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Abstract The Permian Baima mafic layered intrusion,

believed to be related to the S-undersaturated Emeishan

high-Ti basalts, hosts a giant Fe–Ti-V oxide deposit in

the lower part of the intrusion. Uniformly high Cu/Pd

(1.9 9 106–6.1 9 104) and low Pd/Zr (\0.1) indicate that

the Baima parental magma experienced prior sulfide seg-

regation. Mantle-liked d34S values and low S/Se values

indicate negligible external sulfur addition. Primitive

mantle-normalized PGE patterns and MELTS calculations

indicate that extensive fractional crystallization (*59 %)

of chromite, olivine and pyroxene at depth drove the

primitive picritic magma to S saturation. Strong positive

correlation between IPGE and PPGE and between PGE and

V, Cr and S suggest that magmatic sulfide is the dominant

mineral controlling the distribution of PGE in the Baima

intrusion. A positive correlation between S and Cr,

FeOT ? TiO2 and V content, together with MELTS cal-

culations, indicate that the parental magma of the Baima

intrusion reached a second stage of S saturation in the

shallower Baima magma chamber, which was likely trig-

gered by decreasing Fe2? accompanying magnetite

precipitation. Primitive mantle-normalized PGE patterns

for Baima intrusion rocks display similar trends to high-Ti

basalts inside the Panxi area, suggesting that they are co-

magmatic, and following a similar differentiation trend.

However, the lavas erupted before they reached sulfide

saturation. The more evolved nature of high-Ti basalts

outside the Panxi area indicate that they experienced more

extensive pre-eruption fractional crystallization. Further

fractional crystallization process led these lavas show more

PGE fractionated feature.

Keywords Emeishan large igneous province � Panxi area �
Layered intrusion � High-Ti basalts � Chalcophile elements �
Sulfide saturation

Introduction

Large layered intrusions commonly host reef-type plati-

num-group element (PGE) mineralization, including the

Merensky Reef, UG1 and UG2 Reefs in the Bushveld

Complex and the J-M Reef in the Stillwater Complex

(Campbell et al. 1983; McCallum 1996; Naldrett 2004;

Wilson and Chunnett 2006). The PGE reefs are hosted by

pyroxenitic to noritic cumulates or chromitite layers in the

lower parts of the intrusions. Magnetite-bearing layers in

the upper zones of these layered intrusions are generally

barren of economic PGE mineralization, because by the

time magnetite crystallized PGE had already been removed

from the magma onto early formed sulfides and platinum-

group minerals (Sá et al. 2005). However, recent studies

have shown that a basaltic magma may become saturated in

Fe–Ti oxides and a sulfide liquid at approximately the same

time (Andersen et al. 1998; Andersen 2006; Prendergast

2000; Maier et al. 2003; Barnes et al. 2004; Sá et al. 2005).
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Thus, prospective PGE mineralization can be also associ-

ated with the magnetite-rich layers, especially in the tho-

leiitic magma which remained uncontaminated during

ascent and crystallization (Maier et al. 2003).

The Baima layered intrusion is one of the largest layered

intrusions in the Emeishan Large Igneous Province (ELIP)

of SW China. Previous geochronological and Sr–Nd iso-

tope data demonstrated that the Baima Fe–Ti oxide-bearing

layered intrusion is likely to be broadly comagmatic with

the Emeishan high-Ti basalts, which are thought to be

derived via relatively high degree of partial melting

(15–20 %) of the Emeishan mantle plume with only weak

crustal contamination (Xiao et al. 2004; Zhou et al. 2008;

Qi and Zhou 2008; Song et al. 2005, 2008a, b, 2009;

Shellnutt et al. 2009; Pang et al. 2010; Zhong et al. 2011a).

Based on mineral compositions and MELTS modeling, our

study has indicated that the magnetite layers in the lower

part of the Baima intrusion formed by early crystallization

of Fe–Ti oxides from frequent replenished, evolved Fe–Ti–

rich magmas (*61 % fractional crystallization) ascending

from deeper levels in the crust or upper mantle (Zhang

et al. 2012).

Although Baima has been the focus of significant pre-

vious research, none has addressed its sulfide saturation

history and PGE fractionation processes. Study of the PGE

will also better constrain the proposed genetic relationship

Fig. 1 Geological map of the

Emeishan Large igneous

province, SW China (Modified

after Song et al. 2009)
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between the Baima intrusion and the high-Ti basalts. Hence,

this study uses the chalcophile and selected trace element

data to address several outstanding questions, such as the

following: (1) the sulfide saturation history in the Baima

layered intrusion; (2) the major trigger for sulfide saturation

and (3) the relationship between the Baima intrusion and the

high-Ti basalts. Our study reveals that the parental magma

of the Baima layered intrusion experienced two stages of

sulfide saturation. Extensive fractional crystallization

(* 59 %) and early magnetite precipitation are the key

factors controlling sulfide segregation in the deep and

shallow magma chamber, respectively. The Baima intrusion

Fig. 2 Regional geological

map of the Pan-Xi (Panzhihua-

Xichang) area, showing the

distribution of layered mafic–

ultramafic intrusions (modified

after Zhong et al. 2005)

Fig. 3 Simplified regional

geological map of the Baima

layered intrusion (modified after

PXGU, 1984). Section name:

XJP (Xiajiaping), JJP (Jijiping),

TJC (Tianjiacun), QGP

(Qinggangping), MBL

(Mabinlang)
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and the high-Ti basalts are originally comagmatic, but the

latter erupted before the magma reached sulfide saturation.

Geological background

The * 260 Ma Emeishan Large Igneous Province (ELIP)

covers an area more than 5 9 105 km2 in southwestern

China and northern Vietnam, and has been inferred to have

been derived from a Late Permian mantle plume (Fig. 1)

(Chung and Jahn 1995; Xu et al. 2001; Song et al. 2001,

2004; He et al. 2003, 2007; Xiao et al. 2004 and references

there in). It consists of the Emeishan continental flood

basalts, associated mafic–ultramafic intrusions and related

felsic intrusions. The Emeishan basalts have been divided

into low-Ti (Ti/Y \ 500) and high-Ti (Ti/Y [ 500) groups

(Xu et al. 2001; Xiao et al. 2004). The low-Ti basalts are

mainly distributed in the central part of the ELIP and are

usually linked with Ni-Cu-PGE-bearing mafic-ultramafic

intrusions, whereas the high-Ti basalts are distributed both

in the central and outer zone of the ELIP are considered to

be broadly comagmatic with the Fe–Ti-V-bearing layered

intrusions (Xu et al. 2001; Xiao et al. 2004; Song et al. 2005,

2008a, b; Zhou et al. 2008; Chen et al. 2010). In addition,

the high-Ti basalts are commonly PGE-undepleted and

experienced fractionation of olivine, chromite, pyroxenes,

plagioclase and PGE-minerals under S-undersaturated

condition (Xu et al. 2001; Xiao et al. 2004; Qi et al. 2008;

Qi and Zhou 2008; Song et al. 2009; Wang et al. 2011).

The Panxi (Panzhihua-Xichang) area is located in the

central part of the ELIP where several mafic–ultramafic

layered intrusions host the most economically important

Fe–Ti oxide deposits in China (Figs. 1, 2). These layered

intrusions are distributed in an N–S trending zone

and include from north to south: the Taihe (undated),

Baima (262 ± 2 Ma), Xinjie (259 ± 3 Ma), Hongge

(259 ± 1.3 Ma) and Panzhihua (263 ± 3 Ma) intrusions

(Zhou et al. 2002, 2005, 2008; Zhong and Zhu 2006). They

comprise predominantly gabbro, olivine gabbro and troct-

olite (Taihe, Baima, Panzhihua) or peridotite, olivine

clinopyroxenite, clinopyroxenite and gabbro (Hongge and

Xinjie) (Fig. 2) (PXGU 1984; Zhong et al. 2002, 2004;

Pang et al. 2008; Zhou et al. 2005). Some of the layered

intrusions, such as Baima, Panzhihua and Hongge, were

emplaced into Late Neoproterozoic metamorphic rocks,

whereas the Xinjie intrusion was intruded into the Emei-

shan flood basalts (PXGU 1984, Zhong et al. 2003, 2004,

2011b; Bai et al. 2012b; Zhou et al. 2008).

Geology and petrography of the Baima intrusion

The N–S striking Baima mafic layered intrusion is * 24 km

long and 2–6.5 km wide and dips 50–70� west. The intrusion

is emplaced into Sinian metamorphic sandstone, phyllite,

slate and marble (Fig. 3). After emplacement, the Baima

intrusion was surrounded and cut by * 259 Ma syenitic

intrusions and dykes (PXGU 1984). In addition, several NW–

SE-trending faults subdivide the Baima intrusion into five

segments, including Xiajiaping, Jijiping, Tianjiacun, Qing-

gangping and Mabinglang (Fig. 3). Along strike, the Baima

intrusion shows a thickness gradation from north to south.

Based on textures and mineral assemblages, the Baima

layered intrusion is divided into a Fe–Ti-V oxide-mineral-

ized lower zone (LZ) and an apatite-bearing upper zone

(UZ). The boundaries between the LZ and the UZ have been

defined by a sharp increase in plagioclase and the appearance

of apatite (Zhang et al. 2012). The LZ is further subdivided

into LZa and LZb, based on olivine/clinopyroxene ratio and

textures. The LZa is *120 m thick and dominated by thick

medium-grained magnetite troctolite, interlayered with thin

layer of troctolite (with \5 modal % Fe–Ti oxide). LZb is

nearly 200 m thick and mainly consists of magnetite troct-

olite with interlayer of troctolite and olivine gabbro. The

magnetite troctolite typically contains 20–55 modal %

titanomagnetite, 2–10 modal % ilmenite, 25–40 % oliv-

ine, \20 % plagioclase and \15 % clinopyroxene. The

troctolite consists of 20–30 % olivine, 35–55 % plagio-

clase, \15 % clinopyroxene and \20 % Fe–Ti oxides. The

olivine gabbro differs from the troctolite in having a higher

Fig. 4 Photomicrographs of

sulfide minerals of the Baima

intrusion (reflected light).

a interstitial sulfides between

magnetite and silicate minerals

b interstitial pyrrhotite with

pentlandite exsolutions. Ol
olivine, Pl plagioclase, Mt
magnetite, Sul sulfide, Po
pyrrhotite, Pn pentlandite
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proportion of clinopyroxene. The UZ, with a thickness

of *1,060 m, mainly consists of troctolite and olivine

gabbro and is characterized by having considerably less

magnetite (\10 up to 15 %) and abundant plagioclase

([50 %) relative to LZa and LZb. The appearance of apatite

(up to 2 %) is also a key feature of the UZ.

Sulfides occur as interstitial accessory minerals and are

dominantly pyrrhotite with minor pentlandite exsolutions

(Fig. 4). The abundance of magmatic sulfides correlates

positively with Fe–Ti oxides. They are most abundant in

the magnetite troctolite in the LZ (1 % to 3 %), and are

much less abundant (1 %) in the gabbros in the UZ.

Analytical methods and results

Analytical methods

PGE analyses were done by isotope dilution ID-ICP-MS

using an improved Carius tube technique (Qi et al. 2007) at

the Institute of Geochemistry, Chinese Academy of Sci-

ences. Eight grams of disseminated oxide rock powder and

10 g of troctolite and gabbro powder were digested with

35 ml aqua regia in a 75-ml Carius tube placed in a sealed,

custom-made, high-pressure, water-filled autoclave. Ir, Ru,

Pt and Pd were measured by isotope dilution, and 194Pt was
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used as the internal standard to calculate the abundance of

mono-isotopic Rh (Qi et al. 2004). Reference standards

TDB-1, WGB-1 and UMT-1 were analyzed to monitor

accuracy. Analytical results for total procedural blanks and

standard reference materials are listed in Table 2. Results

for TDB-1 and WGB-1 agree well with values reported by

Qi and Zhou (2008), and the result for UMT-1 is in good

agreement with certified values.

Copper, Ni, Zr and V contents were analyzed, using a

Perkin-Elmer EIAN DRC-e ICP-MS at the Institute of

Geochemistry, Chinese Academy of Sciences, Guiyang.

Fifty milligrams of powder was dissolved using the method

described by Qi et al. (2000), and 500 mg/ml Rh was used

as an internal standard. Standard additions and pure ele-

mental standards were used for external calibration and

standards MSAN, OU-6, AMH-1, GBPG-1 as reference

materials. Accuracy and precision of the ICP-MS analyses

are estimated to be better than 5 % for all analyzed

elements. Whole-rock S was determined by the LECOT
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Table 3 Sulfur isotope compositions of selected lithology in the

Baima layered intrusion (LLD [ 0.2 %)

Section Zone Sample Rock d34S V-CDT

(%)

Jijiping

section

Upper zone

(UZ)

B39 Mt-Troctolite 1.6

B37 Troctolite 1.4

B31 Gabbro 1.1

B30 Troctolite 1.6

B29 Gabbro 2.2

B28 Ol-Gabbro 1.5

Lower zone b

(LZb)

B25 Mt-Troctolite 2.7

B24 Troctolite 2.1

B20 Gabbro 1.0

B19 Mt-Troctolite 2.5

Lower zone a

(LZa)

B18 Mt-Troctolite 2.2

B16 Mt-Troctolite 2.3

B15 Mt-Troctolite 2.6

B14 Mt-Troctolite 1.8

B13 Mt-Troctolite 1.3

B11 Mt-Troctolite 1.5

B09 Mt-Troctolite 0.9

B08 Mt-Troctolite 0.6

Qing gangping

section

Lower zone b

(LZb)

Q14 Ol-Gabbro 1.9

Q11 Gabbro 1.7

Q09 Gabbro 1.3

Q06 Gabbro 1.9

Q05 Ol-Gabbro 1.2

Q04

Q02

Mt-Troctolite

Mt-Troctolite

1.1

1.8

Q01 Mt-Troctolite 0.9
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induction furnace-titration method, and Se was analyzed

using ICP-MS at the ALS Chemex Ltd. (Guangzhou).

Analytical precision for S was better than ± 0.02 wt %,

and for Se was better than ± 0.5 ppm. Sulfur isotopic

analysis was conducted using an EA-IRMS (Elemental

Analyzer and stable Isotope ratio mass spectrometer) at the

Institute of Geochemistry, Chinese Academy of Sciences,

Guiyang. Analytical precision was better than ± 0.2 %.

MgO and TiO2 data discussed in this study are presented

from Zhang et al. (2012). The analyzed trace element and

PGE abundances of the samples are given in Table 1 and S

isotope data are given in Table 3.

Analytical results

Concentrations of chalcophile elements and selected trace

elements of representative rocks from the Baima intrusion

are listed in Table 1. Total PGE contents (RPGE) of most

Baima samples range from 0.19 to 5.1 ppb. Average PGE

contents decrease from 1.6 ppb in the LZa to 0.38 ppb in

the LZb and 0.23 ppb in the UZ. Three samples in LZa

(sample B11, B14 and B16) have much higher RPGE

contents than in adjacent layers varying from 13.6 to

41.4 ppb (Table 1). Based on whole-rock Cr and plagio-

clase An content, Zhang et al. (2012) suggested that these

three layers represent separate, temporally distinct magma

pulses. The PGE have good inter-element correlations

(Fig. 5a, b, c) and are also roughly positive correlated with

S (Fig. 5d). A few samples from LZa have notably high

RPGE relative to the other samples at comparable S con-

tents (Fig. 5d). Ir and Pd show roughly positive correla-

tions with whole-rock V and Cr contents (Fig. 6), although

a few samples have higher contents of Ir and Pd at the

comparable V contents.

Nickel contents of the rocks range from 13 to 441 ppm

and Cu from 29 to 578 ppm (Table 1). Average Ni and Cu

contents are highest in the LZ and decrease dramatically

into the UZ (Table 1). All samples have higher Cu/Pd

(1.9 9 106–6.1 9 104) than the primitive mantle; however,

the Cu/Pd values are relatively lower in three LZa samples

(1.7 9 104–5.3 9 104) (Table 1; Fig. 8). Rocks from the

Baima intrusion have lower Pd/Zr (0–0.12, except for three

samples) than the primitive mantle (1.18) (Table 1).

Primitive mantle-normalized PGE patterns show trends

very similar to those of high-Ti basalts inside the Panxi

area, with a flat or slightly decreasing trend from Ni to Ir

and Ru, but slightly rising from Ru to Pt and then show a

flat trend from Pt to Pd, finally increasing from Pd to Cu

(Fig. 9). Both, however, show a moderate PPGE-enrich-

ment trend compared with the high-Ti basalts from outside

the Panxi area (Fig. 9; Table 2).

Sulfur contents of the Baima rocks vary from 0.08 to 1.1

wt %, and the d34S values show a narrow scatter, ranging

from 0.59 to 2.66 % with a mean value of 1.64 ± 0.11 %
(1 rn = 26) (Table 3). Except for three magnetite trocto-

lites in the LZa (sample B11, B14 and B16), the S contents

of most samples are high in magnetite layers than

in troctolite or olivine gabbro (Table 1). Se contents of

most samples are [3 ppm in the magnetite troctolite,

but \3 ppm in the troctolite. The S/Se values (714–2,240,

Table 1) are much lower than the primitive mantle

(2,500–3,500, Lorand et al. 2003) (Fig. 7).

Discussions

Sulfide segregation in deep level

The partition coefficients for Ir and Pd between sulfide and

silicate melt are nearly two orders of magnitude greater

than those of Cu and Ni (e.g. DIr = 3.4 9 104; DPd =

3.4 9 104; DCu = 5.8 9 102; DNi = 1.3 9 103; (Peach
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et al. 1990, 1994). This means that once magma reaches

sulfide saturation, PGE are more compatible in sulfide

liquid relative to Cu and Ni, which would lead a high

Cu/Pd value in the residual magma (Barnes et al. 1993).

The Cu/Pd values of the Baima rocks range from 1.9 9 106

to 6.1 9 104, and are of the same order of magnitudes as

the sulfide-mineralized samples from the Limahe Cu-Ni

deposit, which is considered to be related to second-stage

sulfide segregation by Tao et al. (2008). However, the Baima

Cu/Pd values are clearly higher than those of the PGE-

undepleted Emeishan high-Ti basalts (Cu/Pd = 103–104)

(Zhong et al. 2006; Qi et al. 2008; Qi and Zhou 2008; Song

et al. 2009) (Fig. 8) and also are obviously higher than the

Stella Pt–Pd deposit in South Africa and the Jinbaoshan

Pt–Pd deposit in the central ELIP, which are considered to

be formed from a single of sulfide segregation (Maier et al.

2003; Tao et al. 2007) (Fig. 8). Hence, the high Cu/Pd

values imply that the parental magma of the Baima intru-

sion had already experienced sulfide segregation before

entering the shallower magma chamber. However, three

magnetite troctolites in the LZa have relatively higher Cu/

Pd (1.7 - 5.3 9 104) and similar or slightly higher PGE

contents than the Emeishan high-Ti basalts (Figs. 8, 9).

This suggests that some pulses of magma were not PGE-

depleted when they intruded into the Baima intrusion.

Pd and Zr are highly incompatible in silicate minerals

and hence concentrate in the residual magma during frac-

tionation process. However, as Zr is a lithophile element

and Pd is highly chalcophile, segregation of sulfide liquids

will lead to an increase in the Pd/Zr in the fractionating

solids, and a corresponding decrease in Pd/Zr of the residual

melts (Lightfoot and Keays 2005). The PGE-depleted
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Fig. 9 Primitive mantle-normalized platinum-group element dia-

grams of two sections of the Baima intrusion. Referenced high-Ti

basalt (HTB) data from inside the Panxi area (the Ertan and

Longzhzoushan basalts) are from Zhong et al. (2006), Qi et al.

(2008), Song et al. (2009); high-Ti basalt (HTB) data from outside the

Panxi area (the Dongchuan and Heishitou basalts) are from Qi and

Zhou (2008), Song et al. (2009); the referenced high-Ti picrite data

are from Li et al. (2012). Normalizing values are from Taylor and

McLennan (1985). Troc troctolite, Gab gabbro

Fig. 10 a Variation in SCSS, actual sulfide content of the magma and

sulfide content if no sulfide segregation occurred, and assuming

1,000 ppm as initial sulfide content. The MELTS calculation was

performed by Zhang et al. (2012) at 5 kbar under a closed to oxygen

system. The melt inclusion data in high-Ti picrite olivine phenocryst

were taken as the starting composition (Kamenetsky et al. 2012). The

SCSS curve is calculated using the equation of Li and Ripley (2009)

b Variation of SCSS in the Baima intrusion. Assuming the initial

sulfide content in the Baima intrusion is equal to the sulfide content at

sulfur saturation in the primary magma. The MELTS calculation was

performed by Zhang et al. (2012) at 1.5 kbar under a closed to oxygen

system. The SCSS curve is calculated using the equation of Li and

Ripley (2009). Ol olivine, Cr-spl Cr-rich spinel, Opx orthopyroxene,

Cpx clinopyroxene, Pl Plagioclase, Tmt titanomagnetite

202 Contrib Mineral Petrol (2013) 166:193–209

123



samples in the Baima intrusion have much lower Pd/Zr (Pd/

Zr \ 0.1) than primitive mantle (Pd/Zr = 1.2), which may

be explained by prior sulfide removal. In contrast, the three

magnetite troctolites in the LZa which have relatively

higher Cu/Pd values also have relatively high Pd/Zr

(0.34–2.2), indicating that the parental magmas of these

layers were relatively less PGE-depleted. The amount of

sulfide segregated from the primary magma of the Baima

intrusion can be estimated by the Rayleigh fractionation

equation:

CL ¼ CO � FðD�1Þ ð1Þ

where CL, the concentration of the element in the frac-

tionated magma; CO, concentration of an element in the

initial magma; F, the fraction of melt remaining and D, the

partition coefficient of the element. Assuming that the Pd

content of the initial magma is 7.93 ppb, the data are

estimated by Li et al. (2012), and the average palladium

concentration of each zone as CL (except three composition

reversals at the lower zone). Using a partition coefficient

of 3.4 9 104 for Pd between silicate and sulfide melt,

calculations show that 0.007–0.012 % sulfides may have

been removed from the initial magma at depth prior to

emplacement of the Baima intrusion.

It has been recently suggested that the PGE-enriched

layers in the Hongge and Xinjie intrusions are due to

magmatic sulfide saturation triggered by external S addi-

tion and/or Fe–Ti oxide precipitation (Zhong et al. 2004,

2011b; Zhu et al. 2010; Bai et al. 2012a). Compared to the

continental granite and sedimentary rocks, which has a

broad range of d34S values, the narrow-scattered d34S

values in the Baima intrusion probably indicate that

external continental sulfides play a weak role (Table 3).

This is consistent with previous Sr–Nd isotope data for

Baima (Zhou et al. 2008), suggesting at most a weak,

crustal contamination effect.

Selenium, which is much more abundant in mantle-

derived magma than in crustal rocks has been used to

constrain the formation of Cu-Ni sulfides and PGE deposits

associated with mafic–ultramafic rocks (Eckstrand et al.

1989; Barnes et al. 2009). Primitive magmas typically have

S/Se of 2,500–3,500 (Lorand et al. 2003), and high S/Se in

such deposits has, in many studies, been taken as evidence

that S has been contributed from the country rocks

(Eckstrand and Hulbert 1987; Barnes et al. 2008, 2009). The

lower S/Se values of the Baima intrusion further illustrate

that crustal contamination (especially crustal S addition) did

not play an important role in sulfide saturation (Fig. 7).

In S-undersaturated silicate melts, Ni and IPGE (Os, Ir,

Ru) behave compatibly, preferring to concentrate in oliv-

ine, chromite and pyroxenes (Barnes et al. 1988, 2004;

Capobianco and Drake 1990; Capobianco et al. 1994;

Brenan and Rose 2002; Ely and Neal 2002). These ele-

ments exhibit high sulfide/silicate melt partition coeffi-

cient, and hence, once the magma reaches S saturation,

they concentrate into the immiscible sulfide liquid. The

sloping primitive mantle-normalized PGE patterns (Fig. 9)

of the Baima rocks indicate that their parental magmas

were initially S-undersaturated and experienced significant

fractionation of silicate minerals before reaching sulfide

saturation. Low Fo values in olivine (55–75) in the troct-

olites and gabbros indicate that the parental magmas of the

Baima intrusion were highly evolved (Zhang et al. 2012).

MELTS modeling indicates that the parental magmas were

generated by *61 % fractional crystallization of chromite,

olivine and pyroxene from a high-Ti picritic magma at a
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deep crustal levels (5 kbar) (Zhang et al. 2012). Using the

equation of Li and Ripley (2009), and assuming 1,000 ppm

as the initial S concentration of the primitive magma,

calculations show that the magma could reach S saturation

after * 59 % fractionation in the deep crust below the

Baima intrusion (when the concentration of S in the silicate

liquid reaches the S content at sulfide saturation (SCSS)

value as shown in Fig. 10a). Hence, we suggest that S

saturation and sulfide liquid immiscibility in the deep crust

resulted from relatively high S concentration in the residual

magma that was triggered by advanced fractional crystal-

lization of silicate minerals.

Sulfide immiscibility in the Baima intrusion

The strong positive correlation between IPGE and PPGE

(Fig. 5a, b) indicate that IPGE and PPGE are controlled by

the same phase. Numerous experimental and empirical

observations have shown that IPGE (Os, Ir, Ru) behave as

compatible element in S-undersaturated mafic–ultramafic

systems, preferentially concentrating in magnetite and

chromite, whereas PPGE (Rh, Pt, Pd) behave incompatibly

(Barnes and Picard 1993; Barnes et al. 2004; Brenan et al.

2012; Pagé et al. 2012 and references therein). Hence,

IPGE abundances should correlate positively with the

amount of magnetite or chromite, but the PPGE should not.

In the Baima intrusion, V and Cr are dominantly concen-

trated in Fe–Ti oxides, especially in titanomagnetites. As

shown in Fig. 6, the Ir shows less linear correlation with

whole-rock V and Cr; however, Pd has a roughly positive

correlation with whole-rock V and Cr. This illustrates that

titanomagnetite is unlikely to be the main control on PGE

distribution.

The partition coefficient of Ni between olivine and

silicate melts (DOl/Sil) is 5.9–29, whereas the partition

coefficient of Ni between sulfide and silicate melts

(DSul/Sil = 575–836) is considerably higher (Rollinson

1993; Gaetani and Grove 1997). Consequently, in a

S-undersaturated system, Ni is compatible in olivine, but

once the magma reaches S saturation, it will be strongly

incorporated into sulfide. As shown in Fig. 11a, the

roughly negative correlation between Ni and MgO in

magnetite layers and slightly positive in barren troctolites

and gabbros indicate that Ni abundances are not controlled

by olivine but rather by immiscible sulfides in the mag-

netite layers and also suggest that sulfide melts may have

segregated before olivine. Positive correlations between

whole-rock Cr, FeOT ? TiO2, V and S content further

illustrate that precipitation of sulfides occurred simulta-

neously with early Fe–Ti oxides (Fig. 11b, c, d).

The three major variables controlling S solubility during

fractional crystallization are: temperature, pressure and

FeO content (Haughton et al., 1974; Wendlandt 1982;

Lesher and Groves 1986; Mavrogenes and O’Neill 1999;

Naldrett 2004). Wendlandt (1982) first found that S solu-

bility decreased with increasing pressure and increased

with increasing temperature. They predicted that a magma

which is formerly S-saturated will become S-undersatu-

rated during decompression and adiabatic ascent.

Mavrogenes and O’Neill (1999) proved Wendlandt’s work

in a duplicated system and suggested that at low pressure,

sulfide saturation should occur after substantial closed
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system crystallization (e.g., 60 % crystallization of olivine

for a primitive picritic melt) or after crustal S addition.

Furthermore, Prendergast (2000) and Maier et al. (2003)

suggested that changes in phase equilibrium, especially Fe-

oxide mineral crystallization can trigger the magma reach

to S saturation. The mantle-derived sulfur isotope and the

low S/Se ratios indicate that crustal S played a minor effect

during crystallization of the Baima intrusion. Calculations

using the equation of Li and Ripley (2009) show that such

S-undersaturated magma can reach a ‘second-stage’ S

saturation in the early stages of the Baima magma differ-

entiation, in response to loss of Fe2? due to titanomagnetite

precipitation (Fig. 10b).

Genetic relationship between layered intrusion

and high-Ti basalts

Based on geochemical data, Xu et al. (2001) subdivided the

Emeishan high-Ti basalts into three groups: HT1, HT2,

HT3. The HT1 group lavas are characterized with the

highest TiO2 (3.7–4.7 wt %), Fe2O3 (14.9–16.4 wt %) but

the lowest Mg# (0.32–0.42) content. They were sampled

from Binchuan and Dongchuan area (Fig. 1). The HT2

lavas show moderate TiO2 (2.5–3.9 wt %), Fe2O3

(12.7–16.4 wt %) and Mg# (0.39–0.52) content. The HT3

lavas have the lowest TiO2 (2.4–2.8 wt %), Fe2O3

(11.6–12.4 wt %) but the highest Mg# (0.51–0.61) content.

However, it is difficult to distinguish the HT2 and HT3

lavas in the field, because they were both sampled from

Miyi and Ertan in the Panxi area (Fig. 2). Recent study

found that the Emeishan high-Ti basalts have two distinct

compositional features: the high-Ti basalts distributed

outside the Panxi area and the high-Ti basalts from within

the Panxi area (Bai et al. 2012b). The basalts located

outside the Pan-Xi area have similar or slightly higher

FeOT (*13–16 wt %) contents and much lower MgO

(*4–6 wt %) contents. In contrast, the basalts near the

mafic–ultramafic intrusions in the Pan-Xi area have much

lower FeOT (9–14 wt %) contents and much higher MgO

(5–10 wt %) contents than the basalts outside this area.

They suggested that the former group (the high-Ti basalt

outside the Panxi area) have not undergone abundant Fe–Ti

oxide crystallization before their eruption; however, the

latter may have undergone removal of Fe–Ti oxides in a

deep magma chamber.

Unlike the Bushveld complexes and the Windimurra

complex, in which economic Fe–Ti oxide layers commonly

occur in the upper section of these layered intrusions

(Wager and Brown 1968; Eales and Cawthorn 1996;

Mathison and Ahmat 1996), thick Fe–Ti oxide layers in the

Panxi area are usually present in the lower or middle parts

of the layered intrusions and some of these host PGE-

bearing layers (e.g. Hongge and Xinjie intrusions) (Pang

et al. 2008, 2010; Zhong et al. 2002, 2004, 2005, 2011b,

Bai et al. 2012a, b). This means that sulfide segregation

may have occurred relatively earlier than, or simulta-

neously with, Fe–Ti oxide precipitation. If the high-Ti

basalts inside the Panxi area were the evolved end-member

Fig. 13 A petrogenetic model showing the formation of the Baima intrusion and two types of high-Ti basalts in the ELIP. Chr chromite, Ol
olivine, Pyx pyroxene, Sul sulfide
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of the layered intrusions as suggested by Bai et al. (2012b),

they should be depleted in PGE. Thus, this model contra-

dicts the observed S-undersaturation feature shown by both

groups of the high-Ti basalts (Zhong et al. 2006; Qi et al.

2008; Qi and Zhou 2008; Song et al. 2009; Wang et al.

2011).

As described above, the Baima intrusion was engulfed

by later syenitic intrusions and dykes (PXGU 1984).

However, direct contacts or intrusive relationships between

the Hongge and Xinjie intrusions and the Emeishan high-Ti

basalts indicate that the high-Ti basalts cannot be the

evolved end-member liquid that formed these layered

intrusions. As shown in Fig. 9, primitive mantle-normal-

ized PGE patterns for the Baima intrusion display similar

trends to high-Ti basalts from inside the Panxi area. Both

show slight PPGE depletion relatively to high-Ti basalts

outside the Panxi area. Furthermore, three PGE-enriched

layers in the Baima intrusion also show similar primitive

mantle-normalized PGE patterns to those of the high-Ti

basalts inside the Panxi area. These data imply that the

Baima intrusion and the high-Ti basalts inside the Panxi

area were originally comagmatic and followed similar

differentiation trends. The parental magma of the Baima

intrusion may have experienced sulfide segregation before

it rose to shallow crustal levels, whereas the parental

magmas of high-Ti basalts inside the Panxi area and the

three PGE-enriched layers in the Baima intrusion are more

primitive and were erupted or intruded before their primary

magma reached S saturation (Fig. 13).

Compared with the high-Ti basalts inside the Panxi area,

the high-Ti basalts outside the Panxi area appear to be more

evolved, with lower Mg#, Cr, Ni content and higher Pd/Ir

values (Fig. 12). This illustrates that high-Ti basalts from

outside the Panxi area may have experienced extensive

fractional crystallization before eruption (Fig. 13). Further

fractional crystallization process led these lavas to be

depleted more in IPGE relative to PPGE (Fig. 9).

Conclusions

(1) The magma of the Baima layered intrusion experi-

enced two stages of sulfide segregation. Extensive

silicate fractional crystallization (* 60 %) is the key

factor controlling the first stage of sulfide segregation

at deeper level, whereas early magnetite precipitation

was important in triggering sulfide segregation in the

shallower Baima chamber.

(2) The Baima intrusion and the Emeishan high-Ti

basalts are originally broadly comagmatic, and

followed similar differentiation trends; however, the

parental magma of the Baima intrusion experienced

sulfide segregation before intruding into a shallow

magma chamber, whereas the parental magma of

high-Ti basalts within the Panxi area and three

recharge layers in the Baima intrusion were erupted

or intruded before their primary magma reached to

the S saturation.

(3) More evolved characteristics in the Emeishan high-Ti

basalts from outside the Panxi area illustrate that

these high-Ti basalts may have experienced more

extensive fractional crystallization before erupting.

Further fractional crystallization process led these

lavas show more PGE fractionated feature.

(4) Deep-seated S saturation of the primary magma

resulted in the Baima intrusion hosting only a giant

Fe–Ti–V oxide deposit in the lower part of the

intrusion, without economic PGE mineralization.
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