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The Hongge layered intrusion hosts the largest Fe–Ti–V oxide ore deposit in the central part of the Emeishan
Large Igneous Province, SW China. It is divided into Lower Zone (LZ), Middle Zone (MZ) and Upper Zone (UZ)
from the bottom to the top. For the LZ, relatively higher Cr (250–3000 ppm) and Ni (50–200 ppm) contents of
clinopyroxene, lower εNd259Ma and higher (87Sr/86Sr)259Ma values (−2.82 to−0.07 and 0.7057–0.7076, respec-
tively) and plenty of hornblende demonstrate a more primitive parental hydrous magma. In contrast, relatively
low Cr (b150 ppm) and Ni (b100 ppm) of the clinopyroxene, high εNd259Ma and low (87Sr/86Sr)259Ma values
(−0.32 to 0.49 and 0.7058 to 0.7063, respectively) suggest that the MZ rocks were formed from more evolved,
Fe–Ti enriched, and weakly contaminated magmas. MELTS calculation indicates that H2O played a key role in the
early crystallization of magnetite and occurrence of abundance of hornblende in the LZ. Whereas, the critical factor
for the formation of the massive Fe–Ti oxide layers at the bases of the cyclic units in the MZ is coupling of early
crystallization of Fe–Ti oxides from the Fe–Ti highly enriched magma and gravitational resorting and settling of
the Fe–Ti oxides. Such magmas were produced by fractional crystallization of olivine and pyroxene in deep-
seated magma chamber, and compositional reversals of the cyclic units show repeatedly replenishment of such
magmas from deep level. Extensively fractionation during the formation of the LZ andMZ resulted in phosphorus
saturation and the formation of the apatite magnetite gabbros in the UZ.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Fe–Ti oxides commonly crystallize late during fractionation of basal-
tic magma and cumulate in the upper parts of layered intrusions in the
world, such as in the Bushveld Igneous Complex (Eales and Cawthorn,
1996; Lee, 1996; Scoon and Mitchell, 1994), the Skaergaard intrusion
(McBirney, 1996), and the Muskox intrusion (Irvine, 1977). However,
thick V–Ti-magnetite ore layers occur in the lower half of the layered in-
trusions in the central part of the Emeishan Large Igneous Province
(ELIP), SW China (Pang et al., 2008; Panxi Geological Unit, 1984; Song
et al., 2013). Recent studies have indicated that these layered intrusions
represent the intrusive facies of the Permian Emeishan flood basalts
which resulted from a ~260 Ma mantle plume (Song et al., 2001; Xu
et al., 2001; Zhou et al., 2002) (Fig. 1). Some of the layered intrusions
contact with Neoproterozoic limestones at their footwall. Thus, it has
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been suggested that the reaction between the mafic magma and the
footwall limestone resulted in elevation of oxygen fugacity, early crys-
tallization of Fe–Ti oxide and the formation of the Fe–Ti oxide ore layers
in the Lower Zone of the Panzhihua intrusion (Ganino et al., 2008).

However, for the Hongge intrusion, the dominant Fe–Ti oxide ore
layers occur in the Middle Zone, instead of in the Lower Zone (Figs. 2b
and 3). Bai et al. (2012) demonstrated the extensive accumulation of
Fe–Ti oxides and the formation of the massive ore layers in the Middle
Zone by the model of early crystallization of the Fe–Ti oxides resulted
from oxygen fugacity elevation due to assimilation of the footwall lime-
stone. However, we note that the sample used in study of Bai et al.
(2012) was collected from the open pit, which only focused on mining
of the Middle Zone Fe–Ti oxide ore layers, why the Fe–Ti oxides accu-
mulated weakly in the Lower Zone and Upper Zone has not been
addressed yet in fact. In summary, the following questions need to be
addressed: (1) What is the compositional difference of the parental
magmas of the three zones? (2) Whether or not did assimilation of
wallrock or introduction of H2O result in early crystallization of Fe–Ti
oxides in the LZ? (3) What is the critical factor leading to extensive
accumulation of Fe–Ti oxides in the MZ?
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Fig. 1. Simplified regional geological map of the Central ELIP, showing the distribution of layered intrusions hosting giant Fe–Ti oxide deposits. Ages of these intrusions are from Zhou et al.
(2002, 2005, 2008), Guo et al. (2004), Zhong and Zhu (2006), Tao et al. (2009) and Yu et al. (2014).
Modified after Song et al. (2009).
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In this study, the three lithologic zones of the Hongge intrusion have
been sampled from bore holes. Detailed petrographic investigation, geo-
chemical studies of whole-rocks and minerals as well as MELTS calcula-
tions lead us to maintain that the parental magmas of the three zones
experienced different degrees of fractional crystallization in the deep-
seated magma chamber and crustal contamination in the shallow
magma chamber. The most critical factors for the formation of the mas-
sive Fe–Ti oxide ore layers are (1) the early crystallization of the Fe–Ti
oxides from Fe–Ti enriched magma from deep level due to fractional
crystallization of mafic minerals and (2) accumulation of amount of the
Fe–Ti oxides.

2. Geological background

The ELIP comprises of theMiddle/Late Permian continentalflood ba-
salts, genetically related contemporary mafic–ultramafic intrusions and
felsic intrusions resulted from a mantle plume (zircon U–Pb dated at
~260 Ma), and covers an area more than 5 × 105 km2 in southwestern
China and northern Vietnam (Fig. 1) (Chung and Jahn, 1995; Song et al.,
2001; Xu et al., 2001; Zhou et al., 2002). It can be divided into a central
part and an outer zone (Song et al., 2009). The central part of the ELIP is
characterized by low-Ti basalts (Ti/Y b 500) overlain by high-Ti basalts
(Ti/Y N 500) (Song et al., 2004; Xiao et al., 2004; Xu et al., 2001) and oc-
currences of large layered intrusions hosting giant V–Ti-magnetite de-
posits and numerous syenite and granite plutons. Whereas, the outer
zone of the ELIP predominantly consists of high-Ti basalts.

In the central ELIP, the most important layered mafic–ultramafic in-
trusions hosting giant V–Ti-magnetite deposits distribute along a series
of N–S trending faults, and include from north to south: Taihe (262 ±
3 Ma, Guo et al., 2004), Baima (262 ± 3 Ma, Zhou et al., 2008), Xinjie
(259 ± 3 Ma, Zhou et al., 2002), Hongge (259 ± 1.3 Ma, Zhong and
Zhu, 2006) and Panzhihua (263 ± 3 Ma, Zhou et al., 2005) (Fig. 1).
They are mafic intrusions consisting of gabbros (such as Taihe, Baima,
and Panzhihua) or mafic–ultramafic intrusions comprising of gabbros
and clinopyroxenites (such as Hongge and Xinjie) (Panxi Geological
Unit, 1984). Some small mafic–ultramafic intrusions contain magmatic
sulfide mineralization in both the central ELIP (such as Limahe and
Qingkuangshan) and outer zone of the ELIP (such as Yangliuping and
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Fig. 2. a: Geological map of the Hongge layered intrusion; b: cross section of the exploration line.
Modified after Sichuan Geological Survey (2010).
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Baimazhai) (Song et al., 2008b). It has been proposed that the Fe–Ti
oxide deposits and magmatic Cu–Ni–(PGE) sulfide deposits in the
central ELIP are genetically related to the high-Ti and low-Ti basaltic
magmas, respectively (Fig. 1) (Song et al., 2005; Zhou et al., 2008).
3. Petrography of the Hongge layered intrusion

The flat Hongge intrusion is ~16 km long, ~5–10 km wide and
~1.2 km thick (Fig. 2a). The outcropping rocks of the Hongge intrusion
are mainly the Upper Zone gabbros and the Middle Zone
clinopyroxenites and V–Ti-magnetite ore layers (Fig. 2a). This intrusion
is emplaced in Mesoproterozoic schists and meta-sandstones in the
north, in Neoproterozoic dolomitic limestones in the south, and in
Permian Emeishan flood basalts at the northeast corner of the intrusion
(Bai et al., 2012; Panxi Geological Unit, 1984) (Fig. 2a). The contact rela-
tionship is only preserved locally because of the emplacement of slightly
later Permian granite and syenite around the Hongge intrusion
(255.2 ± 3.6 Ma) (Xu et al., 2008) (Fig. 2a, b).
Based on mineral assemblages and lithologic textures, the Hongge
layered intrusion can be divided into Lower Zone (LZ), Middle Zone
(MZ) and Upper Zone (UZ) (Fig. 3). The LZ is characterized by contain-
ing as high as 5–15 modal% hornblendes and biotite, the MZ is defined
by the occurrence of massive Fe–Ti oxide ore layers, and the UZ is
marked by the appearance of abundant euhedral apatite.

3.1. Lower Zone (LZ)

The LZ rocks are characterized by plenty of hornblende and biotite
and comprise of hornblende (magnetite) clinopyroxenite and horn-
blende (magnetite) olivine clinopyroxenite. The hornblende clinopy-
roxenite contains 70–75 modal% clinopyroxene, 8–20% Fe–Ti oxides,
7–10% hornblende, locally up to 8% biotite, less than 5% olivine and
minor plagioclase and apatite. The hornblende olivine clinopyroxenites
contain more olivine (10–35%) and less clinopyroxene (40–75%) rela-
tive to the hornblende clinopyroxenite. When the Fe–Ti oxides increase
to more than 20%, it is named as hornblende magnetite clinopyroxenite
or hornblende magnetite olivine clinopyroxenite (Figs. 3, 4a). The LZ
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Fig. 3. Stratigraphic column of the Hongge layered intrusion, showing lithologic subdivision, mineral proportions and location of the samples.
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can be further subdivided into four cycles (I to IV from the base to the
top) (Fig. 3). In each cycle unit, the hornblende (magnetite) olivine
clinopyroxenite is overlain by the hornblende (magnetite) clinopy-
roxenite as contents of olivine decrease upwards.

As shown in Fig. 4a, magnetite in the LZ rocks occurs as euhedral
grains and is enclosed in large clinopyroxene crystals, indicating
that the magnetite crystallized earlier than clinopyroxene. Two
sets of exsolution magnetite lamellaes oriented parallel to the pris-
matic cleavage occur in the clinopyroxene grains (Fig. 4b). It is note-
worthy that the Hongge LZ rocks contain much more hornblende
than the rocks of the Panzhihua and Baima intrusions, in which the
interstitial hornblende is less than 2 modal% (Panxi Geological
Unit, 1984; Song et al., 2013; Zhang et al., 2012). Olivine (0.5–
5 mm) and clinopyroxene (0.1–5 mm) are poikilitically enclosed
by hornblende (Fig. 4a). Poikilitic texture and homogeneous inter-
ference color indicate that the hornblende is primary magmatic ori-
gin, rather than the production of hydrothermal alteration (Fig. 4a).
Biotite, apatite and plagioclase are always interstitial (Fig. 4c). The
textural features suggest that olivine and Fe–Ti oxides crystallized
earlier than clinopyroxene, which was earlier than hornblende, bio-
tite, plagioclase and apatite.

3.2. Middle Zone (MZ)

The MZ comprises of massive Fe–Ti oxide ore, magnetite olivine
clinopyroxenite, magnetite clinopyroxenite, magnetite gabbro and

image of Fig.�3
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gabbro. Comparing with the LZ rocks, the MZ rocks contain less horn-
blende (Fig. 3). The massive ore consists of more than 85 modal% Fe–Ti
oxides and less than 15% olivine or clinopyroxene. The magnetite olivine
clinopyroxenite contains 20–50% Fe–Ti oxides, 20–30% olivine and 30–
35% clinopyroxene. When olivine decreases to less than 5% and
Fig. 4.Microscope photos of the rocks of the Hongge intrusion under plane-polarized light. a: E
hornblendemagnetite olivine clinopyroxenite; b: orientated exclusionmagnetite lamella in the
blende between oxides and clinopyroxene in the hornblende clinopyroxenite; d: orientated exc
e and f: sharp contact between the cycle unit VIIImassive ore and the underlying cycle unit VIIm
apatite in the UZ apatite magnetite gabbro. Ol = Olivine; Cpx = Clinopyroxene; Pl = Plagioc
clinopyroxene increases to 60–75%, it is named as magnetite
clinopyroxenite. The magnetite gabbro consists of 20–28% Fe–Ti oxides,
30–45% clinopyroxene and 25–37% plagioclase, when the Fe–Ti oxides
are less than 20%, it is named as gabbro. Hornblende in theMZ rocks is in-
terstitial, generally lower than 3% and locally up to 5–8%. In this study, we
uhedral magnetite enclosed in clinopyroxene crystal and interstitial hornblende in the LZ
clinopyroxene crystal in the LZmagnetite clinopyroxenite; c: interstitial apatite and horn-
lusionmagnetite lamella in the clinopyroxene crystal in theMZmagnetite clinopyroxenite;
agnetite clinopyroxenite in hand sample andundermicroscope, respectively; g: orientated
lase; Hb = Hornblende; Ap = Apatite; Ox = Fe–Ti oxide.
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Table 1
Major and trace element compositions of the rocks of the Hongge intrusion.

Zone Lower Zone

Cycle I

Sample SH10-73 SH10-74 SH10-75 SH10-76 SH10-77 SH10-78 SH10-79 SH10- 80

Rock type Wallrock Wallrock Mt-Ocp Mt-Ocp Mt-Ocp Mt-Ocp Ocp Cpx

Depth/m 1047 1028 1017 998 988 968 954 937

Major oxides (wt.%)
SiO2 58.2 57.2 25.1 34.6 24.1 33.7 39.9 40.6
TiO2 1.01 0.73 10.95 6.24 9.66 6.06 3.93 4.34
Al2O3 19.3 20.3 5.70 4.40 4.51 4.36 4.20 7.34
Fe2O3 5.00 5.96 19.8 11.8 19.2 14.4 6.59 7.04
FeO – – 19.5 12.6 20.5 12.5 11.8 11.8
MnO 0.07 0.07 0.25 0.22 0.24 0.22 0.19 0.20
MgO 3.05 2.89 7.60 15.4 10.9 15.1 16.6 13.2
CaO 0.87 0.70 7.34 10.9 7.85 10.6 14.6 12.2
Na2O 0.31 1.85 0.50 0.51 0.44 0.50 0.50 1.00
K2O 8.71 7.79 0.66 0.36 0.18 0.26 0.08 0.65
P2O5 0.40 0.20 0.09 0.19 0.11 0.11 0.08 0.24
SO3 – – 0.51 1.44 0.82 0.75 0.66 0.11
LOI 2.50 2.11 – – – – 0.33 –

Total 99.5 99.8 98.0 98.6 98.5 98.4 99.4 98.6
(Fe2O3)T 5.0 6.0 41.5 25.8 42.0 28.3 19.7 20.1
Fe3+/Fe2+ 0.92 0.92 0.92 0.84 0.85 1.04 0.50 0.54
Fe3+/Ti4+ 1.81 1.81 1.81 1.89 1.99 2.38 1.68 1.62

Trace elements (ppm)
Sc 15.1 23.5 21.7 30.3 24.6 30.3 44.1 39.3
V 108 105 1240 653 1500 679 578 535
Cr 85.8 83 2530 963 2430 2470 1250 1250
Co 18.7 14 162 135 186 129 131 95
Ni 38.0 24 621 615 747 648 416 415
Cu 113 14 105 276 339 250 215 237
Rb 221 180 42.9 23.1 7.5 16.4 2.84 32.5
Sr 206 164 107 218 165 148 177 180
Y 19.9 22.3 11.3 10.7 6.6 8.6 10.6 18.6
Zr 225 111 56.7 75.7 50.0 49.5 50.0 127.0
Nb 17.5 8.20 15.9 13.5 8.71 6.82 5.17 13.0
Ba 737 712 52.0 84.4 59.4 57.5 44.9 160
La 49.0 43.8 10.2 8.58 6.51 5.44 5.88 17.10
Ce 91.8 84.7 23.8 22.5 15.5 15.6 16.3 39.5
Pr 8.77 8.88 3.07 3.37 2.21 2.44 2.64 5.45
Nd 25.3 30.1 12.8 15.7 10.7 12.2 13.7 23.6
Sm 3.91 5.18 2.94 3.63 2.50 3.08 3.84 5.70
Eu 1.40 1.30 0.74 1.13 0.78 0.95 1.19 1.68
Gd 3.93 5.35 2.70 3.41 2.28 2.70 3.43 5.13
Tb 0.57 0.75 0.43 0.49 0.32 0.39 0.51 0.77
Dy 3.05 3.78 2.27 2.31 1.60 1.95 2.58 4.12
Ho 0.71 0.84 0.45 0.43 0.26 0.38 0.43 0.84
Er 2.13 2.43 1.14 1.00 0.70 0.83 1.08 1.97
Tm 0.30 0.35 0.15 0.13 0.09 0.11 0.14 0.25
Yb 2.32 2.37 0.94 0.73 0.47 0.58 0.77 1.51
Lu 0.40 0.36 0.14 0.12 0.06 0.10 0.10 0.23
Hf 5.60 3.02 2.12 3.24 1.67 2.05 1.96 4.23
Ta 1.17 0.47 1.29 1.12 0.63 0.58 0.38 0.99
Th 16.9 14.3 3.13 1.23 0.83 0.83 0.46 2.01
U 2.30 2.08 1.67 0.31 0.22 0.22 0.10 0.41
Pb 14.6 12.4 4.3 11.4 8.3 31.1 14.0 13.4

Lower Zone

II III

SH10-82 SH10-83 SH10-84 SH10-85 SH10-86 SH10-88 SH10-89 SH10-90 SH10-91

Mt-Ocp Mt-Ocp Mt-Ocp Ocp Ocp Cpx Ocp Cpx Ocp

916 902 891 877 860 842 828 810 792

Major oxides (wt.%)
28.2 36.6 37.9 40.7 41.7 40.0 43.4 39.7 37.6
7.17 5.34 3.33 3.01 3.20 5.38 1.59 4.87 5.52
4.67 6.36 3.79 4.02 4.65 5.85 7.07 4.61 2.60
16.2 11.0 9.1 7.7 7.6 5.7 4.1 9.1 6.0
17.3 12.2 11.4 8.9 7.5 10.0 8.3 9.5 13.3
0.24 0.21 0.21 0.16 0.19 0.22 0.19 0.18 0.22
12.9 13.8 20.0 17.1 16.1 17.1 16.8 14.6 20.5
8.11 10.7 10.1 14.4 16.1 12.3 13.0 14.5 11.0

(continued on next page)
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Table 1 (continued)

Lower Zone

II III

SH10-82 SH10-83 SH10-84 SH10-85 SH10-86 SH10-88 SH10-89 SH10-90 SH10-91

Mt-Ocp Mt-Ocp Mt-Ocp Ocp Ocp Cpx Ocp Cpx Ocp

916 902 891 877 860 842 828 810 792

Major oxides (wt.%)
0.40 0.71 0.49 0.51 0.38 0.49 0.48 0.51 0.33
0.36 1.02 0.30 0.13 0.02 0.07 0.49 0.62 0.05
0.08 0.14 0.07 0.04 0.05 0.04 0.02 0.06 0.05
0.78 0.53 0.72 1.34 0.09 – – 0.64 –

1.63 – 0.66 1.88 1.00 1.19 3.14 – 0.85
98.0 98.6 98.0 99.8 98.5 98.2 98.4 98.9 98.0
35.4 24.6 21.7 17.5 15.9 16.8 13.3 19.7 20.7
0.85 0.82 0.72 0.78 0.92 0.51 0.44 0.86 0.41
2.26 2.07 2.73 2.55 2.38 1.06 2.55 1.87 1.09

Trace elements (ppm)
26.1 33.2 27.9 44.5 50.7 42.4 42.8 45.7 31.6
1230 670 410 485 405 356 333 563 446
2410 1560 1100 1190 1470 1330 1510 1120 1350
167 120 131 128 87 88 98 99 133
656 516 630 596 225 439 222 360 766
260 162 309 354 30 18 13 152 96
22.7 54.8 13.6 4.72 1.49 2.37 47.6 56.8 2.33
124 250 107 65.7 85.9 183 215 87.1 88.6
7.5 11.3 9.2 10.3 12.0 13.6 10.5 11.2 8.0
55.7 72.0 45.0 41.0 46.4 51.2 31.1 43.1 38.2
7.70 9.13 4.79 2.82 3.27 15.10 1.12 4.30 6.46
51.0 117 30.8 13.4 8.04 15.5 40.5 34.5 7.37
8.71 10.5 5.93 3.81 4.17 3.18 2.54 3.99 2.75
17.1 25.8 15.7 12.7 14.3 12.0 8.80 13.2 9.19
2.24 3.47 2.31 2.27 2.52 2.43 1.67 2.25 1.68
10.0 15.5 11.5 12.7 13.7 13.9 9.57 12.6 9.32
2.39 3.78 3.00 3.70 3.98 4.52 2.94 3.55 2.65
0.77 1.14 0.99 1.03 1.33 1.29 1.08 1.08 0.96
2.18 3.44 2.70 3.49 3.84 4.24 2.86 3.79 2.68
0.33 0.47 0.39 0.51 0.54 0.61 0.46 0.53 0.38
1.62 2.36 2.01 2.43 2.75 3.31 2.47 2.63 1.99
0.30 0.47 0.40 0.43 0.55 0.62 0.44 0.52 0.36
0.75 1.15 1.00 1.07 1.26 1.44 1.12 1.19 0.87
0.10 0.14 0.12 0.13 0.16 0.17 0.13 0.14 0.09
0.61 0.84 0.69 0.75 0.91 1.15 0.88 0.83 0.57
0.08 0.12 0.11 0.10 0.14 0.17 0.12 0.13 0.08
1.82 2.57 1.96 1.90 2.05 2.45 1.29 2.05 1.69
0.52 0.78 0.43 0.22 0.31 1.47 0.11 0.43 0.54
2.13 2.21 1.26 0.41 0.23 0.08 0.04 0.35 0.12
0.23 0.48 0.27 0.10 0.05 0.01 0.01 0.13 0.03
26.6 24.8 13.6 10.4 7.1 13.7 9.84 15.6 10.5

Lower Zone Middle Zone

III IV V

SH10-93 SH10-94 SH10-95 SH10-96 SH10-98 SH10-100 SH10-102 SH10-111 SH10-107

Mt-Ocp Mt-Ocp Mt-Cpx Ocp Mt-Cpx Cpx Mass-Ore Mt-Ocp Mt-Ocp

773 760 749 735 717 692 671 651 633

Major oxides (wt.%)
35.6 33.0 27.1 40.5 22.2 41.6 4.9 19.2 26.4
6.86 7.07 18.50 3.08 15.40 4.22 14.10 7.69 5.09
4.21 4.34 3.69 3.68 3.72 4.49 3.33 2.14 2.26
13.4 13.5 6.8 8.5 18.3 5.3 35.9 23.4 16.9
10.2 14.0 18.5 7.1 17.5 8.4 23.3 16.1 12.9
0.20 0.20 0.38 0.16 0.24 0.16 0.27 0.23 0.16
12.9 11.5 10.5 16.7 9.7 12.6 10.3 19.9 23.9
15.5 14.2 10.7 15.2 9.9 19.1 0.1 0.6 2.9
0.33 0.38 0.39 0.32 0.24 0.35 0.10 0.14 0.23
– 0.14 1.25 0.42 – 0.14 – 0.03 0.04
0.01 0.02 0.10 0.01 0.02 0.22 – 0.02 0.09
0.09 – 0.21 0.38 1.54 0.61 1.60 2.16 1.18
– 0.07 – 2.52 – 1.39 1.38 4.81 5.44
99.2 98.4 98.2 98.6 98.7 98.5 95.2 96.4 97.4
24.7 29.1 27.4 16.4 37.7 14.6 61.8 41.3 31.2
1.19 0.87 0.33 1.08 0.95 0.57 1.39 1.31 1.18
1.96 1.91 0.37 2.78 1.19 1.26 2.55 3.04 3.31
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Table 1 (continued)

Lower Zone Middle Zone

III IV V

SH10-93 SH10-94 SH10-95 SH10-96 SH10-98 SH10-100 SH10-102 SH10-111 SH10-107

Mt-Ocp Mt-Ocp Mt-Cpx Ocp Mt-Cpx Cpx Mass-Ore Mt-Ocp Mt-Ocp

773 760 749 735 717 692 671 651 633

Trace elements (ppm)
50.3 41.4 42.0 42.9 36.2 54.5 11.4 7.39 11.6
757 1110 705 385 1120 430 1840 960 600
672 1320 372 1460 159 65 5480 4730 2670
103 139 119 88 159 88 265 203 185
315 337 278 388 237 133 1060 1420 791
90 61 101 65 163 120 464 1042 84
0.59 7.31 87.9 34.1 0.74 8.08 0.1 7.5 2.0
93.1 93.6 96.8 135 69.8 459 3.22 9.16 53.7
10.0 10.1 9.30 10.1 6.61 18.4 0.2 5.0 2.8
39.6 42.7 99.4 31.3 53.3 61.0 12.5 17.1 20.7
3.44 3.46 30.20 0.76 11.70 6.99 2.50 9.54 3.83
3.59 13.6 79.3 15 5.47 40 1.94 14.1 25
2.44 3.57 4.86 2.26 2.07 10.9 0.10 5.72 3.38
9.77 11.7 13.8 9.10 7.24 29.3 0.23 8.01 7.96
1.86 2.05 2.26 1.82 1.32 4.42 0.03 0.72 1.07
10.8 11.6 11.9 10.6 7.31 21.5 0.18 2.29 5.08
3.65 3.41 3.16 3.48 2.32 5.73 0.06 0.53 1.26
1.09 1.09 1.02 1.07 0.80 1.63 0.01 0.15 0.35
3.41 3.40 2.96 3.28 2.17 5.29 0.03 0.48 1.09
0.48 0.46 0.44 0.46 0.32 0.79 0.01 0.08 0.15
2.48 2.36 2.17 2.40 1.57 4.05 0.03 0.53 0.65
0.46 0.41 0.44 0.51 0.29 0.85 0.01 0.12 0.13
0.98 1.07 0.99 1.10 0.67 2.01 0.03 0.35 0.34
0.13 0.12 0.11 0.13 0.08 0.26 0.00 0.06 0.04
0.73 0.74 0.76 0.71 0.49 1.59 0.02 0.38 0.23
0.11 0.10 0.11 0.11 0.08 0.25 0.00 0.07 0.04
2.15 1.69 3.91 1.85 2.49 2.88 0.58 0.68 0.87
0.42 0.26 3.25 0.12 1.48 0.59 0.34 0.34 0.38
0.07 0.42 0.44 0.05 0.12 1.60 0.02 0.39 0.43
0.01 0.11 0.11 0.13 0.02 0.33 0.00 0.03 0.09
9.77 6.83 11.6 7.42 6.47 9.29 2.44 2.86 2.23

Middle Zone

VI VII VIII

SH10-108 SH10-72 SH10-20 SH10-22 SH10-203 SH10-24 SH10-25 SH10-26 SH10-28

Mass-Ore Mt-Cpx Mass-Ore Mt-Cpx Mt-Cpx Mt-Cpx Mt-Cpx Mt-Cpx Mass-Ore

617 596 571 543 518.5 503 484 462 443.5

Major oxides (wt.%)
1.9 30.1 7.6 28.7 32.6 29.1 31.1 27.5 1.0
18.81 10.70 15.25 8.43 7.81 13.80 11.05 14.88 17.40
3.79 4.44 3.55 4.30 4.45 3.90 3.41 4.46 3.09
38.4 12.8 34.7 14.8 13.4 9.7 11.4 7.4 34.9
27.1 14.7 25.6 16.2 13.9 15.8 14.1 19.3 30.9
0.33 0.22 0.23 0.23 0.19 0.19 0.19 0.36 0.30
7.2 10.7 7.6 10.1 10.6 10.3 10.8 10.2 6.8
0.2 13.4 1.6 12.4 14.6 13.3 15.5 11.7 0.2
0.16 0.36 0.05 0.50 0.25 0.21 0.13 0.26 0.05
0.02 0.15 – 0.78 0.01 0.01 – 0.51 –

0.03 0.04 – 0.06 0.06 0.05 0.05 0.59 –

– 1.16 0.29 0.77 0.17 0.66 1.14 – 4.33
– – 0.06 1.48 0.65 0.72 1.25 0.79 1.43
98.0 98.6 96.5 98.7 98.6 97.6 100.0 97.9 100.3
68.5 29.1 63.1 32.7 28.8 27.2 27.0 28.9 69.2
1.28 0.78 1.22 0.82 0.87 0.56 0.73 0.35 1.02
2.04 1.19 2.27 1.75 1.71 0.70 1.03 0.50 2.00

Trace elements (ppm)
11.0 36.2 10.6 36.7 42.0 42.4 43.4 45.7 10.4
2730 796 2450 1230 1090 914 910 881 2520
1540 131 5510 179 256 57 76 47 4570
278 125 283 140 118 132 121 114 224
681 347 1076 401 304 267 239 169 650
141 305 223 266 210 240 219 186 242
0.1 14.0 0.2 68.4 2.3 2.4 0.4 24.1 0.3
3.35 117 4.57 157 96.3 81.7 86.7 91.8 7.42
0.5 11.1 0.3 9.4 8.9 8.2 9.5 30.7 0.3

(continued on next page)
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Table 1 (continued)

Middle Zone

VI VII VIII

SH10-108 SH10-72 SH10-20 SH10-22 SH10-203 SH10-24 SH10-25 SH10-26 SH10-28

Mass-Ore Mt-Cpx Mass-Ore Mt-Cpx Mt-Cpx Mt-Cpx Mt-Cpx Mt-Cpx Mass-Ore

617 596 571 543 518.5 503 484 462 443.5

20.7 61.1 15.4 40.6 39.4 59.7 50.7 134 14.9
5.21 10.0 3.09 7.43 4.74 13.6 9.23 62.6 3.18
1.48 12.5 7.68 42.4 16.3 15.5 9.85 384 5.92
0.63 6.87 0.36 5.80 3.74 3.27 3.46 30.00 0.20
1.39 15.2 0.85 14.5 11.6 10.3 11.0 71.1 0.52
0.18 2.29 0.12 2.24 2.03 1.76 1.99 9.60 0.08
0.84 11.3 0.67 11.4 11.1 10.1 11.2 42.8 0.47
0.18 3.06 0.08 3.12 3.15 2.90 3.34 9.64 0.10
0.04 0.98 0.04 0.96 1.03 0.92 1.03 2.45 0.02
0.12 3.18 0.08 2.93 3.06 2.80 3.14 8.69 0.08
0.02 0.38 0.01 0.45 0.44 0.40 0.45 1.29 0.01
0.11 2.00 0.05 2.24 2.25 2.00 2.29 6.42 0.06
0.02 0.38 0.01 0.38 0.36 0.33 0.39 1.16 0.01
0.06 0.91 0.03 0.98 0.88 0.82 0.98 3.10 0.03
0.01 0.11 0.00 0.11 0.10 0.10 0.11 0.39 0.00
0.04 0.64 0.03 0.68 0.60 0.57 0.62 2.49 0.03
0.01 0.09 0.00 0.09 0.09 0.08 0.09 0.34 0.00
0.82 2.00 0.61 1.83 1.86 2.25 2.03 3.76 0.63
0.49 0.86 0.32 0.48 0.40 1.21 0.83 3.05 0.34
0.07 1.97 0.03 0.90 0.21 0.16 0.17 0.84 0.02
0.02 0.15 0.01 0.21 0.05 0.04 0.04 0.28 0.00
0.38 7.52 2.91 7.63 2.85 1.69 2.01 1.51 1.37

Middle Zone Upper Zone

VIII IX

SH10-30 SH10-204 SH10-32 SH10-33 SH10-71 SH10-69 SH10-68 SH10-67 SH10-65

Mass-Ore Gb Gb Mt-Gb Mt-Gb Mt-Gb Mt-Gb Mt-Gb Mt-Gb

422 413 399 384.5 343 323 297 270 239

Major oxides (wt.%)
8.8 37.2 34.0 33.8 26.7 32.2 28.7 28.2 18.5
20.31 8.34 6.84 8.10 9.01 7.81 8.18 8.50 12.0
4.47 17.17 19.09 5.16 16.0 11.0 9.34 10.4 10.4
25.2 0.9 6.8 8.5 8.9 7.8 8.6 10.0 11.5
28.6 12.3 10.9 14.8 15.0 13.0 12.0 11.9 15.9
0.32 0.12 0.11 0.19 0.18 0.19 0.20 0.20 0.19
6.8 4.0 3.5 10.8 3.8 5.2 6.6 6.2 4.3
2.1 11.4 11.0 14.8 13.2 12.8 17.1 15.4 15.8
0.14 1.11 0.35 0.24 0.13 1.70 0.47 0.74 0.13
0.02 2.32 2.76 0.05 0.01 0.44 – 0.36 –

0.05 0.21 0.10 0.06 0.40 3.27 3.59 3.69 5.77
– – – – 1.10 1.25 1.16 0.98 1.24
0.17 2.49 3.09 1.31 3.12 1.34 1.98 1.41 1.68
96.9 97.4 98.5 97.8 97.4 97.9 97.9 98.0 97.3
57.0 14.5 18.8 24.9 25.5 22.2 21.9 23.2 29.2
0.80 0.06 0.56 0.52 0.54 0.54 0.65 0.76 0.65
1.24 0.10 0.99 1.06 0.99 0.99 1.05 1.18 0.96

Trace elements (ppm)
17.6 12.1 8.82 42.9 9.15 13.4 16.3 15.6 9.6
1990 492 647 950 641 529 518 563 723
112 37 227 169 14 10.6 10.6 68.3 16.7
207 50 73 106 81 66.6 65.7 63.2 95.4
133 25 64 158 17 6.23 4.78 10.6 6.66
152 57 59 128 58 36.9 33.9 33.3 41.2
0.8 93.7 137.0 8.0 1.7 21.6 0.95 21.1 1.6
18.7 1670 1880 370 2490 1160 1460 1660 1720
3.9 6.7 4.0 12.1 6.7 27.8 26.5 26.9 30.9
46.9 51.9 26.5 53.2 39.7 137.0 40.1 38.3 34.8
13.8 13.0 6.49 6.78 12.6 20.5 10.6 9.67 12.8
7.53 334 195 8.6 9.43 148 6.01 101 11.2
2.09 8.29 5.04 4.53 6.92 37.60 28.70 28.60 35.80
5.81 18.5 11.4 15.0 16.5 87.3 74.2 73.5 91.0
0.94 2.57 1.58 2.64 2.41 12.5 11.5 11.7 14.6
4.97 11.8 7.29 14.6 11.5 57.9 55.3 57.8 73.1
1.41 2.67 1.81 4.36 2.66 12.3 12.2 12.4 15.6
0.44 1.20 0.86 1.37 1.20 3.95 3.91 4.16 5.05
1.29 2.49 1.57 3.99 2.56 11.7 11.3 12.5 14.6
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Table 1 (continued)

Middle Zone Upper Zone

VIII IX

SH10-30 SH10-204 SH10-32 SH10-33 SH10-71 SH10-69 SH10-68 SH10-67 SH10-65

Mass-Ore Gb Gb Mt-Gb Mt-Gb Mt-Gb Mt-Gb Mt-Gb Mt-Gb

422 413 399 384.5 343 323 297 270 239

Trace elements (ppm)
0.19 0.34 0.20 0.58 0.30 1.26 1.27 1.37 1.57
0.91 1.62 0.95 2.97 1.42 5.60 5.52 5.81 6.42
0.16 0.28 0.17 0.53 0.25 0.98 1.00 1.00 1.09
0.42 0.71 0.37 1.16 0.57 2.16 2.17 2.33 2.48
0.05 0.08 0.05 0.14 0.07 0.25 0.22 0.23 0.24
0.30 0.47 0.27 0.85 0.38 1.42 1.12 1.12 1.22
0.04 0.07 0.04 0.11 0.06 0.21 0.15 0.15 0.16
1.54 1.62 0.95 2.26 1.13 3.31 1.53 1.46 1.15
1.23 1.11 0.54 0.54 1.13 1.50 1.04 1.01 1.28
0.18 0.72 0.26 0.29 0.33 2.82 0.53 0.53 0.75
0.03 0.17 0.06 0.07 0.10 0.68 0.08 0.12 0.14
1.73 2.54 1.13 10.10 1.86 2.16 3.85 0.89 1.10

Upper Zone

IX X

SH10-64 SH10-58 SH10-57 SH10-113 SH10-114 SH10-56 SH10-55 SH10-54 SH10-52 SH10-51

Mt-Gb Gb Mt-Gb Gb Gb Gb Gb Mt-Gb Gb Mt-Gb

221 211 179 160 141 121 89 70 30 15

Major oxides (wt.%)
26.8 38.4 25.2 41.4 34.3 37.6 37.3 27.2 32.9 25.3
8.86 5.29 10.9 4.77 6.78 5.05 5.73 9.25 6.92 11.0
11.0 15.1 6.12 16.0 13.5 15.5 11.8 7.31 12.3 4.43
11.0 4.6 12.4 4.8 9.6 4.6 5.3 7.7 18.4 14.2
12.0 8.8 14.8 7.7 7.9 7.5 9.9 15.6 1.0 14.0
0.19 0.19 0.36 0.21 0.17 0.15 0.23 0.25 0.24 0.36
6.1 5.6 8.7 5.7 5.7 4.3 7.6 10.2 7.2 11.1
15.2 11.9 11.9 9.1 14.5 15.7 11.7 12.9 11.4 11.6
0.55 2.50 0.74 2.87 0.99 1.83 2.16 0.42 1.54 0.43
0.48 0.54 0.06 1.41 1.46 0.20 0.60 0.09 1.11 0.05
3.41 2.51 4.00 1.83 2.23 1.81 2.61 3.14 3.09 3.35
1.02 0.72 1.31 0.54 – 0.92 0.98 – 0.79 1.01
1.27 1.93 1.26 1.77 1.67 3.30 2.37 3.20 2.10 1.29
97.8 98.0 97.6 98.0 98.6 98.6 98.3 97.2 98.9 97.9
24.3 14.3 28.8 13.3 18.3 13.0 16.3 25.0 19.5 29.7
0.83 0.47 0.75 0.57 1.10 0.55 0.48 0.45 17.51 0.92
1.24 0.87 1.13 1.01 1.42 0.92 0.92 0.84 2.67 1.30

Trace elements (ppm)
13.3 7.7 12.6 8.7 11.8 9.0 10.5 12.3 9.1 13.3
595 222 487 244 530 301 294 566 357 438
9.6 4.4 9.0 10.7 19.8 8.4 18.3 85.0 7.7 15.9
75.1 14.3 28.8 10.0 50.4 33.8 37.2 71.8 37.8 21.0
6.44 3.07 2.74 4.57 10.7 6.38 5.60 19.9 3.2 4.40
31.1 15.7 35.2 17.2 45.0 19.3 16.7 54.8 23.8 29.3
36.0 25.7 3.77 76.6 90.9 9.01 31.9 8.83 67.8 4.75
1500 3940 1610 4680 2180 1610 1480 501 2750 645
26.8 24.5 40.9 27.0 23.0 18.3 22.9 30.3 31.8 32.9
36.2 31.4 40.5 38.8 41.6 31.1 29.8 69.0 44.6 38.2
8.68 13.7 27.7 19.4 8.51 8.32 6.83 27.2 20.7 20.1
144 228 56.6 666 705 93.8 369 11.1 366 19.3
27.30 32.00 48.30 37.60 27.00 19.20 21.00 31.00 42.80 35.10
71.7 76.2 125.0 92.9 68.7 49.1 55.2 78.8 101.0 91.3
11.4 11.8 19.5 13.6 10.6 7.6 8.8 11.8 15.0 14.7
56.1 55.1 92.8 62.5 54.7 36.4 43.2 61.2 68.8 73.1
12.5 11.5 20.2 13.1 11.8 8.4 10.1 14.1 15.0 15.6
4.07 4.54 6.85 5.30 3.75 2.89 3.29 3.96 4.63 5.28
11.9 10.9 18.8 12.0 10.6 7.73 9.33 12.0 13.5 14.6
1.30 1.22 1.88 1.37 1.37 0.85 1.05 1.59 1.54 1.64
5.56 5.46 8.31 6.09 5.88 3.77 4.70 7.14 6.68 7.08
0.98 0.96 1.50 1.08 0.94 0.72 0.86 1.23 1.17 1.23
2.19 2.14 3.37 2.39 2.23 1.63 1.88 3.16 2.73 2.72
0.20 0.23 0.32 0.25 0.21 0.17 0.20 0.33 0.25 0.27
1.06 1.07 1.66 1.35 1.26 0.88 0.94 1.98 1.31 1.38
0.16 0.15 0.24 0.19 0.16 0.12 0.13 0.26 0.18 0.19
1.37 0.84 1.31 1.29 1.61 1.18 1.13 3.01 1.36 1.36
1.01 1.25 2.95 2.08 0.75 0.75 0.74 1.99 2.22 2.09

(continued on next page)
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Table 1 (continued)

Upper Zone

IX X

SH10-64 SH10-58 SH10-57 SH10-113 SH10-114 SH10-56 SH10-55 SH10-54 SH10-52 SH10-51

Mt-Gb Gb Mt-Gb Gb Gb Gb Gb Mt-Gb Gb Mt-Gb

221 211 179 160 141 121 89 70 30 15

Trace elements (ppm)
0.50 0.84 0.88 1.06 0.73 0.45 0.54 4.20 1.15 0.79
0.11 0.25 0.21 0.29 0.17 0.19 0.18 1.31 0.27 0.19
0.83 1.36 1.32 3.02 3.15 3.00 5.34 1.06 1.55 0.85

Note: Gb = Gabbro; Cpx = Clinopyroxenite; Ocp = Olivine clinopyroxenite, Mt-Gb = Magnetite gabbro; Mt-Cpx = Magnetite clinopyroxenite; Mt-Ocp = Magnetite olivine
clinopyroxenite; Mass-Ore = Massive ore; LOI = Loss on ignition.
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define the rocks containing 20–80% Fe–Ti oxides as disseminated ore. The
magnetite exsolution lamellaes in the clinopyroxene grains are also very
common in theMZ rocks (Fig. 4d). These textures suggest a crystallization
sequence of olivine + Fe–Ti oxide → clinopyroxene → plagioclase →
hornblende + biotite + apatite.

The MZ can be further subdivided into four cycles (V to VIII from the
base to the top). The massive ore layer occurs at the base of each cycle
unit and is overlain by the disseminated ore layer as Fe–Ti oxides de-
crease gradually (Fig. 3). The contact boundary between two cycle
units is generally sharp (Fig. 4e, f), indicating that the appearance of
the massive ore layer represents replenishment of a major pulse of
new Fe–Ti enrichedmagma, similar to the situation in the Panzhihua in-
trusion (Song et al., 2013). The thicknesses of the massive ore and dis-
seminated ore layers are up to 40 m and 100 m respectively in the MZ
(Fig. 3). In the MZ, plagioclase appears only in the cycle unit VIII as
one of cumulus minerals (Fig. 3).

3.3. Upper Zone

The UZ is characterized by abundance of apatite and consists of apa-
tite gabbro with a few interlayers of apatite magnetite gabbro. The apa-
tite gabbro generally contains b15 modal% Fe–Ti oxides, 20–45%
clinopyroxene, 40–50%plagioclase, 5–7% apatite and b3–5%hornblende
(locally up to 10%).When Fe–Ti oxide increases to 20–25%, we named it
as apatite magnetite gabbro (Fig. 4g). The UZ is further subdivided into
cycle units IX and X. Apatite crystals are commonly euhedral or
subhedral columnar and always clearly orientated in the UZ rocks,
whereas magnetite is generally interstitial between clinopyroxene, pla-
gioclase and apatite (Fig. 4g). Magnetite exsolution lamellaes are rare in
clinopyroxene crystals. These textures suggest that the Fe–Ti oxides
crystallized later than silicates and apatite in the UZ.

4. Sampling and analytical methods

The samples of the three lothologic zones in this study are collected
from twodrill cores located in the south part of theHongge intrusion. 42
samples (SH10-51–SH10-114) are from the bore hole ZK11003
(Fig. 2b), whereas the other 12 samples (SH10-20–SH10-33 and
SH10-203) are from the other bore hole ZK13003 due to the absence
of the upper part of the Middle Zone in the bore hole ZK11003
(Fig. 2b). The stratigraphic positions of these samples are shown in
Fig. 3.

Major oxide analysis was completed at the ALS Laboratory Group,
Mineral Division-ALS Chemex at Guangzhou. The major elements
were determined by X-ray fluorescence and FeO by wet chemistry.
The analyzed uncertainty is usually b5%. Trace elements were analyzed
at Institute of Geochemistry, Chinese Academy of Sciences in Guiyang
using a Perkin-Elmer EIAN DCR II ICP-MS. Accuracy and precision of
the ICP-MS analyses are estimated to be better than 5%. Major element
and trace element compositions are listed in Table 1.
Electron microprobe analyses of olivine and magnetite in this study
were performed using the EMPA-1600 electron microprobe at Institute
of Geochemistry, Chinese Academy of Sciences. Accelerating voltage is
25 kV, a beam current of 10 nA and a spot diameter of 10 μm were
used. The detection limit for these elements under such conditions is
0.01 wt.% and analytical reproducibility was within 2%. Contents of
V2O3 were determined by energy dispersive spectrum for 100 s. Com-
positions of olivine and magnetite are given in Supplementary Tables
A1 and A2 respectively.

Clinopyroxene compositions have been obtained by the LA-ICP-MS
at Institute of Geochemistry, Chinese Academy of Sciences operating
at 4 Hz repetition rate, 160 laser pulses and a spot diameter of 60 μm.
By applying normalization strategy of bulk clinopyroxene components
to 100% and calibration against usingUSGS reference glasses asmultiple
referencematerials, major and trace element contents of clinopyroxene
can be accurately determined simultaneously (Liu et al., 2008). The cal-
ibration lines are based on BIR-1G, BHVO-2G, BCR-2G and GSE-1G. The
precision of major oxides and trace elements of the clinopyroxene is
generally better than 5% and 10% respectively. The compositions of
clinopyroxene are listed in Supplementary Table A3.

Rb–Sr and Sm–Nd isotopic analyses of whole-rock samples were de-
termined using on a MC–ICPMS at Guangzhou Institute of Geochemis-
try, Chinese Academy of Sciences. Mass fractionation corrections for Sr
and Nd isotopic ratios were based on values of 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219. The analytical errors are less than 0.005% for
143Nd/144Nd and (87Sr/86Sr)i. Rb–Sr and Sm–Nd isotopic compositions
are listed in Table 2.
5. Analytical results

5.1. Whole rock geochemistry

The LZ rocks have significantly high Cr contents relative to the MZ
and UZ rocks, except for the MZ massive ores (Fig. 5a). In the cyclic
units I, II and IV of the LZ, contents of Fe2O3T and Cr as well as ratios of
Fe3+/Fe2+ and Mt/(Mt + Ilm) roughly decrease upwards (Fig. 5a, b,
d, e). Whereas, in the cyclic unit III, Cr decreases as Fe2O3T increases up-
wards (Fig. 5a, b), and ratios of Fe3+/Fe2+ and Mt/(Mt + Ilm) vary ir-
regularly (Fig. 5d, e).

For the MZ, whole rock Fe2O3T and Cr contents as well as ratios of
Fe3+/Fe2+ and Mt/(Mt + Ilm) decrease regularly from the base to the
top in each cycle unit (Fig. 5a, b, d, e). The massive ores contain as
high as 55–70 wt.% Fe2O3T and 15–25 wt.% TiO2; and the disseminated
ores contain 20–55 wt.% Fe2O3T and 5–18 wt.% TiO2 (Table 1 and
Fig. 5b). The massive ores have the highest whole-rock Cr contents
due to extremely high contents of magnetite, which has high partition
coefficient of Cr relative to basaltic liquid (DCr

Mt/Liquid = 153, Rollinson,
1993). Comparing with the MZ and LZ, the UZ rocks are characterized
by obviously high P2O5 and low Cr contents (Fig. 5a, c).
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As shown in Fig. 6a, TiO2 contents of the Hongge samples, similar to
the rocks of the Panzhihua intrusion, are well positively correlated with
Fe2O3T.Most of the LZ andMZ samples have lower TiO2 contents relative
to the UZ samples at the comparable Fe2O3 contents (Fig. 6a). The con-
tents of P2O5 of the UZ rocks of both the Hongge and Panzhihua intru-
sions are comparable, whereas the MZ and LZ samples of the Hongge
intrusion are slightly higher in P2O5 than those of the Panzhihua intru-
sion (Fig. 6b). Fig. 6c displays perfectly positive correlation between V
and Fe2O3T, indicating that magnetite is the main phase containing V.
Fig. 6d shows that the Hongge LZ rocks have obviously higher Cr con-
tents than the MZ and UZ rocks and the Panzhihua rocks at the compa-
rable Fe2O3T contents. The whole rock Cr contents are positively
correlated with Fe3+/Fe2+ ratios for the MZ rocks, whereas no similar
correlations display in the LZ and UZ rocks (Fig. 6e). Positive correlation
between P2O5 and REETotal contents indicates that apatite is the main
phase containing rare earth elements (REE) because of their high apa-
tite/silicate melt partition coefficients (DREE

Ap/Liquid = 1–5, Prowatke and
Klemme, 2006) (Fig. 6f).

As shown in Fig. 7, the Hongge samples plot in the area of oceanic is-
land basalt (OIB) and have much narrower ranges of εNd259Ma and
(87Sr/86Sr)259Ma values than the high-Ti Emeishan basalts. All of the
Hongge rocks display lower εNd259Ma andhigher (87Sr/86Sr)259Ma values
than the rocks of the Panzhihua, Taihe and Baima intrusions, indicating
higher degree of crustal contamination (Fig. 7). Moreover, the LZ sam-
ples display variable values of εNd259Ma and (87Sr/86Sr)259Ma, ranging
from−2.82 to−0.07 and from 0.7057 to 0.7076, respectively, whereas
the MZ and UZ samples have relatively small variation in εNd259Ma and
(87Sr/86Sr)259Ma values (Table 2 and Fig. 7). The footwall meta-
sandstones havemuch lower εNd259Ma (−11.86 to−13.17) and higher
(87Sr/86Sr)259Ma values (0.7150–0.7177) than these layered intrusions.

5.2. Mineral compositions

Consistent with the whole-rock compositional variations, composi-
tions of clinopyroxene and olivine also show reversals in the cycle
units. For the cyclic units of the LZ and MZ, Cr and Ni contents of
clinopyroxene as well as Mg# of Cpx decrease upwards roughly, al-
though reversed variations appear in the cyclic unit I (Fig. 5f, g, h). Ni
contents of olivine decrease upwards in each cycle unit as well (Fig. 5i).

As shown in Fig. 8a, the Cr contents of both clinopyroxene andmag-
netite decrease from the LZ through theMZ to the UZ. Although there is
a positive correlation between the Cr contents of the two minerals, Cr
content of the magnetite is higher than that of the clinopyroxene in
the same sample (Fig. 8a). Thus, the perfectly positive correlation of Cr
contents between magnetite and whole-rock indicates that themagne-
tite is the dominantmineral containing Cr (Fig. 8b). The LZ olivine crys-
tals are higher in Ni contents than those of the MZ and much higher
than the Panzhihua olivine (Song et al., 2013), although their forsterite
contents (Fo) are lower (Supplementary Table A1 and Fig. 8c). Fig. 8d
shows a positive correlation between the Cr and Ni contents of the
clinopyroxene in the LZ and MZ. Both the clinopyroxene and magnetite
of the MZ and LZ of the Hongge intrusion have much higher Cr and Ni
contents than those of theUZ aswell as those of the Panzhihua intrusion
(Figs. 8d, e) (Song et al., 2013). As shown in Fig. 8f, Zr and La contents of
the clinopyroxene of the LZ and MZ are positively related, whereas, La
contents of the clinopyroxene in the UZ display a small variation. More-
over, the Zr and La contents in clinopyroxene are similar to those of
whole rock in the LZ and MZ, suggesting that clinopyroxene is the
main mineral containing the incompatible elements in the LZ and MZ
rocks. The UZ rocks have high La contents relative to the clinopyroxene
due to accumulation of apatite.

6. Discussion

Crystallization experiments of tholeiitic magmas indicated that
both primarily high contents of Fe2O3T and TiO2 in the magma and



Fig. 5. Stratigraphic variations of the Honggewhole-rock Cr contents (a), Fe2O3T (b), P2O5 (c), Fe3+/Fe2+ rations (d) andMt/(Mt + Ilm) (e), Mg#, Cr and Ni contents of clinopyroxene (f, g
and h, respectively), and Ni contents of olivine (i). WR = whole rock; Cpx = clinopyroxene; Ol = olivine.
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elevation of fO2 are critical for early crystallization of Fe–Ti oxides
(Berndt et al., 2005; Botcharnikov et al., 2008). Ganino et al. (2008)
proposed that interaction between the CO2 degassed from footwall
limestone and the magma probably resulted in elevation of fO2 and
early crystallization of magnetite in the Panzhihua intrusion. The
most recent studies have demonstrated that the early crystallization
and accumulation of the Fe–Ti oxides in the Panzhihua intrusion
were attributed to high contents of Fe2O3T and TiO2 in the Fe–Ti
enriched magmas due to fractional crystallization of olivine and
clinopyroxene at depth (Song et al., 2013).

For the Hongge intrusion, although the euhedral magnetite
enclosed in clinopyroxene indicates early crystallization of the mag-
netite in the LZ, the massive oxide ore layers occur in the MZ. Assim-
ilation of the footwall limestone might result in significant elevation
of fO2 and early crystallization of the Fe–Ti oxides in the Hongge in-
trusion (Bai et al., 2012), whereas this hypothesis cannot explain
that why massive Fe–Ti oxide ore layers formed in the MZ rather
than in the LZ. Our observations indicate that the bases of the
Hongge intrusion not only contact with limestones, but also
with meta-sandstones, at least in the exploration line including
the bore hole sampled in this study (see above description and
Table 1 and Fig. 2b). This implies that assimilation of the limestone
may be not the critical factor for the early crystallization and accu-
mulation of the Fe–Ti oxides in the Hongge intrusion. Thus, the
three major issues, (1) what is the compositional difference of the
parental magmas of the three zones, (2) why Fe–Ti oxides crystal-
lized early in the LZ, (3) why and how extensive accumulation of
Fe–Ti oxides was formed in the MZ, remain poorly understood and
unexplained.
6.1. Early magnetite crystallization in the LZ

6.1.1. More primitive parental magma
Although the composition of the parental magma of the Hongge in-

trusion is difficult to be estimated because of the absence of chilledmar-
gin, olivine and clinopyroxene as early crystallizedminerals can be used
to speculate the compositional features of the parentalmagma (Driouch
et al., 2010). Clinopyroxene and olivine of the LZ commonly have high
Cr andNi contents relative to those of theMZ andUZ, respectively (Sup-
plementary Tables A1 andA3, Figs. 5g, h, i and 8c, d), demonstrating that
the parental magmas of the LZ are higher in Cr and Ni contents and
more primitive than those of the other two zones. The data compiled
in Table 3 clearly indicates that, at the timing of oxides saturation, the
LZ parental magmas of the Hongge intrusion were able to crystallize
more primitive olivine and clinopyroxene than other layered intrusions,
such as theBushveld Complex and the Skaergaard intrusion. The enrich-
ment of Cr and Ni in the parental magma also caused relatively high
Cr2O3 and NiO contents in the magnetites of the LZ (Supplementary
Table A2 and Fig. 8e). The reversals on theMg# aswell as Cr andNi con-
tents of the clinopyroxene in the four cycle units of the LZ suggest that
there are several pulses of magmas with variable compositions intrud-
ing into the Hongge intrusion during the formation of the LZ (Fig. 5f,
g, h).
6.1.2. Crustal contamination and introduction of external H2O
The Sr–Nd isotope values of the Hongge intrusion indicate more ex-

tensive crustal contamination than the Panzhihua, Baima and Taihe in-
trusions (Fig. 7). Moreover, more extensive crustal contamination leads
to the LZ rocks having lower εNd259Ma and higher (87Sr/86Sr)259Ma

values than the MZ and UZ rocks (Fig. 7). If the primary magma has
Sr–Nd isotope composition of the Emeishan picrite (εNd(t) = +7 and
(87Sr/86Sr)i = 0.704, Wang et al., 2007) and the contaminant is the
meta-sandstone, which is the footwall rock of the Hongge intrusion,
the degree of the contamination of the LZ rocks is probably up to ~10–
15% (Fig. 7). Because the Hongge samples are not plotted between the
Emeishan picrite and the Yangtze lower crust (Fig. 7), we speculate
that the crustal contamination dominantly occurred in a shallow
depth, more likely when the magma entered the Hongge intrusion.
Fig. 9 again indicates that stronger contamination of wallrocks resulted
in the parental magmas in equilibriumwith the clinopyroxene of the LZ
having low (Nb/Th)PM but high (Th/Yb)PM ratios relative to those of the
MZ and UZ.

image of Fig.�5


Fig. 6.Whole-rock binary plots of Fe2O3T vs. TiO2 (a), Fe2O3T vs. P2O5 (b), Fe2O3T vs. V (c), Fe2O3T vs. Cr (d), Fe3+/Fe2+ vs. Cr (e), P2O5 vs. REETotal (f). The area of the rocks of the Panzhihua
intrusion is after Song et al. (2013).
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Experiments have demonstrated that the addition of water could
decrease liquidus and solidus temperatures of basaltic magma and
change significantly the sequence of crystallizing mineral phase
(Botcharnikov et al., 2008; Feig et al., 2006, 2010; Gaetani et al.,
1993). These experimental investigations indicated that the increase
of H2O contents can result in crystallization of clinopyroxene before
plagioclase and early crystallization of magnetite. Thus, the absence
of cumulus plagioclase and the presence of abundance of hornblende
in the LZ rocks suggest that the parental magma was originally hy-
drous. Experimental studies have indicated that crystallization of
hornblende needs 2–3 wt.% H2O in the magma (Foden and Green,
1992; Stone et al., 1997). The rocks of the layered intrusions in the
ELIP, such as the Panzhihua and Baima intrusions, commonly contain
less than 2 modal% interstitial hornblende (Song et al., 2013; Zhang
et al., 2012). Recent studies suggested that ~2% interstitial horn-
blende of the Panzhihua gabbros was crystallized from H2O-
enriched interstitial liquid after extensive crystallization of silicates
and oxides (Howarth and Prevec, 2013; Howarth et al., 2013). How-
ever, ~5–15% poikilitic hornblende in the Hongge LZ indicates that
the LZ parental magma contained much more H2O content than the
Panzhihua intrusion and contents of H2O in the residual magma
reached to 2–3 wt.% when hornblende crystallized. Very low con-
tents of plagioclase in the LZ also suggest that the mineral accumula-
tion occurred before extensive crystallization of plagioclase. MELT
calculation indicates that the parental magma of the LZ should con-
tain at least 1.5 wt.% H2O, so that the water content in the residual
magma can reach to 2.0 wt.% before crystallization of plagioclase
(see below). However, the primary mantle derived magmas
(MORB) generally have low H2O content (b0.51 wt.%) (Sobolev
and Chaussidon, 1996) and the parental magma of the Siberin LIP
contained less than 0.25 wt.% water (Sobolev et al., 2009), which is
consistent with their previous studies. The recent study of the melt
inclusions in olivine phenocrysts of Emeishan picrites indicated a
very low volatile concentration of the primary picritic magmas of
the Emeishan plume (Kamenetsky et al., 2012). Therefore, it is pre-
sumed that the parental magmas of the Hongge intrusion derived
from the Emeishan mantle plume contain much lower than
0.25 wt.% water. It is hard for H2O content in residual liquid to in-
crease to 2–3 wt.% before crystallization of plagioclase only via frac-
tionation of such magma. Thus, it is obvious that external water was
introduced into the Hongge intrusion during the assimilation of the
footwall meta-sandstone.
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Fig. 7. Binary plots of εNd259Ma vs. (87Sr/86Sr)259Ma in the Hongge intrusion. DM (depleted
mantle) and mantle array are after Zindler and Hart (1986). The calculated parameters of
Nd(ppm), εNd(t), Sr (ppm) and (87Sr/86Sr)i are 4.4,+7, 102 and0.704 frompicrites innorth-
ern Vietnam as primary magmas (Wang et al., 2007). The Yangtze upper/middle and lower
crust data are from Chen and Jahn (1998). Panzhihua data are after Zhou et al. (2008),
Zhang et al. (2009) and Song et al. (2013); Baima data are after Zhou et al. (2008); Taihe
data are after She et al. (2014). Emeishan high-Ti and low-Ti basalts date are from Xu et al.
(2001), Xiao et al. (2003, 2004), Zhou et al. (2006) and Song et al. (2008a).
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6.1.3. Early crystallization of magnetite — insights from MELTS calculation
The euhedral magnetite crystals enclosed in clinopyroxene in the

LZ indicate early crystallization of magnetite (Fig. 4a). Experimental
studies by Baker and Rutherford (1996) and Gaillard et al. (2001)
indicated that dissolved water has a specific positive effect on the
Fe3+/Fe2+ ratio of the silicic melts when oxygen fugacity (fO2) is
less than NNO + 1 (≈FMQ + 1.7), although fO2 of the melts has
small variation. The common appearance of sulfide and the absence
of sulfate in the Hongge intrusion demonstrated fO2 b FMQ + 1.8
(Jugo et al., 2005). This suggests a potential relationship between
the early crystallization of the Fe–Ti oxide in the LZ and elevation
of Fe3+/Fe2+ ratio of the magma due to introduction of H2O during
assimilation of the wallrock. However, although magnetite crystal-
lized early, only disseminated ore layers developed in the LZ of the
Hongge intrusion.

As shown in Fig. 10, the parental magmas in equilibrium with
clinopyroxene of the Hongge intrusion display similar trace element
patterns with the Emeishan high-Ti basalts, indicating a genetic linkage
between them. This is consistentwith the recent studies, which demon-
strated that the layered intrusions in the ELIP are associated with high-
Ti basalticmagma (Song et al., 2005; Zhou et al., 2008). Thus, we assume
that the primary magma of the Hongge intrusion had a composition
similar to the melt inclusion (M8 62) hosted in high Fo olivine pheno-
crysts (Fo = 91.71) of the Emeishan high-Ti picrite (Kamenetsky
et al., 2012). The melt inclusion contains 12.29 wt.% FeOT, 19.68 wt.%
MgO and 2.25 wt.% TiO2. We use the MELTS package modified by
Ghiorso and Sack (1995) to model the hidden fractionation of the
H2O-free picritic melt under fO2 of FMQ in the deep-seated magma
chamber (~5 kbar).

MELTS calculation indicates that at 5 kbar, olivine is the first
phase to appear on the liquids (Fo = 91 at 1476 °C), followed by
spinel and pyroxenes (Fig. 11a, b). The olivine has high Fo
(91–86) and spinel is high in Cr2O3 (up to 47.0 wt.%), which are
consistent with the mineral composition of the high-Ti picrites
(Kamenetsky et al., 2012). Crystallization of these minerals gives
rise to a residual magma gradually enriching in Fe2O3T and TiO2
(Fig. 11a, b). When the temperature decreases to ~1230 °C after
fractional crystallization of ~15.6% olivine, ~0.70% spinel, ~9.0%
orthopyroxene and ~23.8% clinopyroxene, the Fe2O3T and TiO2 con-
tents in the residual liquid increase to ~18.2 wt.% and 4.27 wt.%, re-
spectively (Fig. 11a, b).

If such magma was squeezed from the deep-seated chamber and
injected into the Hongge intrusion and assimilated by 10% of the
footwall meta-sandstone as indicated by the Sr–Nd isotope values
(Fig. 7), Fe2O3T and TiO2 contents of the magma decrease to
16.29 wt.% and 3.76 wt.%, respectively (Fig. 11c, d). Previous studies
have demonstrated that the thickness of the Emeishan flood basalt in
the area near the Hongge intrusion is ~3800 m (Mei et al., 2003; Qi
et al., 2008). Thus, we predict that solidification of the Hongge intru-
sion occurred in a shallow depth less than 3800 m (~1 kbar) because
the intrusion contacts with the Emeishan flood basalts at the north-
eastern corner (Fig. 2a), although we cannot know the exact depth.
Basaltic magma is able to dissolve amount of water because of its
as high as ~3.5 wt.% H2O solubility at ~1 kbar (Berndt et al., 2002;
Botcharnikov et al., 2005; Dixon et al., 1995; Lesne et al., 2011).
The high percentage of original hornblende (~5–15%) in the LZ
rocks suggests that a small amount of water was introduced into
the parental magma during assimilation of the mica-bearing meta-
sandstone. MELT calculation indicates that crystallization of olivine
(1177 °C) is followed by magnetite (1165 °C) and clinopyroxene
(1106 °C) in the shallow chamber. The poikilitic euhedral magnetite
crystals within the clinopyroxenes in the LZ rocks (Fig. 4a) are accor-
dant with the above MELT calculation. Crystallization of plagioclase
is postponed to 1059 °C because of dissolved water in the magma.
Early crystallization and accumulation of Fe–Ti oxides resulted in
rapid decreases of Fe2O3T and TiO2 in the magma, as well as negative
Nb anomalies of the magma in equilibrium with the clinopyroxene
(Fig. 10a, b), because Nb is much more compatible to ilmenite (D-
Nb

Ilm/Liquid = 2.3, Green and Pearson, 1987; DNb
Cpx/Liquid = 0.005,

Rollinson, 1993). The MELTS calculated compositions of olivine
(Fo = 74–79) and clinopyroxene (Mg# =77–81) are well matched
with those measured by electron microprobe (Fo72–78 and
Mg#76–80, respectively) (Supplementary Tables A1 and A3). Howev-
er, when temperature decreases to 1080 °C, H2O content in the re-
sidual liquid has already reached to ~2.02 wt.% (Fig. 11d) which is
enough for hornblende crystallization (Foden and Green, 1992;
Stone et al., 1997). The percentage of crystallized magnetite before
1080 °C in the LZ is only 9.6, which is much lower than that of the
MZ (19.2%, see discussion below), resulting in appearance of only
disseminated ore layers in the bottom of the LZ. If only 1.5 wt.%
H2O was introduced into the magma from the deep level without as-
similation of the meta-sandstone, MELTS calculation predicts a crys-
tallization sequence of olivine (1164 °C), magnetite (1157 °C),
clinopyroxene (1116 °C) and plagioclase (1062 °C), which is quite
similar to the above model results (Fig. 11c, d). This indicates that
the occurrence of H2O has an evident effect on the crystallization se-
quence, consistent with the experimental studies of Berndt et al.
(2005) and Botcharnikov et al. (2008).

MELTS calculations indicate, however, that if the magma from the
deep-seated magma chamber was neither assimilation of the meta-
sandstone nor introduction of H2O, crystallization of magnetite
(1150 °C)would be later than silicates, including olivine (1184 °C), pla-
gioclase (1166 °C) and clinopyroxene (1152 °C). If the magma from
deep level was only assimilated by 10% of the meta-sandstone without
introduction of H2O, magnetite could crystallize at 1176 °C after olivine
(1199 °C) and before plagioclase (1152 °C) and clinopyroxene
(1138 °C). These results are obviously contrary to the lithological
features of the LZ rocks demonstrated above. Thus, we conclude
that introduction of H2O played a key role in the early crystallization
and accumulation of magnetite in the LZ, although assimilation of
the footwall rock promoted the early crystallization of magnetite as
well.
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Fig. 8. Plots of themineral compositions of theHongge intrusion. a:Magnetite Cr vs. clinopyroxeneCr; b:magnetite Cr vs.whole-rock Cr; c: Fo vs. Ni of olivine; d: Cr vs. Ni of clinopyroxene;
e: Cr2O3 vs. NiO of magnetite; f: Zr vs. La of clinopyroxene. Olivine and magnetite data of the Panzhihua intrusion are from Song et al. (2013).
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6.2. Formation of the Fe–Ti oxide ore layers in the MZ

Comparedwith the LZ, theMZ is characterized bymuchhigher Fe–Ti
oxide contents at the bases of each cyclic unit (Fig. 3), but lower Cr and
Ni contents of the clinopyroxene (Fig. 5g, h) and lower hornblende con-
tents (generally b3%). Relatively high εNd259Ma and low (87Sr/86Sr)259Ma

and (Th/Yb)PM ratios indicate a relatively weak assimilation of the foot-
wall meta-sandstone (Figs. 7, 9). The two MZ samples having high (Th/
Yb)PM ratios (27.0–44.4) suggest magma mixing between the new
injected magma and the residual contaminated magma of the LZ in
the Hongge intrusion.

6.2.1. More evolved Fe–Ti enriched parental magma
The lower Cr and Ni contents in clinopyroxene of theMZ (Figs. 5g, h

and 8d) indicate that the parental magma of the MZ has subjected
higher degree of fractional crystallization of olivine, spinel and pyrox-
enes than that of the LZ before it intruded into the Hongge intrusion.
This is also supported by the lowNi contents in olivine of theMZ relative
to that of LZ (Figs. 5i, 8c). Fe–Mg exchange between olivine and Fe–Ti
oxides resulted in the extremely high Fo of some olivine crystals
(Fo = 81–88) in the massive oxides of the MZ (Supplementary
Table A1 and Fig. 8c) (Frost, 1991; Frost et al., 1988). Experimental stud-
ies proposed that high FeO contents in the silicate melts may promote
CaO enrichment of the crystallized olivine (Jurewicz and Watson,
1988; Libourel, 1999). The higher CaO contents in olivine of the MZ
(0.1–0.22 wt.%) than that of the LZ (generally lower than 0.08 wt.%)
(Supplementary Table A1) demonstrate that the parental magma of
the MZ is more Fe-enriched. Additionally, the dense magnetite exsolu-
tion lamellaes in the clinopyroxene of all types of the MZ rocks
(Fig. 4d) also indicate a Fe–Ti-enriched parental magma. Therefore,
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Table 3
Compositions of olivine, Ca-rich pyroxene and plagioclase at the appearance of cumulus Fe–Ti oxides in several layered intrusions.

Skaergaard1

(Greenland)
Bushveld1

(S. Africa)
Sept Iles MCU12

(Quebec, Canada)
Kiglapait1

(Labrador, Canada)
Panzhihua1

(SW China)
Baima3

(SW China)
Taihe4

(SW China)
Hongge LZa

(SW China)

Fo% (olivine) 40 – 66 60 71 72–74 68 74
Mg# (clinopyroxene) 55 62 – 68–71 79 – 77 80
An% (plagioclase) 46 61 61 53 69 58–67 78 53

1: Pang et al., 2009 and reference in; 2: Namur et al., 2010; 3: Zhang et al., 2012; 4: She et al., 2014. Olivine, clinopyroxene and plagioclase compositions of the Baima intrusion are from
magnetite troctolites (BJ08, BJ11 and BJ21). Clinopyroxene and plagioclase compositions of the Taihe intrusion are frommagnetite olivine gabbros (ST11-40) and olivine composition from
olivine apatite magnetite clinopyroxenites (ST11-28). a: Olivine and clinopyroxene and those of the Hongge intrusion are from hornblendemagnetite olivine clinopyroxenites (SH10-78)
and plagioclase composition from magnetite olivine clinopyroxenites (SH10-93) (unpublished).
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the parental magmas in equilibrium with the clinopyroxene of the MZ
rocks have apparent positive Ti anomalies relative to that of the other
two zones (Fig. 10c, d).
Fig. 9. Binary plots of (Th/Yb)PM vs. (Nb/Th)PM rations of the parental magmas in equilib-
rium with the clinopyroxene of the Hongge intrusion.
6.2.2. Formation of the massive ore layers in the MZ
We infer that themore evolved and Fe–Ti enrichedparentalmagmas

of the MZ were produced by fractional crystallization of ~15.6% olivine,
~0.9% spinel, ~9.0% orthopyroxene and ~31.1% clinopyroxene until
~1200 °C and contain ~19.5 wt.% Fe2O3T and ~4.7 wt.% TiO2 according
to MELTS modeling (Fig. 11a, b). Owing to the low contents of intersti-
tial hornblende (generally b3%) in theMZ, we assume that the parental
magmas contain a low water content (~0.8 wt.%), due to mixing of the
residual water-bearing magma of the LZ.

In the shallow Hongge intrusion (1 kbar), MELTS calculations indi-
cate that magnetite crystallizes at 1152 °C followed by olivine
(1138 °C), clinopyroxene (1121 °C) and then plagioclase (1114 °C)
from the more evolved and Fe–Ti enriched parental magma (Fig. 11e,
f). Themodeled compositions of clinopyroxene (Mg#76–81) andmagne-
tite (Cr2O3 b0.13 wt.%) are well matched with those measured by elec-
tron microprobe (Supplementary Table A2 and A3). Because of the
absence of cumulate apatite in the MZ, we assume that the magma re-
charge during the formation of theMZ commonly occurred before crys-
tallization of apatite. The percentage of crystallized magnetite is up to
19.2% before the residual magma reaches saturation of apatite. If the
proportion of the residualmagma of the LZ is less than 40%, the parental
magmawill contain N15.75 wt.% Fe2O3T, N3.66 wt.% TiO2 and ~0.8 wt.%
H2O, respectively, andmagnetite will remain to crystallize early togeth-
erwith olivine. Thus, themagmamixing resulted in the synchronous ac-
cumulation of olivine andmagnetite in cycle unit V at the base of theMZ
(Fig. 3). However, the influence of the residual magma was weakened
gradually, so that early crystallized magnetite mainly accumulated to-
gether with clinopyroxene in cycle units VI, VII and VIII as indicated
by MELTS modeled result (Fig. 11e, f).

The most recent study by Song et al. (2013) demonstrated that the
formation of thick massive Fe–Ti oxide ore layers in the Lower Zone of
the Panzhihua intrusion depends not only on early crystallization of
the Fe–Ti oxides, but also on gravitational resorting and setting of the
Fe–Ti oxides during flowing of the frequently replenished Fe–Ti
enriched magma along the base of the magma chamber. In the Hongge
MZ, the abrupt contact between two cyclic units in the MZ (Fig. 4e, f)
and reversion of mineral composition (Fig. 5f, g, h, i) demonstrated re-
plenishment of multiple pulses of magma. For each pulse of Fe–Ti
enriched replenishedmagma, magnetite is always the early crystallized
mineral as theMELTSmodeling. Coupling of early crystallization of large
amount ofmagnetite and gravitational resorting and settling resulted in
the formation of not only themassive oxide ore layers, but also themag-
netite clinopyroxenite layers since clinopyroxene crystallized slightly
later than magnetite (Fig. 3). Thus, whole-rock Fe3+/Fe2+ and Mt/
(Mt + Ilm) ratios decrease upwards in each cycle unit (Fig. 5d, e). The
peaks of whole-rock Cr contents in the massive ore layers (Fig. 5a) are
attributed to very high contents of magnetite, although Cr2O3 content
in the MZ magnetite is lower than the LZ magnetite (Supplementary
Table A2 and Fig. 8e). The positive correlation between Cr and Fe3+/
Fe2+ in whole rock also demonstrates that Cr contents are related to
the percentage of magnetite in whole rock of the MZ (Fig. 6e). Plagio-
clase may float upward because of its lower density (2.64–2.67 g/cm3)
relative to the magma (~2.75 g/cm3). Thus, plagioclase is absent in
cycle unit V, VI and VII and present within cycle unit VIII of the MZ
(Fig. 3).

6.3. Formation of the UZ

The UZ is marked by an abrupt increase of apatite and shows a se-
ries of distinguishable chemical features, particularly very high P2O5

and REE contents (Figs. 5c, 6f, 10e, f). The lowest Cr contents in the
clinopyroxene and magnetite of the UZ (Figs. 5g, 8a) demonstrate
that the parental magma of the UZ has experienced the most exten-
sive fractional crystallization. The high values of εNd259Ma and (Th/
Yb)PM demonstrate that the parental magma of the UZ has experi-
enced weak crustal contamination (Figs. 7, 9). Furthermore, the pa-
rental magma in equilibrium with the clinopyroxene of the UZ
displays negative Ti anomalies compared with the LZ and MZ of the
Hongge intrusion as well as the Emeishan high-Ti basalts (Fig. 10e,
f), interpreting that the parental magma of the UZ was Fe–Ti-deplet-
ed due to the extensive crystallization of Fe–Ti oxides in the LZ and
MZ. These distinctive features imply that the UZ was formed under
a different environment.

Phosphorus is strongly incompatible to silicate minerals and Fe–
Ti oxides (Bindeman et al., 1998; Jones, 1995) and is thus concen-
trated in the residual magma before crystallization of apatite. The
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Fig. 10. Primitive-mantle normalized trace element diagrams of the parentalmagma in equilibriumwith the clinopyroxene of theHongge intrusion. The clinopyroxene/basaltic liquid par-
tition coefficients used in the calculation of trace element concentrations of the parental magma are listed in Supplementary Table A4 (Rollinson, 1993; Bedard, 1994; Hauri et al., 1994;
Green et al., 2000). The values for the Emeishan high-Ti basalts are from Xu et al. (2001), Xiao et al. (2004), and Song et al. (2008a). Normalization values are from Sun and McDonough
(1989).
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occurrence of amount of euhedral apatite in the UZ apatite (magne-
tite) gabbros indicates that they are solidified from a P2O5-saturated
residual magma after the formation of the LZ and MZ in the Hongge
intrusion. If the amount of new replenished magma is not too much,
the mixed magma should be still P2O5-saturated. The lowest Th con-
tents in parental magma in equilibriumwith clinopyroxene of the UZ
can be attributed to crystallization of apatite together with
clinopyroxene (Fig. 10e, f), because Th is much more compatible to
apatite than clinopyroxene (DTh

Ap/Liquid = 0.33, Prowatke and
Klemme, 2006; DTh

Cpx/Liquid = 0.03, Rollinson, 1993). Thus, apatite ac-
cumulated along with silicates and Fe–Ti oxides to form the thick ap-
atite magnetite gabbro layer in cycle IX of the UZ. Similarly, the
apatite-oxide-rich rocks also occur in the upper part of the
Skaergaard intrusion and the Sept-Iles intrusion (Cimon, 1998;
Higgins, 2005; McBirney, 1996; Tollari et al., 2008).

7. Conclusions

(1) Although the Lower Zone of the Hongge intrusion has relatively
more primitive parental magma, the introduction of external
H2O during assimilation of the footwall meta-sandstone resulted
in early crystallization of magnetite. However, the amount of
early crystallized magnetite is not enough to form massive
oxide ore layers.

(2) The parental magma of the Middle Zone is highly Fe–Ti enriched
because of extensive fractional crystallization of olivine and
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Fig. 11. a and b:MELTSmodeling of fractionation of drymagma in the deep-seatedmagma chamber under FMQ, 5 kbar; c and d: fractionation of the parentalmagma of the Lower Zone of
the Hongge intrusion under FMQ, 1 kbar and 1.5 wt.% H2O; e and f: fractionation of the Middle Zone of the Hongge intrusion under FMQ, 1 kbar and 0.8 wt.% H2O.
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pyroxenes in deep-seatedmagma chamber. Themassive oxide ore
layers at the bases of each cyclic unitwere produced by coupling of
early and extensive crystallization of magnetite and gravitational
resorting and settling of themagnetite during themagma flowing.

(3) The residual magma became saturated in P2O5 because of exten-
sively fractionation during the formation of the Lower and Middle
Zones. Therefore, apatite crystallized together with the silicates
and Fe–Ti oxides to form the apatite magnetite gabbros in the
Upper Zone.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.oregeorev.2013.08.010.
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