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ABSTRACT

Magmatic activity of the Emeishan large igneous province (ELIP) of SW China is one of the most
significant geological events of the late Paleozoic. The large volume flood basalts plus rare picrites
were erupted in Late Permian. Previous studies indicate that the basalts are the derivatives of primary
mantle-derived magma by fractional crystallization, but the depths at which this process took place
remain unknown. To answer this question, we use phenocryst compositions and mineral-liquid ther-
mobarometers to determine the P-7 conditions of the magma reservoirs where crystallization occurred,
then use these data to reconstruct the magma plumbing system of the igneous province. Thermobaro-
metric calculations show that most picrite-hosted clinopyroxene phenocrysts crystallized at ~25 km
and 12001280 °C, whereas most basalt-hosted clinopyroxene phenocrysts crystallized at depths <20
km and temperatures <1200 °C. Some picrites containing primitive olivine with Fo up to Fo92 likely
formed by eruption of the most primitive magma with composition similar to the primary magma from
the deepest reservoir possibly at the Moho. Parental magmas yield mantle potential temperatures of
1740-1810 °C, which are the highest such temperatures yet recorded for terrestrial magmas of any
age. Less primitive picrites containing both olivine and clinopyroxene phenocrysts formed by eruption
of moderately fractionated magma from a reservoir in the middle crust. Basalts and basaltic andesites
formed by eruption of the most fractionated magmas from the reservoirs in the upper crust, coinciding
with the depths of coeval sulfide ore-bearing and Fe-Ti-V oxide ore-bearing mafic-ultramafic intru-
sions. The reason that the Emeishan volcanic sequence is dominated by basalts is because most of
the mantle-derived magma was trapped in the middle and upper crusts, undergoing variable degrees
of crystal fractionation plus crustal contamination before eruption. Primitive picrites are rare because
their eruption requires a trans-lithosphere conduit, which is difficult to create and maintain due to
increasing lithospheric pressure with depth. The results from this study reveal that magma reservoirs

at the crustal levels play a critical role in magma differentiation in a continental setting.
Keywords: Magma plumbing system, flood basalt province, clinopyroxene phenocrysts, thermo-

barometer, magma differentiation, Emeishan

INTRODUCTION

Magmatism of the Emeishan large igneous province (ELIP)
is one of the most significant geological events in the late
Paleozoic (Chung and Jahn 1995; Courtillot et al. 1999). The
province includes the large volume of continental flood basalts,
rare picrites and associated mafic-ultramafic intrusions, which
were erupted and emplaced in the Late Permian (Xu et al. 2001;
Zhou et al. 2002; Shellnutt 2013). Some of the associated mafic-
ultramafic intrusions host world-class Fe-Ti-V oxide ore deposits
or economically valuable Ni-Cu-PGE sulfide deposits (Zhou et
al. 2005; Song et al. 2013; Tao et al. 2007, 2008).

Many researchers have studied the genetic relationships
between different types of lavas and the mineralized mafic-
ultramafic intrusions (e.g., Wang et al. 2007; Zhou et al. 2008;
Zhang et al. 2009; Song et al. 2009; Ma et al. 2009; Zhong et al.
2011). These studies show that the ore-bearing intrusions formed

* E-mail: taoyan@vip.gyig.ac.cn

0003-004X/15/1112-2509$05.00/DOT: http://dx.doi.org/10.2138/am-2015-4907

by basaltic magmas in the upper crust and that the basalts are
the derivatives of mantle-derived magmas by fractional crystal-
lization (e.g., Tao et al. 2008, 2010; Pang et al. 2009; Song et al.
2013). However, the depths of fractional crystallization are yet
to be determined. In this paper, we use phenocryst compositions
as well as olivine-liquid thermometer and a clinopyroxene-liquid
thermobarometer (Putirka et al. 1996; Putirka 2008) to estimate
P and T conditions of crystallization. We then use the results to
reconstruct the magma plumbing system of the large igneous
province.

GEOLOGICAL BACKGROUND

The ELIP exposes outcrops of a wide variety of rocks in-
cluding mafic-ultramafic intrusions and volcanic rocks such as
picrites and basalts. The intrusive and extrusive rocks are coeval
and genetically related by differentiation at depths (Tao et al.
2010; Zhou et al. 2008; Song et al. 2013). In the western part of
the Yangtze block there are large volume Emeishan Continental
Flood Basalts (ECFB) and associated mafic-ultramafic intru-
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sions, which were erupted and emplaced in Late Permian (Fig.
1). The volcanic succession covers an estimated area of 3 x 10°
km?, with thicknesses ranging from several hundred meters up to
5km (Xuetal. 2001; Song et al. 2001). The ECFB is recognized
as one of the largest igneous provinces in the world and probably
represents the product of a mantle plume (Chung and Jahn 1995;
Xu et al. 2004), which we will test by estimating mantle potential
temperatures. The volcanic succession overlies Early Permian
limestone of the Maokou Formation, and is overlain by sandstone
of the late Permian Xuanwei Formation. Zircon U-Pb dating
of many mafic-ultramafic intrusions constrains the age of the
ELIP at ~260 Ma, synchronous with the end-Guadalupian mass
extinction (Zhou et al. 2002; Fan et al. 2008; Tao et al. 2009).
According to the classification of Xu et al. (2001), the vol-
canic rocks of the ELIP belong to either the high-Ti or low-Ti
series based on whole-rock TiO, contents and Ti/Y ratios (e.g.,
Xu et al. 2001; Wang et al. 2010). The high-Ti series is defined
as that with TiO, >2.5 wt% and Ti/Y >500, whereas the low-Ti
series is defined as that with TiO, <2.5 wt% and Ti/Yb <500.
Rare picrites have been found mainly in the west (Dali,
Lijiang, Binchuan, Yongsheng, Ertan, Muli) and in the south
(Jinping-Song Da). They are interbedded with basaltic flows and
vary in composition from Nb-depleted, low-Ti picrites to Nb-
enriched, high-Ti picrites (Zhang et al. 2006a; Zhou et al. 2008;
Hanski et al. 2010; Li et al. 2012). Cognate olivine phenocrysts
in picrites have high-Ca contents up 0.50 wt%, Fo contents up
92 mol%. These olivines are likely phenocrysts and indicates a
MgO content of >20 wt% for the parental melt, similar to the
composition of primary mantle-derived magmas found elsewhere
(Zhang et al. 2006a, 2006b; Hanski et al. 2010; Li et al. 2012;
Kamenetsky et al. 2012). Most researchers agree that the picritic
melts represent the parents of the associated low-Ti and high-Ti
flood basalts. The basaltic magmas are thought to be developed
in staging areas (magma chambers) by crystal fractionation,
magma mixing and crustal contamination (Zhang et al. 2006a,
2006b; Hanski etal. 2010; Li et al. 2012; Kamenetsky et al. 2012;
Howarth and Prevec 2013; Shellnutt and Wang 2014), though
it is unclear at what depth the magma chambers are located.
Mafic and mafic-ultramafic intrusions are exposed mainly in
a belt extending along the Panzhihua-Xichang region (Kangdian
axis) from north in Danba to the south in Yunan and along the
Red River (Honghe) fault, due to severe post-emplacement
uplifting and erosion (Fig. 1). Two types of mineral deposits
are associated with the intrusions: relatively smaller and more
primitive intrusions contain Ni-Cu-PGE sulfide mineralization,
whereas some of the larger and more evolved intrusions host
giant Fe-Ti-V oxide deposits (Zhou et al. 2005, 2008; Zhong
and Zhu 2006; Wang et al. 2008; Song et al. 2008; Zhang et al.
2009; Luo et al. 2014). Zhou et al. (2008) noted that the oxide-
bearing intrusions are characterized by spiderdiagrams display-
ing positive Nb- and Ti-anomalies and in certain cases negative
Zr-Hf anomalies, whereas the sulfide-bearing intrusions have
obvious negative Nb- and Ti-anomalies. So, it is believed that
the oxide-bearing gabbroic intrusions were derived from high-
Ti series magma, whereas the sulfide-bearing mafic-ultramafic
intrusions were derived from low-Ti series magmas (Zhou et al.
2008; Wang et al. 2010).
The Ni-Cu-PGE sulfide deposits associated with the mafic-
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ultramafic intrusions and bulk sulfides are widely variable in
composition ranging from PGE-rich to PGE-poor (Song et al.
2008). The Jinbaoshan Pt-Pd deposit and the Limahe Ni-Cu
sulfide deposit are two representative end-members in the ELIP:
the former represents a sulfide-poor PGE deposit; the later is the
best example of a sulfide-rich Ni-Cu deposit. The geology of the
two deposits was described by Tao et al. (2007, 2008).
Magmatic Fe-Ti-V oxide deposits are documented in several
layered intrusions in the Panzhihua-Xichang region (Fig. 1).
Four major Fe-Ti oxide deposits including Panzhihua, Hongge,
Baima, and Xinjie account for a total ore reserve of ~7209 Mt
total Fe, ~559 Mt TiO,, and ~17.4 Mt V (Pang et al. 2008, 2010;
Baietal. 2012; Hou et al. 2013; Liu et al. 2014; Yu et al. 2015).

PETROGRAPHY AND ANALYTICAL METHODS

Picrites and basalts

The picrite samples used in this study are from the Wumulaka
area (East of Lijiang), and the Daying area (northeast of Dali)
(Fig. 1). The picrites are spatially associated with basalts. The
picrite samples were collected at different heights of 20-50 m
thick lava flows within a volcanic sequence that is >1 km thick.
There are both high-Ti and low-Ti picrites in Daying. Picrites
found in Wumulaka belong to the high-Ti series. Most picrites are
porphyritic with 10-30% olivine phenocrysts, and a few samples,
such as DY1-1, contain up to 50% olivine phenocrysts. Two
series of picrites are distinguished on the basis of petrography:
high-Ti picrites are more clinopyroxene-rich, having anywhere
from equal to even more clinopyroxene phenocrysts compared
to olivine phenocrysts; in some of these samples we have found
clinopyroxene phenocrysts that are as large as 2 mm X 5 mm
(Fig. 2a). Low-Ti picrites, in contrast, contain few clinopyroxene
phenocrysts; olivine phenocrysts are dominant and rare clino-
pyroxene phenocrysts are generally <2 mm (Fig. 2b). Euhedral
chromite occurs mainly as inclusions in olivine as described
in Li et al. (2008), and must have crystallized together with or

FIGURE 1. Distribution of Emeishan flood basalts and coeval mafic
intrusions modified from Chung and Jahn (1995) and Song et al. (2001).
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before at least some of the olivine crystallized. Olivine pheno-
crysts from the high-Ti picrites have Fo contents ranging from
80 to 90 mol% but ranging to as low as Fo73 in a few samples.
Olivine phenocryts from low-Ti picrites have Fo contents ranging
from 84 to 93 mol%. Olivine phenocrysts of variable sizes are
partially altered to serpentine in the margins and micro-fractures.
Micro-crystals of pyroxenes and plagioclase in the groundmass
are partially altered to chlorite, talc, and clay minerals.

Basalts are the predominant volcanic rock type of the ELIP,
covering an area of >3 X 105 km? in SW China, with total
thicknesses varying from several hundred up to 5000 m. These
successions are described by Xu et al. (2001). The ELIP basalts
have <8 wt% MgO and relatively low-Ni contents (<100 ppm).

Basalts in the ELIP are varied and include pyroxene-phyric
basalts, plagioclase-phyric basalts, amygdaloidal basalts, and
aphyric basalts. Pyroxene-phyric basalts are widespread in the
ELIP and are found in most volcanic successions. The samples
of pyroxene-phyric basalts in this study have been collected from
Daying (Bingchuan), and Wumulaka (Yongsheng) in Yunnan,
and Ertan, Longzhushan in Sichuan, Liupanshui, and Heshitou
in Guizhou (Fig. 1). They have <3-5% clinopyroxene pheno-
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crysts; the fine-grained groundmass has intergranular to massive
textures (Figs. 2¢ and 2d). High-Ti and low-Ti basalts cannot be
distinguished petrographically, but are only distinguished based
on whole-rock TiO, contents and Ti/Y ratios (e.g., Xu etal. 2001;
Qi and Zhou 2008).

Sample analysis

Compositions of olivine and clinopyroxene were determined
by wavelength-dispersive X-ray emission microanalysis using
a CAMECA SX50 electron microprobe at the Department of
Geological Sciences, Indiana University. The analytical condi-
tions for major elements were 15 kV, 20 nA beam current, 1
wm beam size, and peak-counting time of 20 s. Minor and trace
elements such as Cr, Ti, V, and Ni were analyzed using a beam
current of 100 nA and a peak-counting time of 50 s. The detec-
tion limits for these elements under such conditions are ~100
ppm. Raw data were corrected using the PAP program supplied
by CAMECA. Analytical reproducibility is £2%. The accuracy
of'the analyses was monitored using mineral standards. Samples
include two series of picrites and basalts in the ELIP (Appendix
1 of supplementary materials').

FIGURE 2. Photomicrograph of rock samples of the picrites and basalts observed under crossed polars. (a) Clinopyroxene phenocryst in picrite
(Sample XL5); (b) olivine phonocryst in picrite (Sample DY8-8); (¢ and d) clinopyroxene phonocrysts in basalts (Sample DYC9, GYH1). Mineral
abbreviations: Ol = olivine, Cpx = clinopyroxene.
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Whole-rock major element compositions of corresponding
samples were determined by XRF using an AXIOS-PW4400
wavelength-dispersive spectrometer at the Institute of Geochem-
istry, Chinese Academy of Sciences, Guiyang (Appendix 1' of
supplementary materials).

Mineral-liquid equilibrium tests

According to partition coefficients of Kp(Fe-Mg)°id and
Kp(Fe-Mg)®Plia, we could test the equilibrium state of clinopy-
roxene and olivine with their whole-rock hosts.

Equilibrium state of olivine phenocrysts. In the Rhodes
diagrams for olivines (Fig. 3a), the solid and dashed lines in
Figure 3a represent a Kp(Fe-Mg)°Hid value of 0.31 + 0.03,
close to the value of Roeder and Emslie (1970; 0.30) although
slightly higher, but likely appropriate given experimental work
by Herzberg and Zhang (1997) and Matzen et al. (2011). We
find that, olivines in picrites studied here have a wide variation
in composition (Fo) even in a single sample. Most olivines are
not in equilibrium with their whole-rock hosts, but maximum Fo
contents are consistent with equilibrium, and hence consistent
with closed system fractionation. This test indicates that most
high-Fo olivines are most likely phenocrysts, precipitated from a
liquid that approximates the whole rock in composition. Olivines
with lower Fo contents clearly crystallized from evolved mag-
mas, perhaps related to the whole rock, but also quite possibly
related to prior intrusions and episodes of olivine crystallization.

Equilibrium state of clinopyroxene phenocrysts. By us-
ing the Kp(Fe-Mg)“™ i =(0.27 £ 0.03 (Villiger et al. 2007), the
Rhodes Diagram for clinopyroxene is shown in Figure 3b. We
found that all the clinopyroxene phenocrysts, including the
maximum Mg# clinopyroxene in picrites are not in equilibrium
with their whole rock hosts. This could be thought as that the
clinopyroxene in picrites crystallized after most olivine crystal-
lized. The whole rock has much higher Mg# than clinopyroxene-
equilibrated liquid due to olivine accumulation in the rock.

THERMOBAROMETRIC CALCULATIONS

Methods

Estimating T from olivine-liquid thermometry. There exists a large number
of olivine geothermometers. Most recent interest in olivine thermometry has
revolved about the partitioning of Mg between olivine and liquid (e.g., Ford et
al. 1983; Beattie 1993; Herzberg and O’Hara 2002; Falloon et al. 2007; Putirka
et al. 2007). Putirka (2008) had reviewed those published models of olivine-
liquid thermometers based on Mg partitioning. The review shows that the model
developed by Putirka et al. (2007) (their Eq. 4) and Beattie (1993) are best and
recover experiments with standard errors of estimate in 43 K (Putirka 2008). We
use the olivine-liquid based thermometer of Putirka et al. (2007), their Equation 4
(which is the same as Eq. 22 in Putirka 2008) for temperature estimates, since it
accounts for water contents in magmas, whereas the Beattie (1993) model is only
applicable for dry systems. It uses the composition of olivine and coexisting liquid
to determine the temperature at which these two phases were last in equilibrium.

Equation 22 in Putirka (2008) is pressure dependent. According to pressure
estimation of clinopyroxene in picrites later (the most high pressure is about 1.0
GPa) and Considering how density influences magma ascent, it is supposed that
most olivines in picrites crystallized in depth from the Moho to middle crust (see
Putirka et al. 2009; Putirka 2008). We thus assume for the Ol-liquid geothermom-
eter that P = 1.3 GPa as appropriate input in the calculation.

! Deposit item AM-15-114907, Appendices. Deposit items are free to all readers
and found on the MSA web site, via the specific issue’s Table of Contents (go to
http://www.minsocam.org/MSA/AmMin/TOC/).
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FIGURE 3. Rhodes diagrams for olivines in picrites (a) and
clinopyroxene in basalts and picrites (b) from the Emeishan LIP.
Abbreviations: Ol = olivine; Cpx = clinopyroxene; HT = high Ti; LT =
low Ti.

Estimating P and T using clinopyroxene-based thermobarometer.
Clinopyroxene has received much attention in estimation of magma crystalliza-
tion depths for volcanic rocks due to its notable sensitivity to P. Many workers
developed thermometers and barometers based on clinopyroxene compositions
alone (Nimis 1995; Nimis and Ulmer 1998), or clinopyroxene-liquid equilibria
(Putirka et al. 1996, 2003; Putirka 2008). Our calculations for clinopyroxene
pressures and temperatures make use of the models developed by Putirka (2008),
their Equation 30 for pressure and Equation 33 for temperature, which employs
the compositions of coexisting liquid and clinopyroxene compositions and is to
be preferred for basaltic and picritic compositions. Comparing with previous wide
used models of the Jd-DiHd exchange thermometers (Putirka et al. 1996), the
new calibrated models are expected to reduce uncertainties by about 10-20 °C
in temperature and about 3—4 kbar in pressure from global calibrations. Equation
30 in Putirka (2008) was calibrated using a wide experimental data set, and the
standard errors of estimate are +1.6 kbar (Putirka 2008). Equation 33 is developed
based on global calibrations using experiments conducted at P < 70 kbar, and the
standard error of estimate is 45 K (Putirka 2008). As a check, we use equations
P1 and T1 from Putirka et al. (1996).

Liquid equilibrated with olivine and clinopyroxene

As noted above, the maximum Fo content olivines are in equilibrium with
whole rocks, but clinopyroxnes are not. For this reason, we pair maximum Fo
content olivnes with whole-rock compositions to obtain Ol-liq temperatures, but
we make compositional corrections before applying thermobarometers.
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Liquid equilibrated with olivine in picrites. Based on Rhodes diagrams
for olivine (Fig. 3a), it is reasonable to assume the K, = 0.31 in the olivine-melt
equilibrium for our studied picrites. By using Kp(Fe-Mg)“!id = (.31 as an ap-
propriate value, we estimate and subtract the fraction of extra previous crystal-
lized olivine from the whole rock to obtain the liquid composition equilibrated
with the observed Fo olivine.

Liquid composition equilibrated with clinopyroxene in picrites. To test
whether it is possible to obtain a liquid in equilibrium with observed Cpx, we
begin by removing previously crystallized olivine from the whole rock until
Kp(Fe-Mg)©rxtia = 0.27. We then check whether the amount of olivine that is
removed to obtain this value is equal to or less than observed olivine modes. We
find that removal of X% olivine on average allows us to achieve liquid compo-
sitions that are in equilibrium with observed clinopyroxene, which is less than
observed modal amounts of olivine in the whole rocks.

Liquid composition equilibrated with clinopyroxene in basalts. Based on
the Rhodes Diagram for clinopyroxene (Fig. 3b), clinopyroxene in basalts are
allowably in equilibrium with liquids that approximate of whole-rock composi-
tions. So, we pair the whole rock composition with the clinopyroxene in basalts.

The liquids composition equilibrated with clinopyroxene and olivine in
picrites and basalts are provided in Appendix 2'.

H,0 in melt liquids

Another factor that influences mineral-liquid equilibration is water in mag-
mas. Although water contents measurement in melt inclusions show wide vari-
ability (Humphreys et al. 2008; Esposito et al. 2014), studies of hotspot basalts
have come to the conclusion that mantle plumes have higher H,O abundances
compared to MORB (Hauri 2002). Water abundances measured in Hawaiian
melt inclusions ranges in 0.03-0.84 wt% (Hauri 2002). There is 0.25-0.69%
water in basaltic glasses at Kerguelen plateau (Wallace 2002). Some hotspots,
such as Yellowstone, have extremely high water with maximum concentrations
of 3.3 wt% observed in olivine-hosted melt inclusions, and may be influenced
by subduction (Stefano et al. 2011). In our study, since mineral melt inclusion
H,0 estimates are absent at the ELIP, we assume that H,O is 0.3% for picrites
and 0.7% for basalts, simiar to non-subduction related plumes.

RESULTS
Olivine-liquid temperatures estimates

Results of our thermometry are shown in Figure 4 and Ap-
pendix 3'. Temperatures for olivine crystallization are as follows:
low-Ti picrites: 1536—1296 °C; high-Ti picrites: 1462—-1241
°C (mostly). Mantle potential temperature (7}) estimates carry
significant uncertainty, since (1) our observed K,(Fe-Mg)°-iid
= 0.31, but according to Matzen et al. (2011), Kp(Fe-Mg)°+-i4
may be as high as 0.35, and (2) due to uncertainty in estimates
of melt fraction (), which for the low-Ti suite are in the range
0.32—0.36 using models from Putirka et al. (2007). If we allow
that /" may be as low as 0.2, then 7}, for the low-Ti suite is in
the range 1740-1810 °C, significantly higher than at Hawaii
(Putirka et al. 2007), and also higher than other Cretaceous LIPs
from Herzberg and Gazel (2009). The high-Ti parental magmas
yield much cooler estimates, with 7, in the range 1510-1610
°C, with F predicted to be between 0.09 and 0.17 and a liquid
in equilibrium with Fo91 in the mantle source region. Either of
these estimates is significantly high enough to characterize the
Emeishan ELIP as a mantle plume.

Clinopyroxene-liquid P-T estimates

As shown in Figure 5 and Appendix 3!, our thermobarometric
calculations show that the dominant crystallization depths of clino-
pyroxene phenocrysts in the picrites are ~25 km, with temperatures
in the range of 1190 to 1275 °C. The clinopyroxene phenocrysts in
the associated basalts yield lower crystallization depths, <20 km,
with temperatures in the range of 1094 to 1214 °C.
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It is useful to compare the estimated crystallization depths
with the crustal structure of the Yangtze craton. Geophysical data
reveal that the upper, middle, and lower crust boundaries in the
western Yangtze craton where the ELIP occurs are located at
respective depths of 16, 33, and 55 km below the surface (Jiang
etal. 2012). The estimated clinopyroxene crystallization depths
for the Emeishan picrites correspond to depths of the middle
crust. The estimated clinopyroxene crystallization depths for
the associated basalts correspond the depths of the upper crust.

DISCUSSION

Density influence on magma storage and ascent

Magma transport and storage are influenced by density varia-
tions (Stolper and Walker 1980). Ascent may cease temporarily
or permanently at a level of neutral buoyancy where magma
density equals that of the host rock and buoyancy becomes zero
(Ryan 1987; Lister and Kerr 1991). Here, magma densities are
calculated from the models of Lange and Carmichael (1990) and
Ochs and Lange (1999), using liquid compositions, which are
equilibrated with Cpx and P-T conditions from clinopyroxene-
melt thermobarometers. The results are listed in Appendix 3.

The highest Fo olivine (Fo=92.5) in our study is from sample
DY8-8, and is among the highest Fo olivines ever recorded in the
entire ELIP (Zhang et al. 2006a; Hanski et al. 2010; Kamenetsky
et al. 2012; Li et al. 2012). More important, by all appearances
it is in equilibrium with the liquid that has a composition of the
whole rock (Fig. 3b). So, the whole-rock composition of sample
DY8-8 is assumed to represent a parental, mantle-derived magma
in ELIP. The density of this primary magma (in composition
of whole-rock sample DY8-8) in the Moho is about 3.0 g/cm?
calculated by assuming temperature is 1500 °C and pressure is
16 kbar in depth of 55 km.

Calculations of liquid density, in comparison to crustal
density show that the primary mantle-derived magma before
undergoing differentiation are positively buoyant in the mantle
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FIGURE 4. Crystallization temperatures of olivine phenocrysts in
picrites calculated using the olivine-liquid thermometer of Putirka (2008).
Abbreviations: Ol = olivine; HT = high Ti; LT = low Ti.
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but negatively buoyant at the Moho and at all crustal depths
above the Moho (Fig. 6). Perhaps without a trans-lithospheric
fault-controlled conduit such magmas would be permanently
trapped here, rather than erupted. Our calculations also show that
fractionated magmas are negatively buoyant in the middle and
upper crusts but have densities that are less than the lower crust
(Fig. 6), which is consistent with the density trap model of Kuntz
(1992) and Putirka et al. (2009). This, together with the depths
of crystallization estimated from clinopyroxene phenocrysts in
the lavas, allow us to posit that the ELIP fractionated magmas
were once trapped in the middle or upper crust.

MAGMA PLUMBING SYSTEM IN THE ELIP
It is posited that magmas move via fracture transport and/
or magma fracture, creating a plumbing structure on their way
toward the surface (Ryan 1987, 1988; Cox 1993; Putirka and
Condit 2003; Valentine and Gregg 2008; Ferlito et al. 2014).
Pressures of crystallization estimated from igneous thermoba-

(a) Density ( glem3)

rometers can be translated into magma staging depths and so
they are widely used to constrain magma transport and storage
(e.g., Putirka 1997, 2005; Schwarz et al. 2004; Kliigel et al.
2005; Galipp et al. 2006; Mordick and Glazner 2006; Dahren
et al. 2012; Keiding et al. 2013; Larsen et al. 2013; Mollo et
al. 2013; Cortes et al. 2015).

Pressures and 7 estimated using clinopyroxene-based
thermobarometers, plus the density influence described above,
allow us to reconstruct the magma plumbing system of the
ELIP (Fig. 7). The proposed magma plumbing system consists
of a source mantle, three major staging chambers and various
conduits reaching at different depths to extract magma from the
staging chambers. The primary mantle-derived magmas may
have ascended directly from the Moho, or perhaps even from
below the Moho, to the surface via concurrent trans-lithosphere
fault-controlled conduits, although such deep conduits are
extremely difficult to create and maintain due to increasing
lithostatic-pressure with depth. Mantle-derived magmas, or

25 26 27 28 29 3 31 32 (b) Lithosphere profile FIGURE 6. Change of estimated
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gma density vs. depth (a). The
B o Upp(_er il e lithosphere profile (b) is from Jiang et
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10 - G basalts: M gO=S5-8 wt %, D=2.62- low-grade metamorphic rocks al. (2012) and refer to Gao et al. (1998).
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by e . ) . models of Lange and Carmichael (1990),
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FIGURE 7. A schematic model of the magma plumbing system of
the ELIP. See text for explanation.

fractionated picrites, appear to reach the middle and upper
crusts, undergoing further crystallization and crustal contami-
nation. Some of the evolved magmas eventually erupt to the
surface to form the volcanic rocks, also via trans-crust fault-
controlled conduits. In this model, the coeval mafic-ultramafic
intrusions in the upper crust are thought to represent the cumu-
lates of the evolving magmas in some of the staging chambers.

IMPLICATIONS

There are several important petrogenetic implications from
the results of this study. First, the popular interpretation that the
Ni-Cu-(PGE) sulfide ore-bearing mafic-ultramafic intrusions
and the Fe-Ti-V oxide ore-bearing gabbroic intrusions, which
occur in the upper crust and are coeval with the Emeishan
flood basalts, are subvolcanic intrusions (e.g., Li et al. 2003,
2009; Arndt et al. 2005; Barnes and Lightfoot 2005; Naldrett
2010; Song et al. 2013; Tang et al. 2013), is supported by our
observation that the coeval flood basalts were indeed once
stored in the upper crust. Second, variable differentiation of
mantle-derived magma is facilitated by a complex magma
plumbing system with multiple storage reservoirs at different
depths. Finally, picrites are rare and basalts are dominant in
a continental flood basalt province such as Emeishan because
more primitive magmas tend to be trapped at greater depth than
more evolved magma and because deeper conduits are more
difficult to create and maintain due to increasing lithospheric
pressure with depth.

The implications can be summarized below.

(1) Pressures of crystallization estimated from igneous
thermobarometers involving clinopyroxene phenocrysts can be
used to determine the magma staging depths of continental flood
basalt province such as Emeishan.

(2) The magma storage reservoirs of the Emeishan flood
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basalts occur in the middle and upper crusts at ~25 km and <20
km, respectively.

(3) Picrites are rare in the Emeishan flood basalt province
because the majority of primary magma from the mantle was
trapped in the staging chambers, undergoing crystal fractionation
and crustal contamination.

(4) The estimated crystallization depths of clinopyroxene
phenocrysts in the Emeishan basalts provide another support for
the notion that some of the coeval mafic-ultramafic intrusions in
the underlying upper crust are indeed the conduits of the lavas.

(5) Mantle potential temperature estimates for low-Ti picrites
are the highest yet recorded for lavas erupted at any age, and
certainly since the Cretaceous, and should impact how we view
secular cooling rates.
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