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Flood basalts are one of the remaining enigmas in global mantle pet-
1ology. They come in enormous quantities of up to 10°km® of
mantle-derived melt, and they erupt in rather short time intervals of
only a few million years. Throughout geological history, all continents
have been periodically flooded by dominantly basaltic and rare
picritic magmas that can differ widely within the same province in
terms of their major element (e.g. high- and low-T7 series), trace
element, and radiogenic isotope compositions, suggesting significant
compositional heterogeneity within the mantle source regions tapped.
In this study of the Late Permian Emeishan large igneous province
(ELIP) in SW China picrite lavas from thick stratigraphic succes-
sions at Binchuan and Yongsheng represent the low-Ti and high-Ti
classic’end-members of continental flood basalt magmatism, respect-
wely. This study focuses on the petrochemical variability of the
Emeishan magmas, and the genetic links between the suites and
their respective mantle sources, based upon estimates of the chemical
compositions of the primary mells represented by homogenized melt
inclusions hosted by exceptionally primitive olivine (up to 92 mol
% Fo in both suites) and Cr-spinel (Cr#t 64-72mol % in
Binchuan and 65-80mol % in Yongsheng) phenocrysts. The aver-
age compositions of the melt inclusions and thewr overall chemical
vartability, together with the presence of picrites in the province
(e.g. Lyiang and Dali localities) with compositions intermediate
between the low- and high-Ti end-members, suggest that numerous
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parental magma batches contributed to a diverse spectrum of more
differentiated basaltic magmas within the ELIP. The end-member
and intermediate magma compositions are confirmed by the compos-
wions of phenocrysts (Nt and Mn abundances in olivine, Ti abun-
dances in  Cr-spinel and clinopyroxene, and trace element
abundances in clinopyroxene ). The end-member melt and phenocryst
compositions (e.g. Gd/Yb in bulk-rocks, melt inclusions and clino-
pyroxene and Ni—Mn systematics in olivine) suggest a peridotite
and garnet pyroxenite mantle source for the low- and high-Ti
end-members, respectively. The Sr and Nd isotopic compositions of
the two end-member magmas are similar [‘(')7Sr/%Srl- ~0-7045;
eNd(t) ~+1-7] and are considered to reflect a source in the subcon-
tinental lithospheric mantle rather than the convective asthenosphere
or a deep mantle plume’

KEY WORDS: Emeishan; flood basalts; lithosphere; mell inclusions;
olivine

INTRODUCTION

Throughout geological history all of the continents have
been periodically flooded within time-scales of only a few
million years by enormous amounts (>10°km?) of basaltic
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and picritic magmas (Coffin & Eldholm, 1992; http://
www.largeigneousprovinces.org/). The large volumes and
short durations of the flood magmatism resulting in large
igneous provinces (LIPs) have yet to be satisfactorily ex-
plained, and the mantle sources of such voluminous
magmas are still debated. For mantle-derived magmatism
of such magnitude the majority of the basalts forming the
LIPs are relatively evolved, as manifested by their low
MgO (<8 wt %) contents and absence or rarity of olivine
phenocrysts. When the latter are present, highly forsteritic
(Fo) compositions, analogous to mantle values, can be
lacking in the most typical picrites (e.g. Siberia; Sobolev
et al., 2009). This makes the search for primary melts diffi-
cult, if not impossible. However, picritic rocks that contain
forsteritic olivine are observed occasionally in some LIPs
(e.g. Emeishan; see review by Hanski et al., 2010), and are
more common in others, such as Karoo (Cox & Jamieson,
1974) and West Greenland (Holm e/ al., 1993), suggesting
the existence of high-Mg, peridotite-equilibrated magmas
that were parental to the dominant basaltic magmas.

The Late Permian Emeishan large igneous province
(ELIP) in SW China contains a succession of multiple
lava units with an overall thickness reaching 5km
(e.g. Chung & Jahn, 1995; Xu et al., 2001). The basaltic
rocks belonging to each magmatic pulse are characteristic-
ally homogeneous, whereas different units in the same
region can differ widely in their major element compos-
ition (e.g. high- and low-Ti series), trace element abun-
dances and radiogenic isotope ratios (e.g. Xu et al., 2001;
Zhou et al., 2008). The occurrence of geochemically diverse
units in different spatial and stratigraphic positions is con-
ventionally interpreted to reflect either melting of a single
mantle source at different pressures and temperatures or a
contribution from several discrete mantle sources
(e.g. Song et al., 2001; Xu et al., 2001, 2007, Xiao et al.,
2004; Zhang et al., 2006b; Wang et al., 2007; He et al., 2010;
Li et al., 2010; Shellnutt & Jahn, 2011). Existing models for
the ELIP, however, do not take into account the possibility
that basaltic magmas may result from mixing of different
melt batches in the magmatic plumbing system, and as
such they may have numerous ‘parents’ (i.e. melts from
which the resultant chemical characteristics of rocks are in-
herited). Such parental magma compositions may have
primary melts among their precursors (i.e. melts that equi-
librated with their mantle source at the time of melt segre-
gation). Recognition and classification of the mantle
sources and their respective melting conditions ultimately
rely on the characteristics of these primary melts.

This study aims to identify the range of the ELIP
near-primary melts using the compositions of the least
evolved, picritic rocks in the province and their phenocryst
assemblages, which include primitive olivine, Cr-spinel
and clinopyroxene. Studies of melt inclusions are used to
test whether the studied rocks are representative of

primary melt compositions. The integration of picritic
whole-rock, mineralogical and melt inclusion data, to-
gether with previously published radiogenic isotope data,
suggests a continuous range in melt compositions and the
involvement of diverse mantle sources.

EMEISHAN LARGE IGNEOUS

PROVINCE

The ELIP is located in the western margin of the Yangtze
craton in SW China, comprising a continental flood
basalt province covering an arca of >250000km” and
having a total volume of >0-3 x 10°km”® (Chung & Jahn,
1995; Xu et al., 200l; Hanski et al., 2010). In the past
decade, the ELIP has been the focus of numerous investi-
gations and is one of the most comprehensively studied
LIPs in the world. The Emeishan volcanism was coincident
with the end-Guadalupian (~260 Ma) mass extinction
(Zhou et al., 2002; Xu et al., 2008). Mafic—ultramafic intru-
sions within the ELIP are the host of world class Fe-Ti—V
oxide deposits and Ni—Cu—PGE sulfide deposits. The
ELIP is also considered to be one of the best examples of
a mantle plume generated LIP, although this has been
challenged by some workers (e.g. Shellnutt et al., 2010).
The ELIP was dissected by Mesozoic and Cenozoic fault-
ing associated with complex tectonic events and block
movements in SE Asia, among which the collision of
India with Eurasia may have played the most significant
role (Chung et al., 1997). Consequently, the ELIP is bor-
dered to the south by the sinistral Ailao Shan—Red River
shear zone, which runs in a NW-SE direction from SW
China to northern Vietnam (Fig. 1). Late Permian volcanic
rocks that can be correlated with those exposed in the
ELIP have been reported in regions south of the shear
zone; for example, in the Jinping area close to the China—
Vietnam border and the Song Da zone of northern
Vietnam (Song et al., 2004; Wang et al., 2007; Tran et al.,
2011).

Picrite samples

The principal samples in this study are olivine-phyric ex-
trusive rocks (hereafter termed picrites) with >16wt %
MgO, from Yongsheng [EMb55, EM57 and EM58 from
Chung & Jahn (1995)] and Binchuan [EM43 from Xu
et al. (2001)], at the western margin of the ELIP (Fig. 1)
Additional picrite samples from nearby localities at
Lijiang and Dali (Fig. I; Hanski e al., 2010) are also con-
sidered in this study in more detail than other previously
reported Emeishan rocks. At Yongsheng the samples were
collected from different levels of a 50 m thick lava flow
within a 1-2 km thick volcanic sequence (Chung & Jahn,
1995). At Binchuan the studied picritic lavas occur among
basalts and andesites in the upper part of an exceptionally
thick (>5km) succession, within a geochemical transition
to more enriched basaltic and more evolved rocks
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Fig. 1. Distribution of volcanic and intrusive rocks in the Emeishan large igneous province, SW China. Locations of picrites reported in this
study [Binchuan and Yongsheng; see also Xu et al. (2001) and Chung & Jahn (1995), respectively] and other studies (Lijiang and Dali; Hanski

et al., 2010) are indicated.
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(Xu et al., 2001). Other picrites have been reported from lo-
cations ~1-3km stratigraphically lower in the Binchuan
sequence (Xiao et al., 2004). However, we note that the
Asian monsoonal climate conditions in the region, which
have led to intense weathering of rock exposures, combined
with the tectonic disruption make correlations between
the different localities and duplicate sampling very
difficult.

All the studied samples are massive, moderately fresh
rocks with euhedral olivine phenocrysts containing abun-
dant Cr-spinel and melt inclusions (Fig. 2). The Binchuan
picrite has a vesicular microcrystalline to glassy ground-
mass in which large olivine (up to 3mm) and Cr-spinel
(up to 0-4mm) phenocrysts are present. The olivine is
strongly fractured and serpentinized along fractures.
Clinopyroxene and plagioclase phenocrysts are rare. In
contrast, the Yongsheng picrites contain less altered olivine
and ~15-20% zoned clinopyroxene phenocrysts (up to
5mm), often containing round inclusions of olivine. The
fine-grained groundmass is composed of plagioclase, clino-
pyroxene, phlogopite, apatite and Fe—Ti oxide minerals.

ANALYTICAL METHODS

Several thousand olivine grain fragments (0-2—0-5mm)
were separated from crushed chips of the four picrite sam-
ples studied and examined individually under a binocular
microscope for the presence of unaltered and large
(>30 pm) melt inclusions. Such inclusions were found in
sufficient quantities in the Yongsheng olivines (Fig. 2¢ and
f), whereas rare preserved melt inclusions in the Binchuan
olivine appeared unsuitable for study. Instead, the focus
was redirected to the abundant Cr-spinel crystals in the
Binchuan picrite following the approach of Kamenetsky
(1996). Although melt inclusions in Cr-spinel cannot be
observed in transmitted light owing to the opacity of the
host, reflected light microscopy on polished surfaces re-
vealed numerous melt inclusions (Fig. 2b and c). The melt
inclusions in both olivine and Cr-spinel have a negative
crystal shape and consist of glass, pyroxene microlites,
vapour bubble(s) and occasionally sulphide globules.
Heating and quenching was employed to convert the melt
inclusions into glass. The temperature of complete melting
in the olivine-hosted inclusions was determined from sev-
eral heating experiments with visual control. The olivine
and chromite grains and a piece of graphite were wrapped
in Pt foil, heated in a vertical furnace with a flow of pure
Ar gas at 1320°C for 6 min, and then quenched in water.
The epoxy-mounted grains were polished to expose homo-
genized melt inclusions for i situ analysis by microbeam
techniques.

Major elements in minerals and glasses were analysed
using a JEOL Superprobe JXA-8200 electron microprobe
(Max Planck Institute for Chemistry, Mainz, Germany).
We applied a 15kV accelerating voltage, 12 nA electron

beam current and a defocused 5 pum beam for analyses of
olivine-hosted glass inclusions. Conditions of 20kV and a
20nA primary beam current were used for analyses of
spinel inclusions in olivine and clinopyroxene. Olivine was
analysed at an accelerating voltage of 20kV and a beam
current of 300 nA, following a special procedure that
allows 20-30 ppm (20 error) precision and accuracy for
Ni, Ca, Mn, Al Ti, Cr and Co, and 0-:02 mol % for the
forsterite component in olivine (Sobolev et al., 2007). Peak
counting times on major elements were 60s and 30s for
the background. The standard built-in ZAF correction rou-
tine was used. Trace element concentrations in melt inclu-
sions were analysed by laser ablation inductively coupled
plasma mass spectrometry at the University of Tasmania.
This instrumentation comprises a New Wave Research
UP213 Nd-YAG (213nm) laser coupled to an Agilent
4500 quadrupole mass spectrometer. For this study, ana-
lyses were performed in a He atmosphere by ablating
20-70 pm diameter spots at a rate of five shots per second

using a laser power of ~12 J cm %

WHOLE-ROCK COMPOSITIONS

Chemical classification of continental flood basalts world-
wide and the ELIP rocks in particular (Xu et al., 2001
Xiao et al., 2004) is traditionally based on the TiO4 content
or the Ti/Y ratio. The latter reduces the effects of crystal
fractionation, especially in the more primitive compos-
itions, before fractionation of Ti-bearing oxides, such as
magnetite and ilmenite, becomes significant. The bound-
ary between so-called low-Ti and high-Ti rocks in the
ELIP has been drawn at Ti/Y =500 (Xu et al., 2001). The
studied picrites have significantly different Ti/Y ratios that
represent the lowest (~300, Binchuan) and highest (~800,
Yongsheng) wvalues for the whole province (Fig. 3;
Supplementary Data, Electronic Appendix 1, available for
downloading at http://www.petrology.oxfordjournals.
org). Picrites from other ELIP localities have intermediate
and distinct Ti/Y ratios that place them on both sides of
the Ti/Y boundary, with rocks from Dali (360-395)
having more affinity with the Binchuan low-Ti
end-member, whereas the Lijiang picrites (630-700) are
closer to the Yongsheng high-Ti end-member (Fig. 3). The
Ti/Y values are positively correlated with Gd/Yb, a ratio
that is commonly used to constrain the presence of residual
garnet in the mantle source.

Olivine accumulation (see below) in the studied picrites
strongly controls the whole-rock MgO contents, whereas
the abundances of elements incompatible in olivine
(e.g. TiOy) can be compared at a given MgO content
(Fig. 4; Electronic Appendix 1). Olivine accumulation
or fractionation trends on the MgO vs TiO, diagram
(Fig. 4), drawn through the Binchuan and Yongsheng pic-
rite compositions, encompass all the basalt and picrite
compositions in the province. Notably, the overall range
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l

Fig. 2. Photomicrographs showing textural characteristics (a, d), unhomogenized melt inclusions (b, e), and homogenized melt inclusions (c, f)
in the Emeishan low-Ti (Binchuan area) and high-Ti (Yongsheng area) picrites, respectively. The host minerals of the melt inclusions are

Cr-spinel (b, ¢; reflected light) and olivine (e, f; transmitted light).

in TiO, does not change over the range of MgO abun-
dances, at least to the start of the olivine—clinopyroxene
cotectic estimated to occur at ~10-11wt % MgO from
CaO variations. The low-Ti and high-Ti end-member

compositions (hereafter LIi and HTi, respectively),
defined by the studied picrites and their hypothetical de-
rivative magmas, have different abundances of other
olivine-incompatible major elements. In particular, CaO
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Fig. 3. Relationships between the ‘classification’ parameters Ti/Yand (Gd/Yb),, [normalization to the primitive mantle composition of Sun &
McDonough (1989) ] for the low-Ti (squares, Binchuan area; this study), high-Ti (circles, Yongsheng area; this study), intermediate-T1 (triangles,
Dali area; diamonds, Lijiang area; Hanski et al., 2010) picrites and other picritic and basaltic rocks (small crosses; Chung & Jahn, 1995; Song
et al., 2001, 2003, 2004, 2006, 2008; Xu et al., 2001, 2007; Xiao et al., 2003, 2004; Zhang et al., 2006a; Wang et al., 2007; Qi et al., 2008; He et al.,

2010; Li et al., 2010) from the Emeishan large igneous province. Dashed field shows the range of basaltic glasses from mid-ocean ridges (after

Kamenetsky ez al., 2000; le Roux et al., 2002; Sun et al., 2008).

and Al,Oj3 contents are higher in the LTi, whereas
olivine-compatible Ni is lower (Fig. 4). The lithophile
trace elements plotted on a ‘primitive mantle’-normalized
diagram (Fig. 5) also show principal differences between
the two end-members: the heavier rare earth elements
(HREE) from Eu to Lu are strongly fractionated (by a
factor of 4-4) in the H'Ti suite, whereas normalized abun-
dances of these elements remain almost constant in the
LTi suite. The LTi samples, however, demonstrate an in-
crease in fractionation among the light REE [LREE;
(La/Sm), = 3], similar to the extent of LREE fractionation
in the HT1 picrites (Fig. 5). The picrites from the Dali area
with intermediate Ti/Y and Gd/Yb (hereafter I'Ti, Fig. 3)
have less fractionated LREE than both the LTi and HTi
end-members [ (La/Sm), = 2-2; Fig. 5].

PRIMITIVE LIQUIDUS
ASSEMBLAGE

Olivine

Olivine phenocryst compositions in the studied picrites are
highly variable in terms of their forsterite content (Fo).
Significant ranges in Fo in a single rock (83-91mol % in
LTi and 79-91-6 mol % in HTi, Fig. 6, Electronic Appen-
dix 2) are accompanied by systematic changes in the first
row transition elements in the bulk-rocks (e.g. Ni, Co, and
Cr; Fig. 4), consistent with olivine (plus Cr-spinel) frac-
tional crystallization of the melt from which the olivine

crystallized. These processes are reflected in a NiO and
CryO3 decrease and MnO increase in both the LTi and
HTi suites as Fo decreases (Fig. 7, Electronic Appendix 2).
Such variations in Fo content, coupled with systematic be-
haviour of the trace elements, indicate that the olivine
phenocrysts in this study formed during prolonged crystal-
lization of primitive melts, accumulated in the plumbing
system, and were delivered to the surface without
re-equilibration with the transporting melt, which was
more evolved than the melts from which the olivine
crystallized.

The observed mixed populations of olivine phenocrysts
are represented by the majority of the Fo-rich compositions
in the LTi picrites (>88mol % Fo) compared with the
HTi picrites where less forsteritic olivine is dominant
(82-86 mol %, Fig. 6). The distinctions in average olivine
compositions (Fig. 6) and the amount of accumulated oliv-
ine influence the MgO content of the whole-rocks (Fig. 4).
Statistically, however, the more magnesian olivine in the
LTi picrites does not imply that their primary melts had
higher Mg/Fe. The abundances of the trace elements in
olivine from the LTi and HTi picrites, although varying
systematically with Fo, are distinct: the HT1 olivines have
the highest Ni and lowest Mn contents, whereas the LTi1
olivines have markedly lower Ni and higher Mn contents
at any given value of Fo (Fig. 7). The LT1i olivines are also
systematically higher in Ca, Co and Al, but lower in Cr
at a given lo content (Electronic Appendix 2).
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Fig. 4. Major (TiO,, Al,O3, CaO, NayO, PyO5) and trace (Ni) element variations vs MgO in the Emeishan rocks and homogenized melt inclu-
sions [shown by fields; LTi mi and HTT mi (this study); I'Ti mi from sample 1A-EJH-06, Dali (Hanski et al., 2010)]. Trend lines correspond to
subtraction or accumulation of the average olivine from whole-rock LTi and HTi picrite compositions. The trends are projected to points
where clinopyroxene joins olivine on the liquidus (~10 wt % MgO, estimated from inflection of Sc trends). Melt inclusions in olivine are recal-
culated to be in equilibrium with the host olivine using the petrogenetic models of Ford et al. (1983) and Danyushevsky et al. (2000) and the
Petrolog software (Danyushevsky, 2001) All compositions are normalized to 100 wt %. Symbols and data sources as in Fig. 3. The compositional
data for the picrites and melt inclusions are given in Electronic Appendices 1 and 5.

The olivine population in the picrites with intermediate
Ti/Y values (hereafter I'Ti, samples la-EJH-06, 7-EJH-08,
13-EJH-08; Hanski et al., 2010) contains even more primi-
tive compositions than the end-member picrites, with Fo
contents varying between 82 and 93-5mol % (Electronic
Appendix 2). The ‘intermediate’ character of these rocks is
confirmed by the olivine NiO and MnO abundances,

which are clearly transitional between those in the LTi
and H'T1 olivines (Fig. 7).

Chromian spinel

Cr-spinel is present as olivine-hosted inclusions (in both
LTi and HTi picrites) and microphenocrysts in the
groundmass of the LTi picrite. The Cr-spinel inclusions
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Fig. 6. Histograms showing the distribution of forsterite (Fo) contents in olivine phenocryst populations. The full dataset is given in Electronic

Appendix 2.

are in equilibrium with the host olivine as manifested
by the positive correlation between the Mg# [Mg/
(Mg +Fe®h)] of the inclusions and the host olivine
(Fig. 8a). The Cr-spinel compositions in the LI1 picrite
are characterized by significantly lower TiO, contents
(0:5-0-7wt %) compared with those in the HTi picrites
2-6wt % TiOy; Fig. 8b; Electronic Appendix 3). The
AlyOs contents are also principally different—the spinels
in the LTi picrite having a range from 12 to 18wt %,
whereas the HTi chromites have less variable and lower
AlyO5 (8-10wt %; Fig. 8b; Electronic Appendix 3). The
clear compositional differences between the Cr-spinels in
the two end-member picrite suites indicate contrasting

parental melt compositions, at least in terms of their TiO,
and AlyOj3 contents (Kamenetsky et al., 200la). Based on
the spinel compositions the parental melts of the LTi suite
were inferred by Kamenetsky et al. (200la) to contain
~lwt % TiOy and ~13wt % Al,Oj3 and those of the
HTi suite ~2:-5-4wt % TiOy and ~10wt % AlyOs
These estimates are consistent with the compositions of
the melt inclusions in the same samples (see below; Fig. 4).

Clinopyroxene

Clinopyroxene phenocrysts in both suites are primitive in
composition, and their Mg#fs correlate with the Fo con-
tents of olivine in the same samples. Clinopyroxenes from
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Fig. 7. Relationships between the forsterite (Fo) content and trace element (NiO, MnO) contents of olivine phenocrysts. Fields depicting the
compositions of I'T1 olivines (dashed line; Hanski et al., 2010) and primitive olivines (>84 mol % Fo) from other flood basalt provinces (continu-
ous line; Sobolev et al., 2007) are shown for comparison. Olivine compositions are given in Electronic Appendix 2.

the LT1 picrite are more magnesian than those from the
HTi rocks (Mg# 88:5-90mol % vs 84-86 mol %, re-
spectively), and thus element concentrations at the same
Mg## cannot be confidently compared. Similar to the

observed differences in the whole-rocks and Cr-spinel, the
TiO, content in clinopyroxene from the H'Ti picrites is
higher by a factor of four than in the LTi suite (Fig. 9a;
Electronic Appendix 4). The less magnesian HTi
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Cr-spinel compositions are given in Electronic Appendix 3.

clinopyroxene is more Ni-rich (400450 ppm) than the
LTi clinopyroxene with higher Mg# (375400 ppm Ni,
Fig. 9b). All incompatible elements are systematically
higher in the HTi clinopyroxene, although there is some

convergence of abundances of elements more compatible
than Ti (Fig. 10; Electronic Appendix 4). In general, the
trace element patterns of the clinopyroxenes resemble
those of the corresponding host-rocks (compare Fig. 10
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and Fig. 5), and can be used to calculate parental melt com-
positions, provided an appropriate set of partition coeffi-
cients 1is available. The major and trace element
compositions of clinopyroxene from the I'Ti picrite are
transitional between those from the LTi and HTi suites
(Figs 9 and 10; Electronic Appendix 4).

Melt inclusions
The rehomogenized melt inclusions in olivine are repre-
sented by a brownish glass, often with a vapour bubble (<2
vol. %), a sulphide globule, and sometimes an accidently
trapped Cr-spinel crystal of variable size (Fig. 2f). The
exposed spinel-hosted inclusions appear as homogeneous
glass (Fig. 2c). These inclusions with unmelted crystals,
large bubbles and intersected by cracks were considered to
be compromised, and thus excluded from further analysis.
Sulphide globules in the olivine-hosted melt inclusions
from the H'T1 picrites are volumetrically proportional to

the size of the host glass, and thus represent a daughter
phase that formed during cooling as a result of the
so-called ‘Fe loss’ process, caused by post-entrapment crys-
tallization and re-equilibration with the host olivine
(Danyushevsky et al., 2000, 2002). The ‘Fe loss’, observed in
all olivine-hosted melt inclusions, is greater in more mag-
nesian olivine hosts. Consequently, the measured melt
compositions were corrected to account for Fe loss using
the method of Danyushevsky et al. (2000) and recalculated
to be in equilibrium with the host olivine applying the
model of Yord et al. (1983) using Petrolog software
(Danyushevsky, 2001). Any Fe loss that may have also
occurred in the spinel-hosted melt inclusions is considered
insignificant (Kamenetsky et al., 2002).

The corrected compositions of the melt inclusions and
their host minerals are reported in Electronic Appendix 5
and in Figs 3-5. The melt inclusions exhibit specific geo-
chemical characteristics also present in the whole-rock
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Fig. 3. Clinopyroxene compositions are given in Electronic Appendix 4.

compositions; in particular, the distinctive TiOy contents
and Ti/Y ratios used in the classification of the whole-rock
analyses. The hypothetical olivine fractionation or accu-
mulation trends, drawn through the whole-rock and aver-
age olivine phenocryst compositions, intersect the fields of
melt inclusions in an MgO vs TiOy diagram (Fig. 4). If
fractionation of a primary melt is considered, the compos-
ition of the LT1 picrite is significantly over-enriched in the
olivine component compared with the melt inclusions
(compare 27 and 14wt % MgO), whereas the HTi picrite
compositions match the most primitive melt inclusions
(Fig. 4). Trace element concentrations in the melt inclusions
broadly mirror their respective whole-rock compositions.
For example, HTi melt inclusions show greater enrichment
in incompatible trace elements than those from the LTi
(Fig. 5), and the HREE systematics suggest a principal con-
trol from residual garnet in the source of the H'Ti melts
(Gd/Yb ~4-0 in HTi compared with ~1-4 in LT1).

The melt inclusions from the I'Ti picrites (Hanski ez al.,
2010) correspond well to their host-rock compositions; the
latter show no excessive olivine component and thus can be
considered similar to primary melts (Fig. 4), except for
clements affected by alteration. The most affected elements
are alkaline and alkali-earth elements, which can be much
lower in the picrites than in the melt inclusions (e.g. NaoO
in all suites and KyO in LT1) or higher (e.g. KoO in HT1).

In general, the melt inclusions from each suite show
compositional variability at a given MgO content, even

above the olivine—clinopyroxene cotectic (>10-11wt %
MgO), where simple olivine control is expected. The con-
centration ranges are most significant for incompatible
lithophile elements such as TiO, Ky,O, PyO; Cl and
REE (2-5 times variation; Electronic Appendix 5). This
suggests that the melt inclusions do not belong to the same
magmatic differentiation series, implying that they and
thus the whole-rock compositions reflect contributions
from multiple primitive magma batches mixing with
more evolved magmas.

DISCUSSION

Parental melts: compositional
end-members

The primary magmas supplying single LIPs are likely to
be compositionally variable, reflecting different mantle
sources, mantle heterogeneity, variations in melting
degree and depth of melt segregation. Additional changes
to the primary melt compositions, superimposed on the
original variability, may be caused by reaction with both
lithospheric mantle and crustal rocks during magma
ascent and residence in crustal reservoirs. The original
and induced variability of the erupted LIP magmas thus
significantly hinders the recognition of the primary melts
and their respective mantle sources. The rarity and some-
times absence of primitive magmatic rocks in many prov-
inces further complicates this research.
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Our search for the Emeishan primary melts focused on
picritic rocks with early crystallizing, high-Fo olivine and
Cr-spinel. This helped to overcome compositional effects
caused by post-melting processes (e.g. contamination and
crystal fractionation). Moreover, the use of homogenized
melt inclusions provides the most direct approach to esti-
mating the compositions of the melts that crystallized the
most primitive phenocrysts. The rocks selected for this
study are not only the most magnesian in the province,
but also the most contrasting in terms of their mineral
and melt inclusion compositions.

The applied classification scheme based onTi/Y reveals
that the studied magmatic rocks reflect the compositional
end-members that are parental to the HTi and LTi series
(see also Xu et al., 2001). These series cannot be related to
each other by crystal fractionation (Figs 3—5). The compos-
itions of the phenocrysts (Figs 7-9) are characteristic of
their distinct parental melts. Despite moderate post-mag-
matic alteration that has affected some fluid-mobile elem-
ents (e.g. NayO and large-ion lithophile elements) the
whole-rock compositions correspond well to their constitu-
ent components, represented by the phenocryst assemblage
and the melt inclusions (Figs 3-9). It should be noted that
the identification of the exact composition and tempera-
ture of the primary magmas is hampered by our inability
to recognize the composition of the liquidus olivine at the
start of crystallization (for example, the most primitive
olivine crystals found in the LTi and HTi picrites are 25
and 1-9mol % Fo less magnesian, respectively, than those
in the I'Ti picrites; Fig. 7), constrain the oxygen fugacity
(Fe?*/Fe®* ratio in the melt), choose an appropriate coeffi-
cient for the Fe?*~Mg partitioning between olivine and
liquid, and quantify the amount of volatiles, especially
water, in the melt prior to decompression-induced degas-
sing. Moreover, the chemical variability in the melt inclu-
sions from a single sample (Figs 4 and 5) suggests that
multiple batches of primary or parental melt were
involved. Nevertheless, the overall spectrum of magmas
forming the Emeishan igneous province can be evaluated
using available bulk-rock and melt inclusion analyses, and
constraints on whether the series are discrete or continuous
in composition can be made.

Discrete magma series or a compositional

continuum?

The geochemical classification introduced previously for
the Emeishan magmas (Xu et al., 2001) allows identifica-
tion of two discrete magma series (low-Ti and high-T1)
with a few subtypes, based onTiOy abundance (2-5wt %)
and Ti/Y =500 (e.g. Xu et al., 2001; Xiao et al., 2004; Ali
et al., 2005; He et al., 2010). This scheme was adopted based
on extensive studies of flood basalts in other continental
large igneous provinces, where the bimodality of the lavas
was established from the systematics of the major elements
and immobile high field strength elements, such as T1, Y,

PICRITES FROM EMEISHAN, CHINA

Zr, and Nb [see reviews by Turner & Hawkesworth (1995),
Ernst et al. (2005) and Bryan et al. (2010)]. Discrete low-T1
and high-Ti picritic and basaltic series at different strati-
graphic positions have been described in most of the
major LIPs; for example, Parana (Peate & Hawkesworth,
1996; Peate et al., 1992, 1999), Karoo (Duncan et al., 1984;
Sweeney et al., 1991, 1994; Jourdan et al., 2007), Etendeka
(Ewart et al., 2004), Deccan (Melluso et al., 1995, 2006),
Siberia (Lightfoot et al., 1993; Sobolev et al., 2009), Ferrar
(Molzahn et al., 1996), Columbia River (Chesley & Ruiz,
1998) and West Greenland (Holm et al., 1993; Larsen &
Pedersen, 2009). The proportion of the two magma types
varies significantly; some provinces are dominated by
high-Ti lavas [e.g. Siberia (Sobolev et al., 2009) and
Karoo (Sweeney et al., 1991)], whereas the low-Ti type is
more abundant in others [e.g. West Greenland (Holm
et al.,1993; Larsen & Pedersen, 2009) ]. The Emeishan prov-
ince is characterized by thick low-Ti units at the base of
the succession in the west, and a dominance of high-Ti
series in the east and in the upper parts of the succession
throughout the entire region (Xiao et al., 2003, 2004; Xu
et al., 2001).

The subdivision of continental flood basalts into low-
and high-Ti suites is critical in assigning specific mantle
sources and a specific melting process to their origin. So
far, the geochemically distinct magma types have been
linked to specific petrogenetic processes; for example, melt
supply from the subcontinental lithosphere mantle or
deep mantle ‘plumes’ (Ernst et al., 2005). On the other
hand, the possibility of significant mixing of distinct
mantle sources and/or interaction between asthenospheric
melts and the lithosphere is universally admitted. Thus,
any genetic model dealing with the identification of
mantle sources and the conditions of melting would neces-
sarily depend on whether the magmatic series are discrete
or continuous.

In our study the two contrasting series are identified as
end-member compositions (LTi and H'Ti) among the
Emeishan picrites, and given the statistical approach
applied (large number of mineral and melt inclusion ana-
lyses) and consideration of the published ELIP picrite
compositions, ‘transitional’ between the LTi and HTi
end-members, it seems unlikely that there were any paren-
tal melts in the province beyond the compositional spec-
trum reported here (Figs 3 and 4). The compositional
range expressed in terms of Ti/Y (Fig. 3) and TiO, at a
given MgO (Iig. 4) and the absence of ‘grouping’ at either
the low-T1 or high-Ti end argue against bimodality and
the compositional ‘gaps’ inferred in previous studies of
Emeishan rocks (e.g. Xiao et al., 2004). Instead, the pres-
ence of rocks, both picrites and basalts, with chemical
characteristics intermediate between those of the inferred
end-members strongly suggests a compositional continuum
(in TiOy or Ti/Y and other element abundances and
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element ratios) over significant ranges of MgO. The inter-
mediate picrites, identified in our study (I'Ti, Figs 3, 4 and
7-10; see also Hanski et al., 2010), and the other picrites
shown in Fig. 4, demonstrate that the Emeishan magmatic
event included primitive melts with compositions intermedi-
ate between the HTi and LTi end-members. Similar to the
picrites, the population of basalt compositions as a whole re-
flects multiple parents among the primitive (picrite) melt
compositions that crystallized olivine 4 Cr-spinel = clino-
pyroxene (Fig. 4). In fact, as the melt inclusion data
(Figs 4 and 5; Electronic Appendix 5) suggest, the paren-
tal melts are even more diverse than those identified
among the whole-rock compositions, as the latter have
undergone post-magmatic alteration and the disturbance
of fluid-mobile element abundances.

The significant geochemical diversity of magmas
erupted in different geotectonic settings on a very small
scale (a few km? or even a single dredge haul) has been
recognized for oceanic pillow-rim glasses (e.g. Sigurdsson
et al., 1993; Kamenetsky et al., 2000), and is not unique to
the ELIP magmas. We are concerned that the spatial and
stratigraphic distributions of the geochemically distinct
magma types in the Emeishan province (e.g. Xu et al.,
2001; Xiao et al., 2003, 2004; He et al., 2010) are not fully
documented and not well understood. For example,
sample WL38 (Ti/Y =338, Electronic Appendix 1) re-
ported by Xiao et al. (2004) as a picrite from the Binchuan
sequence was expected to correspond to the LTi sample
EM43 (Ti/Y =297; Xu et al., 2001) of this study, but in-
stead it matches better the I'Ti samples from the Dali area
(Ti/Y =351-408; Hanski et al., 2010). According to the
stratigraphic reconstructions, sample WL38 is positioned
in the Binchuan sequence among the suites of low-T1 bas-
alts (Xiao et al., 2004), whereas sample EM43 is from
within the high-Ti suite, some 13km higher (Xu et al.,
2001). There are also other reports of picrites from the
Binchuan area; however, their stratigraphic position was
not indicated (Song et al., 2001). These picrites are signifi-
cantly more Ti-rich (Ti/Y =701-808) than EM43 and
WL38, and are a good match to those from the Lijiang
(Hanski et al., 2010) and Daju (Zhang et al., 2006a) areas
(Electronic Appendix 1).

It is worth emphasizing again that sample EM43, the
best candidate for the low-Ti primitive melt, is found
within a sequence dominated by high-Ti magmas (Xu
et al., 2001). Thus, a compositional continuum between the
LTi and HTi series to which we have assigned an
‘end-member’ status reflects a complex interplay between
distinct mantle sources, their melting conditions and
magma mixing, assimilation and differentiation processes
in the crust.

Implications for magma sources

Flood basalt volcanism requires massive melting of the
mantle, induced either by strong thermal anomalies

(excess temperatures up to ~350°C), or alternatively by
lowering of melting temperatures by other components
(volatiles orfand compositional heterogeneities produced
by the recycling of crustal rocks into the ambient mantle).
At present, debate about the petrogenesis of continental
flood basalts is still centred on the relative roles of so-called
‘mantle plumes’ and subcontinental lithospheric mantle.
Mantle plumes are considered to generate melt below the
lithosphere (mantle plume head melting; e.g. Richards
et al., 1989; Campbell & Griffiths, 1990) or cause litho-
spheric rifting over abnormally hot asthenosphere
(mantle plume tail melting; e.g. White & McKenzie,
1989). An alternative to mantle plumes involves melting of
hydrated subcontinental lithosphere mantle (e.g. Galla-
gher & Hawkesworth, 1992; Turner & Hawkesworth, 1995)
and basaltic lithologies stored in the upper mantle (e.g.
eclogite derived from ancient subducted oceanic crust or
delaminated lower crust; Cordery et al., 1997; Anderson,
2003; Lustrino, 2005). All existing models rely on geophys-
ical and whole-rock geochemical constraints, but are af-
fected by a lack of reliable data on the compositions and
temperatures of the primary melts. The latter can only be
inferred from petrological studies of early formed pheno-
crysts and their entrapped melt inclusions (e.g. Sobolev,
1996; Sobolev et al., 2007).

The presence of primitive, or near-primitive, high-Mg
olivine phenocrysts (Fo>88mol %; Tig. 6) in the
Emeishan picrites implies that primary melts, equilibrated
with the mantle source, were involved in their petrogen-
esis. Abundances of trace elements (e.g. Ni and Mn;
Fig. 7) in the primitive olivines reflect those in the parental
melts, and have been used to define the amounts of perido-
tite and pyroxenite components in the source of the
mantle-derived magmas (Sobolev et al., 2007). Partial
melts of garnet pyroxenite are enriched in Si and Ni, but
poorer in Mg, Ca and Mn than melts of peridotite
(Sobolev et al., 2007). In the case of the Emeishan mag-
matic suites the derivation of the LT1 end-member from a
garnet-free peridotite source is strongly suggested by the
olivine compositions, which are similar to those from ocea-
nic rift magmas, with the highest Mn and lowest Ni con-
tents among terrestrial magmatic olivines (Fig. 7). The
olivine compositions from other Emeishan picrites are
characterized by lower Mn and higher Ni than the LT1
olivine (Fig. 7), indicating changing proportion of olivine
and pyroxene in the residual mantle. The mantle sources
of the ITi and HTi magmas are calculated to have 21%
and 47% of a garnet pyroxenite component, respectively
[for the calculation method see Sobolev et al. (2008) and
Gurenko ez al. (2010)]. The increasing role of garnet pyrox-
enite in the source of the Emeishan magmas, other than
the LTi end-member (see also He et al., 2010), is consistent
with the magnitude of the ‘garnet signature’ (e.g. Gd/Yb)
in the trace element patterns of the I'Ti and H'Ti magmas
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Fig. 11. Nd and Sr isotope compositions of the Emeishan picrites and basalts vs bulk-rock Ti/Y. Symbols and data sources as in Fig. 3. The data
for LTi, I'Ti and H'Ti picrites are sourced from Xu et al. (2001), Hanski et al. (2010) and Chung & Jahn (1995), respectively.

(Fig. 5; Hanski et al., 2010). Similarly, the earliest stages of
the contemporancous magmatism forming the Siberian
LIP were dominated by an eclogite mantle component
with a lower melting temperature, rather than involving
low-degree partial melting of a garnet lherzolite source
(Sobolev et al., 2009).

Although it is tempting to assign voluminous flood
basalt volcanism to melting of exclusively olivine-free,
garnet-pyroxenite lithologies in the upwelling astheno-
sphere and the base of lithosphere, the compositional con-
tinuum of the primary melts, inferred from our study of

the Emeishan province, may indicate a corresponding con-
tinuum in the mantle sources, their depths and degrees of
melting. Unfortunately, any approach to quantitatively
constrain the mantle sources and melting parameters is
impeded by the lack of reliable compositional and tem-
perature data for the primary melts and complications
caused by the ‘heterogenizing effects’of crustal assimilation
and the ‘homogenizing effects’ of magma mixing.

The differences in radiogenic isotope compositions
that have been used in advocating distinct mantle sources
for the low-Ti and high-Ti series within a single area
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(e.g. Xiao et al., 2004; Xu et al., 2007) are not supported in
our study, if the published data for the whole province are
considered (Fig. 11). In fact, the classification parameter
Ti/Y and the Sr and Nd isotope compositions show no cor-
relation; contrasting LT1 and HT1 picrites are surprisingly
similar to each other and to Bulk Silicate Earth [87Sr/868ri
~0-7045; eNd(t) ~+417; Fig. 11]. Such uniform isotope
compositions of geochemically different suites imply pos-
sible equilibration of their respective mantle sources.
Moreover, the more radiogenic Sr and less radiogenic Nd
isotopic compositions than those typical of oceanic basalts
suggest involvement of the subcontinental mantle litho-
sphere rather than the convecting asthenosphere or deep
mantle ‘plumes’ [see review by Turner & Hawkesworth
(1995) ]. Wide geochemical (Figs 3-5 and 10) and isotope
(Sr/*°Sr; 0-7035-0-7090; eNd (t) ~—7 to +7; Fig. 11) vari-
ations in a single LIP is an ample warning for caution in
future petrological reconstructions of the primary melts
and respective mantle sources of continental LIP
magmatism.

CONCLUSIONS

Flood basalt magmas in LIPs may provide important in-
formation about the thermal and compositional state of
the mantle at the time of their eruption, and in some
cases about processes of continental break-up, faunal mass
extinctions and the formation of major Cu—Ni—PGE sul-
phide and Fe-Ti-V oxide deposits (e.g. Coffin &
Eldholm, 1992; Wignall, 2001; Ernst et al., 2005; Zhou et al.,
2008). However, the common focus in the literature on
more evolved rocks in a given stratigraphic sequence
within a large igneous province may not give a true repre-
sentation of the petrological and geodynamic characteris-
tics of LIP evolution as a whole. The geochemical
characteristics of the primary melts are typically obscured
by their interactions with both lithospheric mantle and
crustal rocks, crystallization, degassing, and different
types of melt immiscibility that may contribute further to
the compositional diversity inherited from mantle melting,
and pre-eruption mixing of melt batches that tends to aver-
age the compositions of the erupted magmas. Different
mantle source compositions, melting degrees and depths
of melt segregation are usually inferred from bulk-rock
compositions; such data are not always critically assessed
in the context of the original primary magmas. In con-
trast, the present study of picritic rocks and their primitive
phenocrysts and olivine- and Cr-spinel hosted melt inclu-
sions is shown to be the most effective way of identifying
significant variability among the parental melt compos-
itions. Our study of picrites from different parts of the
Emeishan LIP provides insights into the continuous spec-
trum of primary melts that may exist in cratonic settings
and calls for combining separately published studies on
melt compositions and their stratigraphic relationships.

We are concerned that previous reconstructions of mantle
sources and melting conditions for contrasting magma
types [high-Ti melts produced by low-degree melting of
garnet-bearing ‘plume’ mantle and low-Ti melts derived
from high-degree melting of shallower peridotite; e.g. Xu
et al. (2001) and Ali et al. (2005)] are over-simplified and
do not reflect the stratigraphic position, radiogenic isotope
composition and presence of garnet pyroxenite in the sub-
continental lithospheric mantle and upwelling mantle as a
potential source of the magmas. Varying proportions of
‘peridotite’ and ‘eclogite’ or garnet pyroxenite may exist in
the mantle under the continents (Gallagher & Hawkes-
worth, 1992; Tuff et al., 2005; Melluso et al., 2006; Sobolev
et al., 2009) and the ocean basins (Kamenetsky et al.,
20016; OReilly et al., 2009), and could potentially be re-
sponsible for both the volumes and geochemical character-
istics of continental flood basalt magmas.
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