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Academy of Sciences, Beijing, China, *State Key Laboratory of Lithospheric Evolution, Institute of Geology and
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Abstract Olivine-hosted melt inclusions have the potential to provide direct evidence about the
nature of the mantle sources of magmas. In this study, we report the major and trace element and Sr-Nd-
Pb-Hf isotope compositions of the Lijiang picrites from the Emeishan large igneous province, as well as
major and trace element and Pb isotopic compositions of olivine-hosted melt inclusions in the picrites.
Using these data, we infer the nature of the mantle sources for the Lijiang high-Ti picrites (Ti/Y = 645-
654), and compare them with the Dali low-Ti picrites (Ti/Y = 351-408). Lijiang melt inclusions have
highly heterogeneous Pb isotope compositions (***Pb/**°Pb = 2.015-2.201, **’Pb/***Pb = 0.812-0.882,

260 Ma age-corrected) that overlap the majority of the fields from FOZO to enriched mantle 1 (EM1).

The primitive mantle-normalized trace element patterns of these melt inclusions reveal an enriched
composition with depletions in Ba, Nb, Ta, Zr, and Hf. We suggest that an old recycled GLOSS II-like
sediment was probably the main component that imparted the EM1 signature into the sources of the
Lijiang picrites. Furthermore, we reverse calculated the mantle potential temperature (T,) beneath Lijiang
and Dali using the Al-in-ol temperature. The estimated mantle T, beneath Lijiang is lower than Dali. We
infer that the Lijiang picrites might have originated from the mantle plume with lower thermal energy,
corresponding to the waning stage of the axis of the Emeishan mantle plume. Our study suggest that high-
Ti magmas of the Emeishan large igneous province were derived from those parts or stages of the mantle
plume with lower thermal energy.

1. Introduction

Large igneous provinces (LIPs) result from intensive large-scale magmatism in which vast volumes
(>0.1 x 10° km®) of magma were erupted over a short duration (<5 Myr; Bryan & Ernst, 2008). Some LIPs
are thought to have been associated with mantle plumes and are therefore of high importance to the study
of the Earth's mantle. The Emeishan LIP has received much research attention because it hosts world-class
Fe-Ti-V oxide deposits and is considered to have contributed to the end-Guadeloupian mass extinction
(Shellnutt et al., 2009; Shellnutt & Jahn, 2010; Song et al., 2013; J. Yang et al., 2015; Y. Zhang et al., 2013; H.
Zhong et al., 2011). The Emeishan LIP is generally accepted to have been related to the activity of a mantle
plume (Ali et al., 2010; Chen et al., 2015; Hanski et al., 2010; He et al., 2003; J. Liu et al., 2017; K. Putirka
et al., 2018; Ren et al., 2017; Song et al., 2008; Tao et al., 2015; R. Xu et al., 2020).

With respect to LIPs, the petrogenesis of high- and low-Ti magmas is a topic of continuing research interest
(e.g., Hergt et al., 1991; Jourdan et al., 2007; Kamenetsky et al., 2017). The Ti/Y ratios of picrites and ba-
salts in the Emeishan LIP lie mostly within the ranges of 200-800. Y. G. Xu et al. (2001) found systematic
differences in magmatic compositions between different Ti/Y, and classified the picrites and basalts in the
Emeishan LIP into low-Ti (Ti/Y < 500) and high-Ti (Ti/Y > 500) series. This classification method has been
widely used to define high-Ti and low-Ti magmas in subsequent studies of the Emeishan LIP. However, an
increasing number of data have shown that the Ti/Y ratios of basaltic magmas in the Emeishan LIP are
transitional and vary between low-Ti and high-Ti groups (Kamenetsky et al., 2012; Ren et al., 2017; Shellnutt
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& Jahn, 2011). Thus, it should be aware that high-Ti and low-Ti series are not two distinct groups but a con-
tinuous spectrum of compositions.

Many researchers have suggested that high-Ti magmas were derived directly from low-degree melting of
a mantle plume, whereas low-Ti magmas were derived from high-degree melting of sub-continental lith-
ospheric mantle (SCLM) or by contamination by crustal material (Fan et al., 2008; C. Y. Wang et al., 2007;
Xiao et al., 2004; Y. G. Xu et al., 2001; Zhou et al., 2008). Opposing opinions maintain that high-Ti magmas
were derived from SCLM, whereas low-Ti basalts were derived from the mantle plume (J. F. Xu et al., 2007).
Kamenetsky et al. (2012) considered that both low-Ti and high-Ti basalts were derived from SCLM and
that high-Ti magmas were derived from a garnet pyroxenite source, and low-Ti magmas from a peridotite
source. Conversely, Shellnutt and Jahn (2011) proposed that high-Ti and low-Ti basaltic magmas are likely
derived from the same source and that the geochemical differences between these two types can be caused
by different degrees of partial melting and assimilation of crustal material. Hou et al. (2011) argued that
the different Ti/Y ratios of magmatic rocks are not a reflection of different sources but rather of differen-
tial fractional crystallization of Fe-Ti oxides magmas of the Emeishan LIP. Ren et al. (2017) and L. Zhang
et al. (2019) proposed that the Emeishan LIP was derived from a relatively homogeneous pyroxenite source
and that the mixing of melts from different depths and melting degrees of the mantle plume may explain
the compositional variability of magmas. R. Xu et al. (2020) argued that a relatively homogeneous peridot-
itic mantle plume source can explain the compositional ranges of olivines and picrites in the Emeishan LIP.

Recently, some studies have proposed that recycled materials in the Emeishan mantle plume played a
key role in producing the observed compositional diversity of the Emeishan LIP (Bai et al., 2014; Hou
et al., 2013; C. Yang & Liu, 2019; Yu et al., 2014; L. Zhang et al., 2019). C. Yang and Liu (2019) and L. Zhang
et al. (2019) estimated an oceanic crust component of ~15% in the source of the Emeishan LIP. Using the
Zn isotopes of basalts, C. Yang and Liu (2019) inferred that marine carbonate components were not pres-
ent in the source of the Emeishan basalts. There is a general consensus that the recycling of oceanic and
continental crust into the mantle, which may involve different sedimentary components, results in the
enrichment of the mantle and the formation of different enriched mantle end-members (Hofmann, 2003;
Stracke, 2012; White & Hofmann, 1982). Although the proportion of the recycled component is relatively
low, these crust-like and sedimentary components exert a dominant control on the geochemical heterogene-
ity of the mantle (e.g., Willbold & Stracke, 2006). Thus, determining the specific components that accompa-
nied oceanic crust recycled into the mantle of the Emeishan LIP, the recycling time, and their contributions
to the compositional characteristics of magmas should provide insights into the origins of the enriched
mantle end-member.

Picrites in the Emeishan LIP contain olivines with high Fo values (e.g., Fo contents of olivnes in Lijiang
picrites up to 91.6 mol%) and should provide key information on the origin of Emeishan LIP lavas. Melt in-
clusions enclosed in early formed olivine crystals are generally regarded as representing nearly unevolved,
primary melt compositions and can preserve more information about mantle sources compared with the
whole-rock compositions (Kent, 2008; Norman et al., 2002; Sobolev, 1996). Therefore, investigation of melt
inclusions should provide close constraints on the sources and petrogenesis of magmas of the Emeishan
LIP. Typically, trace element compositions are the collective consequence of influences of the source com-
ponent, melting processes, and minerals crystallization. Isotopic compositions also have multiple petrogen-
esis (Stracke, 2012). Therefore, combining trace element contents with isotopic compositions is an effective
approach for constraining the nature of the source component. For the Emeishan LIP, only data from the
Dali picrites (Ti/Y = 358-409, which belongs to low-Ti series according to the classification method of
Ti/Y = 500) have been reported with regard to major and trace elements and Pb isotopic compositions of
melt inclusions (L. Zhang et al., 2019).

The Lijiang picrites have Ti/Y = 609-807 (Hanski et al., 2010; Song et al., 2001; Z. C. Zhang et al., 2006)
and thus belong to the high-Ti series in the Emeishan LIP. The Lijiang picrites have high MgO contents (up
to 27.8 wt.%), and previous studies have considered that the picrites are originated from melting of the hot
mantle plume head of the Emeishan LIP (He et al., 2010; Z. C. Zhang et al., 2006). In this study, we present
details of a study of the major and trace element and Pb isotopic research on the Lijiang olivine-hosted melt
inclusions, and the major and trace element as well as the Sr, Nd, Pb, Hf isotopic compositions of the host
picrites. We report highly heterogeneous Pb isotopic compositions of melt inclusions in the Lijiang picrites,
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Figure 1. Geological map showing the distributions of basalts and
picrites in the Emeishan large igneous province (Emeishan LIP) (modified

after Kamenetsky et al., 2012). The locations of the picrites found in the
Emeishan LIP are shown by black circles. Brown dashed curves are the
estimated boundaries of the inner, intermediate, and outer zones (He

et al., 2003). The Ti/Y ratios of the Lijiang and Dali picrites in this study

are also shown. LIP, large igneous province.

which provide direct evidence of an enriched mantle 1 (EM1) end-mem-
ber component in the source of the Emeishan LIP. We discuss the origin
of the EM1 signature and identify the source of the Lijiang picrites, and
compare the compositional characteristics of the Lijiang olivine-hosted
melt inclusions with those of Dali. We also analyze the spinel inclusions
and host olivines in the Lijiang and Dali picrites, and present the results
of Al-in-ol thermometer of olivines from Lijiang and Dali, and estimate
the mantle potential temperature (T,) differences beneath Lijiang and
Dali. Finally, we combined with the geochemical data, thermodynamic
variation in the mantle plume, and the spatial distributions of different
types of magmas to construct an integrated model of the genesis of high-
Ti and low-Ti magmas in the Emeishan LIP.

2. Geological Background and Sampling

The Emeishan LIP is in the western margin of the Yangtze plate and ad-
jacent to the eastern margin of the Tibetan plate, SW China (Chung &
Jahn, 1995; Figure 1). Lavas of the Emeishan LIP are also found in Viet-
nam, the Qiangtang area of Tibet, and west of Guangxi (Anh et al., 2011;
Chungetal., 1998; Fan et al., 2008; Hanski et al., 2004; X. J. Liu et al., 2016;
C.Y. Wang et al., 2007). The southwestern part of the Emeishan LIP has
been eroded as a result of the collision of the Indian and Eurasian conti-
nents during the Cenozoic (Ali et al., 2004; Zhou et al., 2006). Flood ba-
salts of the LIP cover an area of more than 2.5 x 10° km? and have an esti-
mated volume of >3 x 10° km?> (Y. G. Xu et al., 2001). Eroded limestone of
the early Permian Maokou Formation, which is unconformably overlain
by Emeishan LIP lavas, is considered to record the effect of the rising
mantle plume head (He et al., 2003). According to the amount of crus-
tal uplift inferred from the differential extent of erosion, the Emeishan
LIP is divided into inner, intermediate, and outer zones (He et al., 2003;
Figure 1). The thickness of the Emeishan volcanic sequences varies sys-
tematically from more than 5,000 m in the inner zone to several hundred
meters in the outer zone (Y. G. Xu et al., 2004; Zhu et al., 2018). Acid rocks
comprising mainly rhyolites and granites coexisting with basalts repre-
sent the late stage of magmatic activity (Y. G. Xu et al., 2010). Picrites

are rare, with outcrops of these rocks being found predominantly in Lijiang, Dali, Pingchuan, Yongsheng,
Song Da, and Yumen (Hanski et al., 2010; Kamenetsky et al., 2012; Ren et al., 2017; Tao et al., 2015; Y. D.
Wu et al., 2018; Yu et al., 2017, 2020; Yao et al., 2019; Z. C. Zhang et al., 2006, 2008). The main phase of
magmatism of the Emeishan LIP occurred at ca. 260 Ma (Li et al., 2017; Y. T. Zhong et al., 2014, 2020), and
lasted at least 6 Myr (Shellnutt et al., 2020). These eruptions might have led to the extinction event at the
end-Guadalupian (Wignall et al., 2009; Y. C. Xu et al., 2018; J. Yang et al., 2015; Y. Zhang et al., 2013).

Picrites in this study were sampled near Lijiang city (26°53'03.075”N, 100°1055.643”E). They occur as sev-
eral weathered outcrops interspersed with aphyric basalt/basaltic lavas and overlain by Triassic sandstones.

The picrites are located in the lower portion of the volcanic section. They are porphyritic, and the phe-

nocrysts are olivine (40 vol.%). Most of these olivine phenocrysts are euhedral with diameters of 0.5-2 mm,

and a few grains can reach 4-5 mm. Intense serpentinization and chloritization occur along rims and frac-

tures, but the cores of many olivines remain fresh, and the euhedral outlines are well preserved (Figure S1).

Melt inclusions and Cr-spinel inclusions can be found enclosed in these fresh olivine cores. Most of the melt

inclusions are oval, with sizes ranging from 10 to 50 um in diameter (Figure S1f). Filamentous or acicular

daughter minerals can be found in melt inclusions and early crystallized Cr-spinel coexists in some melt

inclusions. Cr-spinel inclusions are euhedral, semi-opaque to opaque, and randomly distributed in olivine

crystals. Their size is commonly less than 30 pm in diameter. The groundmass of picrites is composed main-

ly of glass and fine-grained olivine, diopside and plagioclase.
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3. Analytical Methods

In this study, we analyzed major and trace elements contents and Sr-Nd-Pb-Hf isotopic compositions of
samples of the Lijiang picrites, as well as major and trace element and Pb isotopic compositions of oli-
vine-hosted melt inclusions in the picrites. A total of 165 pairs of melt inclusions (>25 um) and host olivines
were analyzed with EMPA. The trace elements compositions of melt inclusions (>35 um) were analyzed
with a Cameca IMS 1280HR secondary ion mass spectrometry instrument, and Pb isotopes were analyzed
with a Neptune Plus multi-collector inductively coupled plasma-mass spectrometry (MC-ICP-MS) instru-
ment coupled with a RESOlution M-50 193 nm laser ablation system (L. Zhang et al., 2014). We also analyz-
ed the major element compositions of spinel inclusions in olivines and the major, minor and trace element
compositions of host olivines for both spinels and melt inclusions with EMPA. The olivines were analyzed
following the method of Sobolev et al. (2007). The MongOL (Batanova et al., 2019) was analyzed to estimate
accuracy and precision. Details of the analytical methods used, and data generated, are summarized in the
supporting information. The analytical results of standards are consistent with recommended values or
previous studies within analytical error (Cao et al., 2019; Elburg et al., 2005; Jochum et al., 2011; Tanaka
et al., 2000; Todt et al., 1996; Vance & Thirlwall, 2002; Weis et al., 2005; F. Y. Wu et al., 2006; Xie et al., 1989).

4. Results
4.1. Major and Trace Elements and Isotopic Compositions of the Lijiang Picrites

The major element compositions of the Lijiang picrites (in Table S1) are homogeneous, with high MgO
(25.7-27.7 wt.%) and TiO, (1.19-1.32 wt.%) contents and low Al,O; (6.20-7.10 wt.%) contents (Figure 2a).
These picrites have total alkalis (Na,0+K,0) of 0.93-1.11 wt.% and SiO, of 44.3-45.8 wt.% (Figure S2; Le
Bas et al., 1986). The Lijiang picrites exhibit high Ti/Y ratios (Ti/Y = 645-654), which group them with the
high-Ti series in the Emeishan LIP. The Lijiang picrites are strongly enriched in light rare earth elements
(REESs) relative to heavy REE ((La/Yb)x = (6.60-6.71), where subscript N denotes chondrite normalization)
in chondrite-normalized REE diagrams (Figure S3). Mobile elements (such as Rb, Ba, Sr and Pb) exhibit
greater variability in composition relative to neighboring elements, which reflects the influence of later
alteration. The Lijiang picrites are characterized by uniform and depleted Sr (¥’Sr/*Sr; = 0.70420-0.70429),
Nd (enary = +3.27-43.48) and Hf (epgy) = +7.7-+8.0) isotopic compositions (Table S2), which are interme-
diate in comparison with those of typical oceanic island basalts (OIBs) (Figure S4). In the exq() Versus eugp
diagram, the Lijiang picrites plot within the mantle array (Figure S4). These samples also have homoge-
neous and intermediate Pb isotopic compositions (***Pb/***Pb; = 18.63 + 0.17; *’Pb/***Pb; = 15.63 =+ 0.08;
208p} /204pp, = 38.83 + 0.20; mean values + 2SD). In general, no pronounced variations are found in the
major and trace element or isotopic compositions of these picrites.

4.2. Major and Trace Elements of Olivines and Melt Inclusions

The olivines in the Lijiang picrites have a wide range of compositions, with Fo values ranging from 84.4
to 91.6 mol%. The olivines have high CaO (>0.3 wt.%) and Al,O; (>0.03 wt.%) contents that differ from
those of mantle-derived olivine xenocrysts (Ca0<0.1 wt.%, Al,0; < 0.01 wt.%; Foley et al., 2013). In addi-
tion, numerous Cr-spinels and melt inclusions are enclosed in olivines (Figure S1d), which also indicates
that these olivines are of magmatic origin (Kamenetsky et al., 2017). After melt inclusions are entrapped
in olivine, olivine and other daughter minerals crystallize in the melt inclusions and/or along the inner
wall of the olivine as temperature decreases, and this process can significantly modify the compositions of
inclusions (Kent, 2008; Nielsen et al., 1998; Sobolev, 1996). In addition, “Fe-loss” occurs in the melt inclu-
sions because of Mg-Fe exchange and re-equilibration between olivine and melt inclusions (Danyushevsky
et al., 2000, 2002; Sobolev et al., 2000). Melt inclusions would still inherit low FeOr and high MgO contents
even after the homogenization process. This phenomenon is more obvious in the melt inclusions of high-
Fo olivine (with FeO as low as 4.5 wt.%; Figure S5). To correct for this influence, we applied the method of
Danyushevsky et al. (2000), and used the model of Ford et al. (1983) and PETROLOG 3 software (Danyu-
shevsky & Plechov, 2011) to reconstruct the compositions of the studied melt inclusions to be in equilibrium
with the host olivines (data and parameters are supplied in Table S4 and S7).
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Figure 2. Major oxides versus SiO, for (a) Emeishan melt inclusions and host picrites and (b) Emeishan primary magmas. (a) The large yellow circles represent
host picrites, and the small yellow symbolize the compositions of Lijiang melt inclusions. The melt inclusion compositions were corrected for post-entrapment
with the PETROLOG 3 software (Danyushevsky & Plechov, 2011) and the olivine-melt model of Ford et al. (1983). The blue squares are the compositions of
Dali picrites and melt inclusions (data from Ren et al., 2017 and L. Zhang et al., 2019); average Ti/Y of melt inclusions is 396). The data for the Binchuan picrites
(average Ti/Y = 297, low-Ti end-member) and Yongsheng picrites (average Ti/Y = 790, high-Ti end-member) are shown for comparison (data from Kamenetsky
et al., 2012). The black line traces the olivine fractionation trends calculated by gradually removing olivine compositions from the average composition of host
picrites. (b) Primary magmas of picrites in Lijiang, Dali, Binchuan, and Yongsheng estimated with respective melt inclusion compositions. The primary magma
composition was estimated using the “reverse crystallisation” of the PETROLOG 3 software (Danyushevsky & Plechov, 2011) by incrementally adding 0.1%
olivine in Fe-Mg equilibrium at each calculation until the composition of melts equilibrated with the most forsteritic olivine found in each area [Lijiang: Fog, ¢
(this study), Dali: Fog; s (Hanski et al., 2010), Binchuan: Foy, , (Kamenetsky et al., 2012), Yongsheng: Foy, ; (Kamenetsky et al., 2012)].

The MgO contents of the corrected melt inclusion compositions range from 8.94 to 17.93 wt.% and are
substantially lower than the contents of the host whole rocks (Figure 2a). Melt inclusions in the Lijiang
picrites have high TiO, and low Al,O; contents, showing affinity to the melt inclusion compositions of the
Yongsheng picrites (Ti/Y = 787-794, from Kamenetsky et al., 2012). Trace element patterns of the averaged
melt inclusions are generally subparallel to those of their host whole rocks (Figure 3a). Compared with the
compositions of Dali melt inclusions, the Lijiang melt inclusions exhibit lower Ba and Th contents and do
not show Nb-Ta depletion and Pb enrichment (Figure 3a). The Lijiang melt inclusions have mantle-like to
lower Nb/U (16.0-55.5, average = 32.7) and Ce/Pb (7.0-24.3, average = 14.8 ratios compared with typical
OIBs (Nb/U = 47 + 10, Ce/Pb = 25 + 10; Hofmann et al., 1986), and have higher Th/U ratios (3.2-6.0,
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Figure 3. Primitive mantle-normalized (McDonough & Sun, 1995) trace element patterns for Lijiang melt inclusions
and picrites. (a) The patterns of the picrites (red lines) and the average melt inclusion compositions (yellow line). The
light-blue field is the compositional field of melt inclusions in Dali picrites (L. Zhang et al., 2019). The green line is the
average composition of Ta'U basalts (Samoa Islands) reported by Hart and Jackson (2014), whose source is considered
to be the FOZO mantle end-member. The data for the Binchuan picrites and Yongsheng picrites are from Kamenetsky
et al. (2012). (b) Trace element patterns of the primary magma compositions. The trace element compositions of
primary magma are also derived from compositions of the Lijiang melt inclusions. The calculation method is identical
to that for major elements and is explained in Table S9. The red line is the pattern of average Lijiang picrites normalized
to MgO = 18.64 wt.% (the highest MgO of the primary magma).

average = 4.2) relative to the bulk Earth (Th/U = 3.9; Galer & O'Nions, 1985) but evidently lower Th/U
than the lavas from Pitcairn Island (Th/U = 4.4-14.4; Eisele et al., 2002). The trace element ratios of the
studied melt inclusions also present wide compositional variability. For example, the Ti/Y and (La/Yb)y ra-
tios of the melt inclusions range from 318 to 998 and from 3.87 to 9.02, respectively. Nevertheless, the mean
values (Ti/Y = 669; (La/Yb)x = 6.17) of the melt inclusions are nearly identical to those of the whole rocks
(Ti/Y = 650; (La/Yb)y = 6.63).

4.3. Pb Isotope Compositions of Melt Inclusions

The Lijiang melt inclusions (age-corrected to 260 Ma) exhibit a wide range of Pb isotopic compositions
(Figure 4). The ***Pb/***Pb and **’Pb/***Pb ratios of the melt inclusions in the Lijiang picrites vary from
2.015 to 2.201 and from 0.812 to 0.882, respectively. They are strongly correlated, continuous, and cover the
Pb isotopic range from FOZO to EM1 (Figure 4). The compositional range of Lijiang olivine-hosted melt
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Figure 4. ***Pb/*°Pb versus *’Pb/**Pb diagram for Lijiang melt inclusions and host picrites. The compositions of
Dali melt inclusions (from Ren et al., 2017; L. Zhang et al., 2019) and typical OIB and MORB (from Stracke, 2012)

are also plotted for comparison. The field delimited by the ellipse marked “S” is the FOZO composition from Stracke
et al. (2005). The square marked “T” is the FOZO component reported by Hart and Jackson (2014), which is the
extreme Pb isotope composition of the Ta'U basalts from Samoa (***Pb/**Pb = 0.80649; **’Pb/***Pb = 2.03884). The
variation ranges of Pb isotope compositions of melt inclusions from other studies are also shown. The dotted lines
show the compositional ranges of *’Pb/>*Pb from the melt inclusions in each area. The sample sources are shown

at the end of each dotted line, and the numbered labels are references: 1. Saal et al., 2005; 2. Rose-Koga et al., 2017; 3.
Paul et al., 2011; 4. Yurimoto et al., 2004; 5. Peterson et al., 2014; 6. Sakyi et al., 2012; 7. Borisova et al., 2014; 8. Schiavi
et al., 2012; 9. Rose-Koga et al., 2012; 10. Maclennan, 2008a. Error bars indicate 1 standard error (1SE).

inclusions (within picrites from one sampling point) span almost half of the Pb isotope variability previous-
ly reported in OIBs worldwide and are wider than most of the Pb isotopic compositions for olivine-hosted
melt inclusions previously reported (Figure 4).

5. Discussion
5.1. Controls on the Variations in the Compositions of Melt Inclusions

Unlike the homogeneous compositions of the Lijiang picrites themselves, melt inclusions in these picrites
have a wide range of major and trace element and Pb isotopic compositions. Although many of the conti-
nental flood basalts are thought to be associated with mantle plumes and are therefore of high importance
to investigations of the Earth's mantle, they are usually evolved and have been contaminated by crustal
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Figure 5. Plots of (a) Ce/Pb, and (b) ***Pb/**Pb, (c) La/Yb, and (d) P of Lijiang and Dali melt inclusions versus Fo content of host olivines. Data for Dali melt
inclusions are from L. Zhang et al. (2019) and J. Liu et al. (2017) (a and b) The black lines are linear regression lines, and there are no correlations shown
between Lijiang melt inclusion compositions with Fo value of the host olivines. The composition of bulk continental crust is from Rudnick and Gao (2003); the
N-MORB composition is from Sun and McDonough (1989); the PM is primitive mantle and composition is from McDonough and Sun (1995). The error bars
with 2’Pb/*®Pb data indicate 1 standard error (1SE), and error bars with trace element ratios indicate 2 standard error (2SE) (c and d) Shows the trace element
variability of melt inclusions in the Lijiang and Dali picrites. The parameter P is described in detail in Maclennan (2008b). Given that different eruptions have
different compositional fields and average compositions. Using the parameter P can therefore possible to compare the variability and mixing processes between
different eruptions with olivine-hosted melt inclusion compositions. Icelandic melt inclusion compositions are from the compilation of Maclennan (2008b).
The trace element compositions of Lijiang and Dali melt inclusions both exhibit large variability comparable to that of Icelandic basalts.

materials while ascending through the thick continental crust (White, 2010). Thus, verifying the influence
of possible shallow assimilation processes on the observed variation in the composition of melt inclusions
is necessary before using these compositions to trace their mantle sources. The variations in Ce/Pb and
297pb/**Pb ratios are sensitive to crustal assimilation. In Figures 5a and 5b, the Ce/Pb and *’Pb/**°Pb for
the Lijiang melt inclusions do not show correlation with the Fo content of host olivines. Thus, the observed
compositional variations in the Lijiang melt inclusions are not a result of crustal contamination during the
ascent of magma to the surface.

Another issue that needs to be considered is the relationship between Lijiang melt inclusions and picrites;
that is, whether these melt inclusions and picrites can indicate the same source characteristics. The major
element compositions of the Lijiang picrites have been influenced by the accumulation of olivine (Fig-
ure S1); thus, we present here the compositional trends that gradually subtract olivine from the average
whole-rock composition (Figure 2a). The major element compositions of the melt inclusions plot along
the trends of olivine accumulation, but exhibit considerable variation at a given MgO content (Figure 2a).
Besides that, we also calculated the major and trace element components of the primary magma using the
Lijiang melt inclusion compositions (results in Table S8 and S9). Our calculation was made using the “Re-
verse Crystallization” module in the PETROLOG 3 software (Danyushevsky & Plechov, 2011) and using the
olivine-melt model of Ford et al. (1983). The initial oxidation state was set to Fe**/Fe** = 9.0 and olivine
was added in 0.1% increments until the composition of melts was equilibrated with the most forsteritic
olivine found in Lijiang area (Foo; ¢, from this study). We also normalize the whole-rock compositions to
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are from L. Zhang et al. (2019). Although the trace element ratios of melt inclusions have large variability, they have weak correlations with **’Pb/***Pb and
generally correspond to the FOZO-EM1 trend. The error bars for *’Pb/**Pb data indicate 1 standard error (1SE), and error bars for trace element ratios indicate
2 standard error (2SE). EM1, enriched mantle 1.

MgO = 18.64 wt.% (the highest MgO of the primary magma compositions of the Lijiang picrites in this
study) by subtracting the average olivine from the whole rock. For most of the elements, the average trace
element compositions of the Lijiang melt inclusions resemble to those of the whole rocks when both are
normalized to similar MgO content (Figure 3b). Similarly, the average Pb isotopic compositions of the melt
inclusions (**Pb/*°Pb = 2.089, *’Pb/***Pb = 0.844, white dot in Figure 4) are basically equivalent to those
of their host whole rocks.

Collectively, although the melt inclusions have wide ranges of major and trace element and Pb isotopic
compositions, the average composition of the melt inclusions is approximately equivalent to their whole-
rock compositions. This feature is a ubiquitous phenomenon in melt inclusions studies (e.g., Kamenetsky
et al., 2012; Kent et al., 2002; Nielsen et al., 1995; Paul, 2011; Ren et al., 2017; Valer et al., 2017). A wide
range of melt compositions are produced during mantle melting, much wider than the whole-rock compo-
sitions we observed. The compositional heterogeneity of mantle melts is quickly destroyed by subsequent
magma ascent and convective stirring, which eventually leads to a mixture of whole-rock components.
Higher Fo olivines that form at an early stage of crystallization have the potential to capture inclusions of
unmixed or less-mixed parental melts (Maclennan, 2008b; Ren et al., 2005; Sobolev et al., 2011; Sobolev &
Shimizu, 1993; Sours-Page et al., 1999, 2002). Therefore, the melt inclusion components in the Lijiang pic-
rites represent imperfectly mixed melts that were present during the early stage of magma evolution. In the
following discussion, both the whole-rock and melt inclusion compositions are used to study the nature of
the mantle sources: the whole-rock compositions reflect the “average” composition of mantle-derived melts
that formed the Lijiang picrites, while the melt inclusions effectively record the small-scale compositional
heterogeneity of the mantle melts.

5.2. The Source Characteristics of the Lijiang Picrites
5.2.1. The Two End-Members of Lijiang Sources

In Figure 6, the *’Pb/*®Pb (as well as ***Pb/>*°Pb) ratios of Lijiang melt inclusions show weak negative
correlations with Nb/La and Nb/Zr, possibly suggesting mixing between a low *’Pb/***Pb end-member and
a high *’Pb/**Pb end-member. In the ***Pb/***Pb versus *’Pb/***Pb plot (Figure 4), the Lijiang melt inclu-
sions form a well-defined array and can be explained as mixtures of the FOZO and EM1 mantle components.
This explanation also applies to the correlation of Nb/La and Nb/Zr with **’Pb/**Pb for the Lijiang melt
inclusions (Figure 6). In the Nb/Y versus Zr/Y diagram (Figure 7), the Lijiang melt inclusions plot generally
within the Iceland mantle array and are distinct from MORB in composition (Fitton et al., 1997, 2003).
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Figure 7. Nb/Y versus Zr/Y for Lijiang and Dali melt inclusions. This plot
was proposed by Fitton et al. (1997). The green dot is the average Icelandic
basalt from Fitton et al. (2003). F and P arrows indicate the approximate
effects of increasing degree of melting and pressure, respectively. The
Iceland array is considered to reflect the compositional field of the

plumes mantle in general (Fitton et al., 1997, 2003). Lijiang and Dali melt
inclusions generally plot within the Iceland array and differ from the
composition of N-MORB. The Dongchuan tephrites, which are considered
to be derived from the melting of the subcontinental lithospheric mantle
heated by the Emeishan mantle plume, are plotted for comparison (Song
et al., 2008). The data sources for Dali melt inclusions and Ta'U & Ofol
lavas are the same as in Figures 3 and 6, respectively.

The Lijiang melt inclusion compositions are linearly correlated with the
FOZO-affinity lavas from Ta'U and Ofol (Hart & Jackson, 2014). Fur-
thermore, in the primitive mantle-normalized trace element diagram,
the patterns of Lijiang picrites are subparallel to that of the Ta'U basalt,
whose source is considered to represent the FOZO end-member (Hart &
Jackson, 2014; Figure 3a).

We consider that the low *’Pb/***Pb and high Nb/La and Nb/Zr man-
tle end-member in the source of the Lijiang picrites is FOZO-like, which
is generally considered to represent material from the lower mantle and
may be a mixture of mantle plumes originating from the deep mantle
(Hart et al., 1992; Hauri et al., 1994; Lee et al., 2010). This end-member
component has also been observed in the Dali picrites (Ren et al., 2017)
and may represent a ubiquitous “matrix” component in the mantle
source of the Emeishan LIP.

In comparison, the high *’Pb/**Pb component is typified by low Nb/
La and Nb/Zr. In Figure 7, some of the melt inclusions exhibit lower Nb
contents, which trend toward the lower bound of the Iceland array. Giv-
en that the melt inclusions with lower Nb/Zr also have unradiogenic Pb
(Figure 6b), these melt inclusions with lower Nb/Zr (plotting below the
Iceland array) are not the result of higher degrees of melting of MORB
but rather suggest the contribution of crustal-like components or de-
rived sediments. These melt inclusions are characterized by extremely
unradiogenic Pb, which are typically observed in EM1 (Figures 4 and 6).
Combining the trace element and isotope characteristics of the melt in-
clusions, we consider that this end-member may reflect the involvement
of a recycled component in the source of the Lijiang picrites. Below, we
discuss the nature of the recycled component that forms the EM1-like
signature in Lijiang melt inclusions.

5.2.2. The Origin of EM1 Signatures in Lijiang Melt Inclusions

The primitive mantle normalized trace element patterns of the Lijiang melt inclusions shows that some

melt inclusions are evidently depleted in Nb and Ta compared to adjacent elements (Rb, Ba, Th, U, La, and

Ce), and have subdued negative Pb anomalies, and some of them even have slightly positive Pb anoma-

lies (Figure 8). Given that the melt inclusions with crustal trace element characteristics also have higher
297pb/**°Pb ratios (Figure 6), this crustal-derived component is considered to be responsible for the EM1-like
component in the mantle source of the Lijiang picrites.

The mantle source of EM1 is generally characterized by low ***Pb/***Pb and '**Nd/'*Nd and high ¥'Sr/**Sr
ratios. The prevailing views regarding the origin of the EM1 signature generally ascribe it to the involve-
ment of: 1) lower continental crust (Escrig et al., 2004; Frey et al., 2002; Hanan et al., 2004; Willbold &
Stracke, 2006, 2010), 2) delaminated subcontinental lithospheric mantle (Geldmacher et al., 2008; Gibson
et al., 2005; Turner et al., 2017), 3) carbonated mantle (Carlson, 1995; X. J. Wang et al., 2018), or 4) oceanic
crust with a small amount of pelagic sediment (Chauvel et al., 1992; Eisele et al., 2002; Garapic et al., 2015;
Lassiter & Hauri, 1998; Weaver, 1991).

The lower continental crust is characterized by high Th/U and low (Th, U)/Pb ratios and positive Ba anom-
alies (Figure 8; Rudnick & Fountain, 1995; Rudnick & Gao, 2003), which could develop high ***Pb*/**°Pb*,
low *°°Pb/***Pb, and high Ba/Nb ratios (Hanan et al., 2004; Willbold & Stracke, 2006). Thus, many studies
have proposed that the origin of EM1 basalts is related to recycling of the lower continental crust, and this
model has been used to successfully explain the compositional characteristics of EM1 in many cases (Escrig
et al., 2004; Hanan et al., 2004; Willbold & Stracke, 2006, 2010). The trace element compositions of the lower
continental crust are clearly different from those of the upper continental crust and derived sediments (Fig-
ure 6). The most obvious difference is that the lower continental crust shows no Th enrichment, does not
exhibit marked Nb depletion, and is characterized by higher Nb/Th and lower Th/La ratios compared with

ZHANG ET AL.

10 of 26



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB021022

1000

——— Lijiang melt inclusions

with Nb—Ta depletion

Average Lijiang melt inclusions
------- GLOSS II
------- Pelagic sediment
------- Upper continental crust
Lower continental crust
Average Dongchuan tephrites
Dali melt inclusions

100

Rock/Primitive Mantle

O I B R, ——

..............
_____
=

1 1 1 1 1 1 1 1
Rb Th Nb La Pb Sr Zr Sm Gd
Ba U Ta Ce Pr Nd Hf Eu Tb

Dy Ho
yY

Tm Lu
Er Yb

Figure 8. Trace element patterns of the melt inclusions with Nb-Ta depletion. These melt inclusions were selected
with the constraints of low Nb/Th and Ta/La. Upper continental crust (blue dashed line), lower continental crust
(purple dashed line), global subducting sediments IT (GLOSS II, red dashed line), pelagic sediments (green dashed
line), and the average composition of Dongchuan tephrites (yellow dotted line) are also plotted for comparison. Data
for the upper and lower continental crust are from Rudnick and Gao (2003), the primitive mantle is from McDonough
and Sun (1995), GLOSS 11 is from Plank (2014), and pelagic sediment shown is the pelagic sediment composition from
Ontong Java Ref. Site 261 reported by Plank and Langmuir (1998), which has representative characteristics of high Ba,
high Th/U, low U/Pb ratios. The data source of Dongchuan tephrites are from Song et al. (2008).

upper continental crust or sediments (Frey et al., 2002; Plank, 2005). Therefore, the addition of the lower
continental crust materials would not substantially lower the Nb/Th ratio but would significantly increase
the Ba/Th ratio. The Lijiang melt inclusions with crustal signatures have evidently low Nb/Th (4.3-7.0)
and Ba/Nb (9.4-11.8) ratios, a feature that is inconsistent with the involvement of lower continental crust
(Figures 9a and 9b). Therefore, the involvement of melts from the lower continental crust is not compatible
with the compositional characteristics of Lijiang melt inclusions.

The SCLM and carbonated mantle are unlikely the components to have formed the EM1 signature in Li-
jiang melt inclusions. Many SCLM xenoliths have isotopic compositions similar to those of EM1 and are
therefore candidates for the genesis of EM1 basalt (e.g., Gibson et al., 2005; McKenzie and O'Nions, 1983).
Although no mantle xenoliths have been found in the Emeishan LIP, the Dongchuan tephrites have been
deemed as being derived from mantle plume triggered melting of a metasomatized SCLM component un-
der the Emeishan LIP (Song et al., 2008). The Dongchuan tephrites are located in the eastern part of the
Emeishan LIP and show high Nb/La (2.0-3.9) and *’Sr/**Sr;, (0.7069-0.7088) ratios and extremely 1ow enq(
values (—10.6-—11.1; Song et al., 2008). However, the Dongchuan tephrites exhibit positive Ba, Sr, and
Nb-Ta anomalies, and extremely high Nb/La values in the primitive mantle-normalized trace element dia-
gram, which differs from the recycled component signature revealed by Lijiang melt inclusions (Figure 8).
Moreover, the compositional trends of Lijiang melt inclusions in an Nb/Y-Zr/Y diagram do not support the
involvement of melts similar to those of the Dongchuan tephrites, which show high Nb/Zr ratios (Figure 7).
In addition, given the highly enriched Sr-Nd isotope compositions of the Dongchuan tephrites, a small
amount of SCLM involved in the source of the Lijiang picrites would substantially change the Sr-Nd isotope
signature of the Lijiang picrites, which is inconsistent with the depleted Sr—Nd isotope characteristics of the
Lijiang picrites (Figure S4).

A carbonatitic origin for the Lijiang picrites is unlikely because the carbonated mantle has been consid-
ered a possible source for alkalic basalts (e.g., Dasgupta et al., 2007; Hirose, 1997; Schmidt & Weidendor-
fer, 2018), whereas the Lijiang picrites are tholeiitic. Moreover, a Mg isotope study of basalts from the
Emeishan LIP has shown that §**Mg ranges from —0.35%. to —0.19%o, which is consistent with the mantle
average (—0.25 + 0.07%o; Teng et al., 2010), which does not favor significant involvement of a carbonatitic
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Figure 9. (a) Nb/Th versus Ba/Nb and (b) Nb/Th versus Th/La for Lijiang melt inclusions. The yellow circles are Lijiang melt inclusion compositions, and
the light yellow circles are melt inclusions with Nb-Ta depletion, corresponding to the melt inclusions in Figure 8. The solid colored curves (red, green, blue,
and purple) illustrate mixing lines between FOZO mantle and recycled materials. The recycled material components are set to (a) 12% pelagic sediments
(composition from Weaver, 1991) + 88% bulk oceanic crust (green circle), (b) 12% GLOSS II (Plank, 2014) + 88% bulk oceanic crust (red square), (c) 12%
lower continental crust (Rudnick & Gao, 2003) + 88% bulk oceanic crust (purple square), and (d) 12% upper continental crust (Rudnick & Gao, 2003) + 88%
bulk oceanic crust (blue circle). The tick mark on the mixing curve indicate 10% increments of the recycled materials in the mixture. The solid black curves
with small dots illustrate mixing lines between FOZO mantle and recycled materials (12% sediments + 88% bulk oceanic crust), in which recycled sediments
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sites for these pelagic sediments are as follows: Javal-DSDP 221, Java2-DSDP 261, Marianas1-ODP 801, Marianas2-ODP 800, Nankai-ODP808, and Kurile-
DSDP 581. The black dashed line is the mixing line between recycled bulk oceanic crust and subduction-modified GLOSS II. The solid black curve with UCC
illustrates mixing lines between the FOZO mantle and upper continental crust. The big red circle is the estimated source composition of Ta'U basalts in Samoa
from Hart and Jackson (2014) (Ba = 13.3 ppm, Th = 0.17 ppm, Nb = 2.44 ppm, La = 1.79 ppm), which represents the composition of FOZO mantle. The
recycled bulk oceanic crust and all recycled sediments used in the modeling are compositions after subduction modification (Johnson & Plank, 1999; Plank &
Langmuir, 1998). The data source for bulk oceanic crust is from Stracke et al. (2003), and is composed of 25% N-MORB (Hofmann, 1988) + 25% altered MORB
(Staudigel et al., 1996) + 50% gabbro (Hart et al., 1999). The error bars indicate 2 standard error (2SE).

component in the Emeishan LIP (Tian et al., 2017). A Zn isotope study has also shown that the §°°Zn values
of Emeishan picrites and basalts ranges from 0.24%o to 0.34%o, which is not compatible with the presence
of carbonatitic components in the sources of the Emeishan LIP, but may be the joint consequence of the
addition of recycled oceanic crust and mantle melting (C. Yang & Liu, 2019).

Recycled oceanic crust with pelagic sediment is one of the main favored models for the origin of the EM1
signature of basalts (e.g., Chauvel et al., 1992; Eisele et al., 2002; Garapic et al., 2015; Hauri et al., 1996;
Stracke, 2003; Weaver, 1991; Weaver et al., 1986; Woodhead et al., 1993). Pelagic sediments are considered to
be typically enriched in Ba and to have high Th/U ratios (Othman et al., 1989; Weaver, 1991). Furthermore,
pelagic sediments commonly have low Th/La ratios (Elliott et al., 2007; Zhao et al., 2019) and are consid-
ered deficient in zircon, which would lead to radiogenic Hf at a given exq (Bayon et al., 2009; Blichert-Toft
et al., 1999; Vervoort et al., 2011). In contrast, the Lijiang melt inclusions are depleted in Ba relative to other
large-ion lithophile elements (LILEs) (Figures 2 and 8), and the Ba/Nb and Ba/Th ratios of the Lijiang melt
inclusions are relatively low (Ba/Nb = 5.7-11.8; Ba/Th = 41.3-140.6) compared with those of typical OIB
(Figure S6). In addition, the Lijiang melt inclusions generally trend toward a composition with relatively
higher Th/La ratios (Figure 9b), and, suggesting that no Nd-Hf isotope decoupling has occurred in the
compositions of the Lijiang picrites (Figure S4). For these reasons, the typical pelagic sediments (e.g., Weav-
er, 1991) do not appear to be the source of EM1 signatures in the Lijiang melt inclusions.
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With the increasing number of trenches and sediments assessed, researchers have realized that pelagic
sediments have highly diverse compositions (Plank, 2014; Plank & Langmuir, 1998; Vervoort et al., 2011).
Some pelagic sediments (e.g., Nankai sediments, Figures 9a and 9b) also have trace element compositions
that can explain the compositional character of the Lijiang melt inclusions. Plank and Langmuir (1998) and
Plank (2014) proposed that the chemical components of sediments are dominated by lithology and that the
term “pelagic” would be better associated with sedimentological factors to obtain a more comprehensive
understanding of the chemical composition of subducting sediments. For instance, the Ba concentration of
sediments is controlled chiefly by biogenic phases and hydrothermal fluids, and the Th concentration is re-
lated to fish debris and Fe-Mn oxides. The low Ba, intermediate Th/U, and high Th/La values shown by the
Lijiang melt inclusions and the lack of exg—enr decoupling found in the Lijiang picrites may reflect that the
sediments in the source of Lijiang picrites lack products of biological activity and Fe-Mn oxides but contain
a dominant amount of terrigenous material. Compared to “pelagic” sediments, we suggest that a compo-
nent similar to GLOSS II (Global Subducting Sediments IT; Plank, 2014) may be appropriate for representing
the recycled sediments in the source of the Lijiang picrites. GLOSS II has low Ba/Nb and Ba/La, high Th/
La, and intermediate Th/U ratios, characteristics that are compatible with the trace element characteristics
shown by the Lijiang melt inclusions. In Figure 9, the trace element contents of the Lijiang melt inclusions
are more consistent with the mixing array of recycled oceanic crust + GLOSS II with FOZO mantle.

It should be mentioned that, recycled materials may undergo modifications such as fluid reworking
and even partial melting during the process of recycling into the mantle (Class & le Roex, 2008; Jackson
et al., 2007; Johnson & Plank, 1999), and recycled components may accumulate and mix in the deep mantle
before returning to the shallower mantle (Weaver, 1991; Workman et al., 2004). In addition, the origins of
EM1 are multifarious, and there may be many subclasses of “EM1” that are formed principally by compo-
sitionally heterogeneous recycled components and/or varied geological processes. Our model is proposed
combination of the trace element and Pb isotope characteristics of the Lijiang picrites and melt inclusions,
and we think that the involvement of a GLOSS II-like component can account for the high *’Pb/***Pb
end-member in the Lijiang sources. Furthermore, although the trace element and isotopic compositions of
subduction sediments are similar to those of the upper continental crust in many ways, they are clearly dif-
ferent in some respects. For example, GLOSS II exhibits higher Th/U ratios [GLOSS II = 4.11 (Plank, 2014);
UCC = 3.89 (Rudnick & Gao, 2003)] and lower U/Pb ratios [GLOSS II = 0.08; UCC = 0.16] than those
of UCC. Therefore, the time-integrated evolution of global subduction sediments should result in com-
parative higher 208pp/295ph and lower 2°°Pb/***Pb ratios, which are consistent with EM1 characteristics. In
addition, according to the experiments on the dehydration and melting of sediments, Pb is less mobile
relative to U and Th during sediment subduction (Johnson & Plank, 1999), which also suppresses the U/
Pb ratio. Furthermore, due to mineral selectivity during transportation, subduction sediments tend to have
lower ¥’Sr/**Sr compared with upper continental crust [GLOSS II ¥’Sr/%Sr = 0.71236 (Plank, 2014); NACS
87Sr/%Sr = 0.7313 (McCulloch & Wasserburg, 1978)]. Jackson et al. (2007) showed that a source involving
old recycled upper continental crust is compatible with the ultra-enriched EM2 type lavas with extremely
high ¥Sr/*Sr ratios in Samoa, but excluded global subduction sediments as a potential component because
of their comparative lower 87Sr/%°Sr ratios. Therefore, considering the above-mentioned lines of evidence,
old recycled GLOSS II-like sediment 4 oceanic crust can also exhibit the isotopic characteristics of EM1.

5.2.3. The Isotope Modeling and Recycling Age

Previous studies have shown that the recycling age of recycled components can vary greatly. The younger
limit of the recycling age is traditionally considered to be 0.5 Ga (e.g., Peterson et al., 2014). Some studies
have also found Archean recycled materials in the mantle (Ashwal et al., 2017; Cabral et al., 2013; Delavault
et al., 2016). In the following discussion, we simulate the variation in isotopes in recycled components as a
function of the recycling age and the proportion of sediments in the source.

We modeled the composition of the mantle beneath Lijiang, which is plume mantle with recycled oceanic
crust and sediments. We assume the plume mantle is composed of FOZO (Hart & Jackson, 2014) and that
the recycled components consist of bulk oceanic crust (Stracke, 2003) + GLOSS II (Plank, 2014), as dis-
cussed above. The isotopic composition of the recycled component was calculated using the spreadsheet
“basalt+sediment recycling.xIs” formulated by Stracke (2003), which can calculate the isotopic evolution of
the ancient recycled basalt and sediment. Figure 10 shows the isotopic compositions of the recycled com-
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ponents with different GLOSS II percentage (black lines) and source mixing between FOZO mantle and
recycled components (colored lines). The parameters and compositions used in the modeling are supplied
in Table S14.

The Pb isotopic compositions of the Lijiang picrites and their melt inclusions plot along the mixing curves
of FOZO and recycled component which composed of bulk oceanic crust and subducted sediments. Our
calculations show that a mixture of FOZO and a recycled component composed of 88% bulk oceanic crust
+12% GLOSS II can produce a source with ideal isotopic characteristics for the Lijiang picrites and melt
inclusions. The modeling results also show that the mixing arrays modeled for different recycling ages
have similar compositional trends in **Nd/"**Nd-*’Sr/*St, ex¢->"Pb/***Pb, and *’Sr/*Sr-***Pb/***Pb plots
(Figures 10a, 10b, and 10c). In contrast, the Pb-Th-U isotope system is sensitive to recycling times in the
mantle. In the ***Pb/***Pb->""Pb/***Pb isotope space presented in Figure 10d, we show the effect of different
recycling ages on the Pb isotopic composition of the evolved recycled materials. With increasing recycling
age, the final recycled component (in 260 Ma) tends to have higher ***Pb/**Pb ratios and lower **’Pb/***Pb
ratios. The compositions of the Lijiang picrites and melt inclusions plot mostly on the mixing curve of
FOZO and a recycled component for a recycling age of 2.35 Ga. Although the recycling age cannot be de-
fined precisely due to the dependence of the model results on the selected parameters, the models indicate
an old recycling age is necessary. Moreover, given that the formation age of the Emeishan LIP of 260 Ma,
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this estimated recycling age is also consistent with the estimation in previous studies that a period of 1-2 Ga
is needed for the recycled component in the mantle to evolve into the trace element and isotopic signature
of EM1 basalts (Chauvel, 1992; Hofmann, 1997; Hofmann & White, 1982; Weaver, 1991).

5.3. Origin of Variably Enriched Magmas in the Emeishan LIP

With the variation in the Ti/Y of the mafic-ultramafic magmatic rocks in the Emeishan LIP, the other
aspects of geochemical composition also vary systematically (Hanski et al., 2010; Huang et al., 2014;
Ren et al., 2017; Tian et al., 2017; Xiao et al., 2004; Y. G. Xu et al., 2001). The Binchuan picrites (average
Ti/Y = 297) and Yongsheng picrites (average Ti/Y = 790) represent two end-member compositions (low-Ti
and high-Ti end-member) in the Emeishan LIP (Kamenetsky et al., 2012). The host picrites of the Lijiang
melt inclusions and Dali melt inclusions have Ti/Y ratios of 645-654 and 358-409, and can be classified as
high-Ti series and low-Ti series, respectively. Whole-rock and melt inclusion compositions show that, the
high-Ti magmas have lower SiO,, Al,0s, and CaO content compared with the low-Ti magmas (Figure 2).
High-Ti magmas usually have OIB-like trace element patterns, whereas trace element patterns of low-Ti
magmas are highly variable, but have pronounced negative Nb-Ta anomalies (Hanski et al., 2010; Huang
et al., 2014; Tian et al., 2017). In addition, the ZLREE/ZHREE ratios vary systematically with the Ti/Y ratios
of the magmas, which presented as the high-Ti picrites having higher XLREE/ZHREE than those of the low
Ti picrites (Figure S3).

In the Emeishan LIP, the major and trace elements combined with Pb isotope compositions have also been
reported for the olivine-hosted melt inclusions in the Dali picrites (Hanski et al., 2010; J. Liu et al., 2017;
Ren et al., 2017; L. Zhang et al., 2019). Compared with the compositions of the Lijiang melt inclusions, trace
element compositions of the Dali melt inclusions show enrichment in Ba, Th, and Pb content and depletion
in Nb content (Figure 3a), as well as exhibit higher Ba/Nb and Th/La, and lower Ce/Pb ratios (Figures 5a
and 9). However, the Pb isotopic compositions of the Dali melt inclusions are relatively uniform, and lie
within the Pb isotope field of the Lijiang melt inclusions, and these two groups of inclusions have similar
average Pb isotopic composition (Figures 4 and 5b).

In the Nb/Th-Ba/Nb plot (Figure 9a), the Lijiang and Dali melt inclusions seem to follow the same trend,
which can be explained as a higher proportion of recycled components in the source of the Dali melt in-
clusions or higher fractions of GLOSS II in the recycled material. However, this explanation is inconsistent
with the Pb isotopic characteristics of melt inclusions of the Lijiang and Dali picrites. A higher proportion
of recycled components or subduction sediments would lead to higher ***Pb/?*Pb ratios, but the Dali melt
inclusions have intermediate Pb isotopic compositions that plot in the middle of the Pb isotope range of
the Lijiang melt inclusions. We consider that the differences in trace element and Pb isotope discrepancies
between the Lijiang and Dali melt inclusions are direct consequence of crustal contamination. The upper
continental crust has Pb isotopic composition similar to those of the Dali melt inclusions (Figure 10d), and
the involvement of upper continental crust can also lead to enrichment in Ba and Th and depletion in Nb
and Ta, consistent with the trace element characteristics of the Dali melt inclusions (Figures 8 and 9). We
also consider that the upper continental crust signature in the Dali melt inclusions is not a recycled crust
component that involved into the mantle of Dali picrites through subduction. As the modeled example
in Figure 9 (blue curve), due to the effect of subduction modification and the low fraction of the upper
continental crust in the recycled component, the melts from a mantle source into which upper continental
crust material was recycled through subduction would have far lower Ba/Nb and Th/La ratios than those
observed in the Dali melt inclusions.

Other evidences also suggest that the compositions of melt inclusions of the Dali picrites were affected by
crustal contamination. The Ce/Pb ratios of Dali melt inclusions generally decrease with decreasing Fo of
the host olivine (Figure 5a), which indicates that the Dali melt inclusion compositions might have been
affected by crustal contamination. Besides that, mass balance modeling of the trace element compositions
of the Dali melt inclusions has shown that 5% crustal contamination is needed to explain the primitive man-
tle-normalized trace element patterns of the Dali melt inclusions (L. Zhang et al., 2019). Given the evidence
for contamination of the magma from which the Dali melt inclusions were formed (Figure 5a), we consider
that the contamination by the upper continental crust is more direct, which can explain the discrepancy
between the trace element and Pb isotopic compositions of the Lijiang and Dali melt inclusions. However,
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it is possible that other components, such as the SCLM, might have been involved in the magma of the Dali
picrites, as the crustal contamination may cover the signature of other potential contributions.

In addition to crustal contamination, other aspects of magmatic evolution also have differed between the
Lijiang and Dali picrites. In Figures 5c and 5d, the variation in La/Yb and P (the normalized deviation of
a melt inclusion composition from the average composition of the eruption, which can be used to indicate
the variability of trace element contents; see details in Maclennan, 2008b) for the Lijiang melt inclusions
reduces with decreasing Fo of the host olivine, while the trace element variability of the Dali melt inclu-
sions does not reduce similar to the Lijiang melt inclusions. Conversely, the variability of the Dali melt
inclusions increases slightly with decreasing Fo. It has been proposed that the olivine and clinopyroxene
phenocrysts in the Dali picrites were not crystallized from a well-mixed magma chamber, but rather from
magma chambers that underwent recharging, tapping, and fractional crystallization (RTX) processes (Y. D.
Wu et al., 2018). Consequently, the observed increase in the variability of the trace element with decreasing
Fo of olivine for the Dali melt inclusions may reflect the control exerted by these recharging processes. In
summary, the Lijlang magmas ascended to the surface relatively directly compared with the Dali magmas,
which underwent complex magmatic processes and extensive contamination during prolonged storage in
the magmatic plumbing system.

5.4. Al-in-ol Temperatures and Mantle Potential Temperature for the Lijiang High-Ti Picrites
and Dali Low-Ti Picrites

The mantle T, of low-Ti and high-Ti magmatism in LIP is an important consideration in the mantle plume
model of LIP formation. As yet, there is no consensus regarding whether high-Ti or low-Ti magmas are
derive from mantle with higher thermal energy (He et al., 2010; Tao et al., 2015; Xiao et al., 2004; Y. G. Xu
et al., 2001; R. Xu et al., 2020; Yu et al., 2020; Z. C. Zhang et al., 2006). Z. C. Zhang et al. (2006) and He
et al. (2010) estimated that the T, of the mantle of the Lijiang picrites was above 1,627°C on the basis of
the high MgO content (22.4-22.9 wt.%) inferred for the primary magma of the Lijiang picrites, and con-
sidered that the Lijiang picrites are a product of melting of the hot mantle plume head. However, some
studies have suggested that the mantle source of low-Ti magmas had higher T, than that of high-Ti magmas
(Tao et al., 2015; Xiao et al., 2004; Y. G. Xu et al., 2001). Using the method of K. D. Putirka et al. (2007),
Tao et al. (2015) determined that the T, values of low-Ti and high-Ti picrites were 1,740°C-1,810°C and
1,510°C-1,610°C, respectively.

Al-in-ol thermometer has been applied to olivines from the Dali picrites in the Emeishan LIP. R. Xu and
Liu (2016) and J. Liu et al. (2017) estimated the maximum crystallization temperatures (Teys) of the Dali ol-
ivines as 1,432°C and 1,460°C, respectively. J. Liu et al. (2017) further calculated T, using empirical models
of peridotite melting (Herzberg & Asimow, 2015), which yielded a maximum estimated T, of the mantle
beneath Dali of 1,499°C. The Al-in-ol thermometry is based on the sensitivity of the partition coefficient of
Al,O; between olivine and spinel to crystallization temperature. This method does not have the uncertainty
that arises from the estimation of the equilibrium melt composition of olivine and the source lithology, and
is not substantially influenced by the H,O content and fo, of magma (Coogan et al., 2014). We analyzed spi-
nel inclusions and host olivines from the Lijiang and Dali picrites (analytical results are given in Table S10).
In this study, the Cr-spinel inclusions in both the Lijiang and Dali picrites are found in olivines with the
highest Fo content, suggesting that the onset time of crystallization of Cr-spinel was early and may simul-
taneous with that of olivine.

The uncertainty associated with measurements of Al,O; content in olivine is the main factor affecting the
error on the calculated Ty,. The errors on the calculated Al-in-ol temperature for each pair of ol-spinel com-
position were calculated by using Monte Carlo simulations (Heinonen et al., 2015; Matthews et al., 2016).
For each ol-spinel pair, we simulated 10,000 Al-in-ol temperature results by random selection of pairs of
Al,O; in olivine and Al,0; and Cr,0; in spinel from Gaussian distribution defined by analytical o of Al,O; of
olivine and Al,O; and Cr,0; of spinel. From these simulations, we obtained a result for the 1SD uncertainty
on the simulated Al-in-olivine temperature of 18°C-25°C.

The highest Al-in-olivine temperature yields 1,380°C and 1,433°C for the Lijiang and Dali picrites, respec-
tively (Figure 11), indicating that the initial crystallization temperatures of the Lijiang olivines are slightly
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Figure 11. Plots of (a) Olivine Al,O; and (b) Aluminum-in-olivine temperature versus olivine Fo from the Lijiang and Dali picrites. The compositional fields of
LIPs and MORBs are from Coogan et al. (2014). The error bars are analytical error (2o) of olivine Al,Os, and 1o errors for the Al-in-ol temperatures. The errors
of Fo contents are within symbol sizes. LIPs, large igneous provinces.

lower than those of the Dali olivines. To compare the heat content of the mantle between the Lijiang and
Dali picrites, it is necessary to extrapolate the crystallization temperature back to the mantle T,. We fol-
lowed the back calculation method of K. Putirka (2016), which includes corrections for the latent heat of
fusion and the adiabatic cooling. The T, was calculated based on the following equation (formula 2c in K.

Putirka, 2016):
T, = O 4 R Aty | p| Yol
C C

p r

where T°" = olivine-liquid equilibration temperature, F = melt fraction, AH s = Enthalpy of fusion of the
mantle, V = molar volume of the mantle, a = coefficient of thermal expansion, C, = heat capacity of the
mantle, P; = olivine-liquid equilibration pressure, and T = mean temperature along the adiabat between
P, and surface pressure.

The first step of the reverse calculation is to calculate the heat of fusion, which is the heat consumed in the
adiabatic system while converting solids to liquids. The melt fraction (F) is an important parameter that
affects the heat of fusion. It is commonly considered that high-Ti magmas have a lower degree of melting
compared with low-Ti magmas in the Emeishan LIP (e.g., Ren et al., 2017; Shellnutt & Jahn, 2011; C. Y.
Wang et al., 2007; R. Xu et al., 2020; Yu et al., 2020; L. Zhang et al., 2019). We estimated the melt fraction
of the Lijiang and Dali picrites using the method of K. Putirka (2016) (formula 14b, an empirical equation
that calibrates F as a function of the major element composition of primary magma) and the primary mag-
ma composition. Results show that the F of the Lijiang and Dali picrites are 14.8% and 29.9%, respectively,
which indicates that the mantle of Lijiang has lower melting degree than mantle of Dali. For the parameters
of the source lithology, we used the thermal parameters of KG1 (Shorttle et al., 2014) to calculate T;, (the
parameters are supplied in Table S15), which are based on the view that the mantle source of the Emeishan
LIP is olivine-bearing Si-deficient pyroxenite (Ren et al., 2017). The calculated 1% partial melting of the KG1
source (at 1773 K) would lead to a net temperature decrease of 5.91°C, which is slightly lower than that of
peridotite (6.67°C; K. D. Putirka et al., 2007).

The second step of the back calculation is correction for the drop in temperature for adiabatic cooling. To
estimate the mantle T,, knowledge of the temperature and pressure of one point on the solid adiabat is
required. When back calculating the Al-in-ol temperature to the mantle Ty, the pressure corresponding to
the depth of crystallization of olivine is considered appropriate as the olivine-liquid equilibration pressure
(Matthews et al., 2016). In our calculation, the P; was set to 1.3 GPa, which is considered to be the crys-
tallization depth of most olivines in the Emeishan picrites (Tao et al., 2015). In addition, the T was set to
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1673 K to calculate the adiabatic gradient. The final estimated T;, of the mantle source of the Lijiang and
Dali picrites are 1,450°C and 1,592°C, respectively. Although the calculated T, has an associated uncertainty
that arises from factors such as the uncertainty in the source lithology (mineral proportion in the mantle
source, e.g., peridotite or pyroxenite), the estimated degree of partial melting (the melt fraction formula of
K. Putirka (2016) is based on melting experiments on peridotitic mantle), and the depth of the olivine-liquid
equilibration (Heinonen et al., 2015; Jennings et al., 2019; Matthews et al., 2016; K. D. Putirka et al., 2007).
However, it can be concluded that the Lijiang high-Ti picrites have both lower Al-in-ol temperatures and
lower melting degrees compared with the Dali low-Ti picrites, which indicate that the mantle temperature
beneath Lijiang was lower than that beneath Dali.

Our conclusion for T, beneath Lijiang differs from the previous studies which considered a high T,
(T, > 1,627°C) within the range of the Emeishan LIP (He et al., 2010; Z. C. Zhang et al., 2006). The high T,
obtained by previous studies are based mainly on the high MgO contents of the estimated primary magma,
and according to the empirical relationship between primary magma MgO and eruption temperature or
source temperature (Albarede, 1992; Herzberg, 2008; Herzberg & O'Hara, 2002; Nisbet et al., 1993). Using
these methods, the estimated MgO content of primary magma is decisive for the final T, results. The Li-
jiang high-Ti picrites have extremely high MgO contents compared with the picrites from other locations in
Emeishan LIP (e.g., average MgO = 27.4 wt.% of the Lijiang high-Ti picrites in this study), while the host
picrites of Dali melt inclusions have average MgO = 19.8 wt.% (Figure 2a). The estimated MgO content of
the primary magma of the Lijiang high-Ti picrites are also relatively high (22.4-22.9 wt.%) (He et al., 2010;
Z. C. Zhang et al., 2006). However, the highest MgO content of melt inclusions (after correction) in the
Lijiang high-Ti picrites is significantly lower than that of melt inclusions in the Dali picrites (17.9 and 21.9
wt.%, respectively; Figure 2b), and the calculated MgO contents of the primary magma of the Lijiang high-
Ti picrites are significantly lower than those of the Dali low-Ti picrites (Figures 2a and 2b). The method for
calculating the primary magma composition we used was adding equilibrium olivines in 0.1% increments
until the composition of melts was equilibriated with the most forsteritic olivine found in each area (Lijiang
Fopax = 91.6 mol% and Dali Fo,,,, = 93.5 mol%, more parameters are described in Table S8). Thus the Fo
content of the most forsteritic olivine is the main factor that dominates the result of our calculation. Using
a similar method, Hanski et al. (2010) calculated that the MgO content of the primary magma of the Lijiang
high-Ti picrites was lower than that of the Dali picrites. Since the MgO content of primary magma is gener-
ally related to the mantle T),, this result is consistent with our conclusion that the mantle T, beneath Lijiang
was lower than that beneath Dali.

In brief, the primary magma compositions of the Lijiang high-Ti picrites estimated by olivine-melt based
methods have large uncertainties, which stem from the inversion method used, the choice of the olivine-
liquid Mg-Fe exchange distribution coefficient (Kp), the FeOr content of the primary magma, and serious
contamination and accumulation of the whole-rock composition. Moreover, the olivine-melt based and
empirical thermometers used in the previous studies are based on melting experiments on anhydrous peri-
dotite, and therefore the uncertainties attached to the source lithology and the potential H,O content of the
mantle source are also factors that can lead to difference in estimated T,. If the mantle source was hydrous,
the crystallization temperature obtained from the Al-in-ol thermometer would be evidently lower than the
olivine-liquid equilibrium temperature estimated by the empirical methods.

5.5. A Comprehensive Petrogenetic Model for the Emeishan LIP

The spatial distribution of the basaltic and picritic rocks in the Emeishan LIP generally shows that both
low-Ti and high-Ti rocks are found in the inner zone of the LIP, whereas mostly high-Ti rocks are located
in the outer zone (Fan et al., 2008; Lai et al., 2012; Xiao et al., 2004; Y. G. Xu et al., 2001, 2004). Moreover,
basalts with extremely high Ti/Y in the Emeishan LIP have recently been discovered in western Guangxi
(Ti/Y = 761-2018, from X. J. Liu et al., 2016) and are thought to represent the peripheral expression of
magmatism of the Emeishan LIP. Another aspect of the distribution of low-Ti and high-Ti magmatic rocks
that has been addressed in previous studies is the stratigraphic (temporal) relationship between them. Y.
G. Xu et al. (2001) proposed that low-Ti magmatic rocks are confined to the lower parts of stratigraphic
columns, whereas high-Ti magmas are located in the upper parts, according to a stratigraphic study of the
Binchuan section. However, subsequent studies identified several cases where the low-Ti basalts overlie the
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high-Ti basalts (Qi & Zhou, 2008; Shellnutt, 2014; Y. G. Xu et al., 2003). In addition, the distribution of the
lithosphere-asthenosphere boundary (LAB) of the Emeishan LIP has been constrained by residual gravity
anomaly data (Deng et al., 2014, 2016). The thickness of the lithosphere beneath the Emeishan LIP gradu-
ally increases from the inner zone to the outer zone, reaching a maximum depth of ~160 km in the outer
zone (Deng et al., 2016).

On the basis of the geochemical characteristics of the studied melt inclusions and picrites, our new T}, es-
timation, and the spatial and temporal distributions of magmatism, we consider that the following mantle
plume model may systematically explain the evolution of low- and high-Ti magmatism. The high- and low-
Ti magmas were both derived from a mantle plume but with differences resulting from spatial-temporal
variations of the plume. When the thermal energy of the mantle plume was high, which corresponded to
the main stage of magmatism in the axis of the mantle plume, the higher mantle temperature would have
led to a higher degree of mantle melting and the resultant production of low-Ti/Y magma. At Dali, which is
located in the inner zone of the Emeishan LIP, the higher T, and thinner lithosphere mutually led to a high-
er melting degree of the Dali picrites. The extensive contamination of Dali magmas may also be consistent
with the early eruption of the axis of the hot mantle plume. Furthermore, the higher T, would also have led
to more extensive convective mixing, resulting in a comparatively homogeneous source for the Dali picrites
and melt inclusions.

However, a lower thermal energy of the mantle plume was likely associated with the waning stage of the
mantle plume or the periphery of the mantle plume. A lower T, would have resulted in a lower degree of
melting of the plume mantle and the generation of magma with higher Ti/Y ratios. We consider that the
Lijiang high-Ti picrites were derived from a waning stage of mantle plume near the plume axis. The lower
temperature of the mantle plume mainly led to lower melting degree of the Lijiang high-Ti picrites com-
pared with Dali. Also, compared with the contamination and recharge of magma at Dali during its evolu-
tion, the magma at Lijiang appears to have ascended to the surface more directly. The lower temperature for
Lijiang magmatism also caused a lower extent of convective mixing, meaning that melts with variable com-
positions from a heterogeneous mantle did not mix completely and could be captured by melt inclusions
enclosed in early formed olivine crystals. In addition, the occurrence of the low-Ti basalts overlying the
high-Ti basalts may imply that the variation in thermal energy of the plume mantle might have been char-
acterized by several magma pulses. In summary, on the basis of geochemical and thermodynamic aspects,
our study proposes that the Lijiang high-Ti picrites were derived from a mantle source with lower thermal
energy, and more generally suggesting that high-Ti magmas in the Emeishan LIP were derived from mantle
plume with lower thermal energy.

6. Conclusion

The major and trace element and isotope compositions of the Lijiang melt inclusions exhibit greater varia-
bility than their host whole-rock compositions, and an enriched component can be recognized. The mantle
source of the Lijiang high-Ti picrites was generated by the mixing of a FOZO-like depleted component and
an EM1-like enriched component. The trace element and Pb isotopic characteristics of the Lijiang picrites
and melt inclusions together suggest that an old recycled GLOSS II-like sediment component may play
an important role in the EM1-like composition in the Lijiang sources. Compared to the melt inclusion
compositions of the Dali, the Lijiang melt inclusions suggest a lower melting degree and absence of both
contamination and magma recharging during magmtic evolution. Moreover, the highly variable Pb isotopic
compositions of the Lijiang melt inclusions suggest that the mantle sources of the Lijiang picrites were
substantially more heterogeneous relative to the mantle sources of the Dali low-Ti picrites. Furthermore,
the Al-in-ol thermometer result shows that the olivines from the Lijiang picrites have lower maximum
crystallization temperature than those from the Dali, and the estimated T, for the Lijiang picrites is also
lower. Therefore, we think the Lijiang high-Ti picrites are derived from mantle plume with lower thermal
energy, corresponding to the waning stage of the near axis of the mantle plume. We argue that the spatial
and temporal variation in the thermal energy of the mantle plume was a key control on the geochemical
characteristics of mafic-ultramafic magmatism in the Emeishan LIP.
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