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Abstract

Olivine-hosted melt inclusions within lava retain important information regarding the lava’s primary magma compositions
and mantle sources. Thus, they can be used to infer the nature of the mantle sources of large igneous provinces, which is still
not well known and of the subject of debate. We have analysed the chemical compositions and Pb isotopic ratios of olivine-
hosted melt inclusions in the Dali picrites, Emeishan Large Igneous Province (LIP), SW China. These are the first in-situ Pb
isotope data measured for melt inclusions found in the Emeishan picrites and allow new constraints to be placed on the source
lithology of the Emeishan LIP. The melt inclusions show chemical compositional variations, spanning low-, intermediate- and
high-Ti compositions, while their host whole rocks are restricted to the intermediate-Ti compositions. Together with the rel-
atively constant Pb isotope ratios of the melt inclusions, the compositional variations suggest that the low-, intermediate- and
high-Ti melts were derived from compositionally similar sources. The geochemical characteristics of melt inclusions, their host
olivines, and whole-rocks from the Emeishan LIP indicate that Ca, Al, Mn, Yb, and Lu behave compatibly, and Ti, Rb, Sr,
Zr, and Nb behave incompatibly during partial melting, requiring a pyroxenite source for the Emeishin LIP. The wide range
of Ti contents in the melt inclusions and whole-rocks of the Emeishan basalts reflects different degrees of partial melting in the
pyroxenite source at different depths in the melting column. The Pb isotope compositions of the melt inclusions and the OIB-
like trace element compositions of the Emeishan basalts imply that mixing of a recycled ancient oceanic crust (EM1-like) com-
ponent with a peridotite component from the lower mantle (FOZO-like component) could have underwent solid-state reac-
tion, producing a secondary pyroxenite source that was subsequently partially melted to form the basalts. This new model of
pyroxenite melting could explain the geochemical variations among the low-, intermediate- and high-Ti basalts for the Emeis-
han LIP and challenges the prevailing belief that the source of the Emeishan basalts is peridotite.
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1. INTRODUCTION

Large igneous provinces (LIPs) are produced by some of
the largest known volcanic episodes on our planet. Most
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LIPs contain relatively evolved tholeiitic basalts, typically
having MgO contents <8 wt.%, and are either aphyric or
only slightly porphyritic with little phenocrysts (Philpotts
and Ague, 2009). However, geochemical mass balance cal-
culations indicate that olivine, plagioclase and augite are
primary phases of continental flood basalts (Philpotts and
Ague, 2009). If multiple saturation is due to minerals frac-
tionating at shallow depths, then what the primary magma
was, where the fractionation took place, and what the
lithology of the mantle source that can repeatedly supply
enormous volumes of magma need to be constrained. How-
ever, these parameters are still not well known and a subject
of debate.

The Emeishan LIP in SW China is one of the most sig-
nificant LIPs in the world as it comprises several world-
class giant V-Ti magnetite deposits and possesses some
Cu-Ni-(PGE) sulphide deposits (Fig. 1; Zhou et al., 2005,
2008; Song et al., 2008a; Wang et al., 2008; Zhang et al.,
2009). In addition, the Emeishan LIP is thought to be
one of the best examples of a LIP generated by a mantle
plume (e.g. Chung and Jahn, 1995; He et al., 2003; Xu
et al., 2004; Ali et al., 2010). Furthermore, the Emeishan
volcanism might have caused the end-Guadalupian mass
extinction (Stanley and Yang, 1994; He et al., 2007; Ali
et al., 2005; Wignall et al., 2009; Zhang et al., 2013;
Zhong et al., 2014). In the last few decades, numerous
petrological, geochemical, paleontological, paleomagnetic,
geophysical, geochronological, and mineral deposit studies
have been conducted on the Emeishan LIP.

Despite the breadth of understanding, there are still
many controversies concerning the compositions of the pri-
mary magmas, the lithology of their sources, and the melt-
ing processes in the sources. It has long been believed that
the source of the Emeishan basalts is peridotite, either from
a mantle plume or the sub-continental lithosphere (e.g. Xu
et al., 2001, 2007a; Xiao et al., 2004; Zhang et al., 2006;
Hanski et al., 2010; Ali et al., 2010). Kamenetsky et al.
(2012) suggested that the sources for the high-Ti and low-
Ti lavas are garnet pyroxenite and peridotite in the sub-
continental lithosphere mantle. Hou et al. (2013) inter-
preted that the Emeishan basalts originated from melts
derived from the Emeishan mantle plume and from eclogite
or pyroxenite in the lithospheric mantle.

Most of the previous petrological and geochemical stud-
ies on the Emeishan basalts are based on whole-rock com-
positions. Yet, whole-rocks are the final products resulting
from complex petrogenesis involving partial melting in the
mantle source, mixing of melts with different compositions
in the magmatic plumbing system, assimilation of crustal
materials in shallow magma chamber(s), and low tempera-
ture alteration. As a result specific source and primary
magma composition information are retained in only a
highly attenuated form or have completely disappeared
from the bulk-rock compositions (Sobolev, 1996; Sobolev
et al., 2000; Norman et al., 2002; Sun et al., 2003;
Ren et al., 2005; Kent, 2008; Paul et al., 2011;
Kamenetsky et al., 2012; Hong et al., 2013; Zhang et al.,
2013; Liu et al., 2015; Qian et al., 2015). In contrast, melt
inclusions ‘frozen’ in early crystallising high-Fo olivine phe-
nocrysts can provide a detailed record of the primary
magma compositions and their evolution in mafic lavas that
may not always be available in whole-rock compositions
(Sobolev, 1996; Sobolev et al., 2000; Danyushevsky et al.,
2000; Norman et al., 2002; Sun et al., 2003; Ren et al.,
2005; Kent, 2008; Hanski et al., 2010; Paul et al., 2011;
Kamenetsky et al., 2012). In this paper, we present the first
in-situ analysis of Pb isotopic ratios in olivine-hosted melt
inclusions, from the Emeishan LIP, selected from the Dali
picrites. These new data and the chemical compositions of
the melt inclusions and their host olivines are combined
with previously published melt inclusions from other
picrites within the Emeishan LIP and whole-rock data, to
better characterise the low-Ti and high-Ti lavas, estimate
the primary magma compositions of the high-Ti and low-
Ti type magmas, and explore their source lithology and
melting processes.

2. GEOLOGICAL BACKGROUND

The Emeishan flood basalts, widely regarded as a LIP,
cover >250,000 km2 of southwestern China, forming a
rhombic-shape province that includes parts of the Yunnan,
Sichuan and Guizhou provinces on the western margin of
the Yangtze craton (Fig. 1), and have a total volume of
>3 � 105 km3 (Coffin and Eldholm, 1994; Chung and
Jahn, 1995; Mahoney and Coffin, 1997; Chung et al.,
1998; Xu et al., 2001, 2004; Ali et al., 2005; Xu et al.,
2007b). They lie unconformably on limestones of the Early
Late Permian Maokou Formation and are overlain uncon-
formably in the east and west by sediments belonging to the
uppermost Permian and in the central part by upper Trias-
sic or Jurassic sediments (He et al., 2003). Liu and Zhu
(2009) summarised the radiometric ages of the Emeishan
LIP showing that the main phase of magmatism occurred
over a short period of time, from 263 to 260 Ma, peaking
at �260 Ma. The thickness of the lavas varies from over
5000 m in the west (Yunnan province) to several hundred
metres in the east (Guizhou province) (Chung et al., 1998;
Xu et al., 2001; Ali et al., 2005). More than 95% of the vol-
ume of the Emeishan LIP is tholeiitic basalts with 4–8 wt.%
MgO. Some picrites occur at various stratigraphic levels,
and mafic alkaline lavas occur at the base and trachytes
or rhyolites occur at the top of the sequence (Chung and
Jahn, 1995; Xiao et al., 2004; Song et al., 2008a). Intrusive
rocks include mafic and ultramafic dikes (Shellnutt et al.,
2008; Zi et al., 2008) and larger layered intrusions, some
of which host magmatic Ni-Cu sulphide and huge Fe-Ti-
V oxide ore deposits (Zhou et al., 2005, 2008; Song et al.,
2008a; Wang et al., 2008).

The Permian carbonates, which contain a record of the
Guadalupian mass extinction, provide a potential link
between the mass extinction and the Emeishan volcanism
(Lo et al., 2002; Wignall et al., 2009; Zhang et al., 2013).
Zhang et al. (2013) firstly studied S contents in melt inclu-
sions from the Emeishan picrites and proposed a scenario
in which large amounts of S were rapidly released into
the atmosphere by Emeishan volcanism. This may have
absorbed and reflected solar radiation, causing tempera-
tures to drop, eventually leading to a ‘volcanic winter’
and the end-Guadalupian mass extinction.
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Fig. 1. The Emeishan Large Igneous Province (LIP), showing the distribution of volcanic and intrusive rocks (after Kamenetsky et al., 2012).
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3. SAMPLES AND ANALYSES

3.1. Picritic lava samples

The picritic lavas mainly occur in the western part of
the Emeishan LIP and are found at Dali, Binchuan,
Yongsheng, and Lijiang (Fig. 1). The Dali picrites collected
in this study are from a road cut section ca. 20 km NE of
Dali (25�40023.900N; 100�2102300E), as reported by Hanski
et al. (2010).

Xu et al. (2001) and Xiao et al. (2004) divided the Emeis-
han basalts into two main types, low-Ti and high-Ti, based
on the Ti/Y ratios and TiO2 contents. Recently,
Kamenetsky et al. (2012) proposed low-Ti and high-Ti
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end-members, with an intermediate-Ti series that occur
widely across the Emeishan LIP and form a continuous
spectrum between the two end-members. They propose that
the Binchuan picrites (Ti/Y as low as 300) represent the
low-Ti end-member and the Yongsheng picrites with the
highest Ti/Y ratios (ca. 800) represent the high-Ti end-
member. The Dali and Lijiang picrites have intermediate
Ti/Y ratios (Dali: 360–395; Lijiang: 630–700).

The Dali picrites have MgO contents of 17–21.6 wt.%
(Li et al., 2014) and are highly porphyritic (up to �50 vol.
% phenocrysts). Phenocrysts include forsteritic olivine and
clinopyroxene. The olivine phenocrysts are generally euhe-
dral to subhedral and rarely embayed or partly resorbed.
Most olivines range from 0.7 to 1 mm in size, although
some are larger than 3 mm. Partial serpentinization has
occurred along cracks within the crystals and at olivine
margins. Some of the olivine phenocrysts are completely
replaced by serpentine, but many grains retain cores of
unaltered olivine, many of which contain scattered melt
and spinel inclusions. Most melt inclusions are spherical,
ranging from a few microns to tens of microns in diameter.
Melt inclusions contain glassy melt or microcrystalline
melt ± bubble ± Cr-spinel crystal (Fig. S1). The vapour
bubble could have been trapped with the inclusion (‘syn-
genetic’ vapour bubble) or formed upon cooling (‘shrinkage
bubble’) (Hauri, 2002). Spinel inclusions in the olivines are
equant, euhedral to rounded, opaque to dark red-brown in
colour, and range from a few microns to tens of microns
across. Cr-spinel is also present as isolated grains in the
groundmass. The groundmass surrounding the phenocrysts
consists principally of very fine-grained anhedral clinopy-
roxenes and dendritic plagioclase microlites.

In this study, we also consider previously published data
for melt inclusions and host olivines from the Binchuan,
Dali and Yongsheng picrites, which span the low-,
intermediate- and high-Ti compositions (Kamenetsky
et al., 2012; Zhang et al., 2013).

3.2. Olivine and melt inclusion analytical techniques

A total of 709 unaltered melt inclusion-bearing olivine
phenocrysts were selected from 16 Dali picrite samples
under a binocular microscope. To acquire high quality data
during analyses (e.g. using electron probe micro-analysis
(EPMA) and laser ablation multiple-collector inductively
coupled plasma mass spectrometry (LA-MC-ICP-MS)) of
the chemical and isotopic compositions, it is almost always
preferable to analyse a homogeneous glass rather than a
mixture of various crystalline phases (e.g. Danyushevsky
et al., 2002; Norman et al., 2002; Kent, 2008). The melt
inclusions were rehomogenized to glass by reheating and
quenching in a 1 atm furnace (e.g. Sobolev, 1996;
Danyushevsky et al., 2002; Hauri, 2002; Norman et al.,
2002; Ren et al., 2005; Kent, 2008; Hong et al., 2013;
Zhang et al., 2013, 2014; Liu et al., 2015, 2016; Qian
et al., 2015). The oxygen fugacity was maintained at the
quartz-fayalite-magnetite buffer using a CO2:H2 gas mix-
ture in the furnace. A platinum packet containing olivine
grains was lowered into the furnace tube over 10 min and
then held at 1250 �C for a further 10 min during which
the crystal-glass mixture melted. The platinum packet was
then rapidly raised back (within one second) to the top of
the furnace tube to achieve homogeneous glassy inclusions.
The reheated olivine grains were mounted on epoxy resin
disks and polished with silicon carbide and diamond pow-
der until the melt inclusions were exposed. All sample
preparation was performed at the State Key Laboratory
of Isotope Geochemistry, Guangzhou Institute of Geo-
chemistry, Chinese Academy of Sciences (GIGCAS). The
preparation procedures of melt inclusions were described
in Ren et al. (2005).

The chemical compositions of the melt inclusions and
olivines were analysed by EPMA using a JEOL JXA-8100
instrument at GIGCAS. To obtain precise data, we fol-
lowed the procedures described in Sobolev et al. (2007) to
analyse the melt inclusions. The accelerating voltage was
15 kV with a probe current of 2.0 � 10�8 A and a spot size
of 3 lm. The melt inclusions were analysed for Na, K, Si,
Al, Fe, Mg, Ca, Ti, Mn, and Ni. Because of the volatility
of Na, it was analysed first and fast to minimise its possible
loss during analysis. The analytical conditions of the
EPMA for the melt inclusions are given in Table 1. Olivine
analysis followed the procedures of Wang and Gaetani
(2008) using an accelerating voltage of 20 kV, a probe cur-
rent of 3.0 � 10�7 A and a spot size of 3 lm. Olivines were
analysed for Si, Fe, Mg, Ca, and Ni. The analytical condi-
tions of the EPMA of olivine are given in Table 1. In addi-
tion, to monitor instrumental drift, an internal glass
standard (JB-2, Ren et al., 2004, 2005) and an olivine (from
mantle peridotite xenolith, Hannuoba, Liu et al., 2015)
were analysed before and after each batch of analyses.
The external standard deviations (2r) for each element in
the monitoring standards are given in Table 1. One to three
points were analysed in each melt inclusion and olivine and
an average composition was calculated.

In-situ Pb isotope analysis of the melt inclusions was
performed using a Neptune plus MC-ICP-MS and
RESOlution M-50 laser ablation system. Zhang et al.
(2014) have developed an analytical protocol for in-situ

measurements of Pb isotopes in geological samples for spot
size greater than 40 lm. The method is applicable to the
analysis of Pb isotopes in melt inclusions which age correc-
tion for U-Th isotopic decay is required. We used spot sizes
of 45 lm, an energy of 80 mJ, attenuation value of 25%,
repetition rate of 3 Hz, and an integration time of 0.262 s
enabling ablation time to be lengthened for data acquisi-
tion. In addition, to enhance the signal intensities of the
Pb isotopes, Zhang et al. (2014) adopted a large dry inter-
face pump (100 m3 h�1 pumping speed), a Jet sample cone
and a X skimmer cone, and added nitrogen gas with a flow
rate of 2 ml/min. Standard-sample bracketing was
employed to correct for mass bias and instrumental drift.
The analysis routine employed eight ion counters to receive
238U, 235U, 232Th, 208Pb, 207Pb, 206Pb, 204Pb and 202Hg sig-
nals simultaneously, which allowed Hg interference to be
corrected on 204Pb, and, in old samples, U-Th decay to be
age-corrected (see Zhang et al., 2014). The international
basaltic glass standards NKT-1G and BHVO-2G that have
similar 208Pb intensities to the melt inclusions were selected
to externally correct for mass bias, and evaluate the accu-



Table 1
The analytical conditions of electron probe microanalysis, and the analytical precisions of major oxides for olivine and melt inclusion.

Elements Cryst Line Peak BG (+) BG (�) Oxides Analytical precision (wt%) (±2SD)

Olivine Olivine1

Si TAP Ka 90 90 0 SiO2 41.71 ± 0.17
Fe LIF Ka 90 90 0 FeO 9.43 ± 0.27
Mg TAP Ka 90 45 45 MgO 48.33 ± 0.29
Ca PETH Ka 120 60 60 CaO 0.043 ± 0.003
Ni LIF Ka 150 70 70 NiO 0.36 ± 0.034

Melt inclusion JB-2 glass2

Si TAP Ka 20 20 20 SiO2 53.57 ± 0.105
Ti LIF Ka 90 60 60 TiO2 1.20 ± 0.006
Al TAP Ka 20 20 20 Al2O3 14.78 ± 0.062
Fe LIF Ka 20 20 20 FeO 13.01 ± 0.122
Mn LIF Ka 180 100 100 MnO 0.22 ± 0.042
Mg TAP Ka 20 20 20 MgO 4.68 ± 0.039
Ca PETH Ka 20 20 20 CaO 9.97 ± 0.041
Na TAP Ka 10 5 5 Na2O 2.05 ± 0.026
K PETH Ka 10 5 5 K2O 0.42 ± 0.011
P PETH Ka 60 40 40 P2O5 0.10 ± 0.023
Ni LIF Ka 180 100 100 NiO 0.01 ± 0.013

Notes: Acceleration voltage for olivine and melt inclusion of 20 kV and 15 kV, and probe current for olivine and melt inclusion of
3.0 � 10�7 A and 2.0 � 10�8 A, respectively. Peak and background (BG) counting time in seconds. BG (+) and BG (�) are the back ground of
before and after element analysis, respectively. The analytical precisions for olivine and JB-2 glass monitor standard are given by mean
± standard deviation (2r, n = 140 for olivine and n = 160 for JB-2 glass). Olivine1 is from the Hannuoba mantle peridotite in China. JB-2
glass2 is the Japanese basalt standard.
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racy of the instrument prior to analysis. Before and after a
batch of five melt inclusion analyses, the internal standard
(BHVO-2G) was measured to monitor instrument drift.
The Pb content of the BHVO-2G glass is 1.7 ppm, similar
to that of the Emeishan melt inclusions (Zhang et al.,
2014). Because of the low relative abundance of 204Pb and
the isobaric interference from 204Hg, we present 207Pb/206Pb
and 208Pb/206Pb of the melt inclusions. The average
208Pb/206Pb and 207Pb/206Pb given by the internal standard
(BHVO-2G) as an unknown sample during the analysis of
the melt inclusions are 2.056 and 0.834, in good agreement
with the values recommended by Weis et al. (2005) (2.0524
and 0.8345, respectively). The external precisions are better
than 0.27% for 208Pb/206Pb and 0.30% for 207Pb/206Pb (2r,
n = 116), whereas the accuracies are better than 0.16% for
208Pb/206Pb and �0.10% for 207Pb/206Pb. Zhang et al.
(2014) presented the detailed procedure of Pb isotope
analysis of melt inclusions and the errors on the elemental
concentrations for international standards of NIST 614,
NKT-1G, TB-1G, NKT-1G, BHVO-2G.

4. RESULTS

4.1. Olivine compositions

The olivines from the Dali picrites analysed in this study
and Zhang et al. (2013) range from Fo80.2 to Fo93.2 (Fig. 2).
The Ca contents of the Dali olivines are similar to those of
olivines from the intermediate-Ti picrites and low-Ti
picrites, and higher than those of olivines from the high-
Ti picrites. The Ni contents of the Dali olivines overlap
those of the low-, intermediate- and high-Ti olivines
(Fig. 2). Olivine compositions are provided in Electronic
Appendix 1.

4.2. Melt inclusions

4.2.1. Chemical compositions

Melt inclusion compositions may be changed by crystal-
lization and/or equilibration after entrapment
(Danyushevsky et al., 2000, 2002; Kent, 2008). These
changes are caused by crystallization of the host mineral
on the inclusion walls or the crystallization of other daugh-
ter phases, and such processes have been experimentally
reversed by remelting and homogenizing melt inclusions.
In addition, olivine-hosted melt inclusions can re-
equilibrate with their host olivine (Danyushevsky et al.,
2000). This re-equilibration process, called ‘‘Fe-loss”
mostly results in significantly higher MgO and lower FeOT

contents within the olivine-hosted melt inclusions
(Danyushevsky et al., 2000), and cannot be reversed exper-
imentally. The compositions of the olivine-hosted Emeis-
han melt inclusions have been corrected to account for
Fe-loss, applying the widely accepted method of
Danyushevsky et al. (2000), and were recalculated to be
in equilibrium with the host olivine following the model
of Ford et al. (1983) with the PETROLOG software
(Danyushevsky and Plechov, 2011). This calculation
requires an independent estimate of the initial trapped melt
FeOT content, which in most cases can be estimated from
the FeOT fractionation trend of the whole-rock samples
(Danyushevsky et al., 2000, 2002). According to the FeOT

fractionation trend of the Dali picrite whole-rocks,
10.8 wt.% was set as the FeOT content in the initial trapped
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melt (e.g. Zhang et al., 2013). The corrected melt composi-
tions are listed in Electronic Appendix 2.

Almost all of the melt inclusions from the Dali picrites
analysed in this study and by Zhang et al. (2013) are tholei-
itic, with a corrected compositional range from 6.7 to
21.2 wt.% MgO and from 42.5 to 53.6 wt.% SiO2. Only a
few melt inclusions are basaltic-andesitic, alkali-basaltic,
picrobasaltic or alkalic-picrobasaltic (Fig. 3). In melt inclu-
sions with MgO >� 10 wt.%, CaO and other oxides
increase with decreasing MgO (Fig. 4), indicating fraction-
ation of olivine. Between 10 and 7 wt.% MgO, CaO
decreases and Al2O3 increases with decreasing MgO, which
indicate that clinopyroxene starts fractionating without pla-
gioclase. To avoid the effect of mineral fractionation other
than olivine, we only use inclusions with MgO > 10 wt.%.
At MgO > 10 wt.%, the TiO2 contents of the Dali melt
inclusions are similar to the intermediate-Ti melt inclusions.
Some of the Dali melt inclusions overlap the fields of low-Ti
or high-Ti melt inclusions (Fig. 4). The Al2O3 contents in
the Dali melt inclusions are higher than those high-Ti melt
inclusions and cover the fields of intermediate- and low-Ti
melt inclusions. The melt inclusions also have a wide range
of CaO contents at a given MgO content, overlapping
the fields of low-Ti and high-Ti melt inclusions. The
TiO2/Al2O3 ratios of the Dali melt inclusions show a large
variation, spanning the low-, intermediate- and high-Ti
compositions (Fig. 5b). In spite of large variations in the
Dali melt inclusions, the averaged melt inclusion composi-
tions (e.g. TiO2/Al2O3) are close to those of whole rocks
(Fig. 5a). There is a good correlation between Ti/Y and
TiO2/Al2O3 ratios in the melt inclusions and whole rocks
from the Emeishan picrites (Fig. 5b). Thus we could use
TiO2/Al2O3 ratio to characterise the low-, intermediate-
and high-Ti lavas for the Emeishan LIP. Kamenetsky
et al. (2012) also found that there are good correlations
between Ti/Y with other trace element ratios (such as
(Gd/Yb)n, Fig. 3 of Kamenetsky et al., 2012). Therefore,
TiO2/Al2O3 ratio is a favourable parameter to reflect the
trace element characteristics of the Emeishan lavas.

4.2.2. Pb isotopes

The lead isotope data of 240 olivine-hosted melt inclu-
sions from 12 Dali picrites are listed in Electronic Appendix
3 and are shown in Fig. 6. The measured 238U/206Pb and
232Th/206Pb are 0.1927–1.3334 and 0.8334–5.0304, respec-
tively. The 208Pb/206Pb values vary from 2.028 to 2.101 with
a mean value and a standard deviation (SD) of 2.067 and
0.014, respectively; the 207Pb/206Pb vary from 0.807 to
0.843, with a mean value and a standard deviation of
0.821 and 0.007, respectively (Fig. 6a). After U-Th correc-
tion (260 Ma), the 208Pb/206Pb and 207Pb/206Pb of the Dali
melt inclusions have a narrower range from 2.061–2.118
and 0.833–0.862 with mean values of 2.091 (±0.010, 1SD)
and 0.844 (±0.005, 1SD), respectively (Fig. 6a). The age-
corrected Pb isotope ratios of the Dali melt inclusions plot
in the field defined by the Emeishan tholeiitic whole-rock
samples, but they show limited variation compared to the
whole-rocks. The Pb isotopic compositions of the Dali melt
inclusions fall within the field defined by the Ontong Java
Plateau (OJP) tholeiitic basalts but with less variation.
The Pb isotope compositions of the Dali melt inclusions
are different from the Wrangellia high- and low-Ti basalts
(Fig. 6b). The Wrangellia LIP, once existed as an oceanic
plateau, has accreted to the western North American
(Jones et al., 1977). The Pb isotope data of the Dali melt
inclusions define an elongated array that extends between
EM1 and FOZO components, with a few plotting in the
Pacific MORB field. 208Pb/206Pb and 207Pb/206Pb of the
Dali melt inclusions are relatively constant and show no
correlation with Fo contents of the host olivine phenocrysts
(Fig. 7a and b). The Pb isotope ratios also do not correlate
with TiO2 contents (Fig. 7e and f) or TiO2/Al2O3 (Fig. 7g
and h), despite TiO2 and TiO2/Al2O3 of the Dali melt inclu-
sions spanning the entire range exhibited by the low-TiO2

and high-TiO2 Emeishan picrites. Even though there is a
large variation of the MgO and SiO2 in the melt inclusions,
we suggest that crustal contamination plays a minor role
and the Pb isotope compositions in the melt inclusions
are primary (Fig. 7c and d). This new finding is consistent
with the observation that the low-Ti and high-Ti Emeishan
picrites are similar to each other in Sr-Nd isotope composi-
tions (Kamenetsky et al., 2012). This implies that the low-,
intermediate- and high-Ti magmas were derived from com-
positionally similar sources.

5. DISCUSSION

5.1. Genetic relationship between the olivine-hosted melt

inclusions and the Dali picrites

The olivine-hosted melt inclusions from the Dali picrites
show a large compositional diversity ranging from low-,
intermediate- and high-Ti compositions (Figs. 4 and 5).
The origin of the Dali melt inclusions and their host olivines
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should be understood before further discussion on the pet-
rogenesis of the Emeishan basalts. We believe that the Dali
melt inclusions and their host olivine phenocrysts are genet-
ically related to the Dali picrites. The reasons are as follows:
(1) The well-preserved primary melt inclusions randomly
distributed in olivines (Fig. S1) from the Dali picrites indi-
cates that the studied olivines all crystallized from a magma
rather than being mantle-derived xenocrysts. (2) Typical
poikilitic texture, in which large clinopyroxenes envelop
euhedral olivines, can be observed in the thin sections from
the Dali picrites. In addition, we observed that fresh
olivines are generally euhedral to subhedral and contain
Cr-spinel inclusions under microscope. These textures indi-
cate magmatic genesis of these olivines. (3) The olivines in
the Dali picrites have high CaO contents (>0.24 wt.%,
Fig. 2), while CaO contents in olivines from the mantle
peridotites (e.g. Thompson and Gibson, 2000; Ren et al.,
2004; Putirka et al., 2007) and mafic-ultramafic accumulate
intrusions (Charlier et al., 2011; Yudovskaya et al., 2013;
Wang et al., 2014) are usually less than 0.2 wt.%. So the
xenocrysts origin of these olivines could be excluded. (4)
The compositions of the Dali melt inclusions define the
same compositional trends with the whole rocks from the
Emeishan picrites (Fig. 4). In addition, despite the large
variation of TiO2/Al2O3 ratios in the Dali melt inclusions,
the averaged TiO2/Al2O3 ratios closely correspond with
those of the Dali whole rocks (Fig. 5a). The similarity
between the averaged melt inclusion compositions and the
whole-rock compositions is not the case in the Dali picrites
and in the low-Ti and high-Ti picrites from the Emeishan
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LIP only, but seems to be a ubiquitous phenomenon found
in mid-ocean ridge basalts (e.g. Sobolev, 1996; Kamenetsky
et al., 1997; Sours-Page et al., 1999) and continental flood
basalts (e.g. Kent et al., 2002; Slater et al., 2001;
Maclennan, 2008). Numerous studies on olivine-hosted
melt inclusions indicate that erupted lava compositions rep-
resent blended mixtures of a number of different melt com-
positions, whereas melt inclusions sample this diversity and
protect trapped melts from subsequent mixing and blending
(e.g. Sobolev and Shimizu, 1993; Nielsen et al., 1995, 2000;
Sobolev, 1996; Kent et al., 1999, 2002; Slater et al., 2001;
Norman et al., 2002; Maclennan, 2008; Ren et al., 2005;
Paul et al., 2011; Hong et al., 2013; Liu et al., 2015; Qian
et al., 2015). Melt inclusions can be considered as the
unmixed (or less-mixed) equivalents of erupted lavas
(Sobolev, 1996; Norman et al., 2002; Saal et al., 1998,
2005; Ren et al., 2005; Kent, 2008; Liu et al., 2015). (5)
As suggested by Shellnutt et al. (2015), remelting of pre-
existing mafic/ultramafic bodies in the lower crust might
be a mechanism producing some Emeishan basalts. If the
olivines containing melt inclusions of the Dali picrites have
different origins (e.g. some of olivines in the Dali picrites
might be derived from crystallizing in melts from remelting
of pre-existing mafic/ultramafic bodies in the lower crust
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and/or derived from capturing olivines from pre-existing
ultramafic bodies), the Pb isotope compositions of the
olivine-hosted melt inclusions are expected to be heteroge-
neous. However, the opposite phenomenon is observed.
The Pb isotope compositions in the Dali melt inclusions
show limited variation and are relatively homogenous
(Fig. 6). Also, the Pb isotope compositions have no correla-
tion with Fo contents of the host olivine phenocrysts and
the MgO and SiO2 contents in the melt inclusions
(Fig. 7), implying that the melt inclusions are not derived
from melts that were from remelting of pre-existing mafic/
ultramafic bodies in the lower crust and/or derived from
capturing olivines from pre-existing ultramafic bodies. Fur-
thermore, almost all the Dali melt inclusions (>98%) have
high MgO contents above 8 wt.%, that unrealistic high
degrees of partial melting of the lower crust rocks are
needed to form these high MgO magmas (see Fig. 6 of
Shellnutt et al., 2015).

In summary, the Dali melt inclusions and their host oli-
vine phenocrysts are genetically related to the Dali picrites.
The Dali picrites can be explained to be the aggregation of a
range of diverse melts sampled by the Dali melt inclusions
approximately the same as its contribution to the host
picrites. The Dali melt inclusions, which have a large com-
positional diversity spanning from low-, intermediate- and
high-Ti compositions (Figs. 4 and 5), represent diverse
unmixed or less mixed melts that aggregate and mix subse-
quently in deep magma chamber(s) or channels to produce
the Dali picrites and that should also contribute to the
whole Emeishan basalts. Thus, the Dali melt inclusion com-
positions can be used to constrain on the origin of the
Emeishan basalts.

5.2. Primary magmas of low-, intermediate- and high-Ti

lavas

There have been many estimates of the primary magma
compositions of Emeishan picrites (Xu and Chung, 2001;
Hanski et al., 2004; Zhang et al., 2006; Ali et al., 2010).
Xu and Chung (2001) estimated that the primary magma
compositions of the picrites range between 16 and 18 wt.
% MgO. Using the highest Fo content of olivine
(93.5 mol%) found in the Dali picrites, Hanski et al.
(2010) suggested that the primary magmas of the Dali
picrites had an MgO content of �23 wt.%. On the basis
of the highest Fo content of olivine (91.6 mol.%) from the
picrites in the Lijiang area, Zhang et al. (2006) estimated
their primary magma contain 22 wt.% MgO.

Most of these previous estimates of the primary magma
were based on whole-rock compositions of mafic lavas in
equilibrium with the composition of the highest Fo content
of olivine found in the lavas. However, whole-rock compo-
sitions might be affected by magma mixing, contamination
from wall rocks and post-magmatic alteration. Indeed, the
Emeishan lavas have been extensively affected by low tem-
perature alteration (e.g. Fig. 8). Also they have been exten-
sively contaminated by felsic crust (Fig. 9).

Some of the estimates are based on the assumption that
the primary magma is in equilibrium with peridotite in
the source; if this assumption is invalid, and the source is
something else, such as pyroxenite, the estimates are unre-
liable. The best estimates of primary magma composition
come from early crystallising high-Fo olivine-hosted melt
inclusions because they represent more primitive magma
compositions prior to extensive magma mixing and provide
a higher resolution of the magmatic processes than whole-
rocks (e.g. Sobolev, 1996; Danyushevsky et al., 2000,
2002; Hauri, 2002; Norman et al., 2002; Sun et al., 2003;
Ren et al., 2005; Kent, 2008; Kamenetsky et al., 2012;
Zhang et al., 2013; Liu et al., 2015). In addition, using melt
inclusions to estimate primary magmas may minimise the
compositional effects caused by post-magmatic processes.
Here, we used the compositions of the melt inclusions from
the Dali picrites and from the other Emeishan picrites
involving low-, intermediate- and high-Ti groups to esti-
mate the primary magma compositions of the low-,
intermediate- and high-Ti magmas. Only corrected melt
inclusion data with MgO > 10 wt.% were used in the calcu-
lation. The selected major element data of the melt inclu-
sions were adjusted to a constant Fe2+/Fetotal ratio of 0.9
along the QFM buffer, and then olivine was added in
0.1 wt.% increments until the melt inclusion composition
was in equilibrium with Fo93.5, the most forsteritic olivine
found in the Emeishan picrites (Hanski et al., 2010). The
calculated primary magma compositions of the low-,
intermediate- and high-Ti magma types (Electronic Appen-
dix 3) show systematic compositional variations (Fig. 10).
This variations indicate that melt inclusion compositions
in equilibrium with a certain olivine composition (Fo93.5)
are not uniform in composition, implying that the primary
magmas have a wide range of compositional variation. The
calculation of the primary magmas using other Fo contents
does not affect our subsequent conclusions, but it is useful
to correct for the effects of olivine fractionation and to eval-
uate the compositional characteristics of different types of
magmas (e.g. Hauri, 1996; Frey et al., 2000). The calculated
results indicate that the low-, intermediate- and high-Ti pri-
mary magmas have MgO contents ranging from 14.5–18.1,
18.1–21.8, and 19.6–23.2 wt.%, respectively (Fig. 10,
Electronic Appendix 3). The low-Ti primary magmas have
higher SiO2, Al2O3, CaO, MnO, and Na2O contents and
lower MgO contents than those of the high-Ti primary
magmas (Fig. 10). The major element compositions of the
intermediate-Ti primary magmas (including the Dali pri-
mary magma) are between those of the low- and high-Ti
primary magmas.

Hou et al. (2011) reappraised the classification of the
low-Ti and high-Ti Emeishan basalts and suggested that
the differences between the low-Ti and high-Ti types are
results from mineral fractionation. However, the composi-
tional diversity between the low-, intermediate- and
high-Ti primary magmas cannot be explained by mineral
fractionation. Furthermore, for a given Fo content, olivine
compositions from the high-Ti picrites are consistently
lower in Mn and Ca and higher in Fe/Mn and Ni compared
to those of olivines from the low-Ti picrites (Fig. 2). This
also reflects that the different magma types, from which dif-
ferent types of olivine crystallized, evolved from different
parental magmas.
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5.3. Source mineralogy and lithology

It has long been advocated that peridotite was the
source of the Emeishan basalts, occurring either in mantle
plume or sub-continental lithosphere peridotite (Xu et al.,
2001, 2004, 2007b; Xiao et al., 2004; Zhang et al., 2006;
Hanski et al., 2010; Kamenetsky et al., 2012). Xu et al.
(2001, 2004), on the basis of spatial distribution of the
low-Ti and high-Ti basalts and their different age-
corrected 87Sr/86Sr and 143Nd/144Nd ratios, proposed that
the low-Ti magmas were derived from a higher degree of
partial melting in the central part of a spinel-peridotite
plume source at shallower depth, whereas the high-Ti mag-
mas were derived from a lower degree of melting of the
mantle peridotite source at the plume margin at greater
depth. Xiao et al. (2004) indicated that the low-Ti type
magmas are formed from the enriched sub-continental
lithospheric mantle (SCLM), whereas the high-Ti magmas
originated from a plume source at deeper depth. Xu et al.
(2007a) analysed Os isotopic compositions in 21 Emeishan
low-Ti and high-Ti basalts, and concluded that the low-Ti
basalts with higher Os concentrations have a radiogenic
Os isotopic compositions, similar to that of plume-derived
OIB, whereas the high-Ti basalts with higher Os concentra-
tions have unradiogenic Os isotopic signatures, suggesting a
contribution from subcontinental lithospheric mantle to the
source. Kamenetsky et al. (2012) suggested that peridotite
and garnet pyroxenite in the sub-continental lithospheric
mantle are responsible for the source of the low-Ti and
high-Ti magmas, respectively. However, Zhang et al.
(2006, 2008, 2009) analysed Nd, Pb, and Sr isotope ratios
of mafic rocks from the Lijiang, Daju picrites and clinopy-
roxenes from the Panzhihua (high-Ti), Xinjie (high-Ti),
Limahe (low-Ti) intrusions from the Emeishan LIP and
concluded that there are no correlations between isotopic
ratios and Ti/Y of the Emeishan mafic rocks.

Previously published isotopic data of the basalts from
the Emeishan LIP (Fig. 12) show huge variations; the
ranges of Sr, Nd, Pb isotopes are far greater than those
of tholeiitic basalts from the Hawaiian shield, OJP and
Wrangellia Plateau. There are no correlations between
Ti/Y ratios and the Sr, Nd, and Pb isotope compositions
of the Emeishan basalts (Fig. 12), consistent with the con-
clusion of Kamenetsky et al. (2012) (Fig. 11 of
Kamenetsky et al., 2012). As stated above, the Emeishan
basalts have been widely affected by low temperature alter-
ation (e.g. Fig. 8) and contamination by felsic crust (Fig. 9).
The Sr, Nd isotopic ratios of the Emeishan basalts show a
trend towards the continental crust (Fig. 12), also indicat-
ing that they have been contaminated by continental crust.
Considering the alteration and contamination effects, the
age-corrected isotopes of the whole-rocks may not repre-
sent the real or primary mantle source isotopic composi-
tions at the time of their eruption. In-situ Pb isotopic
analyses in the unaltered olivine-hosted melt inclusions
from the Dali picrites analysed in this study will be far more
reliable. The Pb isotopic compositions of the Dali melt
inclusions show no correlation with the Fo contents of
the host olivine phenocrysts (Fig. 7a and b). Together with
the large variations of the MgO and SiO2 in the melt
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inclusions, these observations imply that the compositions
of the melt inclusions are not affected by crustal contamina-
tion (Fig. 7c and d). Despite TiO2 and TiO2/Al2O3 of the
Dali melt inclusions spanning from the low-,
intermediate- to the high-Ti Emeishan melt inclusions
(Figs. 4 and 7), the Pb isotopic ratios show an even nar-
rower range than the OJP tholeiites. The OJP, world’s lar-
gest oceanic plateau, has a narrow range of Nd-Sr-Pb-Hf
(Mahoney, 1987; Mahoney et al., 1993a,b; Tejada et al.,
1996, 2002, 2004, 2013), which is unique among LIPs, sug-
gesting a relatively homogeneous mantle source (Tejada
et al., 2004). The relatively constant Pb isotope composi-
tions of the Dali melt inclusions, together with the similar
isotope compositions from the low-Ti and high-Ti Emeis-
han picrites (Kamenetsky et al., 2012) and the very similar
trace element patterns in the alteration-resistant clinopy-
roxene phenocrysts from the low-, intermediate- and high-
Ti Emeishan picrites (Kamenetsky et al., 2012), imply that
the compositional diversity of the low-, intermediate- and
high-Ti lavas reflects various degrees of melting of a rela-
tively homogeneous source rather than heterogeneous
sources. The field defined by the 207Pb/206Pb and 208Pb/206-
Pb ratios of the Wrangellia Plateau is remarkably different
from that defined by the Dali inclusions (Fig. 6), implying
that the Wrangellia Plateau and Emeishan LIP have differ-
ent sources.

The compositions of the primary magmas for the low-,
intermediate- and high-Ti lavas (Fig. 10) can be used to
evaluate the residual mineralogy of the source. The CaO
content in the primary magmas slightly increases with
decreasing TiO2 content (Fig. 13a), implying residual
clinopyroxene in the source. This is because TiO2 is incom-
patible and it decreases with increasing degrees of melting
of pyroxenite and peridotite (Walter, 1998; Kogiso et al.,
1998, 2003, 2004), whereas CaO is buffered by residual
clinopyroxene (e.g. Ren et al., 2004). CaO is more likely
to behave compatibly during partial melting of a
clinopyroxene-rich source (Yasuda et al., 1994; Kogiso
et al., 1998), because Ca is compatible in clinopyroxene (DCa-
Cpx = 1.82–1.95, Pertermann and Hirschmann, 2002). In
contrast, CaO is extremely incompatible in peridotite
(Walter, 1998) and thus should decrease dramatically in
melts of peridotite with increasing degrees of melting,
resulting in negative correlations between CaO and TiO2.
Nearly constant CaO/Al2O3 with decreasing TiO2 content
(Fig. 13d) implies that a clinopyroxene-rich source controls
the Emeishan primary magma compositions. CaO/Al2O3

will decrease rapidly with increasing degree of melting of
the peridotite (e.g. Walter, 1998).

The compositions of the primary magmas also suggest
that garnet was a major residual phase. Al2O3 shows
slightly negative correlation with TiO2 in the primary
magma compositions (Fig. 13b), which can be attributed
to buffering of Al by residual garnet. TiO2 decreases with
increasing degrees of melting, whereas Al2O3 slightly
increases because it is more likely to be compatible during
partial melting of a garnet-rich source (e.g. Ren et al.,
2004).

In summary, the primary magma compositions esti-
mated from the melt inclusion compositions suggest that
the source lithology for the Emeishan lavas is garnet-rich
pyroxenite.

5.4. Melting processes in the source

As discussed above, the Emeishan lavas were derived
from a relatively homogeneous pyroxenite source rather
than heterogeneous sources. A number of experimental
results indicate that pyroxenite could generate picritic melts
(Kogiso et al., 1998, 2003; Takahashi and Nakajima, 2002;
Sobolev et al., 2005; Tuff et al., 2005; Herzberg, 2006). The
compositional variation of the low-, intermediate- and
high-Ti primary magmas reflect the diversity in degrees of
partial melting.

Titanium is incompatible during the partial melting of
pyroxenite, and low degree partial melts will have higher
Ti contents (Kogiso et al., 2003, 2004). In addition, the high
Al2O3 and CaO contents in the low-Ti melt inclusions
(Fig. 4c and e) also suggest that they were derived from
high degrees of melting of a pyroxenite source, which can
release Ca from garnet and clinopyroxene and Al from gar-
net, resulting in higher CaO and Al2O3 contents in the melts
(Kogiso et al., 1998; Ren et al., 2004; Herzberg, 2011).
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On the other hand, the MgO contents in the melts are
sensitive to pressure during the partial melting of pyroxen-
ite (Kogiso et al., 2003, 2004); higher MgO contents are
expected in melts derived from partial melting at higher
pressures (see Fig. 2 of Kogiso et al., 1998). It is possible
that the MgO (also FeOT) contents of melt derived from
lower degrees of melting at higher pressure may be higher
than that of melt derived from higher degrees of melting
at lower pressure of the same pyroxenite source (see Table 3
of Kogiso et al., 1998). Thus, the higher TiO2, MgO and
lower SiO2, Al2O3, CaO, in the high-Ti primary magmas
compared to those of the low-Ti primary magmas imply
that the high-Ti magmas were generated by lower degrees
of melting at greater depth than the low-Ti magmas.

The greater enrichment of incompatible trace elements
(e.g. Rb, Sr, Zr, and Nb) in the high-Ti lavas than those
in the low-Ti lavas (Fig. 11) is also consistent with the
former being generated by lower degrees of partial melting.
The higher Yb and Lu abundances in the low-Ti lavas
(Fig. 11) imply that the low-Ti lavas were derived from
higher degrees of partial melting because Yb and Lu are
compatible in garnet. Therefore, high degrees of melting
of a garnet-rich source will release Yb and Lu.

Olivines from the low-Ti Emeishan picrites have higher
Ca and Mn contents and Fe/Mn than those of the high-
Ti olivines from the Emeishan picrites (Fig. 2,
Kamenetsky et al., 2012), which mirror those of melt inclu-
sions. Sobolev et al. (2007, 2008) proposed a method that
allows the quantitative reconstruction of the amount of
the pyroxenite component in the peridotite mantle. This
method is based on the coherent variations of Ni and Mn
in olivine phenocrysts, reflecting the relative contributions
of the pure peridotite mantle and the pyroxenite component
(Sobolev et al., 2007, 2008; Gurenko et al., 2010).
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Kamenetsky et al. (2012) calculated the proportion of the
pyroxenite component in the peridotite source for the
Emeishan magmas using the method of Sobolev et al.
(2008) and Gurenko et al. (2010). The result shows that
the mantle sources for the intermediate-Ti magma and
high-Ti magma have 21% and 47% of a garnet pyroxenite
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component, respectively. If the diversity in Ni, Mn contents
in olivines, as suggested by Kamenetsky et al. (2012),
reflects the proportion of pyroxenite component in the peri-
dotite source, then a correlation between Ti2O/Al2O3 ratios
and Pb isotopic ratios in melt inclusions from their host
olivines is expected, because the incompatibilities of Al
for pyroxenite-melt and peridotite-melt are very different,
and pyroxenite and peridotite are expected to have different
Pb isotope compositions. However, we observed that the
TiO2/Al2O3 ratios of the Dali melt inclusions, spanning
from the low-, intermediate- to the high-Ti compositions,
do not correlate with Pb isotopic ratios (Fig. 7g and h).
As discussed before, the compositional diversity of the
low-, intermediate- and high-Ti magmas reflects various
degrees of melting of a relatively homogeneous source
rather than heterogeneous sources.

Nickel partitioning between olivine and melt depends on
temperature, pressure, and compositions of the melt. In
particular, DNi

Ol/L decreases with increasing MgO content
of the melt (Jones, 1984; Beattie et al., 1991). As stated
before, the partial melt generated at higher pressure is char-
acterised by higher MgO contents, and then DNi

Ol/L will
become lower. As a result, the high-Ti (high-pressure) melts
will be expected to have higher Ni contents and low-Ti
(low-pressure) melts will have lower Ni contents. Therefore,
in the shallower magma chamber(s), olivines crystallized
from the high-Ti melts would have higher Ni contents,
and that crystallized from the low-Ti melts will have lower
Ni contents at a given Fo content. This is consistent with
the Ni contents observed in the high-Ti and low-Ti Emeis-
han picrites (Fig. 2c).

The higher Ca and Mn contents in the low-Ti than high-
Ti olivines (Fig. 2) also suggest that they were derived from
high-degree melts of a pyroxenite source. High degree melt-
ing of a garnet-rich pyroxenite can release Ca and Mn from
clinopyroxene and garnet resulting in higher CaO and MnO
contents in the melts (Kogiso et al., 1998; Herzberg, 2011).

In summary, as many elements (e.g. Ca, Mn, Al, Yb,
and Lu) behave differently during the partial melting of
pyroxenite compared to how they would behave during
the partial melting of peridotite, the model of melting pro-
cesses in the Emeishan mantle source proposed here is dif-
ferent from the previous models that are based on melting
processes in a peridotite source.

5.5. The origin of the source

The linear arrays of the Pb isotope ratios in the Dali
melt inclusions may reflect the results of simple mixing of
two mantle components, EM1 and FOZO (Fig. 6). The
EM1 component is interpreted to be derived from ancient
recycled oceanic crust that includes a small amount of pela-
gic sediment (e.g., Weaver, 1991; Hauri, 1996; Hofmann,
1997; Lassiter and Hauri, 1998; Blichert-Toft et al., 1999;
Stracke et al., 2003). FOZO is a common component from
the lower mantle that may be the high 3He/4He mantle
reservoir (Hart et al., 1992). Similar mantle component ter-
med the ‘common mantle source’ (C) and high 3He/4He
mantle component ‘‘PHEM” were proposed by Hanan
and Graham (1996) and Farley et al. (1992), respectively.
FOZO component represents the common, possibly fed
from the deep, lower mantle sampled by many OIBs
(Hart et al., 1992; Lee et al., 2010). The result of the iso-
topic mixing modelling (Fig. 14) shows that the Pb isotopic
variation of the melt inclusions could be generated by mix-
ing of different proportions of a recycled ancient oceanic
crust component (EM1-like, 10–30%) and a peridotite
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component from the lower mantle (FOZO-like component,
70–90%). In addition, most of the Pb isotopic ratios, could
be produced by addition of �15–20% recycled ancient ocea-
nic crust to the peridotite matrix. The Pb isotope composi-
tions of the Dali melt inclusions, which spanning the
Emeishan low-, intermediate- and high-Ti basalts, are bet-
ter to be explained, at present, to be derived from a mixed
source; an EM1-like component from recycled oceanic
crust plus pelagic sediment, and a FOZO-like component
in the form of peridotite from the lower mantle. The trace
element characteristics of the Emeishan lavas also support
the presence of a recycled oceanic crust component in the
Emeishan mantle source. The abundances of immobile
trace elements, such as Zr and Nb, are similar to those in
OIB but distinct from those in normal MORB (Ali et al.,
2010). Ali et al. (2010) calculated the ranges of the Zr con-
tents in the primary Emeishan magma compositions and
indicated that the Emeishan mantle source must have been
enriched, possibly by the addition of recycled oceanic crust.

The CMAS projection of the Dali primary magmas
(Fig. 15) shows that almost all the low-, intermediate- and
high-Ti primary magmas are nepheline-normative, falling
above the Fo-An join. Additionally, all primary magma
compositions fall on the silica-poor side of the En-CaTs
join in the Fo-Qtz-CaTs pseudoternary, indicating that a
mantle source component that falls on the silica-poor side
of the thermal divide was involved in the generation of
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the Emeishan basalts (Kogiso et al., 2004; Jackson and
Dasgupta, 2008). Fig. 15 also shows that the Emeishan
source is different from the HIMU and Hawaii sources,
which are SiO2-poor and SiO2-rich, respectively. Based on
Fig. 15, we speculate that although the Emeishan mantle
source and the Hawaii mantle source are pyroxenite and
both sources include a recycled oceanic crust component,
there is a lower proportion of recycled oceanic crust
component and a higher proportion of silica-poor and
high-magnesian pyroxenite in the Emeishan source. The
differences between the low-Ti and high-Ti primary mag-
mas in the CMAS projections reflect the differences in the
compositions of the low-Ti and high-Ti primary magmas,
with the latter having higher MgO and FeOT contents. This
is a result of different melting processes in the similar
Emeishan mantle sources of the various magma types.

5.6. The origin of the low-Ti and high-Ti magmas and

Emeishan mantle plume

The origin of the Emeishan flood basalts has been widely
attributed to a mantle plume (Chung and Jahn, 1995; He
et al., 2003; Xu et al., 2004; Zhang et al., 2006; Fan et al.,
2008; Song et al., 2008b; Ali et al., 2010; Li et al., 2010,
2014). On the basis of the above observations and discus-
sions, we propose a new Emeishan mantle plume model
that can explain the geochemical differences of the low-,
intermediate- and high-Ti lavas. Our melt inclusion data,
together with previous geochemical data, imply that ancient
recycled oceanic crust and sediment contributed to a
relatively homogeneous pyroxenite source. The ancient
recycled oceanic crust and sediment, and surrounding peri-
dotite matrix could have been stirred and well-mixed and
underwent solid-state reaction (e.g. Herzberg, 2011)
throughout the convective cycle involving the plume head,
to create a secondary pyroxenite source, or the reaction
might have been be catalysed by small amounts of water
and even partial melt in the lower mantle (Vidito et al.,
2013). The plume rises from the lower mantle to the upper
mantle and melts under garnet-pyroxenite facies conditions
as a result of decompression. The partial melts derived by
lower degree melting of pyroxenite at greater depths have
higher MgO, FeOT and incompatible element (e.g. Rb, Sr,
Zr, and Nb) concentrations, and lower CaO, Al2O3 and
compatible element (e.g. Yb, Lu, and Mn) concentrations
than those of melts derived from high degree of melting
at shallower depths.

The compositional variations in the melt inclusions from
the Dali picrites, in particular, the presence of low-,
intermediate- and high-Ti melt inclusions imply that the
Emeishan olivines trapped melts in the magma chamber
(s) derived from primary melts that were generated at differ-
ent depths in the melting column in the mantle source.

6. CONCLUSIONS

Melt inclusions hosted in olivines from the Dali picrites
and other picrites within the Emeishan LIP have been used
to derive primary magma compositions for the low-,
intermediate- and high-Ti Emeishan magma types. Rela-
tively constant Pb isotope ratios among and between the
three types in the Dali melt inclusions, the similar isotope
compositions from the low-Ti and high-Ti Emeishan
picrites together with the very similar incompatible trace
element patterns in the clinopyroxenes from other Emeis-
han picrites belonging to each type, imply that the low-,
intermediate- and high-Ti lava types were derived from
the melting of a relatively compositionally homogeneous
source. The compatible behaviour of the Al2O3, CaO,
MnO and Yb and the incompatible behaviour of Ti, Rb,
Sr, Zr, and Nb during advanced melting imply that the
source of the Emeishan mafic lavas is pyroxenite. The
higher incompatible trace element contents, and TiO2,
MgO, FeOT, Ni contents, and lower Al2O3, CaO, MnO,
Yb and Lu contents in the high-Ti melts compared to those
of low-Ti melts reflect lower degrees of melting at greater
depths for the high-Ti melts. This new model for the Emeis-
han mantle plume could explain the geochemical differences
of the already recognised low-, intermediate- and high-Ti
Emeishan basalts.
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