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The Hongge layered intrusion (259 Ma), which is located in the inner zone of the Emeishan large igneous
province (ELIP), is one of the most typical Fe–Ti–V ore deposits in the Pan–Xi area. Mafic–ultramafic lay-
ered intrusions of the ELIP have attracted a lot of attention lately because these intrusions host world
class Fe–Ti–V oxide deposits plus interesting Cu–Ni–(PGE) mineralization which may have economic
potential. This paper, reports new whole-rock major and trace element compositions, PGE abundances
and Sr–Nd isotopic data for selected cumulate rocks and basalts. We use these data to investigate the nat-
ure of parental magmas and the controls on its evolution from the source mantle en route to the surface
involving the Hongge ore-bearing intrusion. Two abrupt changes in Mt/Ilm and trace element ratios such
as Ba/Th with depths in the Hongge layered intrusion indicate that this intrusion formed by at least two
pluses of relatively primitive magma. The whole rock Sr–Nd isotopic data of basaltic and intrusive rocks
plot in the region of Emeishan low-Ti basalts and the compositions of residual liquid (at �1260 �C and
1155 �C) calculated by MELTS are similar to our actual high-Ti (BFQ-2) and low-Ti (BC-1) basltic samples,
indicate they are co-magmatic rather than derivation from a distinct source. Total PGE abundances in the
Hongge samples are extremely low, ranging from 0.5 to 10 ppb. Sulfide-bearing rocks in the Hongge
intrusion and the nearby coeval Banfangqing and Baicao basalts have similar mantle-like Pd/Pt ratios
(2–6) and extremely high Cu/Pd ratios (3 � 104 to 4 � 105), indicating that sulfide segregation took place
at depth prior to emplacement at Hongge and eruption in this region. Sulfide saturation in the Hongge
magma may have resulted from such crustal contamination event. Crystallization of silicate minerals
under the anhydrous magma, magma hydration plus Fe–Ti enrichments in the parental magma are three
critical factors for the formation of Fe–Ti oxide ore layers in the Hongge intrusion.

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

Layered intrusions can provide valuable insights into under-
standing the genesis and evolution processes of mafic–ultramafic
magma and the ore-forming processes associated with the forma-
tion of Cr, Fe–Ti–(V), and platinum group element (PGE) deposits,
because they record the evolution history of magma associated
with LIPs and passive continental margin (e.g. Wager and Brown,
1968; Irvine, 1975; Keays et al., 1999; Cabri, 2002). The �260 Ma
Emeishan large igneous province (ELIP) is one of the best exposed
LIPs and hosts two types of temporally and spatially associated
intrusions within it; these are: a. Fe–Ti–V oxide deposits in
mafic–ultramafic layered intrusions, including the Panzhihua,
Hongge, Taihe and Baima intrusions (Zhong et al., 2002, 2005;
Zhou et al., 2005, 2008; Pang et al., 2008b); and b. Ni–Cu–(PGE)
sulfide deposits in other mafic–ultramafic bodies, including the
Limahe, Jinbaoshan, Baimazhai and Yangliuping intrusions (Song
et al., 2003; Wang et al., 2006; Tao et al., 2007, 2008).

The Hongge intrusion in the Panzhihua–Xichang (Pan–Xi) area
hosts the largest magmatic Fe–Ti–V oxide deposit in this region.
It contains about 4572 Mt of oxide ores with 27 wt.% FeO,
10.6 wt.% TiO2, and 0.24 wt.% V2O3 and presences of 0.5–3.5% dis-
seminated sulfides (Yao et al., 1993; PXGT, 1987). Two main mod-
els including that fractional crystallization (Shellnutt et al., 2009,
2011, 2013; Shellnutt and Jahn, 2010) and liquid immiscibility
(Zhou et al., 2005; Liu et al., 2014a, 2014b) were suggested as
the main mechanisms for the Fe–Ti oxide ores in the Panxi district.
Additionally, Ganino et al. (2008) proposed that the reaction
between the mafic magma and the footwall limestone elevated
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the oxygen fugacity which results in early crystallization of Fe–Ti
oxide and the formation of the Fe–Ti oxide ore layers in the
Lower Zone of the Panzhihua intrusion. In addition, Bai et al.
(2012a) has suggested that the Fe–Ti oxide ore layers in the
Hongge intrusion were formed by injection of multiple pulse of
Fe–Ti-rich magma and accumulation of titanomagnetite in a
dynamic system. However, the precise mechanisms which concen-
trate million tons of Fe, Ti and V metals in this region are still
debated and enigmatic.

PGE (Platinum-group elements) commonly are highly sidero-
phile elements and their behavior can provide valuable informa-
tion on the petrogenesis of mantle-derived igneous rocks and
their source. The processes such as magma-rock interaction, sulfur
saturation and sulfide segregation can be traced by PGE due to
their high sensibility (Barnes et al., 1985; Keays, 1995; Lorand
et al., 2008). The PGE content (total PGE: 0.09–63.5 ppb) in the
Fe–Ti oxide layers of the Hongge intrusion appear to be very low
(Bai et al., 2012b), which inspire us to use the low PGE concentra-
tions to explore the nature of the mantle source and the sulfide sat-
uration processes for the Hongge intrusion.

In this paper, we focus on the sulfide-enriched rocks, the Fe–Ti
oxide ores and the associated basalts in the Hongge layered intru-
sion. New whole-rock major, trace element, PGE and Sr–Nd iso-
topic data of selected cumulate and basaltic rocks are reported to
investigate the characteristic of parental magmas and to provide
a better understanding of the evolution of the parental magma
from the source mantle en route to the surface, more importantly,
the critical factors required to constrain the formation of Fe–Ti ores
within the Hongge layered intrusion.
2. Geological background

The Emeishan large igneous province (ELIP) is located between
the western Yangtze Block and the eastern Tibetan Plateau and
composed of massive flood basalts, numerous mafic–ultramafic
layered intrusions, granites, syenites and other alkaline intrusions
(Chung and Jahn, 1995; Fig. 1). The ELIP has attracted much atten-
tion because it contains numerous world-class V–Ti iron oxide
deposits and is contemporaneous with the end-Guadalupian
(�260 Ma) mass extinction (Shellnutt, 2014). The Emeishan
continental flood basalts (ECFB), overlying the middle late
Permian limestone of the Maokou formation, are exposed in the
western Yangtze block with an area of approximately
5 � 105 km2 (Xiao et al., 2004a,b). The basaltic sequence ranges
in thickness from several hundred meters in the east to over
5 km in the west (Xu et al., 2001). The Emeishan basalts in the
central ELIP include upper high-Ti (HT) basalts (TiO2 > 2.5 wt.%,
Ti/Y > 500) and lower low-Ti (LT) basalts (TiO2 < 2.5 wt.%,
Ti/Yb < 500), which are considered to have been derived from
distinct mantle sources (He et al., 2010; Xiao et al., 2004a; Xu
et al., 2001) or formed by fractional crystallization of different
mineral phase from a common parental magma (c.f. Hao et al.,
2004; Zhang, 2009; Dong and Zhang, 2009; Shellnutt and Jahn,
2011). Sporadic picrites associated with the high-Ti basalts were
recorded from several localities (Chung and Jahn, 1995; Zhang
et al., 2006). The recent study of Kamenetsky et al. (2012) indicated
that the picrite lavas from thick stratigraphic successions at
Binchuan and Yongsheng represent the low-Ti and high-Ti
end-members of continental flood basalt magmatism, respectively.
The high-Ti flood basalts have similar trace element and Sr–Nd
isotope characteristic comparable with the OIB and are considered
to be associated with a mantle plume (Song et al., 2001; Zhou et al.,
2002, 2006).

In the central ELIP, numerous mafic–ultramafic layered intru-
sions containing Fe–Ti oxide deposits and Cu–Ni–(PGE) sulfide
mineralization are exposed in the Pan–Xi area that has been con-
trolled by a series of N–S-trending faults. These intrusions are dis-
tributed along the 200-km-long rift belt, including the Hongge
(259 ± 1.3 Ma, Zhong and Zhu, 2006), and Xinjie (259 ± 3 Ma,
Zhou et al., 2002) mafic–ultramafic intrusions and the Panzhihua
(261 ± Ma, Shellnutt et al., 2011), Baima (261 ± 2 Ma, Shellnutt
et al., 2009) and Taihe (262 ± 3 Ma, Guo et al., 2004) mafic intru-
sions. The relatively small sill-like intrusive bodies located in the
central ELIP (e.g., Limahe, Tao et al., 2009) and outer zone of ELIP
(Baimazhai, Wang et al., 2006; Yangliuping, Song et al., 2003) host
Cu–Ni–(PGE) sulfide mineralization.
3. Geology and petrography of the Hongge layered intrusion

The 15 km-long, 3–5 km-wide, 1.2 km-thick and NNE-striking
elongated lopolith Hongge Fe–Ti–V oxide ore deposit which crops
out over an area of about 60 km2 is located to the northeast of
Panzhihua city (Fig. 1). The Hongge intrusion intersects the dolo-
mitic limestones of the Sinian Dengying Formation and granitic
gneisses of the Neoproterozoic Kangding Complex. The Dengying
Formation is composed of dolomitic limestone, which is metamor-
phosed to marble in place adjacent to the layered intrusion. The
west and north contact zones of the intrusion were intruded by
the late Permian alkaline granites and alkaline syenites (Fig. 1;
Zhang et al., 1999). The Hongge intrusion was surrounded and
cut by �255.2 ± 3.6 Ma later Permian granite and syenite (Xu
et al., 2008). Part of the intrusion at the northeast corner is overlain
by �180 m-thick basaltic sequence of the ECFB (Fig. 1c). Based on
the cumulus minerals and lithologic textures (Figs. 2 and 3; Zhong
et al., 2002), the strongly differentiated Hongge intrusion was
divided into three lithologic zones from the base to the top: the
lower olivine clinopyroxenite zone (LOZ), the middle clinopy-
roxenite zone (MCZ) and the upper gabbro zone (UGZ). The LOZ
and MCZ are characterized by the appearance and disappearance
of olivine whereas the UGZ is defined by the appearance of abun-
dant euhedral apatite. The massive Fe–Ti oxide bodies mainly
occur in the upper part of the LOZ and the lower part of the MCZ
(Zhong et al., 2002) as layers with different thickness contacts with
the intrusion.

The thickness of LOZ is about 340 m. It is composed of medium-
to fine-grained rocks containing cumulus olivine, magnetite and
ilmenite and minor chromite, and intercumulus clinopyroxene and
hornblende within its lower part. The Fe–Ti oxide minerals occur
as inclusions in the cumulus phases clearly indicate they precipi-
tated early than silicate minerals (primocrysts) including olivine
and clinopyroxene. Fine-grained magnetite and ilmenite mainly
occur in the interstitial spaces between olivine and clinopyroxene.
The MCZ comprises lherzolite and olivine clinopyroxene at the bot-
tom and clinopyroxenite at the top, which contains cumulus plagio-
clase. The MCZ has more interstitial magnetite and ilmenite than the
LOZ. Minor amounts of Cr-spinel and olivine locate in the rocks
beneath the massive Fe–Ti oxide layers. The abundance of plagio-
clase increases progressively from the base to the top in the MCZ
and UGZ. Some clinopyroxene crystals in the base of the MCZ contain
exsolved Fe–Ti oxides. The MCZ contains the largest and richest eco-
nomic Fe–Ti–V oxide layers. Also, platinum-group element-rich
horizons were documented in the lower parts of the LOZ and the
MCZ, which are below a thick magnetite horizon. The average total
PGE concentration in the PGE-enriched horizon within the LOZ
and the MCZ is 0.354 ppm and 0.533 ppm, respectively (Liang
et al., 1998). Pyrrhotite is the major sulfide mineral, accounting for
�90% of the sulfide assemblages. Sperrylite, vincentite and laurite
are the most common platinum-group minerals (PGM) within the
intrusion (Liang et al., 1998). The 527- to 1346-m-thick UGZ is com-
posed of plagioclase, clinopyroxene, with minor olivine in its base.



Fig. 1. Geological map showing the distribution of the Emeishan large igneous province (a; ELIP), the distribution of the major Fe–Ti–V oxide-bearing intrusions in the Panxi
region (b; modified after Pang et al., 2008a), and goelogical map of the Hongge intrusion (c; modified after Sichuan Geological Survey 2010).
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The general crystallization order inferred from cumulus phases
in the LOZ and MCZ is: olivine ? olivine + chromite + Fe–Ti
oxides ? olivi ne + clinopyroxene + Fe–Ti oxides ? clinopyrox
ene + Fe–Ti oxides. In addition, the order inferred from cumulus
stratigraphy of the UGZ is: clinopyroxene + plagioclase + Fe–Ti
oxides + apat ite ? clinopyroxene + plagioclase + apatite. The apatite
gabbro generally contains <15% Fe–Ti oxides, 20–45% clinopyroxene,
40–50% plagioclase, 5–7% apatite and <3–5% hornblende (locally
up to 10%). Minor granophyre and felsic pegmatite occur as dikes
or lenses within this zone and cumulus plagioclase content increases
upwards as the rock change from melagabbro to leucogabbro.
4. Sampling and analytical methods

The samples analyzed in this study are collected from the sur-
face located in the southern and northwestern part of the
Hongge intrusion (Fig. 1c). Thirty-one samples (HG0–6, 8–28, 30–
32) including olivine clinopyroxenite, clinopyroxenite, gabbro
and massive ores from the lower zone to upper zone were collected
from the surface of Tongshan and fifteen basalts (BC1–4, BFQ1–11)
were collected from the Baicao and the Banfangqing areas
respectively. The stratigraphic positions of these samples are
shown in Fig. 3.

Major element compositions of the samples were analyzed by
X-ray fluorescence (XRF) spectrometry at State Key Laboratory of
Ore Deposit Geochemistry (SKLODG, Institute of Geochemistry,
Chinese Academy of Sciences in Guiyang). The analytical precision
is better than 5% relative standard deviation. Trace elements of
whole rocks were determined using a Perkin–Elmer EIAN DCR II
ICP-MS at SKLODG. The powdered sample (50 mg) were dissolved
with HF + HNO3 mixture in high-pressure Teflon bombs for 48 h at
�190 �C (Qi et al., 2000). 500 mg/ml Rh was used as internal stan-
dard to monitor signal drift during analysis. We use the interna-
tional standards GBPG-1, OU-6, and the Chinese National
standards GSR-1 and GSR-3 to monitor the analytical accuracy.
The accuracy and precision for the ICP-MS analyses is generally
better than 10% relative standard deviation. The compositions of
major and trace elements are listed in Table 1.

Rb–Sr and Sm–Nd isotopic analyses of whole-rock samples were
spiked and dissolved with HF + HNO3 acid in Teflon bombs. We
apply the conventional cation-exchange techniques to separate
the Sm and Nd. The isotopic measurements were performed on a
Thermal Ionization Mass Spectrometry (TIMS)-Triton at the



Fig. 2. Photomicrographs and field photographs of samples showing representative rock textures in the Hongge layered intrusion. (a) Olivine clinopyroxenite. (b) Mt-bearing
Clinopyroxenite. (c) Olivine clinopyroxenite contain Hornblende. (d) Mt-bearing gabbro. (e) Olivine in massive ore. (f) Disperse sulfide in Fe–Ti oxide. Ol = Olivine,
Cpx = Clinopyroxene, Pl = Plagioclase, Sul = Sulfide. Mt = Magnetite, Hbl = Hornblende. The photomicrographs of a–e are taken under cross-polarized light.

Fig. 3. Stratigraphic column of the Hongge layered intrusion, showing the subdivision and chemical variation of major element oxides and trace elements from the top LOZ to
UGZ.
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Table 1
Major and trace element compositions of the rocks from the Hongge intrusion and the Banfangqing and Baicao basalts.

Lower zone Middle zone

Sample HG0 HG1 HG2 HG3 HG4 HG5 HG6 HG8 HG9 HG10 HG11 HG12
Rock type Ocp Cpx Ocp Ocp Cpx Ocp Ocp Cpx Cpx Cpx Ocp Ocp
Height (m) 0.00 0.50 3.00 3.50 4.00 6.50 7.00 12.00 13.00 25.00 30.00 31.00

Major oxides (wt.%)
SiO2 36.10 35.22 36.86 34.94 35.25 36.42 35.57 36.24 36.73 35.18 40.79 42.13
TiO2 4.99 4.86 4.87 5.25 6.19 5.55 5.64 7.06 7.07 7.61 3.58 4.50
Al2O3 3.60 3.51 3.76 3.64 3.72 3.51 4.21 3.74 3.76 3.52 3.36 3.85
Fe2O3 23.78 23.20 23.14 24.12 22.69 22.63 24.20 23.06 22.19 24.32 21.47 18.81
MnO 0.21 0.20 0.20 0.21 0.20 0.20 0.20 0.18 0.17 0.17 0.19 0.16
MgO 19.26 18.79 17.88 17.95 16.96 18.48 16.31 14.49 13.96 13.64 17.74 14.48
CaO 11.38 11.10 13.32 12.39 12.99 12.37 13.20 14.17 14.88 14.41 11.44 15.53
Na2O 0.25 0.24 0.21 0.32 0.22 0.23 0.48 0.30 0.30 0.25 0.32 0.32
K2O 0.05 0.05 0.02 0.04 0.03 0.03 0.17 0.04 0.04 0.02 0.07 0.04
P2O5 0.12 0.12 0.09 0.08 0.11 0.10 0.09 0.09 0.09 0.05 0.09 0.02
LOI 0.61 3.36 1.08 0.41 1.06 1.14 0.82 0.51 0.39 0.36 1.73 0.93
Mg-No. 62 62 61 60 60 62 57 56 56 53 62 61
Total 99.74 97.30 100.36 98.93 98.34 99.53 100.08 99.37 99.20 99.17 99.04 99.84
P2O5/K2O 2.31 2.31 3.95 2.11 4.36 3.05 0.53 2.01 2.28 2.83 1.32 0.61

Trace element (ppm)
Cu 34.90 34.10 30.10 30.50 37.00 35.50 33.10 48.90 77.30 64.30 195.00 142.00
Cr 1620 1790 1910 1660 1710 1790 1700 1390 1340 1150 1120 1140
La 7.31 5.64 5.23 4.65 5.40 4.86 4.94 5.08 5.06 3.63 4.57 3.31
Ce 18.50 15.30 15.50 13.70 15.30 14.10 14.10 14.70 15.30 11.60 12.60 10.80
Pr 3.20 2.75 2.95 2.60 2.84 2.65 2.65 2.76 2.89 2.32 2.22 2.18
Nd 16.40 14.50 15.60 14.20 15.30 14.30 14.50 15.00 15.80 12.80 11.80 12.30
Sm 4.31 3.81 4.37 3.97 4.12 4.02 4.16 4.17 4.46 3.72 3.14 3.59
Eu 1.38 1.30 1.49 1.32 1.39 1.29 1.35 1.42 1.44 1.26 1.08 1.23
Gd 4.51 4.01 4.43 3.99 4.13 3.89 4.16 4.28 4.29 3.70 3.33 3.70
Tb 0.60 0.53 0.63 0.57 0.59 0.56 0.59 0.62 0.64 0.52 0.44 0.51
Dy 2.89 2.66 3.09 2.71 2.76 2.65 2.86 2.92 2.97 2.56 2.26 2.51
Ho 0.56 0.49 0.57 0.51 0.52 0.52 0.53 0.54 0.55 0.49 0.41 0.46
Er 1.31 1.14 1.28 1.20 1.17 1.14 1.24 1.21 1.27 1.09 0.94 1.05
Tm 0.14 0.13 0.15 0.14 0.14 0.14 0.14 0.14 0.16 0.13 0.11 0.12
Yb 0.90 0.79 0.88 0.79 0.84 0.79 0.86 0.83 0.92 0.73 0.64 0.69
Lu 0.12 0.10 0.12 0.10 0.11 0.10 0.12 0.11 0.12 0.09 0.09 0.09
RREE 62.12 53.14 56.28 50.44 54.60 51.00 52.20 53.77 55.86 44.63 43.62 42.55
V 461 533 559 566 565 525 605 657 659 711 482 576
Ni 533.00 693.00 621.00 609.00 515.00 603.00 571.00 314.00 334.00 358.00 412.00 346.00
Cu 34.90 34.10 30.10 30.50 37.00 35.50 33.10 48.90 77.30 64.30 195.00 142.00
Ge 1.62 1.59 1.83 1.72 1.74 1.81 1.74 1.73 1.76 1.67 1.58 1.74
Rb 2.04 2.06 1.05 1.06 0.91 1.10 1.01 1.99 1.12 0.86 1.66 0.64
Sr 160 143 123 120 114 127 117 132 140 114 113 116
Y 12.70 11.10 13.00 11.70 12.10 11.60 12.10 12.40 12.80 11.10 9.12 10.20
Zr 56.70 47.30 49.70 47.30 53.20 48.10 49.50 56.70 58.00 50.80 33.80 37.00
Nb 7.01 5.89 4.32 4.45 7.72 5.96 4.92 7.52 7.89 7.42 3.10 2.50
Ba 24 31 14 18 15 20 17 24 21 15 22 7
Hf 2.18 1.95 2.10 1.95 2.17 1.97 2.10 2.24 2.31 2.05 1.43 1.80
Ta 0.61 0.52 0.38 0.41 0.66 0.53 0.43 0.68 0.71 0.69 0.28 0.26
Th 0.69 0.36 0.28 0.25 0.29 0.23 0.27 0.28 0.25 0.14 0.31 0.12
U 0.17 0.12 0.08 0.07 0.08 0.08 0.08 0.09 0.07 0.05 0.12 0.05
Ba/Th 34 85 51 73 54 89 63 84 84 107 70 58
La/Nb 1.04 0.96 1.21 1.04 0.70 0.82 1.00 0.68 0..64 0.49 1.47 1.32
Th/Ta 1.14 0.69 0.72 0.62 0.43 0.43 0.62 0.42 0.35 0.20 1.12 0.45

Middle zone Upper zone

Sample HG13 HG14 HG15 HG16 HG17 HG18 HG19 HG20 HG21 HG22 HG23 HG24
Rock type Cpx Cpx Ocp Cpx Cpx Mt-Cpx Mt-Cpx Ocp Ore Ore Ocp Cpx
Height (m) 44.00 47.00 49.00 65.00 68.00 75.00 78.00 82.00 87.00 90.00 102.00 110.00

Major oxides (wt.%)
SiO2 33.77 36.32 37.26 34.83 34.79 22.15 23.28 38.16 16.85 11.26 36.31 41.71
TiO2 9.17 12.65 5.27 12.89 8.55 9.43 8.93 4.88 21.49 13.45 5.52 3.12
Al2O3 3.90 3.81 3.97 3.99 4.39 3.10 3.23 4.17 3.15 3.48 4.60 4.16
Fe2O3 28.01 19.55 24.05 20.24 27.82 38.23 38.11 21.56 44.67 56.07 22.87 13.74
MnO 0.20 0.19 0.19 0.18 0.19 0.24 0.25 0.17 0.29 0.21 0.16 0.14
MgO 12.64 12.26 15.47 12.06 11.88 20.77 21.35 13.84 7.24 13.75 11.84 18.87
CaO 12.42 14.17 12.23 14.02 13.38 1.73 1.86 14.47 6.08 0.08 12.88 17.87
Na2O 0.29 0.21 0.27 0.22 0.28 0.46 0.08 0.31 0.17 0.02 0.32 0.08
K2O 0.05 0.04 0.05 0.03 0.04 0.08 0.03 0.06 0.02 0.01 0.06 0.01
P2O5 0.05 0.10 0.17 0.26 0.08 0.08 0.13 0.12 0.03 0.03 0.07 0.42
LOI Trace 0.71 1.07 0.64 0.01 2.59 2.75 0.77 Trace 1.95 5.72 0.08
Mg-No. 47 56 56 54 46 52 53 56 24 33 51 73
Total 100.50 99.29 98.93 98.72 101.40 96.27 97.26 97.74 100.00 98.36 94.61 100.13
P2O5/K2O 1.10 2.67 3.16 8.57 2.02 1.08 3.75 2.04 1.14 32.42 0.61 1.42

1086 M. Liao et al. / Journal of Asian Earth Sciences 113 (2015) 1082–1099



Table 1 (continued)

Middle zone Upper zone

Sample HG13 HG14 HG15 HG16 HG17 HG18 HG19 HG20 HG21 HG22 HG23 HG24
Rock type Cpx Cpx Ocp Cpx Cpx Mt-Cpx Mt-Cpx Ocp Ore Ore Ocp Cpx
Height (m) 44.00 47.00 49.00 65.00 68.00 75.00 78.00 82.00 87.00 90.00 102.00 110.00

Trace element (ppm)
Cu 314.00 246.00 101.00 258.00 225.00 65.10 68.00 152.00 141.00 189.00 199.00 117.00
Cr 1620 163 1150 135 475 3850 3750 1220 82 6300 885 2360
La 3.41 6.54 6.09 9.82 5.12 2.22 2.83 6.15 1.01 0.54 4.91 2.49
Ce 10.80 18.20 15.60 23.80 14.40 4.81 6.07 16.40 3.26 1.15 13.40 7.08
Pr 2.10 3.24 2.69 3.98 2.60 0.69 0.89 2.89 0.66 0.17 2.43 1.32
Nd 11.80 17.40 14.00 20.30 13.90 3.27 4.13 15.40 3.65 0.90 12.90 7.36
Sm 3.45 4.83 3.73 5.28 3.77 0.74 0.91 4.03 1.20 0.21 3.55 2.06
Eu 1.09 1.55 1.22 1.72 1.27 0.24 0.30 1.36 0.39 0.06 1.17 0.70
Gd 3.34 4.89 3.61 5.33 3.88 0.70 0.87 4.03 1.17 0.19 3.34 2.08
Tb 0.47 0.68 0.52 0.76 0.54 0.10 0.13 0.57 0.17 0.03 0.51 0.29
Dy 2.31 3.36 2.43 3.49 2.60 0.46 0.58 2.74 0.82 0.16 2.37 1.44
Ho 0.44 0.64 0.45 0.68 0.47 0.09 0.11 0.51 0.16 0.03 0.44 0.28
Er 1.02 1.41 1.05 1.56 1.11 0.23 0.28 1.16 0.35 0.09 1.00 0.61
Tm 0.11 0.17 0.12 0.18 0.12 0.03 0.03 0.14 0.04 0.01 0.11 0.07
Yb 0.69 1.02 0.68 1.07 0.79 0.18 0.21 0.80 0.28 0.06 0.68 0.44
Lu 0.10 0.15 0.09 0.15 0.10 0.03 0.03 0.10 0.04 0.01 0.09 0.06
RREE 41.13 64.07 52.28 78.12 50.68 13.78 17.35 56.27 13.19 3.60 46.91 26.28
V 909 525 674 548 903 1150 1160 649 1530 1700 803 1160
Ni 318.00 349.00 395.00 518.00 215.00 752.00 599.00 252.00 83.20 1030.00 204.00 443.00
Cu 314.00 246.00 101.00 258.00 225.00 65.10 68.00 152.00 141.00 189.00 199.00 117.00
Ge 1.72 1.46 1.56 1.49 1.54 0.92 0.98 1.67 1.01 1.09 1.67 1.37
Rb 0.80 0.54 1.64 0.57 0.77 0.81 0.98 1.82 0.46 0.33 1.43 0.66
Sr 105 96 111 93 112 40 48 160 36 8 132 72
Y 9.60 13.70 10.40 15.10 10.70 2.11 2.69 11.50 3.72 0.66 9.77 6.07
Zr 50.80 92.30 43.80 105.00 53.10 27.40 25.10 48.90 60.10 15.40 44.90 31.80
Nb 9.71 25.20 4.80 26.70 7.69 7.02 6.10 5.26 14.10 3.18 3.90 4.97
Ba 13 7 16 7 11 17 19 38 6 15 23 11
Hf 2.07 3.49 1.85 3.63 2.19 0.89 0.88 1.93 2.34 0.61 1.93 1.36
Ta 0.94 2.37 0.44 2.47 0.75 0.64 0.53 0.44 1.77 0.38 0.34 0.47
Th 0.18 0.42 0.34 0.98 0.39 0.22 0.25 0.45 0.07 0.07 0.41 0.14
U 0.05 0.13 0.10 0.26 0.12 0.07 0.09 0.13 0.04 0.07 0.12 0.05
Ba/Th 70 17 46 7 28 75 77 83 83 206 57 82
La/Nb 0.35 0.26 1.27 0.37 0.67 0.32 0.46 1.17 1.26 0.50 0.25 1.88
Th/Ta 0.19 0.18 0.79 0.40 0.52 0.35 0.46 1.03 0.04 0.19 1.19 0.29

Upper zone Baicao Banfangiqng

Sample HG25 HG26 HG27 HG28 HG30 HG31 HG32 BC-1 BC-2 BC-3 BC-4 BFQ-1
Rock type Gb Ore Mt-Gb Gb Mt-Gb Gb Gb LT LT HT HT HT
Height (m) 115.00 119.00 125.00 139.00 145.00 147.00 148.00

Major oxides (wt.%)
SiO2 45.88 6.35 5.90 28.03 24.03 39.23 44.55 48.14 48.75 53.16 51.53 45.89
TiO2 2.35 16.81 16.89 5.11 8.01 2.96 2.25 1.76 1.77 3.69 3.68 3.73
Al2O3 3.16 3.94 4.11 11.59 3.12 3.93 3.53 15.61 15.69 16.28 15.86 12.41
Fe2O3 11.49 64.60 65.86 18.15 39.39 13.17 11.80 10.69 10.83 7.63 9.56 15.54
MnO 0.12 0.31 0.31 0.21 0.25 0.13 0.11 0.17 0.16 0.24 0.25 0.22
MgO 18.68 7.86 7.07 15.69 23.84 17.95 18.04 6.04 6.14 3.45 3.92 5.47
CaO 18.53 0.16 0.04 13.78 0.61 16.91 18.38 10.09 9.21 8.80 9.11 11.96
Na2O 0.09 0.06 0.09 1.24 0.08 0.05 0.03 3.33 3.76 4.74 4.45 2.83
K2O 0.04 0.02 0.02 1.26 0.03 0.01 0.01 1.23 1.31 1.56 1.40 0.82
P2O5 0.02 0.02 0.01 1.80 0.07 0.41 0.03 0.40 0.40 0.53 0.55 0.70
LOI 0.15 0.13 0.08 2.32 0.54 5.71 0.21 3.10 2.89 0.58 0.25 1.15
Mg-No. 76 20 18 63 56 73 75 53 53 47 45 41
Total 100.36 100.13 100.30 96.86 99.44 94.76 98.74 100.55 100.92 100.66 100.57 100.72
P2O5/K2O 1.99 31.27 3.12 0.69 0.77 1.24 3.58

Trace element (ppm)
Cu 212.00 162.00 221.00 60.50 19.80 499.00 492.00 67.63 64.12 40.44 54.56 52.19
Cr 177 1440 4630 63 51 4640 946 76 63 46 39 65
La 2.55 2.93 0.27 30.80 3.10 1.92 11.80 29.50 29.30 64.80 237.00 19.00
Ce 8.20 8.28 0.60 68.40 7.83 3.46 28.50 58.60 57.90 140.00 431.00 43.10
Pr 1.74 1.56 0.08 10.60 1.57 0.50 4.60 6.72 6.66 17.50 44.10 5.97
Nd 10.20 8.41 0.35 49.90 9.07 2.21 22.50 26.90 26.90 72.60 153.00 27.90
Sm 3.07 2.36 0.08 11.00 2.78 0.56 5.47 4.93 5.07 13.90 22.60 5.92
Eu 1.00 0.83 0.03 3.73 1.43 0.18 1.69 1.74 1.69 4.05 4.64 2.68
Gd 3.19 2.41 0.08 9.87 2.84 0.50 5.05 4.71 4.78 11.56 18.84 5.53
Tb 0.44 0.35 0.01 1.35 0.43 0.07 0.72 0.74 0.76 1.84 2.62 0.81
Dy 2.17 1.71 0.06 6.04 2.22 0.37 3.38 4.21 4.22 9.55 12.40 4.11
Ho 0.38 0.31 0.01 1.14 0.43 0.07 0.64 0.81 0.88 1.74 2.25 0.76
Er 0.87 0.68 0.03 2.69 1.07 0.16 1.49 2.40 2.44 4.61 6.23 1.91
Tm 0.10 0.08 0.00 0.29 0.14 0.02 0.17 0.35 0.34 0.61 0.81 0.22

(continued on next page)
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Table 1 (continued)

Upper zone Baicao Banfangiqng

Sample HG25 HG26 HG27 HG28 HG30 HG31 HG32 BC-1 BC-2 BC-3 BC-4 BFQ-1
Rock type Gb Ore Mt-Gb Gb Mt-Gb Gb Gb LT LT HT HT HT
Height (m) 115.00 119.00 125.00 139.00 145.00 147.00 148.00

Yb 0.62 0.45 0.03 1.71 0.81 0.12 0.89 2.10 2.13 3.48 4.97 1.34
Lu 0.08 0.06 0.01 0.23 0.11 0.02 0.12 0.31 0.31 0.49 0.75 0.19
RREE 34.62 30.42 1.64 197.77 33.81 10.15 87.01 144.02 143.39 346.73 941.21 119.45
V 868 313 2190 431 368 1020 295 246 241 238 251 403
Ni 119.00 424.00 742.00 71.30 113.00 1170.00 1070.00 55.80 52.20 18.60 13.20 75.90
Cu 212.00 162.00 221.00 60.50 19.80 499.00 492.00 67.63 64.12 40.44 54.56 52.19
Ge 1.43 1.48 0.96 1.37 1.51 0.93 1.57 1.58 1.58 2.25 2.58 1.79
Rb 0.50 0.42 0.12 34.30 39.50 0.63 0.60 76.60 86.30 45.20 44.00 5.64
Sr 88 55 4 992 1260 14 68 887 905 834 810 520
Y 9.03 8.20 0.79 27.40 11.20 3.82 16.10 22.70 22.90 47.00 61.20 19.10
Zr 55.10 31.70 20.40 86.90 31.60 30.80 72.80 129.00 129.00 320.00 865.00 61.70
Nb 10.30 0.72 3.53 16.40 5.32 2.75 5.91 20.30 20.30 133.00 194.00 17.10
Ba 15 4 2 604 425 12 5 545 563 702 679 334
Hf 2.39 1.29 0.74 2.64 1.25 0.98 2.47 3.22 3.23 7.96 19.20 2.03
Ta 1.04 0.07 0.41 1.20 0.47 0.24 0.43 1.09 1.06 5.11 6.95 1.07
Th 0.08 0.19 0.04 1.56 0.03 0.13 0.91 3.76 3.84 3.92 29.40 0.88
U 0.05 0.09 0.04 0.40 0.04 0.16 0.22 0.78 0.78 1.43 4.66 0.25
Ba/Th 185 23 56 387 16,537 89 6 145 147 179 23 378
La/Nb 0.58 0.70 2.00 4.09 0.08 0.07 1.17
Th/Ta 0.08 2.77 0.10 1.30 0.05 0.54 2.11

Banfangqing

Sample BFQ-2 BFQ-3 BFQ-4 BFQ-5 BFQ-6 BFQ-7 BFQ-8 BFQ-9 BFQ-10 BFQ-11
Rock type HT HT HT HT HT LT HT LT HT HT
Height (m)

Major oxides (wt.%)
SiO2 45.57 48.34 45.03 45.18 45.23 49.11 45.02 48.87 45.55 50.27
TiO2 3.96 3.36 3.65 3.77 3.73 1.20 4.25 2.05 4.02 3.88
Al2O3 12.53 14.09 11.57 11.70 12.05 16.03 12.10 14.63 15.11 14.34
Fe2O3 15.87 13.81 15.09 15.44 15.04 10.87 16.08 13.11 15.40 13.09
MnO 0.22 0.20 0.21 0.22 0.21 0.17 0.25 0.20 0.21 0.21
MgO 5.22 5.58 8.61 8.79 8.06 6.85 8.04 6.69 6.56 4.05
CaO 10.26 8.81 11.24 11.59 10.21 8.60 11.69 9.12 11.20 10.12
Na2O 3.26 4.24 3.95 3.65 4.03 3.50 1.18 1.15 1.16 2.70
K2O 0.96 1.32 0.61 0.41 1.17 1.26 0.85 1.27 0.67 0.94
P2O5 0.78 0.42 0.36 0.36 0.34 0.38 0.42 0.46 0.34 0.47
LOI 1.25 0.79 0.04 0.15 1.28 2.96 0.62 2.07 0.25 0.76
Mg-No. 40 45 53 53 52 56 50 51 46 38
Total 99.89 100.96 100.37 101.27 101.34 100.93 100.49 99.62 100.48 100.82

Trace element (ppm)
Cu 41.32 41.93 31.84 40.35 32.54 66.84 31.32 68.60 19.04 44.12
Cr 31 87 266 268 288 66 259 87 43 45
La 21.50 55.30 20.60 19.30 18.00 27.40 24.60 22.40 15.40 47.70
Ce 48.00 115.00 51.40 48.70 46.10 54.60 60.30 43.10 36.40 102.00
Pr 6.56 14.00 7.19 7.03 6.62 6.29 8.29 5.01 4.97 13.00
Nd 30.60 56.40 34.10 33.60 32.30 25.10 39.20 21.20 24.10 53.90
Sm 6.61 10.30 7.61 7.78 7.39 4.62 8.58 4.42 5.86 10.30
Eu 3.03 3.18 2.55 2.60 2.45 1.71 2.74 1.59 2.13 3.17
Gd 5.90 8.52 7.15 7.06 6.74 4.45 7.92 4.66 5.65 8.72
Tb 0.91 1.28 1.08 1.12 1.11 0.77 1.25 0.79 0.88 1.29
Dy 4.59 5.95 5.79 5.88 5.64 4.16 6.27 4.74 4.58 6.30
Ho 0.82 1.11 1.06 1.08 1.04 0.85 1.18 0.97 0.87 1.20
Er 2.09 2.99 2.87 2.82 2.69 2.44 3.12 2.75 2.22 3.19
Tm 0.26 0.37 0.35 0.35 0.34 0.33 0.41 0.40 0.29 0.42
Yb 1.42 2.33 2.06 2.09 2.08 2.04 2.43 2.39 1.76 2.45
Lu 0.22 0.31 0.30 0.30 0.30 0.31 0.35 0.37 0.24 0.36
RREE 132.52 277.05 144.1 139.72 132.8 135.07 166.63 114.79 105.36 254
V 404 341 389 404 412 233 388 318 423 348
Ni 64.00 17.00 68.10 67.60 70.50 61.00 62.40 61.90 24.20 27.00
Cu 41.32 41.93 31.84 40.35 32.54 66.84 31.32 68.60 19.04 44.12
Ge 1.66 1.92 1.95 2.01 1.93 1.45 2.12 1.52 1.84 2.06
Rb 7.61 41.40 27.20 16.00 74.00 61.20 41.00 43.50 33.40 40.90
Sr 860 1070 606 588 673 776 648 448 603 1080
Y 21.00 27.80 26.20 26.20 25.50 22.70 29.20 27.50 22.60 30.00
Zr 67.00 207.00 94.40 87.40 97.30 119.00 93.10 99.60 90.30 179.00
Nb 18.60 62.30 30.90 31.30 30.00 18.20 34.30 20.90 27.50 66.80
Ba 747 547 200 157 215 976 161 681 90 294
Hf 2.27 5.71 2.87 2.78 3.04 3.05 3.08 2.41 2.59 5.02
Ta 1.14 3.74 1.96 2.00 1.94 0.98 2.13 0.97 1.73 3.71
Th 0.95 5.07 0.72 0.55 0.58 3.57 0.76 2.40 1.64 1.63
U 0.27 1.14 0.17 0.15 0.16 0.77 0.19 0.41 0.19 0.79
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Table 1 (continued)

Banfangqing

Sample BFQ-2 BFQ-3 BFQ-4 BFQ-5 BFQ-6 BFQ-7 BFQ-8 BFQ-9 BFQ-10 BFQ-11
Rock type HT HT HT HT HT LT HT LT HT HT
Height (m)

Ba/Th 788 108 276 285 369 273 212 284 55 180
La/Nb 0.87 1.13 1.50 1.62 1.67 0.66 1.39 0.93 1.79 1.40
Th/Ta 0.83 1.36 0.37 0.28 0.30 3.63 0.36 2.48 0.95 0.44

Note: Ocp = Olivine clinopyroxenite, Cpx = Clinopyroxenite; Gb = Gabbro; Mt–Gb = Magnetite gabbro; HT = High-Ti basalt; LT = Low-Ti basalt; LOI = Loss on ignition; Major
oxides are reported in weight percent (wt.%), and trace elements in parts per million (ppm).
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SKLODG. Mass fractionation corrections for Sr and Nd isotopic ratios
were based on values of 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219. The 143Nd/144Nd ratios of the USGS standard
rock BCR-2 determined during this study were 0.512
622 ± 0.000004(2r). Rb–Sr and Sm–Nd isotopic compositions are
listed in Table 2.

Platinum-group elements were analyzed by isotope dilution
(ID)-ICP-MS at the SKLODG, using an improved technique reported
by Qi et al. (2011). Ten grams of rock powder and appropriate
amounts of the enriched isotope spike solution containing 193Ir,
101Ru, 194Pt, and 105Pd were carefully weighed and placed in a
120 ml PTFE beaker to remove silicates. After the beaker was
sealed in a stainless steel pressure bomb, the dried residue was
then digested with HF + HNO3 at 190 �C for about 24 h. The eluted
Table 2
Sr–Nd isotopes of the rocks and basalts of the Hongge intrusion.

Sample Rock type Rb Sr (87Sr/86Sr)m (87Sr/86Sr)i

HG0 Ocp 2.04 160 0.706195 0.706059
HG6 Ocp 1.01 117 0.706056 0.705964
HG18 Cpx 0.806 40.2 0.706288 0.706074
HG19 Ocp 0.983 47.6 0.706343 0.706123
HG25 Gb 39.5 1260 0.706602 0.706268
HG28 Mt-Gb 0.419 55 0.705746 0.705665
HG31 Mt-Gb 0.459 36.1 0.705787 0.705651
BFQ-1 Basalt 5.64 520 0.705394 0.705278
BFQ-4 Basalt 27.2 606 0.708726 0.708247
BFQ-6 Basalt 74 673 0.708929 0.707756
BFQ-8 Basalt 41.2 650 0.709105 0.708429
BFQ-10 Basalt 33.4 603 / /
BFQ-11 Basalt 40.9 1080 0.706891 0.706487
BC-1 Basalt 76.6 887 0.706963 0.706042
BC-4 Basalt 44 810 0.707253 0.706673

Note: Ocp = Olivine clinopyroxenite, Cpx = Clinopyroxenite; Gb = Gabbro; Mt–Gb = Fe–Ti

Table 3
Whole rock platinum group element concentrations and the ratio of Pt ⁄ 106/Y, Pd/Pt, Cu/

Rock type STD Ir (ng/g) Ru (ng/g) Rh (ng/g) Pt (ng/

16.178 11.336 100.000 2.227

Ocp HG0 0.344 0.885 0.127 2.592
Ocp HG11 0.636 2.082 0.279 4.452
Cpx HG14 0.152 0.676 0.025 0.820
Cpx HG16 0.524 1.424 0.177 4.845
Mt-Cpx HG18 0.173 2.127 0.125 2.617
Mt-Cpx HG19 0.143 1.486 0.087 0.978
Cpx HG22 0.018 0.241 0.017 0.553
Gab HG24 0.077 0.173 0.057 1.166
Mt-Gb HG25 0.008 0.424 0.012 0.045
Ore HG31 0.024 0.375 0.032 0.372
LT BC-1 0.008 0.387 0.005 0.036
HT BFQ-1 0.100 0.361 0.084 1.196
HT BFQ-4 0.006 0.175 0.014 0.128
HT BFQ-6 0.006 0.131 0.019 0.050
HT BFQ-8 0.005 0.136 0.018 0.108
HT BFQ-10 0.008 0.137 0.018 0.161
HT BFQ-11 0.014 0.191 0.012 0.196

Note: Ocp = Olivine clinopyroxenite; Cpx = Clinopyroxenite; Gb = Gabbro; Mt–Gb = Fe–Ti
basalt; LT = Low-Ti basalt.
solution was evaporated to 2–3 ml and then transferred to a 15 ml
centrifuging tube for ICP-MS measurement after chemical prepara-
tion. The average compositions of the five total procedural reagent
blanks ranged from 0.008 ng (Ru) to 0.033 ng (Pd) and the detec-
tion limits ranged from 0.004 ng/g (Ir) to 0.014 ng/g (Pt). The con-
centrations of PGEs are given in Table 3.

5. Results

5.1. Major and trace element geochemistry

All of the analyzed samples are relatively fresh as observed
under the microscope and as indicated by their small loss-on-igni-
tion (LOI) values listed in Table 1, except for three gabbro samples
Sm Nd (143Nd/144Nd)m (143Nd/144Nd)i eNd(i)

4.31 16.4 0.512521 0.511991 �2.3
4.16 14.5 0.512539 0.511961 �1.9
0.74 3.27 0.512514 0.512058 �2.4
0.909 4.13 0.512500 0.512056 �2.7
2.78 9.07 0.512583 0.511965 �1.1
2.36 8.41 0.512605 0.512040 �0.6
1.2 3.65 0.512615 0.511953 �0.4
5.92 27.9 0.512585 0.512157 �1.0
7.61 34.1 0.512386 0.511936 �4.9
7.39 32.3 0.512383 0.511922 �5.0
8.47 38.9 0.512342 0.511903 �5.8
5.86 24.1 0.512307 / /
10.3 53.9 0.512442 0.512057 �3.8
4.93 26.9 0.512421 0.512052 �4.2
22.6 153 0.512434 0.512136 �4.0

oxide-bearing gabbro; HT = High-Ti basalt; LT = Low-Ti basalt.

Pd of the Hongge layered intrusion.

g) Pd (ng/g) RPGE Pt ⁄ 106/Y Pd/Pt Cu/Pd

2.588 132.329

0.687 4.635 2.04 � 105 0.265 5.08 � 104

1.997 9.445 4.88 � 105 0.449 9.76 � 104

0.591 2.265 5.99 � 104 0.721 4.16 � 105

3.076 10.047 3.21 � 105 0.635 8.39 � 104

2.026 7.068 1.24 � 106 0.774 3.21 � 104

0.945 3.639 3.64 � 105 0.966 7.19 � 104

0.462 1.290 9.12 � 104 0.835 2.53 � 105

1.236 2.708 4.32 � 104 1.060 4.89 � 104

0.140 0.630 3.98 � 103 3.144 1.41 � 105

0.383 1.186 9.99 � 104 1.030 3.67 � 105

0.075 0.511 1.60 � 103 2.058 9.01 � 105

0.598 2.340 6.26 � 104 0.500 8.72 � 104

0.321 0.643 4.87 � 103 2.511 9.92 � 104

0.278 0.484 1.97 � 103 5.519 1.17 � 105

0.478 0.744 3.68 � 103 4.442 6.55 � 104

0.453 0.776 7.12 � 103 2.815 4.20 � 104

0.537 0.951 6.52 � 103 2.745 8.19 � 104

oxide-bearing gabbro; Mt-Cpx = Fe–Ti oxide-bearing clinopyroxenite; HT = High-Ti
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(HG21, HG24, HG26) in the upper zone. As expected from their
range of modal mineralogy, the samples exhibit significant
compositional variations. For example, SiO2 contents range from
28.03 to 45.88 wt.% and Al2O3 contents from 3.10 to 11.59 wt.%
(Table 1). Na2O and K2O range from 0.08 to 1.23 wt.% and from
0.01 to 1.26 wt.%, respectively, whereas CaO shows a range
between 11.1 and 18.53 wt.%. For clinopyroxenite, there is a slight,
periodic increase in TiO2 and Fe2O3, ranging between 4.86 and
12.89 wt.% and 19.55 and 28.01 wt.%, respectively. However, the
major oxide compositions do not show systematic variation, there
exist a periodic slight increase in TiO2 and Fe2O3 (as total iron)
(Fig. 4). On the Harker diagrams (Fig. 4), the cumulate rocks show
broad negative correlations between MgO and SiO2, Al2O3, CaO and
Na2O + K2O. Additionally, the TiO2 and Fe2O3 contents of the
clinopyroxenite are relatively high than the olivine-bearing
clinopyroxenite (Fig. 4).

Whole-rock trace element data of mafic–ultramafic rocks and
basalts are listed in Table 1. Chondrite-normalized REE patterns
of all samples and Primitive mantle-normalized REE pattern of
Banfangqing and Baicao basalts from the Hongge area are enriched
in light REE (LREE) relative to heavy REE (HREE) with relative posi-
tive Eu anomalies and overall similar to ocean island basalts (OIB)
(Fig. 5). Additionally, as shown in the primitive mantle-normalized
trace element diagram, the olivine clinopyroxenite and
Fig. 4. Variations of Total FeO (a), Al2O3 (b), SiO2 (c), TiO2 (d), CaO (e), Na2O + K2O (f), P
Hongge intrusion, SW China.
clinopyroxenite samples have trace element patterns distinct from
the Longzhoushan high-Ti basalts (LHTB), whereas the
Banfangqing and Baicao basalts display similar pattern with
LHTB. All samples also show a moderate negative Sr, Y, Zr–Hf
anomaly and significant positive Ba, Nb–Ta anomaly
(Fig. 5a, c, and e). V and Zr concentrations of the cumulate rocks
range from 295 to 1160 ppm and 34 to 105 ppm, respectively.
The Hongge magnetite ores have Ni contents ranging from 113 to
1030 ppm with an average of 535 ppm, much higher than Cu con-
tents (20–221 ppm and 124 ppm on average, Table 1).

5.2. Platinum group elements (PGEs) and Cu, Cr

The concentrations and variation of PGEs and other chalcophile
elements of representative rocks from the Hongge intrusion are
listed in Table 3. Samples from the Hongge intrusion have higher
PGE concentrations than the adjacent Baicao and Banfangqing
flood basalts, even though the total PGE contents in all the studied
samples are quite low (range from 0.511 to 10.047 ppb, Table 3).
Cu concentrations vary between 20 and 258 ppm and are generally
correlated with the modal abundance of sulfides. Cr concentrations
vary between 42.5 and 3850 ppm which are resulted by the high Cr
contents (>2360 ppm) massive ores located in the middle zone.
One exception is a Fe–Ti oxide ore layer in the UGZ (sample
2O5 (g) with MgO and Total FeO with TiO2 (h) for different types of rocks from the



Fig. 5. (a), (c) and (f) Primitive-mantle normalized trace element diagrams of the Olivine-bearing clinopyroxenite, Fe–Ti oxide-bearing clinopyroxenite and Baicao as well as
Banfangqing basalts from the Hongge intrusion. (b), (d) and (g): Chondrite-normalized REE patterns of the Olivine-bearing clinopyroxenite, Fe–Ti oxide-bearing
clinopyroxenite and Baicao as well as Banfangqing basalts from the Hongge intrusion. Primitive-mantle normalizing values and average ocean-island basalt (OIB) pattern are
from Sun and McDonough (1989). Data for the Longzhoushan basalts are from Qi et al. (2008).
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HG-31), which has 82.3 ppm Cr. Cu/Pd ratios are variable for the
studied samples, whereas the Cu/Pd values of the intrusive rocks
are higher than that of the basalts (Fig. 11a).

The Hongge intrusive rocks and Banfangqing and Baicao basalts
have distinct trends between Ir, Pd, Pt, and Rh on compositional
correlation diagrams (Fig. 10). The Pd, Pt, and Rh contents of the
Hongge samples decrease rapidly with decreasing Ir
(Fig. 10a, b and c). Nearly all the PGE-depleted samples have
Pd/Pt ratios higher than that of the primitive mantle (Pd/Pt = 0.6,
Taylor and McLennan, 1985; Fig. 10d), except one sample (HG-0)
in the lower zone. Additionally, the Banfangqing and Baicao basalts
have lower Ir and Pt concentrations than the Hongge intrusive
rocks and the Pd/Pt ratios in Fig. 10d indicate that there is an
extensive decoupling between Pd and Pt.
5.3. Rb–Sr and Sm–Nd isotopes

The whole-rock Sr–Nd isotopic compositons of the rocks from
the Hongge intrusion and Banfangqing and Baicao basalts are listed
in Table 2. As shown in Fig. 8, the Hongge samples plot in the field
of oceanic island basalt (OIB) and have much narrower ranges of
eNd259Ma and (87Sr/86Sr)259Ma values than the high-Ti Emeishan
basalts. The calculated eNd(i) and initial 87Sr/86Sr values
(t = 259 Ma) of the Hongge intrusive rocks vary between �0.4
and �2.7, and between 0.7057 to 0.7063, respectively. Moreover,
the basalts in this area display variable values of eNd259Ma and
(87Sr/86Sr)259Ma, ranging from �1.0 to �5.8 and from 0.7053 to
0.7084, respectively. Samples from the Hongge intrusion are
plotted between the coeval Panzhihua mafic intrusion in the
Panxi area and the Emeishan low-Ti basalts (Fig. 8).
6. Discussion

6.1. Parental magma and fractional crystallization of the Hongge
intrusion

One of the key factors in the modeling of the crystallization pro-
cesses of an intrusion is the estimation of the composition of its
parental magma(s) (Wager and Brown, 1968). As the chilled mar-
gins, dikes and sills are absent in Hongge, we failed to obtain the
correct composition of parental liquid in traditional ways (Barnes
et al., 2010; Cawthorn, 2006; Harmer and Sharpe, 1985).
However, Bai et al. (2012a) using the MELTS program (Ghiorso
and Sack, 1995) to simulate the fractional crystallization processes
and shows that the Hongge parental magma probably contains
9.4 wt.% MgO and 14.5 wt.% FeOt. As the strong positive correlation
between FeO and TiO2 in Fig. 4h, the parental magma might also be
riched in Ti. This can be further confirmed by the recent study (Bai
et al., 2014) which indicated that the parental magma for Hongge
Fe–Ti oxide deposit contains high Ti content (>3.5 wt.%). The mag-
mas derived from primary mantle commonly have crystallized one
or two mineral, more phases will appear with increasing degree of
differentiation (Irvine, 1970). The cumulus assemblage of the
Hongge intrusion contains at least four minerals (olivine + clinopy-
roxene + plagioclase + titanomagnetite), implying that the parental
magma giving rise into the shallow magma chamber had already
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undergone a certain degree of differentiation prior to emplace-
ment. The cumulus assemblage above combined with the LREE
riched compared to HREE (Fig. 5 b and d) imply the parental
magma of Hongge was highly evolved.

The ore-forming processes of the Panzhihua and Baima intru-
sions in the Panxi area commonly related to the Fe and Ti riched
magma replenishment from the deep magma chamber (Pang
et al., 2009; Liu et al., 2014a). The two sharp geochemical breaks
with respect to Fe–Ti oxide proportion (Mt/Ilm) and trace element
ratios such as Ba/Th at the middle of the MCZ (Fig. 3f and i) indicat-
ing that the intrusion was recharged at least twice by more Fe and
Ti-riched magma. This was further confirmed by the Harker dia-
grams (Fig. 4a and d) that the FeO and TiO2 content of MCZ are
higher than the LOZ. The relatively constant Fo values of olivine
(Fig. 3c) and incompatible element (e.g., Zr and Y) from LOZ to
Fig. 6. Modeling results (a, b and c) of MELTS using a starting composition of melt
inclusion (M8 62) of the high-Ti picrite (Kamenetsky et al., 2012), and assuming a
pressure of 5000 bars, starting temperature of 1500 �C, ending temperature of
1100 �C, H2O = 0.5 wt.%, FMQ. PM (Hongge parental magma) are after Bai et al.
(2014). BC-1 and BFQ-2 are low-Ti and high-Ti basalts in Table 1.
UGZ (Fig. 3g and h) provide evidence that the Hongge magma
chamber was continuously replenished by compositionally similar
magmas. Trends of increasing SiO2, CaO, FeO, TiO2, Al2O3,
K2O + Na2O with decreasing MgO on the Harker diagrams
(Fig. 4a–f) indicates that olivine, Fe–Ti oxides, clinopyroxene and
plagioclase have fractionated during the solidification of magma.
In addition, the TiO2 and FeOt contents of clinopyroxenite in the
MCZ are obviously higher than the olivine-bearing clinopyroxenite
in the LOZ (Fig. 4a and d) combined with positive Ti anomalies of
the clinopyroxenite and the olivine-bearing clinopyroxenite com-
pared with Longzhoushan high-Ti basalts (Fig. 5a and c), which
indicates that the magma replenishment provides a certain
amount of Fe and Ti for Fe–Ti oxides saturation. The sharply
decrease in TiO2 and FeOt contents of gabbro (Fig. 3a and b) proba-
bly caused by abundant crystallization of magnetite and ilmenite.
Based on the discussion above, we can speculate that the Fe and
Ti riched parental magma for Hongge was highly evolved and
magma replenishment occured in the shallow magma chamber.

Traditionally, incompatible element ratios are little influenced
by the fractionation of most silicate phases, such as olivine and
pyroxene. However, titanomagnetite and ilmenite are the domi-
nant phases of accumulation in the Hongge intrusion, so we must
check the influence of the fractionation of Fe–Ti oxides on the
abundances and ratios of incompatible elements before we use
them as a tracer. Although all rocks from the Hongge intrusion
have primitive mantle-normalized incompatible element patterns
similar to OIB, the difference can be observed that they exhibit
both positive Ti anomalies and considerably variable Th, Ta and
La (Fig. 5a, c and e), implying that a significant accumulation of
Fe–Ti oxides in the Hongge intrusion has influenced some ratios of
incompatible elements. In addition, the crudely decreasing Th/Ta
and La/Nb with increasing TiO2 (Fig. 7c and d) could be ascribed
to accumulation of Fe–Ti oxide. Therefore, the crystallization of
Fe–Ti oxide can influence the trace elements, especially the ratios
of Zr, Nb, Hf or Ta to other HFSEs, although fractionation of clinopy-
roxene and minor phases can also control inter-element ratios.
Moreover, the experiments of liquid crystallization by Thy et al.
(2006) indicate that the P2O5/K2O values increased by a factor of
1.3–1.5. In contrast, liquid immiscibility has a dramatic effect on
the P2O5/K2O ratio which in conjugate immiscible liquids may dif-
fer by one or two orders of magnitude (Watson, 1976; Dixon and
Rutherford, 1979; Philpotts, 1982). Although Lindsley (2003)
argued that immiscible Fe-liquid cannot be obtained by experi-
ments, but the field evidence strong support the Fe–Ti oxide depos-
its of Chile appear to generate from Fe-rich immiscible liquid. In
view that direct experimental demonstration of immiscibility is
difficult and uncertain, we should also look for indirect and
consequential evidence like, for example the variations of P2O5/
K2O ratio. However, for the Hongge intrusion, the P2O5/K2O show
constant variation that 0.53–4.36, 0.61–3.75 and 0.69–3.58 for
the LOZ, MCZ and UGZ respectively (Fig. 3), excluding the abnormal
samples (HG16, 22 and 26, in Table 1). Consequently, we argue that
the constant P2O5/K2O valus as shown in the stratigraphic column
combined with the compatible behavior of HFSE indicates that
massive ores in the Hongge intrusion were formed by crystalliza-
tion and accumulation and does not favor the ore-formation
mechanism of immiscible Fe-liquids (e.g. Zhou et al., 2005).

6.2. Genetic relation between the Hongge intrusion and the flood
basalts

As a major part of the ELIP, flood basalts are coeval and spatially
associated with numerous mafic–ultramafic intrusions (Zhong and
Zhu, 2006; Zhou et al., 2002, 2008). Zhou et al. (2008) suggested
that the Fe–Ti–V oxide deposits are genetically related to high-Ti
basaltic magmas whereas the Cu–Ni–(PGE) sulfide-bearing



Fig. 7. Diagrams of TiO2 vs. Nb, Zr, Th/Ta and La/Nb for the Hongge and Xinjie intrusions.
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mafic–ultramafic intrusions were formed from low-Ti basaltic
magmas. However, some researchers argued that the different
types of mafic–ultramafic intrusions in the ELIP cannot simply be
attributed to be genetically related special types of basalts, either
high-Ti or low-Ti basalts (Hou et al., 2011; Zhang et al., 2009a;
Hao et al., 2004). Here, the Banfangqing and Baicao basaltic lavas
contain both low-Ti and high-Ti basalts near the Hongge Fe–Ti–V
oxide deposits which offer an opportunity for us to explore the
genetic relation between them.

Melt inclusion (M8 62, Kamenetsky et al., 2012) which contain
12.29 wt.% FeOt, 2.25 wt.% TiO2, 19.68 wt.% MgO and 46.38 wt.%
SiO2 in olivine phenocrysts (Fo = 91.71) have been chosen to repre-
sent the primary magma composition for the MELTS modeling for
the Baima and Hongge intrusions, respectively (Zhang et al., 2012;
Luan et al., 2013). We also assumed the primary magma of the
Hongge intrusion had a composition similar to the melt inclusion
(M8 62) and employed the MELTS package (Ghiorso and Sack,
1995) to simulate the concealed crystallization path of the
Hongge intrusion. We use a relatively low oxygen fugacity
(fO2 = FMQ), a starting temperature of 1300 �C, an ending tempera-
ture of 1100 �C, H2O = 0.5 wt.% and pressure of 5000 bars
(�15 km). The results of the MELTS modeling is shown in Fig. 6,
at �1260 �C and 1155 �C, the compositions of residual liquid are
similar to our actual high-Ti (BFQ-2) and low-Ti (BC-1) basltic sam-
ples listed in this paper (Table 1) and can be produced from high-Ti
and high-Mg picritic primary magma (M8 62). Hence, the
Banfangqing high-Ti (BFQ-2) and Baicao low-Ti (BC-1) basalts seem
to be derived from a common parental magma whereas different
mantle sources. Besides, Bai et al. (2014) using the experimentally
determined partition coefficient of 0.45 for TiO2 between clinopy-
roxene and basaltic magma from Hauri et al. (1994) and the Fe–Mg
exchange coefficient of 0.27 between clinopyroxene and melt from
Bédard (2010) to figure out the concentrations of TiO2 and the
MgO/FeO ratios for the parental magma of the Hongge intrusion
is estimated to be 3.9–4.9 and 0.63, respectively. However,
MELTS calculations (Fig. 6b and c) indicates that when the tem-
perature decreased to 1235 �C, the TiO2 content and the MgO/
FeO ratios of the residual liquid respectively increased to 4.58
and decreased to 0.62. Thus, the parental magma of the Hongge
intrusion, the Banfangqing high-Ti(BFQ-2) and Baicao low-Ti(BC-
1) basalts are the products of magma evolution from the same pri-
mamy magma and the evolving order can be observed in Fig. 6.

Zhong et al. (2005) provided comprehensive studies of the
Hongge layered intrusion and suggested that it is con-
temporaneous and chemically correlated with Emeishan high-Ti
basalts in the Pan–Xi area, southwestern China. However, more
geochemical characteristics were discussed below to enhance our
inferences above. First, the negative Sr anomalies and positive U,
Th, Zr, and Hf anomalies in the Hongge rocks (Fig. 5) can be
explained by upper crustal contamination because upper crustal
rocks is typically enriched in these elements and depleted in Sr
(Taylor and McLennan, 1985). Besides, as eNd(t) values are seldom
affected by postmagmatic alteration, they are a useful tool to trace
the magma sources in traditional. The samples of the Hongge plot
near the Yangtze lower and middle crust (Fig. 8), it suggests that
the crustal contamination probably occurred during the primitive
magma transportation en rounting from the deep crust to the shal-
low magma chamber of the Hongge intrusion. Therefore, we can
speculate that the variable eNd(t) values of the samples (Table 2)
in the Hongge intrusion and lavas could be attributed to variable
extent of crustal contamination. In addition, the whole rock Sr–
Nd isotopic data of Hongge intrusive rocks, Banfangqing and
Baicao basaltic rocks plotted in the region of Emeishan low-Ti
basalts (Fig. 8) combined with they chemically resemble OIB
(Fig. 5) indicate they are co-magmatic rather than derivation from
a distinct source. In other words, the Hongge Fe–Ti–V oxide deposit
is not genetically related to high-Ti or low-Ti basalts. Furthermore,
the significant low MgO content (<9 wt.%) for all the high-Ti and
low-Ti basalts in this paper (Table 1), indicating that they are the
erupted residual melts that experienced variable degree of



Fig. 8. Binary plots of eNd259Ma vs.(87Sr/86Sr)259Ma for the rocks from the Hongge
intrusion. The calculated parameters of Nd (ppm), eNd(t), Sr (ppm) and (87Sr/86Sr)i

are 19, +2, 140 and 0.704, which are the average values from picrites in Lijiang as
parental magmas (Zhang et al., 2006); 20, �10, 220, 0.715 and 20, �22, 220, 0.715,
as well as 21, �33, 517, 0.712 as the average components of the Yangtze upper,
middle and lower crusts respectively (Ma et al., 2000; Wang et al., 2007). The
numbers indicate the percentages of participation of the crustal materials in theory,
but not the actual percentages of crustal contamination, and these numbers are
used for the aim of comparison. DM (depleted mantle) and mantle array are after
Zindler and Hart (1986). Panzhihua data are after Zhou et al. (2008), Zhang et al.
(2009b) and Song et al. (2013). Emeishan high-Ti and low-Ti basalts date are from
Xu et al. (2001), Xiao et al. (2003, 2004a, 2004b), Zhou et al. (2006) and Song et al.
(2008).
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evolution. Conclusively, we speculate the Banfangqing and Baicao
basalts, regardless of what the type, show no obvious genetic links
to the Hongge ore-bearing intrusion of the ELIP and they are co-
magmatic liquid with the parental magma of the Hongge intrusion.
6.3. Depletion of PGEs and sulfide segregation from S-undersaturated
magma

Extremely low PGE contents (<0.1–3 ppm) in the bulk sulfides
of the Hongge intrusion have been known for some times (Zhong
et al., 2002). Bai et al. (2012b) argued that PGE depletion in the
Hongge intrusion was probably due to sulfide saturation and
segregation in deep level. However, the actually mechanism for
the depletion of PGEs remain controversial. We make attempt to
explore the nature of the primitive magma and decipher the mean-
ing of PGE depletion for better understanding the magma evolution
of the Hongge intrusion.

Fractionation of chromites and segregated sulfide would cause
PGE depletion of basaltic magma, which may occur in both
S-undersaturated or S-saturated conditions (Song et al., 2009).
The discrimination between PGE depletion for S-saturated vs.
S-undersaturated magmas can be constrained by using various
trace elements and PGEs. Pd has a higher sulfide melt/silicate melt
partition coefficient than Pt (Fleet and Stone, 1991; Peach et al.,
1994; Vogel and Keays, 1997), the Pd/Pt ratio increase significantly
from the typical mantle ratio of 0.6 (Taylor and McLennan, 1985)
with the fractionation of mafic minerals implying that the magma
has not been acheived S-saturation. In addition, the significant Ni
and Cr depletion with the olivine and chromite fractionation also
confirm the system is sulfide free.

The positive correlations of Cr and Ni with MgO and Cr with Ni
(Fig. 9a–c) of the Hongge intrusive rocks, indicate that a large pro-
portion of olivine and chromite fractionated from the primitive
picritic magma at depth. The commonly high Pd/Pt ratio of the
Banfangqing and Baicao basalts may suggest the PGE depletion
occurring under S-undersaturated basaltic magma. Besides, Wang
et al. (2008) and Zhou et al. (2008) suggested that the parental
magma of mafic–ultramafic intrusions in Panxi area have genetic
link with the Emeishan high-Ti basalt in composition, so the paren-
tal magma for the Hongge intrusion are probably S-undersatu-
rated. The absence of any correlation between Ni and Cu (Fig. 9d)
also support the depiction above. However, PGE are more compati-
ble in sulfide liquid relative to Cu and Ni under the S-saturation
condition, the former has extremely high partition coefficients
between sulfide and silicate melt compare to the latter (Peach
et al., 1990, 1994), which would lead a high Cu/Pd value in the
residual magma (Barnes and Picard, 1993). The Cu/Pd values of
the Hongge rocks range from 4.16 � 105 to 3.21 � 104 are lower
than the sulfide-mineralized samples from the Limahe intrusion,
which is considered to be related to second-stage sulfide segrega-
tion (Tao et al., 2008). In addition, the Cu/Pd values of Hongge
intrusive rocks and basalts are commonly higher than those of
the PGE undepleted Emeishan high-Ti basalts (Zhong and Zhu,
2006; Qi and Zhou, 2008; Song et al., 2009, Fig. 11a) and also are
obviously higher than the Jinbaoshan Pt–Pd deposit in the central
ELIP, which are considered to be formed from sulfide segregation
(Tao et al., 2007, Fig. 11a). Maier and Barnes (1999) considered that
the high Cu/Pd ratio of the residual melt is a feature of sulfide
segregation, so we consider that the Hongge intrusion must have
experienced sulfide segregation at depth, according to the strong
depletion of PGEs and high Cu/Pd ratios. In addition, the correlation
of Ir, Pd and Pt with Rh and the decoupling of Pd and Pt illustrated
in Fig. 9, the sharp decrease in Pt � 106/Y ratios (Fig. 11b) indicate
that the variations in PGE concentrations and low Pd/Pt ratios of
the Hongge intrusive rocks were resulted from sulfide separation
(Fig. 10). Lightfoot and Keays (2005) indicated that S-saturation
and PGE-depletion has genetic link with extensive crustal contam-
ination in the Siberian trap basalts and the reason is probably that
crustal contamination can provide a source of S (Song et al., 2009).
As the primitive magma of the Hongge intrusion experienced
crustal contamination, it maybe the reason to drive the magma
to S-saturation by the assimilation of the external S.

6.4. Implications for the formation of Fe–Ti–V ore of Hongge intrusion

Several layered mafic–ultramafic intrusions of the ELIP host
large Fe–Ti–V oxide deposits reserve about ten billion tons of iron
and titanium oxide ores in the Panxi region, SW China and have
been a focus of recent studies about magmatic evolution and its
metallogenesis (Pang et al., 2010; Song et al., 2013; Wang and
Zhou, 2013; Zhang et al., 2009b; Zhong and Zhu, 2006; Zhong
et al., 2003, 2004, 2005; Zhou et al., 2005, 2008, 2013). Two main
ore-forming mechanisms have been proposed for the Panzhihua
intrusion which is a typical layered mafic intrusion and attracts
majority of previous studies in the Panxi area: (a) early crystalliza-
tion of Fe–Ti oxides from a Fe and Ti riched parent magma and oxi-
des accumulation through crystal settling at the base of the
intrusion (Pang et al., 2008a, 2008b; Shellnutt and Pang, 2012),
and (b) density Fe-rich immiscible liquid from a ferrogabbroic par-
ent magma (Liu et al., 2014a). Nevertheless, the precise mecha-
nisms by which millions of tonnes of Fe, Cr, Ti and V become
concentration in this area remain poorly known.

Howarth et al. (2013a) demonstrated the massive Fe–Ti oxide
ore layers of the Panzhihua intrusion were contributed to multiple



Fig. 9. Whole-rock geochemical variation diagrams for the Olivine-bearing Clinopyroxenite, Clinopyroxenite, Gabbro and Fe–Ti oxides of the Hongge intrusion. (a) Ni vs. MgO
showing good correlation with picrites evolution. (b) Cr vs. MgO showing correlation of Cr with MgO. (c) Cr vs. Ni showing correlation. (d) Cu vs. Ni showing no correlation.
Picrite field in a and b is after Li et al. (2012).

Fig. 10. Correlations between PGE. As Ir decreases, Pd, whole Pt and Rh of the intrusive rock and basalts decreases (a, b and c). Decoupling of Pt and Pd of the intrusive rocks
and basalts of Hongge intrusion is displayed by the diagram of Pt vs. Pd (d).
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Fig. 11. Plots of Cu/Pd vs. Pd (a) and Pt ⁄ 106/Y vs. Pd/Pt (b), showing that intrusive rocks and basalts of the Hongge intrusion resulted from segregation of sulfides. Range of
Cu/Pd ratio of the primitive mantle are from Taylor and McLennan (1985) and Maier and Barnes (1999). HTB = High-Ti Basalt.
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replenishments of Fe and Ti riched magma with variable H2O con-
tents in an open magma chamber. However, Luan et al. (2013)
argued that the external H2O intruded into the parental magma
of the Hongge intrusion during the assimilation of the footwall
meta-sandstone resulted in early crystallization of Fe–Ti oxides.
It is possible that there is genetic link relationship between the
intruding H2O and extensive crystallization of Fe–Ti oxides, which
probably was the key factor for us to better understand the mag-
matic evolution and metallogenesis of the Hongge intrusion.

The study of Sobolev and Chaussidon (1996) indicate that H2O
content of mantle derived magmas is usually less than 0.51 wt.%.
In addition, as the roof rocks of the Hongge intrusion are basalts
and syenites which are unlikely to contain significant H2O and
the carbonates are absent in the Hongge area (Fig. 1), so we pre-
sumed the parental magma arrived at the Hongge intrusion are
anhydrous magma. Howarth and Prevec (2013) demonstrated that
magmas with low H2O generally followed the typical Fenner
Fig. 12. A petrogenetic model showing the form
Fe-enrichment, therefore we presumed that the anhydrous paren-
tal magma came into the Hongge shallow magma chamber which
followed the Fenner trend and began to crystallise olivine, clinopy-
roxene and minor Fe–Ti oxides to form the Fe–Ti oxide free cumu-
late rocks at the base of the intrusion, and the magma was
gradually riched in Fe which are preparing for the onset of Ti-mag-
netita crystallization on the top of the LOZ and the bottom of the
MCZ. The increased anorthite contents in plagioclase could be
resulted by external H2O joined in the basaltic magma (Sisson
and Grove, 1993; Koepke et al., 2005). However, the chemical data
of the plagioclase for the Hongge intrusion (Bai, 2012) shown that
the average An of plagioclase increased from 62.68 (MCZ) to 74.63
(UGZ). Besides, the samples of Luan et al. (2013) colleted from the
drill cores from the south part of the Hongge intrusion indicated
that the UGZ is characterized by abundance of apatite gabbro,
which contains 3–5% hornblende (locally up to 10%). In addition,
the mineral proportion of hornblende in the MCZ about 3–12%
ation of the Hongge intrusion, SW China.
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was calculated through the reflectd light microscope images
(Fig. 2c and d), imply that the hornblende is the essential mineral
in the Hongge MCZ and accumulation of Fe–Ti oxides was effected
by the intruded water more or less. Moreover, the reaction rim of
olivine in the massive ore (Fig. 2e) also indicate that the system
was hydrous during extensive crystallization of Fe–Ti oxides.
Recent experimental work of Gaillard et al. (2001) indicated that
dissolved water has a specific positive effect on the Fe3+/Fe2+ ratio
of the silicic magma when fO2 < FMQ + 1.7. Our unpublished calcu-
lated results of oxygen fugacities for the LOZ (FMQ-1.29 to FMQ-
0.2) and MCZ (FMQ-0.49 to FMQ + 0.82)combined with the
increased Fe3+/Fe2+ ratio (Fig. 3e) in the MCZ of the Hongge intru-
sion inspired us to speculate that there is external H2O intruded
into the shallow chamber during formation of the MCZ.
Therefore, we presume that the multiple replenishment magma
injection into the Hongge intrusion combined with the residual liq-
uid heating of strata around the magma chamber and absorbing
the H2O within it, which formed a water circulation system to sup-
ply the H2O for extensive crystallization and acumulation of Fe–Ti
oxides. It may be reasonable to suggest that silicate minerals
would crystallized from low-H2O magma in the early stage to form
the lower zone of the intrusion, whereas plenty of Fe–Ti oxide crys-
tallization appeared in the later stage due to heating of strata
which changes the magma system into H2O-rich (Fig. 12).

In summary, the primitive magma originate from the S-under-
saturated magma system initially, then crustal contamination
event occured during the parent magma transport from the crust
source to the current shallow magma chamber provide crustal S
to change the S-undersaturated magma into S-saturated.
Subsequently, sulfide segregation promote the parent magma for
Hongge strong PGEs depletion occured in the deep magma cham-
ber (Fig. 12). The anhydrous or containing little water parental
magma evolving at depth intrude into the shallow magma cham-
ber of the Hongge intrusion which followed by normal fractional
crystallization path to crystallize olivine, clinopyroxene, minor
magnetite and ilmenite under the relatively ‘‘closed’’ system to
form the lower zone of the Hongge intrusion. Crystallization of
these minerals lead to the residual magma gradually enriching in
FeOt and TiO2, the injected magma and the initial hydrous magma
together heating the strata to produce H2O and the replenishment
of the new Fe and Ti-riched magma, the three factors above may
account for extensive crystallization and acumulation of Fe–Ti oxi-
des to form the thick ore layers in the middle zone of the Hongge
intrusion.
7. Conclusions

The magma evolving processes of the Hongge intrusion includes
three stages. In the first stage, S-undersaturated and PGE-unde-
pleted magma which undergo a certain degree of crustal contam-
ination to make the magma system S-saturation, and then
crystallized olivine, chromite and sulfide in the deep magma cham-
ber. The residual PGE-depleted and Fe, Ti-riched arrived at the
shallow magma chamber to crystallize olivine, clinopyroxene,
minor magnetite and ilmenite consist of the lower part of the
Hongge intrusion. The massive Fe–Ti oxide layers in the middle
zone of the Hongge intrusion are closely related to the event that
new replenishment magma mixing with the former residual Fe,
Ti-riched liquid which heating the strata to attract H2O.
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