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Claystone beds directly below and above the Emeishan basalts in SW China formed around the Guadalupian-
Lopingian (G —L) boundary. Zircons from both levels give U-Pb ages of ~260 Ma, and are identical within-
error to ages reported for the Emeishan Large Igneous Province (LIP). The claystones lack Nb — Ta anomalies
on primitive mantle normalized elemental diagrams; zircons from these claystones have a geochemical affinity
to within-plate-type magmas. These features, combined with the strong negative Eu anomalies in the zircons
and high Al,05/TiO; ratios, indicate that claystones around the G — L boundary have a silicic volcanic component
related to Emeishan LIP. Zircons from the underlying claystone bed have much higher U/Yb and Th/Nb ratios and
lower eye(t) values than those overlying the LIP, suggesting that early-stage silicic volcanic rocks had a higher
crustal contamination or assimilation during magmatic processes. In terms of stratigraphic correlation, our
data demonstrate that silicic eruptions occurred not only at the end, but also at the beginning of the Emeishan
LIP, and the overall duration of the main basaltic phase was short (<1 m.y).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The Emeishan large igneous province (LIP) consists of voluminous
basalts, picrites, mafic/ultramafic to felsic intrusions, as well as trachytes
and rhyolites (Huang et al., 2014; Shellnutt, 2014; Xiao et al., 2004; Xu

activity may have played an important role in climate forcing associated
with the LIP by releasing SO, into the stratosphere (Yang et al., 2015)
and possibly link to the late Guadalupian (mid-Capitanian) mass extinc-
tion (Bond and Wignall, 2014; Bond et al., 2010; Day et al., 2015; Jerram
et al.,, 2016; Zhang et al., 2013).

et al., 2001, 2010; Zhou et al.,, 2006) and has been dated at the
Guadalupian — Lopingian (G — L) boundary (260 Ma) with a short erup-
tion duration (<2 Ma) (Ali et al., 2002; Shellnutt et al., 2012; Zheng et al.,

Across much of SW China claystone beds accumulated around the
G—L boundary (Isozaki et al., 2004; Saitoh et al., 2013; Sun et al.,
2010; Zhang et al., 2007) and although they have been invoked as pro-

2010; Zhong et al., 2014; Zhou et al., 2002). Silicic volcanic rocks have
only been reported from the uppermost levels of the volcanic succes-
sions (Anh et al., 2011; Shellnutt and Jahn, 2010; Xu et al., 2010) and
are thought to represent the final stage of magmatic activity (He et al.,
2007, 2010a; Xu et al,, 2010; Zhong et al., 2014). Recent studies on de-
rived Upper Permian sandstones that lie to the southeast of the
Emeishan LIP indicate that the volume of associated silicic eruptions
may have been underestimated (Yang et al., 2015). Such effusive
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viding a link between the mass extinction and volcanism (He et al.,
2010a; Zhong et al., 2014), their source is disputed. For example,
Isozaki et al. (2004) and Isozaki (2009) argued that claystones originat-
ed from acidic tuffs related to subduction of the Panthalassa Ocean,
whereas He et al. (2010a) proposed that they were mudstones derived
from the uppermost silicic member of the Emeishan LIP. In this paper,
we present whole-rock geochemistry and zircon trace elements, U-Pb
and Lu — Hf isotopic data on claystones directly underlying and overly-
ing Emeishan basalts in SW China to determine their source and explore
their implication for Emeishan LIP volcanism. We show that G—L
boundary claystones have a silicic volcanic origin linked to the LIP, and
that silicic volcanism occurred not only at the end, but also prior to
the Emeishan LIP's emplacement and that the total duration of igneous
activity was no more than 1 m.y.
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2. Geological background and sampled stratigraphy

The Emeishan LIP covers an area of ~250,000 km? near the western
margin of the Yangtze Block in SW China (Ali et al., 2005; Chung and
Jahn, 1995; Xu et al., 2001) (Fig. 1; Ali et al., 2010). The volcanic succes-
sion ranges from a maximum preserved thickness of ~5 km in the west
of the province to less than 100 m in the east (Xu et al., 2001). The
Emeishan basalts overlie the limestone-dominated Middle Permian
Maokou Formation, and are, in turn, partially covered by clastic rocks
of the Upper Permian Xuanwei or Longtan formations in the east and
Triassic sedimentary rocks in the centre (He et al., 2003; Yang et al.,
2015).

In the northeastern Emeishan LIP, the volcanic pile is approximately
270 m thick and lies between the Maokou and Xuanwei formations. The
lower and upper parts of the volcano-sedimentary successions are well
preserved at the Qingyin Power Station and Qingyin Ge Temple, respec-
tively (Fig. 2; Thompson et al., 2001). The uppermost part of the Maokou
Formation at the Qing Yin Power Station consists of claystone-rich suc-
cession (Figs. 2, 3). The top of the Maokou limestones are marked by an
irregular surface in which hollows are infilled with reddish-brown
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ferruginous mudstones (Fig. 4a) and minor yellow claystones known
as the Wangpo Bed (~35 cm thick) (Lai et al., 2008). This in turn is over-
lain by the Heshan Bed (~1 m thick) (Lai et al., 2008), consisting of a thin
succession of carbonaceous shales and limestones in which the upper-
most of the shales is intercalated with thin red-brown ferruginous mud-
stone. The Heshan Bed is capped by the lowermost lava flow of the
Emeishan LIP. Biostratigraphy indicates the limestones underlying the
Wangpo Bed belong to the late Capitanian J. xuanhanensis zone (Fig. 3;
Lai et al., 2008; Sun et al., 2010) corresponding to an absolute age of
around 261 Ma (Henderson et al., 2012).

The uppermost Emeishan basalts at the Qingyin Ge Temple section
are heavily altered (Thompson et al., 2001) and overlain by the Xuanwei
Formation. The formation is approximately 96 m thick and composed of
clastic rocks that accumulated in a terrestrial environment (He et al.,
2007; Thompson et al., 2001). The basal Xuanwei Formation consists
of yellow claystones ~0.7 m thick (Fig. 3) that represent tuffaceous
rocks and are considered to mark the waning phase of volcanic activity
associated with the LIP (Thompson et al., 2001). Iron-polymetallic de-
posits overlie the claystones with an irregular surface, and are, in turn,
covered by dark-green sandstones (Fig. 4b).
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Fig. 2. Simplified geological map of the Qingyin area.
3. Samples and analytical methods six claystone samples from the Wangpo Bed of the Maokou Formation
and six claystone samples and one iron-polymetallic sample (Xw4)
Fifteen volcano-sedimentary rock samples were analyzed for bulk- from the lowest Xuanwei Formation (Fig. 3). All samples were reduced
rock geochemistry, including two ferruginous mudstone samples and in a corundum jaw crusher (to 60 mesh). About 60 g from each sample
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Fig. 3. Stratigraphic section and sampling locations at Qingyin. Biostratigraphic data for the Qinyin Power Station are from Sun et al. (2010).
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Carbonaceous shale

@l Ferruginous
mudstone

Fig. 4. Outcrop photographs of the Wangpo Bed (N: 29°34'42.7"; E: 103°24'39.2") (a) and lowest Xuanwei Formation (N: 29°34/30.7”; E: 103°23'35.0”) (b). Mark pen (14 cm) for scale.

was powdered in an agate ring mill to less than 200 mesh. Major ele-
ment concentrations were determined with XRF by ALS Chemex.
Trace elements were analyzed at the State Key Laboratory of Geological
Processes and Mineral Resources (GPMR), China University of
Geosciences (Wuhan). The rock powers were first digested by
HF + HNOs in Teflon bombs and analyzed with an Agilent 7500a
ICP — MS. The detailed sample-digesting procedure for ICP —MS analy-
ses is the same as described by Liu et al. (2008). For the trace element
analysis, the standard reference materials were AGV-2 (andesite),
BHVO-2 (basalt), BCR-2 (basalt) and GSR-1 (granite). The results of
the standard analyses and the reference values are available in
Supplementary Table 1. The analytical precisions are generally <5% for
most major and trace elements.

Zircons for U-Pb dating and trace element analysis were extracted
from claystone samples Mc3-2 and Xw2-4 and analyzed by LA — ICPMS
at GPMR. Detailed operating conditions for the laser ablation system
and the ICP — MS instrument and data reduction are the same as de-
scription by Liu et al. (2010). Zircon 91500 (?°°Pb/?*3U age =
1062.4 + 0.4 Ma, Wiedenbeck et al., 1995) was used as external stan-
dard for U-Pb dating, and was analyzed twice every six analyses. Off-
line selection and integration of background and signals, and time-
drift correction and quantitative calibration for trace element analyses
and U-Pb dating were performed by ICPMSDataCal (Liu et al., 2010).
Concordia diagrams and weighted mean age calculations were conduct-
ed using Isoplt/Ex_ver3.75 (Ludwig, 2003). Zircon standards Gj-1 was
analyzed as an unknown and the obtained mean 2°°Pb/238U age is
599 + 4 Ma (20) in line with the recommended age [599.8 + 1.7 Ma
(20), (Jackson et al., 2004)]. Trace element compositions of zircons
were calibrated against reference materials BCR-2G and BIR-1G, com-
bined with internal standardization (Liu et al., 2010). The preferred
values of element concentrations for the USGS reference glasses are
from the GeoReM database (http://georem.mpch-mainz.gwdg.de/).
The average analytical error ranges from ca. 4+ 10% for light rare earth
elements (LREE) to ca. + 5% for the other REEs.

In situ zircon Lu — Hf isotopic analysis was carried out on a Neptune
Plus MC —ICP — MS (Thermo Fisher Scientific, Germany) in combina-
tion with a Geolas 2005 excimer ArF laser ablation system (Lambda
Physik, Gottingen, Germany) hosted at the GPMR. Analytical spots
ware located close to, or on the top of, spots used for U-Pb analysis or
in the same growth domain as inferred from CL images. Detailed oper-
ating conditions for the laser ablation system, the MC — ICP — MS instru-
ment and analytical method are the same as outlined by Hu et al.
(2012). The analyses were conducted with a beam diameter of 44 um
and a hit rate of 6 Hz. Zircon 91500 and GJ-1 were used as the reference
standard. Off-line selection and integration analyte signals, and isobaric
interference and mass fractionation correction of Lu-Hf isotopic ratios
were also performed by ICPMSDataCal (Liu et al., 2010). The decay con-
stant was adopted for '7®Lu of 1.865 x 10~ ! year—! (Scherer et al.,
2001). The value of ey(t) is calculated relative to the chondritic reser-
voir with a "®Hf/"7Hf ratio of 0.282772 and '7Lu/"’Hf of 0.0332
(Blichert-Toft and Albarede, 1997).

4. Results
4.1. Major and trace elements

The whole-rock geochemical data for the analyzed samples are
presented in Supplementary Table 2. The SiO, contents of the samples
are highly variable (13.30 wt.% to 53.22 wt.%). The ferruginous mud-
stone and iron-polymetallic samples have extremely high Fe,O3 con-
tents (40.63 wt%-57.66 wt%). Claystone samples from the lowermost
Xuanwei Formation have higher Fe,05 contents (5.35 wt%-15.11 wt%)
than claystone samples from the Wangpo Bed. All claystone samples
and the iron-polymetallic sample are characterized by high Al,03 con-
tents (19.86 wt%-35.13 wt%), reflecting the presence of abundant clay
minerals.

The ferruginous mudstone samples have chondrite-normalized
rare-earth element (REE) patterns with slightly positive Ce and negative
Eu anomalies and a gradual decrease in REE (Fig. 5a). The claystone
samples from the Wangpo Bed are characterized by light REE enrich-
ment, significant negative Eu anomalies and fairly flat heavy REE pat-
tern. All claystone samples and the iron-polymetallic sample from the
Xuanwei Formation have flat REE patterns, along with significant posi-
tive Ce anomalies and slightly negative or no Eu anomalies (Fig. 5¢).
On primitive mantle-normalized plots, the ferruginous mudstone sam-
ples show significant negative Nb, Ta, Zr and Hf anomalies, which are
absent from the other samples (Fig. 5b, d). Claystone samples from
the Wangpo Bed have slightly positive Ti anomalies, which are lacking
from other samples.

4.2. Zircon U-Pb ages

Zircon grains from samples Mc3-2 and Xw2-4 are generally pris-
matic with relatively uniform sizes (50-120 um for Mc3-2 and 80-
150 um for Xw2-4). Cathodoluminescence (CL) imaging shows that
most grains exhibit clear oscillatory zoning and a few grains display a
homogenous internal structure (Fig. 6).

All analyzed zircon grains from sample Mc3-2 have high Th/U ratios
(0.41-1.28) (Supplementary Table 3), indicating a magmatic origin
(Hoskin and Schaltegger, 2003). Of the sixty-five zircon grains, two
analyses (#4 and #17) are discordant [(?°°Pb/238U) age /(2°’Pb/?*>U)
age < 0.9]. Twelve analyses are concordant, but six yield 2°°Pb/?38U
ages of 318-282 Ma, three yield 2°°Pb/?33U ages of 869-752 Ma and
three yield 2°7Pb/?%°Pb ages of 2166-1521 Ma, significantly older than
the majority of the analyses (Supplementary Table 3). The remaining
fifty-one concordant zircon grains define a tight age cluster with a
mean 2°°Pb/?*3U age of 260.4 + 1.2 Ma (2 o) with a mean square of
weighted deviate (MSWD) value of 0.96 (Fig. 7a). This weighted
average age is equal to the concordia age within error [260.8 + 2.0 Ma
(2 0, MSWD = 0.90)] calculated from the youngest nineteen analyses
with concordance >96%.

For sample Xw2-4, fifty-two analyses were obtained from fifty-one
zircon grains, of which forty-eight are concordant. All analyses have
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Fig. 5. Chondrite-normalized REE patterns distribution, and primitive mantle-normalized spidergrams for claystone samples at Qingyin (a, b, ¢,d) and Chaotian (e, f). Normalized values for
chondrite and primitive mantle are from Sun and McDonough (1989). Date from claystones of the Wangpo Bed and around the P-T boundary at Chaotian are from He et al. (2010a).
Average values of Emeishan high-Ti basalts at Binchuan (Xiao et al., 2004; Xu et al., 2001), Emeishan trachytes and rhyolites (Anh et al., 2011; Shellnutt and Jahn, 2010; Xu et al.,
2010), and the average upper continental crust (UCC) (Rudnick and Gao, 2003) are shown for comparison.

high Th/U ratios (0.51-1.52) (Supplementary Table 3), indicating a
magmatic origin (Hoskin and Schaltegger, 2003). Three concordant
analyses on bright or dark cores and rims of core-rim structured zir-
cons yield Precambrian ages ranging from 828 to 805 Ma. The remain-
ing forty-five concordant analyses yield ages of 295-252 Ma, of which
the youngest forty-one zircon grains give a weighted mean 2°°Pb/2*8U
age of 260.4 £+ 1.7 Ma (2 o) with a MSWD value of 0.88 whereas the
others yield slightly older ages (295-284 Ma) interpreted to represent
earlier magmatic pulses (Fig. 7b). This weighted average age is equal to
the concordia age within error [259.0 £ 2.8 Ma (2 0, MSWD = 0.07)]
calculated from the youngest thirteen analyses with concordance
>95%.

4.3. Zircon trace elements

The chemical compositions for forty-three grains with ages in the
range of 268-254 Ma (2°°Pb/2*8U age) from sample Mc3-2 and twenty
grains ranging in age from 266 to 253 Ma from sample Xw2-4 are pre-
sented in Supplementary Table 4. Most of the analyzed grains have
REE's patterns that increase steeply from La to Lu, with positive Ce
anomalies and negative Eu anomalies (Fig. 8). The composition of the
zircon grains show an overall increase in Nb content, and a decrease
in Hf content from sample Mc3-2 (most <10 ppm and 7189-
10,509 ppm, respectively) to sample Xw2-4 (most >14 ppm and
6760-7917 ppm, respectively). The geochemistry of zircon provides a
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Fig. 6. Cathodoluminescence images for zircons from claystone samples Mc3-2 and Xw2-4 at Qingyin. The white solid and circles denote U-Pb and Lu-Hf spots, respectively. The numbers

in the brackets on the right of the U-Pb ages are ey¢(t) values.

sensitive monitor of its parental magma composition and is effective
for fingerprinting tecto-magmatic provenance (Grimes et al., 2015).
All zircons were plotted on Hf vs. U/Yb, and Th/Nb vs. Hf/Th diagrams
(Fig. 9) to examine the nature of the source magma from which they
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crystallized (Grimes et al., 2015; Yang et al., 2012). The majority of the
Permian zircons lie in the continental zircon and within-plate/
anorogenic fields with a few falling into the arc-related/orogenic field
(Fig. 9).

/
[ Xw2-4

Mean=260.4+1.7 Ma
(n=41) MSWD=0.88

0.01 £100 01 0.3 Q.5 0.7
' 0.4 0.8 1.2 1.6 2.0
207Pb/235U

Fig. 7. LA-ICPMS zircon U-Pb concordia diagrams for claystone samples Mc3-2 and Xw2-4.
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Fig. 8. Chondrite-normalized REE patterns for claystone samples Mc3-2 and Xw2-4. Normalized values for chondrite are from Sun and McDonough (1989).

4.4. Zircon Lu-Hf isotopes

The Lu-Hf isotopic compositions for seventeen grains with ages
~260 Ma from samples Mc3-2 and Xw2-4 are presented in Supplemen-
tary Table 5. Eleven analyses from sample XW2-4 yield relatively uni-
form '7SHf/'77Hf ratios (0.282834-0.282939) and &y(t) values (+7.7
to 4+ 11.5). However, six analyses from sample Mc3-2 exhibit a relative-
ly lower '76Hf/'77Hf ratio between 0.282567 and 0.282727 and &y¢(t)
values (— 1.8 to +3.7) (Fig. 10).

5. Discussion
5.1. Intense chemical weathering

Chemical weathering leaches and subsequently depletes the soluble
elements Ca, Na and K relative to Al and, in some cases, Fe (Fedo et al.,
1995; Nesbitt and Young, 1982; Tosca et al., 2010). The degree of
weathering is expressed by the chemical index of alteration (CIA).
CIA = [ALL053 / (Al,03 + Ca0* + Na,0 + K,0)] x 100 in molecular pro-
portions, where CaO* represents CaO content in the silicate fraction
(Nesbitt and Young, 1982). In the absence of the carbonate content
and CO, data, it is difficult to accurately estimate the silicate CaO con-
tent. Therefore, to compute for silicate CaO content, the assumption pro-
posed by Bock et al. (1998) was adopted. In this regard, CaO values were
accepted only if CaO < Na,O; if however, CaO > Na,0 then we assumed
that the moles of silicate CaO = Na,O (Bock et al., 1998). The calculated
CIA values for the claystone and iron-polymetallic samples from the
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lowest Xuanwei Formation are approximately 99. Given the higher
K50 contents (1.16 wt%-8.10 wt%) for ferruginous mudstone and
claystone samples from the Wangpo Bed, the lower CIA values
(70-78) for these samples may be partially attributed to diagenetic
K-metasomatism (Fedo et al., 1995). To mitigate the effects of K enrich-
ment, Fedo et al. (1995) proposed the plagioclase index of alteration
(PIA = [(ALLO5 — K50) / (Al,O5 + Ca0* + Na,0)] x 100), which is pre-
ferred for evaluation of the chemical weathering intensity of plagio-
clase. The calculated PIA values for all samples range between 97 and
99, indicating extreme weathering.

The iron-polymetallic deposits at Emeishan are characterized by a
pisoid-ooid texture with a size range of 0.1 mm to 1.5 mm and are
thought to have formed by chemical leaching during sedimentary pro-
cesses in surface environments (Meng et al., 2015). Ce is more sensitive
to change in redox conditions than other REEs in surface environments,
and is generally preferentially precipitated from the solution as Ce
oxides under oxic conditions (e.g., Ma et al., 2011). Furthermore, Fe is
redox sensitive and in reducing environments, ferrous iron (Fe>*) can
be mobile and leached during mafic mineral weathering. In oxidative
weathering environments, however, Fe is usually retained by the forma-
tion of highly insoluble ferric iron (Fe® ™) oxides or oxyhydroxides and
thus enriched along with Al (Babechuk et al., 2014). All claystone sam-
ples from the lowest Xuanwei Formation show significant positive Ce
anomalies and Fe,05 enrichment, consistent with formation during
long-term surface exposure-related weathering. The ferruginous mud-
stone samples show extremely high Fe,O5 contents and PIA values,
and slight positive Ce anomalies, comparable to the claystones and
iron-polymetallic deposits from the lowest Xuanwei Formation. Given
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Fig. 9. Hf vs. U/Yb (Grimes et al., 2015) and Th/Nb vs. Hf/Th diagrams (Yang et al., 2012) for zircons of claystone samples Mc3-2 and Xw2-4. Dates from zircons in clastic rocks of the Upper

Permian Shaiwa Formation at Sidazhai (Yang et al., 2015) are shown for comparison.
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the irregular surface between the top of the limestones and the Wangpo
Bed, these geochemical characteristics may be attributed to a long-term
exposure, weathering and leaching at the base of the Wangpo Bed. This
interpretation is also supported by the conodont studies at Maoershan
(Fig. 1), where the Wangpo Bed are interbedded with limestones be-
longing to the latest Capitanian C. postbitteri hongshuiensis Zone
(Fig. 11; Zhang et al., 2007), corresponding to two conodont zones
higher than limestones underlying the Wangpo Bed at Qingyin. This po-
tential gap in the conodont zones corresponds to a time break of around
1 Ma (Henderson et al., 2012). Long-term surface exposure may be re-
lated to the rapid regressive event during the mid-Capitanian (Sun
et al., 2010; Wignall et al., 2009) or/and pre-eruption uplift of this LIP
(Ali et al., 2010; He et al., 2003).

5.2. Origin of G-L boundary claystones

All claystone samples at the two analyzed sections lack Nb (Ta)
anomalies on primitive mantle-normalized trace element diagrams
(Fig. 5b, d), which is similar to the Emeishan high-Ti basaltic rocks and
silicic volcanic rocks (Fan et al., 2008; Xiao et al., 2004; Xu et al., 2001,
2010), and contrast with upper continental crust which display such
anomalies (Rudnick and Gao, 2003). Claystone samples from the
Wangpo Bed and lowest Xuanwei Formation have ages (~260 Ma) com-
parable to the age of magmatic activity of the Emeishan LIP (He et al.,
2007; Xu et al., 2008; Zhong et al., 2014; Zhou et al., 2002), suggesting
a genetic link. Importantly, the trace element patterns of zircons with
ages of ~260 Ma mostly fall in the continental zircon and within-
plate/anorogenic fields (Fig. 9), consistent with an Emeishan LIP source
(Chung and Jahn, 1995; Xiao et al., 2004; Xu et al., 2001; Yang et al.,
2012, 2014). Given the generally zircon-poor or barren nature of basal-
tic rocks, the presence of abundant euhedral zircons with ages of
~260 Ma suggests that the claystones were mainly related to silicic

eruptions. The high Al,03/TiO, ratios of the analyzed samples, as well
as the strong negative Eu anomalies (generally <0.25) in the zircons
are consistent with a silicic rather than a basaltic source (He et al.,
2007; Yang et al., 2015).

The Wangpo claystone bed overlies limestones of the Maokou For-
mation and lies directly beneath the Emeishan basalts or, where the ba-
salts are absent, the limestones of the Upper Permian Wuchiaping
Formation (Fig. 11; Lai et al., 2008; Saitoh et al., 2013). The Wangpo
claystones have traditionally been considered to represent terrigenous
shales related to a major regression event across western South China
(Mei et al., 1994). A primary clastic composition for the claystones has
been justified in part on the basis of their high quartz content as well
their Al,05/TiO, ratios (13-39) and Eu/Eu” values (0.64-0.74), which
are lower and higher respectively, than claystones from the Permian-
Triassic (P-T) boundary, which originated from acidic tuffs (He et al.,
2010a). However, compositional differences between the two se-
quences likely reflect a different composition for the volcanic activity
rather than a non-volcanic source of the Wangpo claystones. On the
Nb/Y vs. Zr/TiO, diagram (Fig. 12a; Winchester and Floyd, 1977), the
P-T boundary claystones have a geochemical affinity to rhyodacite/
dacite, whereas those of the Wangpo claystones are comparable to
Emeishan trachytes, which have lower Al,03/TiO, ratios (mostly <23)
and higher Eu/Eu” values (mostly >0.55) than Emeishan rhyolites
(Anh et al., 2011; Shellnutt and Jahn, 2010; Xu et al., 2010) (Fig. 12b).
Isozaki et al. (2004) also supported a volcanic origin for the Wangpo
Bed by identifying high temperature quartz.

Claystone samples (CT-51 and CT-52) from the lower part of the
Wangpo Bed at Chaotian (Fig. 1; He et al., 2010a) show similar geo-
chemical features to the upper continental crust and ferruginous mud-
stones at Qingyin (Fig. 5), indicative of derivation from the old
continental crust. In addition, the clay mineralogy of the bed suggests
input from detrital as well as a volcanic source (Deconinck et al.,
2014). Inputs of old continental material may account for the high
quartz contents in the claystones. Thus, we conclude that the claystones
originated mainly from a silicic volcanic ash related to Emeishan volca-
nism in addition to a component of terrigenous-derived clastic material.

5.3. Implications for the silicic volcanism of the LIP

Silicic volcanic rocks including rhyolite and trachyte have only been
reported from the top of the Emeishan volcanic succession and are re-
stricted to specific locations (e.g., Binchuan and Panzhihua, Fig. 1;
Shellnutt and Jahn, 2010; Xu et al.,, 2010). However, recent studies on
derived Upper Permian sandstones at Sidazhai suggest that silicic erup-
tions of the Emeishan LIP may have been significantly underestimated
(Yang et al.,, 2015). The limited present-day exposure of silicic volcanic
rocks reflects their dispersal due to the likely explosive nature of the
silicic volcanic activity as well as their preferential erosion relative to
basaltic phases due to their position at the top of the succession (Yang
et al., 2015). Meanwhile, previous studies on the G-L boundary
claystones focused on the Chaotian area in the northeast of the LIP
where the Emeishan basalts are absent (He et al., 2007, 2010a), which
also limits the ability to constrain the volcanic sequence. It is clear that
Emeishan basalts lie between the claystones from the Wangpo Bed
and the lowest Xuanwei Formation at Qingyin (Fig. 3). Geochemical
and zircon trace element and U-Pb age data on these claystones sug-
gests they were derived from LIP silicic magmatism and that this volca-
nism occurred both before and after the main phase of basaltic eruptive
activity.

Previous zircon Hf isotope studies of Emeishan LIP felsic plutonic
rocks show variable ey¢(t) values (—4.4 to +13.5) (Shellnutt et al.,
2009; Xu et al., 2008). Zircons of claystones from the lowest Xuanwei
Formation exhibit relatively high ey¢(t) values (>+7), comparable
with those from felsic plutonic rocks (Fig. 10; Baima, Taihe, Woshui
and Huangcao). This suggests that the late-stage silicic magmas were
derived from melting of a mantle source without significant crustal
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Fig. 11. Stratigraphic correlation among the Chaotian (Saitoh et al., 2013), Maoershan (Sun et al,, 2010; Zhang et al., 2007), Qingyin (Sun et al., 2010; this study), and Sidazhai (Yang et al.,
2015) sections. The dashed line represents the G-L boundary. The dashed and dot line at the base of the Wangpo Bed represents the possible isochron horizon.

contamination (Shellnutt et al., 2009; Xu et al., 2008). Zircons from the et al,, 2008). Such isotopic characteristics indicate a different magmatic
Wangpo claystones have lower gy¢(t) values (— 1.8 to +3.7), which are process for zircons of claystones from the lowest Xuanwei Formation
similar to ~260 Ma zircons from syenite and granitic intrusions at and suggest precipitation from more differentiated magmas with
Maomaogou, Miyi and Ailanghe in the center of the LIP (Fig. 10; Xu some involvement of crustal melting (Xu et al., 2008; Yang et al., 2015).
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Fig. 12. (a) Nb/Y vs. Zr/TiO, (Winchester and Floyd, 1977) and (b) Al,Os/ TiO, vs. Eu/Eu”. Date from claystones of the Wangpo Bed and around the P-T boundary at Chaotian (He et al.,
2010a), Emeishan basalts (Fan et al., 2008; He et al., 2010b; Qi et al., 2008; Xiao et al., 2003, 2004; Xu et al., 2001), Emeishan trachytes and rhyolites (Anh et al., 2011; Shellnutt and
Jahn, 2010; Xu et al., 2010), the average upper continental crust (UCC) (Rudnick and Gao, 2003) and post-Archean average Australian shale (PAAS) (Taylor and McLennan, 1985) are
shown for comparison.
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Clastic rocks of the Upper Permian Shaiwa Formation at Sidazhai
(Figs. 1, 11) were derived the Emeishan LIP and indicate a source com-
posing ~30% silicic and ~70% basaltic rocks (Yang et al.,, 2015). Zircons of
clastic rocks from the lower Shaiwa Formation have approximately
lower U/Yb and Th/Nb ratios and higher ey¢(t) values than those from
the upper part (Figs. 9, 10), which suggests a reduction of crustal con-
tamination or assimilation associated with Emeishan LIP magmatic
source (Yang et al., 2015). Zircons of claystones from the lowest
Xuanwei Formation have U/Yb (<0.8) and Th/Nb (<10) ratios compara-
ble with those from the lower Shaiwa Formation (Fig. 9; Yang et al.,
2015), suggesting that the derivation of the lowest Xuanwei claystones
were related to the late-stage silicic volcanism of the Emeishan LIP. Zir-
cons from the Wangpo claystones have higher ey¢(t) values, though
largely overlapping in U/Yb and Th/Nb ratios (Figs. 9, 10), than those
from the upper samples of the Shaiwa Formation (Yang et al., 2015).
Such chemical and isotopic characteristics suggest that silicic magmas
derived from a source with more crustal contamination once existed
elsewhere in the early stage of Emeishan volcanism.

5.4. Age constraints on the Emeishan LIP

More than 50 published zircon U-Pb ages for intrusive and extrusive
rocks from the Emeishan LIP range from ~266 Ma to ~255 Ma
(Shellnutt, 2014 and references therein). The distribution of most zircon
U-Pb ages cluster around ~260 Ma (e.g. Fan et al., 2008; Xu et al., 2008;
Zhou et al., 2002, 2006). However, most previous dating has been on the
spot locations within the LIP. The coincident ages (ca. 260 Ma) of zircons
from the claystone beds directly both below and above the Emeishan
basalts suggest a relatively short time between silicic eruptions around
the G-L boundary. Eruption of the main phase of Emeishan basaltic ac-
tivity was thought to begin in the late Capitanian J. xuanhanensis zone,
based on the conodont age dating the Maokou Formation limestones
at Qingyin (Sun et al., 2010). However, our studies suggest that a
long-term exposure may exist between the Wangpo Bed and the
Maokou Formation limestones at Qingyin. The Wangpo Bed was formed
in the latest Capitanian C. postbitteri hongshuiensis Zone (Fig. 11; Zhang
et al., 2007), corresponding to an absolute age of around 260 Ma
(Henderson et al., 2012), which constrains the age of early-stage
basaltic volcanism of the Emeishan LIP. The high precision zircon CA-
TIMS U-Pb age from the silicic extrusive rocks intercalated within the
uppermost part of the high-Ti basalts at Binchuan is 259.1 + 0.5 Ma. If
this age represents the termination age of the Emeishan basalts
(Zhong et al., 2014), then the overall duration of basaltic magmatism
was short and probably <1 Ma. This interpretation is supported by the
lack of palaeosols/intensely weathered flow tops between individual
flows at Qingyin (Thompson et al., 2001).

6. Conclusions

Claystones around the G-L boundary at Qingyin directly underlie
and overlie Emeishan basalts and formed during long-term surface ex-
posure. Whole-rock geochemistry and zircon U-Pb ages and trace ele-
ments suggest that these claystones have a silicic volcanic origin
related to the Emeishan LIP. Emeishan silicic volcanism occurred not
only at the end, but also at the beginning, LIP magmatic activity. Zircons
from claystones of the lowest Xuanwei Formation, which lie above the
main pulse of basaltic magmatism have much higher ey¢(t) values
than those from the Wangpo claystones, which underlie the basalts.
This indicates that Emeishan silicic magmas were derived from a source
with decreasing crustal contamination. Combined with the biostrati-
graphic correlation, the coincident ages (ca. 260 Ma) of zircons from
the claystone beds suggest a relatively rapid (<1 m.y.) emplacement
of the terrain.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2016.08.013.
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