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ARTICLE INFO ABSTRACT

Keywords: Large igneous provinces on Earth result from anomalously enormous volcanic eruptions at high melt production
Mantle plume rates. These eruptions are often linked to catastrophic events such as mass extinctions, global climate changes, or
Peridotite continental break-up. Decoding their petrogenesis is therefore of great importance for our comprehensive un-
Pyroxenite

derstanding of the evolution and geodynamics of our planet. The ~260 Ma Emeishan large igneous province is
an important geological feature of SW China with world-class ore deposits and is also suggested to be linked with
the Capitanian mass extinction. However, fundamental aspects of the genesis of Emeishan province's most
primitive lavas (picrites), such as the source lithology (pyroxenite or peridotite), the origin of compositional
variations of olivines and the melting temperature and pressure conditions, remain poorly constrained. Here, we
compile information on melt inclusion and host olivine, and whole-rock compositions from the ELIP picrites and
show that these data are consistent with decompression melting of a relatively homogeneous peridotitic mantle
plume, with a potential temperature higher than 1560 °C. The compositional variability of the olivines and
picrites can be explained by varying the equilibrium depth of primary magma segregation and does not require
the contribution of a pyroxenite component as previously suggested. Our results favor a scenario for the origin of
the Emeishan large igneous province in which the decompression melting during upwelling of a hot hydrous and
oxidized mantle plume is accompanied by catastrophic lithospheric thinning. In combination with the now
extensive multi-element geochemical data, our findings provide a starting point for re-evaluation of the petro-
genesis models for large igneous provinces.

Olivine composition
Melt inclusion

1. Introduction

The formation of the Phanerozoic large igneous province (LIP),
contemporaneous with mass extinctions (Ernst and Youbi, 2017;
Shellnutt, 2014; Xu et al., 2004), is often ascribed to the presence of a
thermal mantle plume that originated in the mantle or at the core-
mantle boundary (Anderson, 2005; Campbell, 2007; Chung and Jahn,
1995; Herzberg et al., 2007). Additionally, during the last several
decades, evidence from trace elements and isotopes corroborate that
the mantle sources of LIPs are highly heterogeneous (Ernst, 2014;
Heinonen et al., 2014; Sobolev et al., 2007; Xiao et al., 2004). While the
presence of chemical heterogeneity and contribution of recycled crustal
material to the magma genesis are overall accepted, there is no con-
sensus on the lithologic nature of the heterogeneity (i.e., peridotite vs.
pyroxenites). The high Ni contents and Fe/Mn ratios measured in oli-
vine phenocrysts have been interpreted as reflecting the contribution of
a pyroxenite component (Herzberg, 2011; Kamenetsky et al., 2012; Ren
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et al., 2017; Sobolev et al., 2007). However, several recent studies
challenged this interpretation and suggested that variations of melting
conditions of a peridotite source are sufficient to explain the composi-
tional range of olivine phenocrysts from LIPs (Heinonen and
Fusswinkel, 2017; Matzen et al., 2013; Matzen et al., 2017b; Niu et al.,
2011; Putirka et al., 2011).

At a given pressure, most pyroxenites have lower melting tem-
peratures and higher melt productivities than peridotites (Hirschmann
et al., 2003; Kogiso, 2004; Lambart et al., 2016; Lambart et al., 2013).
Hence, for a same volume of magma, a mantle source containing a
pyroxenite component could produce melts with a chemical signature
reflecting a higher melting degree than expected for a homogeneous
peridotitic source (e.g., Lambart, 2017; Stolper and Asimow, 2007).
Therefore, calculations of mantle melting conditions from primary
magma compositions without considering the source lithology would
result in incorrect estimations of the pressure and temperature of
melting. Hence, the determination of the source lithology is crucial for a
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Fig. 1. Distribution and location of the Emeishan large igneous province (modified from Shellnutt (2014)). Red solid circles show locations of picrites. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

comprehensive understanding of the LIP formation.

If the mantle source lithology of the parental melt is constrained to
be a peridotite source, the genetic conditions (i.e., the temperature and
pressure conditions of the last equilibrium with the mantle source) of
primary magmas can be estimated using several well-calibrated geo-
thermometers and barometers (Herzberg and Asimow, 2008; Lee et al.,
2009; Putirka, 2008). However, primary magmas are very rarely sam-
pled and their compositions need to be reconstructed from the com-
positions of the most primitive collected samples. For this, several
crucial factors should be considered, such as the forsterite (Fo) content
of olivine in equilibrium with mantle, a suitable Fe-Mg exchange re-
action coefficient between olivine and melt (Kp) and the oxidation state

(oxygen fugacity, fO,). Among these parameters, the effect of oxidation
state on the estimated primary magma compositions of a LIP is gen-
erally simplified by assuming Fe?* /Fe'°' ~ 0.85-0.90 which is typical
for most mantle plume-derived magmas (Ganne and Feng, 2017;
Herzberg and Asimow, 2008; Ren et al.,, 2017; Zhang et al., 2006).
However, recent XANES analysis of melt inclusions in host lavas from
Canary and Cape Verde Islands showed that mantle plume primary
melts can be remarkably more oxidized compared to those of MORB
and even subduction zone magmas (Moussallam et al., 2019). If the
primary magmas are highly oxidized (Evans et al., 2012; Imai et al.,
1993; Kelley and Cottrell, 2009; Moussallam et al., 2019), then the
Fe?* content in the magma should be much lower. Because the
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Fig. 2. (a) Ti/Y vs. (Gd/Yb)y normalized to primitive mantle (Sun and
McDonough, 1989) and (b) Ti/Y vs. Al,03/TiO, for the ELIP picrites. Large
circles are whole-rock data (Chung and Jahn, 1995; Hanski et al., 2010;
Kamenetsky et al., 2012; Li et al., 2012; Li et al., 2014; Li et al., 2010; Liu et al.,
2017; Song et al., 2001; Tao et al., 2015; Wang et al., 2007; Xiao et al., 2004; Xu
et al.,, 2001; Yu et al., 2017; Zhang et al., 2006) and small circles are melt
inclusion data (Kamenetsky et al., 2012). The dotted lines in (a) and (b) show
the best linear and power fits calculated on whole rock data and r is the cor-
relation coefficient. The shallow blue, yel low and red fields separates low-Ti,
intermediate-Ti and high-Ti samples, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

exchange reaction between olivine and melt involves Mg®* and Fe®*
(Roeder and Emslie, 1970), but not Fe>*, lower Fe?* would propagate
to lower MgO in the primary magma and consequently lower melting
temperature and mantle potential temperature (Tp) (Herzberg and
O'hara, 2002; Putirka, 2005). Knowledge of the fO, thus provides in-
sight into the composition and thermal state of primary magmas.

In the southwest China, the intracontinental Emeishan flood basaltic
province erupted in the Late Permian (~260 Ma) is a typical mantle
plume-related large igneous province (Chung and Jahn, 1995;
Shellnutt, 2014; Xu and Liu, 2016; Xu et al., 2001) hosting high-MgO
picrites. The main evidences in support of a thermal plume origin are as
follows: (1) Thermometry on coexisting olivine and spinel in ultramafic
picrites suggests maximum crystallization temperatures of ELIP
~250 °C higher than that of mid-ocean ridge basalts (Xu and Liu, 2016).
(2) The eruption that resulted in the emplacement of the ELIP occurred
in a brief interval (< 1 Ma) (Zhong et al., 2014). (3) Giant radiating
dike swarms, usually interpreted to result from the arrival of a mantle
plume at the base of the lithosphere, have been identified in ELIP and
coincide with the location of picrites (Li et al., 2015). (4) Relief in ELIP
has been interpreted as plume-induced uplift (He et al., 2003; Xu et al.,
2004), although this latter hypothesis is debated (Ukstins-Peate and
Bryan, 2008). Despite evidences for a thermal plume origin (Shellnutt,
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2014 and references therein) and significant progresses made in un-
derstanding the genesis of the ELIP picrites (Hanski et al., 2010; He
et al., 2010; Kamenetsky et al., 2012; Liu et al., 2017; Ren et al., 2017;
Shellnutt and Pham, 2018; Xiao et al., 2004; Xu et al., 2004; Zhang
et al., 2019; Zhang et al., 2006), uncertainties remains on the mantle
potential temperature (Tp), the nature of the source (lithological ma-
keup), the genesis of the olivine phenocrysts with distinct chemical
compositions and the genetic P-T conditions.

The near-primary composition of high-Mg picrites in the ELIP are
the best candidates to estimate melting temperature and pressure in the
mantle. In addition, olivine phenocrysts with remarkedly different
chemical compositions (MORB-type and Hawaii-like, respectively) are
excellent candidates to distinguish whether their difference is con-
trolled by lithological heterogeneities or by melting P-T conditions. In
this work, we compile compositions of olivine and associated melt in-
clusions in the high-Mg picrites and demonstrate that the mantle source
of the ELIP picrites is dominantly composed of refertilized peridotite,
and without requiring the contribution of a pyroxenite component.
These results provide additional constraints to restrict the potential
range of pressure and temperature melting conditions that can generate
the ELIP picrites.

2. Geological background of the ELIP

The Late Permian Emeishan flood basalt province, which is bounded
by the Ailao Shan-Red River Fault zone in the west, covers more than
0.3 x 10° km? in Yunnan, Guizhou and Sichuan Provinces on the
western end of the Yangtze craton (Fig. 1) (Shellnutt, 2014; Xu et al.,
2001; Xu et al., 2004). The eruption age (~260 Ma) of the ELIP mostly
coincide with the period of Permian-Triassic mass extinction (Xu et al.,
2004). Evolved tholeiites are the most commonly occurring mafic-ul-
tramafic volcanic rock in the ELIP, with picrites in a subordinate po-
sition (Shellnutt, 2014; Xiao et al., 2004). Associated with these basalts,
mafic-ultramafic dikes and layered intrusions are found, with the latter
hosting large magmatic oxide and sulfide ore deposits (Shellnutt, 2014).
Silicic volcanic and plutonic rocks (mostly syenites and granites) are
volumetrically minor (< 5%) but their presence attests of the diversity
of magmas produced within the ELIP (Shellnutt, 2014; Zhang et al.,
2006). Based on sedimentology and paleogeography, Xu et al. (2004)
suggested that three concentric zones of the ELIP can be discriminated,
with the crust thickness decreasing from the inner to the outer zone and
with high-Mg picrites and mafic-ultramafic intrusions mostly occurring
within the inner zone (Chung and Jahn, 1995; Tao et al., 2015; Zhang
et al., 2006).

3. Geochemical data
3.1. Whole rock

We compiled geochemical data on the ELIP picrites from several
previous studies (Chung and Jahn, 1995; Hanski et al., 2010;
Kamenetsky et al., 2012; Li et al., 2012; Li et al., 2014; Li et al., 2010;
Liu et al., 2017; Song et al., 2001; Tao et al., 2015; Wang et al., 2007;
Wu et al., 2018; Xiao et al., 2004; Xu et al., 2001; Yang and Liu, 2019;
Yao et al., 2019; Yu et al., 2017; Zhang et al., 2019; Zhang et al., 2006).
Here we only summarize key observations used in the subsequent dis-
cussion. Because samples with MgO < 10 wt% could have suffered from
clinopyroxene fractionation (Hanski et al., 2010; Ren et al., 2017), they
are not included in the following discussion. Based on the TiO, contents
and Ti/Y ratios, a low-Ti end-member (Ti/Y < 300) and a high-Ti end-
member (Ti/Y > 800) can be recognized (Kamenetsky et al., 2012;
Ren et al., 2017). Most of the ELIP picrites have Ti/Y ratios between the
two end-members, forming a continuous compositional spectrum
(Kamenetsky et al., 2012). There is a positive correlation between Ti/Y
and (Gd/Yb)y ratios and a negative correlation between Ti/Y and
Al,03/TiO, ratios (Fig. 2). Except for three samples, most picrites have
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Fig. 3. Whole rock Nb/Y vs. Zr/Y for the ELIP picrites. Data source: OIB (Fitton
et al., 2003), N-MORB (Fitton et al., 1997; Gale et al., 2013) and field of Iceland
mantle plume array (Fitton et al., 1997). F and P arrows indicate the approx-
imate effects of increasing degree and pressure of melting, respectively.

higher Nb/Y and Zr/Y ratios than those of MORB, and close to the ratios
in OIB, inside the Iceland mantle plume array defined by Fitton et al.
(1997) (Fig. 3).

3.2. Olivine

We compiled 2256 olivine compositions from ELIP with Fo
(Forsterite) contents ranging from 75.9 to 93.5 (Hanski et al., 2010;
Kamenetsky et al., 2012; Liu et al., 2017; Putirka et al., 2018; Ren et al.,
2017; Yang and Liu, 2019; Yao et al., 2019; Yu et al., 2017; Zhang et al.,
2019). We observe a positive correlation between NiO and Fo contents
and a negative correlation between MnO and Fo contents (Fig. 4). At a
given Fo, olivines in low-Ti picrites have systematically higher Mn and
lower Ni contents than high-Ti samples (Fig. 4). Additional olivine trace
element data show Ca contents between 1500 and 4000 ppm (Fig. 4c),
Mn/Zn ratios of 12-22 and 10**Zn/Fe values of 7-14 (Fig. 5).

3.3. Melt inclusions

The compositions of olivine-hosted melt inclusions were compiled
from Hanski et al. (2010), Kamenetsky et al. (2012) and Ren et al.
(2017). MgO content varies from 4.4 to 21.6 wt%, CaO content from 8.3
to 19.3 wt% (Fig. 6a) and Na,O + K,O from 0.8 to 4.4 wt% (Fig. 6b).
The FC3MS values (Yang et al., 2016) range from —0.4 to 0.6 (Fig. 6b
and c). Melt inclusions from the Dali picrites have compositional var-
iations covering the all compositional spectrum from low to high-Ti
picrites, albeit their whole rock is confined to intermediate-Ti compo-
sitions (Ren et al., 2017).

4. Discussion
4.1. A refertilized peridotite mantle source for the ELIP picrites

Previous studies suggested peridotite- and pyroxenite-dominated
sources for the low-Ti and high-Ti ELIP picrites, respectively (He et al.,
2010; Kamenetsky et al., 2012; Liu et al., 2017; Yu et al., 2017; Zhu
et al., 2018). These conclusions were mostly based on the observation
that olivine Ni and Mn contents in the low-Ti and high-Ti ELIP samples
fall in the fields of MORB and Hawaii olivines, respectively (Fig. 4). In
fact, Sobolev et al. (2007) suggested that a pyroxenite source can be
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Fig. 4. Olivine Fo content vs. (a) NiO content, (b) MnO content and (c) CaO
content for the ELIP picrites (Hanski et al., 2010; Kamenetsky et al., 2012; Liu
et al., 2017; Putirka et al., 2018; Ren et al., 2017; Yu et al., 2017). In (a) and (b),
data source for MORB and Hawaii are from Sobolev et al. (2007). In (c), data
source for Klyuchevskoy arc magmas and Siberian meimechites are from
Gavrilenko et al. (2016) and Sobolev et al. (2009), respectively.

identified from olivine phenocrysts having high Ni and high Fe/Mn
compositions. Based on the relatively constant Pb isotope ratios of the
melt inclusion, Ren et al. (2017) suggested that both low and high-Ti
picrites are formed by a single pyroxenitic mantle source and explained
the wide range of Ti contents with picrites sampling different depths of
the melting column. However, Xu and Liu (2016) found a roughly po-
sitive corelation between olivine Ni content and olivine-spinel Al tem-
perature, suggesting olivine compositions may be controlled by tem-
peratures of melting and/or crystallization. In fact, recent experimental
work (Matzen et al., 2013; Matzen et al., 2017b) showed that partition
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Fig. 5. Trace element data of olivines from the ELIP picrites. (a) Zn vs. Mn, (b)
Ni vs. Mn/Zn and (c) 100*Mn/Fe vs. 10,000*Zn/Fe. Shown for comparison are
data of Etendeka, Tuli and Mwenezi flood basalts in South Africa, picrites of
Baffin, group 1 kimberlite and lamproite (see Howarth and Harris, 2017 and
references therein). In (a) and (c), the red line represents peridotite melt trend
and the blue line is pyroxenite melt trend, respectively (Howarth and Harris,
2017). In (b), the vertical dashed line can be used to discriminate pyroxenite
melt from peridotite melt (Howarth and Harris, 2017). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

coefficient for Ni and Mn can be significantly affected by melting
conditions such as pressure and temperature. Hence, it is necessary to
re-investigate the potential role of pyroxenite in the genesis of ELIP
picrites by combining olivine compositions with other chemical tracers
of the nature of the source, although Yao et al. (2019) proposed that
olivine compositions in some ELIP picrites can be derived from a
peridotite source.

The CaO content in the magma at a given MgO content was initially
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Fig. 6.(a) CaO vs. MgO, (b) FC3MS (FeO/Ca0O-3*MgO0/SiO,, wt%) vs.
NayO + KO and (c) FC3MS vs. MgO of melt inclusions and their primary
magmas for the ELIP picrites. Data for experimental pyroxenite melt and
peridotite melt are compiled by Yang et al. (2016). In (a), the red line dis-
criminates pyroxenite melt and peridotite melt (Herzberg and Asimow, 2008);
in (b) and (c), the red lines indicate the upper boundary for peridotite melts
(Yang et al., 2016). Fractionation vectors for olivine (ol) and clinopyroxene
(cpx) are also indicated. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

proposed as a way to discriminate peridotite- and pyroxenite-derived
magmas (Herzberg and Asimow, 2008). Both melt inclusion and pri-
mary magma compositions plot in the field of peridotite melts (Fig. 6a).
High Ca contents observed in olivine (Fig. 4c) also favors a peridotite
source (Herzberg, 2011). However, mantle pyroxenites cover a large
compositional range (Lambart et al., 2013) and the discriminant line
proposed by Herzberg and Asimow (2008) cannot be generalized to all
pyroxenites; melt derived from Ca-rich pyroxenites will plot above the
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discriminant line (Herzberg, 2011; Lambart et al., 2013) and will
crystallize olivine with high Ca content. Furthermore, many peridotite
melts from Yang et al. (2016) plot below the lower limit of peridotite
melts of Herzberg and Asimow (2008). This indicates that certain
peridotite melts can also be featured by low CaO content, thus the
discriminant line of CaO-MgO cannot be used alone to distinguish be-
tween pyroxenite melts and peridotite melts. Using a statistical analysis
of a large amount of partial melting experiments, Yang and Zhou (2013)
and Yang et al. (2016) proposed that the FC3MS (FeO/CaO-3*MgO/
SiO,, in wt%) parameter can help with distinguishing between pyrox-
enite- and peridotite-derived melts. Their analysis demonstrates that
the upper boundary of the FC3MS value for peridotite melts is 0.65,
while melts derived from pyroxenites cover a much larger range (—0.9
to 1.7). Both the melt inclusion and the calculated primary magma
compositions of the ELIP picrites present low FC3MS values, consistent
with partial melting of a peridotite source (Fig. 6b and c). However, we
highlight that, once again, such low FC3MS values can also be produced
by pyroxenite melting (e.g., CaO-rich pyroxenite will also generate low
FC3MS values) and consequently cannot be used alone to eliminate a
potential pyroxenitic source.

Finally, Howarth and Harris (2017) recommended the use of FTRE
(first-row transition elements) to discriminate between pyroxenite and
peridotite melts. Howarth and Harris (2017) showed that most olivines
from continental flood basalt presenting a potential pyroxenite sig-
nature (i.e., high Ni, low Mn for a given Fo content) also have Mn/
Zn < 13. The Zn vs. Mn (Fig. 5a), Ni vs. Mn/Zn (> 13, except for one
sample with a value of 12) (Fig. 5b) and 100*Mn/Fe vs. 10,000*Zn/Fe
(Fig. 5¢) trends for ELIP olivines are very similar to those from Etendeka
flood basalts in South Africa (Howarth and Harris, 2017), picrites of
Baffin (De Hoog et al., 2010) and leucitite and group 1 kimberlite
(Ammannati et al., 2016), all of which were interpreted to derived from
a peridotite mantle source (Howarth and Harris, 2017 and references
therein). At 1.5-2 GPa, peridotites produce melt with 10000*Zn/Fe
<12 while eclogitic melt can extend toward higher values (Le Roux
et al., 2011). At 3 GPa, ratios in peridotite melts can reach values up to
13 (Davis et al., 2013). All but three ELIP samples have values <13 and
we cannot exclude that peridotite could produce melt with even higher
ratios at higher pressures. Therefore, the presence of pyroxenites in the
mantle source is not necessary to explain the melt inclusion composi-
tions and the olivine data from the ELIP picrites. Hence, we favor a
source lithology dominated by mantle peridotite under the ELIP. Fi-
nally, in the plot of Nb/Y vs. Zr/Y, the ELIP picrites compositions are
close to mantle plume-influenced Iceland basalts (Fitton et al., 1997)
and OIB (Fitton et al., 2003), and different from compositions of N-
MORB (Fitton et al., 1997; Gale et al., 2013) (Fig. 3). This suggests that
the source of ELIP picrites contains an enriched component, consistent
with a refertilized mantle peridotite. This is supported by isotopic
analyses on Emeishan basalts that support the presence of several
mantle components in the source (Chung and Jahn, 1995; Fan et al.,
2008; Shellnutt, 2014; Xiao et al., 2004).

4.2. Primary magma compositions

To estimate the P-T conditions of melt segregation from the mantle,
we calculate the primitive magma compositions using Lee et al.
(2009)’s spreadsheet by correcting for olivine accumulation/fractiona-
tion in the picrites and for olivine fractionation in melt inclusions. For
the Fe-Mg exchange reaction coefficient between olivine and melt (Kp),
we use a constant Kp = 0.34 to reflect the high MgO content of the
primitive magma and the high pressure of crystallization (most of them
crystallized at pressures over 1 GPa) (Herzberg and O'hara, 2002;
Matzen et al., 2011; Putirka, 2005; Tao et al., 2015), and the maximal
Fo content observed in the ELIP (Fo = 93.5%) (Hanski et al., 2010;
Kamenetsky et al., 2012; Liu et al., 2017). Choices for water content
and oxygen fugacity of the primary magmas are described below.

Parman et al. (2011) demonstrated that the maximum Al,O5
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concentration in the melt reached along a liquid line of descent (LLD)
correlates well with dissolved H,O concentration. Hence, by identifying
the maximum Al,O3 in related natural samples we can estimate of the
pre-eruption H;O concentrations (Al,O3-LLD). Wang et al. (2016) used
the Al,O3-LLD method to estimate the pre-eruptive melt H,O con-
centrations for various continental flood basalt provinces. Additionally,
they showed that continental flood basalts display enrichment of fluid-
mobile elements and depletion of high-field-strength elements, similar
to those evolved in the subduction environment and used the correla-
tion between H,0O/Ce and Ba/La, Ba/Nb and Rb/Nb observed in arc
magmas to estimate the H,O/Ce ratio in primary melts of continental
flood basalts. Finally, they calculated the primary Ce concentration (in
equilibrium for Fog;) to estimate the primary melt H,O content. With
this approach, primary melts from Emeishan continental flood basalt
show high H,O concentration of 4-5.6 wt%.

Using water content measured in clinopyroxene phenocrysts (Wade
et al., 2008), and after correction for previous crystallization of olivine,
Liu et al. (2017) obtained slightly lower water content (~3.4 wt%) in
ELIP primary magmas. It is worth noting that these two approaches are
indirect methods. Wang et al.'s (2016) approach depends on the as-
sumption that correlations between H,O and Al,O3; and with H,O/Ce
are the same in arc magmas and continental flood basalts and, Liu et al.
(2017) assumed that the water content in clinopyroxene has a mantle
origin. Nonetheless, these results, obtained with two independent
method, support a wet primary magma composition, comparable to
contents reported in melt inclusions from arc magmas (e.g., Kelley and
Cottrell, 2009).

A third indirect method is to estimate the water content of the
primary magmas using the calcium content in olivine (Gavrilenko et al.,
2016). In fact, the presence of water in the primary magma tends to
decrease the partitioning coefficient of calcium between olivine and
melt and results in lower Ca content in magmatic olivine (Feig et al.,
2006). Fig. 4c shows that the Ca contents in island arc olivines from
Klyuchevskoy volcano are around 1000 ppm, while in ELIP olivines,
supposed to have crystallized from magmas with similar water content
(Mironov and Portnyagin, 2011), the Ca content varies between 2000
and 4000 ppm, suggesting that ELIP olivines are derived from a vola-
tile-deficient source. Primary magmas calculated for ELIP picrites
contain up to 23 wt% MgO (see below). On the contrary, MgO content
from primitive melt inclusion from the Klyuchevskoy arc magmas are
up to 12 wt% (Mironov and Portnyagin, 2011). Using Gavrilenko et al.'s
model (2016), an increase from 12 to 23 wt% MgO and a decrease from
4 to 0 wt% H,O0 in the melt would result into a maximal increase in Ca
content of 1000 ppm (see Fig. 7 in Gavrilenko et al., 2016) and would
not explain the range of Ca content observed in the ELIP olivines. Ad-
ditionally, Gavrilenko et al. (2016) noted that their model fails to ex-
plain the partitioning of CaO for meimechites olivines. Meimechites are
alkali- and MgO-rich melts likely formed at high pressure (Fig. 4c;
Sobolev et al., 2009). Interestingly, melt inclusions in meimechites
olivines also contain high water content up to ~3.88 wt% (Ivanov et al.,
2018). The detailed reason of this discrepancy is beyond the scope of
this paper, but this suggests that other parameters must control the Ca
content in olivine. MgO should not be the sole adjustable parameter to
describe the partitioning of CaO between olivine and melt. Therefore,
we cannot directly compare the Ca content in olivine from various
geodynamics setting to decipher the water content in the magma; the
water effect on Ca partitioning requires further evaluation.

In the following discussion, we focus on the wet end-member,
supported by two of the three methods described above, and use a mean
water content of 3.4 wt% (Liu et al., 2017). However, because this
parameter might strongly affect the pressure and temperature estimate,
its impacts on our conclusions are discussed in details later (see Section
5).

Similar to the water content, the choice of the oxygen fugacity is
likely to affect the pressure-temperature estimates. Under-estimating
the fO, results in overestimating the melting temperature. Using the
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Fig. 7. (a) Melting P-T conditions underneath the ELIP. The
equilibrium P-T are calculated using the peridotite-melt
1700 model of Lee et al. (2009). The anhydrous solidus is from
Hirschmann (2000). Red and grey lines are calculated solidus
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content of 0.6 wt% (Liu et al., 2017) and partition coefficient
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composition of the coexisting olivine and spinel from Eimeshan picrites,
Bai et al. (2019) calculated a large range of oxygen fugacities for the
parental magmas with values as high as FMQ + 2.5. They interpreted
these elevated fO, as inherited from an oxidized mantle source (Evans
et al., 2012). This result, comparable with the most recent XANES re-
sults for melt inclusion in mantle plumes primary melts (Moussallam
et al., 2019), is also supported by the high water contents (excellent
candidate as oxidation agent) estimated in ELIP primary magmas. The
arc-like oxidized and hydrous features of the ELIP picrites may also be
critical factors for early saturation of Fe-Ti oxides (Bai et al., 2019) and
the formation of colossal magmatic Cu-Ni-PGE sulfide ore deposits
present in the Emeishan large igneous province (e.g., Ballard et al.,
2002; Sun et al., 2013). It is likely, however, that the fO, varies in the
mantle source (i.e, Bai et al.'s (2019) estimates vary from FMQ to
FMQ + 2.5). In the following discussion, we focus on the oxidized end-
member, but, in parallel with our tests on the impact of the water
content, the impact of the fO, is discussed in section 5.

Hence, prior to each incremental step of olivine addition or sub-
traction, the magma ferric/ferrous iron ratio was calculate using the
model of Kress and Carmichael (1991) with a fO, value of FMQ + 2.5
for the ELIP primitive magmas. The corresponding Fe>*/ZFe ratios
range from 0.27 to 0.34, with an average value of 0.30 = 0.01 (10),
which is similar to those of mantle plumes primary magmas (0.27-0.30)
reported by Moussallam et al. (2019). This is significantly higher than
the values used in previous estimations (e.g., 0.1 in Hanski et al. (2010)

and Ren et al. (2017) and 0.15 in Zhang et al. (2006)). The primary
melts of whole rock samples and melt inclusions have MgO content of
~17.2-23.9 wt% and 14.0-23.2 wt%, respectively. It is worth noting
that although Ren et al. (2017)’s results were based on the assumption
that Kp = 0.30 and Fe®**/ZFe = 0.1, we obtain similar primary
magmas compositions.

4.3. Mantle melting conditions

The depth and temperature at which the ELIP primary magma is in
last equilibrium with the peridotite mantle source can be calculated
using the olivine-liquid Fe-Mg exchange thermometer model and the
liquid SiO, activity barometer model of Lee et al. (2009). Using the
water content estimated by Liu et al., 2017 (3.44 = 0.89 wt%) and the
calculated primary magma compositions, we show that the pressure
and temperature conditions of last equilibrium with the mantle calcu-
lated on the whole rock sample (1.8-4.8 GPa and 1378-1598 °C)
overlap with the conditions calculated with melt inclusions
(1.5-4.9 GPa and 1323-1608 °C; Fig. 7). Whole rocks, however, cover a
slightly smaller range of conditions (Fig. 7), highlighting a smaller
compositional variability of the lavas, consistent with modest magma
mixing before eruption of the picrites (Kamenetsky et al., 2012).

Calculations also reveal a negative correlation between the TiO,
contents of the melt inclusion and the segregation pressures (Fig. 7b):
the high-Ti melt inclusions are segregated at significantly higher P-T
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conditions (T = 3.9-4.9 GP and 1550-1610 °C) than the low-Ti melt
inclusions (1.5-2.4 GPa and 1320-1420 °C) (Fig. 7a). We estimate the
melting degree from the melting conditions using the hydrous melting
model of Kelley et al. (2010), an initial H;O content in the mantle
source of 0.6 wt% (Liu et al., 2017) and a partition coefficient for water
between mantle and melt of 0.012 (Kelley et al., 2006). The degree of
melting broadly increases with decreasing pressure, from ~0 to
10-15% in whole rock, consistently with the incompatible behavior of
Ti during partial melting of peridotite. A small percentage (~3%) of the
intermediate-Ti melt inclusions, however, record higher melt fractions
higher than 15%. This might be the result of a sample bias. In fact,
plumes are usually assumed to present a temperature gradient from the
center to the rim (e.g., Sobolev et al., 2005). We have significantly more
data on intermediate compositions than on low- and high-Ti composi-
tions; variations observed in intermediate-Ti melt inclusions could re-
flect a larger recorded range of temperatures. Alternatively, clinopyr-
oxene fractionation may play a role in this apparent discrepancy. In
fact, ELIP picrites crystallized at high pressure (> 1GPa) and experi-
mental results from Villiger et al. (2004) showed that cpx crystallization
at 1 GPa can start as early as the melt reached 12 wt% MgO. In these
calculations however, we used Lee et al.'s model (2009) that only takes
into account olivine fractionation. The ~3% of melt inclusions that
show melt fractions higher than 15% all have MgO contents between
10 wt% and 12 wt%. Inaccurate fractionation correction can sig-
nificantly overestimate temperatures and depths of melting (Till et al.,
2012). The array of P-T data for the ELIP intersects the anhydrous
peridotite solidus at ~5 GPa (Fig. 7a), corresponding to a mantle po-
tential temperature of ~1560 °C (Lee et al., 2009). Because the mantle
source is hydrous, the intersection of the ELIP magma with the wet
solidus is likely to be at much higher pressure. Hence, this temperature
should be considered as a minimum value. Extrapolating the trend
produced by the data down to the intersection with the 0.6 wt% water
solidus suggest a pressure of 5.4 to 6 GPa that would correspond to a
potential temperature close to 1600 °C. However, magmatic pro-
ductivity of hydrous peridotite at low melting degree (Asimow and
Langmuir, 2003; Katz et al., 2003) is low and melting below the dry
solidus is unlikely to significantly affect the decompression path. This
mantle potential temperature is remarkably (> 210 °C) higher than that
(~1350 °C) of the ambient MORB mantle (Herzberg et al., 2007), and is
consistent with the crystallization temperature difference (~250 °C)
obtained from the Al-in-olivine thermometry (Xu and Liu, 2016).

4.4. Pressure-dependent compositional variation of olivines

When primary magmas ascend adiabatically, the decrease in tem-
perature can result in an increase in partition coefficient of Ni between
olivine and melt (i.e., the “AT effect”). For instance, according to the
experimental calibration of Matzen et al. (2017a), primary melts of
mantle peridotite from ~100 km depth and in equilibrium with residual
olivines with 2800-3100 ppm Ni (~0.36% NiO; Herzberg et al., 2013)
at ~1550 °C, will crystallize olivine near the surface at ~1400 °C with
3700-3900 ppm Ni (~0.48% NiO), similar to ELIP olivine nickel con-
tents. Therefore, T-P conditions of peridotite melting can be significant.

To test if variation of magma segregation pressures is consistent
with the compositional variability of the ELIP olivines, we compare the
olivine MnOgg and NiOgg (i.e., the MnO and NiO contents in olivines
corrected to Fogg along a crystal line of descent) with the compositions
of experimental and natural olivines reported by Matzen et al. (2017b).
Both data sets display negative correlations (Fig. 8). Olivine from high-
Ti samples have NiOgg higher and MnOgy lower than those in low-Ti
samples (Fig. 8). The high-Ti olivine present similar NiOgg to olivine
from experiments performed at 3-4.5 GPa (Fig. 8) and NiO and MnO
contents comparable to contents observed in Hawaiian olivine (Fig. 4).
The low-Ti olivines present similar NiOgg to olivine from experiments
performed at 1 GPa and NiO and MnO contents intermediate between
those observed in MORB and in Hawaiian olivine (Fig. 4). These
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Fig. 8. Olivine NiOgg vs. MnOgg for the ELIP picrites (Kamenetsky et al., 2012;
Liu et al., 2017; Yu et al., 2017). The MnO and NiO contents in olivines were
corrected to Fogg along a fitted crystal line of descent following the method of
Matzen et al. (2017b). Compositions of natural (MORB, Hawaii, Iceland and
other OIB & LIP) and model (1, 3 and 4-4.5 GPa) olivines crystallized from
peridotite primary melts are from Matzen et al. (2017b). Data for Aeolian arc
are from Zamboni et al. (2017).

observations are consistent with the pressure range calculated in Fig. 7
(~ 1.5-4.5 GPa) and with the correlation between Ti content in melt
inclusions and pressure of segregation (Fig. 7b), supporting our con-
clusions that both high-Ti and low-Ti olivine compositions can be ex-
plained by melting a peridotite source. We note, however, that the
NiOgo-MnOgg correlation described by the ELIP olivines presents a
gentler slope than the correlation described by experimental and nat-
ural olivines (Fig. 8). This discrepancy could be produced if primary
melts were derived from mantle peridotites that are heterogeneous with
respect to Ni and Mn contents. Alternatively, this discrepancy could
also reflect the effects of both the high oxygen fugacity and the presence
of water in the mantle source. In fact, Mysen and Dubinsky (2004)
showed that (1) the increase of the oxygen fugacity is accompanied
with a decrease of the degree of polarization of the melt (NBO/T) and
(2) the Kpp,2me/melt jncreases with decreasing NBO/T. Hence, the in-
crease of the oxygen fugacity in the mantle could result in higher MnO
contents in the magmatic olivines (consistent with the high MnOgg of
the low-Ti olivines compared to 1 GPa experimental olivines and nat-
ural MORB olivines; Fig. 8). Moreover, under hydrous conditions, Mn
becomes strongly compatible in garnet, but the presence of water does
not significantly affect the Mn partitioning behavior in olivine and
pyroxene (Balta et al., 2011). Hence, in the presence of garnet, at
pressures relevant for high-Ti olivines, magmas generated under hy-
drous conditions have lower Mn content than magmas generated under
anhydrous conditions (explaining the gentler slope for the ELIP olivine
observed in Fig. 8). The detailed investigation of the combined effects
of water and oxygen fugacity is, however, beyond the scope of this work
and is worthy of future experimental investigation.

4.5. Geodynamic scenario for generation of the ELIP low-Ti and high-Ti
picrites

The shallowest depth of melt segregation is approximately 50 km
(Fig. 7a), which is inside the present-day lithospheric mantle (Jiang
et al., 2018; Xu et al., 2004). Hence, there are two possible scenarios for
the genesis of the ELIP picrites: (1) conductive reheating of the sub-
continental lithospheric mantle (SCLM) above the solidus of mantle
peridotite during impingement of the mantle plume, or (2) enhanced
decompression melting within the upwelling mantle plume during
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thermal erosion-related lithospheric thinning.

If the magmas were last in thermal equilibrium with the SCLM be-
neath the depth of Moho, then the calculated pressures would imply
that the ELIP magmas were either melting products derived from the
lithospheric mantle, or they were mantle plume melts re-equilibrated
with the SCLM during melt transported upward through the litho-
spheric mantle, at depths ranging from ~50 to ~150 km (Fig. 7a).
Considering the high magmatic H,O content (Liu et al., 2017) and
oxygen fugacity of the primary magmas, we can reasonably infer that
the potential SCLM source could have been previously metasomatized
by ancient subduction events. Because the western margin of the
Yangzte Craton was an active continental arc during the late Proter-
ozoic time (Song et al., 2001; Xiao et al., 2004), SCLM underneath the
ELIP could have been metasomatized and refertilized by melts/fluids
derived from subducted slabs. However, there are some flaws in this
model, indicating that the SCLM may not act as the appropriate source.
Firstly, Liu et al. (2017) suggested that high H,O/Ce ratios (~1800) of
the ELIP picrites compared to that of the SCLM-derived melt (H,O/
Ce < 700) can exclude the SCLM as the mantle source. In addition, the
Re-Os isotopic analyses on the ELIP picrites show no evidence for a
massive contribution of metasomatized SCLM in their mantle source
(Zhang et al. (2008). Furthermore, an ancient metasomatized SCLM
usually displays highly heterogeneous and enriched Sr-Nd-Pb isotopic
signatures (Gao et al., 2008; Turner and Hawkesworth, 1995; Xiao
et al., 2004). On the contrary, whole rock (Sr-Nd) and melt-inclusion
(Pb) isotopic ratios are relatively constant (Kamenetsky et al., 2012;
Ren et al.,, 2017), suggesting various degree melting of a relatively
homogeneous mantle source.

Although the above arguments cannot fully reject the potential
contribution from the assimilation of the SCLM during melt transport,
we favor an alternative geodynamic scenario for the origin of the ELIP
magmas: the decompression melting during upwelling of a hot hydrous
mantle plume, accompanying by catastrophic lithospheric thinning (Xu
et al., 2001). The unusually high water content and oxygen fugacity
may be related to a hydrous reservoir in the deep mantle, either in the
mantle transition zone (MTZ) captured by plume during upwelling, or
in the geophysically observed large low-shear-velocity provinces
(LLSVPs) where the ELIP plume might originate (Liu et al., 2017; Wang
et al., 2016). During mantle plume emplacement, low degree melting at
greater depths yields high-Ti primary melts, while high degree de-
compression melting at lower depths produces low-Ti magmas (Fig. 7b)
(Xu et al., 2001). The high-Ti magmas would separate from the mantle
source at high pressure, ascend adiabatically to shallower depths, then
precipitate primitive olivines with higher Ni and lower Mn contents
than olivines crystallized from low-Ti magmas derived from shallow
depth. This model is supported by variation of the primitive mantle
normalized rare earth element ratios, such as (Gd/Yb)y. The low-Ti
magmas display low (Gd/Yb)y ratios (< 1.5) (Fig. 2a), which suggest
that they were derived from mainly a spinel peridotite source, at a
depth shallower than 70 km (Xu et al., 2001). In contrast, the high-Ti
samples have relatively high (Gd/Yb)y ratios (> 2.5) (Fig. 2a), favoring
an origin in the garnet stability field (Xu et al., 2001).

5. Potential uncertainties

The absolute P-T estimates rest strongly on our assumptions of
water content and Fe** /ZFe ratio of the primary magmas. Except for
the water content of Dali picrites (Liu et al., 2017), no other analyses
have been reported so far. However, the H,O content of the ELIP pri-
mary melts in other areas may be different from the Dali picrites, and
could be variable from one location to another. Furthermore, available
water data in the ELIP picrites is calculated on the basis of clinopyr-
oxene-melt equilibrium. Considering that olivine or spinel usually
precipitates as a liquidus phase earlier than clinopyroxene, the pub-
lished water content based on clinopyroxene-melt equilibrium may thus
only be regarded as a maximum value. We want to highlight, however,
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that the high pressure of crystallization of the ELIP picrites (> 1GPa)
enhances the stability of clinopyroxene and this later is likely to start to
crystallize early in the crystallization sequence (Husen et al., 2016;
Villiger, 2004; Villiger et al., 2007). Likewise, the Fe® " /TFe ratios of
the ELIP primary magmas are also not well constrained. There is no
direct measurements (e.g., XANES) of olivine-hosted melt inclusions in
ELIP picrites; Bai et al.'s results (2019) are indirect measurements from
olivine and spinel compositions (Ballhaus et al., 1991). Furthermore,
oxygen fugacity of the erupted picrites may not simply reflect the oxi-
dation state of the primary magma at depth. In fact, when primary
magmas segregate from its source and ascend adiabatically, they might
oxidize during decompression. The consequence is that the oxygen fu-
gacity of primary magmas at mantle depth can be 1-2 log units lower
than those at the surface (Kress and Carmichael, 1991).

Given above potential uncertainties in water content and oxygen
fugacity and to better understand how these variations will propagate
to estimation of P-T, we did a series of calculations using different water
contents and Fe>* /SFe ratios as input. The summary of the effects of
primary melt water H,O content and Fe** /ZFe on the estimated seg-
regation P-T conditions for primary magmas of melt inclusions is pre-
sented in Fig. 9. Individual calculations are plotted in the Supplemen-
tary Figures. Decreasing the water content and the oxidizing conditions
both result into increasing the average pressure and widening the range
of pressures at which magma segregation occurs. The average pressure
of segregation for the wet and oxidized end-member is 3.3 GPa and
magma segregation occurs between 1.4 and 4.9 GPa. For comparison,
using primary magmas with 1 wt% H,O and Fe®*/SFe = 0.1, the
average pressure is 6.6 GPa and the pressure of segregation varies from
2.4 to 10.5 GPa. Hence, calculations under drier and less oxidized
conditions shift the estimation to higher P-T conditions, and our cal-
culations provide a minimum segregation P-T for the ELIP picrites and
consequently a minimum estimation of the potential temperature. One
additional scenario would be to consider variations of the water content
and oxygen fugacity in the mantle source. In fact, Bai et al. (2019)
showed that low-Ti picrites can record a significantly lower fO, (=
FQM) than high-Ti picrites. To test this hypothesis, we used the extreme
scenario where high-Ti picrites would be formed by a wet and oxidized
mantle (3.4 wt% H,O and Fe®>*/$Fe = 0.3), while low-Ti picrites
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Fig. 9. Averages (circles) and ranges (vertical bars) of pressures of melt seg-
regation for primary magmas calculated from melt inclusions using Lee et al.
(2009)’s model as a function of the Fe®* /SFe ratio and for 1, 2 and 3.4 wt%
H,0.
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would be produced by a mantle with 1 wt% H,O at Fe** /£Fe = 0.1. In
this case, the average pressure of Hi-Ti picrites is 4.5 GPa and the
average pressure of low-Ti picrites is 3.2 GPa. So, even in this extreme
scenario, a difference of segregation pressure between high- and low-Ti
picrites over 1 GPa is required to explain the genesis of the ELIP pi-
crites. Hence, the assumption whether melting of a peridotite mantle
source at different P-T conditions can explain the differences between
high-Ti and low-Ti picrites is robust and our simple modelling places a
first-order constrain on genesis of the ELIP picrites.

6. Conclusions and future directions

Olivine, melt inclusion and whole-rock geochemical data on picrites
from the Emeishan large igneous province support a scenario where no
pyroxenite component is involved, but in which picrites are crystal-
lizing from magmas segregated at different depths along an adiabatic
path controlled by the decompression melting of a relatively homo-
geneous hydrous peridotitic mantle plume source. The peridotite source
could have been refertilized by fluid/melt from recycled oceanic crust.
We also highlight that, while several pieces of evidence suggest that the
mantle source of the Emeishan picrites is hydrous and oxidized, further
work, such as XANES and SIMS analysis of melt inclusions host in the
ELIP olivines, is required to better quantify the water content and de-
gree of oxidation. Lower oxygen fugacity and water content in the
mantle source would result into a higher potential temperature, but
would not affect our conclusion that melting of a relatively homo-
geneous peridotite mantle source at different P-T conditions can explain
the genesis of the ELIP picrites.
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