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Multiphase solid inclusions within cumulus silicates, particularly

olivine, in Fe^Ti oxide ores from the Lower Zone of the Baima in-

trusion, Emeishan large igneous province, SW China, have been

identified for the first time using 2-D scanning electron microscope

and 3-D high-resolution X-ray computed tomography. These inclu-

sions are spherical to subspherical and range from 100 to 300 mm in

diameter.They are composed dominantly of titanomagnetite and il-

menite with minor apatite, hornblende, phlogopite and pyrrhotite.

The titanomagnetite in the inclusions has a low Cr content

(5700 ppm) similar to the interstitial titanomagnetite, suggesting

that these inclusions cannot be early crystallized mineral aggregates.

In contrast, the spherical shape of these inclusions provides evidence

of early trapped liquids from which these minerals crystallized.

Based on the composition and modal proportions of the daughter

mineral phases within the inclusions, the trapped liquids are esti-

mated to have 82·1^59·6 wt % FeOT, 11·4^18·5 wt % TiO2,

2·69^6·12 wt % Al2O3, 1·40^4·47 wt % MgO, 0·87^4·93 wt %

SiO2 and �1wt % volatiles including F, S, Cl, P and H2O. Such

a liquid composition deviates substantially from that of the

slightly evolved ferrobasaltic magmas inferred to be parental to

the Fe^Ti^(V) oxide-bearing mafic^ultramafic intrusions of the

Emeishan large igneous province. It is thus speculated that these

trapped liquids are immiscible Fe^Ti-rich melts formed upon cooling

of ferrobasaltic magma. The net-textured and disseminated oxide

ores have titanomagnetite compositions similar to those in the

inclusions, suggesting that the oxide ores of the Baima intrusion

also formed from Fe^Ti-rich melts immiscibly separated from ferro-

basaltic magmas. We propose that immiscible Fe^Ti-rich liquids

with high density percolated down through crystal-bearing silicate

magma and crystallized an interconnected Fe^Ti oxide network

interstitial to olivine, plagioclase and clinopyroxene.This study high-

lights that immiscible separation of Fe^Ti-rich liquids from ferroba-

saltic magmas is an important mechanism in the formation of

magmatic Fe^Ti^(V) oxide deposits hosted in mafic^ultramafic

layered intrusions.

KEY WORDS: 3-D X-ray computed tomography; Baima intrusion;

liquid immiscibility; multiphase solid inclusion; net-textured oxide ore;

SW China

I NTRODUCTION

Fe^Ti oxide ores, commonly rich in apatite, are often asso-

ciated with massif-type anorthosites and mafic^ultramafic

layered intrusions. Their origin has been variously sug-

gested to result from fractional crystallization and gravita-

tional crystal settling from ferrobasaltic magmas (e.g.

Wager & Brown, 1968; Duchesne, 1999; Charlier et al.,

2006, 2008; Pang, 2008a, 2008b, 2009) or crystallization

from Fe^Ti^P-rich liquids segregated from evolved,
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Si-rich, conjugate liquids (e.g. Bateman, 1951; Ripley et al.,

1998; Jakobsen et al., 2005; Zhou et al., 2005, 2013; Namur

et al., 2012;Wang & Zhou, 2013). Immiscibility of Fe^Ti^P-

rich melts has been recognized as an important mechan-

ism for the formation of nelsonites and Fe^Ti oxides in

massif anorthosites (Philpotts, 1967; Kolker, 1982; Ripley

et al., 1998; Clark & Kontak, 2004; Chen et al., 2013), and

of titanomagnetite^apatite-rich ores hosted in gabbros or

gabbronorites in the upper part of large layered intrusions

such as the Bushveld Complex and the Skaergaard intru-

sion (e.g. Reynolds, 1985a, 1985b; Von Gruenewaldt, 1993;

Jakobsen et al., 2005; VanTongeren & Mathez, 2012).

Recent work has demonstrated that silicate liquid immisci-

bility does not necessarily occur at the very end of crystal-

lization, but earlier, soon after the start of magnetite and

ilmenite crystallization at the transition from the Lower

to the Middle Zones of the Skaergaard intrusion where

apatite is not an abundant phase (Veksler et al., 2007;

Veksler, 2009; Jakobsen et al., 2011). The question concern-

ing the origin of these rocks is thus whether they formed

by normal fractional crystallization processes from a

single silicate magma or from Fe-rich melts immiscibly seg-

regating from a Si-rich magma, and at what stage immisci-

bility can occur.

Evidence for liquid immiscibility is unlikely to be pre-

served in layered intrusions because the rocks have under-

gone lengthy and complex cooling and readjustment

processes before and after solidification. Entrapment of

minerals and melts, on the other hand, can provide robust

information about the early stage of magma evolution

(e.g. Roedder & Weiblen, 1970; Schiano et al., 1997;

Jakobsen et al., 2005; Pang et al., 2008a). In the Permian

Emeishan large igneous province (ELIP), the Panzhihua,

Hongge and Baima mafic^ultramafic intrusions in the

Panxi (Panzhihua^Xichang) region host significant Fe^

Ti^(V) oxide ores in their lower or middle parts.

Proposed models for the origin of the oxide ores include

immiscible separation of Fe-rich and Si-rich liquids (Zhou

et al., 2005; Wang & Zhou, 2013), early crystallization and

gravitational settling of oxides from the same ferrobasaltic

magma along with silicate minerals (Pang et al., 2008a,

2008b, 2009; Shellnutt & Pang, 2012) and fractional crystal-

lization from a magma flow-through system with repeated

magma replenishment (Bai et al., 2012; Zhang et al., 2012;

Song et al., 2013). These diverse models highlight the im-

portance of investigating Fe^Ti oxide ore-forming pro-

cesses in mafic^ultramafic intrusions.

In this contribution, we identify the presence of spher-

ical to subspherical multiphase solid inclusions within cu-

mulus silicates of net-textured and disseminated Fe^Ti

oxide ores in the Lower Zone of the Baima layered intru-

sion. High-resolution X-ray computed tomography (CT)

was used to obtain the three-dimensional (3-D) morph-

ology and spatial distribution of daughter mineral phases

within the inclusions. Together with scanning electron

microscope (SEM) and electron microprobe analysis

(EMPA), single mineral phases were identified and their

compositions determined. These spherical to subspherical

multiphase solid inclusions provide unique and robust evi-

dence for the entrapment of Fe^Ti-rich liquids. We show

that the interstitial Fe^Ti oxides may have crystallized

from compositionally similar melts. These new findings in-

dicate that immiscible Fe^Ti-rich liquids are responsible

for the net-textured and disseminated ores in the Lower

Zone of the Baima intrusion.

GEOLOGICAL BACKGROUND

The Emeishan large igneous province

The �260 Ma ELIP covers an area of �5�105 km2 in SW

China and northern Vietnam, bounded by the Tibetan

Plateau to the west and the Yangtze Block to the east

(Chung et al.,1998; Fig. 1). It consists of coeval flood basalts,

mafic^ultramafic intrusions and associated felsic plutons

that were erupted or emplaced within a short period of

time at the Permian^Triassic boundary (Chung et al.,

1998; Song et al., 2001; Xu et al., 2001; Zhou et al., 2002).

The ELIP continental flood basalts range in thickness

from �5 km in the west to a few hundred meters in the

east (Chung & Jahn, 1995), and have been subdivided into

low-Ti and high-Ti series (Xu et al., 2001). Associated

mafic^ultramafic intrusions are economically valuable

for their Ni^Cu^platinum group element (PGE) sulfide,

Fe^Ti^(V) oxide or PGE mineralization. Fe^Ti^(V)

oxide-bearing mafic^ultramafic rocks are considered to be

cogenetic with the high-Ti basalts, which have high Ti/Y

(4500) and FeOT (412%), whereas the Ni^Cu^(PGE) sul-

fide-bearing ultramafic rocks are petrogenetically linked

to the low-Ti basalts, which have low Ti/Y (5500) and

FeOT (512%) (Xu et al., 2001; Xiao et al., 2004; Wang

et al., 2007; Zhou et al., 2008; Song et al., 2009).

Economically important Fe^Ti^(V) oxide-bearing

mafic^ultramafic intrusions in the Panxi region are

exposed along north^south-trending fault systems and spa-

tially associated with coeval granite and syenite (Fig. 1).

The Hongge, Baima and Panzhihua intrusions contain

the largest Fe^Ti^(V) oxide deposits with ore reserves of

4572 Mt, 1497 Mt, and 1333 Mt, respectively (Ma et al.,

2003). Oxide ores of the Baima intrusion have an average

grade of 34·7wt % FeOT, 6·19wt % TiO2 and 0·26wt %

V2O5 (Sichuan Bureau of Geology and Mineral

Resources, 2007).

Field relations of the Baima intrusion

The �16 km long and 0·13^2·2 km wide Baima intrusion

strikes broadly north^south and dips 15^708 west. It is

separated by a series of NE^SW-trending faults into seg-

ments, which are named from north to south Xiajiaping,

Jijiping, Tianjiacun, Qinggangping and Mabinglang
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Fig. 1. Simplified regional geology of the Panxi area, Emeishan large igneous province, SW China, showing the distribution of mafic^ultra-
mafic intrusions that host Fe^Ti^(V) oxide ore deposits. Modified after Pang et al. (2008b). The rectangle shows the location of Fig. 2a.
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(Fig. 2a), and intrudes marble, schist and migmatitic gran-

ite of the Precambrian Huili Group and carbonate of the

Sinian Dengying Formation. From the base upward, the

Baima intrusion has been divided into a Lower and an

Upper Zone (Zhang et al., 2012; Liu et al., 2014). The 180^

350m thick Lower Zone consists mainly of alternating

ultramafic rocks and Fe^Ti oxide ore layers, whereas the

51500m thick Upper Zone is composed of isotropic

gabbro, olivine gabbro and apatite-bearing gabbro

(Fig. 2a and b).

PETROGRAPHY

Lower Zone

The Lower Zone contains conformable layers of Fe^Ti

oxide-bearing troctolite, olivine clinopyroxenite and

Fe^Ti oxide ores (Fig. 2c). Troctolite is composed of

�30 vol. % olivine, �40 vol. % plagioclase, 10^20 vol. %

Fe^Ti oxides (titanomagnetite and ilmenite), and510 vol.

% hornblende, apatite and sulfides. Olivine clinopyroxe-

nite consists of �35 vol. % clinopyroxene, �20 vol. %

Fig. 2. Details of the geology of the Baima intrusion, SWChina. (a) Simplified map view of the Baima mafic^ultramafic intrusion (modified
after Chen, 1990). (b) A representative cross-section in the Jijiping segment showing the distribution and morphology of rock types and ores in
the Baima intrusion. The location of the section is indicated in (a). The dotted line indicates the boundary between the Lower and Upper
Zones. (c) A simplified stratigraphic section of the Lower Zone of the Baima intrusion showing the location of the analysed samples.

JOURNAL OF PETROLOGY VOLUME 55 NUMBER 5 MAY 2014

954

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
5
/5

/9
5
1
/1

4
9
6
5
5
3
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



plagioclase, �25 vol. % olivine, and �10 vol. % Fe^Ti

oxides. Hornblende, apatite and sulfides are accessory min-

erals and account for less than 10 vol. %. The ultramafic

rocks are fine- to medium-grained and display orthocumu-

late textures. Olivine is typically subhedral to euhedral,

and varies in diameter from 0·3 to 1·5mm. Euhedral clino-

pyroxene is generally 0·5^1mm and has a well-developed

schiller structure represented by exsolution of rhombic

opaque minerals (probably magnetite) along two intersect-

ing planes. Plagioclase is tabular to platy with irregular

wavy edges. Apatite occurs as euhedral hexagonal crystals

and varies from 70 to 150 mm in size. In contrast to these

cumulus silicate minerals, hornblende occurs as an

�50 mm wide rim surrounding plagioclase or, less com-

monly, clinopyroxene.

Fe^Ti oxide ores display large variations in modal

proportions of minerals and thus are divided into

disseminated ores with 20^40mol % Fe^Ti oxides and

net-textured ores with 440mol % Fe^Ti oxides.

The oxide ores are composed of cumulus olivine, clino-

pyroxene and plagioclase, with interstitial Fe^Ti oxides

(Fig. 3a^d). In the net-textured ores, Fe^Ti oxides form

an interconnected network enclosing silicate cumulates.

Apatite, sulfides and hornblende are present as acces-

sory minerals. Sub- to euhedral olivine is 1^1·5mm in

diameter and ranges from 5 to 30 vol. %. Small olivine

grains are locally enclosed in titanomagnetite and il-

menite (Fig. 3e and f). Clinopyroxene is usually subhe-

dral and contains abundant schiller exsolution of Fe^Ti

oxides. Plagioclase is commonly tabular and embayed.

Titanomagnetite exhibits cloth and trellis exsolution of

ilmenite and aluminous spinel, resulting from subsolidus

re-equilibration. Ilmenite also occurs as external granu-

lar grains. Aluminous spinel commonly occurs at the

contact between titanomagnetite and ilmenite (Fig. 3e

and f).

Upper Zone

The isotropic gabbro and olivine gabbro of the Upper

Zone consist of subhedral clinopyroxene (15^25 vol. %),

plagioclase (60^70 vol. %) and olivine (510 vol. %), with

minor (510 vol. %) Fe^Ti oxides and hornblende.

Hornblende occurs as coronae at the contact between

plagioclase or clinopyroxene and Fe^Ti oxides. Olivine

grains are relatively small and anhedral and do not have

mineral inclusions. Apatite (55 vol. %) is present at the

higher level of the Upper Zone.

SAMPLES AND METHODS

Samples

Representative samples selected for 2-D SEM and 3-D X-

ray CT analysis include net-textured and disseminated

ores from both the lower and upper parts of the Lower

Zone (Table 1). The chemical compositions of the constitu-

ent minerals were obtained for a number of samples from

the lower to the upper parts of the Lower Zone.

SEM images

Scanning electron microscope images were obtained using

a Hitachi S-3400N variable pressure scanning electron

microscope (SEM) at the University of Hong Kong. The

SEM has a tungsten filament emitter with a resolution of

�5 nm at 30 kV.The image is acquired under an operating

voltage of 20 kVand pressure of 60^100 Pa. Compositional

mapping was conducted using a highly sensitive four-

segment backscattered electron (BSE) detector.

3-D morphologies

X-ray CTwas used to visualize the structure of the mineral

inclusions in olivine within the oxide ores in three dimen-

sions in a non-destructive manner to ensure that the inclu-

sions identified from the 2-D SEM images were isolated

inclusions. The 3-D characterization was performed at

Ghent University (Belgium) using a custom-built CTscan-

ner setup with a FeinFocus FXE160.51 transmission-type

X-ray tube combined with a Varian PaxScan 2520V a-Si

flat panel detector for image acquisition (Masschaele

et al., 2007). The X-ray source was operated at 90 kV and

beam hardening artefacts were reduced with a 1mm thick

aluminum filter. The acquired radiographs were recon-

structed to a 3-D volume using the reconstruction software

Octopus (Vlassenbroeck et al., 2007); the resulting 3-D

images have an isotropic voxel size of 1·53mm3. The 3-D

image gives a representation of the local attenuation coeffi-

cient in grayscale. The resultant images were visualized

using the software packageVGStudio and further analyzed

using the 3-D analysis software package Morphoþ

(Brabant et al., 2011).

Chemical compositions

Major element compositions of silicates, apatite and Fe^Ti

oxides were acquired using a JEOL JXA-8100 electron

microprobe (EMP) at the Key Laboratory of Isotopic

Geochemistry, Guangzhou Institute of Geochemistry,

Chinese Academy of Sciences. The analyses were carried

out using a voltage of 15 kVand a beam current of 20 nA,

focused to a spot of 1 mm. Peak and background counting

times for major elements were 20 s and 10 s, respectively,

whereas those for trace elements were 40 s and 20 s, re-

spectively. The standards used for oxide analyses were

albite for Si, Na and Al, plagioclase for Ca, potassium feld-

spar for K, garnet for Fe and rutile for Ti. The precisions

of the major element and trace element determinations

were better than 2% and 5%, respectively. Matrix correc-

tions were performed using ZAF procedures (Jurek &

Hul|¤nsky¤ , 1980).

An average composition of titanomagnetite that con-

tains ilmenite exsolution lamellae was determined by laser
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Fig. 3. (a) and (b) Sawn and polished slabs of net-textured oxide ores from the Lower Zone of the Baima intrusion (samples BM11-88 and
BM11-172, respectively). (c) and (d) Photomicrographs of net-textured ores (BM11-172 and BM11-48) under plane polars and crossed polars, re-
spectively. Opaque Fe^Ti oxides occur as an interconnected network enclosing cumulus olivine, clinopyroxene and plagioclase. Rounded min-
eral inclusions occur in olivine grains. (e) and (f) Scanning electron microscope (SEM) images of olivine enclosed in titanomagnetite and
ilmenite in oxide ores (samples BM11-22 and BM12-124, respectively) from the Lower Zone. Cpx, clinopyroxene; Ilm, ilmenite; Mt, titanomag-
netite; Ol, olivine; Oxd, oxide minerals (titanomanetite, ilmenite and spinel); Pl, plagioclase; Sp, spinel; Sul, sulfide.
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ablation inductively coupled plasma mass spectrometry

(LA-ICP-MS), using a Resonetic M50 193 nm Excimer

laser system coupled to Thermo PQ Excell inductively

coupled plasma mass spectrometer system at the

Department of Earth Sciences, the University of Hong

Kong. USGS standard reference materials, BHVO-2G,

BCR-2G and BIR-1G, were used as external standards

and 57Fe as an internal standard to calibrate element con-

tents (Liu et al., 2008). Each analysis includes 20 s for mea-

suring the gas blank and 45 s for data acquisition using a

40 mm diameter spot size at 6Hz with an energy of �100

mJ per pulse. Quality control of time-dependent drift of

sensitivity and mass discrimination was monitored by ana-

lysing GSE-1G, repeated after every eight analyses. The

off-line data processing was performed using the program

ICPMSDataCal (Liu et al., 2008).

RESULTS

Embayed silicate minerals

Many cumulus clinopyroxene and plagioclase grains in the

oxide ores have embayed or skeletal textures. Brown horn-

blende is commonly present as �50 mmwide monominera-

lic rims at the contact of Fe^Ti oxides and embayed

clinopyroxene or plagioclase (Fig. 4). In some samples,

relics of narrow edges of plagioclase and clinopyroxene

replaced by dark brown hornblende are preserved, which

are barely visible under crossed polars (Fig. 4a and b).

3-D morphologies of net-textured oxide
ores

X-ray CTanalysis shows that the 3-D distribution of net-

textured oxide ores (3-D animations of the samples are

available in SupplementaryVideo 1; supplementary mater-

ial is available at http://www.petrology.oxfordjournals.

org) is characterized by oxide minerals occurring as inter-

connected networks enclosing olivine, plagioclase and

clinopyroxene (Fig. 5a). The oxides form complex shapes

around silicate crystals on scales greater than the sample

size (i.e. 10mm length). They fill in the interstitial spaces

between silicates, resulting in an Fe^Ti oxide net- or

matrix-texture (Fig. 5b). In contrast, subspherical silicate

minerals in net-textured ores occur as isolated grains,

most of which are not connected (Fig. 5c).

Petrography and 3-D morphologies of the
inclusions

Two-dimensional SEM images show that the multiphase

solid inclusions in olivine from net-textured to dissemi-

nated ores have rounded to subrounded shapes and range

from 100 to 300 mm in diameter. Two types of inclusions

can be identified. One consists of titanomagnetite, ilmenite

and minor spinel (Fig. 6). The other type is less abun-

dant and contains mainly titanomagnetite, ilmenite,

spinel, and 51vol. % hornblende, mica, apatite and sul-

fides (Fig. 7). In a few samples, the inclusions display zonal

distributions of minerals characterized by titanomagnetite

Table 1: Summary of the oxide ore samples analysed within the Lower Zone of the Baima intrusion: their stratigraphic pos-

ition, modal mineralogy and texture

Stratigraphic Sample no. Modal mineralogy (mol %) Ore texture

depth (m)* Ol Cpx Pl Fe–Ti oxides

5 BM11-22 53 2 5 40 Net-texture

8 BM11-37 50 2 8 40 Net-texture

15 BM11-48 30 5 5 60 Net-texture

22 BM11-327 50 5 15 30 Disseminated

30 BM11-329 35 2 3 60 Net-texture

35 BM11-330 45 5 10 40 Net-texture

42 BM11-339 40 15 10 35 Disseminated

62 BM11-342 40 10 20 30 Disseminated

75 BM11-171/172y 55 2 3 40 Net-texture

84 BM11-196 35 5 10 50 Net-texture

145 BM11-354 50 3 7 40 Net-texture

195 BM11-87/88y 35 10 15 40 Net-texture

Cpx, clinopyroxene; Ol, olivine; Pl, plagioclase; Fe–Ti oxides include titanomagnetite, ilmenite and spinel.
*Stratigraphic depth can be referred to Fig. 2c.
ySamples BM11-171 and BM11-172 are from the same slice; so are samples BM11-87 and BM11-88.
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Fig. 4. Photomicrographs of microstructures observed in the oxide ores of the Lower Zone (a^e) and a gabbro of the Upper Zone (f) of the
Baima intrusion. (a) and (b) The same image taken under crossed polars and reflected light, respectively, showing the embayed clinopyroxene
with hornblende rim in contact with Fe^Ti oxides (sample BM11-339). Dark brown hornblende, which is barely visible under crossed polars, re-
places narrow clinopyroxene or plagioclase rims. (c) and (d) The same image taken under crossed polars and reflected light, respectively, show-
ing embayed plagioclase with a narrow hornblende rim in contact with Fe^Ti oxides (sample BM11-87). (e) Image taken under crossed polars
showing skeletal clinopyroxene set in net-textured Fe^Ti oxides (sample BM11-329). (f) Image taken under crossed polars showing a hornblende
rim at the contact of Fe^Ti oxide with plagioclase and clinopyroxene in gabbro (sample BM11-385). Cpx, clinopyroxene; Hbl, hornblende; Ol,
olivine; Oxd, oxide minerals (titanomanetite, ilmenite and spinel); Pl, plagioclase.
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in the outer zone and apatite, mica, hornblende and sulfide

in the inner zone (Fig. 7a^c). Element mapping shows that

the daughter minerals in the inclusions are homogeneous

in composition (Fig. 8). Titanomagnetite is rounded in

shape and other minerals are also anhedral. Ilmenite

occurs either as exsolution lamellae within titanomagne-

tite, or as irregular grains. Small patches of spinel are com-

monly distributed along the contact between

titanomagnetite and other minerals.

The 3-D CTreconstruction of the oxide ores shows that

the inclusions are entirely enclosed in silicates (Fig. 9; 3-D

animations of the inclusions are available in

Supplementary Video 2). High-resolution 3-D X-ray CT

observation demonstrates that the microinclusions are

globules of mineral aggregates in silicates, ruling out the

possibility of external veinlets connecting with the Fe^Ti

oxide network interstitial to the silicates. These inclusions

are subspherical to spherical in shape and contain a min-

eral assemblage of silicates and Fe^Ti oxides. The Fe^Ti

oxides are subspherical to spherical and volumetrically

dominant (up to 99 vol. %). Variable amounts (1^25 vol.

%) of silicate minerals are either enclosed in the Fe^Ti

oxides (Fig. 9a and b) or connected to the host silicates

(Fig. 9c).

Mineral chemistry

Compositions of apatite, mica, sulfide, hornblende and

titanomagnetite in the multiphase solid inclusions were

analyzed in oxide ore samples from the Lower Zone of the

Baima intrusion, along with interstitial titanomagnetite in

the Lower Zone, and hornblende rims in oxide ores of the

Lower Zone and (olivine) gabbros of the Upper Zone for

comparison.

Titanomagnetite

Major element compositions of titanomagnetite were ana-

lyzed by EMP in relatively homogeneous spots devoid of

major ilmenite and spinel exsolution. Titanomagnetite in

the inclusions has similar amounts of MgO (0·1^3·5wt

%), Al2O3 (0·1^3·5wt %), V2O3 (0·2^0·9wt %), TiO2

(1·0^20wt %) and FeO (30^50wt %) to the interstitial

Fig. 5. The 3-D distribution of cumulus silicates and Fe^Ti oxides in
the oxide ore (sample BM11-88) from the Lower Zone of the Baima
intrusion based on the output from CTscans. The 3-D image gives a

representation of the local attenuation coefficient in grayscale. The
local attenuation coefficient is a function of the energy of the X-rays
and the density and atomic number of the minerals in the rock.
Olivine in the scanned sample has an intermediate attenuation coeffi-
cient or grayscale value. In comparison, titanomagnetite, ilmenite
and sulfide have a higher attenuation coefficient, which results in a
more white^grey shade. Plagioclase, clinopyroxene, spinel, mica and
hornblende, on the other hand, have a lower attenuation coefficient
and thus a lower greyscale value with respect to olivine. (a) Volume
rendering of the net-textured ore sample showing the distribution
and morphology of the cumulus silicates (dark gray) and the Fe^Ti
oxides (light grey). (b) A 3-D visualization of Fe^Ti oxides showing
that the Fe^Ti oxides form an interconnected network. (c) A 3-D
visualization of cumulus silicates showing that the silicates occur as
isolated grains.
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titanomagnetite of the oxide ores, but is slightly different

from that in the gabbro (Fig. 10; Supplementary Data

Table 1). LA-ICP-MS data for titanomagnetite in intersti-

tial networks and in inclusions from net-textured and dis-

seminated ores show roughly consistent amounts of TiO2

(4·53^16·5wt %), Al2O3 (2·02^3·97wt %), MgO (1·12^

2·18wt %), and V (2892^4850 ppm) compared with data

obtained by electron microprobe (Table 2); however, the

data are less variable owing to the large spot size, so that

average compositions of titanomagnetite including ilmen-

ite and spinel exsolution lamellae were obtained. In terms

of trace elements, Co (84·6^217 ppm), Zn (138^590 ppm),

Ni (74·1^312 ppm) and Cr (74·2^668 ppm) contents are

high, whereas Sc, Cu, Ga, Sr, Y, Zr, Nb, Mo, Sn, Ba, Hf

and Ta are present in trace amounts. Rare earth element

(REE) contents of the titanomagnetite are typically

below or close to the detection limit. To compare the trace

element contents of titanomagnetite in interstitial networks

and inclusions, we have plotted multi-element variation

diagrams for lithophile and chalcophile elements separ-

ately (Fig. 11). Compositions were normalized to abun-

dances in CI chondrites (McDonough & Sun, 1995). The

order of the elements plotted is based on the relative com-

patibility of each element in magnetite (see Dare et al.,

2012). The result shows that titanomagnetite in interstitial

networks and inclusions has similar compositions of both

lithophile and chalcophile elements. It is noteworthy that

the strong depletion of Cr and more compatible chalco-

phile elements is consistent with early sulfide segregation

(Zhang et al., 2013) and early crystallization of chromite or

Cr-rich titanomagnetite (Wang & Zhou, 2013; Zhou et al.,

2013).

Hornblende

Hornblende in the inclusions and on the rims of plagioclase

and clinopyroxene in the oxide ores and gabbros is Ti-rich

Fig. 6. Back-scattered electron images showing the occurrence of rounded to subrounded mineral inclusions composed of titanomagnetite (a)
and (c) (samples BM11-171and BM11-37, respectively) or titanomagnetite^ilmenite^spinel (b) and (d) (samples BM11-87 and BM11-171, respect-
ively) hosted in cumulus olivine in the oxide ores of the Lower Zone of the Baima intrusion. Apatite and phlogopite occasionally occur close
to the inclusions (d). Ap, apatite; Phl, phlogopite; Ol, olivine; Mt, titanomagnetite; Ilm, ilmenite; Sp, spinel.
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Fig. 7. Back-scattered electron images showing the mineral assemblages and their distribution in the multiphase solid inclusions in the oxide
ores of the Lower Zone of the Baima intrusion. (a), (b) and (c) show zoned inclusions in olivine, showing the distribution of titanomagnetite
(Mt) and/or ilmenite (Ilm) on the wall and phlogopite (Phl), spinel (Sp), hornblende (Hbl), pyrrhotite (Po) or apatite (Ap) in the centre [(a)
and (b), sample BM11-87; (c) BM11-171]. (d), (e) and (f) Mineral assemblage of titanomagnetite, ilmenite, hornblende, spinel, phlogopite, apatite
and pyrrhotite distributed randomly in the inclusions. Images of samples BM11-87, BM11-171 and BM11-37, respectively. The square in (a)
shows the location of Fig. 8.
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Fig. 8. BSE image (a) and element maps (b^h) of a typical zoned inclusion (Fig. 7a, sample BM11-87) showing that the daughter minerals in
the inclusion have homogeneous compositions. Ap, apatite; phl, phlogopite; Hbl, hornblende; Mt, titanomanetite; Sp, spinel; Sul, sulfide.
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magnesiohastingsite. Hornblende in the inclusions has

slightly higher Mg# (70^77) and lower SiO2 contents

(38·0^41·4wt %) than those of hornblende corona in both

oxide ores and gabbros, which have similar Mg# ranging

from 64 to 71 and SiO2 contents from 40·0 to 42·4wt %

(Fig. 12, Table 3). Hornblende rims in the oxide ores have

higher TiO2 contents, ranging from 4·41 to 5·66wt %,

compared with hornblende rims in gabbro and those

within the inclusions, which have similar TiO2 contents

varying from 2·5 to 4·5wt %. Generally, hornblende

in the inclusions has slightly higherAl2O3 than hornblende

rims in the gabbro, whereas hornblende rims in the

oxide ores have variable Al2O3 contents from 11·0 to

14·6wt %.

Fig. 9. Types of multiphase solid inclusions imaged by high-resolution X-ray computed tomography. (a) and (b) Subrounded inclusions com-
posed of Fe^Ti oxides and silicates. The titanomagnetite is distributed in the outer zone and the silicates in the inner zone of the inclusions.
(c) Rounded inclusion composed of Fe^Ti oxides and silicates. The silicates are connected with the host silicate wall instead of being trapped
wholly in Fe^Ti oxides. (d) Front, top and right views of the 3-D image in (a), showing that the silicates in the inclusion are isolated from the
host silicate wall.
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Apatite, mica and sulfides

Apatite in mineral inclusions trapped in silicates contains

1·27^2·86wt % Fand 0·16^1·00wt % Cl and is essentially

fluorapatite. Minor elements in apatite include SiO2,

TiO2, FeO, MgO and Al2O3 (Table 4). The composition

of apatite is indicative of a magmatic origin, similar to

that of the Panzhihua and Skaergaard intrusions (Nash,

1976; Pang et al., 2009). The mica in the mineral inclusions

is phlogopite with Mg# ranging from 79·4 to 85·8wt %.

It has low SiO2 (36·6^37·8wt %) and FeO (7·09^8·67wt

%) but high MgO (18·7^21·2wt %) and TiO2 (2·13^

4·89wt %) (Table 4). Sulfides in the inclusions are essen-

tially pyrrhotite that contains chiefly Fe and S with51wt

% Ni, Cu and Co.

DISCUSS ION

Origin of multiphase solid inclusions

The multiphase solid inclusions identified in olivine grains

can be explained as early crystallized liquidus mineral ag-

gregates enclosed in coexisting olivine or as the crystalliza-

tion products of trapped liquids in the silicates. The

inclusions contain a mineral assemblage of titanomagne-

tite, ilmenite, hornblende, phlogopite, apatite and pyrrho-

tite; phlogopite and hornblende, in particular, are unlikely

to crystallize before the cumulus silicate hosts in ferroba-

saltic magmas based on Bowen’s reaction series (Bowen,

1922). If the titanomagnetite in the inclusions had crystal-

lized earlier than olivine, it would be rich in Cr, because

of the high partition coefficient of Cr in magnetite

(DCr
magnetite/melt¼100^600; see McCarthy et al., 1985).

However, none of the titanomagnetite grains in the inclu-

sions have Cr contents comparable with those of early crys-

tallized chromite and Cr-rich magnetite in the Xinjie and

Hongge intrusions in the same region (Wang & Zhou,

2013). Thus, the interpretation of the inclusions as earlier

mineral aggregates can be ruled out.

It is well documented that multiphase inclusions in min-

erals of igneous or metamorphic bodies are the crystalliza-

tion products of trapped liquids or fluids during the

crystallization of the host minerals (e.g. Loferski &

Arculus, 1993; Hwang et al., 2001; Ferrando et al., 2005;

Sparks & Mavrogenes, 2005). These inclusions are usually

tens to hundreds of microns across. They may be rounded,

elongated or irregular in shape and are composed of anhe-

dral daughter minerals. There might be some minor

unique mineral phases that are not present in the host

rocks. Daughter minerals in the inclusions may not have

compositions the same as those in the host rocks.

Multiphase mineral inclusions within the olivine grains of

the Baima intrusion have features identical to those re-

ported previously, and can be interpreted as trapped melts

in the growing olivine grains. The zonal distribution of

minerals in the inclusions, characterized by titanomagne-

tite on the margins and other daughter minerals in the

center, further indicates a crystallization sequence of tita-

nomagnetite first from a trapped melt droplet, followed

Fig. 10. Variation of MgO vs Al2O3 (wt %), V2O3 vs TiO2 (wt %)
and MnO vs FeO (wt %) for interstitial titanomagnetite (Mt) in
oxide ores (diamonds), interstitial titanomagnetite in gabbros
(squares) and titanomagnetite as a daughter mineral in inclusions
(triangles).
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by hornblende, apatite, phlogopite and pyrrhotite, prob-

ably saturated from the residual liquid.

The multiphase solid inclusions are dominated by tita-

nomagnetite and ilmenite with minor hornblende, apatite,

phlogopite and pyrrhotite, indicating that the trapped

melts were extremely Fe^Ti-enriched, with small but sig-

nificant amounts of P, S, F and H2O. Using mineral

modes obtained from 3-D image analysis and the

compositions of the daughter minerals in multiphase solid

inclusions within net-textured ore samples from the Baima

intrusion (Fig. 8), the average composition of the melt in-

clusions is estimated to be 82^60wt % FeOT, 11·4^18·5wt

% TiO2, 2·69^6·12wt % Al2O3, 1·40^4·47wt % MgO,

0·87^4·93wt % SiO2 and �1wt % volatiles including P,

F, S and water (Table 5). Given the possibility that vola-

tiles may escape during post-entrapment evolution of the

Table 2: Summary of LA-ICP-MS major and trace element compositions of titanomagnetite from the oxide ores of the

Baima intrusion, SW China

Sample: BM11-327 BM11-329 BM11-330 BM11-342 BM11-171

Type: diss. incl. net-text. incl. net-text. incl. diss. incl. net-text. incl.

n: 5 6 6 5 7 9 4 6 5 5

Major element oxide (wt %)

SiO2 0·17 0·17 0·16 0·12 0·04 0·05 0·05 0·07 0·28 0·00

TiO2 16·5 16·2 4·53 6·66 14·7 15·5 12·6 13·7 10·4 9·67

Al2O3 3·72 3·65 2·02 2·60 3·27 3·29 3·96 3·54 3·18 2·76

FeO
T

75·8 76·3 90·7 88·2 78·5 77·9 80·2 79·9 83·6 85·1

MnO 0·57 0·60 0·17 0·26 0·46 0·54 0·57 0·54 0·32 0·26

MgO 2·18 1·98 1·20 1·12 1·97 1·73 1·58 1·16 1·34 1·30

CaO 0·01 0·01 0·03 0·05 0·03 0·02 0·00 0·01 0·03 0·06

Na2O 0·03 0·15 0·00 0·01 0·00 0·00 0·00 0·05 0·01 0·01

K2O 0·00 0·00 0·00 0·01 0·01 0·00 0·00 0·00 0·03 0·03

Trace elements (ppm)

Sc 13·9 15·7 7·29 8·09 13·1 13·1 14·6 11·7 7·74 6·46

Co 217 212 111 143 148 148 173 163 84·6 92·5

V 4442 4332 4850 4437 3634 4150 4793 4804 2892 3438

Cr 195 173 464 517 395 473 668 633 74·2 87·3

Ni 234 206 312 277 210 206 273 262 74·1 78·3

Cu 1·93 1·72 5·26 3·97 7·58 12·5 17·1 30·5 7·14 5·65

Zn 467 446 138 342 364 440 443 434 291 411

Ga 47·4 45·2 50·4 48·1 40·5 47·1 56·7 56·2 28·7 32·7

Rb 0·00 0·03 0·10 0·07 0·06 0·09 0·05 0·04 0·08 0·11

Sr 0·13 0·34 0·81 0·95 1·60 0·68 0·01 1·14 2·51 2·47

Y 0·06 0·08 0·06 0·07 0·12 0·05 0·00 0·09 0·19 0·22

Zr 7·07 7·03 2·88 6·52 6·21 10·3 4·77 6·21 6·35 8·70

Nb 1·14 0·94 0·01 0·29 0·76 1·77 0·46 1·20 0·07 0·18

Mo 0·63 0·75 0·32 1·12 0·62 0·61 0·05 0·36 0·80 1·06

Cd 0·20 0·43 0·00 0·06 0·06 0·25 0·35 0·16 0·04 0·06

Sn 1·19 1·32 1·47 2·10 1·56 1·91 2·89 2·45 1·23 1·77

Ba 0·08 0·19 0·11 0·18 0·05 0·10 0·03 0·29 0·02 0·04

Hf 0·24 0·30 0·03 0·20 0·25 0·43 0·25 0·43 0·11 0·25

Ta 0·08 0·08 0·03 0·02 0·05 0·12 0·03 0·05 0·11 0·24

W 0·00 0·02 0·00 0·04 0·01 0·02 0·01 0·02 0·00 0·02

Th 0·00 0·00 0·00 0·13 0·00 0·01 0·06 0·01 0·00 0·01

U 0·00 0·01 0·00 0·11 0·00 0·03 0·00 0·00 0·00 0·00

(continued)
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Fe^Ti-rich droplets (Kent, 2008), the trapped melts may

have contained even more volatiles.

Trapped liquids within silicate minerals may record the

compositional evolution of the host magmas. In the

Baima intrusion, olivine grains hosting multiphase solid

inclusions occur in the Lower Zone. If fractional crystal-

lization is the sole process responsible for melt evolution,

the magma composition at this stage is more probably

ferrobasaltic, slightly evolved compared with the Baima

parental magma. However, the liquids inferred from the

multiphase solid inclusions with extremely high FeOTand

TiO2 and low SiO2 do not resemble any known silicate

magmas, and are different from the product of fractional

crystallization (e.g. Toplis & Carroll, 1996; Namur et al.,

2012; VanTongeren & Mathez, 2012). In contrast, the Fe^Ti

oxide-rich multiphase inclusions could have formed from

Table 2: Continued

Sample: BM11-354 BM11-87 BM11-196

Type: net-text. incl. net-text. incl. net-text. incl.

n: 7 7 4 8 3 8

Major element oxide (wt %)

SiO2 0·03 0·13 0·00 0·25 0·02 0·13

TiO2 11·8 14·6 11·5 13·4 14·8 15·3

Al2O3 2·41 3·97 3·54 3·30 3·36 3·38

FeOT 81·7 78·3 81·9 80·2 78·3 77·8

MnO 0·60 0·58 0·41 0·57 0·55 0·60

MgO 1·60 1·48 1·61 1·30 2·00 1·79

CaO 0·10 0·01 0·01 0·01 0·01 0·00

Na2O 0·00 0·00 0·00 0·00 0·00 0·00

K2O 0·00 0·00 0·00 0·00 0·00 0·00

Trace elements (ppm)

Sc 10·0 11·5 10·2 11·3 16·2 14·7

Co 138 165 160 163 191 157

V 4405 4598 4613 4192 4427 4451

Cr 172 230 174 172 189 192

Ni 144 160 145 171 226 189

Cu 14·9 6·60 19·9 4·0 7·41 4·51

Zn 368 590 463 555 366 406

Ga 46·9 50·2 56·5 47·8 48·1 49·4

Rb 0·20 0·00 0·07 0·02 0·00 0·05

Sr 0·74 0·18 0·64 0·94 0·09 0·06

Y 0·44 0·01 0·08 0·02 0·00 0·02

Zr 11·0 7·61 4·82 5·07 6·53 7·86

Nb 0·45 1·69 0·28 0·59 0·85 1·37

Mo 1·49 0·34 0·39 0·33 0·08 0·21

Cd 0·61 0·39 0·20 0·06 0·49 0·28

Sn 1·85 2·37 2·10 1·88 1·74 1·42

Ba 0·70 0·64 0·13 0·27 0·00 0·13

Hf 0·12 0·27 0·11 0·29 0·31 0·45

Ta 0·03 0·11 0·03 0·05 0·02 0·10

W 0·03 0·01 0·01 0·00 0·01 0·02

Th 0·00 0·00 0·00 0·00 0·02 0·00

U 0·00 0·02 0·00 0·01 0·00 0·00

diss, disseminated; incl, inclusion; net-text., net-textured.
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trapped Fe^Ti-rich melts that immiscibly separated from

the ferrobasaltic magmas. Although such extremely Fe^

Ti-rich mineral inclusions have not previously been re-

ported in the literature, spherical inclusions consisting

dominantly of sulfides are commonly observed (Naldrett,

1999; Holwell et al., 2011; Park et al., 2013). These sulfide in-

clusions are also multiphase and consist of a variety of sul-

fide minerals including pyrrhotite, pyrite, and

chalcopyrite and Fe-oxides. They have been considered to

have formed from melt droplets immiscible in mafic

magmas. We speculate that the spherical multiphase solid

inclusions in the Baima intrusion formed from small glob-

ules of immiscible Fe^Ti-rich melt that segregated from fer-

robasaltic magma. These immiscible Fe^Ti-rich droplets

were preferentially trapped in the crystallizing olivine

grains and remained rounded with cooling and crystalliza-

tion. The estimated compositions of the Fe^Ti-rich liquids

may extend the compositions of Fe^Ti^Ca^P-rich melts to

a more Fe^Ti enriched end-member compared with those

with up to 80 wt % FeOþTiO2þMgOþCaOþP2O5

reported by Kamenetsky et al. (2013) for immiscible melt

pools in tholeiitic gabbros in the Siberian large igneous

province.

Origin of the Baima Fe^Ti^(V) oxide
deposit

The Baima intrusion hosts the second largest Fe^Ti^(V)

oxide deposit in the Panxi region. The origin of such giant

deposits remains a matter of debate (Zhou et al., 2005,

2013; Pang et al., 2008b, 2009; Howarth et al., 2013; Song

et al., 2013). The main concern centers on whether Fe^Ti

oxides are crystallized from the same silicate magma as

the silicate minerals, or alternatively, from Fe^Ti-rich

melts immiscibly separated from silicate magmas.

Our understanding of the origin of multiphase solid in-

clusions in the Baima intrusion has important implications

for the formation of the giant ore deposits. To determine

whether or not the interstitial titanomagnetite in net-

textured oxide ores has formed from immiscible Fe-Ti-rich

melts, like the inclusions, we compare the compositions of

titanomagnetite in the inclusions and in the interstitial net-

work. The compositional comparison shows that the

Fig. 11. Normalized multi-element variation patterns for lithophile elements (a, b) and chalcophile elements (c, d) in interstitial titanomagne-
tite and titanomagnetite from inclusions. Normalized to CI carbonaceous chondrites using values from McDonough & Sun (1995).
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titanomagnetite in the inclusions has compositions, in par-

ticular of compatible trace elements, identical to that of

titanomagnetite in the interstitial network (Fig. 11). Net-

textured oxide ore, in contrast, has olivine, clinopyroxene

and plagioclase grains enclosed in a continuous network

of Fe^Ti oxides. This structure is comparable with that of

net-textured sulfide ores, which are considered to be

formed from segregation and concentration of droplets of

sulfide liquids from a silicate magma (e.g. Naldrett, 1999).

We therefore propose that the interstitial Fe^Ti oxides of

the Baima oxide ores were formed from compositionally

similar Fe^Ti-rich liquids to those recorded in the multi-

phase solid inclusions. The composition of the immiscible

Fe^Ti-rich liquids is nearly identical to Fe^Ti-rich melts

that form massive and net-textured oxide ores in the

Panzhihua intrusion proposed by Zhou et al. (2005).

Coexisting, immiscible melts during the formation of the

Baima intrusion are consistent with some of its unique

textural features that are difficult to explain by normal

processes of fractional crystallization. Examples are textur-

ally embayed plagioclase and clinopyroxene embedded in

an interconnected Fe^Ti oxide network, and hornblende

coronae at the contact of plagioclase and Fe^Ti oxides.

Tepley et al. (1999) described similar rim and embayed tex-

tures of plagioclase phenocrysts from Chaos Crags,

California and proposed that plagioclase crystallized

from a silicic magma was partially resorbed and subse-

quently overgrown in a hybrid andesitic magma.

Likewise, mantled feldspar has been used to suggest a

magma mixing process (Hibbard, 1981). The formation of

skeletal and dendritic olivine crystals require rapid super-

saturation, which can be attributed to either a change of

water content or adiabatic expansion of the magma

(Donaldson, 1974), or unmixing of an Fe-rich magma

induced by mutually enhanced solubilities of P and Fe in a

silicate magma. Therefore, it can be inferred that presence

Fig. 12. Variation of CaO, SiO2,TiO2 and Al2O3 (wt %) contents of hornblende as a function of Mg# [Mg#¼Mg/(MgþFe)]. Distinction is
made between hornblende in inclusions (black circles), hornblende as rims in oxide ores (white triangles) and hornblende as rims in gabbro
(grey squares).
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Table 3: Representative compositions of hornblende from the Baima intrusion

Sample: BM11-45 BM11-48 BM11-49 BM11-54 BM11-57 BM11-68 BM11-87 BM11-171

Point: 1 2 3 1 2 3 1 2 1 2 1 2 1 1 2 3 4 1 2

Hornblende rim in oxide ores

SiO2 40·6 40·7 40·3 40·5 40·8 40·0 40·9 40·6 40·7 40·3 40·5 40·1 40·3 41·2 40·5 40·2 41·9 42·3 41·9

TiO2 5·42 4·99 5·29 5·54 5·43 4·41 5·66 5·03 5·47 4·93 4·95 4·44 4·26 5·03 4·47 3·57 3·76 3·83 3·76

Al2O3 13·0 13·3 13·2 12·2 12·1 12·8 12·1 12·2 13·1 13·3 13·0 13·5 12·7 11·7 12·2 14·6 11·8 11·0 11·8

FeO 9·34 9·51 8·91 10·1 10·5 9·40 10·4 11·3 10·3 9·93 9·66 10·13 9·49 11·6 11·3 9·02 9·05 8·69 9·05

MnO 0·08 0·06 0·09 0·06 0·09 0·14 0·09 0·18 0·08 0·04 0·25 0·15 0·07 0·09 0·17 0·07 0·07 0·11 0·07

MgO 12·6 12·8 12·4 12·3 12·4 12·8 12·4 12·5 12·4 12·4 12·3 12·5 13·3 12·4 12·6 13·4 14·5 14·5 14·5

CaO 12·8 12·7 12·8 12·5 12·5 12·5 12·5 12·5 12·6 12·7 12·8 12·7 12·7 12·0 11·9 13·0 12·8 12·5 12·8

Na2O 3·04 3·11 3·35 2·99 3·01 3·09 2·97 2·99 2·90 2·67 3·10 3·14 3·36 3·36 2·87 3·08 2·66 2·96 2·66

K2O 1·07 1·11 1·00 1·31 1·28 1·04 1·48 1·44 1·52 1·54 1·20 1·20 0·82 1·04 1·15 1·09 1·28 1·19 1·28

F 0·09 0·10 0·08 0·10 0·08 — — — 0·12 0·08 — — — — — — — — —

Cl 0·02 0·01 0·02 0·04 0·05 — — — 0·03 0·02 — — — — — — — — —

Total 97·9 98·3 97·4 97·6 98·1 96·1 98·7 98·7 99·2 97·8 97·8 97·8 97·0 98·5 97·1 98·0 97·9 97·0 97·9

Si 5·98 5·97 5·96 6·01 6·03 6·00 6·02 6·00 5·95 5·96 5·99 5·94 5·99 6·09 6·05 5·89 6·15 6·25 6·15

Ti 0·60 0·55 0·59 0·62 0·60 0·50 0·63 0·56 0·60 0·55 0·55 0·49 0·48 0·56 0·50 0·39 0·42 0·43 0·42

Al 2·25 2·30 2·30 2·14 2·11 2·27 2·10 2·12 2·25 2·31 2·27 2·35 2·23 2·04 2·16 2·53 2·05 1·91 2·05

Fe
2þ

1·15 1·17 1·10 1·26 1·29 1·18 1·28 1·39 1·26 1·23 1·19 1·25 1·18 1·44 1·41 1·11 1·11 1·07 1·11

Mn 0·01 0·01 0·01 0·01 0·01 0·02 0·01 0·02 0·01 0·01 0·03 0·02 0·01 0·01 0·02 0·01 0·01 0·01 0·01

Mg 2·76 2·80 2·73 2·72 2·73 2·85 2·73 2·76 2·71 2·73 2·70 2·76 2·95 2·72 2·80 2·93 3·17 3·18 3·17

Ca 2·02 2·00 2·02 1·99 1·98 2·00 1·97 1·97 1·97 2·01 2·03 2·01 2·02 1·90 1·91 2·04 2·01 1·98 2·01

Na 0·87 0·89 0·96 0·86 0·86 0·90 0·85 0·86 0·82 0·77 0·89 0·90 0·97 0·96 0·83 0·88 0·76 0·85 0·76

K 0·20 0·21 0·19 0·25 0·24 0·20 0·28 0·27 0·28 0·29 0·23 0·23 0·16 0·20 0·22 0·21 0·24 0·23 0·24

Total 15·8 15·9 15·9 15·9 15·9 15·9 15·9 15·9 15·9 15·9 15·9 16·0 16·0 15·9 15·9 16·0 15·9 15·9 15·9

Mg# 70·6 70·6 71·3 68·3 67·8 70·73 68·1 66·5 68·2 69·0 69·4 68·8 71·4 65·5 66·5 72·6 74·1 74·8 74·1

Sample: BM11-79 BM11-85 BM11-93 BM11-160

Point: 1 2 3 4 1 2 1 2 3 4 5 6 7 8 9 10 11 1

Hornblende rim in (olivine) gabbro

SiO2 41·6 41·9 42·4 42·0 41·5 41·1 42·2 41·5 41·7 40·9 41·2 41·0 41·2 41·2 41·7 41·5 41·4 41·9

TiO2 3·61 3·51 3·63 3·60 3·29 3·66 3·66 3·29 3·75 3·99 3·95 4·48 3·98 4·14 4·34 4·34 4·24 3·82

Al2O3 12·3 11·7 11·7 11·8 13·2 13·0 11·9 11·5 12·0 12·2 11·8 11·8 11·7 11·9 11·4 11·3 11·6 11·7

FeO 10·8 10·9 10·9 11·4 10·2 10·4 10·7 10·5 10·4 11·3 11·6 11·7 11·5 11·9 11·8 11·7 12·1 10·8

MnO 0·16 0·07 0·07 0·11 0·12 0·10 0·15 0·08 0·13 0·14 0·17 0·16 0·18 0·12 0·20 0·12 0·17 0·09

MgO 13·3 13·1 13·3 12·9 13·9 13·4 13·4 13·0 13·2 12·2 12·5 12·7 12·6 12·5 12·6 12·3 12·5 13·3

CaO 12·6 12·6 11·8 11·7 13·0 12·8 12·4 12·4 12·5 12·3 12·3 12·2 12·1 12·1 11·9 12·0 12·2 12·3

Na2O 2·66 2·63 2·49 2·58 2·58 2·52 2·66 2·55 2·77 2·55 2·68 2·69 2·94 2·71 2·85 2·72 2·79 2·55

K2O 1·45 1·40 1·34 1·32 1·58 1·39 1·33 1·30 1·44 1·56 1·34 1·34 1·23 1·17 1·11 1·30 1·20 1·15

F 0·10 0·16 — — — — 0·08 0·08 0·07 0·01 0·05 0·06 0·02 0·08 — 0·07 0·03 —

Cl 0·06 0·05 — — — — 0·05 0·05 0·05 0·06 0·04 0·06 0·04 0·04 0·05 0·05 0·05 —

Total 98·5 97·9 97·5 97·4 99·3 98·4 98·3 96·2 97·9 97·1 97·4 98·1 97·4 97·7 97·9 97·4 98·1 97·7

Si 6·12 6·20 6·26 6·23 6·04 6·04 6·20 6·23 6·16 6·12 6·14 6·09 6·15 6·13 6·18 6·19 6·14 6·19

Ti 0·40 0·39 0·40 0·40 0·36 0·41 0·40 0·37 0·42 0·45 0·44 0·50 0·45 0·46 0·48 0·49 0·47 0·43

Al 2·14 2·05 2·04 2·07 2·27 2·26 2·06 2·04 2·09 2·15 2·07 2·06 2·06 2·09 1·99 1·99 2·02 2·04

Fe
2þ

1·33 1·35 1·34 1·41 1·24 1·28 1·32 1·32 1·28 1·41 1·45 1·45 1·43 1·48 1·46 1·46 1·50 1·34

Mn 0·02 0·01 0·01 0·01 0·01 0·01 0·02 0·01 0·02 0·02 0·02 0·02 0·02 0·01 0·03 0·02 0·02 0·01

Mg 2·91 2·89 2·92 2·86 3·02 2·93 2·94 2·92 2·90 2·71 2·77 2·81 2·80 2·76 2·79 2·74 2·77 2·93

Ca 1·98 2·00 1·86 1·86 2·02 2·01 1·94 2·00 1·99 1·98 1·97 1·93 1·93 1·93 1·89 1·92 1·93 1·95

Na 0·76 0·76 0·71 0·74 0·73 0·72 0·76 0·74 0·79 0·74 0·78 0·78 0·85 0·78 0·82 0·79 0·80 0·73

K 0·27 0·27 0·25 0·25 0·29 0·26 0·25 0·25 0·27 0·30 0·26 0·25 0·23 0·22 0·21 0·25 0·23 0·22

Total 15·9 15·9 15·8 15·8 16·0 15·9 15·9 15·9 15·9 15·9 15·9 15·9 15·9 15·9 15·9 15·8 15·9 15·8

Mg# 68·6 68·1 68·5 67·0 70·9 69·6 69·1 68·9 69·4 65·8 65·7 65·9 66·2 65·1 65·7 65·3 64·9 68·6

(continued)
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of water or unmixing processes are essential to account for

the formation of plagioclase rims and the embayed tex-

tures of olivine, plagioclase and clinopyroxene in the

Baima intrusion. Howarth et al. (2013) proposed a model

involving multiple replenishments of magma with variable

H2O content, titanomagnetite crystal load and volume

that were in disequilibrium with the entrained silicates.

However, if titanomagnetite was crystallized before

magma emplacement, it would be unlikely to be carried

within the magmas because of its high density

(5·15 g cm�3). We suggest that immiscible Fe^Ti oxide

melts that contained a small, but significant, amount of

water produced the embayed and rimmed textures in the

Baima intrusion.

Considering that the net-textured Fe^Ti oxide ores make

up the majority of the ores in the Baima intrusion, an im-

miscible origin for them allows us to propose a genetic

model for the formation of the giant deposit in the Baima

intrusion (Fig. 13). The parental magma of the Baima

intrusion, rich in Fe and Ti, underwent fractionation at

depth before being emplaced into a shallow-level magma

chamber (Zhang et al., 2012, 2013; Zhou et al., 2013).

Plagioclase and olivine began to crystallize during cooling

of the magma. Olivine tended to settle at the base of the

magma chamber whereas a considerable amount of plagio-

clase floated upwards (Fig. 13a). Continuous fractionation

of plagioclase and olivine promoted enrichment of Fe and

Ti in the residual silicate magma and subsequently re-

sulted in the unmixing of an Fe^Ti-rich melt from the sili-

cate magma. The dense Fe^Ti-rich melt droplets with low

viscosity tended to sink to the bottom of the chamber

where they infiltrated downwards through the unconsoli-

dated crystal pile and filled in the interstitial spaces be-

tween the silicate minerals, forming the net-textured and

disseminated ores (Fig. 13b). In some areas, small droplets

of such immiscible Fe^Ti-rich melt were trapped in the

growing silicate crystals and crystallized titanomagnetite,

ilmenite, apatite, phlogopite, hornblende and pyrrhotite

Table 3: Continued

Sample: BM11-361 BM11-87

Point: 1 2 1 2 3 4 5 6 7 8 9

Hornblende in the inclusions of the oxide ores

SiO2 40·9 41·5 40·2 38·3 38·0 41·1 40·7 40·7 41·4 40·9 41·1

TiO2 3·12 2·54 2·79 3·52 3·44 4·12 4·22 4·47 3·48 3·07 3·25

Al2O3 12·8 13·1 13·5 12·8 12·6 13·4 13·4 13·3 13·6 13·8 13·6

FeO 11·6 10·5 8·79 12 11 9·53 9·44 9·59 8·57 8·75 8·74

MnO 0·09 0·10 0·11 0·06 0·09 0·09 0·11 0·08 0·06 0·07 0·11

MgO 13·0 13·7 14·1 12·9 12·9 14·2 14·2 14·1 14·5 14·8 14·6

CaO 12·8 12·9 12·8 12·4 12·1 11·9 12·0 11·8 11·8 12·0 11·7

Na2O 2·25 2·25 2·47 2·96 2·86 3·05 2·75 2·75 2·70 2·74 2·62

K2O 1·49 1·39 1·73 1·46 1·60 0·92 1·20 1·25 1·43 1·39 1·60

F — — — — — — — — — — —

Cl — — — — — — — — — — —

Total 98·0 97·9 96·4 96·3 94·9 98·2 98·1 98·1 97·6 97·6 97·3

Si 6·07 6·12 6·00 5·80 5·84 5·99 5·97 5·96 6·05 5·99 6·03

Ti 0·35 0·28 0·31 0·40 0·40 0·45 0·47 0·49 0·38 0·34 0·36

Al 2·23 2·27 2·38 2·29 2·28 2·31 2·32 2·30 2·35 2·39 2·35

Fe
2þ

1·45 1·30 1·10 1·24 1·21 1·13 1·13 1·12 1·02 0·97 0·99

Mn 0·01 0·01 0·01 0·01 0·01 0·01 0·01 0·01 0·01 0·01 0·01

Mg 2·88 3·00 3·13 2·91 2·95 3·08 3·09 3·08 3·17 3·23 3·19

Ca 2·03 2·04 2·04 2·01 1·99 1·86 1·88 1·85 1·86 1·88 1·84

Na 0·65 0·64 0·72 0·87 0·85 0·86 0·78 0·78 0·77 0·78 0·75

K 0·28 0·26 0·33 0·28 0·31 0·17 0·22 0·23 0·27 0·26 0·30

Total 15·9 15·9 16·02 16·19 16·17 15·92 15·91 15·90 15·90 15·98 15·94

Mg# 66·6 69·8 74·0 70·2 71·0 73·2 73·3 73·5 75·6 76·8 76·4
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(Fig. 13c). This model is comparable with those proposed

for the net-textured ores in the Middle and Upper Zones

of the Hongge intrusion (Wang & Zhou, 2013), the massive

ores in the Lower Zone of the Panzhihua intrusion

(Zhou et al., 2005, 2013) and the net-textured ores in

the Upper Zone of the Bushveld Complex (Von

Gruenewaldt, 1993).

Significance of immiscible Fe^Ti-rich melts
in layered intrusions

Differentiation of tholeiitic basaltic magma has been one of

the oldest controversies in igneous petrology (e.g. Bowen,

1928;Wager & Brown, 1968), particularly the nature of the

magmas from which extensive Fe^Ti oxides crystallize

(Lister, 1966; Philpotts, 1967; Kolker, 1982). Layered mafic

intrusions provide evidence for the existence of Fe-rich

and Si-rich liquids produced by extreme crystal fraction-

ation of mafic magmas (Jakobsen et al., 2005, 2011;

Charlier et al., 2011). This has been verified by laboratory

experiments showing that immiscibility can occur in

highly evolved tholeiitic basaltic magmas after 90^95%

crystallization (Dixon & Rutherford, 1979; Naslund, 1983).

The Fe-rich melts commonly contain 18^32wt %

FeOT and 30^50wt % SiO2, and the Si-rich counterpart

has 4^12wt % FeOT and 60^76wt % SiO2 (Charlier &

Grove, 2012).The segregation of two liquids is a possible ex-

planation for the presence of temporally and spatially

related granitic and ferrobasaltic rocks on an outcrop

scale (Jakobsen et al., 2005; Charlier et al., 2011). In contrast,

the immiscible Fe^Ti-rich melts recorded in the Baima

Table 4: Representative analyses of phlogopite and apatite from the multiphase solid inclusions enclosed in cumulus silicates

of oxide ores in the Baima intrusion

Mineral: phlogopite apatite

Sample: BM11-87 BM11-171 BM11-87 BM11-171

Point: 1 2 3 4 5 6 7 8 1 2 3 4 1 2 3 4 5 1 2

SiO2 37·5 37·0 37·4 37·1 36·6 37·4 37·4 37·7 36·7 37·1 37·8 36·7 0·11 0·05 0·59 0·08 0·33 0·13 0·44

TiO2 3·76 4·13 2·48 3·32 2·67 4·89 3·59 3·50 3·95 2·35 3·07 2·13 0·08 0·28 0·25 0·02 0·23 0·07 0·03

Al2O3 16·7 16·3 17·3 16·6 17·2 16·2 16·6 16·4 16·7 17·2 16·7 16·3 0·03 0·13 0·51 0·00 0·29 0·01 0·09

FeO 8·18 8·67 7·74 8·13 7·09 8·08 7·56 7·49 8·33 7·42 7·32 7·44 0·71 2·26 1·39 0·17 1·27 0·52 0·57

MnO 0·01 0·08 0·06 0·04 0·03 0·01 0·03 0·01 0·04 0·02 0·01 0·05 0·03 0·02 0·04 0·00 0·00 0·05 0·02

MgO 19·5 18·7 20·4 20·3 20·5 18·8 19·7 19·9 20·0 21·2 20·5 19·9 0·01 0·06 0·41 0·06 0·18 0·02 0·40

CaO 0·02 — 0·08 0·00 1·41 0·00 0·00 0·02 — 0·04 0·02 0·17 55·2 56·1 52·6 52·7 52·5 54·5 53·1

Na2O 0·64 0·58 0·33 0·52 0·61 0·57 0·66 0·71 0·47 0·38 0·64 0·63 — — — — — — —

K2O 9·88 10·24 10·25 9·70 7·93 9·24 9·24 9·23 9·94 10·13 9·18 9·18 — — — — — — —

P2O5 — — — — — — — — — — — — 42·5 40·5 41·0 41·9 41·6 42·8 42·2

F — — — — — — — — — — — — 2·86 n.a. 1·42 1·27 1·68 2·51 1·99

Cl — — — — — — — — — — — — 0·18 0·16 0·18 0·93 0·25 0·81 1·00

Total 96·1 95·7 96·0 95·7 94·0 95·1 94·8 95·0 96·0 95·7 95·2 92·5 101·7 99·6 98·4 97·1 98·3 101·5 99·8

Si 2·70 2·69 2·68 2·67 2·65 2·71 2·71 2·72 2·64 2·66 2·71 2·72 0·02 0·01 0·10 0·01 0·06 0·02 0·07

Ti 0·20 0·23 0·13 0·18 0·15 0·27 0·20 0·19 0·21 0·13 0·17 0·12 0·01 0·04 0·03 0·00 0·03 0·01 0·00

Al 1·41 1·40 1·46 1·41 1·47 1·38 1·41 1·39 1·41 1·45 1·41 1·42 0·00 0·01 0·05 0·00 0·03 0·00 0·01

Fe
3þ

0·00 0·00 0·07 0·07 0·06 0·00 0·04 0·03 0·08 0·07 0·07 0·07 0·00 0·00 0·00 0·00 0·00 0·00 0·00

Fe
2þ

0·49 0·53 0·40 0·42 0·37 0·49 0·42 0·42 0·43 0·38 0·37 0·39 0·10 0·31 0·19 0·02 0·18 0·07 0·08

Mn 0·00 0·01 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00

Mg 2·09 2·03 2·18 2·18 2·21 2·03 2·13 2·14 2·14 2·27 2·19 2·20 0·00 0·01 0·10 0·01 0·05 0·00 0·10

Ca 0·00 0·00 0·01 0·00 0·11 0·00 0·00 0·00 0·00 0·00 0·00 0·01 9·87 10·03 9·41 9·42 9·38 9·74 9·49

Na 0·09 0·08 0·05 0·07 0·09 0·08 0·09 0·10 0·07 0·05 0·09 0·09 — — — — — — —

K 0·91 0·95 0·94 0·89 0·73 0·85 0·85 0·85 0·91 0·93 0·84 0·87 — — — — — — —

P — — — — — — — — — — — — 5·99 5·71 5·78 5·90 5·87 6·04 5·94

Total 7·89 7·90 7·91 7·89 7·84 7·80 7·85 7·85 7·89 7·94 7·85 7·90 15·99 16·12 15·67 15·38 15·58 15·89 15·70
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intrusion are extremely Fe^Ti-enriched and Si-depleted.

They occur within the Lower Zone of the layered se-

quence, suggesting that the Fe^Ti-rich melts may have

formed by immiscible separation at an early stage of the

evolution of the ferrobasaltic magma. A similar mechan-

ism has also been used to explain the formation of discord-

ant, plagioclase-absent, Fe^Ti oxide pegmatite in the

Bushveld Complex, South Africa (Scoon & Mitchell,1994).

Table 5: Reconstructed compositions of Fe^Ti-rich melts in the Lower Zone of the Baima intrusion

Mt* Ilm Hbl Phl Ap Sp Estimated melt Estimated melt

composition 1(wt %)y composition 2(wt %)y

SiO2 0·65 0·00 40·2 37·4 0·11 0·10 0·78 4·93

TiO2 11·5 53·0 2·79 2·48 0·08 0·29 11·5 18·5

Al2O3 2·49 0·01 13·5 17·3 0·03 62·8 2·62 6·12

FeO
T

82·8 43·0 8·79 7·74 0·71 21·2 82·4 59·6

MnO 0·40 1·10 0·11 0·06 0·03 0·33 0·40 0·50

MgO 1·28 3·04 14·1 20·4 0·01 14·4 1·35 4·47

CaO 0·00 0·00 12·8 0·08 55·2 0·00 0·09 2·00

Na2O 0·01 0·00 2·47 0·33 0·00 0·07 0·01 0·05

K2O 0·00 0·00 1·73 10·2 0·00 0·01 0·02 1·25

P2O5 0·00 0·00 0·00 0·00 42·46 0·00 0·05 1·53

Total 99·1 100·2 96·4 96·0 98·6 99·2 99·1 99·0

vol % 1z 99 0 0·3 0·3 0·2 0·2

vol % 2z 50 20 0 20 5 5

D§ 5·2 4·8 3·2 2·7 3·2 3·6

Ap, apatite; Hbl, hornblende; Ilm, ilmenite; Mt, titanomagnetite; Phl, phlogopite; Sp, spinel.
*Composition of titanomagnetite was obtained from in situ LA-ICP-MS analyses.
yMelt compositions 1 and 2 correspond to estimated volume percentage of 1 and 2, respectively.
zVolume percentage of the daughter minerals were estimated in a 3-D view according to typical inclusions of Fig. 7a and
e, which contain the lowest and highest percentage of silicates, respectively.
§Densities (D) are estimated from values given by Deer et al. (1992).

Fig. 13. Model for the formation of Fe^Ti oxide ores in the Baima intrusion. (a) With falling temperature, plagioclase and olivine begin to crys-
tallize. Olivine sinks to the floor of the magma chamber whereas a considerable amount of plagioclase floats upward. The residual magma be-
comes denser and more enriched in Fe and Ti. (b) The immiscible separation of Fe^Ti-rich melt droplets occurs possibly owing to the high Fe
andTi melt content and the presence of water, P, S and F. Small droplets of segregated Fe^Ti-rich liquid are trapped in the growing silicate crys-
tals or settle onto the cumulus silicates at the floor. (c) The low-viscosity, high-density, volatile-bearing, immiscible, Fe^Ti-rich melt accumulates
above the cumulus crystals and percolates down through the unconsolidated crystal pile, filling in the interstitial spaces in the silicate crystal
framework. In this scenario, Fe^Ti oxides crystallize from the Fe^Ti-rich liquid, forming an interconnected network enclosing cumulus silicates.
The melt droplets trapped in the silicates crystallize titanomagnetite (Mt), ilmenite, apatite (Ap), hornblende (Hbl), mica and sulfides (Sul).
The inset shows a multiphase solid inclusion trapped in an olivine host (not to scale).
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The existence of such immiscible Fe^Ti-rich melts is not

well supported by experiments (e.g. Taylor, 1963; Lindsley,

1991, 2003), possibly owing to the fact that experimental re-

production of unmixing is greatly hampered by the mask-

ing effects of competing crystallization (Veksler, 2009).

However, the discrepancies in magma compositions and

physicochemical conditions between experimental simula-

tion in the laboratory and natural magmatic systems

allow the possibility of the formation of Fe^Ti-rich, immis-

cible liquids at a relatively early stage of crystallization.

Recent experiments on liquid immiscibility by Lester et al.

(2013) have found that the presence of H2O alone or in

combination with P, S and F can increase the temperature

and compositional range of the miscibility gap, thus favor-

ing liquid^liquid unmixing at an early stage of differenti-

ation. The most Fe-rich melts they obtained contain

7·14wt % SiO2, 72·8wt % FeO and 16·6wt % S. Fe-rich

melts have also been recorded in natural samples such as

in melt inclusions within quartz phenocrysts in ignim-

brites, which contain 81wt % FeOT and 9·9wt % SiO2

(Naumov et al., 1993), and globules of Fe oxide-dominated

(59^69wt % FeOT, 8^11wt % SiO2) melts with 10^20%

H2O in igneous xenoliths from the Pliocene^Pleistocene

alkali basalts of the Western Carpathians (Hurai et al.,

1998). Thus, immiscible separation of extremely Fe^Ti-rich

melts may be a common process in some mantle-derived

magmas. We speculate that the S, P, F and H2O contents

of the Baima parental magma may have triggered the im-

miscible separation of Fe^Ti-rich melt at an early stage of

magma differentiation, which may explain the occurrence

of massive or net-textured Fe^Ti oxide ores in the lower

or lower^middle parts of the layered intrusions in the

Panxi region.

Liquid immiscibility is an important process in generat-

ing diverse magma compositions (e.g. Roedder, 1979).

Sulfide melts, for example, result from immiscible separ-

ation from a high-temperature basaltic magma and are eco-

nomically important for concentrating Cu, Ni and PGE.

Immiscible nelsonitic melts that form nelsonite associated

with massif-type anorthosites are important sources of Fe,

Ti and P (Kolker, 1982). Our findings have demonstrated

that immiscible processes are also probably responsible for

concentrating Fe andTi in layered mafic intrusions.

CONCLUSIONS

Subspherical to spherical multiphase solid inclusions

hosted in olivine within the Fe^Ti oxide ores in the Lower

Zone of the Baima intrusion provide strong evidence for

the existence of Fe^Ti-rich melts produced by immiscible

separation from a ferrobasaltic parent magma at a rela-

tively early stage of magma evolution. This can best ex-

plain the presence of massive and net-textured Fe^Ti

oxide ores in the lower or lower^middle parts of the

layered mafic intrusions in the Panxi area, ELIP. Liquid

immiscibility is also likely to be significant in the concen-

tration of Fe^Ti oxides in a variety of geological environ-

ments from anorthosites to layered mafic intrusions to

volcanic rocks. Fe^Ti-rich melts, with much higher Fe and

Ti contents, segregating at an early stage of basaltic

magma differentiation should be considered as a possible

mechanism for the concentration of economically import-

ant Fe,Ti andVore deposits.
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