Bed (Lai et al., 2008). Isozaki et al. (2004), based on XRD,
XRF and SEM analyses, suggested that the Wangpo Bed is composed
mainly of mixture of illite–montmorillonite with euhedral apatites,
zircons, and bipyramidal quartz (Isozaki et al., 2004). This led them to
conclude that this clay bed originated from a volcanic ash of rhyolitic
to dacitic composition, and must have covered most of South China at
the G–LB or end-Guadalupian (Isozaki et al., 2004; Isozaki and Ota,
2007).
To examine this hypothesis, we analyzed 4 samples from the
Wangpo Bed and 4 samples fromHeshan Bed at Chaotian section. XRD
analyses show that four samples from Wangpo Bed are characterized
by high quartz content (25.5–68%), with a maximum of 67.5% quartz
in the sample CT51 (Table 1; Fig. 2). Since air-fall acidic tuff generally
contains 1–10% quartz (Altaner and Grim, 1990; Zhou, 1999), a high
content of quartz grains (up to 68%) indicates that the Wangpo bed is
not an acidic tuff, but likely represents fine clastic sedimentary rocks.
Some euhedral minerals such as apatite, zircon, plagioclase, and
bipyramidal quartz have been used as identification criteria for acidic
tuffs (Isozaki et al., 2004), but caution should be applied with this
approach, because euhedral minerals may be also derived from the
redeposition of felsic volcanic rocks. In addition, while selecting
zircons from the Wangpo Bed, it is apparent that most zircons are
rounded although a few euhedral zircons are also found. This is
inconsistent with the origin of acidic tuffs.

The Al2O3/TiO2 ratio is one of the most useful indicators of acidic
tuffs or tonsteins (Spears and Kanaris-Sotiriou, 1979; Zhou et al.,
1982; Zhou and Kyte, 1988). Zhou and Kyte (1988) documented that
Al2O3/TiO2 ratio of acidic tuff at the Permian–Triassic Boundary is
about 80. Zhou (1999) also complied 295 samples of tonsteins and
mudstones from the Upper Permian in this region and concluded that
the Al2O3/TiO2 weight ratio of the acidic tuffs range from 28.8 to 310.7

image of Fig.�2


Table 2
Major and trace elements of G–LB mudstones and acidic tuffs at Chaotian.

CT51 CT52 CT53 CT54 CT57 CT55 CT56 CT58 CT60 CT61

Group 1 Group 2 Acidic tuff

Al2O3 14.54 15.02 14.39 14.93 30.69 14.59 16.68 31.55 25.13 24.05
CaO 5.19 0.71 4.91 8.99 1.37 23.80 21.36 0.97 4.26 6.31
Fe2O3 4.34 5.16 5.11 9.18 5.60 10.20 8.84 2.36 2.49 2.56
K2O 1.55 1.70 1.92 1.40 0.63 0.57 0.33 0.55 4.13 4.67
MgO 0.83 0.76 1.37 1.05 0.73 0.43 0.38 0.71 1.59 2.31
MnO 0.12 0.08 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.02
Na2O 0.27 0.15 0.18 0.14 0.11 0.12 0.11 0.11 1.12 0.28
P2O5 0.62 0.20 0.03 0.04 0.03 0.03 0.04 0.03 0.40 0.18
SiO2 60.10 68.47 60.52 48.55 43.48 22.02 23.92 44.57 50.10 46.14
TiO2 0.37 0.39 0.88 1.10 3.22 2.19 2.44 5.31 0.45 0.44
L.O.I 11.97 7.45 10.31 14.27 14.05 26.03 25.60 13.80 10.19 12.57
Total 99.89 100.07 99.63 99.64 99.92 99.99 99.70 99.96 99.87 99.53
CIA 0.85 0.86 0.84 0.88 0.97 0.93 0.96 0.97 0.75 0.80
Al2O3/TiO2 39.63 38.88 16.33 13.62 9.52 6.67 6.85 5.94 55.94 54.39
Sc 12.73 13.76 18.63 11.10 18.54 16.15 16.64 31.48 3.38 12.32
V 720.50 780.40 3968.20 3776.40 2836.70 4046.40 2941.60 1951.30 65.45 51.04
Cr 2805.70 1995.50 2051.70 1937.80 563.90 1253.10 1110.30 500.60 16.43 10.86
Mn 953.60 562.50 77.81 29.67 9.54 15.14 55.37 5.83 84.40 134.90
Co 42.27 59.79 15.67 9.25 9.41 6.76 10.52 4.96 10.99 16.80
Ni 821.60 605.50 36.22 38.62 344.70 97.40 166.10 268.90 27.54 34.58
Cu 147.40 213.50 78.64 60.35 272.70 56.19 101.00 224.90 44.61 93.89
Zn 773.20 516.30 4.37 8.18 87.73 35.73 29.52 88.10 68.26 71.99
Ga 12.28 11.07 33.78 30.17 33.06 21.49 24.84 44.07 23.25 26.97
Ge 2.76 2.44 1.53 1.85 1.53 1.62 2.03 0.61 0.64 1.11
Rb 70.24 56.38 67.83 57.55 17.97 22.16 12.70 13.04 128.10 157.50
Sr 222.40 292.90 72.53 112.00 47.19 90.93 86.17 45.69 972.20 644.50
Y 295.60 75.94 28.02 33.04 30.67 31.73 33.94 40.85 25.22 63.85
Zr 117.40 93.63 220.30 299.30 712.70 430.70 502.60 1120.20 287.10 484.30
Nb 8.58 8.15 20.15 26.93 73.77 48.48 54.94 124.30 10.58 10.76
Cs 3.00 3.99 9.91 7.78 2.52 2.86 2.34 2.29 7.98 10.02
Ba 274.10 348.80 178.40 171.80 50.56 61.11 54.45 45.29 76.05 54.20
La 128.10 57.72 39.12 57.54 29.08 48.20 46.40 22.85 77.47 102.30
Ce 231.60 141.80 69.82 91.35 59.66 88.65 77.08 51.21 157.30 210.90
Pr 26.49 18.27 8.29 8.70 7.63 10.06 9.07 7.32 18.85 25.78
Nd 113.90 74.72 25.84 23.31 27.33 32.97 28.24 27.45 62.10 86.08
Sm 19.47 13.86 4.15 2.93 6.00 5.08 4.95 7.21 10.78 16.22
Eu 4.56 3.17 0.89 0.67 1.37 1.18 1.14 1.64 1.43 1.93
Gd 24.67 11.90 3.48 2.77 5.65 5.03 5.02 7.50 7.57 14.26
Tb 3.76 1.90 0.73 0.66 1.07 0.99 1.03 1.49 1.14 2.26
Dy 22.07 10.25 4.87 4.93 6.13 6.09 6.21 8.33 6.02 12.14
Ho 4.96 2.12 1.05 1.13 1.18 1.21 1.28 1.59 1.12 2.39
Er 13.62 5.48 2.94 3.40 3.07 3.16 3.24 4.17 2.85 6.14
Tm 1.83 0.80 0.52 0.57 0.48 0.49 0.52 0.67 0.44 0.87
Yb 10.49 5.15 3.51 4.04 3.19 3.10 3.41 4.57 2.76 5.26
Lu 1.68 0.82 0.55 0.61 0.51 0.47 0.52 0.70 0.38 0.77
Hf 3.19 2.38 5.10 7.19 16.93 10.37 12.44 25.15 8.52 13.68
Ta 0.75 0.66 1.66 2.19 5.70 3.63 4.28 9.08 2.15 2.75
Pb 23.91 16.41 22.99 37.45 40.28 19.29 27.85 26.93 35.11 42.49
Th 8.14 7.18 10.92 7.42 21.31 13.05 17.24 34.34 45.94 60.07
U 25.72 11.20 23.13 28.22 52.75 45.88 43.38 79.41 9.02 12.68
Eu/Eu* 0.64 0.74 0.70 0.70 0.71 0.71 0.69 0.68 0.46 0.38
REE 607.21 347.97 165.75 202.60 152.34 206.69 188.10 146.69 350.20 487.30

Eu/Eu*=EuN / (SmN+GdN)1/2. N: normalized, normalization value after Taylor and McLennan (1985); REE means Total Rare Earth Elements.

Fig. 3. Chondrite-normalized REE patterns of G–LB mudstones and acidic tuffs at
Chaotian section. Normalization values are from Sun and McDonough (1989).

14 B. He et al. / Lithos 119 (2010) 10–19
with an average of 85.7. In the case of theWangpo bed, the Al2O3/TiO2

ratios of the two samples (i.e. CT53, 54) are 16.3 and 13.6 respectively,
which are much lower than average ratio of acidic tuffs in this region.
In addition, the content of Fe2O3 (4.34–9.18%) in the Wangpo Bed
is also significantly higher than one of the acidic tuff (0.74–2.45)
(Kramer et al., 2001).

Acidic tuffs commonly have strong negative Eu anomaly (Kramer
et al., 2001). The Eu/Eu* of P–TB tuff ranges from 0.23 to 0.47 (Zhou
and Kyte, 1988). The two P–TB tuffs we analyzed have Eu/Eu* values
of 0.38 and 0.46, thus consistent with previous studies. The Eu/Eu*
values of Wangpo Bed range from 0.64 to 0.74 (Table 2), much higher
than those of typical acidic tuff. Immobile trace elements (e.g. Zr, Nb, Y
and Ti) are commonly used to constrain the origin of volcanic ashes or
tuffs (Kramer et al., 2001). In TiO2/Zr versus Nb/Y diagram (Kramer et
al., 2001), CT51 and CT52 fall within the andesite field and CT53, 54

image of Fig.�3
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fall within the trachyandesite field (Fig. 4). In other words, Group 1
samples are not likely to be rhyolites or dacites and therefore the
results are inconsistent with the origin of acidic tuffs. Moreover, four
samples of the Wangpo Bed vary greatly in their mineralogy and
geochemistry. Considering all of the available evidence, it seems that
the Wangpo Bed is not an acidic tuff. Integration of mineralogical and
geochemical analyses of the Wangpo Bed suggests that the G–LB
mudstones or Wangpo Bed are not air-fall acidic tuffs despite the
presence of euhedral apatite and zircon. Instead they likely represent
detrital or clastic sedimentary rocks. The proposition that the G–LB
acidic tuff bed covers an area of 2000 km×1500 km in South China
(Isozaki et al., 2004; Isozaki and Ota, 2007; Isozaki, 2007) also remains
questionable. For instance, G–LB mudstones at Liangshan, Shanxi
province and at Yunxin, Guizhou province show similar compositional
characteristics as the Chaotian mudstones, therefore it cannot be an
acidic tuff (He, unpublished data). As a consequence, the volcanic ash
origin of the Wangpo Bed in SW China, as proposed by Isozaki et al.
(2007), should be reconsidered.

5.2. Provenance of mudstones at the Choatian section

Factors controlling the geochemistry of a clastic sedimentary rock
include: (1) composition of source terrain, (2) chemical weathering,
(3) hydraulic sorting, (4) diagenesis, (5) metamorphism, and (6)
hydrothermal alteration. Since the G–LB mudstones from the
Chaotian section were not metamorphosed or altered, diagenetic
influences are likely minor. Below, we concentrate our discussion on
the first three factors.

5.2.1. Paleogeography at G–LB and possible sources for the Chaotian
mudstones

As mentioned previously, the subcircular uplift, called the
Chuandian “old land” in Chinese geologic literature (Wang et al.,
1994; Feng et al., 1997), existed in the inner zone of the ELIP after the
main period of Emeishan volcanism (Fig. 1b) and was maintained
until the late Triassic (He et al., 2006). It is interesting to note that the
distribution of the Xuanwei Formation and Longtan Formation is
exclusively around this “old land” (Fig. 1b). Such a spatial configu-
ration and paleogeography 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. Due to the existence of the
Qinling sea trench in the north and Songpan basin in the west, the
Chuandian “old land” is the only possible source for G–LB mudstones
at Chaotian. In other words, the central ELIP is only possible source for
the Xuanwei and Longtan Formations, and G–LB mudstones in SW
China.
Fig. 4. TiO2/Zr versus Nb/Y diagram of G–LB mudstones and acidic tuffs at Chaotian
section. Lines dividing mafic, intermediate and felsic are modified from Hayashi et al.
(1997). Mafic and felsic area of the Emeishan LIP from Zhang et al. (1988) and Xu et al.
(2001).
5.2.2. Chemical weathering
The most widely used chemical index to ascertain the degree of

source-area weathering is the Chemical Index of Alteration (CIA). This
index is calculated using molecular proportions as shown in the
equation below: CIA=Al2O3/(Al2O3+CaO +Na2O+K2O). In the
equation, CaO* is the amount of CaO incorporated in the silicate
fraction of the rock. Correction for CaO from carbonate contribution
was not done for the clayey rocks since there was no CO2 data.
Therefore, to compute the CaO* from the silicate fraction, the method
of Bock et al. (1998) was used. In this regard, CaO values were
accepted only if CaO≤Na2O. Consequently, when CaONNa2O, it was
assumed that the concentration of CaO equals that of Na2O (Bock et
al., 1998). The calculated CIA values for the mudstones from the
Chaotian section (Table 2) range between 84 and 97 with a mean of
92, indicating extreme weathering. In comparison the CIA values of
two samples from the Permian–Triassic acidic tuffs are 75 and 80,
corresponding to moderate weathering.

5.2.3. Provenance of G–LB mudstones at Chaotian section
Since there are only two possible sources (mafic and felsic parts of

the ELIP) for the Chaotian G–LB mudstones we compare them with
the ELIP. XRD analyses show that four samples from the Wangpo Bed
are characterized by a high content of quartz (25.5–68%), with a
maximum of 68% quartz. Because basalts generally contain little
quartz, high quartz abundances indicate that the source of the
mudstonesmay have been derived from felsic extrusives. On the other
hand, four samples (i.e., CT55–58) from Heshan Bed are characterized
by a mixture of clay minerals (mainly kaolinite, rectories and
montmorillonite) and anatase (4.9–13.8%). High abundances of
anatase (up to 13.8%) and little quartz indicate that their source
may be linked to mafic igneous rocks.

5.2.3.1. Major elements. The Al2O3/TiO2 ratio is the most useful
provenance indicator of sedimentary rocks for two reasons (Hayashi
et al., 1997). Firstly, in igneous rocks, Al resides mostly in feldspars
and Ti resides within mafic minerals (e.g., olivine, pyroxene,
hornblende, biotite, ilmenite lots in accessory minerals). Therefore,
the A1/Ti ratio of igneous rocks generally increases with increasing
SiO2 content; the data compiled by Hayashi et al. (1997) shows that
the Al2O3/TiO2 weight ratio increases from 3 to 8 for mafic igneous
rocks (SiO2=45–52 wt.%), 8–21 for intermediate igneous rocks
(SiO2=53–66 wt.%), and 21–70 for felsic igneous rocks (SiO2=66–
76 wt.%) (Hayashi et al., 1997). In the central ELIP, for example, the
Al2O3/TiO2 ratio of basalts ranges from 3 to 5.91 with an average of
4.11 (Zhang et al., 1988; Xu et al., 2001), whereas for felsic rocks the
ratio ranges from 11.4 to 42.7 with an average of 24.7 (Xu et al., 2010).
Secondly, it is widely accepted that the Al2O3/TiO2 ratios of most
clastic sedimentary rocks are essentially identical to those of their
source rocks (Sawyer, 1986; Nesbitt and Wilson, 1992; Maynard,
1992; Mai, 1993; Hayashi et al., 1997). Hayashi et al. (1997) showed
that Al2O3/TiO2 in mudstones and sandstones is similar to that of the
parent rocks. In most cases, the fractionation of A1 and Ti is
insignificant between silts/shales and their parent rocks, probably
because most Ti in weathered rocks occurs as a chemical constituent
of chlorite (and other clays) and/or as minute ilmenite inclusions in
these silicate minerals, rather than as separate ilmenite grains
(Hayashi et al., 1997 and references therein). Therefore, the Al2O3/
TiO2 ratio is used as an indicator of source rocks, especially of igneous
rocks.

The Al2O3/TiO2 ratio of theWangpo bed at Chaotian section ranges
between 12 and 40 (Table 2), indicating that the 4 mudstone samples
(i.e., CT51–54) of Wangpo Bed and CT57 belong to Group 1.
Specifically, Al2O3/TiO2 of sample CT51, 52 is as high as 38–40, a
value typical of felsic volcanics (Hayashi et al., 1997). This ratio is also
similar to that of the felsic extrusives in the upper ELIP at Binchuan
(Xu et al., 2010). The Al2O3/TiO2 ratio of sample CT53 and CT-4 are
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13.6, 16.4, respectively, which are much lower than P–TB acidic tuff
samples (sample CT60, 61) at Chaotian. On the other hand, Al2O3/TiO2

of the Heshan Bed (Group 2 except CT-57) is significantly lower,
ranging from 5.95 to 6.85 with an average of 6.35 (Table 1). This value
is slightly higher than that of the Emeishan basalts (3.9–5.9) in the
center of the province. This suggests a possible input from mafic
sources. Bivariate plots of TiO2 (%) and Al2O3 (%) are also used
extensively for determining source rock compositions (McLennan et
al., 1980; Schieber, 1992). From Fig. 5, it is clear that the Wangpo Bed
plots near the felsic field, whereas Heshan Bed is mostly confined to a
mafic compositional field.
Fig. 6. TiO2 versus Zr diagram of G–LB mudstones and acidic tuffs at Chaotian section.
Mafic and felsic area of the Emeishan LIP from Zhang et al. (1988) and Xu et al. (2001).
Data of the Xuanwei Formation are from He et al. (2007).
5.2.3.2. Trace elements. Trace-element abundances and ratios of some
immobile elements in the clastic rocks further assist with provenance
analyses. 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
(Cullers and Graf, 1984). In contrast, felsic rocks usually show
fractionated chondrite-normalized patterns and strong negative Eu
anomalies. Such characteristics may be preserved in sedimentary
rocks (McLennan et al., 1980; Cullers and Podkovyrov, 2002; Lopez et
al., 2005).

The REE abundance in the Group 1 sediments is higher than in the
Group 2 samples (Table 2, Fig. 3). Group 2 sediments show less
fractionated REE patterns with low LREE/HREE ratios and weak Eu
anomalies compared to Group 1 samples. However, both of the Group
1 and Group 2 samples possess moderate negative Eu anomalies. This
indicates that although Group 1 and Group 2 may be derived from
felsic and mafic igneous rocks, respectively, some mixing of source
sediments may have occurred. For example average Al2O3/TiO2 ratio
of Group 2 is 6.35, which is slightly higher than the average Al2O3/TiO2

ratio of basalts (4.3), implying some input from a felsic source. REE
patterns of Group 1 differ from acidic tuffs in LREE/HREE ratio and Eu
anomalies (Fig. 3), but resemble alkaline granites in the central ELIP
(Zhang et al., 1988). In the TiO2/Zr versus Nb/Y diagram, Group 1 falls
within the andesite and trachyandesite fields, whereas Heshan Bed or
Group 2 falls towards the margins of the basalt field (Fig. 4). This also
implies that minor mixing between the sources of Group 1 and Group
2 sediments. In the TiO2 versus Zr diagram, Group 1 and Group 2
samples respectively fall in the margins of felsic and basalt fields
(Fig. 6), implying their likely sources and minor mixing.

In summary, mineralogical and geochemical analysis of G–LB
mudstones at Chaotian suggests that Wangpo Bed was derived from
felsic part of the Emeishan LIP, though some samples may have mixed
source compositions, whereas Heshan bed was mainly derived from
mafic lavas of the ELIP. Decoupling betweenmajor and trace elements
may be caused by extreme weathering and hydraulic sorting.
Fig. 5. Bivariate plots of TiO2 (%) and Al2O3 (%) of G–LB mudstones and acidic tuffs at
Chaotian section. Data of the Xuanwei Formation are from He et al. (2007).
5.3. Temporal coincidence between end-Guadalupian mass extinction
and the Emeishan flood volcanism

Previous studies of three sections of the Xuanwei Formation east of
the ELIP showed that the lowermost part (Group 1) of Xuanwei
Formation represents eroded materials of the felsic member of the
uppermost sequence of the Emeishan volcanic succession; whereas
the other part (Group 2) is compositionally more akin to the mafic
rocks (Fig. 7a; He et al., 2007). This conclusion was also supported by
other studies. Zhang et al. (1988) pointed out that acidic volcanic
flows developed in lowermost of Xuanwei Formation. Zhou (1999)
and Zhou et al. (2000) studied 8 sections of Xuanwei Formation in the
east of the Emeishan LIP and concluded that alkaline acidic volcanic
tuff layer was generally developed in the lower part of Xuanwei
Formation (e.g., section F in Fig. 7b). Huang (1997) reported a REE
deposit within the Xuanwei Formation on the top of the Emeishan
basalts (section E in Figs. 7b and 1). Based on strong fractioned REE
pattern and strong negative Eu anomaly, he suggested that this
deposit may be derived from felsic members of the Emeishan
succession. Thus, Group 1 sediments in the lowermost part of
Xuanwei Formation may be a common feature in the region.

As discussed above, G–LB mudstones at Chaotian are also derived
from the erosion of the ELIP. The lower part of the Wangpo Bed
(Group 1) is chemically similar to the felsic rocks whereas the upper
part of the Heshan Bed (Group 2) is chemically similar to the mafic
rocks. This chemo-stratigraphy is identical to that observed for the
Xuanwei Formation (He et al., 2007). This layer of mudstone was also
called Longtan Formation in Chinese geological community (ESC,
2000). Thus, G–LB mudstones are well correlated with Xuanwei
Formation and Longtan Formation (Fig. 7a). Taking into account the
rapid regression that occurred at the G–LB, the Chaotian G–LB
mudstones may be equivalent to Longtan and Xuanwei Formations.

Moreover, the ELIP does have felsic extrusive in the uppermost
unit of lava sequence (Zhang et al., 1988; Xu et al., 2001, 2010; Ali and
Wignall, 2007; Shellnutt and Jahn, 2010), a feature shared by other
continental LIPs such as the Etendeka, Karoo and Yemen (Bryan et al.,
2002). It is documented that at least four sections have variably thick
felsic extrusives (i.e., rhyolite, trachyte) of the upper part of the
Emeishan LIP in the inner zone (Zhang et al., 1988). But, due to deep
erosion in the central ELIP, most of these felsic rocks may have been
eroded away and deposited in an eastern Late Permian basin. Ali and
Wignall (2007) also reached a similar conclusion on the basis of
Chinese geological reports (Zhang et al., 1988; BGMRSP, 1991) that
acidic rocks in the Emeishan basalt sections, particularly in thewaning
interval rocks, can be assigned to the Xuanwei Formation.

Given the fact that the spatial distribution of the Xuanwei Formation
occurs exclusively surrounding the Chuandian old land (Fig. 1b), it is
likely that the Group 1 sediments in the lowermost Xuanwei Formation
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Fig. 7. (a) Plot of Al2O3/TiO2 ratio for the mudstones against their stratigraphic height at Chaotian section and its correlation with the Xuanwei Formation. Locations of sections are
shown in Fig. 1. See text for the definition of Group 1 and Group 2 sediments. The ranges of Al2O3/TiO2 ratio for the Emeishan basalts and A-granites are from Zhang et al. (1988) and
Xu et al. (2001). The rhyolites and tuff were sampled from the center of the Emeishan large igneous province (Xu et al., in press). (b) Chemostratigraphic correlation in the Emeishan
LIP and South China suggesting the emplacement of the Emeishan flood volcanism at the Middle–Late Permian boundary. Geochemically, Group 1 and Group 2 sediments of the
Xuanwei Formation are related to the felsic andmafic components of the central Emeishan LIP, respectively. The stratigraphic sequence that the felsic-derived Group 1 and themafic-
derived Group 2 sediments is the reverse of the volcano-stratigraphy of the Emeishan volcanism where felsic extrusives postdated mafic extrusives. It is likely that the Xuanwei
sediments 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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were derived from the felsic members of the Emeishan LIP, and the
Group 2 sediments from the mafic rocks (Fig. 7b). In support of this
interpretation, the stratigraphic sequence of mafic-related Group 2
samples overlie the felsic-related Group 1 rocks in the Permian of SW
China is the reverse (as expected during erosional unroofing) of the
volcanic sequence of the Emeishan lavas in which the rhyolites and
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trachytes occur above the basaltic lavas (Fig. 7). The uppermost silicic
members in the center of the LIP were eroded first and the “felsic”
materialswere transported anddeposited in the eastern LIP, forming the
lowermost part of the Xuanwei Formation. Further erosion uncovered
themafic part of the Emeishan LIP and this eroded “mafic”material was
deposited over those sediments derived from the felsic flows (Fig. 7).
This interpretation is also supported by the general agreement between
the age of the lowermost Xuanwei Formation (257±4Ma; 260±4 Ma)
and that of the silicic ignimbrite in the uppermost of the Emeishan lava
succession (263±5 Ma). Hf isotopic compositionsof zircons fromGroup
1 sediments, G–LBmudstones and Emeishan acidic rocks are essentially
the same (εHf=3.5 and 12.6; He et al., unpublished; Xu et al., 2008;
Shellnutt et al., 2009). Therefore, G–LB mudstones at Chaotian section
are well correlated with the lowermost part (Group 1) of the Xuanwei
Formation and the uppermost felsic part (may be eroded) of the
Emeishan succession in the central ELIP (Fig. 7).

The genetic linkage of the Wangpo Bed at Chaotian section and
lowermost part (Group 1) of Xuanwei Formation with the latest
Emeishan silicic rocks yields an important implication regarding the
relative timing between the Guadalupian mass extinction and
Emeishan volcanism. Given the fact that the Wangpo Bed is likewise
genetically related to Emeishan silicic volcanism, it follows that the
felsic member in the uppermost Emeishan basalts, Group 1 sediments
of Xuanwei Formation and Wangpo Bed at the Late–Middle Permian
boundary all lie on an isochron horizon (Fig. 7b). This correlation and
erosional provenance of the G–LB mudstones suggest that the
Emeishan flood volcanism was terminated before the Middle–Late
Permian boundary or G–LB (Fig. 7b). This direct evidence thereby
provides a new constraint on the temporal coincidence between
Emeishan flood volcanism and the end-Guadalupian biotic crisis. In
addition, since both the Emeishan basalts and the Chaotian G–LB
mudstones rest on the Maokou Formation, the Emeishan basalts are
therefore roughly inferred to be the stratigraphic equivalent of the
Wangpo Bed at the Chaotian section, indicating a short eruption
period. The relative temporal coincidence of these two phenomena
and rapid eruption of the ELIP may support the idea of a cause-and-
effect relationship.

6. Conclusions

Based on mineralogical and geochemical analyses of G–LB
mudstones from Chaotian section, the following conclusions can be
drawn:

(1) The G–LB mudstones at Chaotian represent clastic rocks
derived from the ELIP, rather than acidic tuff as proposed by
Isozaki et al. (2004). Previous interpretations of G–LB layers in
SWChina as acidic tuffs are in need of further investigation. The
Wangpo Bed at Chaotian section may be mainly from felsic
volcanic rocks, while the Heshan Bed was mainly derived from
mafic lavas. Such a chemostratigraphic sequence is the same as
that for the Xuanwei Formation (He et al., 2007).

(2) Correlation of G–LB mudstones at Chaotian with Xuanwei and
Longtan Formations and the Emeishan felsic extrusives indi-
cates the termination of the Emeishan volcanism before the G–
LB and a relative temporal coincidence between theELIP and the
end-Guadalupian mass extinction. The data presented in this
study thus support the idea of a cause-and-effect relationship
between two phenomena.
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