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ABSTRACT

Silicic eruptive unites can constitute a substantive component in flood basalts dominated
large igneous provinces, but usually constitute only a small proportion of the preserved
volume due to low preservation potentiality. Thus, their environmental impact can be
underestimated or ignored. Establishing the original volume and potential climate-sensitive
gas emissions of silicic eruptions is generally lacking for most large igneous provinces. We
present a case study for the ~260 Ma Emeishan province, where silicic volcanic rocks are a
very minor component of the preserved rock archive due to extensive erosion during the Late
Permian. Modal and geochemical data from Late Permian sandstones derived from the
province suggest that silicic volcanic rocks constituted some ~30% by volume of the total
eroded Emeishan volcanic source rocks. This volume corresponds to >3x10* km® on the basis
of two independent estimate methods. Detrital zircon trace element and Hf isotopic data
require the silicic source rocks to be formed mainly by fractional crystallization from
associated basaltic magmas. Based on experimental and theoretical calculations, these
basalt-derived ~10* km® silicic eruptions released ~10*'g sulfur gases into the higher
atmosphere and contribute to the contemporaneous climate cooling at the
Capitanian-Wuchiapingian transition (~260 Ma). This study highlights the import impact of

silicic eruptions in large igneous province volcanism on climate.
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1. Introduction

Basaltic eruptions associated with large igneous provinces (LIPs) have been widely
discussed to induce climate warming via CO, degassing or cooling by sulfur gas emission
(e.g., Jolley and Widdowson, 2005; Mussard et al., 2014; Self et al., 2006, 2014; Zhang et al.,
2013). However the climatic impact of LIP silicic volcanism is often overlooked even though
it may constitute a substantial component of many LIPs (Bryan et al., 2002) and have a
potential linkage with regional or hemispheric climate cooling via delivering sulfur gases and
ash into the upper atmosphere (Scaillet and Macdonald, 2006). This is mainly because of the
poor preservation of such volcanic activity due to erosion, especially for pre-Mesozoic
provinces (Bryan et al., 2002). In the late Permian Emeishan volcanic province in SW China
(Chung and Jahn, 1995; Fig. 1A), silicic volcanic rocks are only a very rare component (< 1%)
of the total exposed igneous rocks (Shellnutt and Jahn, 2010; Xu et al., 2010). Their rarity in
the rock archive might result from their dispersal due to the explosive nature of the silicic
activity (e.g., Xu et al., 2010) and the stratigraphic restriction to the youngest phases, and
stratigraphically highest levels, of the Emeishan LIP (Xu et al., 2010; Xu et al., 2004; Zhong
et al., 2014) resulting in their preferential erosion relative to basaltic phases (He et al., 2007).
The eroded volcanic products of the Emeishan province were deposited and preserved in the
adjacent Late Permian sedimentary systems (He et al., 2007; Yang et al., 2014; Zhou et al.,
2000), especially the Youjiang Basin to the southeast (Yang et al., 2014).

Emeishan flood volcanism is temporally correlated with the Guadalupian-Lopingian
boundary (259.9 £+ 0.4 Ma; Gradstein et al., 2012) bio-environmental crisis (Wignall et al.,

2009). Climate cooling has been advocated to be associated with the end-Guadalupian event
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based on positive §"°C values (Isozaki et al., 2007), an increase in low-latitude conodont 520
(Chen et al., 2013) and a climate-related decrease in chemical weathering intensity of
paleosols from high-latitude locations in Gondwana at the Capitanian-Wuchiapingian
transition (~260 Ma) (Sheldon et al., 2014). Sulfur gas emissions linked to Emeishan basalt
eruptions have been interpreted as a cause for this climate cooling event (Zhang et al., 2013).
However, the flood basalts are dominantly effusive (Xu et al., 2004) and, in contrast to
explosive silicic rocks, unlikely to be able to result in major stratospheric S loading (but see
the buoyant plume model of Glaze et al., in press). The potential climate impact of Emeishan
silicic eruptions have not been considered, as their original volume is poorly constrained and
there are no melt inclusions in phenocrysts that could have been used for a direct
determination of S contents due to syn- and post-eruptional alteration (e.g., chemical
weathering and mechanical fragmentation) and general aphyric texture. In this paper we
develop methods to estimate the volume of eroded Emeishan silicic volcanic rocks based on
modal and geochemical data from Late Permian sandstones derived from the province. We
also evaluate the petrogenesis of the silicic rocks using detrital zircon trace element and Hf
isotopic data from these Late Permian sediments. On the basis of the derived volume estimate
and petrogenetic model for Emeishan silicic eruptions, we further explore their potential
climate effect by estimating the associated sulfur gas emissions according to the experimental
and theoretical calculations proposed by Scaillet and Macdonald (2006).
2. Emeishan LIP and its derived Late Permian sediments

The Emeishan LIP lies on the western margin of South China Craton with an exposed

area of ~2.5x10° km? and a thickness ranging from several hundred meters up to 5 km



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

(Chung and Jahn, 1995; Xu et al., 2001; Fig. 1A). This province consists of massive flood
basalts and subordinate amounts of picrite, pyroclastic rock and rhyolitic tuff (Chung and
Jahn, 1995; Xiao et al., 2004; Xu et al., 2001). Voluminous mafic-ultramafic intrusions and
peralkaline, peraluminous and metaluminous A-type granitic rocks are associated with the
province in Panxi Region (Shellnutt and Jahn, 2010; Shellnutt et al., 2009; Xu et al., 2008;
Zhong et al., 2011). Two general basaltic groups, high-Ti and low-Ti basalts, are
distinguished on the basis of geochemical parameters with the former stratigraphically above
the latter in the west but directly overlying the Middle Permian carbonates in the east of the
province (Fig. 1A inset; Xu et al., 2004). Silicic volcanic rocks including rhyolite and
trachyte have only been reported from the uppermost part of preserved volcanic stratigraphy,
and only at a very few locations (e.g., Binchuan, Fig. 1A inset; Xu et al., 2004). Studies of
biostratigraphy of intercalated marine beds, magnetostratigraphy, and zircon U-Pb dating on
the volcanic sequences constrain the LIP volcanism to a short pulse around 262-259 Ma (He
et al., 2007; Wignall et al., 2009; Zheng et al., 2010; Zhong et al., 2014). Geologic,
geophysical and geochemical data established that the Emeishan LIP is related to mantle
plume activity (Chung and Jahn, 1995; He et al., 2003; Xu et al., 2004; Xu et al., 2001). The
Emeishan flood basalts overlie Middle Permian carbonates, and are, in turn, overlain by latest
Permian terrestrial or marine clastic rocks in the east and Triassic sedimentary rocks
elsewhere (e.g., He et al., 2007). This stratigraphy and related provenance data suggest that
the Emeishan volcanic province experienced extensive exposure and erosion during the Late
Permian-earliest Triassic (He et al., 2007; Yang et al., 2014; Zhou et al., 2000). The eroded

volcanic materials from this province were partly dispersed southeastward and preserved as
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sediments in the terrestrial-littoral (e.g., the Late Permian Xuanwei and Longtan formations,
He et al., 2007) and offshore facies of the Youjiang Basin (e.g., the Late Permian Shaiwa and
Linghao formations, Yang et al., 2014) (Fig. 1A). These sediments thus allow for quantitative
volume reconstruction of the eroded part of the Emeishan province.
3. Sampling sequence and analytical methods

In this region, the Late Permian successions are generally dominated by fine-grained
sedimentary rocks, such as mudstones and siltstones, and mostly are devoid of coarser
deposits like sandstone. In order to collect suitable samples for confident sandstone modal
composition analysis and to provide a direct lithological constraint on the source rocks (e.g.,
Cawood, 1983; Dickinson, 1970), we have studied and observed several drill cores and
exposed sections in SW China (Yang et al., 2014). For this study, we choose the Sidazhai
section in southern Guizhou Province where multiple fine-medium grained sandstones are
exposed and systematic sampling can be performed (Fig. 1A). The Late Permian Shaiwa
Formation at this section was deposited in a deep water environment within the northern
Youjiang Basin (Fig. 1A). It disconformably overlies the Middle Permian black, thin-medium
bedded limestones and cherts, and conformably underlies Early Triassic black shales. This
sequence consists mainly of interstratified sandstone, siltstone and mudstone except the top
part (~253-252 Ma) where thin bedded cherty and limestone interlayers are more frequent
(Fig. 1B). Available tuff zircon U-Pb dating (Yang et al., 2012) and biostratigraphy (Gao et al.,
2001) constrain a Lopingian age for this sequence. Sandstone and siltstone samples were
systematically collected from the measured section for sandstone modal composition,

whole-rock geochemistry and detrital zircon geochronology, trace element and Hf isotope
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analysis (Fig. 1B).

Framework components including quartz, feldspar and rock fragment were point counted
from fresh medium-fine grained sandstones following the Gazzi-Dickinson method
(Dickinson, 1970). Whole-rock major and trace element contents were respectively
determined with XRF and ICP-MS by ALS Chemex. Accuracy is better than 5% and
uncertainty is less than 5% for major elements. For most of the analyzed trace elements
including rare earth elements, the accuracy is better than 10% and uncertainty less than 10%.
Zircon CL (cathodeluminescence) imaging, LA-ICPMS U-Pb geochronology and trace
element concentration, and MC-LA-ICPMS Hf isotope analyses were conducted in the State
Key Laboratory of Geological Process and Mineral Resources, China University of
Geosciences (Wuhan). CL images were conducted on a JEOL JXA-8100 electron microprobe.
Laser sampling was performed using a Geolas 2005, and ion-signal intensities were acquired
by an Agilent 7500a ICP-MS instrument. Except La and Pr with uncertainties of 10%-20%,
all the trace element concentrations have uncertainties within 10% (Yang et al., 2012). In situ
zircon Hf isotope analysis was on the spots immediately adjacent to or in the locations for the
U-Pb dating and conducted using a Neptune Plus MC-ICP-MS in combination with a Geolas
2005 excimer ArF laser ablation system. Analytical details are provided in the supplementary
file and data are listed in Tables S1-S5.

4. Sedimentary provenance

The thin-sectioned fine- to medium-grained Shaiwa sandstone samples show poor to very

poor sorting and contain angular-subangular framework components in a tuffaceous matrix.

Calcite cement is observed and interspersed with volcanogenic matrix in some samples.
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Some of the collected samples are matrix supported with matrix component >40%, but
point-counted samples are normally framework-supported with matrix <~30% (and generally
less than 20%). Detrital components include volcanic rock fragments, limestone fragments,
and feldspar and quartz grains (Fig. 2). Accessory minerals include chlorite, magnetite and
very scarce pyroxene. Both quartz and feldspar grains (mainly of plagioclase) are angular in
shape and usually contain mineral or fluid inclusions (Fig. 2E) and have average size in the
range of 0.1-0.3 mm. Volcanic rock fragments range in size from 0.5 mm down to that of the
matrix. Limestone fragments and bio-shell clasts range from >1mm to <0.1 mm. Within the
framework components of these Late Permian Shaiwa sandstones, the majority are volcanic
rock fragments (48-66%), with minor quartz and feldspar grains, and subordinate marlstone,
limestone, charcoal and bio-shell clasts (Fig. 2). Volcanic lithic fragments have basaltic
(lathwork and microlitic) and rhyolitic (felsic and vitric) textures (Cawood, 1983; Dickinson,
1970; Fig. 3A). Similar petrological characters have also been observed in the Late
Permian-earliest Triassic sandstones from the Yutang and Badu sections in the Youjiang Basin
(Yang et al., 2014). These sandstone modal compositions indicate a predominant volcanic
provenance with both basaltic and rhyolitic source rocks. Geochemically, all the analyzed
sandstones have relatively low Al,O3/TiO, ratios (4.5-6.5, Fig. 3B) and low SiO, content
(<51%). On the chondrite normalized rare earth element and primitive mantle normalized
trace element diagrams, they exhibit elemental patterns with no distinctly negative Eu and Nb
(Ta) anomalies, comparable with that of the Emeishan high-Ti basalts (Fig. 4). Comparing
with the Emeishan high-Ti basalts and silicic volcanic rocks (rhyolite and trachyte), the

studied samples all have higher LOI (loss on ignition, mainly of CO, and H,0) contents and a
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strong positive correlation between LOI and CaO content (r* = 0.86, Fig. S1A). This character,
consistent with the petrological observations in the sandstone thin sections, indicates the
presence of carbonate clasts and cementation in the analyzed samples (Fig. 2). The LOI
content has no correlation with Al,O3/TiO, ratio (r* = 0.02), but has negative correlation with
REE (total rare earth element content, r> = 0.67) and positive correlation with Eu/Eu* (r* =
0.78, Fig. S1B-D). These plots suggest that the carbonate phases have no influence on the
Al,O3/TiO, ratio of the samples, but would dilute the trivalent REE contents (and others like
Si0,) and change their chondrite-normalized ratios.

Zircon grains from the Shaiwa samples generally show oscillatory zoning in CL images
indicative of a magmatic origin (Fig. S2). Except four Neoproterozoic zircons representing a
xenocrystic origin from the basement of the western South China craton (Zhou et al., 2002),
all the zircon grains yield unimodal zircon U-Pb age patterns with peaks at ~260 Ma for each
of the samples (Figs 5 and S3). These ages correlate well with the major magmatic periods of
Emeishan province (He et al., 2007; Wignall et al., 2009; Zheng et al., 2010; Zhong et al.,
2014). The zircons show two groups of chondrite-normalized rare earth element (REE)
patterns based on the presence or absence of light REE enrichment (La > 2 ppm) (Fig. S4).
However, they show no systematic differences in the Eu/Eu*, Th/Nb and U/Yb ratios and Hf
content (Fig. 6), which are used as petrogenetic indicators (Grimes et al., 2007; Rivera et al.,
2014; Stelten et al., 2013; Tani et al., 2010; Yang et al., 2012). Their trace element trends are
indicative of crystallization from within-plate magmas on the Th/Nb-Hf/Th diagram (Yang et
al.,, 2012; Fig. 7A). Therefore, all of these petrological, geochemical and detrital zircon

provenance data, along with south-southeastward paleo-current based on flute casts from the
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Yutang section, indicate an exclusive Emeishan volcanic source for the volcanogenic
components of the Shawa sediments.
5. Volume estimate for the Emeishan silicic volcanic source rocks

Felsic and vitric textured volcanic rock fragments, representing silicic volcanic rocks in
the Emeishan source, account for 21-41 vol. % of total volcanic rock fragments (Fig. 3A).
Using average compositions of Emeishan high Ti basalts (Lai et al., 2012; Song et al., 2008;
Xiao et al., 2004; Xu et al., 2007; Xu et al., 2001), rhyolites (Xu et al., 2010) and trachytes
(Shellnutt and Jahn, 2010; Xu et al., 2010), two end-member mixing calculations based on
weathering-insensitive but source-responsive Al,O3/TiO, and La/Sm ratios (Sheldon et al.,
2014; Yang et al., 2014) indicate that silicic rocks (specifically rhyolite) provided ~20-40
weight percent detritus for the analyzed sandstones (Fig. 3B). Considering the higher density
of basalts relative to rhyolites, this weight percent will convert into a higher volume percent.
The analyzed samples are compositionally similar to the other Late Permian-earliest Triassic
sandstones collected from the Yutang and Badu sections in the Youjiang Basin (Fig. 1A),
which were previously studied by Yang et al. (2014). All of these sandstone samples have
volcanic rock fragment dominated detrital components, low Al,O3/TiO, ratios, chondrite
normalized REE patterns with an insignificant negative Eu anomaly and negligible Nb (Ta)
depletion on the primitive mantle normalized element diagram. On the volcanic rock
fragment and Al,O3/TiO, vs. La/Sm plots (Fig. 3), these offshore marine sediments largely
overlap and thus represent well-mixed detrital products from various drainages in the
Emeishan volcanic source region rather than detrital input from a biased local source.

Furthermore, one sandstone sample from riverine facies at the Zhejiao section in the eastern
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Emeishan LIP (He et al., 2007) also suggests a mixed source rock of ~35% rhyolite and
~65% high-Ti basalt on Al,O3/TiO, vs. La/Sm plot (Fig. 3b). This Late Permian (possibly
earliest Triassic) riverine-littoral-offshore sedimentary system has a wide distribution and a
huge volume in SW China (Yang et al., 2014; Fig. 1A). It is unlikely that such voluminous
volcanic detritus was derived from only a local part of the Emeishan volcanic source region.
It is more probable that widespread volcanic detritus were sourced from the majority of the
exposed Emeishan volcanic province. In this case, the indicated silicic vs. basaltic source
rock volume ratio (~30%: 70%) would be representative of the entire eroded volcanic volume
in the Emeishan province during the Late Permian. Therefore, as a conservative estimate
sandstone petro-geochemical data suggest that approximately 30 £ 10 volume percent of
volcanic detritus in the Late Permian sedimentary successions was derived from Emeishan
silicic volcanic rocks.

Using an average Late Permian global denudation rate of ~30 m/Ma (Wilkinson, 2005), a
preserved exposed area for the Emeishan LIP of 2.5x10° km? (Chung and Jahn, 1995) and an
erosion time of ~6 Ma (from 259 Ma to 253 Ma, which corresponds to the interval of the
Shaiwa Formation rich in sandstones), the total eroded volume of Emeishan volcanic rocks in
the Late Permian could be as much as 4.5x10* km® based on Ve=RextexAg, where Vg =
volume of eroded volcanic rocks, Rg = erosion rate, tg = erosion time and Ag = exposure area.
However, this estimated volume for the source of the sedimentary rocks is likely smaller than
the actual volume, because (1) the original extent of the province is thought to be larger than
its remnant exposure (Chung and Jahn, 1995; Xu et al., 2004), (2) the denudation rate may be

an underestimate as modern tropical volcanic terrains are characterized by higher long-term
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erosion rates (e.g., > ~50 m/Ma in Hawaiian island, Ferrier et al., 2013) and (3) the erosion of
Emeishan volcanic rocks persisted throughout the Late Permian to earliest Triassic (Yang et
al., 2014; He et al., 2007), which is longer than 6 Ma used here. However, arguments for a
volume underestimate are countered by the fact that not all areas of the province were likely
exposed in the Late Permian (He et al., 2007). An independent, but similar, estimate for the
volume of Emeishan source volcanic rocks comes from the derived Late Permian sediments
deposited in riverine-littoral and offshore facies to the southeast of the volcanic province (He
et al., 2007; Yang et al., 2012; Zhou et al., 2000). Riverine-littoral sedimentary sequences,
dominated by siltstones and mudstones, cover an area of >10° km?® with a thickness ranging
from 10s to 100s meters and offshore sediments are distributed over ~2x10* km? with a
thickness ranging from < 100 to > 1000 meters (Yang et al., 2014; Zhou et al., 2000). Based
on an average thickness of 200 m and 500 m for these two facies types, respectively, a total
volume of these sediments could be ~3x10* km® without compaction correction. This figure
provides a minimum volume estimate for eroded Emeishan volcanic rocks in the Late
Permian, considering that these sediments constitute only a part of the Emeishan LIP derived
volcanic detritus and that potential erosion of offshore sediments is not incorporated into the
calculations, although it includes some thin-bedded limestone and cherty rocks.

Based on the estimate of ~30% silicic component within the volcanic rock fragments, the
volume of Emeishan silicic volcanic rocks eroded in the Late Permian can be conservatively
estimated to be 0.9x10*1.4x10* km®. The estimated volume for the eroded Emeishan silicic
rocks would be enlarged if including the ~20 m thick terrestrial claystones with high

Al,O5/TiO;, ratio (>~10), which were interpreted to be mainly sourced by local rhyolitic rocks
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(He et al., 2007), and the remained silicic rocks in the Emeishan volcanic stratigraphy (Xu et
al., 2010). As a consequence, the minimum, original volume of Emeishan silicic volcanism
could be at least1x10* km®. The volume of silicic eruptions associated with continental flood
basalts, such as Karoo, Parana-Etendeka, Ethiopia and possibly, Deccan LIPs, is generally
thought to be in the same order of magnitude (Bryan et al., 2002; Scaillet and Macdonald,
2006).
6. Petrogenesis of Emeishan silicic volcanic rocks

Given the zircon-barren nature of basaltic rocks, all the ~260 Ma zircons from the Shaiwa
Formation are considered to be derived from Emeishan rhyolitic source rocks. This
interpretation is consistent with the strong negative Eu anomaly, with Eu/Eu* generally less
than 0.2 (Fig. 6A), which indicates an evolved parental magma experiencing significant
plagioclase fractionation (Hoskin and Schaltegger, 2003; Rivera et al., 2014; Stelten et al.,
2013). Although low Eu/Eu* values have also been reported for zircons from within-plate
basaltic rocks, they were ascribed to a substitution of Eu** by Th*" and thus associated with
high Th/U ratios (generally >0.9) (Schulz et al., 2006). In contrast, most studied zircons have
Th/U ratios (0.4-1.0) in the typical range for zircons crystallized from granitoid magmas
(Hoskin and Schaltegger, 2003). Further evidence is the low Ti contents of these zircons,
which are mostly < 20 ppm and corresponds to crystallization temperatures < ~800 °C based
on the Ti-in-zircon thermometer (Ferry and Watson, 2007; Fig. 7B). This temperature range is
characteristic of the Emeishan felsic magma evolution as demonstrated by MELTS modeling
(Shellnutt and Jahn, 2010), but much lower than pre-eruptive temperatures (generally > 950

°C) of basalts (Xu et al., 2001; Shellnutt and Jahn, 2010). These zircons thus provide trace
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element and Hf isotopic compositions of significance in determining the petrogenetic history
of the eroded Emeishan silicic volcanic rocks.

On Th/Nb-Hf/Th diagram (Fig. 7A), all Emeishan LIP-derived zircons plot together with
those from hot-spot related Iceland and Yellowstone rhyolitic rocks, and are distinct from the
four analyzed inherited grains derived from the Neoproterozoic crust of South China, which
denote a parental magma with subduction related geochemical affinity (Schulz et al., 2006;
Yang et al., 2012). Such chemical distinction precludes a continental crust partial melting
dominated petrogenetic model for the Emeishan silicic volcanic rocks. Although largely
overlapping in the trace element trends with Yellowstone zircons on the Th/Nb vs. Hf/Th plot
(Fig. 7A), most zircons from the lower seven samples show Th/Nb ratios < 10, a
compositional character more typical for Icelandic zircons. U-Pb dated zircons from two of
the samples (Sdz57 and Sdz65) were analyzed for Hf isotopes and exhibit positive gHf(t)
values (generally in the range of 2-7). These eHf(t) values overlap with that of Permian
zircons from an Emeishan basaltic andesite (Tang et al., 2015) and from some Emeishan
mafic/ultramafic-intermediate intrusions (Shellnutt et al., 2009; Xu et al., 2008; Zhong et al.,
2011; Fig. 8). Such chemical and isotopic characteristics suggest zircon crystallization in
rhyolitic magmas by extensive fractional crystallization from associated basaltic source
magmas without significant crustal contamination. These zircons have eHf(t) values
comparable with those from the base of the Late Permian terrestrial Xuanwei Formation in
the eastern part of the province but distinctly different from those of remnant rhyolitic tuff
(Xu et al., 2008; Fig. 8B). They require a silicic volcanic source that is compositionally

different from the preserved silicic volcanic successions. In contrast, most zircons in the
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upper six samples have Th/Nb > 10 (Fig. 7B). Zircons from Sample Sdz71 were analyzed for
Hf isotopes and have negative ¢Hf(t) values, which are similar to Permian zircons in an
Emeishan rhyolite tuff from the top Binchuan volcanic sequence (Xu et al., 2008) and ~260
Ma zircons in the Late Permian bauxites sourced from Emeishan silicic rocks (Deng et al.,
2010; Fig. 8B). This suggests comparable rhyolites once existed elsewhere in the Emeishan
province and provided an appropriate source. In addition, zircons grains from
stratigraphically higher levels also have slightly lower Eu/Eu* and higher U/Yb and Hf
content than those from the lower samples (Fig. 6). These chemical and isotopic
characteristics consistently indicate a different magmatic process for the zircons from the
upper samples and suggest precipitation from more differentiated magmas with some
involvement of crustal melting (Grimes et al., 2007; Tani et al., 2010; Yang et al., 2012).
Therefore, the Emeishan silicic volcanic rocks were formed by fractional crystallization
dominated magmatic processes from basaltic parent magmas with or without crustal
assimilation. This petrogenesis is consistent with geochemical modeling (Shellnutt and Jahn,
2010; Xu et al., 2010), where Emeishan trachytes and rhyolites formed from high-Ti basaltic
parent magmas after >78% and >96% crystallization, respectively. Resultant mineral
accumulation might be manifested by high seismic velocity bodies at different crustal levels
and gabbroic intrusions in the province (Shellnutt and Jahn, 2010; Xu et al., 2010).
7. Potential sulfur emissions of Emeishan silicic volcanism

Basalt-derived peralkaline rhyolite magmas can carry sulfur of several thousand ppm
(Scaillet and Macdonald, 2006). The potential sulfur delivered by the Ethiopian rhyolites,

whose volume is ~6x10* km® (Ayalew et al., 2002), is estimated at 4.3x10"" to 7.3x10'g
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(Scaillet and Macdonald, 2006) based on geologically reasonable parameters and
experimental and analytical results. The alkalinity and petrogenesis of Emeishan silicic rocks
(trachyte and rhyolite) are comparable with those of the Ethiopian rhyolites, with
(Na,O+K,0)/Al,03 molar ratio mostly in the range of ~1.0-1.2 for the former (Shellnutt and
Jahn, 2010; Xu et al., 2010) and of ~1.0-1.4 for the latter (Ayalew et al., 2002). Calculated
Ti-in-zircon temperatures (Fig. 4b) for the Emeishan rhyolites are similar to the pre-eruptive
temperatures suggested for the Ethiopian rhyolites (740-900 °C, Ayalew et al., 2002). Both
the Ethiopian and Emeishan parental basalt magmas have S content higher than 1000 ppm
(Scaillet and Macdonald, 2006; Zhang et al., 2013) and possibly have similar high water
contents (assuming initial bulk H,O content of 1%) to make 80-90% crystallization to
generate the Ethiopian rhyolites (Ayalew et al., 2002) and Emeishan silicic rocks (Shellnutt
and Jahn, 2010; Xu et al., 2010). The amount of CO, and fO, (oxygen fugacity) of the
parental basalt magmas are two key factors controlling the S vyield of derived alkaline
rhyolites (Scaillet and Macdonald, 2006) and both are hard to directly determine. CO; is
relatively insoluble in, and generally assumed at ~ 0.5% for, basaltic magmas (e.g, Self et al.,
2006; Zhang et al., 2013). The fO, has been assumed to FMQ-1 for the Emeishan basalt
magmas by Shellnutt and Jahn (2010) to perform MELTS modeling, similar to that inferred
for the parental magmas of Ethiopian rhyolites (Scaillet and Macdonald, 2006). Therefore,
the sulfur yield of Emeishan silicic rocks could scale with that of the Ethiopian rhyolites. It
thus follows that eruptions of ~1x10* km® Emeishan silicic rocks could release ~0.7x10" to
1.2x10g sulfur into the atmosphere.

On the other hand, the volume of the parental basaltic magmas can be back-calculated
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according to the equation: Vp = VrX(pr/pp)/(1-F) where Vp = volume of parent basaltic
magma, pp = density of parent basaltic magma, F = mass fraction of crystals relative to parent
magma describing the degree of crystallization, Vg = volume of derived rhyolite magma and
pr = rhyolite density. Assuming basaltic magma density of 2.7x10° g/m®, rhyolite density of
2.2x10° g/m® and 80-90% crystallization (Xu et al., 2010), it requires a volume of at least
4x10* to 8x10* km® for the parental high-Ti basaltic magma to generate such voluminous
silicic rocks. Given the initial S content of pre-eruptive Emeishan basaltic magmas exceeding
1000 ppm (Zhang et al., 2013), the bulk sulfur contained in these parental magmas would be
around ~1.1x10%" to 2.2 x10"" g. During subsequent fractional crystallization, the proportion
of the bulk sulfur partitioned into fluids is determined by sulfide (e.g, FeS) saturation and
crystallization, which is related to CO, and H,O contents and oxygen fugacity (Scaillet and
Macdonald, 2006). In a theoretical calculation with a CO, content of ~1% and a H,O content
of ~1% in parental basaltic magmas, after 80% crystallization, at least 60%, possibly up to
90%, of bulk sulfur is in the fluid phase despite the variation of prevailing redox conditions
(Scaillet and Macdonald, 2006). Sulfide, whose precipitation will trap sulfur in crystal
cumulates and thus decrease the proportion of bulk parental sulfur into the evolved rhyolite
magmas, appears to be very rare, if present at all, in Emeishan gabbroic intrusions, which
contain massive Fe-Ti oxides (Shellnutt and Jahn, 2010). Thus, iron sulfide is not considered
to have been involved in the fractional crystallization models to produce Emeishan silicic
rocks (Xu et al., 2010). It is conservative, in this view, to assume 70% of bulk sulfur being
transferred from parental basaltic to silicic magmas in the Emeishan province. The potential S

release into the atmosphere (M) can then be estimated by comparing the bulk sulfur masses
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in pre-erupted rhyolite magmas (Mpy= ~0.8x10" to 1.5 x10" g) and in the erupted rhyolites
(Mihy). To obtain the My value based on equation: My = VrXprXCs Where Vg = volume of
derived rhyolite magma (~1x10* km®) and pr = rhyolite density (2.2x10° g/m®), we need to
know the S content in the Emeishan rhyolite (Cs), which is not available. The average S
content in the Ethiopian rhyolites is ~150 ppm (Ayalew et al., 2002). Assuming the same Cs
value for the Emeishan rhyolites, the My, thus would be 3.3 x10" g and then the estimated
M is in the same range as that based on simple scaling calculation. As a conclusion, ~1x10*
km® Emeishan silicic volcanism could likely erupt ~1x10*" g bulk sulfur. Using similar
techniques, Neave et al. (2012) estimated a S yield of ~0.8x10™ to 1.6x10' g for the 7 km®
Green Tuff peralkaline rhyolite eruptions in the island of Pantelleria, Italy. In terms of volume
scaling of potential S emission, their estimate agrees well with ours for the Emeishan
rhyolitic volcanism.
8. Link to climate cooling

This sulfur emission estimated for the Emeishan silicic eruptions is comparatively lower
than, but in the same order of magnitude as that for the Emeishan basalts (~7.5x10*" g; Zhang
et al., 2013) and thus greatly enlarges the potential S yield of the Emeishan volcanism. The S
gases would be emitted in the form of both H,S and SO,, and convert into sulfate aerosols
after oxidation and reaction with water vapor in the atmosphere (Self et al., 2006, 2014).
These aerosols block solar radiation from reaching the Earth surface and result in drastic
subaerial climate cooling (Mussard et al., 2014). Jolley and Widdowson (2005) established a
climate-cooling model for large eruptions based on the correlation between S yield of historic

eruptions and hemispheric temperature decrease. Their model suggested that
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emitting >~1x10% g S from super-eruptions like Toba would generate a temperature decrease
of ~3-5 °C. It appears that bulk S emission in the order of 10'" g from Emeishan eruptions
thus would have caused more severe climate cooling. However, scaling between eruption
magnitude and climatic impact is highly flawed and at least three critical aspects need to be
considered, the rate of S gas emission, the background amount of S in the atmosphere during
the eruptions of Emeishan LIP, and the atmospheric level where sulfate aerosols form (e.g.,
Self et al., 2006; 2014). Relative to flood basalts, the associated silicic volcanic rocks are
emplaced much more rapidly (hours to weeks) and in highly explosive eruptions (Bryan et al.,
2002). Volcanic gas releasing rate is related to the duration and volume of individual volcanic
eruptions, as well as the length of hiatus between them, within an eruption sequence (Self et
al., 2014). There is no exact knowledge on these volcanic emplacement characteristics.
However, some assumptions can be made based on approximate generalization from historic
and detailed studied eruptions (e.g, Jolley and Widdowson, 2005; Self et al., 2006; 2014;
Zhang et al., 2013). Assuming individual Emeishan silicic eruption of ~10 km? in weeks, the
bulk S emission rate would be at least in the order of ~10'* g/a comparable with that inferred
for the Emeishan basalt eruptions by Zhang et al. (2013). Such fluxes of S are much higher
than anthropogenic S released into the atmosphere (5x10' g/a) and the background amount
of S in the atmosphere (<1x10" g) (Self et al., 2006). These S gases would likely be erupted
into the lower stratosphere by explosive silicic volcanism and thus have a longer lifetime (up
to 1-3 years) than those in lower atmosphere (e.g., Self et al., 2006). Their climate impact is
likely to have been significant.

Magnetostratigraphy, biostratigraphy and zircon dating constrain the majority of the
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Emeishan basalt lavas to the mid-late Capitanian (262-260 Ma, Gradstein et al., 2012; Liu et
al., 2013; Wignall et al., 2009; Zheng et al., 2010) and the rhyolitic rocks to the earliest
Wuchiapingian (~260 Ma; Zhong et al., 2014; He et al., 2007). Although high precision
dating is needed to confirm these temporal correlations and climate recovery during
non-eruptive phases should be evaluated properly (Self et al., 2014), silicic eruptions of the
Emeishan LIP may have been a previously underestimated, and thus a major contributor to
the global climate cooling at the Capitanian-Wuchiapingian transition (Chen et al., 2013;
Isozaki et al., 2007).
9. Conclusions

Silicic volcanism in LIPs has the potential to release massive volumes of volcanic gases
into stratosphere and affect climate. Relative to flood basalts, silicic volcanic rocks have low
preservation potential because of their preferential erosion and explosive nature, and thus
their impact on environmental change is often overlooked. Estimating the original volume of
silicic eruptions and the potential emissions of climate-sensitive gases (e.g., SO) is important
to fully understand the climate impact of LIP volcanism. In Emeishan province of SW China,
silicic volcanic rocks are restricted to the top of few volcanic sequences and form only a very
minor component of the preserved rock record of the LIP. This volcanic province has been
subject to extensive erosion after emplacement in the Late Permian as indicated by the
petrological, geochemical and detrital zircon provenance analysis from the Late Permian
sedimentary rocks in the adjacent basin. Modal and geochemical compositions of the derived
sandstones indicate that the Emeishan source rocks include approximately 30% silicic

volcanic rocks by volume. Two independent methods estimate the total volume of eroded
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Emeishan volcanic rocks in the Late Permian to be at ~3x10* or 4.5x10* km®. Combining
these estimates indicates that Emeishan silicic eruptions were at least ~1x10* km?® in volume.
Zircon grains within the sandstones, which are assumed to be derived from the Emeishan
silicic source rocks, exhibit unimodal Late Permian ages of around 260 Ma and trace element
trends that closely match zircons from Icelandic and Yellowstone rhyolitic rocks of hot-spot
magmatic origins. Zircons from lower stratigraphic samples within the Shaiwa Formation
have much lower Th/Nb and U/Yb ratios than those from the upper samples with gHf(t)
values being positive for the lower samples and generally negative for the upper ones. These
data suggest Emeishan silicic source rocks were generated by fractional crystallization of
associated high-Ti basaltic magmas with decreasing crustal assimilation, consistent with
studies on remnant Emeishan rhyolites and trachytes. Following experimental and theoretical
calculations, the conservative estimate of ~1x10* km?® basalt-derived silicic volcanism would
potentially release ~1x10'" g bulk sulfur. The now predominantly eroded silicic volcanic
component of the Emeishan LIP therefore provided a hitherto unrecognized massive sulfur
gas emission that was likely to significantly contribute to the global climate cooling at the
Capitanian-Wuchiapingian transition (~260 Ma). This volcano-climate effect hypothesis can
be evaluated by climate proxy studies combined with high-precision dating from related
sedimentary sequences.
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622  Figure Captions

623  Figure 1. Location and stratigraphy of sampled section. A, Distribution of Emeishan volcanic

624 province and dispersed riverine-littoral and offshore sedimentary facies in adjacent

625 Youjiang Basin in SW China (revised from Yang et al., 2014; He et al., 2007). Star

626 shows location of the analyzed sedimentary sequence at Sidazhai. Insets show location of
627 region within China and representative stratigraphic columns of Emeishan volcanic

628 sequences at Zhijin and Binchuan (revised from Xu et al., 2004). B, Time scale, based on
629 biostratigraphy and tuff zircon dating (Gao et al., 2001; Yang et al., 2012), and lithologic
630 sequence of the Late Permian Shaiwa Formation with sample positions for zircon

631 separates (blank stars), rock geochemistry (black dots) and thin-sections (dashes). Zircon
632 U-Pb age and trace element data for samples Sdz45 and Sdz28 are reported in Yang et al.
633 (2012) and compiled in this study. Also shown are the locations of Yutang and Badu

634 sections in the Youjiang Basin and Zhejiao section in eastern Emeishan province where
635 sandstone modal and geochemical compositions have been reported (He et al., 2007;

636 Yang et al., 2014) and are compiled for comparison in this study. In addition, the

637 location of the Late Permian bauxites (Deng et al., 2009) in the Youjiang Basin is also
638 marked on the map.

639  Figure 2. Representative photomicrographs of grain textures in the Late Permian Shaiwa

640 sandstones. A (Sample SD13-57), B (Sample SD13-57), C (Sample SD13-59), D
641 (Sample SD13-79) and E (Sample SD13-95) are in cross-polarized light and the
642 plane-polarized light of latter one photo is shown in F for comparison. Identified

643 framework compositions include monocrystalline quartz (Q), feldspar (F, including
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plagioclase and K-feldspar), volcanic rock fragment (Lv) and limestone fragment (LI).
Some fossil shells (Bf, such as foraminifer) and charcoal fragments are also observed.
Volcanic rock fragments are of lathwork (Lvl), microlitic (Lvm), felsic (Lvf) and vitric
(Lvv) textures. Also distinctive is the calcite cementation (C) formed during sediment

diagenesis. White bar = 100 um.

Figure 3. Determination of source rock compositions. A. Triangular plot of rock fragment

types based on modal analyses - silicic volcanic fragments with felsic-vitric textures
(Lvf+Lwvv) and basaltic fragments with lathwork (Lvl) and microlitic (Lvm) textures in
Shaiwa sandstones. B, Bivariate plot of Al,O3/TiO; vs. La/Sm for Shaiwa sandstones
with two end-member mixing lines using average compositions (black symbols) of
Emeishan high-Ti basalts (Lai et al., 2012; Song et al., 2008; Xiao et al., 2004; Xu et al.,
2007; Xu et al., 2001), trachytes (Shellnutt and Jahn, 2010; Xu et al., 2010) and rhyolites
(Xu et al., 2010). Modal and geochemical compositions of the Late Permian-earliest
Triassic sandstones from Yutang and Badu sections in the Youjiang Basin (Yang et al.,
2014) and Zhejiao section in eastern Emeishan Province (He et al., 2007) are shown for

comparison.

Figure 4. A, Chondrite (Taylor and McLennan, 1985) normalized rare earth element pattern;

B, Primitive mantle (Sun and McDonough, 1989) normalized spider diagram. Average
compositions of Emeishan high-Ti basalts, trachytes and rhyolites (data sources are the

same as in Figure 3) are also shown for comparison.

Figure 5. Probability density diagrams for detrital zircon U-Pb ages with concordance >90%.

Weighted average ages and MSWD values are also shown for each of the samples.
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“SD13-32 (n=25/28)" denotes the sample name and number of analyses for calculating
the weighted average age and for plotting the probability diagram.

Figure 6. Petrogenetic indicators of zircon trace elements. Histograms for zircon Eu/Eu*,
Th/Nb and U/Yb ratios (A-C) and Hf content (D) of each Shaiwa sample. Zircons with
light REE-enrichment are shown as red color with the analyses number in red.

Figure 7. A. Comparison of Permian zircons with older zircons (black stars) from Shaiwai
samples and those from rhyolites of Iceland (1Z, Carley et al., 2014) and Yellowstone
(YZ, Riveraet al., 2014; Stelten et al., 2013) based on Th/Nb vs. Hf/Th diagram (Yang
et al., 2012). B. Distribution of Ti contents in zircons from Shaiwa samples with Log Ti
ppm as x-axis. For reference, also shown are corresponding Ti concentrations (ppm) and
the Ti-in-zircon temperatures calculated using the methods of Ferry and Watson (2007)
with unit activities for both TiO and SiOs.

Figure 8. Comparison of zircon gHf(t). (A) Plot of zircon Th/Nb vs. gHf(t) for Shaiwa
samples, (B) eHf(t) values of zircons from the Late Permian bauxites (Deng et al., 2010),
the bottom sediments of the Late Permian Xuanwei Formation (Xu et al., 2008), and the
Emeishan rhyolitic tuff (Xu et al., 2008) and andesitic basalt (Tang et al., 2015) from
Binchuan volcanic sequence, and (C) weighted averaged zircon gHf(t) (filled diamonds)
values and U-Pb ages (blank diamonds) of Emeishan igneous intrusions against their

bulk-rock SiO, contents (Shellnutt et al., 2009; Xu et al., 2008; Zhong et al., 2011).
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