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a b s t r a c t

In situ LA–ICP–MS trace elemental analysis has been applied to magnetite and ilmenite of the Taihe lay-
ered intrusion, Emeishan large igneous province, SW China, in order to understand better fractionation
processes of magma and origin of Fe–Ti–V oxide ore deposits. The periodic reversals in Mg, Ti, Mn in mag-
netite and Mg, Sc in ilmenite are found in the Middle Zone of the intrusion and agree with fractionation
trends as recorded by olivine (Fo), plagioclase (An) and clinopyroxene (Mg#) compositions. These suggest
the Taihe intrusion formed from open magma chamber processes in a magma conduit with multiple
replenishments of more primitive magmas. The V and Cr of magnetite are well correlated with V and
Cr of clinopyroxene indicating that they became liquidus phases almost simultaneously at an early stage
of magma evolution. Ilmenite from the Middle and Upper Zones shows variable Cr, Ni, V, Mg, Nb, Ta and
Sc contents indicating that ilmenite at some stratigraphic levels crystallized slightly earlier than mag-
netite and clinopyroxene. The early crystallization of magnetite and ilmenite is the result of the high
FeOt and TiO2 contents in the parental magma. The ilmenite crystallization before magnetite in the
Middle and Upper Zones can be attributed to higher TiO2 content of the magma due to the remelting
of pre-existing ilmenite in a middle-level magma chamber. Compared to the coeval high-Ti basalts, the
relatively low Zr, Hf, Nb and Ta contents in both magnetite and ilmenite throughout the Taihe intrusion
indicate that they crystallized from Fe–Ti–(P)-rich silicate magmas. Positive correlations of Ti with Mg,
Mn, Sc and Zr of magnetite, and Zr with Sc, Hf and Nb of ilmenite also suggest that magnetite and ilmenite
crystallized continuously from the homogeneous silicate magma rather than an immiscible Fe-rich melt.
Therefore, frequent replenishments of Fe–Ti–(P)-rich silicate magma and gravitational sorting and set-
tling are crucial for the formation the massive and apatite-rich disseminated ores in the Lower and
Middle Zones of the Taihe intrusion.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetite and ilmenite are two common minerals in igneous,
metamorphic and sedimentary rocks. In particular, they are major
ore minerals in many hydrothermal iron deposits, banded iron for-
mation, and magmatic Fe–Ti–V and Fe–Ti–P ore deposits (Dupuis
and Beaudoin, 2011; Dare et al., 2014; Nadoll et al., 2014).
Recently, a number of studies focus on trace element compositions
of magnetite by LA–ICP–MS analysis (e.g. Dare et al., 2012, 2014;
Huang et al., 2013; Nadoll et al., 2012, 2014). Because trace ele-
ments are sensitive to different conditions, the trace element fea-
tures of magnetite can be an important indicator of petrogenetic
and provenance (Dare et al., 2014; Nadoll et al., 2014). Trace ele-
ment compositions of ilmenite, although less commonly reported
(e.g. Charlier et al., 2007; Jang and Naslund, 2003), may be another
excellent monitor of crystallization and ore-forming processes
because it contains a large number of minor and trace elements
such as Mn, Mg, V, Cr, Ni, Sc, Nb, Ta, Zr and Hf (Jang and
Naslund, 2003; Dare et al., 2012).

The Taihe intrusion is one of the layered mafic–ultramafic intru-
sions hosting giant Fe–Ti–V oxide deposits in the central zone of
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the Emeishan large igneous province (ELIP), in SW China. The
Lower Zone of the intrusion comprising massive Fe–Ti–V oxide
ores and (olivine) gabbro represents the crystallization products
of Fe–Ti enriched parental magma (Hou et al., 2012; Shellnutt
et al., 2011). The apatite-rich disseminated Fe–Ti–V oxide ore lay-
ers with thicknesses of 15–100 m forming the lower parts of cyclic
units of the Middle Zone indicate a Fe–Ti–P enriched magma (She
et al., 2014a,b). Previous studies suggested that a Fe–Ti enriched
parental magma of the Lower Zone was produced by the
Emeishan high-Ti picritic magma via extensive fractionation of sil-
icate minerals at a deep-seated magma chamber (She et al., 2014a;
Hou et al., 2012; Shellnutt et al., 2011). The Fe–Ti–P enriched par-
ental magma of the Middle Zone was produced by mixing of Fe–Ti
enriched magma from depth and an evolved P saturated magma in
a middle-level magma chamber as well as partial remelting of
pre-existing fusible minerals (She et al., 2014a,b). However, the
effect of magma mixing and remelting of minerals on the trace ele-
ment compositions of magnetite and ilmenite has not been
addressed. Moreover, crystallization of either of magnetite and
ilmenite may have a significant effect on the trace element parti-
tioning into the other mineral during differentiation of magma.
Although recent study provides trace element data of magnetite,
by LA–ICP–MS, from other Fe–Ti–V deposits in the Emeishan LIP
(Liu et al., 2014a,b), only three samples have been analysed from
Fig. 1. Regional geological map of the central part of the Emeishan Large Igneous Provin
magmatic sulfide deposits.
the Taihe from which it is difficult to interpret magma chamber
processes. Furthermore, magmatic ilmenite from the Fe–Ti oxide
ore deposits of ELIP has not been analyzed by LA–ICP–MS.

In this study, trace element compositions of magnetite and
ilmenite of the Taihe intrusion are measured using LA–ICP–MS to
investigate the fractional crystallization history and origin of Fe–
Ti–V oxide deposit of the Taihe intrusion. Our results suggest that
most of the magnetite and ilmenite crystallized together with
mafic silicates at an early stage of magma differentiation.
Ilmenite from some stratigraphic levels of the Middle and Upper
Zones crystallized earlier than magnetite and clinopyroxene.
Early crystallization of Fe–Ti oxides is the result of the high FeOt

and TiO2 contents in the parental magmas. The gravitational sort-
ing and settling of magnetite and ilmenite result in formation of
Fe–Ti–V oxide ore layers.

2. Geology background

The ELIP lies to the western margin of the Yangtze Block and the
eastern margin of the Tibetan Plateau, and consists of flood basalts,
mafic–ultramafic intrusions and felsic plutons (Fig. 1). The
Emeishan flood basalts cover an area of more than 5 � 105 km2,
which are mainly exposed in the Sichuan, Guizhou and Yunnan
Provinces (Xu et al., 2001; Song et al., 2001, 2008, 2009; Ali
ce and locations of the mafic–ultramafic intrusions hosting Fe–Ti oxide deposit and
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et al., 2005; Shellnutt, 2014). The intrusions including large and
small layered mafic–ultramafic intrusions are economically impor-
tant due to the occurrence of Cu–Ni–(PGE) sulfide deposits and Fe–
Ti–V oxide deposits (Zhou et al., 2002; Zhong et al., 2002; Zhang
et al., 2009; Tao et al., 2008). They are the result of mantle
plume-related magmatism in the Late Permian at �260 Ma based
on trace element and Sr–Nd isotopes of the intrusions and
Emeishan flood basalts (Chung and Jahn, 1995; Zhang et al.,
2006; Kamenetsky et al., 2012).

In the central part of ELIP (known as Pan-Xi region), the Fe–Ti
oxide ore-bearing layered mafic–ultramafic intrusions are dis-
tributed along a series of N–S trending faults and include the
Panzhihua (263 ± 3 Ma, Zhou et al., 2005; Shellnutt et al., 2012),
Hongge (259 ± 1 Ma, Zhong and Zhu, 2006), Baima (262 ± 3 Ma,
Zhou et al., 2008; Shellnutt et al., 2009) and Taihe intrusions
(259 ± 3 Ma, She et al., 2014a) (Fig. 1). These mafic–ultramafic
intrusions are characterized by well-developed igneous layering
and cyclic units within the intrusions. The Panzhihua and Baima
intrusions are mafic throughout and have stratiform Fe–Ti oxide
ore bodies in the Lower Zone of the intrusions (Panzhihua: 1333
Mt ore with �33% total Fe, �12% TiO2 and �0.3% V2O5 and
Baima: 1497 Mt ore with �26% total Fe, �7% TiO2 and �0.21%
V2O5). The Hongge and Taihe intrusions contain ultramafic por-
tions, and the main Fe–Ti–V oxide ore layers occur in both the
Lower and Middle Zones of the intrusions (Hongge: 4572 Mt ore
with �27% total Fe, �11% TiO2 and �0.24% V2O5 and Taihe: 810
Mt ore with �33% total Fe, �12% TiO2 and �0.3% V2O5) (Ma
et al., 2003).
Fig. 2. Simplified geological map of the Taihe layered intrusion
3. The Taihe intrusion and petrography

The Taihe intrusion is approximately 3 km long and 2 km wide,
with an exposed area of �13 km2 (Fig. 2). The layering dips to the
southeast with angles of 50–60� and the intrusive body has a thick-
ness of �1.2 km. The Taihe intrusion is completely surrounded by a
contemporaneous syenite pluton and some syenite dykes, with
thicknesses of several meters, intrude the intrusion suggesting that
the syenite formed slightly later (She et al., 2014a; Shellnutt et al.,
2010, 2011; Hou et al., 2012; Pang et al., 2010). Based on mineral
assemblages and lithologic textures, the Taihe intrusion can be
divided into Lower Zone, Middle Zone and Upper Zone (She et al.,
2014a,b) (Fig. 2).

The Lower Zone is comprised of olivine clinopyroxenite, (oli-
vine) gabbro and �60 m thick massive Fe–Ti–V oxide ores, from
the base to the top (Fig. 2). The olivine clinopyroxenite contains
�65 modal% clinopyroxene, �20% olivine, and minor Fe–Ti oxides
(<10%) and plagioclase (<5%) and interstitial hornblende (<2%). As
plagioclase increases to more than 50%, the rock changes to (oli-
vine) gabbro. The massive Fe–Ti–V oxide ores are composed chiefly
of Fe–Ti oxides (50–90%) and clinopyroxene (10–50%) with minor
interstitial hornblende (<2%). These rocks are medium to
coarse-grained and display orthocumulate textures without a
prominent layered structure. The Fe–Ti oxide assemblages in the
Lower Zone rocks are dominated by magnetite over ilmenite
(Ilmenite/Magnetite = 0.25–0.5). Some Fe–Ti oxide crystals are
enclosed in the olivine or clinopyroxene (Fig. 3a and b).
Magnetite and ilmenite are polygonal or irregular crystals,
and the stratigraphic column of the drill-core of ZK1707.



Fig. 3. Microscope photos under reflected light showing typical rock textures of the Taihe intrusion. (a) Magnetite inclusion enclosed in olivine in the olivine gabbro of the
Lower Zone; (b) Subhedral–euhedral magnetite crystals enclosed in coarse-grained clinopyroxene in the Fe–Ti oxide ore of the Lower Zone; (c) Abundant magnetite and
ilmenite associated with subhedal–euhedal apatite in the apatite–magnetite clinopyroxenite of the Middle Zone; (d) Ilmenite inclusions enclosed in olivine in the apatite–
magnetite clinopryxoenite of the Middle Zone; (e) Internal textures of magnetite of the apatite gabbro of the Middle Zone showing the exsolutions of ilmenite lamellae; (f)
Internal textures of magnetite of the massive Fe–Ti oxide ore of the Lower Zone showing the exsolution of ilmenite lamellae and granular spinel. LZ = Lower Zone;
MZ = Middle Zone; UZ = Upper Zone; Ol = Olivine; Pl = Plagioclase; Cpx = Clinopyroxene; Mt = Magnetite; Ilm = Ilmenite; Ap = Apatite.
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0.5–1 mm in diameter, and magnetite contains commonly contains
abundant trellis ilmenite lamellae (5–10 lm) and small spinel
blebs (1–5 lm) (Fig. 3f). Olivine is typically rounded or subrounded
and enclosed by subhedral clinopyroxene crystals. Clinopyroxene
is usually subhedral to euhedral and has exsolution ilmenite lamel-
lae parallel to its prismatic cleavages. Plagioclase occurs as subhe-
dral to euhedral tabular crystals. Minor hornblende occurs as
irregular interstitial grains or the reaction rims surrounding plagio-
clase and clinopyroxene.

The Lower Zone, has well-developed igneous layering and can
be divided into six cyclic units (Cycle I–VI) which consist of
apatite-magnetite clinopyroxenite in the lower parts and apatite
gabbro in the upper parts (She et al., 2014a,b) (Fig. 2). The layered
structure is represented by alternative dark layers rich in mafic sil-
icates and Fe–Ti oxides and light layers rich in plagioclase. These
rocks show medium-sized grains relative to that of the Lower
Zone. The (apatite)–magnetite clinopyroxenite consists of clinopy-
roxene (40–70%) and Fe–Ti oxides (20–40%) with varying amounts
of apatite (0–12%) and olivine (0–20%), and minor plagioclase (<5%)
and hornblende (<2%). The (apatite) gabbro is composed of plagio-
clase (40–60%) and clinopyroxene (30–50%) with varying amounts
of apatite (0–8%) and Fe–Ti oxides (<20%). When apatite decreases
to less than 5%, it is named as magnetite clinopyroxenite and gab-
bro. The Fe–Ti oxides form aggregates and isolated grains set in a
matrix of clinopyroxene and olivine. This is because the subsolidus
recrystallization of Fe–Ti oxides results in magnetite and ilmenite
forming interstitial fillings between the silicate minerals (Pang
et al., 2008; Shellnutt et al., 2011). It is noteworthy that the
magnetite and ilmenite aggregates are closely associated with
cumulus apatite in apatite magnetite clinopyroxenites (Fig. 3c).
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The ilmenite/magnetite ratios (0.5–2) of the Middle Zone rocks are
higher than that of Lower Zone rocks (Ilm/Mt = 0.25–0.5).
Magnetite and ilmenite occur either as small grains enclosed by
the mafic silicate minerals (Fig. 3d), or as cumulus layers together
with silicate minerals (Fig. 3c). The magnetite grains commonly
exhibit a variety of ilmenite exsolutions (Fig. 3e). The clinopyrox-
ene crystals usually display exsolution ilmenite lamellae parallel
to its prismatic cleavages.

The Upper Zone is characterized by lower Fe–Ti oxides and
higher plagioclase abundances relative to the Middle and Lower
Zones. This zone consists mainly of apatite gabbro and a thin inter-
layer of apatite–magnetite clinopyroxenite (Fig. 2). The apatite
gabbro contains coarse-grained plagioclase (50–70%) and
medium-grained clinopyroxene (20–40%) with minor apatite (5–
8%) and Fe–Ti oxides (<10%). The magnetite and ilmenite are gen-
erally interstitial between abundant plagioclase and clinopyroxene
(She et al., 2014a,b).
4. Samples and analytical methods

In this study, we chose 35 samples from the drill core of ZK1707
of the Taihe intrusion (Fig. 2) and analyzed trace elements of mag-
netite and ilmenite grains from the thin sections.

Trace elements in magnetite and ilmenite were determined by a
laser ablation inductively coupled-plasma mass spectrometry (LA–
ICP–MS) at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences, using a
GeoLasPro laser-ablation system. Ion-signal intensities were
acquired through an Agilent 7700x ICP-MS instrument with
Helium (He) as the carrier gas. Ablation protocol employed a spot
diameter of 60 lm at 6 Hz repetition rate for 40 s (equating to 240
pulses) in this study. Each analysis incorporated a background
acquisition for approximately 20 s (gas blank) followed by 40s of
data acquisition. We used 57Fe as the internal standard, and the
details of analytical methods are available in Dare et al. (2012).
The samples that the total content of minor elements in magnetite
by the electron microprobe analysis is <3 wt% (She et al., 2014b)
are calculated using 69 wt% for the Fe internal standard. In the case
of the Ti-rich magnetite, which hosts 6–19 wt% of minor elements,
we used 54–66 wt% for the Fe internal standard. The stoichiometric
value of 35% for the Fe internal standard is used to calculate the
element contents of ilmenite. All data was reduced using an
IOLITE software by subtracting gas background from each of the
Table 1
Analyses of reference materials used in the calibration of LA–ICP–MS and to monitor the

Element BIR-1G This study BHVO-2G

D.L. Accepted values Average (n = 30) St dev Accepted values

24Mg 2.63 56,400 56,652 1979 42,780
27Al 4.69 82,150 77,633 2415 72,080
45Sc 1.18 43 47 1.8 33
47Ti 0.972 5400 5723 101 16,300
51V 0.306 326 330 6 308
52Cr 2.84 392 393 14 293
55Mn 7.67 1741 1337 19 1316
59Co 0.135 52 51 1.5 44
60Ni 8.35 178 176 9 116
65Cu 1.55 119 114 5 127
66Zn 4.42 78 78 2 102
71Ga 0.055 15 15 1 22
88Sr 0.001 109 105 3 396
89Y 0.001 14.3 14 0.2 26
90Zr 0.012 14 14 0.6 170
93Nb 0.011 0.52 0.82 0.42 18.3
178Hf 0.008 0.57 0.59 0.08 4.32
181Ta 0.002 0.036 0.034 0.01 1.15

D.L. = detection limit; St dev = standard deviation. Accepted values for BIR-1G and BHVO
isotopes. USGS standard reference materials, BIR-1G and
BHVO-2G, were used to calibrate the LA–ICP–MS and listed in
Table 1. A natural magnetite (BC-28) from the Bushveld Complex
(Dare et al., 2012) was analysed as an unknown sample to monitor
the data quality during LA–ICP–MS analysis. The results of the ref-
erence materials are generally within 10% analytical error of rec-
ommended values (Table 1). The average compositions of
magnetite and ilmenite in each sample are list in Tables 2 and 3,
respectively.
5. Analytical results

Although the exsolution of ilmenite and spinel in magnetite is
common in the Taihe intrusion, the average compositions of mag-
netite including exsolution lamellae of ilmenite and spinel can be
obtained by the large spot size of LA–ICP–MS analysis. Because
the size of the ilmenite exsolutions (5–10 lm) and spinel blebs
(<5 lm) within magnetite grains always smaller than that of the
laser spot size (60 lm), the LA–ICP–MS results approximate well
the original composition of magnetite before subsolidus exsolu-
tion. Fig. 4a and b shows that the measured results of the reference
materials BIR-1G and BHVO-2G and BC-28 magnetite agree well
with recommended values, indicating that the calibration of the
LA–ICP–MS produces accurate and precise results (Table 1).

Fig. 5 shows the variation of magnetite and ilmenite composi-
tion as a function of height of the Taihe intrusion. In the Lower
Zone, Mg, Mn, Ti of magnetite and Mg, Sc of ilmenite show small
variations except for one sample (Fig. 5a–e). However, these ele-
ments in magnetite and ilmenite show little variation in the mas-
sive ore layers of the top of the Lower Zone (Fig. 5a–e). In the
Middle Zone, Mn and Ti in magnetite and Mg and Sc in ilmenite
decrease regularly from the base to the top of each cyclic unit
(except for Cycle I) (Fig. 5b–e). From the Cycle VI of the Middle
Zone upwards to the Upper Zone, all magma differentiation indices
gradually decrease (Fig. 5a–e).

In order to compare various compositions of magnetite and
ilmenite, the elements of Cr, Ni, V, Co, Ti, Mg, Mn, Ga, Nb, Ta, Sc,
Hf and Zr were normalized to Emeishan high-Ti basalts in order
of their compatibility into magnetite (following Dare et al., 2014)
(Fig. 6). The normalized multielement variation diagrams of mag-
netite from the Lower Zone show high Cr, Ni, V, Co, Ti, Mn and
Ga which are compatible into magnetite, and low Zr, Hf, Ta and
Nb values, which are incompatible into magnetite (Fig. 6a). The
data quality.

This study BC-28 This study

Average (n = 30) St dev Accepted values Average (n = 30) St dev

43,878 1483 11,618 12,387 1652
70,783 1712 20,787 24,949 3821
37 2.2 31 24 2.6
17,035 362 87,615 87,855 4777
336 7 9603 11,456 779
296 6 1172 1064 128
1339 5 2125 2677 219
44 1.3 241 270 32
121 5 537 600 54
120 4 33 37 49
114 5 588 644 134
20 1 41.1 53 1.51
401 8
25 0.7 0.08 0.12 0.22
175 9 27.5 20.2 2.65
16.8 0.58 1.72 1.69 0.19
4.49 0.24 0.58 0.56 0.36
1.1 0.07 0.07 0.18 0.16

-2G are from certificate; accepted values for BC-28 are from Dare et al. (2014).



Table 2
Summary of LA–ICP–MS analyses for compositions of cumulus magnetite and magnetite inclusions enclosed in olivine from the Taihe intrusion.

Sample ST11-58 ST11-56 ST11-52 ST11-51 ST11-48 ST11-02 ST11-03 ST11-05 ST11-06 ST11-08 ST11-09 ST11-10
Depth/m 81 113 169 173 216 246 270 305 323 363 381 400
Rock Ap Gab Ap Gab Ap Gab Ap Mt Cpx Ap Gab Ap Mt Cpx Ap Mt Cpx Mt Cpx Ap Mt Cpx Ap Gab Ap Mt Cpx Ap Gab
Zone UZ UZ UZ UZ UZ MZ MZ MZ MZ MZ MZ MZ
Cycle VI VI VI VI V V IV
Number 3 3 3 2 3 3 3 3 3 3 3 3

Minor and trace elements (ppm)
Ti 1304 17,752 1220 8842 4585 30,172 41,611 3728 17,386 50,697 51,851 14,426
Al 1908 24,197 7313 11,256 24,031 28,519 18,911 5486 17,631 24,533 22,432 17,446
Mn 109 877 118 927 339 2550 3568 615 1682 3262 3721 800
Mg 33 19,249 186 817 272 6400 11,483 702 5318 8112 9406 5173
Sc 0.36 1.98 1.20 0.61 1.17 3.03 4.91 1.34 1.68 3.25 3.65 2.92
V 4493 3729 3432 3570 3956 3850 2762 3424 2800 3699 3616 4270
Cr 14.95 46.29 115.73 66.83 49.33 43.24 34.63 156.67 30.64 86.20 39.37 23.01
Co 7.39 24.33 39.57 36.61 36.64 108.84 41.48 75.95 84.23 53.93 79.48 84.79
Ni 28.92 5.99 12.16 12.87 13.19 7.34 6.07 325.89 6.65 0.30 1.29 7.73
Cu -0.74 0.57 1.68 2.74 2.66 2.77 406.80 -1.47 3.86 55.93 43.75 1.93
Ga 48.17 13.93 63.50 63.06 115.25 85.16 61.54 78.36 69.63 70.79 71.89 75.18
Sr 0.05 8.79 0.29 3.02 0.39 0.15 0.58 1.24 0.16 1.52 0.48 0.11
Y 0.01 0.71 0.00 0.31 0.00 0.00 0.05 0.00 0.00 0.02 0.08 0.00
Zr 0.01 3.21 0.35 1.43 3.08 1.27 0.83 0.03 0.85 2.30 2.74 1.35
Nb 0.07 0.25 0.00 1.00 0.11 0.00 0.00 0.00 0.02 0.17 0.22 0.04
Hf 0.00 0.06 0.00 0.17 0.05 0.00 0.07 0.00 0.02 0.11 0.07 0.05
Ta 0.00 0.02 0.00 0.21 0.00 0.01 0.02 0.02 0.00 0.05 0.03 0.00

ST11-11 ST11-13 ST11-14 ST11-15 ST11-17 ST11-18 ST11-19 ST11-20 ST11-21 ST11-22 ST11-23 ST11-25
415 443 459 471 506 517 534 558 575 589 602 629
Ap Gab Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Ap Gab Gab Ap Mt Cpx Gab Gab Gab
MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ
IV IV IV IV IV IV III III III II II II
3 3 3 3 3 3 3 3 2 3 3 4

768 63,786 40,384 41,386 35,123 57,660 9062 2022 34,418 30,778 57,431 74,871
2356 18,989 20,299 24,631 29,351 26,256 12,122 13,730 21,323 23,800 24,841 24,896
132 4201 3132 2792 3027 3693 417 224 1147 1492 3259 3966
197 7369 9195 8962 7072 10,812 2375 561 536 8279 9800 7648
1.25 4.13 4.80 3.02 1.98 4.68 1.83 0.99 3.51 2.87 3.17 6.33
3430 3441 3833 3583 4033 3536 4862 4459 4709 4384 4114 4166
66.24 22.37 29.44 28.62 31.59 29.40 45.70 509.34 118.63 71.93 77.93 81.60
23.06 80.15 110.29 104.64 126.76 89.28 63.52 48.16 72.31 93.78 85.96 124.80
14.52 2.54 5.93 3.66 4.01 1.74 10.31 40.84 59.96 48.89 52.57 52.53
1.27 3.40 0.34 1.90 18.07 3.12 3.64 2.10 2.93 0.34 5.98 9.76
53.78 67.57 71.45 75.89 84.18 61.80 71.46 75.83 70.49 81.08 73.10 66.53
0.79 1.91 0.13 1.41 0.08 0.67 1.49 2.22 0.60 0.17 0.01 0.18
0.01 0.00 0.01 0.15 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
0.08 2.74 1.25 2.69 1.21 4.08 0.78 0.69 1.84 1.85 4.54 5.79
0.14 0.18 0.01 0.11 0.01 0.34 0.01 0.00 0.09 0.00 0.11 0.96
0.00 0.06 0.07 0.11 0.04 0.25 0.01 0.00 0.13 0.07 0.15 0.19
0.04 0.03 0.01 0.06 0.01 0.03 0.00 0.00 0.07 0.00 0.02 0.02

ST11-26 ST11-27 ST11-28 ST11-29 ST11-30 ST11-32 ST11-33 ST11-39 ST11-40 ST11-42 ST11-44 ST11-46
641 653 665 677 688 698 714 756 765 804 839 871
Gab Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Gab Mt Cpx Mt Cpx Ore Ore Ol Gab Gab Ol Gab
MZ MZ MZ MZ MZ MZ MZ LZ LZ LZ LZ LZ
II II II II I I I
3 3 3 3 3 3 3 3 3 3 3 3

67,283 63,816 55,592 66,827 93,146 23,218 17,740 86,201 64,112 33,409 11,681 47,662
26,389 19,779 28,299 22,791 69,061 19,506 15,584 8411 20,121 25,649 12,584 24,165
3145 2342 3654 2665 6638 2294 1380 2954 2098 1757 738 2520
1557 14,828 9530 4494 16,388 3926 3623 5345 5816 5986 882 8082
4.29 5.34 2.89 4.73 4.49 2.50 2.61 6.43 5.54 2.99 1.44 2.52
4095 4216 3593 4416 13,971 3991 4815 4562 4367 4784 5151 4384
253.51 29.40 43.31 58.60 144.37 47.45 37.54 67.41 212.97 950.80 813.30 2360.44
150.85 43.35 67.15 81.35 323.35 143.05 125.71 40.42 131.13 125.75 68.33 136.79
51.23 11.54 2.36 15.53 139.76 49.77 40.65 154.81 532.64 674.51 637.94 448.49
8.37 259.49 3.96 7.51 1.85 0.39 10.86 26.64 5.68 7.18 1.60 -0.52
74.81 64.38 76.13 66.25 253.62 82.79 76.16 47.84 62.48 88.25 59.12 89.70
0.74 81.27 0.11 8.45 0.20 0.38 0.03 26.16 0.09 0.11 6.17 0.15
0.00 7.61 0.00 0.02 0.02 0.02 0.00 0.11 0.01 0.03 0.01 0.00
4.08 2.73 2.31 3.08 6.41 0.48 1.00 3.81 2.19 1.25 0.43 2.02
0.17 0.35 0.38 0.39 0.00 0.00 0.20 0.39 0.04 0.04 0.00 0.12
0.18 0.18 0.08 0.10 0.27 0.04 0.01 0.15 0.09 0.06 0.02 0.08
0.04 0.03 0.04 0.04 0.00 0.03 0.00 0.04 0.05 0.00 0.00 0.01
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Table 2 (continued)

ST11-08 ST11-09 ST11-13 ST11-15 ST11-18 ST11-42 ST11-46
363 381 443 471 517 804 871
Ap Gab Ap Mt Cpx Ap Mt

Cpx
Ap Mt Cpx Ap Mt Cpx Ol Gab Ol Gab

MZ MZ MZ MZ MZ LZ LZ
V V IV IV IV

8-Ol-
Mt-1

9-Ol-
Mt-1

9-Ol-
Mt-2

13-Ol-
Mt-1

15-Ol-
Mt-1

15-Ol-
Mt-2

18-Ol-
Mt-1

18-Ol-
Mt-2

18-Ol-
Mt-3

18-Ol-
Mt-4

42-Ol-
Mt-1

46-Ol-
Mt-1

46-Ol-
Mt-2

46-Ol-
Mt-3

Magnetite inclusions within olivine
50,158 60,146 60,268 49,707 78,758 48,825 59,719 61,183 58,316 63,540 33,728 37,376 25,058 38,564
23,560 20,893 21,137 20,343 46,163 21,055 19,166 21,948 20,575 24,204 22,656 19,597 12,027 23,002
2843 4227 4227 3291 5056 3039 3527 3813 3603 3714 1841 1784 854 1686
9368 7412 7765 5513 14,416 6955 8735 9723 9260 11,790 8979 8947 5534 11,749
4.65 4.51 4.45 3.72 4.56 5.04 5.37 6.71 4.27 4.32 2.24 3.20 1.27 1.92
3332 3467 3462 3151 2562 3272 3489 3300 3654 3654 4355 4198 5213 4303
59.52 25.62 26.84 16.25 57.24 28.35 25.01 35.99 16.96 39.60 683.52 1913.60 2706.80 2108.00
102.86 65.94 65.21 131.54 151.05 118.06 73.26 96.62 74.24 51.00 172.61 169.60 143.25 85.93
5.70 1.53 0.79 2.90 2.92 5.61 1.46 5.55 2.32 1.20 666.88 559.36 446.22 335.42
�0.43 0.73 0.43 1.32 3.23 2.14 �0.06 2.93 1.34 0.60 5.70 �2.05 �3.89 4.34
64.98 60.21 61.98 69.62 55.44 67.91 57.95 59.54 57.52 61.38 78.21 83.26 80.94 72.60
0.24 0.79 0.32 0.11 42.29 0.02 1.38 2.34 0.24 5.82 0.00 0.21 0.13 1.27
0.00 0.00 0.00 0.00 2.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.54 0.12 0.21 1.78 6.04 3.21 1.31 2.20 0.51 3.18 0.68 4.35 1.72 7.69
0.35 0.74 0.70 0.32 0.75 0.04 0.64 0.15 0.21 0.38 0.00 0.35 0.03 0.22
0.11 0.13 0.21 0.16 0.39 0.05 0.85 0.15 0.15 0.14 0.03 0.08 0.05 0.23
0.02 0.04 0.04 0.03 0.08 0.00 0.04 0.07 0.06 0.07 0.02 0.01 0.02 0.00
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ilmenite from the Lower Zone is significantly rich in Zr, Hf, Sc, Nb
and Ta relative to that of the magnetite (Fig. 6a). However, mag-
netite from the Middle Zone is lower in Cr, Ni, Ti, Mn, Mg, Nb, Ta,
Hf and Zr (Fig. 6b and c), with magnetite of the (apatite) gabbro
having the lowest, but highly variable Ti and Mn contents
(Fig. 6c). Ilmenite of the Middle Zone rocks has similar Cr, Ni and
higher Mg contents compared with that of magnetite
(Fig. 6b and c). Especially, ilmenite enclosed in olivine has the high-
est in Nb, Ta and Sc contents compared to cumulus ilmenite
(Fig. 6b and c). Magnetite from the Upper Zone not only has low
Cr and Ni, but also has low Mg, Mn and Ti (Fig. 6d). Ilmenite from
the Upper Zone is similar in Cr, Ni and Co contents to magnetite,
and three samples have high in Nb and Ta contents (Fig. 6d).

The V and Cr contents of magnetite are positively correlated
with previously published V and Cr contents of clinopyroxene
(She et al., 2014a) (Fig. 7a and b), whereas two trends in the dia-
grams of V and Cr in ilmenite vs. V and Cr in both clinopyroxene
and magnetite are observed (Fig. 7c–f). The V and Cr in ilmenite
from Lower Zone are generally positively correlated with that of
clinopyroxene and magnetite (Fig. 7d–f), except for the diagram
of V in ilmenite vs. V in clinopyroxene (Fig. 7c). The ilmenite from
some layers the Middle and Upper Zones have relatively high V and
Cr contents, whereas both clinopyroxene and magnetite have rela-
tively constant V and Cr contents (Fig. 7c–f). The Ti in magnetite is
positively correlated with Mg, Mn, Sc and Zr (Fig. 8a–d). The mag-
netite enclosed in olivine also show similar variable trends in these
elemental binary plots with cumulus magnetite (Fig. 8a–d).
Similarly, the ilmenite and ilmenite inclusions also show positive
correlations of Zr with Sc, Nb and Hf, and Ta with Nb (Fig. 9a–d).
6. Discussion

6.1. Multiple replenishments of magma

Open magma chamber processes were important in interpret-
ing the intermittent disappearance of mineral phases and compo-
sitional variations of minerals (She et al., 2014a). In general,
compositions of minerals that do not follow normal differentiation
trends in stratigraphic levels have been used to explain magma
replenishment in layered intrusions (e.g. Namur et al., 2010;
Song et al., 2013; Pang et al., 2009, 2010). The intermittent disap-
pearance of olivine and plagioclase are observed in the Taihe intru-
sion (She et al., 2014a). The amounts of Fe–Ti oxides gradually
increase upwards in the Lower Zone. In the Middle Zone, the mafic
silicates together with abundant Fe–Ti oxides and cumulus apatite
form the lower part of the cyclic units, whereas plagioclase content
increases upwards. Each cyclic unit represents a sequence from
ultramafic to basic composition. The compatible elements Mg, Ti
and Mn in magnetite decrease regularly upwards in each cyclic
unit (Fig. 5a–c). Similarly, the minor elements, Mg and Sc, in ilme-
nite behave progressive decreases, upwards in these cyclic units
(Fig. 5d and e). The periodic reversals of elements in magnetite
and ilmenite are consistent with the variations of silicate composi-
tions (An of plagioclase and Fo of olivine) (Fig. 5f–h) (She et al.,
2014a). The cessation of magmatic differentiation and reversals
in mineral composition suggest the Taihe intrusion is an open
magma chamber in a magma conduit, in which the composition
of the magma is periodically modified due to frequent recharges
of more primitive magma.
6.2. Crystallization of magnetite and ilmenite

The upward decreases of the Mg, Ti and Mn in magnetite and
Mg, Sc in ilmenite (Fig. 5a–e) reflect the decreases of these ele-
ments of the residual magma as a result of silicate and oxide frac-
tionation, suggesting that magnetite and ilmenite are cumulus
phases. The study by Pang et al. (2008) has demonstrated that
Fe–Ti oxide inclusions in the coeval Panzhihua and Hongge intru-
sions crystallized at the same time to olivine (Fo = 77–81) and
became trapped as inclusion in the growing olivine crystals. The
entrapment of Fe–Ti oxides in olivine suggested that magnetite
and ilmenite crystallized early from a Fe–Ti enriched magma. In
the Taihe intrusion, the phenomenon of subhedral to euhedral
magnetite and ilmenite enclosed in olivine (Fo = 62–75) or clinopy-
roxene (Mg# = 72–79) is common (Fig. 3a–d). Furthermore, these
magnetite and ilmenite inclusions within olivine are similar in
compositional to cumulus magnetite and ilmenite (Fig. 6a–d).
These features suggest that the magnetite and ilmenite join the



Table 3
Summary of LA–ICP–MS analyses for compositions of cumulus ilmenite and ilmenite inclusions enclosed in olivine from the Taihe intrusion.

Sample ST11-58 ST11-56 ST11-52 ST11-51 ST11-48 ST11-02 ST11-03 ST11-05 ST11-06 ST11-08 ST11-09
Depth/m 81 113 169 173 216 246 270 305 323 363 381
Rock Ap Gab Ap Gab Ap Gab Ap Mt Cpx Ap Gab Ap Mt Cpx Ap Mt Cpx Mt Cpx Ap Mt Cpx Ap Gab Ap Mt Cpx
Zone UZ UZ UZ UZ UZ MZ MZ MZ MZ MZ MZ
Cycle VI VI VI VI V V
Number 3 2 3 3 3 3 3 3 3 3 3

Minor and trace elements (ppm)
Ti 357,010 361,195 354,993 350,593 360,777 375,037 362,640 370,903 376,287 354,210 356,897
Al 145 300 142 441 170 453 904 132 145 382 479
Mg 281 339 164 393 245 10,232 20,904 707 13,411 15,998 23,227
Mn 16,074 17,590 15,150 16,418 14,037 13,362 17,891 23,301 17,580 10,872 7510
Sc 4.64 23.20 15.46 9.05 13.71 18.81 27.36 9.99 6.20 33.39 36.99
V 820.31 690.06 588.99 514.70 860.63 487.76 354.96 537.91 217.53 476.14 543.50
Cr 72.17 21.61 458.67 30.22 60.78 189.45 33.28 72.93 31.35 49.79 42.31
Co 6.96 13.78 21.99 21.27 24.61 30.92 13.19 29.46 32.88 18.84 30.92
Ni 1.41 3.63 9.11 22.57 7.45 10.97 8.40 35.92 11.05 2.23 8.08
Cu 7.72 1.74 10.39 9.71 10.17 8.46 6.40 3.32 13.20 8.31 3.89
Ga 0.99 0.39 1.18 6.39 2.06 1.65 1.26 0.99 1.01 1.89 2.22
Sr 1.18 0.21 2.21 2.49 0.31 1.16 0.36 0.34 1.32 0.45 0.82
Y 0.03 0.00 0.07 0.72 0.16 0.04 0.08 0.00 0.07 0.10 0.12
Zr 17.53 118.03 59.18 63.84 33.27 73.26 46.00 20.59 29.79 77.40 93.15
Nb 58.32 90.77 25.72 73.30 15.16 57.01 30.22 12.36 44.78 52.96 54.57
Hf 0.89 2.68 0.86 1.26 0.74 0.96 0.82 0.33 0.38 1.68 2.08
Ta 3.29 6.53 1.69 5.00 0.71 4.02 2.79 1.85 2.89 4.74 4.91

ST11-10 ST11-11 ST11-13 ST11-14 ST11-15 ST11-17 ST11-18 ST11-19 ST11-20 ST11-21 ST11-22 ST11-23 ST11-25
400 415 443 459 471 506 517 534 558 575 589 602 629
Ap Gab Ap Gab Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Ap Gab Gab Ap Mt Cpx Gab Gab Gab
MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ
IV IV IV IV IV IV IV III III III II II II
3 3 3 3 3 3 3 3 3 3 3 3 1

356,033 353,757 361,370 359,577 367,190 354,093 362,323 349,590 343,780 360,627 348,823 361,203 376,500
409 85 328 1880 849 308 692 237 46 771 391 375 585
5428 183 19,923 14,528 20,371 10,486 25,898 597 289 4048 12,086 13,941 13,890
9725 11,913 8415 9146 9194 9287 8024 8630 13,435 7409 7138 10,914 8870
19.43 6.54 28.27 34.88 26.53 24.36 33.27 27.94 11.96 33.75 29.61 30.06 36.75
674.33 768.83 421.96 399.73 417.61 505.91 419.91 683.39 1149.87 616.02 643.82 433.65 336.50
37.99 82.93 20.00 25.51 29.10 17.05 28.26 16.44 108.98 33.78 92.61 43.47 28.00
24.98 10.17 30.82 27.17 31.99 27.08 31.59 32.26 10.65 38.97 24.85 23.83 35.25
10.64 7.72 �0.03 7.05 �0.73 0.09 1.92 4.23 10.38 19.37 1.81 10.04 22.25
12.11 7.96 8.13 3.22 9.29 13.58 6.78 9.12 11.65 446.29 9.22 46.65 17.25
2.10 1.50 1.73 1.63 2.29 1.38 1.78 2.11 1.34 1.45 0.86 1.50 1.35
0.73 9.27 0.12 0.73 0.20 0.07 0.19 0.42 0.38 5.46 0.35 0.10 0.20
0.01 2.85 0.10 0.07 0.11 0.04 0.31 0.01 0.04 0.10 0.00 0.00 0.18
62.51 24.29 78.61 80.12 80.61 68.11 86.48 88.71 25.39 99.95 89.25 90.59 118.00
59.09 32.92 48.59 46.98 54.15 43.11 51.65 68.07 61.18 36.25 47.39 23.29 94.00
1.65 0.73 1.79 1.73 1.95 1.23 1.88 1.86 1.27 1.90 1.72 1.39 1.93
5.14 1.84 3.92 3.80 4.57 3.73 4.11 4.53 3.92 2.96 3.27 1.01 2.83

ST11-26 ST11-27 ST11-28 ST11-29 ST11-30 ST11-32 ST11-33 ST11-39 ST11-40 ST11-42 ST11-44 ST11-46
641 653 665 677 688 698 714 756 765 804 839 871
Gab Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Gab Mt Cpx Mt Cpx Ore Ore Ol Gab Gab Ol Cpx
MZ MZ MZ MZ MZ MZ MZ LZ LZ LZ LZ LZ
II II II II I I I
3 3 3 3 3 3 3 3 3 3 3 3

364,290 367,977 349,020 364,370 366,773 360,880 353,140 366,230 370,763 361,397 367,510 362,527
388 834 564 454 1695 1037 472 1207 299 200 181 293
3755 31,547 16,875 11,533 13,762 6910 9378 6560 5035 8972 320 15,345
9450 6668 7842 7588 9115 11,926 7045 8291 7990 10,870 14,435 7564
22.59 27.08 26.28 28.99 16.52 13.10 25.33 26.41 27.63 22.81 16.19 25.48
511.79 409.85 455.13 449.69 526.46 315.77 689.53 415.19 387.40 475.16 579.30 633.88
42.95 74.36 1.08 39.00 49.10 22.43 30.88 45.39 56.97 165.13 201.20 172.29
35.14 23.85 21.62 25.88 31.26 53.68 45.35 20.50 35.59 36.37 35.72 34.84
8.80 12.76 2.93 13.02 6.64 13.69 15.84 38.11 55.81 34.64 33.78 35.10
6.12 45.28 6.12 12.48 10.58 10.17 14.87 69.71 27.82 11.28 7.82 6.85
1.30 2.02 1.03 1.43 2.93 2.22 2.30 2.06 1.27 1.63 1.40 1.66
0.54 0.52 0.10 0.20 0.36 0.15 0.18 0.14 0.04 1.24 0.18 0.07
0.02 0.10 0.07 0.02 0.02 0.00 0.04 0.04 0.04 0.06 0.00 0.06
134.73 68.73 83.61 94.88 79.73 42.82 79.80 49.07 57.69 54.65 33.95 92.39
56.51 45.10 73.26 48.66 72.74 12.93 53.41 29.01 15.93 43.08 33.33 84.50
2.43 1.49 1.72 1.62 1.88 1.18 1.23 1.03 1.03 1.04 0.69 1.56
4.48 3.38 6.28 3.51 4.53 0.90 3.71 2.21 1.02 2.86 1.96 5.93
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Table 3 (continued)

ST11-08 ST11-09 ST11-18 ST11-28 ST11-42 ST11-46
363 381 517 665 804 871
Ap Gab Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Ol Gab Ol Cpx
MZ MZ MZ MZ LZ LZ
V V IV II

8-Ol-Ilm-1 8-Ol-Ilm-2 8-Ol-Ilm-3 9-Ol-Ilm-1 9-Ol-Ilm-2 18-Ol-Ilm-1 28-Ol-Ilm-1 28-Ol-Ilm-2 28-Ol-Ilm-3 42-Ol-Ilm-1 46-Ol-Ilm-1

Ilmenite inclusions within olivine
350,280 351,120 351,480 354,780 357,480 360,880 362,250 357,500 352,300 353,750 295,120
378 364 335 426 410 420 399 678 539 788 5066
14,347 14,834 10,945 15,101 18,255 18,765 13,525 15,552 12,992 11,372 13,301
10,064 8199 8968 9486 7386 9954 8701 7544 9015 10,272 9929
52.36 29.96 37.70 38.74 38.00 40.25 25.74 24.03 23.49 22.62 19.28
827.96 595.84 568.69 719.16 737.50 586.50 464.36 579.69 515.43 252.98 1101.60
13.44 40.32 31.61 182.00 33.25 28.00 2.86 15.39 45.90 153.40 914.60
35.84 30.52 21.98 40.82 22.00 19.50 24.18 20.52 32.40 63.18 114.92
�2.80 �0.56 �1.45 1.56 0.75 �0.75 0.00 6.21 �1.35 52.78 247.18
7.56 7.00 2.90 9.88 2.25 0.75 10.40 8.64 11.88 14.56 107.44
1.29 0.92 0.90 2.29 1.00 1.43 1.98 1.40 1.62 2.65 27.88
0.06 0.27 0.37 0.44 0.08 0.25 0.05 0.10 0.30 0.15 0.63
0.10 0.06 0.00 0.22 0.16 0.04 0.10 0.14 0.02 0.00 0.00
108.64 77.56 80.91 124.28 118.25 93.75 113.36 85.86 110.43 26.52 118.66
70.56 60.76 61.48 71.50 76.75 51.75 89.70 76.68 82.62 9.91 36.75
1.68 1.62 1.89 2.26 2.00 2.05 2.55 1.70 2.89 0.62 2.28
5.96 6.61 6.84 6.34 7.25 4.33 7.67 6.37 7.05 0.77 3.16

Fig. 4. LA-ICP-MS analyses of international reference materials (a) and BC-28 magnetite from the Bushveld Complex (b). BC-28 magnetite data are from the Dare et al. (2014).
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liquidus at early stage of evolution of magma in the Taihe magma
chamber.

The concentration of an element in magnetite and ilmenite
depends on the concentration of the element in the parental
magma from which they crystallize, and whether other minerals
are competing for that element, and the partition coefficient of
the element between mineral and magma (Dare et al., 2014;
Nadoll et al., 2014; Charlier et al., 2007). Therefore, the behavior
of trace elements during fractionation of magma can be recorded
by crystallization of magnetite and ilmenite. For example, the con-
tent of elements compatible during fractionation (e.g. Cr, Ni, Mg)
are highest in early forming oxides and decrease with stratigraphic
height, whereas most other elements are incompatible and
increase in oxides (Dare et al., 2014). The compatible elements Cr
and Ni are concentrated in the magnetite and ilmenite from the
Taihe Lower Zone (Fig. 6a) suggesting that these Fe–Ti oxides crys-
tallize from a relatively primitive magma. In contrast, both mag-
netite and ilmenite from the Middle Zone have low in Cr and Ni
contents (Fig. 6b and c), indicating their parental magmas are more
evolved than that of the Lower Zone. Most of magnetite of the
(apatite)-magnetite clinopyroxenite in the lower part shows higher
in Ti, Mg and Mn than that of the (apatite) gabbro in the upper part
of the Middle Zone (Fig. 6b and c). This can be ascribed to be the
result of the Fe–Ti oxides and mafic silicates saturate and accumu-
late on the lower parts of cyclic units, and then the residual magma
formed overlying (olivine) gabbro. This is consistent with the ilme-
nite from the (apatite) gabbro having low Mg concentrations rela-
tive to that of (apatite)-magnetite clinopyroxenite (Fig. 6b and c).
The Taihe Upper Zone rocks have lowest Cr, Ni, Mg, Ti in magnetite,
and low in Cr, Ni, Mg and high in Zr, Hf, Nb, Ta in ilmenite (Fig. 6d)
suggesting that the magnetite and ilmenite crystallize from more
evolved residual magma.

The concentration of the element in magnetite or ilmenite is
also controlled by whether other minerals crystallizing at the same
time are competing for the element. Once large amounts of ilme-
nite become liquidus mineral, the Ti content in magma will sharply
decrease in the Taihe intrusion (She et al., 2014a,b). Relatively high
Ti content in magnetite of the Lower Zone rocks (Fig. 6a) indicates
crystallization of ilmenite has insignificant effect on the Ti
partitioning of magnetite. Sc is weakly compatible to magnetite
and clinopyroxene (Dare et al., 2012; Hauri et al., 1994).
However, Nb, Ta and Sc are preferentially partitioned into ilmenite



Fig. 5. Chemostratigraphic variation in compositions of oxide and silicate minerals of the Taihe intrusion. Clinopyroxene, plagioclase and olivine data are from She et al.
(2014a).

Fig. 6. Normalized multielement variation diagrams for magnetite and ilmenite of the Taihe intrusion. Normalized to Emeishan high-Ti basalt using average values from Xiao
et al. (2004), Qi and Zhou (2008) and Song et al. (2008). The order of trace elements from lefe to right is with increasing compatibility into magnetite (after Dare et al., 2014).
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(Klemme et al., 2006). In Fig. 6a, high Sc, Nb, Ta contents in ilme-
nite from the Lower Zone suggest crystallization of magnetite
and clinopyroxene barely has any significant effect on Sc, Nb and
Ta partitioning of ilmenite. The magnetite from the Lower Zone
has high in Cr and Ni contents (Fig. 6a), suggesting the magnetite
may crystallize earlier than or simultaneously with ilmenite, oli-
vine and clinopyroxene because Cr and Ni are also compatible to
these minerals (Dunn and Sen, 1994; Hauri et al., 1994; Klemme
et al., 2006). This is consistent with some magnetite inclusions
enclosed in olivine or clinopyroxene crystals (Fig. 3a and b). The
V and Cr in magnetite are positively correlated with V and Cr in
clinopyroxene (Fig. 7a and b), demonstrating both magnetite and
clinopyroxene crystallize almost simultaneously. The
clinopyroxene from the Lower Zone contains relatively high in V
(Fig. 7c), indicating that it crystallizes early. Positive correlation
of Cr in clinopyroxene with Cr in ilmenite from the Lower Zone
demonstrates the timing of saturation of clinopyroxene is close
to that of ilmenite (Fig. 7d). Moreover, positive correlations
between ilmenite and magnetite for Cr and Ni from the Lower
Zone (Fig. 7e and f) also indicate that magnetite and ilmenite sat-
urate at the same time. These features suggest that magnetite,
ilmenite and clinopyroxene are main cumulus phases in early stage
of fractionation of the Lower Zone parental magma.

In the Middle Zone, similar Cr and Ni contents in most of mag-
netite and ilmenite (Fig. 6b and c) may indicate that magnetite
crystallizes later than or simultaneously with ilmenite because



Fig. 7. Binary plots of V in clinopyroxene vs. V in magnetite (a), Cr in clinopyroxene vs. Cr in magnetite (b), V in clinopyroxene vs. V in ilmenite (c), Cr in clinopyroxene vs. Cr
in ilmenite (d), V in ilmenite vs. V in magnetite (e), Cr in ilmenite vs. Cr in magnetite (f) for different rock types of the Taihe intrusion. The clinopyroxene data are from the She
et al. (2014a).

Fig. 8. Binary plots of Ti vs. Mg (a), Mn (b), Sc (c) and Zr (d) in magnetite for different rock types of the Taihe intrusion.
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Fig. 9. Binary plots of Zr vs. Sc (a), Hf (b) and Nb (c), and Nb vs. Ta (d) in ilmenite for different rock types of the Taihe intrusion.
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magnetite has higher partition coefficients for Cr and Ni than that
of ilmenite (Dare et al., 2012). Moreover, low Mg contents in mag-
netite also suggest that the crystallizing olivine, clinopyroxene and
ilmenite are competing with magnetite for the element
(Fig. 6b and c). The magnetite of (apatite) gabbro of the Middle
Zone shows highly variable Ti and Mn contents (Fig. 6c), suggesting
that crystallization of ilmenite has significant effect on Ti and Mn
partitioning into magnetite. High Nb, Ta and Sc in ilmenite (in par-
ticular ilmenite inclusions within olivine) and extremely low Nb
and Ta in magnetite (Fig. 6b and c), suggest that abundant ilmenite
crystallization resulted in depletion of these elements in the
magma. In the Upper Zone rocks, Cr, Ni, Co, Ti, Mg and Mn in mag-
netite are significant by lower than that of the Lower Zone (Fig. 6d).
This is due to crystallization of ilmenite and clinopyroxene which
can decease dramatically the concentrations of these elements in
magma, and suggests that magnetite crystallize later than or
simultaneously with ilmenite. It is noteworthy that the ilmenite
from some levels of the Middle and Upper Zones has highly vari-
able V and Cr contents, whereas the clinopyroxene and magnetite
have low in V and Cr contents (Fig. 7c–f), implying that the ilme-
nite crystallized slightly earlier than clinopyroxene and magnetite
in these stratigraphic levels.

6.3. Factors controlling the early saturation of Fe–Ti oxides

The early crystallization of magnetite and ilmenite in the Taihe
intrusion can be resulted from three factors: (1) composition of
parental magma; (2) oxygen fugacity (fO2); (3) the presence of
volatiles in the magma.

The study of melt inclusions within the olivine phenocrysts of
the Emeishan high-Ti picrite suggested that the primary magma
of the Fe–Ti oxide ore-bearing layered intrusions in central ELIP
was already rich in Fe and Ti (�12 wt% FeOt, �3 wt% TiO2) and that
it originated from mantle source (Kamenetsky et al., 2012). The
high-Ti picritic magma became more enriched in Fe and Ti
(�16.7 wt% FeOt, �4.9 wt% TiO2) as a result of fractionation of sil-
icates to deep-seated magma chambers (Song et al., 2013). The
Taihe Lower Zone rocks have the relatively low Fo71 content of oli-
vine and abundant oxide-exsolution lamellae in clinopyroxene,
indicating that the Lower Zone parental magma was an evolved
Fe–Ti-rich magma (She et al., 2014a). This is consistent with high
Ti and V concentrations in magnetite from the Lower Zone
(Fig. 6a). When such Fe–Ti-rich magma intruded into the Taihe
magma chamber from deeper levels, magnetite and ilmenite
became the early liquidus mineral and formed the Fe–Ti oxide
ore layers of the Lower Zone. However, magnetite from the
Middle Zone not only contains high Ti and V, but also has low con-
tent of compatible elements Cr and Ni (Fig. 6b and c). The ilmenite
inclusions enclosed by olivine from the Middle Zone have higher
Nb and Ta than that of the Lower Zone (Fig. 6b and c). These fea-
tures suggest that the parental magmas that formed the Middle
Zone were more evolved and riched in incompatible elements
lower in compatible elements (Cr, Ni). Previous study showed the
Taihe Middle and Upper Zones rocks have higher ilmenite/mag-
netite ratios (0.5–2) than that of Lower Zone (She et al., 2014a).
Additionally, as discussed above, ilmenite from some stratigraphic
levels of the Middle and Upper Zones crystallized slightly earlier
than clinopyroxene and magnetite. As the crystallization of ilme-
nite is mainly controlled by the TiO2 content in magma (Charlier
et al., 2006; Klemme et al., 2006), high ilmenite/magnetite ratios
and early crystallization of ilmenite demonstrate that the parental
magmas of the Middle and Upper Zones had higher TiO2 contents
than that of the Lower Zone. She et al. (2014a,b) reported that
the plagioclase has relatively high An (78–86) and the clinopyrox-
ene contains 65–263 ppm Cr and 66–83 ppm Ni in the Taihe Lower
Zone rocks. Whereas in the Middle Zone, the clinopyroxene has
remarkable low concentrations of Cr (<20 ppm) and Ni (<10 ppm)
and plagioclase is low in An51–67. This indicates that the Fe–Ti–
P enriched parental magma of the Middle Zone represents a more
evolved melt than that of Lower Zone. They speculated that such
Fe–Ti–P enriched magma was produced by mixing between a Fe–
Ti enriched magma from deep level and a P2O5 saturated resident
magma as well as remelting of fusible minerals such as apatite and
ilmenite in a middle-level magma chamber. Therefore, it can be
inferred that the high TiO2 contents in the parental magma of
the Middle and Upper Zones may have resulted from the remelting
of pre-existing ilmenite in the middle-level magma chamber.

Melting experiments in ferrobasalts demonstrate that the parti-
tioning of V in magnetite is a function of oxygen fugacity (Toplis
and Corgne, 2002 and references therein). Oxygen fugacity deter-
mines the V3+/V4+/V5+ ratios in magma, and the magnetite-melt
partition coefficient for V3+ is much higher than that to V4+ and
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V5+ (Toplis and Corgne, 2002). In other words, magnetite that crys-
tallized under reducing conditions is richer in V than crystalliza-
tion of magnetite under oxidizing condition due to high V3+

content in magma. The V contents of magnetite (2562–
5213 ppm, Table 1) from the Taihe intrusion are much lower than
that of the Bushveld Complex (�13,000 ppm V in magnetite, FMQ
to FMQ + 1, Cawthorn and Molyneux, 1986) and the Fedorivka lay-
ered intrusion (�18,500 ppm V, FMQ-1.4 to FMQ + 0.7, Duchesne
et al., 2006), and are similar to that of Suwalki anorthosite
(2000–6700 ppm V, FMQ + 2 to FMQ + 3.5, Charlier et al., 2009).
The relatively low V contents in magnetite from the Taihe intrusion
indicate that it crystallized under higher oxygen fugacity (Shellnutt
et al., 2011). The experiment of Toplis and Carroll (1995) showed
that magnetite crystallized earlier than ilmenite in oxidizing condi-
tions, whereas ilmenite crystallized before magnetite at relatively
lower oxygen fugacity. In the Taihe intrusion, the petrography
and compositions of Fe–Ti oxides indicate that the ilmenite crystal-
lizes earlier than or simultaneously with magnetite and clinopy-
roxene. Therefore, oxygen fugacity only affects the stability field
of magnetite and ilmenite in a relatively low FeOt and TiO2 paren-
tal magma.

The experimental studies by Sisson and Grove (1993) and
Botcharnikov et al. (2008) demonstrated that the addition of high
H2O contents to basaltic magma tends to lower the crystallization
temperature of plagioclase but has a lesser effect on Fe–Ti oxides.
Thus, addition of H2O may cause magnetite and ilmenite to appear
earlier than plagioclase in magma. Howarth et al. (2013) suggested
the parental magma of the Panzhihua intrusion was H2O-rich and
Fe–Ti oxide crystal-rich magmas, and high H2O content triggered
the early crystallization of oxides. However, only small amounts
of hydrous minerals such as hornblende are present at most of
stratigraphic levels in the Taihe intrusion, suggesting that H2O is
not directly related to early appearance of Fe–Ti oxides (Shellnutt
et al., 2011). Therefore, it can be concluded that early crystalliza-
tion of ilmenite and magnetite in the Taihe intrusion is neither
the result from high oxygen fugacity nor high H2O content in
magma. The high FeOt and TiO2 contents of the Lower Zone paren-
tal magma are the most reasonable explanation for the early crys-
tallization of magnetite and ilmenite.

6.4. Origin of the Taihe Fe–Ti–V oxide deposit

The origin of Fe–Ti–V oxide ore deposits hosted in the layered
intrusions of the central ELIP is highly debated. Some workers pro-
pose that the Fe–Ti oxide ores in the Panzhihua, Hongge and Baima
intrusions are the result of solidification of an immiscible Fe-rich
liquid (Zhou et al., 2005; Wang and Zhou, 2013; Liu et al.,
2014a,b). However, a number of experiments indicate that phos-
phorus is essential for formation of such immiscible Fe-rich liquid
during magma differentiation (Philpotts, 1967; Watson, 1976;
Visser and van Groos, 1979; Bogaerts and Schmidt, 2006;
Charlier and Grove, 2012). Due to absence of cumulus apatite in
the Fe–Ti oxide ores of the Panzhihua, Baima and Hongge deposits,
it implies that phosphorus does not play a direct role in oxide ore
formation. Therefore, another workers called upon fractional crys-
tallization and gravitational accumulation of Fe–Ti oxide to explain
the formation of these Fe–Ti oxide ore deposits (Pang et al., 2008,
2009; Ganino et al., 2008; Song et al., 2013; Howarth et al.,
2013; Zhang et al., 2012; Bai et al., 2012; Luan et al., 2014;
Shellnutt et al., 2009, 2011, 2014; Shellnutt and Jahn, 2010).
They concluded that stratiform Fe–Ti oxide layers resulted from
gravitational sorting and settling of Fe–Ti oxides from the follow-
ing evidence: (1) early saturation of Fe–Ti oxides, (2) the presence
of abundant Fe–Ti oxide inclusions within olivine, (3) frequent
replenishments of the Fe–Ti enriched magmas, (4) and the impor-
tant oxide ores occur in the lower or middle parts of the intrusions.
Different from the other coeval Fe–Ti oxide ore-bearing intru-
sions, the Taihe intrusion not only contains massive oxide ores in
the Lower Zone but also has apatite-rich disseminated ores in the
Middle Zone (Fig. 2). In the Taihe Lower Zone, at the time of Fe–
Ti oxide crystallization, the parental magma of the Lower Zone
was able to crystallize relatively primitive plagioclase (An = 78–
86) and olivine (Fo = 71) (She et al., 2014a), suggesting that the
Fe–Ti oxide appears at relatively high temperature. The Cr and V
contents of magnetite from the Lower Zone are positively corre-
lated with Cr and V contents of clinopyroxene (Fig. 7a and b), also
suggesting that magnetite crystallized together with clinopyrox-
ene at an early stage of magma differentiation. Moreover, Fe–Ti
oxide inclusions enclosed in olivine of the Lower Zone are similar
in compositional to those of the cumulus oxides (Fig. 6a).
Therefore, the occurrence of Fe–Ti oxide ores in the Lower Zone
is best explained by early crystallization and gravitational accumu-
lation of Fe–Ti oxide crystals.

However, abundant cumulus apatite occurs in the Taihe Middle
Zone (Fig. 3c and d), indicating that phosphorus may play a direct
role in formation of thick apatite-rich disseminated ores at the
base of each cyclic unit. Liquid–liquid immiscibility propose that
silicate minerals such as olivine, clinopyroxene and plagioclase
crystallized from the Si-rich liquid, whereas Fe–Ti oxides and apa-
tite crystallized from the Fe-rich melts which segregated from the
co-genetic Si-rich liquid (Philpotts, 1967; Kolker, 1982; Jakobsen
et al., 2005; VanTongeren and Mathez, 2012; Chen et al., 2013).
Although some experimental studies by Tollari et al. (2008) and
Lester et al. (2013) showed that minor silicate minerals may crys-
tallize from the conjugate immiscible Fe-rich liquids, apatite and
Fe–Ti oxides are still main crystallized phases during decrease of
liquid temperature. In contrast, the apatite–magnetite clinopyrox-
enites of the Taihe Middle Zone contain 20–50% Fe–Ti oxides, 6–
12% apatite, and as high as 50–70% clinopyroxene and olivine, indi-
cating that they cannot crystallize from the immiscible Fe-rich liq-
uids. A number of experimental studies demonstrated that
immiscible Fe-rich melts not only are rich in Fe, P and Ti, but also
contain high concentrations of trace element Sr, Th, U, REE, Zr, Hf,
Nb and Ta (Veksler et al., 2006, 2007; Lester et al., 2013; Shearer
et al., 2001; Charlier and Grove, 2012). If magnetite and ilmenite
crystallized from such immiscible Fe-rich melts, they would highly
rich in trace element Zr, Hf, Nb and Ta. However, as shown in
Fig. 6a–d, magnetite of the Taihe intrusion is highly depleted in
Zr, Hf, Nb and Ta. Although ilmenite has higher partition coeffi-
cients for Zr, Hf, Nb and Ta than that of magnetite (Klemme
et al., 2006), the ilmenite of the Taihe intrusion shows slightly
higher Nb, Ta, and much lower Zr, Hf contents than coeval
high-Ti basalts (Fig. 6a–d). These trace element features in mag-
netite and ilmenite of the Taihe intrusion are difficult to be inter-
preted to crystallize from an immiscible Fe-rich melts. In reality,
magnetite and ilmenite most probably crystallized from the Fe–
Ti–(P)-rich basaltic magma. Furthermore, the Ti contents of mag-
netite from the Taihe rocks and ores are positively correlated with
Mg, Mn, Sc and Zr (Fig. 8a–d), suggesting these elements fraction-
ated continuously during differentiation of magma. The lack of a
compositional gap in magnetite from the oxide ores and host rocks
strongly suggests that magnetite crystallized from homogeneous
silicate magma rather than immiscible Fe-rich melts. This conclu-
sion is also supported by positive correlations of Zr with Sc, Nb
and Hf, and Nb with Ta in ilmenite throughout the Taihe intrusion
(Fig. 9a–d). Although abundant apatite is present at the dissemi-
nated ores of the Middle Zone, phosphorus may play a role in sta-
bilizing Fe3+ in magma and promote iron enrichment in the magma
through suppression of magnetite crystallization (Toplis et al.,
1994; Tollari et al., 2006). Once abundant magnetite crystallizes
from Fe–Ti–P-rich magma, high phosphorus content and decline
of Fe3+ in magma would trigger saturation in apatite (Toplis
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et al., 1994; Tollari et al., 2006). Therefore, the early crystallization
and gravitational accumulation of Fe–Ti oxide and apatite along
with mafic silicates from the Fe–Ti–P-rich parental magma are
the most convincing explanation for formation of apatite–mag-
netite clinopyroxenite in the Taihe Middle Zone.
7. Conclusions

This study provides petrographic and geochemical evidence for
early crystallization of magnetite and ilmenite of the Taihe intru-
sion. Ilmenite saturated earlier than magnetite and clinopyroxene
in some stratigraphic levels of the Middle Zone. The sequence of
crystallization and compositions of magnetite and ilmenite indi-
cate that neither high oxygen fugacity nor high water content
resulted in the early saturation of Fe–Ti oxides. Saturation of mag-
netite and ilmenite was controlled mainly by high Fe and Ti con-
centrations of the parental magmas. Relatively low Nb, Ta, Zr, Hf
contents of magnetite and ilmenite suggest they did not crystallize
from an immiscible Fe-rich liquid. The continual variations in trace
element contents of the magnetite and ilmenite indicate that they
most likely formed from an oxide-saturated Fe–Ti–(P)-rich basaltic
magma. Early crystallization and gravitational accumulation of
magnetite and ilmenite along with mafic silicates are the most rea-
sonable explanation for formation of the Fe–Ti oxide ores of the
Taihe intrusion.
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