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20 Abstract

21 Plume-lithosphere interactions are significant in the formation of Large Igneous
22 Provinces (LIPs). The Permian Emeishan Large Igneous Province (ELIP) is considered
23  to be the result of a mantle plume. The Emeishan flood basalts comprise a major part
24  of the ELIP and they define three zones: the inner, intermediate and outer zones. Both
25  high-Ti and low-Ti basalts are present in the inner zone, whereas only high-Ti basalts
26  are found in the intermediate zone and outer zone. However, there are only sparse

27  outcrops in the outer zone, and so geochemical data on basalts from the outer zone are
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rare and the role of plume-lithosphere interaction in the petrogenesis of volcanic rocks
in the outer zone remains poorly understood. In the Sichuan basin, the Basalt Formation
is found between the Permian Maokou Formation limestone and the Longtan Formation
marl in some drill cores as well as in outcrops in the basin. This relationship
demonstrates that the basaltic layer in the basin is part of the Emeishan flood basalts.
These basalts have TiO. contents of 3.7-4.2 wt.% and Ti/Y ratios of 604-720, being
high-Ti sub-alkaline basalts. They display chondrite-normalized rare earth elements
(REE) patterns enriched in light rare earth elements (LREE) relative to heavy rare earth
elements (HREE) and have elevated large ion lithophile elements (LILE) and high field
strength elements (HFSE). Lead isotope ratios are high (?°Pb/?*Ph(t)= 18.102-18.392,
207pp/204ph(t)= 15.578-15.606, 2°8Pb/2%Ph(t)= 38.410-38.850), and ena(t) values are -
0.38~1.17. Detailed petrology and geochemistry suggest that the high-Ti basalts from
the Sichuan Basin did not experience significant contamination of crustal and
lithospheric mantle material during the ascent of magma. We infer that these basalts
resulted from low-degree melting of the plume mantle source and underwent fractional
crystallization of clinopyroxene. The distribution and petrogenesis of the Sichuan Basin
basalts in the outer zone are different from those of the basalts in the inner zone and
there are clearly different plume-lithosphere interactions in different parts of the ELIP.
In the inner zone, the temperature of the lithosphere mantle was markedly elevated due
to underplating of the mantle plume, causing a substantial quantity of lithosphere
mantle melting and the initial formation of low-Ti basalts. This was followed by melting
of the mantle plume and the formation of high-Ti basalts. In the outer zone, lower
temperatures further from the plume centre were insufficient to generate extensive
melting of the lithospheric mantle. Consequently, only the mantle plume melted in the

outer zone, resulting in the formation of high-Ti basalts with minimal lithospheric input.
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1. Introduction

The Emeishan Large Igneous Province (ELIP) in the Upper Yangtze craton,
Southwest China is composed mainly of Late Permian flood basalts, mafic-ultramafic
intrusions and mafic dykes, along with lesser amounts of felsic volcanic rocks,
pyroclastic counterparts, and alkaline rocks. The stratigraphy, chronology,
geochemistry and geophysics of the ELIP has been studied in detail for many years and
has been proposed to have formed by melting of a mantle plume (Chen et al., 2015; Liu
et al., 2017; Shellnutt, 2014; Xiao et al., 2003; Xu et al., 2020; Xu et al., 2021; Zhang
et al., 2008; Zhou et al., 2022). The Emeishan continental flood basalts have been
broadly divided into two groups: a high-Ti series (TiO2> 2.5 wt.% and Ti/Y > 500) and

a low-Ti series (He et al., 2007; Song et al., 2008).

Geographically, the ELIP has been divided into inner, intermediate and outer
zones based on geochemical, sedimentological, and biostratigraphic characteristics of
the rock units (He et al., 2003; Xiao et al., 2004; Xu et al., 2014). The rocks in the inner
zone include both the high-Ti and low-Ti series, which are widely distributed in the
Binchuan, Jianchuan, Lijiang and Ertan areas, whereas rocks in the intermediate and
outer zones are dominated by high-Ti basalts (Li et al., 2017a; Liao, et al., 2012; Xiao
et al., 2004; Xu et al., 2001, 2004). Basalts are much more extensively exposed in the
intermediate zone (in Zhaotong, Qiaojia and Dongchuan) than in the outer zone (Tian
etal., 2021; Xu et al., 2001; Zhang et al., 2011). The outer zone does have some well-

developed outcrops in Guangxi and Guizhou provinces (Liao et al., 2012; Xiao et al.,
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2004; Xu et al., 2001, 2004).

There are three major petrogenetic models for the Emeishan basalts: 1) High-Ti
basalts were derived from low-degree partial melting of the mantle plume (Cheng et al.,
2019; Liang et al., 2021; Wang et al., 2007; Xiao et al., 2004; Xu et al., 2001), whereas
the low-Ti basalts were generated from the sub-continental lithosphere mantle (SCLM),
possibly with assimilation of some upper crust (Fan et al., 2008; Kamenetsky et al.,
2012; Li et al., 2010; Song et al., 2008; Wang et al., 2007; Xiao et al., 2004); 2) High-
Ti basalts were derived from the SCLM or mixed with lithospheric mantle materials
during magma ascent, whereas the low-Ti basalts were generated from the mantle
plume (Xu et al., 2007); 3) High-Ti and low-Ti basalts have the same mantle source
and may represent different degrees of partial melting, fractional crystallization and/or
crustal contamination (Dong et al., 2009; Hou et al., 2011; Ren et al., 2017; Zhang et
al., 2019). A common feature of all models is that the lithosphere is most influential at
the centre of the Emeishan mantle plume (Li et al., 2015; Song et al., 2001, 2008; Xiao

et al., 2004; Xu et al., 2001, 2014; Zhang et al., 2006).

These previous studies, however, have mainly focused on the inner and
intermediate zones and although there have been some more recent studies of igneous
rocks in the outer zone (Li et al., 2017a; Liu et al., 2017; Liu et al., 2022), there is still
a lack of information on the source of the Emeishan high-Ti basalts and comparison
between the inner and outer zones. For instance, it is still unclear whether there was

plume-lithosphere interaction in the outer zone of the ELIP.

In this paper, we investigate the petrology, major and trace elements, and Sr-Nd-
Pb isotope systematics of eighteen samples from three boreholes (twelve samples) and
three outcrops (six samples) within and around the Sichuan Basin belonging to the outer

zone of the ELIP in order to assess their petrogenesis. This data is combined with
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previously published data from the inner and outer zones in order to ascertain the nature
of plume-lithosphere interaction and the influence of the Emeishan mantle plume over

the whole province, especially the difference between the inner and outer zones.

2. Geological background

The ELIP is located on the western Yangtze Plate and to the east of the Qinghai-
Tibet Plateau, and mainly erupted in 260~257 Ma (Fan et al., 2008; Huang et al., 2022;
Li et al., 2015; Shellnutt et al., 2012; Zhong et al., 2014). Traditionally, the ELIP has
been thought to be bounded on the northeast and southeast by the Baoxing-Yibin fault
and the Mile-Shizong fault, respectively. The eastern boundary is situated in the
Fuquan-Weng’an areas, eastern Guiyang, China. The northwestern and southwestern
boundaries are the Longmenshan belt and the Jinshajiang-Ailaoshan-Red River fault,
respectively (Chung et al., 1998; Li et al., 2016a; Xiao et al., 2003). Tectonic
movements occur in the region, with a series of well-developed north-trending faults,
such as the Anninghe fault, the Longmenshan fault and the Xianshuihe fault (Song et
al., 2001; Yan et al., 2018a; Yan et al., 2018b) (Fig. 1). The basement of the ELIP is
dominated by Mesoproterozoic metamorphic rocks (Zhai et al., 1986), overlying Pre-

Sinian-Cenozoic strata.

The Emeishan volcanic sequence is mainly composed of flood basalts and
contemporaneous ultramafic-felsic plutons, layered mafic-ultramafic intrusions and
radiating mafic dyke swarms (Li et al., 2015; Liu et al., 2022; Shellnutt, 2014; Xu et al.,
2001; Zhou et al., 2022). The Emeishan flood basalts range from a few hundred to five
thousand meters in thickness (Xiao et al., 2003; Xu et al., 2001; Zhang et al., 2001) and

the areal extent of the basalts may well be larger than 1x10% km? (Li et al., 2017a; Liu
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et al., 2022). The thickness of the basalts gradually decreases from the inner zone to the
outer zone (Chung etal., 1998; Xu et al., 2001; Zhu et al., 2018). The inner zone consists
of a variety of lavas and pyroclastic rocks, including picrites, basalts, basaltic andesites
and basaltic pyroclastic rocks, with trachytic and rhyolite tuff in the uppermost part of
the sequence (Xiao et al., 2004; Xu et al., 2001, 2004). A more-restricted range of rocks
is found in the intermediate and outer zones and includes tholeiites and alkaline basalts

(He et al., 2010).

The Sichuan Basin, located in the northeast (outer zone) of the ELIP in the
northwestern Yangtze Craton in the South China Block, is a typical superimposed basin
common in southwestern China (Liu et al., 2021a). The Late Permian basalt outcrops
of the ELIP have only been found in a few places (Jinding, Huayingshan and Yanghe)
in the Sichuan Basin (e.g., Li et al., 2017a; Liang et al., 2021; Liu et al., 2021a). The
lack of volcanic outcrops in this region can be attributed to the complex burial history
of the Sichuan Basin, and this has made geochemical research difficult on the Emeishan
basalts in the basin. However, abundant drill cores from the Sichuan Basin indicate that
the Emeishan basalts are widely distributed between the Middle and Upper Permian
strata (Liang et al., 2021). Based on seismic and drilling data, it has been proposed that
basalts are mainly distributed in the western Sichuan Basin with a thickness of 40-500
m, which thins from the southwest to northeast (Fig. 2) (Liu et al., 2021a; Tian et al.,
2017). However, the geochemistry and petrogenesis of the basalts in the Sichuan Basin
are still unclear. Therefore, in this study we have sampled the drill cores and available

outcrops from the Sichuan Basin.

3. Samples and geochronology
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All samples in this study were collected from six areas within and around the
southwest of the Sichuan Basin (Fig. 2) , including the borehole samples from ST1
(ST1-2, ST1-5) (Fig. 3a), YT1 (YT1-1, YT1-3, YT1-4, YT1-5, YT1-6, YT1-7) (Fig.
3b) and ZG2 (Z2G2-4, 2G2-5, ZG2-7, ZG2-8) (Fig. 3c, d), as well as outcrops
Longmendong in Leshan City (20LMDO04, 20LMDO05) (Fig. 3e, f), Longchi in
Emeishan City (20LC04, 20LC06) (Fig. 3g) and Xinlin in Leshan City (20XL01,
20XL02) (Fig. 3h). Boreholes YT1 and ST1 are located around the Longquanshan fault,
Longchi outcrop is close to the Longmenshan fault, while outcrops Xinlin and
Longmendong, and borehole ZG2 border the Emei-Yibin fault in the western Sichuan
Basin (Fig. 2b). All the samples were analysed for whole-rock major and trace elements,
and eleven samples were analysed for Sr, Nd and Pb isotopes. All samples were
collected from the central part of the massive lava flows with little amygdales and crack
fillings. The basalts contain 2% to 15% phenocrysts of clinopyroxene, plagioclase, and
minor olivine, set in a matrix comprising mostly plagioclase. The clinopyroxene
phenocrysts are generally subhedral, occasionally euhedral, whereas the plagioclase
phenocrysts are euhedral grains. The phenocrysts range in size from 700 um to 1800
um in samples YT1-6 and YT1-7, while they are about 60~400 um in size in ZG2 Well,

Longchi and Xinlin (Fig. 3b, d).

Stratigraphally, the Sichuan Basin volcanic rocks lie between the Permian Maokou
Formation limestone and the Longtan Formation marl (Fig. 4), indicating that the
Sichuan Basin basalts erupted in the Mid-Late Permian. This eruption time is consistent
with the formation time of the ELIP, which suggests the Sichuan Basin basalts belong
to the ELIP (Li et al., 2017a; Liu et al., 2022). Based on chronological data (Table 1),
the main duration of the ELIP eruption is 260~257 Ma (e.g., Fan et al., 2008; Lai et al.,

2012; Li et al., 2016a; Li et al., 2016b; Zhou et al., 2006; Zi et al., 2010).
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4. Analytical methods

Fresh rocks were selected based on the characteristics of rock thin sections.
Following the removal of amygdales and minor veins, the samples were crushed to 200
mesh by an agate mortar. The pre-treatment ensures the accuracy of whole-rock

geochemical analyses.

The major and trace elements and Sr-Nd-Pb isotopes of the samples were
determined at the Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan,

China. International reference material values are listed in the appendix.

Major elements were analysed by a Primus II X-ray fluorescence spectrometer
(XRF) with wave-length dispersive X-ray fluorescence spectrometry. The major
element data are corrected by the theoretical a coefficient method, and relative standard
deviations (RSD) for most major element oxides are within +1-3%. The contents of
trace elements were analysed by Agilent 7700e ICP-MS. The analytical precision and
accuracy for trace elements are mostly better than 10%. The detailed sample-
preparation procedure for ICP-MS analyses can be found in Rudnick et al. (2004) and

Liu et al. (2008).

Sr-Nd-Pb isotopic analyses of whole-rock samples were carried out on a Neptune
Plus MC-ICP-MS (Thermo Fisher Scientific, Dreieich, Germany). All chemical
preparations were performed on class 100 work benches within a class 1000 over-
pressured clean laboratory. The sample powders were acid-leached before isotopic
analysis (Weis et al., 2005). The data was processed by "Iso-Compass" software (Zhang
et al., 2020a). Detailed analytical procedures are described in Chen et al. (2002) and Li

et al. (2012).
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The analysed 8’Sr/%°Sr of NBS 987 standard solution is 0.710242+14 (25D, n=345),
which is consistent with the published values (0.710248+12, Zhang and Hu, 2020). In
addition, analysis of USGS reference materials BCR-2 (basalt) yielded ratios of
0.705012+22 (2SD, n=63) for 8’Sr/®®Sr, which are identical within error to their
published results (Li et al. 2012). The Sr isotope standard precision (2SE) = 0.000010-
0.000020 (0.01%0-0.03%0, 2RSE), and the accuracy is better than 0.000020 (~0.03%o).
For standard GSB 04-3258-2015, a *3Nd/***Nd of 0.512440+6 (2SD, n=31) was
obtained which is identical, within error, to its published value (0.512438+6 (2SD), Li
et al., 2017b). In addition, the measurement results of 1*3Nd/**Nd for USGS reference
materials BCR-2 (basalt) are 0.512641+11 (2SD, n=82), which are identical, within
error, to their published values (Li et al. 2012). The precision of Nd isotope analyses
(2SE) = 0.000005-0.000025 (0.01%0-0.05%0, 2RSE), and the analytical accuracy is
better than 0.000025 (~0.05%o). The external precision of 2**Pb/?%Pb ratios for the
reference material NBS 981 is 0.03% (2RSD). Furthermore, the USGS reference
material BCR-2 (basalt) had analysed ratios of 2%Pb/2%Pb=38.736+17,
207pp/204pp=15.628+3, and 2°°Pb/?**Pb=18.756+10 (2SD, n=22), which are consistent
within error of 0.03% with the published results (?°®Pb/?**Pb=38.725+22,
207pp/204pp=15.621+4, 2°°Ph/?%*Ph=18.753+8, Zhang and Hu 2020). The internal
precision of 2%Pb/2%Pb ratio is 0.002%-0.025%, and the analytical accuracy is better

than 0.03%.

5. Results
5.1 Major elements

The major element compositions of the volcanic rock samples from different
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regions of the Sichuan Basin are listed in Table 2. The samples have all experienced
some degree of hydrothermal alteration, and so the whole-rock raw data has been
normalised on a volatile-free basis. Samples ST1-2 and ST1-5 have high LOI values of
5.9 wt.% and 6.0 wt.% respectively and so their major element compositions were not

used in this study.

The samples of the Sichuan Basin show large variations in SiO> (45.6-49.2 wt.%)
and MgO (4.3-7.1 wt.%). The rocks have total alkalis (Na2O+K>O) that range from 3.0
to 5.8 wt.% and have K>O/NaxO ratios of ~1.7. They have high TiOz contents of 3.7 to
4.2 wt.% and Ti/Y ratios of 604 to 720, indicating that the basin basalts belong to the
high-Ti series (Fig. 5a). The analysed samples mainly plot in the sub-alkaline field on
the OI'-Ne'-Q" diagram (Fig. 5b). The concentrations of the Al.Os and CaO are
positively correlated with MgO, whereas K20, TiO2, P.Os, Fe;03", La and Nb are
negatively correlated with MgO (Fig. 6). Compared with the outer zone of the ELIP,
the inner zone has variable volcanic rock types, ranging from low-Ti series to high-Ti

series (Fig. 5a).

5.2 Trace elements

The trace element contents of the basalts in the Sichuan Basin are listed in Table
2. Chondrite-normalised REE patterns are enriched in the LREE ((La/Yb)n = 9.8-13.2)
and depleted in the HREE ((Dy/Yb)n = 1.8-2.0), with only slight negative Eu anomalies
(6Eu = 0.83-0.95) (Fig. 7a). On primitive mantle-normalised trace element diagrams
(Fig. 7b), the large ion lithophile elements (LILE) are quite variable, especially the large
negative anomalies of Rb and K, as well as positive anomalies of Ba and Pb, which

may result from sub-solidus hydrothermal alteration. However, alteration-resistant
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immobile high field strength elements (HFSE, e.g., Nb, Ta, Zr, Hf, Th) of the samples
are much more consistent, with slightly negative Zr anomalies and positive Th
anomalies (Fig. 7b). The trace element compositions of the samples ST1-2 and ST1-5
have not been affected considerably except for some mobile elements, therefore, they
are still used in the following discussion. Overall, the Sichuan basalts have OIB (ocean
island basalt)-like REE and trace element signatures, which are similar to compositions

of the Emeishan high-Ti basalts from other regions.

5.3 Sr-Nd-Pb isotopes

The isotopic data of the basalts in the Sichuan Basin are presented in Table 3. The
initial Sr-Nd-Pb isotopic compositions have been age-corrected to 258.5 Ma based on
the age range of the Emeishan basalts in this paper. The initial Sr isotopic compositions
of the high-Ti basalts in the Sichuan Basin range from 0.705230 to 0.706935 and the
end(t) values range from -0.38 to 1.17 (Fig. 8a). The Sichuan Basin basalts show a
relatively wide range in 2°Pb/2%Ph(t) ratios between 38.403 and 38.845, whereas
206pp/204pp(t) (18.097-18.388) and 2°7Pb/?*4Pb(t) (15.578-15.606) compositions are
more uniform (Fig. 8c, d). Compared with low-Ti basalts in the inner zone, the
compositional range of high-Ti basalts in the ELIP is relatively constant with typical
OIB-like Sr-Nd-Pb isotopic characteristics. The Sichuan Basin samples have slightly
higher 8Sr/%®Sr(t) ratios than the high-Ti samples in other areas of the ELIP, and show
the characteristics of the EMII end-member. However, in general, the basin samples
overlap with the field of high-Ti basalts in the outer zone, which indicates the Sichuan

Basin basalts belong to the outer zone of the ELIP.

These data plot above the LoNd (low Nd) array, close to OIB and EMII, in distinct
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contrast to the DM (depleted mantle) and MORB (mid-ocean ridge basalt) (Fig. 8a, b).
The samples lie above the North Hemisphere Reference Line (NHRL) and overlap with
the field of OIB (Fig. 8c, d). In terms of 2%°Pb/2%4Ph(t) vs. 2°%8Pb/?%Ph(t), the Sichuan
Basin samples data have similar compositions to the high-Ti basalts in the ELIP and
overlap with alkaline lavas from the Kerguelen Plateau (Fig. 8d) (Fan et al., 2008). The
Kerguelen Plateau in the South Indian Ocean (which comprises a large amount of
alkaline basalts, (Zhu et al., 2007)) is one of the largest LIPs in the world, which is

related to the Kerguelen plume activity from the Early Cretaceous.

6. Discussion
6.1 Crustal contamination and fractional crystallization

As previously noted fluid-mobile elements (LILE) such as Rb, Ba, K, Pb and Sr
show large variations and both positive and negative peaks, which are most likely to be
caused by sub-solidus hydrothermal alteration, however, the REE, Th and HFSE (e.g.,
Hf, Nb and Ta) are relatively alteration-resistant and so are essentially immobile.
Therefore, in the following discussion, only immobile elements are used to assess the

petrogenesis of these rocks.

It is necessary to evaluate the role of crustal contamination and fractional
crystallization during magma ascent before we discuss potential mantle sources of
volcanic rocks. Importantly, the proxies for crustal contamination, Th/Nb, La/Nb,
Th/Ta and Nb/U ratios are not changed by partial melting or fractional crystallization
in magma. Crustal contamination usually results in high Th/Nb (>5), La/Nb (>12) and
Th/Ta ratios, and low Nb/U ratios (Neal et al., 2002; Pearce, 2008; Rudnick and Gao,

2003). The basalts in the present study have low La/Nb (1.01-1.23), Th/Nb (0.15-0.22)
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and Th/Ta (2.41-3.27), and high Nb/U (21.48-28.00). These characteristics reveal that
they were derived from mantle source without significant continental crust
contamination. In addition, there is no clear mixing trend between the Sichuan Basin
samples and average continental crust on a Ce vs. Nb/Th diagram (Fig. 9a). The
analysed samples are broadly similar to primitive mantle (PM) values, and are close to
the field of Kerguelen alkaline OIB, as well as plotting far from the values of middle
and upper continental crust (MC and UC) (Fig. 9b). Moreover, slightly positive Th
anomalies, and slightly negative Nb and Ta anomalies (Fig. 7b) also confirm that the
Sichuan Basin basalts have not been significantly contaminated by crustal materials,
because continental crust is enriched in Th and strongly depleted in Nb and Ta.
Furthermore, (8Sr/8®Sr); and ena(t) do not correlate with increasing SiO> (Fig. 9c, d),
which also suggests little crustal contamination occurred. Therefore, the magmatic
evolution of basalts in the Sichuan Basin is dominated by fractional crystallization or

partial melting.

Basalts from Sichuan Basin have low MgO values (4.3-7.1 wt.%) and display good
correlations between MgO and other major oxides (Al.Os, K20, Fe203") as well as trace
elements (La, Nb) (Fig. 6), which indicates the likely occurrence of fractional
crystallization. The basalts in the Sichuan Basin have lower Ni, Cr and MgO than
primitive magma (Hirajima et al., 1990) (Fig. 6), further suggesting that the magma
experienced a substantial amount of fractional crystallization (e.g., olivine,

clinopyroxene) during ascent.

The basalts are characterised by a positive correlation between MgO and CaO (Fig.
6b), indicating that the magma underwent the fractional crystallization of clinopyroxene
(Wei et al., 2013). A slight negative Eu anomaly (Fig. 7b) suggests the magma also

experienced slight fractional crystallization of plagioclase. As illustrated in Fig. 10a,
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the Sichuan Basin basalts exhibit a positive correlation between CaO/Al2Os ratios and
Mg# values, similar to other Emeishan basalts. The calculated effects of fractional
crystallization are shown in mineral vector diagrams in Figs. 10b and c. The data mostly
plot near the clinopyroxene crystallization vector (Fig. 10b, c), further suggesting that
clinopyroxene is the most significant mineral phase in the fractional crystallization.
This is consistent with the petrographic features (Fig. 3), as there are more
clinopyroxene phenocrysts than plagioclase in YT1-7 (Fig. 3b) and ZG2-5 (Fig. 3d).
Moreover, the Sichuan basalts have enriched Fe and Ti, and MgO vs. Fe203" and TiO;
show negative correlations (Fig. 6d, e). These characteristics may be induced by the
early fractional crystallization of Ti and Fe-poor silicate minerals, which indicates little
crystallization of titanomagnetite in low oxygen fugacity conditions (Li et al., 2017,
Zhang et al., 2011). Furthermore, low oxygen fugacity may also have promoted the
fractional crystallization of clinopyroxene and plagioclase in the Sichuan Basin basalts

(Fig. 3) (Lietal., 2017).

6.2 Magma Source and Petrogenesis

The Sichuan Basin basalts have high TiO2 contents (>3.5 wt.%), relative
enrichment of alkalis (3.1-5.9 wt.%), LILE and HFSE, and significant REE
fractionation with (La/Yb) n ratios ranging from 9.8 to 13.2. The trace element and Sr-
Nd-Pb isotope signatures are OIB-like with eng(t) values ranging from -0.38 to 1.17,
(Fig. 7, 8). However, the origin of the Emeishan basalts with these characteristics is still
controversial, and has been variously ascribed to the melting of either a mantle plume
(Cheng et al., 2019; Liang et al., 2021; Wang et al., 2007; Xiao et al., 2004; Zhang et
al., 2019) or lithospheric mantle (Lai et al., 2012; Xu et al., 2007). Alternatively, some

authors propose that these basalts result from the interaction of mantle plume melts with



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

the lithospheric mantle (Cheng et al., 2019; Fan et al., 2008; He et al., 2010; Xu et al.,

2007).

Like the high-Ti basalts in other regions of the ELIP, REEs, trace elements (except
some LILESs) and incompatible element ratios of the Sichuan Basin high-Ti basalts are
very similar to OIB and Kerguelen alkaline OIB-like basalts (Fig. 7, 11). Furthermore,
the Sichuan Basin samples have OIB-like initial Sr-Nd-Pb isotopic characteristics,
broadly fall in the field of OIB and Kerguelen basalts (Fig. 8). These geochemical
signatures suggest the high-Ti basalts from the Sichuan Basin might have originated
from a plume source, compositionally similar to other regions in the ELIP (e.g., Cheng
et al., 2019; He et al., 2010; Liu et al., 2017; Song et al., 2008). It is proposed that the
high-Ti basaltic magma from the Sichuan Basin is probably the product of partial
melting of the head of the mantle plume, because the outer zone is further from the
plume centre, and lower temperatures would have resulted in less lithospheric melting

(Cheng et al., 2019).

In terms of incompatible trace element ratios, the Sichuan Basin basalts show
broadly constant (La/Yb)n ratios as end(t) values increase (Fig. 12a), and La/Yb ratios
have a negative correlation with Yb compositions (Fig. 12b). These characteristics
reveal that the Emeishan high-Ti basalts did not originate from partial melting of a
homogeneous plume source. The samples from the Sichuan Basin define a linear array
on Th/La vs. Nb/U (Fig. 12c) and 2%°Pb/2%*Pb vs. end(t) (Fig. 12d) plots similar to other
Emeishan high-Ti basalts, which would support this inference. In addition, it is
generally argued that metasomatic melts derived from the primitive mantle have La/Nb
ratios of ~0.53, whereas those from MORB source have values of ~1.02 (McKenzie
and O’Nions, 1995). The Sichuan Basin basalts have high La/Nb ratios of 1.01-1.23,

with OIB-like Sr-Nd isotopes signatures significantly different from MORB (Fig. 8a),
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indicating that they were likely derived from OIB-like enriched mantle source that was
previously metasomatized. Moreover, the Sichuan Basin high-Ti samples plot around
the field of OIB (Fig. 8c, d) and have an EMII-type signature (Fig. 8a, b) in terms of
Sr-Nd-Pb isotope space. These features indicate the mantle plume may have been
metasomatized by enriched materials before the eruption of the Late Permian basalts

(Xu etal., 2021).

It is still unclear whether such enriched components originate from the
asthenosphere, SCLM, crust, or recycled materials. The asthenosphere is ruled out since
the trace elements and Sr-Nd-Pb isotopes of the Emeishan high-Ti basalts have OIB-
like rather than MORB-like characteristics (Fig. 8) (Liu et al., 2017; Song et al., 2001;
Wang et al., 2007; Xiao et al., 2004). Like the Emeishan high-Ti basalts in other regions,
the basalts in the Sichuan Basin have relatively high Ti/Yb ratios, distant from OIB-
SCLM and OIB-crust mixing lines. They are also significantly different from the
Sangxiu Formation basalts which have a contribution from both continental lithospheric
mantle materials and the Kerguelen mantle plume (Fig. 11b) (Zhu et al., 2007).
Furthermore, the Sichuan Basin samples have high Ce, unlike continental lithosphere
(Fig. 9a), which indicates minimal involvement of SCLM. As shown in Section 6.1, the
samples were not significantly contaminated by crust. Therefore, the enriched

components are unlikely to be related to either SCLM or crust.

It has been argued that the enriched signature in the OIB-like source is related to
ancient recycled oceanic crust (Sobolev et al., 2000, 2007) or subducted terrigenous
sediments (Eisele et al., 2002; Hofmann, 1997; Weaver, 1991). The Sichuan Basin
basalts display (Ta/La)n ratios of 0.8-1.1, with an average of 0.94. Ta is depleted
relative to La, and Th/Yb and Nb/Yb ratios are high (Fig. 11a), suggesting the

involvement of crustal components during ascent or the contribution of subduction
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component. The Sichuan Basin basalts have not experienced crustal contamination, so
it is more likely that the Emeishan mantle plume has undergone metasomatism,
accompanied by mixing of enriched components during subduction. Many studies on
volcanic and sedimentary rocks in southwestern China and the Ailaoshan Region
propose that the Ailaoshan Ocean crust (Paleotethyan slab) subducted eastward into the
upper mantle beneath the western South China Block during the Permian-Middle
Triassic (Hou et al., 2017; Qin et al., 2011; Wang et al., 2013; Xu et al., 2019, 2021,

Yang et al., 2012; Yang and He, 2012; Zhong et al., 2013).

Based on a study of the Late Permian and Early Triassic A-type granites in the
Yuanyang area of Yunnan, South China, Xu et al. (2021) proposed a geodynamic model
of the interaction between the Emeishan mantle plume and the subducted Paleotethyan
oceanic crust. According to the model, the Ailaoshan Ocean subducted eastward
beneath the western South China Block, and the adjacent Emeishan mantle plume
rapidly entrained the recycled lithospheric fragments (Xu et al., 2021). This model
provides a mechanism for the metasomatism of the Emeishan mantle plume, and further
explains why the composition of the Emeishan mantle plume is heterogeneous. In
addition, many authors have proposed that the Emeishan mantle plume is likely to be
intrinsically related to recycled ancient oceanic materials (Ren et al., 2017; Zhu et al.,
2018). Zhu et al. (2018) proposed that the amount of recycled materials may be 10~20%
in the Emeishan plume, which is broadly consistent with the view of Ren et al. (2017).
In summary, we propose that the high-Ti basalts in the outer zone were derived from
an OIB-like Emeishan mantle plume, which was modified by enriched materials

derived from a subducted slab before the Late Permian.

The high-Ti basalts in the Sichuan Basin, which are located in the outer zone of

the ELIP, are a similar age to the Emeishan basalts. Reconstruction of the thermal
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history of the Sichuan Basin with a high paleogeothermal gradient of 23.0-42.6 °Ckm
in 259 Ma, indicates that the Sichuan Basin suffered an intensive thermal event related
to the Emeishan mantle plume (Zhu et al., 2010, 2016). The basalts in Guangxi and
Guizhou provinces that are relevant to the ELIP imply an extension of magmatism at
the periphery (the outer zone) of the plume (Fan et al., 2008; Lai et al., 2012; Liu et al.,
2017). This evidence indicates that the Sichuan Basin high-Ti basalts are related to the

Emeishan mantle plume.

Rare-earth element ratios of the Sichuan Basin basalts (Fig. 13a) suggest they were
derived from a mantle source containing garnet. The Emeishan high-Ti basalts lie
between the melting curves for garnet and spinel Iherzolites, indicating that they are
derived from the spinel-garnet transition zone (Fig. 13b). In contrast, the low-Ti basalts
in the inner zones have lower La/Sm, Sm/Yb and Dy/Yb ratios, revealing a higher
degree of mantle melting at a shallower melting depth (Wang et al., 2007; Xiao et al.,
2004). The low-Ti basalts also plot closer to SCLM end members than high-Ti basalts
(Fig. 11b) We therefore argue that low-Ti magma might be generated from, or contain,

a greater proportion of material from the SCLM (Fan et al., 2008; Xiao et al., 2004).

6.3 Spatial and temporal distribution of the Emeishan basalts and tectonic

significance

Chronological data give precise constraints on the duration of the ELIP eruption
as 260~257 Ma (Table 1) (e.g., Fan et al., 2008; Lai et al., 2012; Li et al., 2016a; Li et
al., 2016b; Zhou et al., 2006; Zi et al., 2010). Magnetostratigraphic studies of the
Emeishan basalts indicate that a substantial number of basalts were formed during a

period of normal polarity, with the main eruption lasting ~1-2 Ma (Zheng et al., 2010).
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It has been proposed that the major eruption phase lasted less than 1 Ma (Xu etal., 2017,
Zhu et al., 2018). Therefore, it is difficult to give the exact eruptive ages of high-Ti and
low-Ti basalts, although most low-Ti basalts are stratigraphically below high-Ti basalts

in most field profiles (Fig.14).

As summarised in Fig. 14, both high-Ti and low-Ti series are exposed in the inner
zone (e.g. Binchuan, Ertan, and Miyi areas), with high-Ti basalts overlying low-Ti
basalts, whereas only high-Ti basalts erupted in the outer zone, i.e., a greater distance
from the centre of the mantle plume (Table 4) (Fan et al., 2008; He et al., 2010; Song
etal., 2001, 2008; Xiao et al., 2004; Xu et al., 2001, 2007; Zhang et al., 2006). Overall,
the Permian basalts are distributed from northeast (the Sichuan Basin) to southwest (the
centre of the mantle plume) in the ELIP, and the thickness of basalts gradually decreases
from the inner zone to the outer zone (Fig. 14). This distribution trend not only is
consistent with the hotspot track of the Emeishan mantle plume (Fig. 1b) (Liu et al.,
2021Db), but also overlaps the seismic anomaly trends and residual gravity anomaly

(Deng et al., 2014; Liu et al., 2021b; Xie et al., 2013).

Our petrogenetic model is shown in Fig. 15 and builds on previous models (e.g.,
Feng et al., 2022; Liu et al., 2021b; Liu et al., 2022; Xiao et al., 2004; He et al., 2010).
Based on our new data, we further consider the petrology, geochemistry, and
distribution characteristics of the Sichuan Basin basalts in the outer zone of the ELIP,
and consider the influence of subduction of the paleo-oceanic crust (Hou et al., 2017;
Xu et al., 2019, 2021), the movement of the South China block (Liu et al., 2021b; Liu
etal., 2022), and the successive eruptions of the late Permian low-Ti and high-Ti basalts

(He et al., 2010; Xiao et al., 2004; Xu et al., 2001).

Paleomagnetic studies suggest that the Yangtze Craton moved northward between

300 and ~260 Ma and experienced an overall ~27° clockwise rotation from Permian to
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present (Huang et al., 2018; Liu et al., 2021b). The Western Yangtze block experienced
Ailaoshan slab eastward subduction from the early-Guadalupian (~269 Ma) (Xu et al.,
2021), and the adjacent Emeishan mantle plume was modified by the recycled
lithospheric fragments (Fig. 15a) (e.g. Hou et al., 2017; Qin et al., 2011; Wang et al.,
2013; Xu et al., 2019, 2021). Paleotethyan subduction resulted in an extensional
tectonic setting in the Sichuan Basin during Middle-Late Permian (Xu et al., 2021; Liu
et al., 2022). Before the eruption of the Emeishan basalts, mantle upflow reached the
lithosphere (Liu et al., 2021Db), resulting in plume-lithosphere interactions, and crustal
uplift. The magnitude of uplift is greater than 1000 m at its core (the inner zone) (He et
al., 2003), and the uplift range of the Sichuan Basin in the outer zone is relatively low.
The upper part of the Maokou Formation was exposed at the surface, resulting in
different degrees of weathering, denudation, and a paleo-karst landscape (Hu et al.,
2012; Xiao et al., 2014; Zhang et al., 2020b). This resulted in variable degrees of uplift
in the Sichuan Basin. As the South China block drifted northward, major eruptions
including low-Ti and high-Ti series occurred throughout the ELIP during the end-

Guadalupian (260~257 Ma) (Fig. 15b, ¢) (Liu et al., 2021b, Feng et al., 2022).

We propose that from 260 to ~257 Ma, the temperature of the lithosphere mantle
in the inner zone rose dramatically due to underplating of the mantle plume, causing
partial melting of lithosphere mantle and forming the low-Ti basalts (Fig. 15b). As the
lithospheric mantle gradually became refractory, O1B-like high-Ti basalts derived from
the plume became the predominant magma type that erupted over the low-Ti basalts
(Fig. 14, 15d). In contrast, at the periphery of the plume, the lithospheric mantle was
cooler due to the distance from the centre of the mantle plume. As a result, the
temperature would have been insufficient to generate extensive melting of the

lithospheric mantle (Xu et al., 2001; Xiao et al., 2004; He et al. al., 2010). Therefore,
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only the mantle plume melted in the outer zone, forming high-Ti basalts (Fig. 15c). As
discussed in Section 6.2, the geochemical evidence also indicates that the source of the

high-Ti basalts did not involve melts from SCLM.

The coexistence of high-Ti and low-Ti magma in the inner zone of the Emeishan
mantle plume could be attributed to plume-lithosphere interaction. Geochemical
modeling suggests that the Emeishan high-Ti basalts are formed at a higher melting
pressure than the low-Ti basalts (Liu et al., 2017; Zhang et al., 2019). Continuous
polybaric melting of the mantle source might account for compositional variations of
the rock types in the inner zone. Furthermore, Dy/Yb and La/Yb ratios of the high-Ti
basalts in the outer zone are lower than those in the inner zone, indicating a shallower
source and higher melting degree of mantle peridotite for the high-Ti basalts in the outer
zone (Tian et al., 2021). It is proposed that melting generally happens beneath thin
lithosphere rather than thickened lithosphere, i.e., lid-effect, and the extent of melting
beneath the thin lithosphere is likely very low (no more than ~5%) (Fram and Lesher,
1993; Niu et al., 2021). The lithosphere in the outer zone is thicker than that in the inner
zone in the ELIP (Tian et al., 2021). The magmatic activity in the outer zone is more

limited than that in the inner zone, which is consistent with the “lid effect” model.

Therefore, the high-Ti basalts from the Sichuan Basin are the result of partial
melting of the plume in the outer zone of the ELIP. In contrast, relatively few low-Ti
basalts derived from the lithosphere mantle have been discovered in the outer zone,
because it is more distant from the centre of the mantle plume and so has a cooler

lithosphere.

7. Conclusions
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Based on petrography and geochemistry of the basalts in the Sichuan Basin, and
combined with published data from the inner and outer zones of the Emeishan mantle

plume, it is concluded that.

(1) In the outer zone of the ELIP, the volcanic rocks from the Sichuan Basin are
part of the Emeishan flood basalts. Based on chronological data, the main duration of

the basalt in outer zone eruption is 260~257 Ma.

(2) Unlike the inner zone, the volcanic rocks in Sichuan Basin of the outer zone
are predominantly high-Ti sub-alkaline basalts. The Sichuan Basin basalts with OIB-
like geochemical signatures originated from the Emeishan mantle plume, which was
modified by enriched materials derived from a subducted slab before the Late Permian.
The samples have compositions consistent with low degrees of partial mantle melting

and fractional crystallization dominated by clinopyroxene during magma evolution.

(3) During the early-Guadalupian (~269 Ma), Western Yangtze Block experienced
Ailaoshan slab (Paleotethys Ocean) eastward subduction, and the adjacent Emeishan
mantle plume was modified by the recycled lithospheric fragments. During the end-
Guadalupian (260~257 Ma), the Emeishan mantle plume underplated the lithosphere

mantle in the Yangtze Continent.

(4) In the inner zone, the lithosphere mantle and the mantle plume melted
successively, forming low-Ti basalts and overlying high-Ti basalts respectively.
However, in the outer zone, only high-Ti basalts derived from the mantle plume were

able to form.
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Fig. 1. Simplified geological map showing the inner, intermediate and outer zones of

the ELIP and sampling locations (modified after He et al., 2003; Zi et al., 2010).

The inner, intermediate, and outer zones in the ELIP area were defined by He et al.,
2003. The hotspot track was obtained from Liu et al., 2021b. The ELIP eruption centre

was obtained from He et al., 2010.

CAO = Central Asia Orogen; TM = Tarim Block; AHO = Alpine—Himalaya Orogen;
QKO = Qinling-Qilian-Kunlun Orogen; NCC = North China Craton; YC = Yangtze

Craton; CC = Cathaysia Craton.

Fig. 2. Schematic map of southwestern China showing the distribution of volcanic rocks
in the Late Permian (a), and geological map of the Sichuan Basin showing the

distribution of the Late Permian volcanic rocks (b) (modified after Liu et al., 2021a).

Fig. 3. Representative photos of field geology and petrographic features of the volcanic

rocks from the drill cores and outcrops in and around the Sichuan Basin.

a. ST1-2, stomata almond basalt; b. YT1-7, massive basalt (cross-polarised light); c.
ZG2-5, massive basalt; d. ZG2-5, massive basalt (cross-polarised light); e.
Longmendong section; f. Longmendong basalt outcrop; g. Longchi basalt outcrop; h.

Xinlin basalt outcrop.

Pl-plagioclase, Cpx-clinopyroxene.

Fig. 4. The connecting well section of boreholes ZG2-YT1-TF2-ZJ2-ST1 in the

Sichuan Basin (based on logging data from Southwest Oil and Gas Field Company,
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PetroChina).

The location of the connecting well section is shown in Fig. 2

Fig. 5. TiO2 vs. Ti/Y (a), and OI'-Ne'-Q' (b) classification diagrams for the basalts in
Sichuan Basin (LT and HT data from the inner zone in the ELIP were obtained from
Song et al., 2001; Xiao et al., 2004; Xu et al., 2001; Zhang et al., 2006; data of HT from
the outer zone were obtained from Fan et al., 2008; Lai et al., 2012; Li et al., 2016b;

Wang et al., 2007; Xu et al., 2007).

(@) LT-low Ti series, HT-high low series. (b). A-Alkaline, S-Sub-alkaline.

Fig. 6. Selected elements plotted vs. MgO for the basalts from the Sichuan Basin

Fig. 7. Chondrite-normalised REE (a), and primitive mantle-normalised trace element
(b) for the basalts in the Sichuan Basin (data for chondrite, primitive mantle and OIB
are from Sun and McDonough, 1989; sources of geochemical data from other regions

in the ELIP as for Fig. 5).

Fig. 8. Plots of 87Sr/®Sr(t) vs. ena(t) (a), 2°°Pb/2%*Ph(t) vs. 87Sr/88Sr(t) (b), 2°°Pb/?%*Ph(t)
vs. 297Pp/2%Ph(t) (c), and 2%Pb/2%Ph(t) vs. 2%8Pb/2%4Pb(t) (d) for the basalts in the
Sichuan Basin (Sources of geochemical data from other regions in the ELIP as for Fig.
5. The fields of DM, MORB, Atlantic-Pacific MORB, Indian Ocean MORB, FOZO
(focal zone), OIB, Dupal OIB, BSE (bulk silicate earth), HIMU (mantle with high U/Pb
ratios), EMI and EMII (enriched mantle), Kerguelen are from Barling and Goldstein,

1990; Deniel, 1998; Hamelin and Allegre, 1985; Hart, 1984; Hawkesworth et al., 1984;
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and Weaver, 1991. The LoNd (low Nd) array and NHRL (Northern Hemisphere
Reference Line) are from Hart, 1984. The Yangtze Block crustal compositions are from

Chen and Jahn, 1998; Gao et al., 1999; Ma et al.,2000 and Zhang et al., 2008.)

Fig. 9. Plots of Ce vs. Nb/Th (a), (Th/Ta)r vs. (La/Nb)p (b), SiOz vs. 8Sr/8Sr(t) (c), and
SiO2 vs. end(t) (d) for the basalts in the Sichuan Basin (The fields of PM, N-MORB and
E-MORB are from Sun and McDonough, 1989; SCLM are from McDonough, 1990;
UC (upper crust), MC (middle crust) and LC (lower crust) are from Rudnick and Gao,
2003; Kerguelen alkaline basalts are  from http://georoc.mpch-

mainz.gwdg.de/georoc/Entry.html.)

Fig. 10. Plots of Mg# vs. CaO/Al>O3(a), Eun/Eu* vs. Th+U (b), and Eun/Eu* vs. > REE
(c) for the basalts in the Sichuan Basin (sources of geochemical data from other regions
in the ELIP as for Fig. 5; the sample 20LMDOS5 is assumed as the initial melt of
fractional crystallization, mineral fractionation vectors are calculated using Rayleigh

fractionation law, and partition coefficients are from McKenzie and O’Nions, 1991).

Pl-plagioclase, Cpx-clinopyroxene and Opx-orthopyroxene.

Fig. 11. Diagrams of Nb/Yb vs. Th/Yb (a), and Ti/Yb vs. Nb/Th (b) for the basalts in
the Sichuan Basin (sources of geochemical data from other regions in the ELIP as for
Fig. 5. (a) MORB-OIB array, subduction component adding models are from Pearce,
2008. The arrow in the Figure represents the trend of adding subduction component. (b)
SCLM are from McDonough, 1990; UC, MC and LC are from Rudnick et al., 2003;

Hawaiian OIB mean was obtained from Feigenson et al., 1996; Kerguelen alkaline
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basalts are from http://georoc.mpch-mainz.gwdg.de/georoc/Entry.html; Sangxiu

Formation basalts were obtained from Zhu et al., 2007).

Fig. 12. Plots of eng(t) vs. (La/Yb) n (a), Yb vs. La/Yb (b), Th/La vs. Nb/U (c), and
206pp/204pp s, eng(t) (d) for the basalts in the Sichuan Basin (sources of geochemical

data from other regions in the ELIP as for Fig. 5).

Fig. 13. Diagrams of (La/Sm) n vs. (Tb/YDb) n (a), and Sm/Yb vs. La/Sm (b) for the
basalts in the Sichuan Basin (sources of geochemical data from other regions in the
ELIP as for Fig. 5; (b) batch melting trends for garnet and spinel Iherzolite were

obtained from Lassiter and Depaolo, 1997).

Fig. 14. Stratigraphic variation of the representative lava successions in the ELIP

(modified after Xiao et al., 2004; Xu et al., 2001, 2014).

Fig. 15. Evolution model of EILP during the Middle Permian. (The framework for the
plumbing system of ELIP associated with the Emeishan mantle plume was modified
from Feng et al. (2022) and Liu et al. (2021b). The boundaries of the inner-intermediate-
outer zones in the ELIP was defined by He et al. (2003) and Xiao et al. (2004). LQF,
HYF and QYF represent the Longquanshan fault, Huayingshan fault and Longquanshan
fault, respectively. LT and HT represent low-Ti basalts and high-Ti basalts, respectively.
The NE (northeastward) arrows show the direction of movement of the South China

Block (Liu et al., 2021b).)
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a. During the early-Guadalupian (~269 Ma), Western Yangtze Block experienced
Ailaoshan slab (Paleotethys Ocean) eastward subduction, and the adjacent Emeishan
mantle plume was modified by the recycled lithospheric fragments. b. In the first stage
of end-Guadalupian (260~257 Ma), lithosphere mantle melted and formed the low-Ti
basalts (LT) in the inner zone. c. In the second stage of end-Guadalupian (260~257 Ma),
the mantle plume melted and formed the high-Ti basalts (HT) in the inner-intermediate-

outer zones, with high-Ti basalts overlying low-Ti basalts in the inner zone.



1056 Table 1 Zircon U-Pb dating results of the Emeishan large igneous province
. Analytical
Locality Rock type method Age/Ma Reference
.o . acid volcanic ID-TIMS
Dali-Jiangwei rock zircon U-Pb 258.9+0.5 Xu et al. (2013)
wehrlite  STTPZICON 5606435
Midu-Jinbaoshan Shrimp zircon Tao et al. (2009)
hornblendite P 260.715.6
U-Pb
. ID-TIMS
_ acid tuff zircon U-Pb 259.1+0.5 Zhong et al. (2014)
Binchuan Shrimp zircon
basalt UE’Pb 256.2+1.4 Li et al. (2016a)
. . . ID-TIMS
Panxi-Daheishan syenite sircon U-Pb 259.1+0.5
Panxi-Baima granite ID-TIMS 259.2+0.4
zircon U-Pb
Shellnutt et al. (2012)
Panxi-Huangcao syenite ID-TIMS 258.9+0.7
g y zircon U-Pb T
Inner Zone Panxi-Cida granite .ID'TIMS 258.4+0.6
zircon U-Pb
Panxi- . Shrimp zircon
Maomaogou syenite U-Pb 261.6+4.4
Panxi-Miyi syenite Shrimp zircon 259.8+3.5
U-Pb
Shrimp zircon Xuetal. (2008)
Panxi-Salian diorite U-Pb 260.4 + 3.6
Panxi-Taihe granite Shrlﬂ;_)szlrcon 261.4+23
gabbro Sh““JE’PZb"CO” 259.3+1.3
Panxi-Hongge Shrimp zircon
gabbro U?Pb 250.3+1.3  Zhong and Zhu (2006)
Panxi-Binggu gabbro ShrlTJE)szlrcon 260.7£0.8
Xinjie gabbro SrTPACON 25043 Zhou et al. (2002)
Guizhou- boundary clay ID-TIMS
Weining rock sircon U-Pb 258.1+0.6 Xu et al. (2013)
Panxian- Lo ID-TIMS
Zhudong ignimbrite sircon U-Pb 258.3+1.4
Intermediate L ID-TIMS
Zone Xingyi-Xiongwu tuff zircon U-Pb 258.5+0.9 Zhu (2019)
Puan-Louxia tuff At 258.1+1.1
zircon U-Pb
Baimazhai pyroxenite ShrlTJr_)szlrcon 258.5+3.5 Wang et al. (2006)
Tubagou basalt Shrerp_)Pzt;rcon 257.3+2.0 Li et al. (2016b)
Baise-Yangxu basalt ShrlrS;_)Pzt;rcon 259.1+4.0
Outer Zone Shrimp zircon Fan et al. (2008)
Bama-Minan basalt UF-)Pb 259.615.9
Nayong-Xilin- LA-ICP-MS .
Tianyang Area basalt sircon U-Pb 257.0£9.0 Lai etal. (2012)




Guangyuan- boundary clay ID-TIMS 258.6+14 Xuetal. (2013)

Chaotian rock zircon U-Pb 559 5403 Zhong et al. (2014)
diabase Shrmdp_)Pzt;rcon 2603

Funing - - Zhou et al. (2006)
diorite Shrimp zircon 25843

U-Pb B
Mianhuadi metagabbro MC-ICP-MS 259.6+0.8 Zhou et al. (2013)
zircon U-Pb

1057



1058  Table 2 Major elements (wt.%) and trace elements (x10°®) contents for the analysed volcanic rocks in the Sichuan Basin

Samples ST1 ST1 YTL YT1 YT1 YT1L YT1 YT1 ZG2 272G2 Z2G2 ZG2 ZMOII50 i/?léo 20LC 20LC 20XL 20XL 20XI__02
-2 -5 -1 -3 -4 -5 -6 -7 -4 -5 -7 -8 4 5 04 06 01 02 (replicate)

Locality  ST1 Well YT1 Well ZG2 Well Longmendong  Longchi Xinlin
SiO; 49.64 48.78 48.62 4755 46.69 47.67 48.67 4896 46.59 47.64 4874 4559 4599 4899 4594 49.08 49.21 48.12 4832
TiO; 4,01 3.87 4.06 3.91 4.17 4.19 3.83 3.71 4,01 3.98 4.05 4.14 3.69 3.73 4.08 3.69 4.24 3.82 3.84
Al;O3 13.75 13.66 1369 13.66 13.64 13.82 1499 1496 13.07 1298 1330 13.70 1344 1390 1391 13.88 13,57 13.08 13.06
Fe,Os" 1292 1382 1386 1565 1691 16.10 1341 1360 1843 1746 1402 1627 1544 1275 1575 1240 1432 1416 14.23
MnO 0.21 0.17 0.18 0.16 0.17 0.17 0.16 0.16 0.20 0.19 0.20 0.19 0.21 0.16 0.17 0.17 0.18 0.17 0.17
MgO 3.43 3.68 492 4.81 4.38 4.47 4.99 5.08 4.69 4.33 4.69 4.89 7.12 5.28 5.24 5.41 4.65 5.06 5.10
CaOo 4.88 4.27 6.53 8.26 6.03 7.39 7.22 7.21 6.99 7.87 7.01 7.40 6.79 9.09 7.20 6.75 9.15 8.08 8.13
Na.O 4.38 3.91 3.82 2.29 3.44 2.39 2.78 2.75 4,32 2.14 2.38 2.34 2.81 1.97 2.47 3.52 2.05 2.78 2.76
K20 022 056 196 173 236 198 192 193 085 194 221 203 151 142 117 215 099 183 185
P.Os 045 045 040 040 042 042 040 043 044 043 043 043 037 039 043 039 045 040 0.40
LOlI 587 604 189 170 133 112 115 121 054 077 259 268 289 203 303 199 138 225 224
Total 99.76 99.20 99.94 1001 9956 99.70 9951 99.99 100.1 99.71 99.61 99.66 100.2 99.71 99.37 99.41 100.1 99.75 100.12
Mgt 3445 3449 4129 37.85 33.92 3547 4242 4253 3353 3293 3985 37.33 47.74 4509 39.72 46.36 39.15 4142 39.12
La 452 451 479 468 471 494 452 458 495 487 442 448 374 472 433 443 484 420 419
Ce 96.3 95.6 98.3 97.5 99.4 103 93.6 95.6 99.1 101 95.0 97.6 85.9 104 98.0 101 106 94.9 934
Pr 124 122 128 127 129 130 118 124 129 134 128 128 113 132 128 131 138 125 123
Nd 526 519 521 520 529 527 495 504 514 560 528 540 487 543 534 537 568 528 515
Sm 11.7 11.0 11.0 10.6 10.6 10.6 941 9.91 9.99 11.6 10.6 11.4 10.8 11.5 114 11.6 12.0 11.3 10.7
Eu 3.00 2.82 2.97 3.06 3.01 2.98 2.87 2.95 2.94 3.01 2.96 3.04 2.84 3.08 3.06 3.02 3.30 3.11 3.03
Gd 9.72 9.91 9.55 9.83 9.58 9.51 9.05 9.25 9.67 10.3 9.80 10.3 9.48 10.0 9.69 9.69 104 9.64 9.46
Th 136 131 126 128 126 127 113 122 129 133 133 139 132 141 135 141 143 134 131
Dy 807 736 747 750 78 751 690 7.02 790 813 7.83 802 728 765 747 779 791 7.64 7.38
Ho 145 126 129 126 130 135 116 115 137 135 129 139 131 140 133 144 142 135 128



Er
Tm
YDb
Lu
\Y/
Cr
Co
Ni
Cu
Zn
Ga
Rb
Sr
Y
Zr
Nb
Ba
Hf
Ta
Pb
Th
U

3.61
0.47
2.93
0.38
355
345
48.4
226
254
128
25.8
3.82
882
38.3
365
40.8
239
9.47
2.38
8.48
7.12
1.60

3.36
0.46
2.73
0.36
346
437
45.6
265
284
124
23.1
13.3
870
36.9
350
40.4
424
8.78
2.38
8.92
6.90
1.58

3.45
0.44
2.73
0.36
369
406
47.5
257
284
141
26.2
43.4
830
36.5
350
42.0
1306
8.81
2.54
7.42
6.84
1.69

3.41
0.45
2.70
0.37
366
76.1
45.8
139
249
133
25.8
38.5
580
36.0
348
422
405
8.56
2.52
7.74
6.77
1.60

3.42
0.46
2.77
0.37
351
81.6
46.1
158
304
134
25.2
52.1
1027
36.2
360
41.8
1621
8.79
2.55
12.4
7.03
1.74

3.38
0.46
2.69
0.35
342
73.0
453
131
266
131
25.7
45.7
639
354
349
43.3
524
8.66
2.58
8.94
6.97
1.69

3.12
0.41
2.48
0.35
307
346
49.9
247
259
116
25.4
53.5
661
32.7
327
42.0
472
7.74
2.48
6.61
6.70
1.52

3.08
0.44
2.53
0.36
298
332
50.6
246
267
118
255
53.1
672
33.6
324
40.2
498
791
2.52
5.97
6.63
1.58

3.51
0.50
2.93
0.40
403
123
43.3
302
364
150
245
22.6
457
37.1
366
43.0
239
8.65
2.56
5.63
6.58
1.55

3.59
0.49
2.75
0.40
388
111
46.7
257
541
123
25.7
65.1
484
37.0
352
39.4
741
8.50
2.34
7.64
6.61
1.48

3.51
0.50
2.86
0.39
379
459
49.9
255
193
140
254
70.6
742
36.7
356
41.8
1065
8.55
2.57
6.95
6.57
1.49

3.61
0.51
2.98
0.41
389
543
57.8
293
412
146
26.5
68.9
785
37.7
377
44.3
1003
9.19
2.83
8.15
6.81
1.68

3.36
0.45
2.74
0.39
382
197
48.1
136
257
136
27.9
58.5
451
344
304
33.3
627
7.74
2.20
6.54
7.21
1.52

3.61
0.47
291
0.40
348
302
41.4
172
241
120
25.5
38.8
511
36.9
349
39.0
479
8.96
2.57
11.9
8.12
1.82

3.49
0.46
2.80
0.40
382
222
48.7
132
234
145
27.3
46.9
448
354
352
39.9
578
8.96
2.62
7.80
6.49
1.50

3.70
0.48
2.97
0.42
329
271
40.1
163
64.4
120
23.5
70.3
569
37.6
353
38.7
697
9.22
2.57
7.64
8.35
1.76

3.55
0.47
2.84
0.40
388
337
46.6
195
247
142
26.0
231
586
37.2
370
41.9
407
9.51
2.69
6.64
6.97
1.65

3.47
0.47
2.81
0.39
389
184
44.9
120
332
136
26.6
59.7
546
36.1
341
37.1
510
8.76
2.46
8.62
6.47
1.47

3.44
0.45
2.73
0.38
375
166
43.6
107
326
132
25.7
58.6
539
35.0
335
36.3
490
8.67
2.38
8.95
6.25
1.46

1059
1060

LOI: weight loss on ignition to 1000 °C. Mg# = Mg?*/(Mg?*+Fe?*) in atomic ratio, assuming 15% of total iron oxide is ferric.



1061  Table 3 Sr-Nd-Pb isotope ratios for the analysed volcanic rocks in the Sichuan Basin

Sample ST1-5 YT1-1 YT1-3 YT1-6 YT1-7 7G2-5 72G2-7 7G2-8 20LMDO05 20LC06  20XLO01
Locality ST1 Well YT1 Well ZG2 Well Longmendong Longchi  Xinlin
Rb(x10-6) 13.3 43.4 385 53.5 53.1 65.1 70.6 68.9 38.8 70.3 23.1
Sr(x10) 870 830 580 661 672 484 742 785 511 569 586
87Rb/®5Sr 0.044372 0.151194 0.192215 0.234105 0.228342 0.389072 0.275352 0.254148 0.219834 0.357378 0.113896
87Sr/86Sr 0.706884 0.707491 0.707355 0.706681 0.706694 0.706661 0.707085 0.707075 0.706865 0.707546  0.705942
%6 0.000008 0.000007 0.00001  0.000008 0.000008 0.000008 0.000006 0.000007 0.000007 0.00001  0.000009
87Sr/88Sr (1) 0.706721 0.706935 0.706648 0.705820 0.705854 0.705230 0.706072 0.706140 0.706057 0.706232 0.705523
Sm(x10) 11.0 11.0 10.6 9.41 9.91 11.6 10.6 11.4 115 11.6 12.0
Nd(x10°6) 51.9 52.1 52.0 49.5 50.4 56.0 52.8 54.0 54.3 53.7 56.8
147Sm/44Nd 0.128166 0.127908 0.123307 0.114987 0.118988 0.125756 0.121209 0.128019 0.128721 0.130854 0.127975
143N d/44Nd 0.512530 0.512533 0.512526 0.512528 0.512528 0.512567 0.512570 0.512573 0.512507 0.512507 0.512561
%6 0.000005 0.000008 0.000005 0.000006 0.000005 0.000004 0.000006 0.000013 0.000004 0.000004 0.000008
143Nd/A*4Nd(t)  0.512313 0.512317 0.512317 0.512333 0.512327 0.512354 0.512365 0.512356 0.512289 0.512286 0.512344
end(t) 0.16 0.22 0.24 0.55 0.42 0.96 1.17 1.00 -0.31 -0.38 0.77
Tom(Ma) 1106 1098 1054 962 1002 1012 958 1028 1154 1184 1049
fsmnd -0.35 -0.35 -0.37 -0.42 -0.40 -0.36 -0.38 -0.35 -0.35 -0.33 -0.35
206pp/204ph 18.715 18.751 18.728 18.757 18.789 18.800 18.888 18.867 18.789 18.881 18.899
26 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000
207pp/204ph 15.609 15.613 15.612 15.611 15.613 15.617 15.620 15.621 15.626 15.629 15.614
26 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000
208pp/204ph 39.236 39.292 39.271 39.310 39.357 39.276 39.356 39.316 39.432 39.628 39.349
% 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.001 0.002 0.001
206pp/204ph(t)  18.251 18.154 18.185 18.156 18.097 18.293 18.323 18.325 18.388 18.272 18.245
207pp/204ph(t)  15.585 15.582 15.584 15.580 15.578 15.592 15.501 15.593 15.606 15.598 15.581
208ph/204Ph(t)  38.572 38.500 38.520 38.440 38.403 38.533 38.542 38.597 38.845 38.685 38.446
1062  Notes:

1063 1. 8Rb/®Sr and 4’Sm/4Nd ratios are calculated using Rb, Sr, Sm and Nd contents by ICP-MS and measured &Sr/8Sr and 1“3Nd/***Nd ratios by MC-ICP-MS.

1064 2. In Tpwm calculation, ratios of (***Nd/***Nd)pm and (*4’Sm/***Nd)pm took values of 0.51315 and 0.225, respectively.

1065 3. In eng(t) calculations, ratios of (87Sr/26Sr)chur, (B’Rb/2eSr)chur, (**Nd/***Nd)cHur and (*47Sm/**4Nd)crur are 0.7045, 0.0847, 0.512638 and 0.1967, respectively,
1066  whilet = 258.5 Ma.



1067  Table 4 Distribution of the Emeishan basalts in the ELIP

Zone Locality Rock type Reference
Dali High-Ti basalts, low Ti basalts Hanski et al. (2010)
Lijiang High-Ti basalts, low Ti basalts Song et al. (2001), Zhang et al. (2006)
Binchuan High-Ti basalts, low Ti basalts SOQ% eei ZII.. (é%%% iﬁzteélél(.z(gg f)A' )
Ertan High-Ti basalts, low Ti basalts Song et al. (2001), Xu et al. (2001)
Jianchuan High-Ti basalts, low Ti basalts Song et al. (2001)
Inner zone Pingchuan Low Ti basalts Xu et al. (2014)
Miyi High-Ti basalts Xu et al. (2014)
Kangsi High-Ti basalts He et al. (2010)
Wanmachang High-Ti basalts He et al. (2010)
Shuidigiao High-Ti basalts He et al. (2010)
Longzhoushan High-Ti basalts Xu et al. (2007)
Yongsheng High-Ti basalts, low Ti basalts Hao et al. (2004)
Dongchuan High-Ti basalts Song et al. (2008), Xu et al. (2001)
Qingyin High-Ti basalts Xu et al. (2014)
Intermediiate zone Qiaojia High-Ti basalts Xu et al. (2014)
Weining High-Ti basalts Xu et al. (2014)
Duge High-Ti basalts Xu et al. (2014)
Zhaotong High-Ti basalts Li etal. (2017c)
Zhijin High-Ti basalts Lai et al. (2012), Xu et al. (2007)
Jinding High-Ti basalts Xu et al. (2007)
Tubagou High-Ti basalts Li et al. (2016b)
Outer zone Baise High-Ti basalts Fan et al. _(2008) -
Bama High-Ti basalts Fan et al. (2008), Lai et al. (2012), Liu
etal. (2017)
Tianyang High-Ti basalts Fan et al. (2008), Liu et al. (2017)
Sichuan Basin High-Ti basalts This study
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Abstract

Plume-lithosphere interactions are significant in the formation of Large Igneous
Provinces (LIPs). The Permian Emeishan Large Igneous Province (ELIP) is considered
to be the result of a mantle plume. The Emeishan flood basalts comprise a major part
of the ELIP and they define three zones: the inner, intermediate and outer zones. Both
high-Ti and low-Ti basalts are present in the inner zone, whereas only high-Ti basalts
are found in the intermediate zone and outer zone. However, there are only sparse

outcrops in the outer zone, and so geochemical data on basalts from the outer zone are
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rare and the role of plume-lithosphere interaction in the petrogenesis of volcanic rocks
in the outer zone remains poorly understood. In the Sichuan basin, the Basalt Formation
is found between the Permian Maokou Formation limestone and the Longtan Formation
marl in some drill cores as well as in outcrops in the basin. This relationship
demonstrates that the basaltic layer in the basin is part of the Emeishan flood basalts.
These basalts have TiO; contents of 3.7-4.2 wt.% and Ti/Y ratios of 604-720, being
high-Ti sub-alkaline basalts. They display chondrite-normalized rare earth elements
(REE) patterns enriched in light rare earth elements (LREE) relative to heavy rare earth
elements (HREE) and have elevated large ion lithophile elements (LILE) and high field
strength elements (HFSE). Lead isotope ratios are high (?®Pb/?*Ph(t)= 18.102-18.392,
207pp/204ph(t)= 15.578-15.606, 2°8Pb/2%Ph(t)= 38.410-38.850), and ena(t) values are -
0.38~1.17. Detailed petrology and geochemistry suggest that the high-Ti basalts from
the Sichuan Basin did not experience significant contamination of crustal and
lithospheric mantle material during the ascent of magma. We infer that these basalts
resulted from low-degree melting of the plume mantle source and underwent fractional
crystallization of clinopyroxene. The distribution and petrogenesis of the Sichuan Basin
basalts in the outer zone are different from those of the basalts in the inner zone and
there are clearly different plume-lithosphere interactions in different parts of the ELIP.
In the inner zone, the temperature of the lithosphere mantle was markedly elevated due
to underplating of the mantle plume, causing a substantial quantity of lithosphere
mantle melting and the initial formation of low-Ti basalts. This was followed by melting
of the mantle plume and the formation of high-Ti basalts. In the outer zone, lower
temperatures further from the plume centre were insufficient to generate extensive
melting of the lithospheric mantle. Consequently, only the mantle plume melted in the

outer zone, resulting in the formation of high-Ti basalts with minimal lithospheric input.
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1. Introduction

The Emeishan Large Igneous Province (ELIP) in the Upper Yangtze craton,
Southwest China is composed mainly of Late Permian flood basalts, mafic-ultramafic
intrusions and mafic dykes, along with lesser amounts of felsic volcanic rocks,
pyroclastic counterparts, and alkaline rocks. The stratigraphy, chronology,
geochemistry and geophysics of the ELIP has been studied in detail for many years and
has been proposed to have formed by melting of a mantle plume (Chen et al., 2015; Liu
et al., 2017; Shellnutt, 2014; Xiao et al., 2003; Xu et al., 2020; Xu et al., 2021; Zhang
et al., 2008; Zhou et al., 2022). The Emeishan continental flood basalts have been
broadly divided into two groups: a high-Ti series (TiO2> 2.5 wt.% and Ti/Y > 500) and

a low-Ti series (He et al., 2007; Song et al., 2008).

Geographically, the ELIP has been divided into inner, intermediate and outer
zones based on geochemical, sedimentological, and biostratigraphic characteristics of
the rock units (He et al., 2003; Xiao et al., 2004; Xu et al., 2014). The rocks in the inner
zone include both the high-Ti and low-Ti series, which are widely distributed in the
Binchuan, Jianchuan, Lijiang and Ertan areas, whereas rocks in the intermediate and
outer zones are dominated by high-Ti basalts (Li et al., 2017a; Liao, et al., 2012; Xiao
et al., 2004; Xu et al., 2001, 2004). Basalts are much more extensively exposed in the
intermediate zone (in Zhaotong, Qiaojia and Dongchuan) than in the outer zone (Tian
etal., 2021; Xu et al., 2001; Zhang et al., 2011). The outer zone does have some well-

developed outcrops in Guangxi and Guizhou provinces (Liao et al., 2012; Xiao et al.,
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2004; Xu et al., 2001, 2004).

There are three major petrogenetic models for the Emeishan basalts: 1) High-Ti
basalts were derived from low-degree partial melting of the mantle plume (Cheng et al.,
2019; Liang et al., 2021; Wang et al., 2007; Xiao et al., 2004; Xu et al., 2001), whereas
the low-Ti basalts were generated from the sub-continental lithosphere mantle (SCLM),
possibly with assimilation of some upper crust (Fan et al., 2008; Kamenetsky et al.,
2012; Li et al., 2010; Song et al., 2008; Wang et al., 2007; Xiao et al., 2004); 2) High-
Ti basalts were derived from the SCLM or mixed with lithospheric mantle materials
during magma ascent, whereas the low-Ti basalts were generated from the mantle
plume (Xu et al., 2007); 3) High-Ti and low-Ti basalts have the same mantle source
and may represent different degrees of partial melting, fractional crystallization and/or
crustal contamination (Dong et al., 2009; Hou et al., 2011; Ren et al., 2017; Zhang et
al., 2019). A common feature of all models is that the lithosphere is most influential at
the centre of the Emeishan mantle plume (Li et al., 2015; Song et al., 2001, 2008; Xiao

et al., 2004; Xu et al., 2001, 2014; Zhang et al., 2006).

These previous studies, however, have mainly focused on the inner and
intermediate zones and although there have been some more recent studies of igneous
rocks in the outer zone (Li et al., 2017a; Liu et al., 2017; Liu et al., 2022), there is still
a lack of information on the source of the Emeishan high-Ti basalts and comparison
between the inner and outer zones. For instance, it is still unclear whether there was

plume-lithosphere interaction in the outer zone of the ELIP.

In this paper, we investigate the petrology, major and trace elements, and Sr-Nd-
Pb isotope systematics of eighteen samples from three boreholes (twelve samples) and
three outcrops (six samples) within and around the Sichuan Basin belonging to the outer

zone of the ELIP in order to assess their petrogenesis. This data is combined with
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previously published data from the inner and outer zones in order to ascertain the nature
of plume-lithosphere interaction and the influence of the Emeishan mantle plume over

the whole province, especially the difference between the inner and outer zones.

2. Geological background

The ELIP is located on the western Yangtze Plate and to the east of the Qinghai-
Tibet Plateau, and mainly erupted in 260~257 Ma (Fan et al., 2008; Huang et al., 2022;
Li et al., 2015; Shellnutt et al., 2012; Zhong et al., 2014). Traditionally, the ELIP has
been thought to be bounded on the northeast and southeast by the Baoxing-Yibin fault
and the Mile-Shizong fault, respectively. The eastern boundary is situated in the
Fuquan-Weng’an areas, eastern Guiyang, China. The northwestern and southwestern
boundaries are the Longmenshan belt and the Jinshajiang-Ailaoshan-Red River fault,
respectively (Chung et al., 1998; Li et al., 2016a; Xiao et al., 2003). Tectonic
movements occur in the region, with a series of well-developed north-trending faults,
such as the Anninghe fault, the Longmenshan fault and the Xianshuihe fault (Song et
al., 2001; Yan et al., 2018a; Yan et al., 2018b) (Fig. 1). The basement of the ELIP is
dominated by Mesoproterozoic metamorphic rocks (Zhai et al., 1986), overlying Pre-

Sinian-Cenozoic strata.

The Emeishan volcanic sequence is mainly composed of flood basalts and
contemporaneous ultramafic-felsic plutons, layered mafic-ultramafic intrusions and
radiating mafic dyke swarms (Li et al., 2015; Liu et al., 2022; Shellnutt, 2014; Xu et al.,
2001; Zhou et al., 2022). The Emeishan flood basalts range from a few hundred to five
thousand meters in thickness (Xiao et al., 2003; Xu et al., 2001; Zhang et al., 2001) and

the areal extent of the basalts may well be larger than 1x10% km? (Li et al., 2017a; Liu
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et al., 2022). The thickness of the basalts gradually decreases from the inner zone to the
outer zone (Chung etal., 1998; Xu et al., 2001; Zhu et al., 2018). The inner zone consists
of a variety of lavas and pyroclastic rocks, including picrites, basalts, basaltic andesites
and basaltic pyroclastic rocks, with trachytic and rhyolite tuff in the uppermost part of
the sequence (Xiao et al., 2004; Xu et al., 2001, 2004). A more-restricted range of rocks
is found in the intermediate and outer zones and includes tholeiites and alkaline basalts

(He et al., 2010).

The Sichuan Basin, located in the northeast (outer zone) of the ELIP in the
northwestern Yangtze Craton in the South China Block, is a typical superimposed basin
common in southwestern China (Liu et al., 2021a). The Late Permian basalt outcrops
of the ELIP have only been found in a few places (Jinding, Huayingshan and Yanghe)
in the Sichuan Basin (e.g., Li et al., 2017a; Liang et al., 2021; Liu et al., 2021a). The
lack of volcanic outcrops in this region can be attributed to the complex burial history
of the Sichuan Basin, and this has made geochemical research difficult on the Emeishan
basalts in the basin. However, abundant drill cores from the Sichuan Basin indicate that
the Emeishan basalts are widely distributed between the Middle and Upper Permian
strata (Liang et al., 2021). Based on seismic and drilling data, it has been proposed that
basalts are mainly distributed in the western Sichuan Basin with a thickness of 40-500
m, which thins from the southwest to northeast (Fig. 2) (Liu et al., 2021a; Tian et al.,
2017). However, the geochemistry and petrogenesis of the basalts in the Sichuan Basin
are still unclear. Therefore, in this study we have sampled the drill cores and available

outcrops from the Sichuan Basin.

3. Samples and geochronology
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All samples in this study were collected from six areas within and around the
southwest of the Sichuan Basin (Fig. 2) , including the borehole samples from ST1
(ST1-2, ST1-5) (Fig. 3a), YT1 (YT1-1, YT1-3, YT1-4, YT1-5, YT1-6, YT1-7) (Fig.
3b) and ZG2 (Z2G2-4, 2G2-5, ZG2-7, ZG2-8) (Fig. 3c, d), as well as outcrops
Longmendong in Leshan City (20LMDO04, 20LMDO05) (Fig. 3e, f), Longchi in
Emeishan City (20LC04, 20LC06) (Fig. 3g) and Xinlin in Leshan City (20XL01,
20XL02) (Fig. 3h). Boreholes YT1 and ST1 are located around the Longquanshan fault,
Longchi outcrop is close to the Longmenshan fault, while outcrops Xinlin and
Longmendong, and borehole ZG2 border the Emei-Yibin fault in the western Sichuan
Basin (Fig. 2b). All the samples were analysed for whole-rock major and trace elements,
and eleven samples were analysed for Sr, Nd and Pb isotopes. All samples were
collected from the central part of the massive lava flows with little amygdales and crack
fillings. The basalts contain 2% to 15% phenocrysts of clinopyroxene, plagioclase, and
minor olivine, set in a matrix comprising mostly plagioclase. The clinopyroxene
phenocrysts are generally subhedral, occasionally euhedral, whereas the plagioclase
phenocrysts are euhedral grains. The phenocrysts range in size from 700 um to 1800
um in samples YT1-6 and YT1-7, while they are about 60~400 um in size in ZG2 Well,

Longchi and Xinlin (Fig. 3b, d).

Stratigraphally, the Sichuan Basin volcanic rocks lie between the Permian Maokou
Formation limestone and the Longtan Formation marl (Fig. 4), indicating that the
Sichuan Basin basalts erupted in the Mid-Late Permian. This eruption time is consistent
with the formation time of the ELIP, which suggests the Sichuan Basin basalts belong
to the ELIP (Li et al., 2017a; Liu et al., 2022). Based on chronological data (Table 1),
the main duration of the ELIP eruption is 260~257 Ma (e.g., Fan et al., 2008; Lai et al.,

2012; Li et al., 2016a; Li et al., 2016b; Zhou et al., 2006; Zi et al., 2010).
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4. Analytical methods

Fresh rocks were selected based on the characteristics of rock thin sections.
Following the removal of amygdales and minor veins, the samples were crushed to 200
mesh by an agate mortar. The pre-treatment ensures the accuracy of whole-rock

geochemical analyses.

The major and trace elements and Sr-Nd-Pb isotopes of the samples were
determined at the Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan,

China. International reference material values are listed in the appendix.

Major elements were analysed by a Primus II X-ray fluorescence spectrometer
(XRF) with wave-length dispersive X-ray fluorescence spectrometry. The major
element data are corrected by the theoretical a coefficient method, and relative standard
deviations (RSD) for most major element oxides are within +1-3%. The contents of
trace elements were analysed by Agilent 7700e ICP-MS. The analytical precision and
accuracy for trace elements are mostly better than 10%. The detailed sample-
preparation procedure for ICP-MS analyses can be found in Rudnick et al. (2004) and

Liu et al. (2008).

Sr-Nd-Pb isotopic analyses of whole-rock samples were carried out on a Neptune
Plus MC-ICP-MS (Thermo Fisher Scientific, Dreieich, Germany). All chemical
preparations were performed on class 100 work benches within a class 1000 over-
pressured clean laboratory. The sample powders were acid-leached before isotopic
analysis (Weis et al., 2005). The data was processed by "Iso-Compass" software (Zhang
et al., 2020a). Detailed analytical procedures are described in Chen et al. (2002) and Li

et al. (2012).
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The analysed 8’Sr/%°Sr of NBS 987 standard solution is 0.710242+14 (25D, n=345),
which is consistent with the published values (0.710248+12, Zhang and Hu, 2020). In
addition, analysis of USGS reference materials BCR-2 (basalt) yielded ratios of
0.705012+22 (2SD, n=63) for 8’Sr/®®Sr, which are identical within error to their
published results (Li et al. 2012). The Sr isotope standard precision (2SE) = 0.000010-
0.000020 (0.01%0-0.03%0, 2RSE), and the accuracy is better than 0.000020 (~0.03%o).
For standard GSB 04-3258-2015, a *3Nd/***Nd of 0.512440+6 (2SD, n=31) was
obtained which is identical, within error, to its published value (0.512438+6 (2SD), Li
et al., 2017b). In addition, the measurement results of 1*3Nd/**Nd for USGS reference
materials BCR-2 (basalt) are 0.512641+11 (2SD, n=82), which are identical, within
error, to their published values (Li et al. 2012). The precision of Nd isotope analyses
(2SE) = 0.000005-0.000025 (0.01%0-0.05%0, 2RSE), and the analytical accuracy is
better than 0.000025 (~0.05%o). The external precision of 2**Pb/?%Pb ratios for the
reference material NBS 981 is 0.03% (2RSD). Furthermore, the USGS reference
material BCR-2 (basalt) had analysed ratios of 2%Pb/2%Pb=38.736+17,
207pp/204pp=15.628+3, and 2°°Pb/?**Pb=18.756+10 (2SD, n=22), which are consistent
within error of 0.03% with the published results (?°®Pb/?**Pb=38.725+22,
207pp/204pp=15.621+4, 2°°Ph/?%*Ph=18.753+8, Zhang and Hu 2020). The internal
precision of 2%Pb/2%Pb ratio is 0.002%-0.025%, and the analytical accuracy is better

than 0.03%.

5. Results
5.1 Major elements

The major element compositions of the volcanic rock samples from different
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regions of the Sichuan Basin are listed in Table 2. The samples have all experienced
some degree of hydrothermal alteration, and so the whole-rock raw data has been
normalised on a volatile-free basis. Samples ST1-2 and ST1-5 have high LOI values of
5.9 wt.% and 6.0 wt.% respectively and so their major element compositions were not

used in this study.

The samples of the Sichuan Basin show large variations in SiO> (45.6-49.2 wt.%)
and MgO (4.3-7.1 wt.%). The rocks have total alkalis (Na2O+K>O) that range from 3.0
to 5.8 wt.% and have K>O/NaxO ratios of ~1.7. They have high TiOz contents of 3.7 to
4.2 wt.% and Ti/Y ratios of 604 to 720, indicating that the basin basalts belong to the
high-Ti series (Fig. 5a). The analysed samples mainly plot in the sub-alkaline field on
the OI'-Ne'-Q" diagram (Fig. 5b). The concentrations of the Al.Os and CaO are
positively correlated with MgO, whereas K20, TiO2, P.Os, Fe;03", La and Nb are
negatively correlated with MgO (Fig. 6). Compared with the outer zone of the ELIP,
the inner zone has variable volcanic rock types, ranging from low-Ti series to high-Ti

series (Fig. 5a).

5.2 Trace elements

The trace element contents of the basalts in the Sichuan Basin are listed in Table
2. Chondrite-normalised REE patterns are enriched in the LREE ((La/Yb)n = 9.8-13.2)
and depleted in the HREE ((Dy/Yb)n = 1.8-2.0), with only slight negative Eu anomalies
(6Eu = 0.83-0.95) (Fig. 7a). On primitive mantle-normalised trace element diagrams
(Fig. 7b), the large ion lithophile elements (LILE) are quite variable, especially the large
negative anomalies of Rb and K, as well as positive anomalies of Ba and Pb, which

may result from sub-solidus hydrothermal alteration. However, alteration-resistant
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immobile high field strength elements (HFSE, e.g., Nb, Ta, Zr, Hf, Th) of the samples
are much more consistent, with slightly negative Zr anomalies and positive Th
anomalies (Fig. 7b). The trace element compositions of the samples ST1-2 and ST1-5
have not been affected considerably except for some mobile elements, therefore, they
are still used in the following discussion. Overall, the Sichuan basalts have OIB (ocean
island basalt)-like REE and trace element signatures, which are similar to compositions

of the Emeishan high-Ti basalts from other regions.

5.3 Sr-Nd-Pb isotopes

The isotopic data of the basalts in the Sichuan Basin are presented in Table 3. The
initial Sr-Nd-Pb isotopic compositions have been age-corrected to 258.5 Ma based on
the age range of the Emeishan basalts in this paper. The initial Sr isotopic compositions
of the high-Ti basalts in the Sichuan Basin range from 0.705230 to 0.706935 and the
end(t) values range from -0.38 to 1.17 (Fig. 8a). The Sichuan Basin basalts show a
relatively wide range in 2°Pb/2%Ph(t) ratios between 38.403 and 38.845, whereas
206pp/204pp(t) (18.097-18.388) and 2°7Pb/?*4Pb(t) (15.578-15.606) compositions are
more uniform (Fig. 8c, d). Compared with low-Ti basalts in the inner zone, the
compositional range of high-Ti basalts in the ELIP is relatively constant with typical
OIB-like Sr-Nd-Pb isotopic characteristics. The Sichuan Basin samples have slightly
higher 8Sr/%®Sr(t) ratios than the high-Ti samples in other areas of the ELIP, and show
the characteristics of the EMII end-member. However, in general, the basin samples
overlap with the field of high-Ti basalts in the outer zone, which indicates the Sichuan

Basin basalts belong to the outer zone of the ELIP.

These data plot above the LoNd (low Nd) array, close to OIB and EMII, in distinct
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contrast to the DM (depleted mantle) and MORB (mid-ocean ridge basalt) (Fig. 8a, b).
The samples lie above the North Hemisphere Reference Line (NHRL) and overlap with
the field of OIB (Fig. 8c, d). In terms of 2%°Pb/2%4Ph(t) vs. 2°%8Pb/?%Ph(t), the Sichuan
Basin samples data have similar compositions to the high-Ti basalts in the ELIP and
overlap with alkaline lavas from the Kerguelen Plateau (Fig. 8d) (Fan et al., 2008). The
Kerguelen Plateau in the South Indian Ocean (which comprises a large amount of
alkaline basalts, (Zhu et al., 2007)) is one of the largest LIPs in the world, which is

related to the Kerguelen plume activity from the Early Cretaceous.

6. Discussion
6.1 Crustal contamination and fractional crystallization

As previously noted fluid-mobile elements (LILE) such as Rb, Ba, K, Pb and Sr
show large variations and both positive and negative peaks, which are most likely to be
caused by sub-solidus hydrothermal alteration, however, the REE, Th and HFSE (e.g.,
Hf, Nb and Ta) are relatively alteration-resistant and so are essentially immobile.
Therefore, in the following discussion, only immobile elements are used to assess the

petrogenesis of these rocks.

It is necessary to evaluate the role of crustal contamination and fractional
crystallization during magma ascent before we discuss potential mantle sources of
volcanic rocks. Importantly, the proxies for crustal contamination, Th/Nb, La/Nb,
Th/Ta and Nb/U ratios are not changed by partial melting or fractional crystallization
in magma. Crustal contamination usually results in high Th/Nb (>5), La/Nb (>12) and
Th/Ta ratios, and low Nb/U ratios (Neal et al., 2002; Pearce, 2008; Rudnick and Gao,

2003). The basalts in the present study have low La/Nb (1.01-1.23), Th/Nb (0.15-0.22)
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and Th/Ta (2.41-3.27), and high Nb/U (21.48-28.00). These characteristics reveal that
they were derived from mantle source without significant continental crust
contamination. In addition, there is no clear mixing trend between the Sichuan Basin
samples and average continental crust on a Ce vs. Nb/Th diagram (Fig. 9a). The
analysed samples are broadly similar to primitive mantle (PM) values, and are close to
the field of Kerguelen alkaline OIB, as well as plotting far from the values of middle
and upper continental crust (MC and UC) (Fig. 9b). Moreover, slightly positive Th
anomalies, and slightly negative Nb and Ta anomalies (Fig. 7b) also confirm that the
Sichuan Basin basalts have not been significantly contaminated by crustal materials,
because continental crust is enriched in Th and strongly depleted in Nb and Ta.
Furthermore, (8Sr/8®Sr); and ena(t) do not correlate with increasing SiO> (Fig. 9c, d),
which also suggests little crustal contamination occurred. Therefore, the magmatic
evolution of basalts in the Sichuan Basin is dominated by fractional crystallization or

partial melting.

Basalts from Sichuan Basin have low MgO values (4.3-7.1 wt.%) and display good
correlations between MgO and other major oxides (Al.Os, K20, Fe203") as well as trace
elements (La, Nb) (Fig. 6), which indicates the likely occurrence of fractional
crystallization. The basalts in the Sichuan Basin have lower Ni, Cr and MgO than
primitive magma (Hirajima et al., 1990) (Fig. 6), further suggesting that the magma
experienced a substantial amount of fractional crystallization (e.g., olivine,

clinopyroxene) during ascent.

The basalts are characterised by a positive correlation between MgO and CaO (Fig.
6b), indicating that the magma underwent the fractional crystallization of clinopyroxene
(Wei et al., 2013). A slight negative Eu anomaly (Fig. 7b) suggests the magma also

experienced slight fractional crystallization of plagioclase. As illustrated in Fig. 10a,
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the Sichuan Basin basalts exhibit a positive correlation between CaO/Al2Os ratios and
Mg# values, similar to other Emeishan basalts. The calculated effects of fractional
crystallization are shown in mineral vector diagrams in Figs. 10b and c. The data mostly
plot near the clinopyroxene crystallization vector (Fig. 10b, c), further suggesting that
clinopyroxene is the most significant mineral phase in the fractional crystallization.
This is consistent with the petrographic features (Fig. 3), as there are more
clinopyroxene phenocrysts than plagioclase in YT1-7 (Fig. 3b) and ZG2-5 (Fig. 3d).
Moreover, the Sichuan basalts have enriched Fe and Ti, and MgO vs. Fe,O3" and TiO>
show negative correlations (Fig. 6d, e). These characteristics may be induced by the
early fractional crystallization of Ti and Fe-poor silicate minerals, which indicates little
crystallization of titanomagnetite in low oxygen fugacity conditions (Li et al., 2017,
Zhang et al., 2011). Furthermore, low oxygen fugacity may also have promoted the
fractional crystallization of clinopyroxene and plagioclase in the Sichuan Basin basalts

(Fig. 3) (Lietal., 2017).

6.2 Magma Source and Petrogenesis

The Sichuan Basin basalts have high TiO2 contents (>3.5 wt.%), relative
enrichment of alkalis (3.1-5.9 wt.%), LILE and HFSE, and significant REE
fractionation with (La/Yb) n ratios ranging from 9.8 to 13.2. The trace element and Sr-
Nd-Pb isotope signatures are OIB-like with eng(t) values ranging from -0.38 to 1.17,
(Fig. 7, 8). However, the origin of the Emeishan basalts with these characteristics is still
controversial, and has been variously ascribed to the melting of either a mantle plume
(Cheng et al., 2019; Liang et al., 2021; Wang et al., 2007; Xiao et al., 2004; Zhang et
al., 2019) or lithospheric mantle (Lai et al., 2012; Xu et al., 2007). Alternatively, some

authors propose that these basalts result from the interaction of mantle plume melts with
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the lithospheric mantle (Cheng et al., 2019; Fan et al., 2008; He et al., 2010; Xu et al.,

2007).

Like the high-Ti basalts in other regions of the ELIP, REEs, trace elements (except
some LILESs) and incompatible element ratios of the Sichuan Basin high-Ti basalts are
very similar to OIB and Kerguelen alkaline OIB-like basalts (Fig. 7, 11). Furthermore,
the Sichuan Basin samples have OIB-like initial Sr-Nd-Pb isotopic characteristics,
broadly fall in the field of OIB and Kerguelen basalts (Fig. 8). These geochemical
signatures suggest the high-Ti basalts from the Sichuan Basin might have originated
from a plume source, compositionally similar to other regions in the ELIP (e.g., Cheng
et al., 2019; He et al., 2010; Liu et al., 2017; Song et al., 2008). It is proposed that the
high-Ti basaltic magma from the Sichuan Basin is probably the product of partial
melting of the head of the mantle plume, because the outer zone is further from the
plume centre, and lower temperatures would have resulted in less lithospheric melting

(Cheng et al., 2019).

In terms of incompatible trace element ratios, the Sichuan Basin basalts show
broadly constant (La/Yb)n ratios as end(t) values increase (Fig. 12a), and La/Yb ratios
have a negative correlation with Yb compositions (Fig. 12b). These characteristics
reveal that the Emeishan high-Ti basalts did not originate from partial melting of a
homogeneous plume source. The samples from the Sichuan Basin define a linear array
on Th/La vs. Nb/U (Fig. 12c) and 2%°Pb/2%*Pb vs. end(t) (Fig. 12d) plots similar to other
Emeishan high-Ti basalts, which would support this inference. In addition, it is
generally argued that metasomatic melts derived from the primitive mantle have La/Nb
ratios of ~0.53, whereas those from MORB source have values of ~1.02 (McKenzie
and O’Nions, 1995). The Sichuan Basin basalts have high La/Nb ratios of 1.01-1.23,

with OIB-like Sr-Nd isotopes signatures significantly different from MORB (Fig. 8a),
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indicating that they were likely derived from OIB-like enriched mantle source that was
previously metasomatized. Moreover, the Sichuan Basin high-Ti samples plot around
the field of OIB (Fig. 8c, d) and have an EMII-type signature (Fig. 8a, b) in terms of
Sr-Nd-Pb isotope space. These features indicate the mantle plume may have been
metasomatized by enriched materials before the eruption of the Late Permian basalts

(Xu etal., 2021).

It is still unclear whether such enriched components originate from the
asthenosphere, SCLM, crust, or recycled materials. The asthenosphere is ruled out since
the trace elements and Sr-Nd-Pb isotopes of the Emeishan high-Ti basalts have OIB-
like rather than MORB-like characteristics (Fig. 8) (Liu et al., 2017; Song et al., 2001;
Wang et al., 2007; Xiao et al., 2004). Like the Emeishan high-Ti basalts in other regions,
the basalts in the Sichuan Basin have relatively high Ti/Yb ratios, distant from OIB-
SCLM and OIB-crust mixing lines. They are also significantly different from the
Sangxiu Formation basalts which have a contribution from both continental lithospheric
mantle materials and the Kerguelen mantle plume (Fig. 11b) (Zhu et al., 2007).
Furthermore, the Sichuan Basin samples have high Ce, unlike continental lithosphere
(Fig. 9a), which indicates minimal involvement of SCLM. As shown in Section 6.1, the
samples were not significantly contaminated by crust. Therefore, the enriched

components are unlikely to be related to either SCLM or crust.

It has been argued that the enriched signature in the OIB-like source is related to
ancient recycled oceanic crust (Sobolev et al., 2000, 2007) or subducted terrigenous
sediments (Eisele et al., 2002; Hofmann, 1997; Weaver, 1991). The Sichuan Basin
basalts display (Ta/La)n ratios of 0.8-1.1, with an average of 0.94. Ta is depleted
relative to La, and Th/Yb and Nb/Yb ratios are high (Fig. 11a), suggesting the

involvement of crustal components during ascent or the contribution of subduction
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component. The Sichuan Basin basalts have not experienced crustal contamination, so
it is more likely that the Emeishan mantle plume has undergone metasomatism,
accompanied by mixing of enriched components during subduction. Many studies on
volcanic and sedimentary rocks in southwestern China and the Ailaoshan Region
propose that the Ailaoshan Ocean crust (Paleotethyan slab) subducted eastward into the
upper mantle beneath the western South China Block during the Permian-Middle
Triassic (Hou et al., 2017; Qin et al., 2011; Wang et al., 2013; Xu et al., 2019, 2021,

Yang et al., 2012; Yang and He, 2012; Zhong et al., 2013).

Based on a study of the Late Permian and Early Triassic A-type granites in the
Yuanyang area of Yunnan, South China, Xu et al. (2021) proposed a geodynamic model
of the interaction between the Emeishan mantle plume and the subducted Paleotethyan
oceanic crust. According to the model, the Ailaoshan Ocean subducted eastward
beneath the western South China Block, and the adjacent Emeishan mantle plume
rapidly entrained the recycled lithospheric fragments (Xu et al., 2021). This model
provides a mechanism for the metasomatism of the Emeishan mantle plume, and further
explains why the composition of the Emeishan mantle plume is heterogeneous. In
addition, many authors have proposed that the Emeishan mantle plume is likely to be
intrinsically related to recycled ancient oceanic materials (Ren et al., 2017; Zhu et al.,
2018). Zhu et al. (2018) proposed that the amount of recycled materials may be 10~20%
in the Emeishan plume, which is broadly consistent with the view of Ren et al. (2017).
In summary, we propose that the high-Ti basalts in the outer zone were derived from
an OIB-like Emeishan mantle plume, which was modified by enriched materials

derived from a subducted slab before the Late Permian.

The high-Ti basalts in the Sichuan Basin, which are located in the outer zone of

the ELIP, are a similar age to the Emeishan basalts. Reconstruction of the thermal
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history of the Sichuan Basin with a high paleogeothermal gradient of 23.0-42.6 °Ckm
in 259 Ma, indicates that the Sichuan Basin suffered an intensive thermal event related
to the Emeishan mantle plume (Zhu et al., 2010, 2016). The basalts in Guangxi and
Guizhou provinces that are relevant to the ELIP imply an extension of magmatism at
the periphery (the outer zone) of the plume (Fan et al., 2008; Lai et al., 2012; Liu et al.,
2017). This evidence indicates that the Sichuan Basin high-Ti basalts are related to the

Emeishan mantle plume.

Rare-earth element ratios of the Sichuan Basin basalts (Fig. 13a) suggest they were
derived from a mantle source containing garnet. The Emeishan high-Ti basalts lie
between the melting curves for garnet and spinel Iherzolites, indicating that they are
derived from the spinel-garnet transition zone (Fig. 13b). In contrast, the low-Ti basalts
in the inner zones have lower La/Sm, Sm/Yb and Dy/Yb ratios, revealing a higher
degree of mantle melting at a shallower melting depth (Wang et al., 2007; Xiao et al.,
2004). The low-Ti basalts also plot closer to SCLM end members than high-Ti basalts
(Fig. 11b) We therefore argue that low-Ti magma might be generated from, or contain,

a greater proportion of material from the SCLM (Fan et al., 2008; Xiao et al., 2004).

6.3 Spatial and temporal distribution of the Emeishan basalts and tectonic

significance

Chronological data give precise constraints on the duration of the ELIP eruption
as 260~257 Ma (Table 1) (e.g., Fan et al., 2008; Lai et al., 2012; Li et al., 2016a; Li et
al., 2016b; Zhou et al., 2006; Zi et al., 2010). Magnetostratigraphic studies of the
Emeishan basalts indicate that a substantial number of basalts were formed during a

period of normal polarity, with the main eruption lasting ~1-2 Ma (Zheng et al., 2010).
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It has been proposed that the major eruption phase lasted less than 1 Ma (Xu etal., 2017,
Zhu et al., 2018). Therefore, it is difficult to give the exact eruptive ages of high-Ti and
low-Ti basalts, although most low-Ti basalts are stratigraphically below high-Ti basalts

in most field profiles (Fig.14).

As summarised in Fig. 14, both high-Ti and low-Ti series are exposed in the inner
zone (e.g. Binchuan, Ertan, and Miyi areas), with high-Ti basalts overlying low-Ti
basalts, whereas only high-Ti basalts erupted in the outer zone, i.e., a greater distance
from the centre of the mantle plume (Table 4) (Fan et al., 2008; He et al., 2010; Song
etal., 2001, 2008; Xiao et al., 2004; Xu et al., 2001, 2007; Zhang et al., 2006). Overall,
the Permian basalts are distributed from northeast (the Sichuan Basin) to southwest (the
centre of the mantle plume) in the ELIP, and the thickness of basalts gradually decreases
from the inner zone to the outer zone (Fig. 14). This distribution trend not only is
consistent with the hotspot track of the Emeishan mantle plume (Fig. 1b) (Liu et al.,
2021Db), but also overlaps the seismic anomaly trends and residual gravity anomaly

(Deng et al., 2014; Liu et al., 2021b; Xie et al., 2013).

Our petrogenetic model is shown in Fig. 15 and builds on previous models (e.g.,
Feng et al., 2022; Liu et al., 2021b; Liu et al., 2022; Xiao et al., 2004; He et al., 2010).
Based on our new data, we further consider the petrology, geochemistry, and
distribution characteristics of the Sichuan Basin basalts in the outer zone of the ELIP,
and consider the influence of subduction of the paleo-oceanic crust (Hou et al., 2017;
Xu et al., 2019, 2021), the movement of the South China block (Liu et al., 2021b; Liu
etal., 2022), and the successive eruptions of the late Permian low-Ti and high-Ti basalts

(He et al., 2010; Xiao et al., 2004; Xu et al., 2001).

Paleomagnetic studies suggest that the Yangtze Craton moved northward between

300 and ~260 Ma and experienced an overall ~27° clockwise rotation from Permian to
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present (Huang et al., 2018; Liu et al., 2021b). The Western Yangtze block experienced
Ailaoshan slab eastward subduction from the early-Guadalupian (~269 Ma) (Xu et al.,
2021), and the adjacent Emeishan mantle plume was modified by the recycled
lithospheric fragments (Fig. 15a) (e.g. Hou et al., 2017; Qin et al., 2011; Wang et al.,
2013; Xu et al., 2019, 2021). Paleotethyan subduction resulted in an extensional
tectonic setting in the Sichuan Basin during Middle-Late Permian (Xu et al., 2021; Liu
et al., 2022). Before the eruption of the Emeishan basalts, mantle upflow reached the
lithosphere (Liu et al., 2021Db), resulting in plume-lithosphere interactions, and crustal
uplift. The magnitude of uplift is greater than 1000 m at its core (the inner zone) (He et
al., 2003), and the uplift range of the Sichuan Basin in the outer zone is relatively low.
The upper part of the Maokou Formation was exposed at the surface, resulting in
different degrees of weathering, denudation, and a paleo-karst landscape (Hu et al.,
2012; Xiao et al., 2014; Zhang et al., 2020b). This resulted in variable degrees of uplift
in the Sichuan Basin. As the South China block drifted northward, major eruptions
including low-Ti and high-Ti series occurred throughout the ELIP during the end-

Guadalupian (260~257 Ma) (Fig. 15b, ¢) (Liu et al., 2021b, Feng et al., 2022).

We propose that from 260 to ~257 Ma, the temperature of the lithosphere mantle
in the inner zone rose dramatically due to underplating of the mantle plume, causing
partial melting of lithosphere mantle and forming the low-Ti basalts (Fig. 15b). As the
lithospheric mantle gradually became refractory, O1B-like high-Ti basalts derived from
the plume became the predominant magma type that erupted over the low-Ti basalts
(Fig. 14, 15d). In contrast, at the periphery of the plume, the lithospheric mantle was
cooler due to the distance from the centre of the mantle plume. As a result, the
temperature would have been insufficient to generate extensive melting of the

lithospheric mantle (Xu et al., 2001; Xiao et al., 2004; He et al. al., 2010). Therefore,
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only the mantle plume melted in the outer zone, forming high-Ti basalts (Fig. 15c). As
discussed in Section 6.2, the geochemical evidence also indicates that the source of the

high-Ti basalts did not involve melts from SCLM.

The coexistence of high-Ti and low-Ti magma in the inner zone of the Emeishan
mantle plume could be attributed to plume-lithosphere interaction. Geochemical
modeling suggests that the Emeishan high-Ti basalts are formed at a higher melting
pressure than the low-Ti basalts (Liu et al., 2017; Zhang et al., 2019). Continuous
polybaric melting of the mantle source might account for compositional variations of
the rock types in the inner zone. Furthermore, Dy/Yb and La/Yb ratios of the high-Ti
basalts in the outer zone are lower than those in the inner zone, indicating a shallower
source and higher melting degree of mantle peridotite for the high-Ti basalts in the outer
zone (Tian et al., 2021). It is proposed that melting generally happens beneath thin
lithosphere rather than thickened lithosphere, i.e., lid-effect, and the extent of melting
beneath the thin lithosphere is likely very low (no more than ~5%) (Fram and Lesher,
1993; Niu et al., 2021). The lithosphere in the outer zone is thicker than that in the inner
zone in the ELIP (Tian et al., 2021). The magmatic activity in the outer zone is more

limited than that in the inner zone, which is consistent with the “lid effect” model.

Therefore, the high-Ti basalts from the Sichuan Basin are the result of partial
melting of the plume in the outer zone of the ELIP. In contrast, relatively few low-Ti
basalts derived from the lithosphere mantle have been discovered in the outer zone,
because it is more distant from the centre of the mantle plume and so has a cooler

lithosphere.

7. Conclusions
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Based on petrography and geochemistry of the basalts in the Sichuan Basin, and
combined with published data from the inner and outer zones of the Emeishan mantle

plume, it is concluded that.

(1) In the outer zone of the ELIP, the volcanic rocks from the Sichuan Basin are
part of the Emeishan flood basalts. Based on chronological data, the main duration of

the basalt in outer zone eruption is 260~257 Ma.

(2) Unlike the inner zone, the volcanic rocks in Sichuan Basin of the outer zone
are predominantly high-Ti sub-alkaline basalts. The Sichuan Basin basalts with OIB-
like geochemical signatures originated from the Emeishan mantle plume, which was
modified by enriched materials derived from a subducted slab before the Late Permian.
The samples have compositions consistent with low degrees of partial mantle melting

and fractional crystallization dominated by clinopyroxene during magma evolution.

(3) During the early-Guadalupian (~269 Ma), Western Yangtze Block experienced
Ailaoshan slab (Paleotethys Ocean) eastward subduction, and the adjacent Emeishan
mantle plume was modified by the recycled lithospheric fragments. During the end-
Guadalupian (260~257 Ma), the Emeishan mantle plume underplated the lithosphere

mantle in the Yangtze Continent.

(4) In the inner zone, the lithosphere mantle and the mantle plume melted
successively, forming low-Ti basalts and overlying high-Ti basalts respectively.
However, in the outer zone, only high-Ti basalts derived from the mantle plume were

able to form.
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Fig. 1. Simplified geological map showing the inner, intermediate and outer zones of

the ELIP and sampling locations (modified after He et al., 2003; Zi et al., 2010).

The inner, intermediate, and outer zones in the ELIP area were defined by He et al.,
2003. The hotspot track was obtained from Liu et al., 2021b. The ELIP eruption centre

was obtained from He et al., 2010.

CAO = Central Asia Orogen; TM = Tarim Block; AHO = Alpine—Himalaya Orogen;
QKO = Qinling-Qilian-Kunlun Orogen; NCC = North China Craton; YC = Yangtze

Craton; CC = Cathaysia Craton.

Fig. 2. Schematic map of southwestern China showing the distribution of volcanic rocks
in the Late Permian (a), and geological map of the Sichuan Basin showing the

distribution of the Late Permian volcanic rocks (b) (modified after Liu et al., 2021a).

Fig. 3. Representative photos of field geology and petrographic features of the volcanic

rocks from the drill cores and outcrops in and around the Sichuan Basin.

a. ST1-2, stomata almond basalt; b. YT1-7, massive basalt (cross-polarised light); c.
ZG2-5, massive basalt; d. ZG2-5, massive basalt (cross-polarised light); e.
Longmendong section; f. Longmendong basalt outcrop; g. Longchi basalt outcrop; h.

Xinlin basalt outcrop.

Pl-plagioclase, Cpx-clinopyroxene.

Fig. 4. The connecting well section of boreholes ZG2-YT1-TF2-ZJ2-ST1 in the

Sichuan Basin (based on logging data from Southwest Oil and Gas Field Company,
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PetroChina).

The location of the connecting well section is shown in Fig. 2

Fig. 5. TiO2 vs. Ti/Y (a), and OI'-Ne'-Q' (b) classification diagrams for the basalts in
Sichuan Basin (LT and HT data from the inner zone in the ELIP were obtained from
Song et al., 2001; Xiao et al., 2004; Xu et al., 2001; Zhang et al., 2006; data of HT from
the outer zone were obtained from Fan et al., 2008; Lai et al., 2012; Li et al., 2016b;

Wang et al., 2007; Xu et al., 2007).

(@) LT-low Ti series, HT-high low series. (b). A-Alkaline, S-Sub-alkaline.

Fig. 6. Selected elements plotted vs. MgO for the basalts from the Sichuan Basin

Fig. 7. Chondrite-normalised REE (a), and primitive mantle-normalised trace element
(b) for the basalts in the Sichuan Basin (data for chondrite, primitive mantle and OIB
are from Sun and McDonough, 1989; sources of geochemical data from other regions

in the ELIP as for Fig. 5).

Fig. 8. Plots of 87Sr/®Sr(t) vs. ena(t) (a), 2°°Pb/2%*Ph(t) vs. 87Sr/88Sr(t) (b), 2°°Pb/?%*Ph(t)
vs. 297Pp/2%Ph(t) (c), and 2%Pb/2%Ph(t) vs. 2%8Pb/2%4Pb(t) (d) for the basalts in the
Sichuan Basin (Sources of geochemical data from other regions in the ELIP as for Fig.
5. The fields of DM, MORB, Atlantic-Pacific MORB, Indian Ocean MORB, FOZO
(focal zone), OIB, Dupal OIB, BSE (bulk silicate earth), HIMU (mantle with high U/Pb
ratios), EMI and EMII (enriched mantle), Kerguelen are from Barling and Goldstein,

1990; Deniel, 1998; Hamelin and Allegre, 1985; Hart, 1984; Hawkesworth et al., 1984;
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and Weaver, 1991. The LoNd (low Nd) array and NHRL (Northern Hemisphere
Reference Line) are from Hart, 1984. The Yangtze Block crustal compositions are from

Chen and Jahn, 1998; Gao et al., 1999; Ma et al.,2000 and Zhang et al., 2008.)

Fig. 9. Plots of Ce vs. Nb/Th (a), (Th/Ta)r vs. (La/Nb)p (b), SiO2 vs. 8Sr/8Sr(t) (c), and
SiO2 vs. end(t) (d) for the basalts in the Sichuan Basin (The fields of PM, N-MORB and
E-MORB are from Sun and McDonough, 1989; SCLM are from McDonough, 1990;
UC (upper crust), MC (middle crust) and LC (lower crust) are from Rudnick and Gao,
2003; Kerguelen alkaline basalts are  from http://georoc.mpch-

mainz.gwdg.de/georoc/Entry.html.)

Fig. 10. Plots of Mg# vs. CaO/Al>O3(a), Eun/Eu* vs. Th+U (b), and Eun/Eu* vs. > REE
(c) for the basalts in the Sichuan Basin (sources of geochemical data from other regions
in the ELIP as for Fig. 5; the sample 20LMDOS5 is assumed as the initial melt of
fractional crystallization, mineral fractionation vectors are calculated using Rayleigh

fractionation law, and partition coefficients are from McKenzie and O’Nions, 1991).

Pl-plagioclase, Cpx-clinopyroxene and Opx-orthopyroxene.

Fig. 11. Diagrams of Nb/Yb vs. Th/Yb (a), and Ti/Yb vs. Nb/Th (b) for the basalts in
the Sichuan Basin (sources of geochemical data from other regions in the ELIP as for
Fig. 5. (a) MORB-OIB array, subduction component adding models are from Pearce,
2008. The arrow in the Figure represents the trend of adding subduction component. (b)
SCLM are from McDonough, 1990; UC, MC and LC are from Rudnick et al., 2003;

Hawaiian OIB mean was obtained from Feigenson et al., 1996; Kerguelen alkaline
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basalts are from http://georoc.mpch-mainz.gwdg.de/georoc/Entry.html; Sangxiu

Formation basalts were obtained from Zhu et al., 2007).

Fig. 12. Plots of eng(t) vs. (La/Yb) n (a), Yb vs. La/Yb (b), Th/La vs. Nb/U (c), and
206pp/204pp s, eng(t) (d) for the basalts in the Sichuan Basin (sources of geochemical

data from other regions in the ELIP as for Fig. 5).

Fig. 13. Diagrams of (La/Sm) n vs. (Tb/Yb) n (a), and Sm/Yb vs. La/Sm (b) for the
basalts in the Sichuan Basin (sources of geochemical data from other regions in the
ELIP as for Fig. 5; (b) batch melting trends for garnet and spinel Iherzolite were

obtained from Lassiter and Depaolo, 1997).

Fig. 14. Stratigraphic variation of the representative lava successions in the ELIP

(modified after Xiao et al., 2004; Xu et al., 2001, 2014).

Fig. 15. Evolution model of EILP during the Middle Permian. (The framework for the
plumbing system of ELIP associated with the Emeishan mantle plume was modified
from Feng et al. (2022) and Liu et al. (2021b). The boundaries of the inner-intermediate-
outer zones in the ELIP was defined by He et al. (2003) and Xiao et al. (2004). LQF,
HYF and QYF represent the Longquanshan fault, Huayingshan fault and Longquanshan
fault, respectively. LT and HT represent low-Ti basalts and high-Ti basalts, respectively.
The NE (northeastward) arrows show the direction of movement of the South China

Block (Liu et al., 2021b).)
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a. During the early-Guadalupian (~269 Ma), Western Yangtze Block experienced
Ailaoshan slab (Paleotethys Ocean) eastward subduction, and the adjacent Emeishan
mantle plume was modified by the recycled lithospheric fragments. b. In the first stage
of end-Guadalupian (260~257 Ma), lithosphere mantle melted and formed the low-Ti
basalts (LT) in the inner zone. c. In the second stage of end-Guadalupian (260~257 Ma),
the mantle plume melted and formed the high-Ti basalts (HT) in the inner-intermediate-

outer zones, with high-Ti basalts overlying low-Ti basalts in the inner zone.



1056 Table 1 Zircon U-Pb dating results of the Emeishan large igneous province
. Analytical
Locality Rock type method Age/Ma Reference
.o . acid volcanic ID-TIMS
Dali-Jiangwei rock zircon U-Pb 258.9+0.5 Xu et al. (2013)
wehrlite  STTPZICON 5606435
Midu-Jinbaoshan Shrimp zircon Tao et al. (2009)
hornblendite P 260.715.6
U-Pb
. ID-TIMS
_ acid tuff zircon U-Pb 259.1+0.5 Zhong et al. (2014)
Binchuan Shrimp zircon
basalt UE’Pb 256.2+1.4 Li et al. (2016a)
. . . ID-TIMS
Panxi-Daheishan syenite sircon U-Pb 259.1+0.5
Panxi-Baima granite ID-TIMS 259.2+0.4
zircon U-Pb
Shellnutt et al. (2012)
Panxi-Huangcao syenite ID-TIMS 258.9+0.7
g y zircon U-Pb T
Inner Zone Panxi-Cida granite .ID'TIMS 258.4+0.6
zircon U-Pb
Panxi- . Shrimp zircon
Maomaogou syenite U-Pb 261.6+4.4
Panxi-Miyi syenite Shrimp zircon 259.8+3.5
U-Pb
Shrimp zircon Xuetal. (2008)
Panxi-Salian diorite U-Pb 260.4 + 3.6
Panxi-Taihe granite Shrlﬂ;_)szlrcon 261.4+23
gabbro Sh““JE’PZb"CO” 259.3+1.3
Panxi-Hongge Shrimp zircon
gabbro U?Pb 250.3+1.3  Zhong and Zhu (2006)
Panxi-Binggu gabbro ShrlTJE)szlrcon 260.7£0.8
Xinjie gabbro SrTPACON 25043 Zhou et al. (2002)
Guizhou- boundary clay ID-TIMS
Weining rock sircon U-Pb 258.1+0.6 Xu et al. (2013)
Panxian- Lo ID-TIMS
Zhudong ignimbrite sircon U-Pb 258.3+1.4
Intermediate L ID-TIMS
Zone Xingyi-Xiongwu tuff zircon U-Pb 258.5+0.9 Zhu (2019)
Puan-Louxia tuff At 258.1+1.1
zircon U-Pb
Baimazhai pyroxenite ShrlTJr_)szlrcon 258.5+3.5 Wang et al. (2006)
Tubagou basalt Shrerp_)Pzt;rcon 257.3+2.0 Li et al. (2016b)
Baise-Yangxu basalt ShrlrS;_)Pzt;rcon 259.1+4.0
Outer Zone Shrimp zircon Fan et al. (2008)
Bama-Minan basalt UF-)Pb 259.615.9
Nayong-Xilin- LA-ICP-MS .
Tianyang Area basalt sircon U-Pb 257.0£9.0 Lai etal. (2012)




Guangyuan- boundary clay ID-TIMS 258.6+14 Xuetal. (2013)

Chaotian rock zircon U-Pb 559 5403 Zhong et al. (2014)
diabase Shrmdp_)Pzt;rcon 2603

Funing - - Zhou et al. (2006)
diorite Shrimp zircon 25843

U-Pb B
Mianhuadi metagabbro MC-ICP-MS 259.6+0.8 Zhou et al. (2013)
zircon U-Pb

1057



1058  Table 2 Major elements (wt.%) and trace elements (x10°®) contents for the analysed volcanic rocks in the Sichuan Basin

Samples ST1 ST1 YTL YT1 YT1 YT1L YT1 YT1 ZG2 272G2 Z2G2 ZG2 ZMOII50 i/?léo 20LC 20LC 20XL 20XL 20XI__02
-2 -5 -1 -3 -4 -5 -6 -7 -4 -5 -7 -8 4 5 04 06 01 02 (replicate)

Locality  ST1 Well YT1 Well ZG2 Well Longmendong  Longchi Xinlin
SiO; 49.64 48.78 48.62 4755 46.69 47.67 48.67 4896 46.59 47.64 4874 4559 4599 4899 4594 49.08 49.21 48.12 4832
TiO; 4,01 3.87 4.06 3.91 4.17 4.19 3.83 3.71 4,01 3.98 4.05 4.14 3.69 3.73 4.08 3.69 4.24 3.82 3.84
Al;O3 13.75 13.66 1369 13.66 13.64 13.82 1499 1496 13.07 1298 1330 13.70 1344 1390 1391 13.88 13,57 13.08 13.06
Fe,Os" 1292 1382 1386 1565 1691 16.10 1341 1360 1843 1746 1402 1627 1544 1275 1575 1240 1432 1416 14.23
MnO 0.21 0.17 0.18 0.16 0.17 0.17 0.16 0.16 0.20 0.19 0.20 0.19 0.21 0.16 0.17 0.17 0.18 0.17 0.17
MgO 3.43 3.68 492 4.81 4.38 4.47 4.99 5.08 4.69 4.33 4.69 4.89 7.12 5.28 5.24 5.41 4.65 5.06 5.10
CaOo 4.88 4.27 6.53 8.26 6.03 7.39 7.22 7.21 6.99 7.87 7.01 7.40 6.79 9.09 7.20 6.75 9.15 8.08 8.13
Na.O 4.38 3.91 3.82 2.29 3.44 2.39 2.78 2.75 4,32 2.14 2.38 2.34 2.81 1.97 2.47 3.52 2.05 2.78 2.76
K20 022 056 196 173 236 198 192 193 085 194 221 203 151 142 117 215 099 183 185
P.Os 045 045 040 040 042 042 040 043 044 043 043 043 037 039 043 039 045 040 0.40
LOlI 587 604 189 170 133 112 115 121 054 077 259 268 289 203 303 199 138 225 224
Total 99.76 99.20 99.94 1001 9956 99.70 9951 99.99 100.1 99.71 99.61 99.66 100.2 99.71 99.37 99.41 100.1 99.75 100.12
Mgt 3445 3449 4129 37.85 33.92 3547 4242 4253 3353 3293 3985 37.33 47.74 4509 39.72 46.36 39.15 4142 39.12
La 452 451 479 468 471 494 452 458 495 487 442 448 374 472 433 443 484 420 419
Ce 96.3 95.6 98.3 97.5 99.4 103 93.6 95.6 99.1 101 95.0 97.6 85.9 104 98.0 101 106 94.9 934
Pr 124 122 128 127 129 130 118 124 129 134 128 128 113 132 128 131 138 125 123
Nd 526 519 521 520 529 527 495 504 514 560 528 540 487 543 534 537 568 528 515
Sm 11.7 11.0 11.0 10.6 10.6 10.6 941 9.91 9.99 11.6 10.6 11.4 10.8 11.5 114 11.6 12.0 11.3 10.7
Eu 3.00 2.82 2.97 3.06 3.01 2.98 2.87 2.95 2.94 3.01 2.96 3.04 2.84 3.08 3.06 3.02 3.30 3.11 3.03
Gd 9.72 9.91 9.55 9.83 9.58 9.51 9.05 9.25 9.67 10.3 9.80 10.3 9.48 10.0 9.69 9.69 104 9.64 9.46
Th 136 131 126 128 126 127 113 122 129 133 133 139 132 141 135 141 143 134 131
Dy 807 736 747 750 78 751 690 7.02 790 813 7.83 802 728 765 747 779 791 7.64 7.38
Ho 145 126 129 126 130 135 116 115 137 135 129 139 131 140 133 144 142 135 128



Er
Tm
YDb
Lu
\Y/
Cr
Co
Ni
Cu
Zn
Ga
Rb
Sr
Y
Zr
Nb
Ba
Hf
Ta
Pb
Th
U

3.61
0.47
2.93
0.38
355
345
48.4
226
254
128
25.8
3.82
882
38.3
365
40.8
239
9.47
2.38
8.48
7.12
1.60

3.36
0.46
2.73
0.36
346
437
45.6
265
284
124
23.1
13.3
870
36.9
350
40.4
424
8.78
2.38
8.92
6.90
1.58

3.45
0.44
2.73
0.36
369
406
47.5
257
284
141
26.2
43.4
830
36.5
350
42.0
1306
8.81
2.54
7.42
6.84
1.69

3.41
0.45
2.70
0.37
366
76.1
45.8
139
249
133
25.8
38.5
580
36.0
348
422
405
8.56
2.52
7.74
6.77
1.60

3.42
0.46
2.77
0.37
351
81.6
46.1
158
304
134
25.2
52.1
1027
36.2
360
41.8
1621
8.79
2.55
12.4
7.03
1.74

3.38
0.46
2.69
0.35
342
73.0
453
131
266
131
25.7
45.7
639
354
349
43.3
524
8.66
2.58
8.94
6.97
1.69

3.12
0.41
2.48
0.35
307
346
49.9
247
259
116
25.4
53.5
661
32.7
327
42.0
472
7.74
2.48
6.61
6.70
1.52

3.08
0.44
2.53
0.36
298
332
50.6
246
267
118
255
53.1
672
33.6
324
40.2
498
791
2.52
5.97
6.63
1.58

3.51
0.50
2.93
0.40
403
123
43.3
302
364
150
245
22.6
457
37.1
366
43.0
239
8.65
2.56
5.63
6.58
1.55

3.59
0.49
2.75
0.40
388
111
46.7
257
541
123
25.7
65.1
484
37.0
352
39.4
741
8.50
2.34
7.64
6.61
1.48

3.51
0.50
2.86
0.39
379
459
49.9
255
193
140
254
70.6
742
36.7
356
41.8
1065
8.55
2.57
6.95
6.57
1.49

3.61
0.51
2.98
0.41
389
543
57.8
293
412
146
26.5
68.9
785
37.7
377
44.3
1003
9.19
2.83
8.15
6.81
1.68

3.36
0.45
2.74
0.39
382
197
48.1
136
257
136
27.9
58.5
451
344
304
33.3
627
7.74
2.20
6.54
7.21
1.52

3.61
0.47
291
0.40
348
302
41.4
172
241
120
25.5
38.8
511
36.9
349
39.0
479
8.96
2.57
11.9
8.12
1.82

3.49
0.46
2.80
0.40
382
222
48.7
132
234
145
27.3
46.9
448
354
352
39.9
578
8.96
2.62
7.80
6.49
1.50

3.70
0.48
2.97
0.42
329
271
40.1
163
64.4
120
23.5
70.3
569
37.6
353
38.7
697
9.22
2.57
7.64
8.35
1.76

3.55
0.47
2.84
0.40
388
337
46.6
195
247
142
26.0
231
586
37.2
370
41.9
407
9.51
2.69
6.64
6.97
1.65

3.47
0.47
2.81
0.39
389
184
44.9
120
332
136
26.6
59.7
546
36.1
341
37.1
510
8.76
2.46
8.62
6.47
1.47

3.44
0.45
2.73
0.38
375
166
43.6
107
326
132
25.7
58.6
539
35.0
335
36.3
490
8.67
2.38
8.95
6.25
1.46

1059
1060

LOI: weight loss on ignition to 1000 °C. Mg# = Mg?*/(Mg?*+Fe?*) in atomic ratio, assuming 15% of total iron oxide is ferric.



1061  Table 3 Sr-Nd-Pb isotope ratios for the analysed volcanic rocks in the Sichuan Basin

Sample ST1-5 YT1-1 YT1-3 YT1-6 YT1-7 7G2-5 72G2-7 7G2-8 20LMDO05 20LC06  20XLO01
Locality ST1 Well YT1 Well ZG2 Well Longmendong Longchi  Xinlin
Rb(x10-6) 13.3 43.4 385 53.5 53.1 65.1 70.6 68.9 38.8 70.3 23.1
Sr(x10) 870 830 580 661 672 484 742 785 511 569 586
87Rb/®5Sr 0.044372 0.151194 0.192215 0.234105 0.228342 0.389072 0.275352 0.254148 0.219834 0.357378 0.113896
87Sr/86Sr 0.706884 0.707491 0.707355 0.706681 0.706694 0.706661 0.707085 0.707075 0.706865 0.707546  0.705942
%6 0.000008 0.000007 0.00001  0.000008 0.000008 0.000008 0.000006 0.000007 0.000007 0.00001  0.000009
87Sr/88Sr (1) 0.706721 0.706935 0.706648 0.705820 0.705854 0.705230 0.706072 0.706140 0.706057 0.706232 0.705523
Sm(x10) 11.0 11.0 10.6 9.41 9.91 11.6 10.6 11.4 115 11.6 12.0
Nd(x10°6) 51.9 52.1 52.0 49.5 50.4 56.0 52.8 54.0 54.3 53.7 56.8
147Sm/44Nd 0.128166 0.127908 0.123307 0.114987 0.118988 0.125756 0.121209 0.128019 0.128721 0.130854 0.127975
143N d/44Nd 0.512530 0.512533 0.512526 0.512528 0.512528 0.512567 0.512570 0.512573 0.512507 0.512507 0.512561
%6 0.000005 0.000008 0.000005 0.000006 0.000005 0.000004 0.000006 0.000013 0.000004 0.000004 0.000008
143Nd/A*4Nd(t)  0.512313 0.512317 0.512317 0.512333 0.512327 0.512354 0.512365 0.512356 0.512289 0.512286 0.512344
end(t) 0.16 0.22 0.24 0.55 0.42 0.96 1.17 1.00 -0.31 -0.38 0.77
Tom(Ma) 1106 1098 1054 962 1002 1012 958 1028 1154 1184 1049
fsmnd -0.35 -0.35 -0.37 -0.42 -0.40 -0.36 -0.38 -0.35 -0.35 -0.33 -0.35
206pp/204ph 18.715 18.751 18.728 18.757 18.789 18.800 18.888 18.867 18.789 18.881 18.899
26 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000
207pp/204ph 15.609 15.613 15.612 15.611 15.613 15.617 15.620 15.621 15.626 15.629 15.614
26 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000
208pp/204ph 39.236 39.292 39.271 39.310 39.357 39.276 39.356 39.316 39.432 39.628 39.349
% 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.001 0.002 0.001
206pp/204ph(t)  18.251 18.154 18.185 18.156 18.097 18.293 18.323 18.325 18.388 18.272 18.245
207pp/204ph(t)  15.585 15.582 15.584 15.580 15.578 15.592 15.501 15.593 15.606 15.598 15.581
208ph/204Ph(t)  38.572 38.500 38.520 38.440 38.403 38.533 38.542 38.597 38.845 38.685 38.446
1062  Notes:

1063 1. 8Rb/®Sr and 4’Sm/4Nd ratios are calculated using Rb, Sr, Sm and Nd contents by ICP-MS and measured &Sr/8Sr and 1“3Nd/***Nd ratios by MC-ICP-MS.

1064 2. In Tpwm calculation, ratios of (***Nd/***Nd)pm and (*4’Sm/***Nd)pm took values of 0.51315 and 0.225, respectively.

1065 3. In eng(t) calculations, ratios of (87Sr/26Sr)chur, (B’Rb/2eSr)chur, (**Nd/***Nd)cHur and (*47Sm/**4Nd)crur are 0.7045, 0.0847, 0.512638 and 0.1967, respectively,
1066  whilet =258.5 Ma.



1067  Table 4 Distribution of the Emeishan basalts in the ELIP

Zone Locality Rock type Reference
Dali High-Ti basalts, low Ti basalts Hanski et al. (2010)
Lijiang High-Ti basalts, low Ti basalts Song et al. (2001), Zhang et al. (2006)
Binchuan High-Ti basalts, low Ti basalts SOQ% eei ZII.. (é%%% iﬁzteélél(.z(gg f)A' )
Ertan High-Ti basalts, low Ti basalts Song et al. (2001), Xu et al. (2001)
Jianchuan High-Ti basalts, low Ti basalts Song et al. (2001)
Inner zone Pingchuan Low Ti basalts Xu et al. (2014)
Miyi High-Ti basalts Xu et al. (2014)
Kangsi High-Ti basalts He et al. (2010)
Wanmachang High-Ti basalts He et al. (2010)
Shuidigiao High-Ti basalts He et al. (2010)
Longzhoushan High-Ti basalts Xu et al. (2007)
Yongsheng High-Ti basalts, low Ti basalts Hao et al. (2004)
Dongchuan High-Ti basalts Song et al. (2008), Xu et al. (2001)
Qingyin High-Ti basalts Xu et al. (2014)
Intermediiate zone Qiaojia High-Ti basalts Xu et al. (2014)
Weining High-Ti basalts Xu et al. (2014)
Duge High-Ti basalts Xu et al. (2014)
Zhaotong High-Ti basalts Li etal. (2017c)
Zhijin High-Ti basalts Lai et al. (2012), Xu et al. (2007)
Jinding High-Ti basalts Xu et al. (2007)
Tubagou High-Ti basalts Li et al. (2016b)
Outer zone Baise High-Ti basalts Fan et al. _(2008) -
Bama High-Ti basalts Fan et al. (2008), Lai et al. (2012), Liu
etal. (2017)
Tianyang High-Ti basalts Fan et al. (2008), Liu et al. (2017)
Sichuan Basin High-Ti basalts This study

1068
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Table 1 Zircon U-Pb dating results of the Emeishan large igneous province

Localit Rock type Analytical Age/Ma Reference
y P method J
L ) acid volcanic ID-TIMS
Dali-Jiangwei . 258.9+0.5 Xu et al. (2013)
rock zircon U-Pb
. Shrimp zircon
webhrlite U-Pb 260.6+3.5
Midu-Jinbaoshan - - Tao et al. (2009)
. Shrimp zircon
hornblendite 260.7£5.6
U-Pb
. ID-TIMS
acid tuff . 259.1+0.5 Zhong et al. (2014)
i zircon U-Pb
Binchuan - -
Shrimp zircon .
basalt 256.2+1.4 Lietal. (2016a)
U-Pb
. . . ID-TIMS
Panxi-Daheishan syenite . 259.1+0.5
zircon U-Pb
S . ID-TIMS
Panxi-Baima granite . 259.2+0.4
zircon U-Pb
Shellnutt et al. (2012)
. . ID-TIMS
Panxi-Huangcao syenite . 258.9+0.7
zircon U-Pb
. . ID-TIMS
Panxi-Cida granite . 258.4+0.6
zircon U-Pb
Panxi- . Shrimp zircon
syenite 261.6+4.4
Maomaogou U-Pb
Inner Zone X -
L . Shrimp zircon
Panxi-Miyi syenite U-Pb 259.8+3.5
- X Xu et al. (2008)
- . Shrimp zircon
Panxi-Salian diorite 260.4 £ 3.6
U-Pb
S ) Shrimp zircon
Panxi-Taihe granite 2614 +23
U-Pb
Shrimp zircon
gabbro P 259.3+1.3
i U-Pb
Panxi-Hongge : -
Shrimp zircon
gabbro U-Ph 2590.3+1.3 Zhong and Zhu (2006)
L. Shrimp zircon
Panxi-Binggu gabbro 260.7£0.8
U-Pb
Shrimp zircon
gabbro 263+3 Zhou et al. (2005)
U-Pb
i i ) LA-ICP-MS
Panxi-Panzhihua Picrate dyke . 261.4+4.6 Hou et al. (2013)
zircon U-Pb
. Shrimp zircon
Ultramafic dyke U-Ph 26213 Guo et al. (2004)
- Shrimp zircon
Xinjie gabbro 259+3 Zhou et al. (2002)

U-Pb

*
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Shrimp zircon

Limahe gabbro U-Pb 263+3
- - Zhou et al. (2008)
. Shrimp zircon
Zhubu diorite 2612
U-Pb
Guizhou- boundary clay ID-TIMS
- . 258.1+0.6 Xu et al. (2013)
Weining rock zircon U-Pb
Panxian- . ID-TIMS
ignimbrite . 258.3+14
Zhudong zircon U-Pb
Intermediate . ID-TIMS
Xingyi-Xiongwu tuff ) 258.5+0.9 Zhu (2019)
Zone zircon U-Pb
. ID-TIMS
Puan-Louxia tuff . 258.1+1.1
zircon U-Pb
. . . Shrimp zircon
Baimazhai pyroxenite U-Ph 258.5+3.5 Wang et al. (2006)
Shrimp zircon .
Tubagou basalt U-Ph 257.31£2.0 Li et al. (2016b)
259.1+4.0
Shrimp zircon Fan et al. (2008)
Baise-Yangxu basalt U-Pb
253.746.1 Fan et al. (2004)
. Shrimp zircon
Bama-Minan basalt U-Ph 259.615.9 Fan et al. (2008)
Nayong-Xilin- LA-ICP-MS .
. basalt i 257.0£9.0 Lai et al. (2012)
Outer Zone 'ianyang Area zircon U-Pb
Guangyuan- boundary clay ID-TIMS 258.6t14 Xu etal. (2013)
Chaotian rock zirconU-Pb 9592403 Zhong et al. (2014)
Shrimp zircon
diabase P 260+3
) U-Pb
Funing - - Zhou et al. (2006)
L Shrimp zircon
diorite 258+3
U-Pb
) ) MC-ICP-MS
Mianhuadi metagabbro 259.6+0.8 Zhou et al. (2013)

zircon U-Pb
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Table 2 Major elements (wt.%) and trace elements (x107°) contents for the analysed volcanic rocks in the Sichuan Basin

20L 20L

ST1 ST1 YT1 YTl YT1 YTl YT1 YT1 G2 ZG2 G2 ZG2 20LC 20LC 20XL 20XL 20XL02
Samples " 5§ 4 3 4 5 6 7 4 5 1 8 ZADO 2’”30 04 06 01 02 (replicate)
Locality = ST1 Well YT1 Well ZG2 Well Longmendong  Longchi Xinlin
SiO; 49.64 48.78 48.62 4755 46.69 47.67 4867 4896 46.59 47.64 4874 4559 4599 4899 4594 49.08 49.21 48.12 48.32
TiO; 401 387 406 391 417 419 383 371 401 398 405 414 369 373 408 369 424 382 384

Al;,03 13.75 13.66 13.69 13.66 13.64 1382 1499 1496 13.07 1298 1330 13.70 1344 1390 1391 13.88 13,57 13.08 13.06
Fe20s" 1292 13.82 1386 1565 1691 16.10 1341 13.60 1843 1746 14.02 16.27 1544 1275 1575 1240 1432 1416 1423
MnO 021 01v 018 016 017 017 016 016 020 019 020 019 021 016 017 o017 018 017 017
MgO 343 368 492 481 438 447 499 508 469 433 469 489 712 528 524 541 465 506 510

CaO 488 427 653 826 603 739 722 721 699 78 701 740 679 909 720 675 915 808 813
Na2O 438 391 382 229 344 239 278 275 432 214 238 234 281 197 247 352 205 278 276
K20 022 05 19% 173 236 198 192 193 08 194 221 203 151 142 117 215 099 183 185
P20s 045 045 040 040 042 042 040 043 044 043 043 043 037 039 043 039 045 040 040
LOI 587 604 18 170 133 112 115 121 054 077 259 268 289 203 303 199 138 225 224
Total 99.76 99.20 99.94 1001 9956 99.70 9951 99.99 100.1 99.71 99.61 99.66 100.2 99.71 99.37 99.41 100.1 99.75 100.12
Mg# 3445 3449 4129 3785 3392 3547 4242 4253 3353 3293 39.85 3733 4774 4509 39.72 4636 39.15 4142 39.12
La 452 451 479 468 471 494 452 458 495 4877 442 448 374 472 433 443 484 420 419
Ce 963 956 983 975 994 103 936 956 991 101 950 976 859 104 98.0 101 106 949 934
Pr 124 122 128 127 129 130 118 124 129 134 128 128 113 132 128 131 138 125 123
Nd 526 519 521 520 529 527 495 504 514 560 528 540 487 543 534 537 568 528 515
Sm 117 110 110 106 106 106 941 991 999 116 106 114 108 115 114 116 120 113 107
Eu 300 282 297 306 301 298 287 295 294 301 29 304 284 308 306 302 330 311 303
Gd 972 991 955 983 958 951 905 925 967 103 980 103 948 100 969 969 104 964 946
Th 136 131 126 128 126 127 113 122 129 133 133 139 132 141 135 141 143 134 131
Dy 807 736 747 750 780 751 690 702 790 813 783 802 728 765 747 779 791 764 7.38

Ho 145 126 129 126 130 135 116 115 137 135 129 139 131 140 133 144 142 135 1.28
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Er
Tm
Yb
Lu

Cr
Co
Ni

Cu
Zn
Ga
Rb
Sr

Zr

Nb
Ba
Hf
Ta
Pb
Th

3.61
0.47
2.93
0.38
355
345
48.4
226
254
128
25.8
3.82
882
38.3
365
40.8
239
9.47
2.38
8.48
7.12
1.60

3.36
0.46
2.73
0.36
346
437
45.6
265
284
124
23.1
13.3
870
36.9
350
40.4
424
8.78
2.38
8.92
6.90
1.58

3.45
0.44
2.73
0.36
369
406
47.5
257
284
141
26.2
43.4
830
36.5
350
42.0
1306
8.81
2.54
7.42
6.84
1.69

3.41
0.45
2.70
0.37
366
76.1
45.8
139
249
133
25.8
38.5
580
36.0
348
422
405
8.56
2.52
7.74
6.77
1.60

3.42
0.46
2.77
0.37
351
81.6
46.1
158
304
134
25.2
52.1
1027
36.2
360
41.8
1621
8.79
2.55
12.4
7.03
1.74

3.38
0.46
2.69
0.35
342
73.0
453
131
266
131
25.7
45.7
639
354
349
43.3
524
8.66
2.58
8.94
6.97
1.69

3.12
0.41
2.48
0.35
307
346
49.9
247
259
116
254
53.5
661
32.7
327
42.0
472
7.74
2.48
6.61
6.70
1.52

3.08
0.44
2.53
0.36
298
332
50.6
246
267
118
255
53.1
672
33.6
324
40.2
498
791
2.52
5.97
6.63
1.58

3.51
0.50
2.93
0.40
403
123
43.3
302
364
150
245
22.6
457
37.1
366
43.0
239
8.65
2.56
5.63
6.58
1.55

3.59
0.49
2.75
0.40
388
111
46.7
257
541
123
25.7
65.1
484
37.0
352
39.4
741
8.50
2.34
7.64
6.61
1.48

3.51
0.50
2.86
0.39
379
459
49.9
255
193
140
254
70.6
742
36.7
356
41.8
1065
8.55
2.57
6.95
6.57
1.49

3.61
0.51
2.98
0.41
389
543
57.8
293
412
146
26.5
68.9
785
37.7
377
443
1003
9.19
2.83
8.15
6.81
1.68

3.36
0.45
2.74
0.39
382
197
48.1
136
257
136
27.9
58.5
451
344
304
33.3
627
7.74
2.20
6.54
7.21
1.52

3.61
0.47
291
0.40
348
302
41.4
172
241
120
25.5
38.8
511
36.9
349
39.0
479
8.96
2.57
11.9
8.12
1.82

3.49
0.46
2.80
0.40
382
222
48.7
132
234
145
27.3
46.9
448
354
352
39.9
578
8.96
2.62
7.80
6.49
1.50

3.70
0.48
2.97
0.42
329
271
40.1
163
64.4
120
23.5
70.3
569
37.6
353
38.7
697
9.22
2.57
7.64
8.35
1.76

3.55
0.47
2.84
0.40
388
337
46.6
195
247
142
26.0
231
586
37.2
370
41.9
407
9.51
2.69
6.64
6.97
1.65

3.47
0.47
2.81
0.39
389
184
44.9
120
332
136
26.6
59.7
546
36.1
341
37.1
510
8.76
2.46
8.62
6.47
1.47

3.44
0.45
2.73
0.38
375
166
43.6
107
326
132
25.7
58.6
539
35.0
335
36.3
490
8.67
2.38
8.95
6.25
1.46

LOI: weight loss on ignition to 1000 °C. Mg# = Mg?*/(Mg?*+Fe?*) in atomic ratio, assuming 15% of total iron oxide is ferric.
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Table 3 Sr-Nd-Pb isotope ratios for the analysed volcanic rocks in the Sichuan Basin

Sample ST1-5 YT1-1 YT1-3 YT1-6 YT1-7 72G2-5 2G2-7 72G2-8 20LMDO05 20LC06  20XL01
Locality ST1 Well YT1 Well ZG2 Well Longmendong Longchi  Xinlin
Rb(x10-5) 133 434 38.5 53.5 53.1 65.1 70.6 68.9 38.8 70.3 23.1
Sr(x10%) 870 830 580 661 672 484 742 785 511 569 586
87Rb/®5Sr 0.044372 0.151194 0.192215 0.234105 0.228342 0.389072 0.275352 0.254148 0.219834 0.357378 0.113896
87Sr/86Sr 0.706884 0.707491 0.707355 0.706681 0.706694 0.706661 0.707085 0.707075 0.706865 0.707546  0.705942
26 0.000008 0.000007 0.00001  0.000008 0.000008 0.000008 0.000006 0.000007 0.000007 0.00001  0.000009
87Sr/88Sr(t) 0.706721 0.706935 0.706648 0.705820 0.705854 0.705230 0.706072 0.706140 0.706057 0.706232 0.705523
Sm(x10) 11.0 11.0 10.6 9.41 9.91 11.6 10.6 11.4 115 11.6 12.0
Nd(x10°6) 51.9 52.1 52.0 49.5 50.4 56.0 52.8 54.0 54.3 53.7 56.8
147Sm/44Nd 0.128166 0.127908 0.123307 0.114987 0.118988 0.125756 0.121209 0.128019 0.128721 0.130854 0.127975
143N d/44Nd 0.512530 0.512533 0.512526 0.512528 0.512528 0.512567 0.512570 0.512573 0.512507 0.512507 0.512561
26 0.000005 0.000008 0.000005 0.000006 0.000005 0.000004 0.000006 0.000013 0.000004 0.000004 0.000008
143Nd/A*4Nd(t)  0.512313 0.512317 0.512317 0.512333 0.512327 0.512354 0.512365 0.512356 0.512289 0.512286 0.512344
end(t) 0.16 0.22 0.24 0.55 0.42 0.96 1.17 1.00 -0.31 -0.38 0.77
Tom(Ma) 1106 1098 1054 962 1002 1012 958 1028 1154 1184 1049
fsmind -0.35 -0.35 -0.37 -0.42 -0.40 -0.36 -0.38 -0.35 -0.35 -0.33 -0.35
206pp/204ph 18.715 18.751 18.728 18.757 18.789 18.800 18.888 18.867 18.789 18.881 18.899
26 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000
207pp/204ph 15.609 15.613 15.612 15.611 15.613 15.617 15.620 15.621 15.626 15.629 15.614
26 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000
208pp/204pp 39.236 39.292 39.271 39.310 39.357 39.276 39.356 39.316 39.432 39.628 39.349
26 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.001 0.002 0.001

206pp/204ph(t)  18.251 18.154 18.185 18.156 18.097 18.293 18.323 18.325 18.388 18.272 18.245
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207pp/204ph(t)  15.585 15.582 15.584 15.580 15.578 15.592 15.591 15.593 15.606 15.598 15.581
208ph/204ph(t)  38.572 38.500 38.520 38.440 38.403 38.533 38.542 38.597 38.845 38.685 38.446

Notes:
1. 8’Rb/%Sr and 47Sm/**4Nd ratios are calculated using Rb, Sr, Sm and Nd contents by ICP-MS and measured &’Sr/2¢Sr and **3Nd/***Nd ratios by MC-ICP-MS.

2. In Tpwm calculation, ratios of (3Nd/***Nd)pm and (24’Sm/***Nd)pm took values of 0.51315 and 0.225, respectively.
3. In eng(t) calculations, ratios of (87Sr/®8Sr)chur, (8’Rb/8®Sr)chur, (**3Nd/A**Nd)crHur and (247Sm/*#4Nd)chHur are 0.7045, 0.0847, 0.512638 and 0.1967, respectively,

while t = 258.5 Ma.
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Zone Locality Rock type Reference
Dali High-Ti basalts, low Ti basalts Hanski et al. (2010)
Lijiang High-Ti basalts, low Ti basalts Song et al. (2001), Zhang et al. (2006)
Binchuan High-Ti basalts, low Ti basalts SOQ% eei ZII.. (é%%% iﬁzteélél(.z(gg f)A' )
Ertan High-Ti basalts, low Ti basalts Song et al. (2001), Xu et al. (2001)
Jianchuan High-Ti basalts, low Ti basalts Song et al. (2001)
Inner zone Pingchuan Low Ti basalts Xu et al. (2014)
Miyi High-Ti basalts Xu et al. (2014)
Kangsi High-Ti basalts He et al. (2010)
Wanmachang High-Ti basalts He et al. (2010)
Shuidigiao High-Ti basalts He et al. (2010)
Longzhoushan High-Ti basalts Xu et al. (2007)
Yongsheng High-Ti basalts, low Ti basalts Hao et al. (2004)
Dongchuan High-Ti basalts Song et al. (2008), Xu et al. (2001)
Qingyin High-Ti basalts Xu et al. (2014)
Intermediiate zone Qiaojia High-Ti basalts Xu et al. (2014)
Weining High-Ti basalts Xu et al. (2014)
Duge High-Ti basalts Xu et al. (2014)
Zhaotong High-Ti basalts Li etal. (2017c)
Zhijin High-Ti basalts Lai et al. (2012), Xu et al. (2007)
Jinding High-Ti basalts Xu et al. (2007)
Tubagou High-Ti basalts Li et al. (2016b)
Outer zone Baise High-Ti basalts Fan et al. _(2008) -
Bama High-Ti basalts Fan et al. (2008), Lai et al. (2012), Liu
etal. (2017)
Tianyang High-Ti basalts Fan et al. (2008), Liu et al. (2017)
Sichuan Basin High-Ti basalts This study
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International standard samples values of major and trace elements
and Sr-Nd-Pb isotopes are listed in it.
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