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Compositional Variation of Picrites in the Emeishan Large
Igneous Province Modulated by Water in the Mantle Plume
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Abstract Initiation of large igneous provinces (LIPs) and temporal and spatial variations in their chemical
compositions provide unique opportunities to understand mantle dynamics. It has been recently revealed that
water-rich reservoirs in the mantle sources have played a significant role in the production of LIPs. However,
the dominant causes for the chemical variations in primitive magmas of LIPs remain debated. In the Emeishan
LIP (ELIP), there are several places where picrites accompany more abundant flood basalts. These picrites span
a large range of Ti/Y, Sm/Yb, and TiO,/Al,O,. In this work, we have determined the water contents of picrites
with Ti/Y > 500 from the ELIP, based on the water content of clinopyroxene phenocrysts and water partitioning
coefficients. We have also calculated the water content of the mantle sources by applying batch and fractional
partial melting models. We show that the chemical compositions of picrites in the ELIP closely correlate with
the calculated water content in their mantle sources. Our model suggests that the variation in the chemical
composition of the primary magmas of the ELIP both on a local and regional scale can be mainly explained

by the complementary roles of relatively dry recycled pyroxenite and hydrated components in the mantle
plume, without requiring catastrophic thinning of the lithospheric mantle. Our model thus implies that both the
initiation and chemical variation of the ELIP are affected by water from the deep mantle.

Plain Language Summary Large igneous provinces (LIPs) represent a manifestation of the activity
of a mantle plume. In most LIPs, the chemical compositions of basalts are heterogeneous and can usually

be divided into high-Ti and low-Ti groups. This division has been used to infer differences in the mantle
composition and/or partial melting conditions, which ultimately reflect the picture of the compositional and
thermal structure of the deep mantle and their partial melting processes. In this study, we report that both the
high-Ti and low-Ti type picrites of the Emeishan LIP were derived from hydrous mantle sources and such a
compositional dichotomy is closely associated with the water content of the mantle sources. This case study
provides a new perspective to connect the presence of volatiles in the deep mantle, the activity of deep-seated
mantle plumes, and widespread basaltic magmatism on the Earth's surface.

1. Introduction

Large igneous provinces (LIPs) consist mainly of basaltic rocks erupted rapidly (mostly within 1-5 Ma) over
great areas (0.1-10 x 10° km?; Ernst, 2014). Many of them have contributed to the formation of giant metallic
ore deposits and triggered prominent environmental effects (Ernst, 2014). The long-recognized characteristics of
the global LIPs include the occurrences of low-Ti and high-Ti magmas on local and regional scales (Bryan & Er-
nst, 2008; Cox et al., 1967), although in specific LIPs, different magma types derived from different sources can
exist (Luttinen, 2018). The temporal and spatial occurrence of the high-Ti and low-Ti magma types within volcanic
sequences provides a unique window to trace the dynamics of mantle convection and the chemical heterogeneity
of the Earth's interior. Paleogeographic reconstructions show that most of the LIPs in the past 300 Ma formed at
the edge of large low-shear-wave-velocity provinces (LLSVPs) with thermal and chemical heterogeneities in the
lower mantle, which suggests a close genetic relationship between LIPs and mantle plumes (Burke et al., 2008;
Torsvik et al., 2010). Many studies have revealed that hydrous reservoirs (with water contents of >2,000 ppm, i.e.,
much higher than in the mid-ocean ridge basalt and ocean island basalt sources; Hirschmann, 2006) derived from
the deep mantle have played a significant role in the initiation of some Archean and Phanerozoic LIPs (Gurenko
et al., 2016; Ivanov et al., 2018; Liu et al., 2017; Shimizu et al., 2001; Sobolev et al., 2016).

LIU ET AL.

1 of 15

8508017 SUOWIWIOD AIIERID 3|qeoldde au) Aq peupA0b 818 SO VO ‘SN JO SBIN J0j AXRIq1T 8UIIUO AB]IA LD (SUONIPUOO-PUR-SWLBIALID A8 1M AlRIq 1 [BUI [UO//:SHNY) SUORIPUOD Pue SWie 1 8y} 88S *[2202/0T/Sz] Uo ARIqITauliuo A8]IM ‘00T80VZd Y NINO JO AISRAIN A ¥BSEZ0ErTZ0Z/620T OT/I0p/L0Y™A8 | ARIq 1 jpuluo'sqndnBe//sdny Wwoiy papeolumoa ‘T ‘220z '9SE669T2


https://orcid.org/0000-0003-4949-6679
https://orcid.org/0000-0003-1256-7568
https://orcid.org/0000-0002-7419-1626
https://orcid.org/0000-0003-3524-4163
https://doi.org/10.1029/2021JB023584
https://doi.org/10.1029/2021JB023584
https://doi.org/10.1029/2021JB023584
https://doi.org/10.1029/2021JB023584
https://doi.org/10.1029/2021JB023584
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JB023584&domain=pdf&date_stamp=2022-01-18

A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023584

Although varying degrees of differentiation and lithospheric contamination have played a significant role in the
compositional variations of many eruptive sequences in continental LIPs (Ernst, 2014; Hawkesworth et al., 1995;
Jourdan et al., 2007; Luttinen, 2018), the dominant causes for the compositional variations of more primitive
magmas, such as picrites, are still under debate. According to the scenario that mantle plumes are derived from
a dry and heterogeneous thermochemical pile, the temporal variation in the chemical composition of primary
magmas (e.g., increasing Sm/Yb and Ti/Y ratios with time) have been attributed to a change in the degree of
partial melting (Lassiter & DePaolo, 1997) or the relative proportion of recycled-eclogite/pyroxenite-derived
melts (Sobolev et al., 2011), which were finally associated with thinning of the lithosphere caused by the inter-
action with a mantle plume head. However, such an extent of thinning is not easy to occur within a typical main
eruption period (several million years) of LIPs, even if the lithospheric mantle has been weakened by hydration
(Wang et al., 2015). Water can have a disproportionately large effect on the partial melting behavior of mantle,
thereby contributing to the composition of magmas (e.g., Asimov & Langmuir, 2003; Hirschmann, 2006; Katz
et al., 2003). Thus, hydrated components entrained by mantle plumes from the Earth's interior may play an impor-
tant role in the chemical variation of the surface magmatism in the LIPs. Based on the Ni content or Fe/Mn ratio
of olivine phenocrysts, Liu et al. (2017) observed a negative trend between the H,O/Ce ratio and the proportion
of pyroxenite-derived melts in erupted primary magmas for several Phanerozoic LIPs and Archean komatiites
(e.g., Emeishan, Siberian, Talimu, Karoo, Columbia River, Abitibi komatiite). However, due to the complex de-
pendence of the Ni content and Fe/Mn ratio of olivine on temperature, pressure, and melt composition (Matzen
et al., 2017), this work did not directly indicate whether the composition of the primary melt (e.g., in terms of
major elements and Sm/Yb or Ti/Y ratios) is correlated with the water content in the mantle source.

The Emeishan large igneous province (ELIP) is located at the western margin of the Yangtze Craton in southwest-
ern China and was formed within one million years at ca. 260 Ma (Zhong et al., 2014). In the western part of the
province, the thickest volcanic succession reaches a thickness of ~5 km (e.g., Binchuan, Lijiang; Xu et al., 2001;
Zhang et al., 2006). There are several places where highly magnesian volcanic rocks occur together with more
abundant flood basalts (Dali, Binchuan, Lijiang; Hanski et al., 2010; Zhang et al., 2006; Figure S1), varying in
composition from LREE-depleted low-Ti picrites to LREE-enriched high-Ti picrites (Hanski et al., 2010). Liu
et al. (2017) concluded that the low-Ti picrites at the bottom of the Binchuan succession in the Dali area were
derived from a hydrous (>6,000 ppm) eclogite-bearing mantle plume. Here, we focus on high-Ti picrites from
several locations (Binchuan, Yongsheng, Lijiang) of the ELIP and examine the potential correlation between the
water content in the mantle source and the geochemical composition of the primary magmas. The new water
content data of these rocks suggest that their mantle sources could have >3,000 ppm H,O, while the calculated
olivine liquidus temperatures are comparable to those of low-Ti picrites (~1,340 °C). We show that the compo-
sitions (e.g., Ti/Y and Sm/Yb ratios) of the ELIP picrites are closely correlated with the water contents of their
mantle sources. We thus argue that the formation of the ELIP is closely related to the entrapment of a hydrous
reservoir in the Earth's interior, and the compositional fluctuations of the surface magmatism associated with the
mantle plumes reflect the complementary partial melting behaviors of recycled eclogites/pyroxenites and hydrat-
ed components within the mantle plume.

2. Analytical Methods
2.1. Major and Trace Element Analysis of Bulk-Rock Samples

Major and trace element concentrations of bulk-rock samples were determined at ALS Chemex Co., Ltd. (Guang-
zhou, China). After removal of weathered surfaces, the samples were crushed into small fragments (<0.5 cm
in diameter), cleaned with deionized water and ground to 200-mesh powder, and analyzed for loss-on-ignition.
Major element compositions were measured by X-ray fluorescence (XRF) on fused glass disks. The precision
for element concentrations of >1 wt.% is 1-3% and for element concentrations of <1 wt.%, it is ~10%. For trace
elements, lithium metaborate flux was added to the sample powder, and the mixture was fused at 1,000 °C and
dissolved in 100 ml of 4% nitric acid. The powder was then analyzed using a PerkinElmer inductively coupled
plasma mass spectrometer (ICP-MS). The precision is generally better than 5% for most trace elements.
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2.2. Electron Microprobe Analysis

Chemical compositions of olivine and clinopyroxene phenocrysts (cpx) and spinel inclusions in olivine were
measured by a Shizuma 1720-H electron microprobe in the School of Earth Sciences at Zhejiang University,
Hangzhou, China. Back-scattered electron images were utilized to check the homogeneity of the phenocrysts.
During the quantitative analysis of cpx phenocrysts and spinel inclusions, the operating conditions were the fol-
lowing: 15 kV accelerating voltage, 20 nA beam current, and 1 pm spot size. For olivine, the analytical method
described by Sobolev et al. (2007) was used, employing an accelerating voltage of 20 kV, a beam current of
300 nA, and a spot size of 5 pm. Natural minerals and synthetic oxides were used as standards, and a program
based on the ZAF procedure was used for all data correction. All the analytical points in cpx phenocrysts were
focused on the same areas used for the Fourier Transform Infrared Spectroscopy (FTIR) analyses. The errors of
the EPMA data are <5%, except for Na,O of pyroxene, which may have an error of up to 15-20%.

2.3. Fourier Transform Infrared Spectrometry (FTIR)

Usually the water content in anisotropic minerals should be determined by polarized infrared beam (Libowitzky
& Rossman, 1996). However, most clinopyroxene phenocrysts in our samples are small and partly altered and
bear cracks and inclusions (Figure S2), which make the use of a polarized beam difficult. Xia et al. (2013) and Liu
et al. (2015) confirmed that if a cpx grain shows three groups of OH bands (~3,640, ~3,540, 3,460 cm™!) and the
linear absorption (peak height) is less than 0.3, the water content can be determined by the unpolarized infrared
beam method using a single randomly oriented crystal. Recently, the validity of the unpolarized FTIR method
has been demonstrated in recovering the primary water content of some ocean island basalts (Turner et al., 2017).
In this work, unpolarized infrared spectra were obtained at wavenumbers varying from 1,500 to 4,500 cm™' on
a Nicolet FTIR spectrometer IS50 coupled with a Continupm microscope at Zhejiang University, using a KBr
beam-splitter and a liquid-nitrogen cooled MCT-A detector. Double-polished thin sections with thicknesses rang-
ing from 0.12 to 0.15 mm were prepared. The light source and pathway and the sample-holding cell were flushed
with purified air free of CO, and H,O. For each cpx grain, a total of 256 scans (depending on the water content of
the grain) with a resolution of 4 cm™' were performed. A square light spot with dimensions ranging from 30 x 30
to 100 x 100 pm was used, depending on the size and quality of the mineral grain. Optically clean, inclusion-free
and crack-free areas were carefully chosen for measurement. Absorption by alteration or fluid inclusions in
cracks, generally characterized by the OH bands near 3,670 cm™' or near 3,400 cm™' (Ingrin et al., 1989; Keppler
& Rauch, 2000), were excluded. For some large cpx phenocrysts, core-to-rim profile analyses were conducted
to evaluate the extent of water diffusion during the ascent of their host magma to the surface. For each sample,
olivine phenocrysts were also investigated by FTIR, but no visible structural OH bands were detected.

2.4. Water Content of Primary Melts

Water contents of the picritic melts from which the studied clinopyroxene phenocrysts crystallized were calculat-
ed using the method of Liu et al. (2017). First, the water content of cpx grains was calculated by the Beer-Lambert
law:

C =3 XA/ X 1) (1)

where C is the water content of cpx in ppm, A is the unpolarized integral absorbance, [ is the absorption coeffi-

cient, and ¢ is the thickness in cm. Then, the water partition coefficient (DZ’%’""”) was calculated on the basis of

the major element composition of cpx determined by EPMA and the following equation (O’Leary et al., 2010):

In DPY = —4.2 (£0.2)+6.5 (£0.5)X — 1.0 (£0.2)X2 @

H20 v
The water content of the melt was calculated using the water content of cpx determined by FTIR and the calculat-
ed D*/™!" value. The water content of the parental magma was recovered from these melt water contents taking

H20
into account the effects of fractionation and diffusion as discussed later.
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2.5. Crystallization Temperature of Olivine Phenocrysts and Mantle Potential Temperature

The Al-in-olivine thermometer developed by Coogan et al. (2014) is based on the partitioning of Al between
coexisting spinel and olivine and is not affected by variation in the melt water content and oxygen fugacity.
The temperature uncertainty of this thermometer is estimated to be +25 °C. Olivine phenocrysts from Lijiang
picrites have lower Fo (85-89 mol.%) compared to Yongsheng and Dali picrites, representing products of a later
evolutional stage, which was not taken into account in the calculations. We then use the relationship between
the mantle potential temperature (7)) and the liquidus temperature of primary melt established by Herzberg and
Asimow (2015) to calculate the final mantle potential temperature. This approach was also applied by Sobolev
et al. (2016) to calculate the mantle potential temperature of Archean komatiites derived from mantle sources
with thousands ppm of water. Due to the observations that the Al-in-olivine thermometer is not sensitive to
magma water content (Coogan et al., 2014), the liquidus temperature of the primitive magma recovered by this
approach is consistent with the results calculated by the water-involved thermometer that is based on the Fe-Mg
exchange between olivine and melt (Liu et al., 2017; Putirka et al., 2008; Sobolev et al., 2016).

The olivine liquidus temperature (T p"[/ Y was first calibrated to the olivine crystallization temperature at 1 atm
(Tlo 1Ly by the following equation:

TP =TP — 54P + 2P ©)

Mantle potential temperatures (7,) were calculated from olivine liquidus temperatures at 1 atm (Tl"’/ Ly using the
following equation (Herzberg & Asimow, 2015):

Tp = 1.049T/* = 0.00019(T"/%)" + 1487 % 107(T"/1’, )

where P is the crystallization pressure of olivine in GPa, equaling roughly the crystallization pressure of cpx,
which can be estimated from the equilibrium between the cpx and corrected melt compositions. All temperatures
are in °C. Although the equation for the calculation of mantle potential temperatures was calibrated from exper-
iments based on peridotite, the test of this equation on the pyroxenite-based experiments shows that it can give
mantle potential temperatures within an uncertainty of +70 °C (Liu et al., 2017).

3. Results
3.1. Chemical Characteristics of High-Ti Picrites in the Emeishan LIP

The studied picrite samples are massive rocks with a porphyritic texture, containing abundant olivine, clinopyrox-
ene, and spinel phenocrysts (Figure S2). Their bulk MgO contents range from 19.7 to 22.5 wt.% (Data Set S1),
which are similar to the compositions obtained by previous investigations for bulk rocks and melt inclusions in
olivine or spinel grains (Data Sets S1 and S2). Picrites have high Mg# (Mg# = Mg/(Mg + Fe)) of 69.5-82.5 and
are generally in equilibrium with olivine with the highest Fo content in each sample (Figure S3a in Supporting
Information S1). Fo values of Lijiang picrites are slightly lower than the equilibrium values, which indicates that
the samples experienced a small degree of olivine accumulation. Similarly, the clinopyroxene phenocrysts in Dali
and Binchuan picrites are almost close to equilibrium with the bulk-rock compositions (Figure S3b in Supporting
Information S1), arguing against significant accumulation or fractionation of mafic minerals. For the Lijiang and
Yongsheng samples, Mg# values of the cpx phenocrysts are lower than the equilibrium values, which could have
been caused by early crystallization or accumulation of olivine.

High-Ti/Y picrites are characterized by Ti/Y ratios ranging from 526 to 727 (>500; Kamenetsky et al., 2012;
Figure 1). The rocks show typical OIB-like trace element patterns in primitive mantle-normalized trace element
diagrams (Figure 1) and their Nb/U and Ce/Pb ratios (Nb/U = 30-56, Ce/Pb = 16-21; Data Set S1) are com-
parable to the range of MORB and OIB (Hofmann et al., 1986), indicating insignificant crustal contamination.

3.2. Water in Clinopyroxene From High-Ti Picrites

As shown in Figure 2, the cpx phenocrysts in Lijiang and Yongsheng picrites show three groups of OH bands
(~3,620-3,651, ~3,540, and ~3,460 cm™!), which are related to the Al** substitution in the Si tetrahedral site,
metal (e.g., Ca) vacancies with tetrahedral Al**, and singly protonated Ca vacancies with a nearby octahedral M3+,
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respectively (e.g., Balan et al., 2020; Skogby et al., 1990; Yang et al., 2019).
These spectra are comparable to those of cpx in Dali low-Ti picrites, Ceno-
zoic basalts in eastern China and mantle xenoliths (Liu et al., 2015, 2017;
Xia et al., 2013). Water contents of the cpx phenocrysts from Lijiang and
Yongsheng high-Ti/Y picrites were calculated based on the Beer-Lambert
law, unpolarized integral absorption area and absorption coefficient of Bell
et al. (1995). The calculated water contents of these cpx phenocrysts range
from 110 to 410 ppm (Figure 3) and are listed in Data Set S2.

A 4. Discussion

4.1. Estimation of Magmatic Water Content From Clinopyroxene
Phenocrysts

68 70

72 74

Mg#

76 78 80 82

While the reverse calculation from clinopyroxene phenocryst compositions
provides the only potential alternative approach to melt inclusion analysis

100 4

Sample/PM

for recovering the pre-erupted water content of basaltic melts (O’Leary
et al., 2010; Wade et al., 2008), the major challenge of this method is the
loss of water from clinopyroxene phenocrysts upon cooling of the lava (e.g.,
Liu et al., 2015; Lloyd et al., 2016; Turner et al., 2017). In the following, we
show evidence that at least some clinopyroxene phenocrysts have preserved
their initial water contents and hence can be used to obtain magmatic water
contents for ELIP picrites.

—BC
—VLJ
— DL

In their calibration of the water partition coefficient between cpx and basaltic
melt (DP¥melty O’ Leary et al. (2010) considered the hydroxyl defects related
to both metal vacancies and the coupled Al substitution in the tetrahedral
Si site. The preservation of correlation between water in cpx and D<®¥melt
could be thus considered diagnostic evidence for that the cpx phenocrysts
have preserved their original magmatic water content. This correlation could

Rb Th Nb
Ba U Ta

Figure 1. Major and trace element compositions of picrites from ELIP.

(a) Ti/Y versus bulk-rock Mg# plot. (b) Primitive mantle-normalized trace
element patterns. The symbols with color are samples studied in this work.
Data sources: Dali (DL) from Liu et al. (2017); BC (Binchuan) from Yu et al.
(2019); Lijiang (LJ) from Hanski et al. (2010); Yongsheng (YS) from this
work. Gray symbols represent data from Hanski et al. (2010) and Kamenetsky
et al. (2012). Normalization values for primitive mantle and OIB taken from
McDonough and Sun (1995) and Sun and McDonough (1989), respectively.

La Pr Nd
Ce Sr Zr

T T
Hf Eu_ Ti_ Dy

Y be identified for the cpx phenocrysts in a low-Ti/Y picrite sample from Dali
Sm Gd Tb Ho Er

(Figure 3), which indicates that water loss through diffusion was not sig-
nificant in this case (Liu et al., 2017). However, for Binchuan, Lijiang, and
Yongsheng picrites, the situation is a bit more complex. As shown in Fig-
ure 3, while many cpx phenocrysts from Binchuan picrites show relatively
low water contents (<200 ppm), the cpx grains with the highest water content
in each sample plot on the same line with an equilibrium magma water con-
tent of ~3.0 wt.%. In addition, these water contents are negatively correlated
with cpx Mg#, which is consistent with a trend formed by crystal fractiona-
tion in a closed system (Wade et al., 2008). These two observations suggest
that water diffusion in these cpx crystals was not significant. Thus, we use the
cpx crystals with the highest Mg# to calculate magma water contents for Binchuan picrites (Figure 3). Although
this selection is slightly different from that employed by Yu et al. (2019), the resulting water content estimates
are comparable (see Figure 3). Due to the heavy alteration and relative scarcity of cpx phenocrysts in Lijiang and
Yongsheng picrites, we could not obtain as much data for them as for Dali and Binchuan picrites. In the Lijiang
and Yongsheng samples, no correlation between H,O and D! and Mg# could be recognized. A profile analy-
sis across a large cpx phenocryst (15EJHO8B-1 with a dimension of ~1,000 pm) revealed that the water contents
of the core and rim vary from 197 + 40 to 140 + 28 ppm (Data Set S2). This indicates that diffusion did occur
to some extent. In such cases, we use the cpx grains with the highest water content to estimate the lower limit of
the magmatic water content for the picrites from these two locations. Calculated water contents of the magma in
equilibrium with the selected cpx phenocrysts and values corrected for the effects of olivine crystallization at an
early stage are listed in Table 1.

As shown in Figure 4, the water contents of the primary magmas of high-Ti/Y picrites, which are in equilibrium
with the mantle, are from 2.17 to 2.52 wt.%, which are considerably higher than the estimated water contents in
MORB and OIB and reach the level of back-arc and/or island arc basalts. The lower-limit H,O content is clearly
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& 2 in calculating T, for picritic melts from the ELIP (Tao et al., 2015).

£
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g 4.2. Wet Plume Source of High-Ti ELIP Picrites

§ 15 4 The water concentrations of the primary magmas were used to recover the
" water contents of the respective mantle sources, based on the batch and frac-
2 tional partial melting models (Shaw, 1970). The partition coefficient of H,O
B between mantle rocks (pyroxenite or peridotite) and basaltic melt ranges from
| 0.0085 to 0.0129 (Hirschmann et al., 2009). One parameter that affects sig-
g nificantly the calculated water content in the mantle source is the estimat-
S 0 ed degree of partial melting (F). Petrological forward and inverse modeling
=z

4000 3800 3600 3400 3200 3000
Wavenumber (cm-1)

Figure 2. Typical OH bands of cpx phenocrysts in ELIP picrites. The spectra
have been normalized to a thickness of 1 cm. The numbers mark the positions
of typical OH bands in clinopyroxene crystals. The abbreviations represent the
same sample locations as in Figure 1.

based on major element compositions of magmas (e.g., PRIMELT3; Her-
zberg & Asimow, 2015) is frequently used to recover primary magma com-
positions in equilibrium with mantle rocks, calculate mantle 7, and degrees
of partial melting. However, when this model (PRIMELTS MEGA.XLSM)
was applied to the ELIP picrites of this study, “pyroxenite source” or “augite
fractionation” warnings always appeared. Based on the recovered primary
melt compositions and a previous version of the same model (PRIMELT?2),
the degree of partial melting for low-Ti type picrites at the bottom of the Bin-
chuan volcanic sequence was estimated to be around 17% (Li et al., 2012).
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Figure 3. Comparison of water contents in clinopyroxene grains and the calculated partition coefficients of water between cpx and basaltic melt and cpx Mg#. (a, b)
Picrites from Dali and Binchuan. The data for DL3-6 are from Liu et al. (2017) and for Binchuan picrites from Yu et al. (2019). The DP¥™elV jg calculated by Equation
10 in O’Leary et al. (2010). The cpx grains within the dotted ellipses in a and b are the same cpx grains. (c, d) Picrites from Lijiang and Yongsheng. The red lines
connect analytical spots from the same cpx crystals. C, M, and R represent core, mantle, and rim, respectively. The LJ profile represents multiple analyses from a single
cpx grain in a Lijiang picrite sample (15-EJH-08B-1). The uncertainty (2SD) of the vertical axis, DP™!) and Mg# is +20%, +10%, and +1%, respectively.
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Table 1
Summary of Compositional Data of Picrites From the ELIP and Calculated Water Contents in the Mantle Source
Location Ti/Y 2SD Sm/Yb 2SD TiO,/AlL,0, 2SD Highest Mg# of cpx Highest Fo of olivine
Dali 400 25 1.88 0.09 0.23 0.02 91.1 934
Binchuan 622 40 35 0.18 0.18 0.02 91.0 91.1
Yongsheng 714 17 3.77 0.19 0.21 0.02 84.5 91.9
Lijiang 737 8 3.67 0.18 0.11 0.01 89.6 91.1

Partial melting degree Water in mantle source

Location Water content Ol fractionation Ol corrected H,0/Ce F1 F2 Caterinsource D Conerin source E2)
Dali 3.73 0.10 3.36 1,811 0.18 0.18 6,446 6,446
Binchuan 2.71 0.07 2.52 969 0.22 0.14 5,721 3,723
Yongsheng 3.60 0.37 2.27 493 0.22 0.14 5,153 3,354
Lijiang 3.10 0.30 2.17 452 0.22 0.14 4,926 3,206

Note. The amount of olivine fractionation is calculated using PRIMELT3 (Herzberg & Asimow, 2015). The water content of the mantle source is calculated based on
the batch partial melting model. Water partitioning coefficients are discussed in the main text.

The PRIMELT3 model conducted for a Binchuan sample (DY8-7) resulted in an F value of ~18%, without an
error warning. As shown in Table 1, except for TiO, and trace elements, the high-Ti/Y picrites of this study show
similar concentrations of SiO,, FeO, MgO, CaO, and Al,O; to those of low-Ti/Y picrite (DY8-7 by Liet al., 2012;
Data Set S1), and therefore the degree of partial melting for high-Ti/Y picrite is probably also around 18%. This
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Siberian picrite
Siberian meimechite
= Tarim LIP
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Emeishan Binchuan picrite
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1
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— e
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Figure 4. Comparison of H,O contents in primitive magmas from the ELIP and other geological settings. The Yongsheng

and Lijiang data are from this work and the Dali data

from Liu et al. (2017). The original Binchuan data are from Yu

et al. (2019) and recalculated data from this work. The water abundance data for oceanic basalts are from Dixon et al. (2004),

for komatiites from Kamenetsky et al. (2010), Shimiz

u et al. (2001), and Sobolev et al. (2016) and for other LIPs from the

compilation of Liu et al. (2017). Abbreviations: NMORB, normal mid-ocean ridge basalt; EMORB, enriched mid-ocean
ridge basalt; OIB, oceanic island basalt; BABB, back-arc basin basalt; CRB, Columbia River basalt; SRPB, Snake River Plain

basalt. For the compiled data, see Data Set S3.
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Figure 5. Crystallization temperatures of olivine phenocrysts in picrites from the ELIP based on the Al partitioning between olivine and coexisting spinel. (a)
Calculated temperature versus Fo content of olivine. Crystallization temperatures of Karoo picrites, Gorgona komatiites, and MORB are shown for comparison,
with data taken from Heinonen et al. (2015) and Coogan et al. (2014). The Dali (Xu) data are from Xu and Liu (2016), the Dali (Liu) data from Liu et al. (2017), and
the Yongsheng and Binchuan data from this study. All data are presented in Data Set S2. (b) Histogram for crystallization temperatures of olivine phenocrysts with

Fo > 90 mol.%.

simplification inescapably induces some additional uncertainty. To estimate the minimum water content in the
mantle source, we consider the degree of partial melting for the high-Ti/Y picrite sample to be in the range of
14-22%. As shown in Table 1, the lowest water contents of the mantle sources for the Binchuan, Yongsheng,
and Lijiang picrites are estimated to be 3,196 + 1,278, 2,635 + 1,054, and 1,802 + 721 ppm, respectively (Ta-
ble 1). These values are considerably higher than the water contents of the global MORB and OIB sources
(Hirschmann, 2006), indicating that high-Ti/Y picrites were derived from mantle sources that were extensively
hydrated, although they are lower than the value obtained for the source of the low-Ti picrites from Dali (at the
bottom of the Binchuan volcanic section; >6,000 ppm; Liu et al., 2017).

The water enrichment in the mantle source of the studied high-Ti/Y picrites could be a result of several different
processes including, for instance, metasomatism of the lithospheric mantle by fluids/hydrous melts in a subduc-
tion setting (Cox et al., 1967; Grove & Parman, 2004) or entrapment of hydrous mantle transition zone (MTZ)
segments/melt by an ascending mantle plume (Liu et al., 2017; Sobolev et al., 2016). The Nb/U (30-56) and Ce/
Pb (16-21) ratios of all high-Ti/Y picrites are rather close to the values of MORB and OIB (40 + 7 for Nb/U,
25 + 5 for Ce/Pb; Hofmann et al., 1986), which are considerably higher than the values of typical arc or back-arc
basalts (~<5; Tatsumi, 2005). This observation argues strongly against the role of the metasomatized continental
lithospheric mantle as the main source of water.

In the following discussion, we present additional observations on the mantle temperature and the origin of re-
cycled material in support of the hydrous mantle plume model. First, we have calculated olivine crystallization
temperatures for the studied picrites using the Al-in-olivine thermometer (Coogan et al., 2014) and high-pre-
cision AL,O, contents in olivine, which allow the estimation of the olivine crystallization temperature with an
uncertainty better than +40 °C. The spinels analyzed in this study exhibit stoichiometrically calculated Fe3*/Fe
values in the range of 0.22-0.42, and some of them exceed the Fe**/Fe, calibration range of the thermometer
(<0.35; Coogan et al., 2014). However, we note that many spinel analyses from the LIPs data sets of Coogan
et al. (2014) (Gorgana komatiites, Madagascar, Baffin Island, and Greenland) show Fe?*/Fe . higher than 0.35
(up to 0.46), while they give consistently higher estimates of olivine crystallization temperature than MORB
(Figure 5; Coogan et al., 2014). Thus, we suggest a small excess in Fe**/Fe; would not lead to systematical
errors in our temperature calculation. On the other hand, the Cr# values (Cr# = Cr/(Cr + Al), in atom number)
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of our samples are in the range of 0.63-0.82, and the dominant values are lower than 0.78 (Data Set S2), which
is similar to the case of Karoo picrites (0.64—0.78, Heinonen et al., 2015). Heinonen et al. (2015) showed that
the spinel grains with high Cr# give meaningful estimation of olivine crystallization temperature, based on the
linear correlation of Cr# and partitioning of Al between olivine and spinels (Wan et al., 2008) and the obser-
vations that the calculated temperatures do not correlate with Cr#. For our samples, similarly, there is no clear
dependence of calculated temperatures on Cr# (Figure S4). As shown in Figure 5, the calculated crystallization
temperatures for olivine phenocrysts from different ELIP picrites generally increase with increasing of Fo, which
are consistent with the expected cooling during magma evolution. These calculated temperatures also converge at
1,450 + 40 °C, which is comparable with that of Karoo and Gorgona komatiites. This temperature exceeds that of
MORB by 200 °C (Coogan et al., 2014) and is consistent with the maximum temperature (1,440 °C) calculated
by Xu and Liu (2016) for Emeishan picrites using the same method. These observations allow us to conclude that
our estimates of olivine crystallization temperatures are valid.

We applied the relationship between the mantle 7, and olivine liquidus temperature to estimate the corresponding
mantle Tp for the ELIP, yielding 1,501 + 70 °C (see the Section 2). This Tp estimate is consistent, within the un-
certainty, with that obtained for the Dali low-Ti/Y picrites (1,500 + 70 °C) by the same method (Liu et al., 2017).
In this study, the olivine phenocrysts with high Fo (>91) show significantly higher NiO (0.38-0.49 wt.%) and Fe/
Mn (66.5-81.0; Data Set S2) compared to olivine in MORB (NiO 0.24-0.38 wt.%, Fe/Mn 62.4 + 2.5; Sobolev
et al., 2007), indicating some contribution from a pyroxenite component in a peridotite source. Although the var-
iation of NiO and MnO in olivine could be partly explained by different conditions (P, T, fO,) of partial melting,
as discussed in detail by Liu et al. (2017), the systematically higher NiO and Fe/Mn in olivine grains from the
high-Ti/Y picrites compared to olivine grains from both Archean and Phanenozoic komatiites show that these
parameters at least reflect source heterogeneity or they can be considered indications of the maximum propor-
tions of pyroxenite-derived melt (Liu et al., 2017). The mantle source enrichment by recycled oceanic eclogite/
pyroxenite is also supported by the observation that olivine phenocrysts in many ELIP picrites with positive Nb
and Ta anomalies show 8'30 values higher than those of the normal mantle (Yu et al., 2017), which are princi-
pally associated with the interaction of rocks with the Earth's hydrosphere (Taylor & Simon, 1986). In summary,
we suggest that the studied high-Ti/Y picrites were derived from a hydrous, eclogite/pyroxenite-bearing mantle
plume, which was in this respect similar to the source of the low-Ti/Y picrites in the Dali area (Liu et al., 2017).

4.3. Geochemical Variations Coupled With Water in the Mantle Source

For an eclogite/pyroxenite-bearing and dry mantle plume, the geochemical characteristics of the final partial
melts would be physically controlled by the difference between the solidus temperatures of different lithologies
along an adiabatic decompressional thermal gradient (Lambart et al., 2016; Sobolev et al., 2007). It has been con-
cluded that the mantle sources of Archean and Phanerozoic komatiites were extensively hydrated but had a major
element composition close to that of peridotite (Gurenko et al., 2016; Shimizu et al., 2001; Sobolev et al., 2016).
Recent work indicates that a similarly hydrous source played an important role in the genesis of many Phanero-
zoic LIPs (Liu et al., 2017). Water in an eclogite/pyroxenite-bearing mantle plume would be an additional factor
modifying the proportions of partial melts derived from different lithologies along the melting column, due to
its large effects on the solidus temperature (Asimov & Langmuir, 2003; Hirose, 1997; Hirschmann, 2006; Katz
et al., 2003). Consequently, it can be expected that the major or trace element composition of a primary magma
would be closely related to the water content of its mantle source.

As shown in Figure 6, the estimated water content in the mantle source decreases and the bulk-rock Ti/Y, Sm/
Yb, and TiO,/ALO; ratios increase from the Dali low-Ti picrites in the bottom part of the Binchuan volcanic
section to the Binchuan high-Ti picrites in the upper part of the same section. In the following, we first discuss
the currently existing models for the variations in elemental ratios. The observed variation in the elemental ratios
for the Binchuan eruption sequence could be explained by that the high-Ti picrites were laterally flowed from
the periphery of the mantle plume head, where the lithosphere is thinner (Buchan & Ernst, 2019). However, this
model cannot be reconciled with the observation that picrites in the ELIP only occur in its central zone (Hanski
et al., 2010), with a larger extent of crustal elevation relative to other regions before the initiation of the ELIP
took place (He et al., 2003). Due to the fact that Ti (Sm) is less compatible than Y (Yb) during partial melting of
both peridotite or pyroxenite (Salters & Stracke, 2004), the temporal and spatial variations in chemical compo-
sition would also be explained by different extents of partial melting. Progressive lithospheric thinning and the
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Figure 6. Comparison of water contents (ppm) in mantle sources and selected
trace-element and major-element ratios for LIPs and OIBs. (a) Water contents
of mantle sources compared with bulk-rock Ti/Y. ELIP-F1 and ELIP-F2 mean
two sets of calculation of the water content in the mantle sources, in which
the degree of partial melting (F) is set at the values listed in Table 1. The
uncertainty of the water contents for ELIP picrites, which were based on the
clinopyroxene-method, is assumed to be 35% (2SD) and for the others, 20%
(2SD). The error bars for the trace element ratio are less than 10% (2SD). The
dashed lines show linear regressions. The bold arrows show timing from early
eruptions (located in the lower part of the volcanic section) to late eruptions
(located in the upper part of the volcanic section) in the specific LIPs. The
blue bold cross indicates the hydrous component in the deep mantle, which
would be associated with the mantle transition zone or recycled hydrated
oceanic lithospheric mantle (Gurenko et al., 2016; Sobolev et al., 2016). The
yellow bold cross represents fertile but dry pyroxenite in the mantle (Bizimis
& Peslier, 2015). (b) Water contents of the mantle sources compared with
bulk-rock Sm/Yb. (c) Water contents of the mantle sources compared with
bulk-rock TiO,/Al,O;. All the error bars are the same as in (a). Data sources:
Cabato et al. (2015), Gurenko et al. (2016), Heinonen and Luttinen (2008),
Leeman et al. (2009), (Sobolev et al., 2009, 2015, 2016, 2019), Stefano

et al. (2011), and Trela et al. (2017). Trace elemental ratios are listed in Data
Set S3 and Table 1.

the ELIP are transformed from the low-Ti/Y type to the high-Ti/Y type (Xu
et al., 2001; Figure 6). This means that the variations in Ti/Y and Sm/Yb and
their sharp shift within the eruption sequence could not be explained simply
by adiabatic decompressional partial melting of a dry mantle plume, although
the major element composition of the plume could be rather heterogeneous.

Thus, the variations in Ti/Y of lavas in the Emeishan LIP over the 1 Ma erup-
tional history could be best explained by compositional heterogeneities in the
mantle sources. Based on the observed correlations between major and trace
elemental ratios and the water contents in the mantle source (Figure 6), we
suggest an alternative model. It explains these correlations and also the tem-
poral variation in the geochemistry of the erupted lavas from a specific LIP
as the result of variation in the mantle source components, including both the
proportion of eclogite/pyroxenites and the water content of the mantle (Fig-
ure 8). In this model, the high water content and the low-Ti/Y endmember
could be explained by hydrous peridotite, which is represented by the mantle
sources of Archean or Cretaceous komatiites, containing thousands of ppm
of water (Gurenko et al., 2016; Sobolev et al., 2016). On the other hand, the
relatively low water content but the high-Ti/Y endmember could be attributed
to recycled eclogite/pyroxenite, as indicated by several lines of petrological,
geochemical, and seismic evidence to be present in upwelling mantle plumes
(Lin & van Keken, 2005; Sobolev et al., 2007).

The water-rich components could potentially derive from the mantle tran-
sition zone (MTZ; Pearson et al., 2014; Sobolev et al., 2016) or the LLSVP

in the lower mantle that was replenished by ultrahigh-pressure hydrous phases (phase H, phase &, or H-6 solid

solution) transported into the lower mantle by a subducted oceanic plate (Garnero et al., 2016; Herzberg, 2016).

These two origins need not to be mutually exclusive. However, it has been shown that the MTZ is not pervasively

hydrated (Yoshino et al., 2008), which is not consistent with widespread hydration of the mantle sources of LIPs.

In addition, based on the assumption of an average upwelling velocity of 100 cm yr~

! and water diffusivity of
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Figure 7. Modeled Ti/Y and Sm/Yb ratios for partial melts of peridotite and pyroxenite. (a, b) Covariation of modeled Ti/Y and Sm/Yb with the degree of partial
melting. The blue and orange lines show how these two ratios change with partial melting of pure peridotite and pyroxenite at different pressures. The blue and gray
regions indicate elemental ratios for the ELIP and global LIPs, respectively. The parameters and relevant data are presented in Data Set S4. (c, d) Variation of Ti/Y
and Sm/YDb with the lithospheric thickness in regions where LIPs occur. The diamonds connected with lines show how the mixed accumulated melts derived from
pyroxenite (KG1 and KG2) and fertile peridotite (KLB-1) vary during decompressional partial melting of a dry and lithologically heterogenous mantle plume. Each
data point represents the value of a mixed melt if separated from the source at that depth. See Data Set S5 for more details.

1078-1073 m? s~!, Bercovici and Karato (2003) suggested that upon passing through the MTZ, a hot plume could
not get a significant amount of water from the MTZ. Thus, we prefer that the water-rich components would come
from a hydrous reservoir in the lower mantle, for instance the LLSVP, where most plume heads have originated.
Based on direct observations of a seismic low-velocity layer directly above the MTZ and the prominent 520-km
discontinuity, the existence of a volatile-rich and compositionally buoyant plume from the lower mantle beneath
Ethiopia and East Africa has recently been suggested (Thompson et al., 2015). A similar low-velocity layer has
also been found beneath some other Mesozoic flood basalt provinces, which have been explained by dehydration
of water-bearing silicates in the responsible mantle plumes, although the spatial correlation requires the contro-
versial assumption of long-term coupling of the continental lithosphere and the underlying mantle to depths of
~400 km (Vinnik & Farra, 2007). These seismic low-velocity layers atop the 410-km discontinuity beneath the
LIPs would provide independent support for hydrous mantle plumes, which is consistent with the predicted par-
tial melting depth for hydrous peridotite along a plume geothermal gradient (Katz et al., 2003).

5. Concluding Remarks

The high-Ti/Y picrites in the Emeishan large igneous province can have primary water contents of 2.1-2.5 wt.%.
The corresponding water content of the mantle sources is higher than 3,000 ppm, which are considerably higher
than that of the MORB source and the upper limit of the previously estimated water content of the OIB sources.
The calculated water contents of the mantle sources are negatively correlated with Ti/Y, Sm/Yb, and TiO,/AL,O,.
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Figure 8. Schematic diagrams showing how a mantle plume can affect the compositional variation of picrite in the ELIP.
CMB is the core-mantle boundary. To better demonstrate the details of the model, the dimensions of the mantle are not to
scale. (a) Traditional explanation for the decrease in Ti/Y and Sm/Yb in ELIP picrite eruption sequences. In this model, an
increasing degree of partial melting at a shallower depth for the melting column is suggested, which is usually attributed to
the lithospheric thinning due to plume-lithosphere interaction. (b) New explanation for the temporal variation in Ti/Y and
Sm/YD in basalts/picrites in a rapidly erupted volcanic succession, resulting from partial melting of a hydrous, eclogite/
pyroxenite-bearing mantle plume, as in the case of the Binchuan volcanic sequence in the Emeishan LIP. The dark dots and
dark narrow vertical bands represent partial melting of the hydrous portion of the plume and subsequent melt accumulation
and segregation from the source. The blue dots and blue vertical bands represent partial melts of pyroxenite and their
segregation. More melts coming from hydrous mantle can contribute to lower Ti/Y and Sm/Yb ratios of the final mixed melts.

The large variation of these elemental ratios could not be simply explained by different degrees of partial melting
of a single peridotite or pyroxenite source, or simply by a decrease in the proportion of pyroxenite-derived melts
during the thinning of the lithosphere. Instead, the correlations between the water contents and chemical compo-
sitions could be best explained by partial melting of two end-member sources: one is hydrous peridotite and the
other is relatively dry pyroxenite.

Whether this model could be applied to the global LIPs needs further detailed studies on the water content of
primitive lava samples with a clear sequence information, as the present data from LIPs other than the ELIP (Fig-
ure 6) cannot not provide convincing answers yet. However, the ELIP case study shows that the compositional
variations of primitive magmas within a specific LIP during a rather short time period can be related to the time
dependence of plume material (hydrous peridotite versus pyroxenite) rising from deeper to shallower levels,
rather than strong erosional interaction between the lithosphere and a mantle plume.
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