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A B S T R A C T   

The Panzhihua intrusion hosts a large Fe–Ti oxide deposit in the Permian Emeishan large igneous province 
(ELIP), SW China. The mechanism of such massive Fe–Ti oxide accumulation in the layered intrusion is still a 
matter of debate. In this study, we suggest that the ore formation occurred via density-driven liquid segregation 
of immiscible Fe-rich liquid, instead of simple mineral sorting of Fe–Ti oxides. Interstitial oxides and kinked 
plagioclase crystals reveal that the Fe–Ti oxides were crystallized in-situ after their surrounding silicate minerals. 
Dissolution texture of primocryst plagioclase is ubiquitous in the ores, indicating that the primocryst plagioclase 
grains were in disequilibrium with the surrounding melt. Fe–Ti oxide-rich globules (~38 wt% FeO) are present in 
the ore-barren gabbro, and likely represent solidified pockets of the immiscible Fe-rich liquid. Olivine in the 
Fe–Ti oxide ores occurs as primocrysts (avg. Fo = 68.5) that crystalized before the interstitial Fe–Ti oxides, or as 
growth rims (avg. Fo = 77.5) that crystalized after interstitial Fe–Ti oxides. The primocryst olivine was likely in 
equilibrium with the Panzhihua parental magma, and its composition matches well with that of the basalt (Fe2O3

T 

= ~16 wt%) exposed near the intrusion. The olivine rim was likely in equilibrium with the residual melt pro-
duced from ~33% crystallization of the Fe–Ti oxide-rich globule. This study confirms that the ore layers are 
formed by the sinking of dense immiscible Fe-rich liquid to squeeze out the original silicate melt in the crystal 
mush, forming the (semi-)massive Fe–Ti oxide layered ores.   

1. Introduction 

Liquid immiscibility in basaltic magmas is a contentious issue 
(Philpotts, 1982, Philpotts and Doyle, 1983; Veksler, 2009; Veksler 
et al., 2007; Charlier et al., 2013; Lindsley and Epler, 2017), and in-
cludes a number of long-standing petrological disputes, notably the 
basaltic magma evolution trend, such as Daly gap (Charlier et al., 2011), 
and the formation of various layered intrusions (e.g., Skaergaard, Sept 
Iles, Duluth, Bushveld), which hold the key to the origin of Fe–Ti oxide 
deposits (Namur et al., 2012). 

Many studies have identified immiscibility between Fe-rich and Si- 
rich liquids in the evolved ferrogabbros from many layered intrusions, 
such as Skaergaard (Holness et al., 2011; Humphreys 2011; Jakobsen 
et al., 2005, 2011), Sept Iles (Charlier et al., 2011), Duluth (Ripley et al., 
1998) and Bushveld (Vantongeren and Mathez 2012; Fischer et al., 
2016). Based on late-stage microstructures, Holness et al. (2011) 

suggested that liquid immiscibility could occur in the crystal-mush to 
generate late-stage granophyres at Skaergaard. Philpotts (2008) and 
McBirney (2008) suggested that the two-liquid field does not extend 
stably above 1040 ◦C in fractionated basaltic magmas, and thus liquid 
immiscibility can only generate late-stage granophyres from fraction-
ated tholeiitic magmas. In contrast, Kamenetsky et al. (2013) suggested 
that large-scale, continuous magma immiscibility can occur after the 
cooling of magma chambers, as supported by the coexisting silica-rich/- 
poor melt droplets from the Siberian trap. 

Experimental studies by Charlier and Grove (2012) show that 
immiscibility could occur below 1040 ◦C, and can therefore play a 
fractionation role of basaltic magma only during the late magmatic 
stages. This implies that immiscibility cannot generate Fe–Ti oxide 
mineralization. However, experimental studies by Veksler et al. (2007) 
and Hou and Veksler (2015) demonstrated that immiscibility can occur 
in fractionating basaltic magma at above 1100 ◦C (i.e., at much earlier 
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magmatic stages), and can thus form Fe–Ti oxide mineralization. 
As a world-renowned magmatic Fe–Ti oxide deposit, the Panzhihua 

intrusion had received much research attention (Zhou et al., 2005, 2013; 
Pang et al., 2008, 2013; Howarth et al., 2013; Song et al., 2013), but the 
mechanism to accumulate large amounts of Fe–Ti oxides in the layered 
intrusions is still under debate. Major metallogenic models fall into two 
categories: liquid immiscibility or Fe–Ti oxides crystallization from the 
parental basaltic magma. Based on the ore textural and petrologic study, 
Zhou et al. (2013) and Wang and Zhou (2013) proposed a model 
involving segregation of Fe–Ti-rich liquids from the gabbroic magmas, 
but Pang et al. (2008) and Song et al. (2013) argued that the oxide ores 
were formed by settling and density-sorting of early-crystallized Fe–Ti 
oxides minerals. Here, we report new evidence of liquid immiscibility 
from the ore textures and rock-forming mineral features, which support 
a liquid-immiscibility model for Panzhihua. 

2. Geological background 

In the western Yangtze block, the Permian Emeishan large igneous 
province (ELIP) magmatism has led to extensive emplacement of flood 
basalts and mafic–ultramafic intrusions (Fig. 1). The ELIP basalts cover 
an area of about 3 × 105 km2, with thickness ranging from several 
hundred meters up to 5 km. The ELIP magmatism has been interpreted 
to be mantle plume-related (Xu et al., 2001, 2004; Zhou et al., 2002). 
The volcanic succession is underlain by limestone of the Middle Permian 
Maokou Formation (Fm.), and overlain by shale and volcaniclastic rocks 
of the Upper Permian Xuanwei Fm. The ELIP mafic–ultramafic 

intrusions are mainly exposed in the western Yangtze block, along a belt 
that extends from Panzhihua-Xichang to the Ailaoshan-Red River fault 
(Fig. 1). Zircon U-Pb dating of these intrusions yielded ages of ca. 260 
Ma (Zhou et al., 2002, 2008; Tao et al., 2009; Zhong and Zhu, 2006; 
Zhong et al., 2011; Liu et al., 2020). 

Two types of ore deposits are associated with the ELIP 
mafic–ultramafic intrusions: Ni–Cu–PGE sulfide deposits in small and 
more-primitive intrusions (Song et al., 2003, 2008; Zhou et al., 2008; 
Wang et al., 2018a; Li et al., 2019), and Fe–Ti–V oxide deposits in larger 
and more-evolved intrusions (Zhou et al., 2005, 2013; Wang et al., 2008; 
Wang and Zhou, 2013; Pang et al., 2008, 2013; Zhang et al., 2009; Hou 
et al., 2012; Song et al., 2013; Liao et al., 2015, 2016; Yu et al., 2015; 
Chen et al., 2017; Bai et al., 2019). 

Occurrence of magmatic Fe–Ti oxide deposits (e.g., Panzhihua, 
Hongge, Baima, Taihe, and Xinjie) in the ELIP layered intrusions is 
controlled by major N–S trending faults (Fig. 1). The ore-bearing in-
trusions are spatially associated with contemporaneous flood basalts 
and granitoids. The four largest Fe–Ti oxide deposits (i.e., Panzhihua, 
Hongge, Baima, and Taihe) host a total ore reserve of ~7.209 billion 
tonnes (Gt) total Fe, ~559 million tonnes (Mt) TiO2, and ~17.4 Mt V 
(Ma et al., 2003). 

3. Panzhihua intrusion and Fe–Ti oxide deposit 

The Panzhihua layered gabbroic intrusion (19 km long, 2 km thick) is 
emplaced into limestone, gneiss, and schist wallrocks (Fig. 2). The 
layered intrusion contains several fault-bounded ore segments 

Fig. 1. Distribution of Permian flood basalts and coeval mafic–ultramafic intrusions in the Emeishan large igneous province (modified after Tao et al., 2015 and 
references therein). 
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(Zhujiabaobao, Lanjiahuoshan, Jianbaobao, Daomakan, Gongshan, 
Nongnongping, and Nalaqing) along strike, and is composed of four 
lithological zones: Marginal Zone (MGZ), Lower Zone (LZ), Middle Zone 
(MZ) and Upper Zone (UZ) (Zhou et al., 2005; Pang et al., 2008). The 
MGZ (<40 m thick) is dominated by equigranular fine-grained gabbros 
with minor hornblende gabbros. The LZ (main ore-host, up to 110 m 
thick) consists mainly of gabbros, Fe–Ti-oxide gabbros and Fe–Ti-oxide 
ores. The Fe–Ti-oxide ores consist of (semi-)massive Fe–Ti oxides 
interstitial among olivine, clinopyroxene, and plagioclase. The MZ (up 
to 800 m thick) comprises leucogabbros and Fe–Ti-oxide gabbros. The 
UZ (500–1500 m thick) is mainly composed of layered gabbros and 
leucogabbros, with minor olivine clinopyroxenite and anorthosite 
(Fig. 2). The thickness of each zone varies significantly along strike 
(Fig. 2). The MGZ is present only in the NE segments (Zhujiabaobao, 
Lanjiahuoshan, and Jianbaobao) (Tang et al., 2017). 

4. Petrography and Fe–Ti oxide ore textures 

4.1. Petrography 

The ore petrography was described by many studies (e.g., Zhou et al., 
2005, 2013; Pang et al., 2008, 2013; Wang and Zhou, 2013). The ores 
contain varying amounts of Fe–Ti oxides, and can be classified into 
massive (Fe–Ti oxides > 60%), net-textured (Fe–Ti oxides = 20 to 60%), 
and disseminated (Fe–Ti oxides < 20%) (c.f. Wang and Zhou, 2013). In 
this study, net-textured ores and disseminated ores are also termed as 
Fe–Ti-oxide gabbros (Fig. 3). 

Massive ores typically contain varying amounts of sparsely-isolated 
clinopyroxene, plagioclase, and olivine grains (Fig. 3a). Plagioclase 
grains show distinct dissolution features, whilst olivine growth rims 
were observed around clinopyroxene/plagioclase primocrysts, in con-
tact with the interstitial Fe–Ti oxides. Clinopyroxene grains are typically 
Fe–Ti-rich, and contain two sets of titanomagnetite (minor ilmenite) 

exsolution lamellae along the crystal cleavages. As discribled by Zhou 
et al. (2005), the massive layered orebodies have sharp contact with the 
footwall. In some cases, the massive ores are transitional downward to 
disseminated ores, and then eventually to unmineralized gabbros. 

Net-textured and disseminated ores are generally coarse-grained and 
consist of <20–60% Fe–Ti oxides, 20–30% clinopyroxene, 30–40% 
plagioclase, and minor (<5%) olivine (Fig. 3b and c). The net-textured 
ores are transitional to disseminated ores with decreasing concentra-
tion of interstitial Fe–Ti oxides. Olivine rims are observed around the 
clinopyroxene/plagioclase primocrysts, and isolate these primocrysts 
from the interstitial Fe–Ti oxides. Many plagioclase grains in the ores are 
found to be bended. It is widely seen that silicate minerals in the ores, 
especially plagioclase have resorption textures. Plagioclase primocrysts 
are dissolved to form embayment, which is in-filled with Fe–Ti oxides. 
Clinopyroxene contains ilmenite exsolution lamellae along the prismatic 
cleavage. 

Unmineralized gabbro in the Lower and Middle zone are melagab-
bro, as described by Zhou et al. (2005). The gabbros are dark, and fine- 
grained (0.2–0.5 mm) equigranular (Fig. 3d). The rocks are composed 
generally of ~50 vol% clinopyroxene, ~40 vol% plagioclase, and minor 
(<5 vol%) magnetite and hornblende with/without olivine. Minor 
olivine grains occur locally as phenocrysts, whilst the interstitial 
magnetite is generally anhedral. 

4.2. Fe–Ti oxides and silicates in the ores 

4.2.1. Interstitial oxide and bent plagioclase 
As shown in Figs. 4–6, Fe–Ti oxides are interstitial among silicate 

minerals in the Fe–Ti oxide ores of the Lower Zone, or as in-fill inside the 
eroded embayment of primocryst plagioclase. All these textural features 
demonstrate an intercumulus origin for the Fe–Ti oxides. 

Crystal bending textures, e.g., deformation twinning and dislocation 
creep, were observed in plagioclase grains (Fig. 5), probably caused by 

Fig. 2. (a) Geologic map of the Panzhihua intrusion, SW China (modified after Zhou et al., 2005), (b) The figure denotes an idealized stratigraphic column of the 
Jianshan segment of the Panzhihua intrusion (modified after Pang et al., 2009). 
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loading from the crystal mush above (Philpotts AR and Philpotts DE, 
2005; Holness et al., 2017). The Fe–Ti oxides are intercumulus and filled 
in the interstitial space of the crystal mush. 

4.2.2. Partially-dissolved plagioclase 
Dissolution texture of plagioclase is common in the ores (Fig. 6). 

Plagioclase primocrysts are eroded to form embayment and filled with 
Fe–Ti oxides. Such texure is also reported in the plagioclase from the 
Panzhihua intrusion and other layered intrusions in the Panxi region 
(Zhou et al., 2005; Wang and Zhou, 2013; Liu et al., 2016; Xing et al., 
2017). 

4.2.3. Olivine rims 
There are two modes of olivine occurrence in the ores (Figs. 7 and 8): 

(1) granular olivine primocrysts crystallized with plagioclase and cli-
nopyroxene primocrysts before the interstital Fe–Ti oxides; (2) olivine 
growth rim around clinopyroxene/plagioclase primocrysts, in contact 
with the interstitial Fe–Ti oxides. Olivine rims include polycrystalline 
and monocrystalline types, similar to those reported in the Skaergaard 
intrusion (Holness et al., 2011). The olivine rims was likely crystallized 
in late stage associated with Fe–Ti oxides crystallization. 

4.2.4. Fe–Ti oxide-rich globules 
Fe–Ti oxide-rich globules are hosted in the ore-barren gabbro sample 

PZH1, which is located above the massive oxide ore layer in the Lower 
Zone (Fig. 9). These globules (diameter: 1–2 mm) contain aggregates of 
Fe–Ti oxides (23 vol% magnetite and 12 vol% ilmenite) and silicate 
minerals (e.g., 50 vol% clinopyroxene, 8 vol% orthopyroxene, and 7 vol 
% plagioclase). Combined with the density of the mineral, the Fe–Ti 
oxide-rich globules are estimated to contain 43 wt% Cpx, 7 wt% Opx, 5 
wt% Pl, 30 wt% Mt, and 15 wt% Ilm. 

5. Sampling and analytical methods 

Fourteen cumulate (rock/ore) samples in this study were collected 
from the Zhujiabaobao and Lanjiahuoshan open-pit mines of the Pan-
zhihua intrusion (Lower Zone Unit II to IV; as defined by Song et al., 
2013) (Fig. 2). The basalt sample ZB1443 is from an outcrop near the 
intrusion (Fig. 2). Sampling details including the stratigraphic locations, 
rock/ore types and compositions, and mineral contents are listed in 
Table 1. 

Whole-rock major element compositions of the samples were 
measured with an Axios PW4400 X-ray fluorescence spectrometer (XRF) 
at the State Key Laboratory of Ore Deposit Geochemistry (SKLODG), 
Institute of Geochemistry, Chinese Academy of Sciences (IGCAS) in 
Guiyang, using fused Li-tetraborate glass pellets. The analytical preci-
sion, determined on the Chinese national standard GSR-3, is generally 
better than 5%. Detailed analytical method is the same as described in 
Tao et al. (2015) and Tang et al. (2017). 

Compositions of the olivine, magnetite, ilmenite, clinopyroxene, 
orthopyroxene and plagioclase in this study were determined with a 
JXA8230 electron microprobe at the SKLODG, IGCAS. Analytical con-
ditions are 25 kV accelerating voltage, 10 nA beam current and 10 μm 
spot diameter. Smaller beam sizes (1–5 μm) were used to measure the 
exsolution lamellae and smaller minerals. The peak and background 
counting times were 10 s and 5 s for most elements, except for 8 s (Na) 
and 4 s (K). The data were calibrated with natural mineral standards: For 
olivine: pyrope (for Ti and Cr), olivine (for Ni, Fe, Si, and Mg), plagio-
clase (for Na and Ca), diopside (for Al) and almandine (for Mn); For 
clinopyroxene and orthopyroxene: plagioclase (for K), olivine (for Ni); 
chrome-diopside (for Fe, Si, Mg, Na, and Ca), pyrope (for Ti and Cr), 
diopside (for Al), and almandine (for Mn); Magnetite and ilmenite: 
olivine (for Ni), magnetite (for Fe), benitoite (for Ti), vanadium (for V), 

Fig. 3. Representative photomicrographs (crossed 
polar) of ores and gabbroic rocks from the Panzhihua 
intrusion: (a) massive ore with sparsely-isolated 
grains of clinopyroxene, plagioclase and olivine. 
Plagioclase shows dissolution texture; (b) net-textured 
ore with Fe–Ti oxides interstitial among clinopyrox-
ene, plagioclase, and minor olivine; (c) disseminated 
ore with minor Fe–Ti oxides interstitial among clino-
pyroxene, plagioclase, and olivine. Olivine also occurs 
as growth rims around clinopyroxene and plagioclase, 
in contact with the interstitial Fe–Ti oxides; (d) ore- 
barren gabbro (Lower Zone) consists of equigranular 
clinopyroxene and plagioclase, and minor Fe–Ti oxide 
pockets. Abbreviations: Oxd-Fe–Ti oxide; Pl- 
plagioclase; Cpx-clinopyroxene; Ol-olivine.   
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pyrope (for Si and Ca), chromite (for Al and Mg), johannsenite (for Mn); 
For the exsolution lamellae phase: plagioclase (for K, Si, Na, Al, and Ca), 
olivine (for Ni), pyrope (for Fe, Cr, and Mg), kaersutite (for Ti), apatite 
(for P), and almandine (for Mn). The detection limits for these elements 
are 0.01 wt%, and the analytical uncertainty was within ± 2% of the 
accepted values. 

6. Result 

6.1. Whole-rock major elements 

The whole-rock chemical compositions of the samples are given in 
Table 1. Compiling also the data from Zhou et al. (2005), major oxide 
content variations of the Panzhihua intrusion are illustrated in Fig. 10. 
Our data are consistent with the data from Zhou et al. (2005). Our 
samples are limited to the Lower Zone rocks, which are lack of the 
evolved ones (featured with low content in MgO, but high in SiO2, 
Al2O3, Na2O and K2O). Both our data and the published ones (Zhou 
et al., 2005) show two clear geochemical variation trends for the ore- 
barren rocks and ores. The two trends intersect at the highest MgO 
(~10 wt%). The ore-barren rocks have <20 wt% Fe2O3

T, >35 wt% SiO2, 
>10 wt% Al2O3, and >1.5 wt% Na2O; whilst the ores have >20 wt% 
Fe2O3

T, <35 wt% SiO2, <10 wt% Al2O3, and < 1.5 wt% Na2O (Fig. 10; 
Table 1). The different geochemical trends for the ores and ore-barren 
rocks suggest that geochemical compositions of the former are 
controlled by Fe–Ti oxide accumulation, while those of the latter are 
controlled by the magma evolution. The ores can be seen as a mixture of 
silicate cumulate and Fe–Ti oxides. The FeO-TiO2 correlation (Fig. 10d) 
shows that titanomagnetite and ilmenite in the ores occur in ratios of 

~2:1 to ~1:1. 
The basalt sample ZB1443 has relatively low MgO (5.58 wt%) and 

high Fe2O3
T (16.17 wt%), suggesting its possible derivation from an 

evolved magma or with magma immiscibility in deep for its higher 
Fe2O3

T. The chemical compositions fall on the ore-barren rock trend 
(Fig. 10), suggesting a close magmatic link with the Panzhihua 
intrusion. 

6.2. Olivine compositions 

EPMA data of olivine from the intrusion are listed in Table 2. There is 
major compositional difference between the olivine rim and olivine 
primocryst (Table 2 and Fig. 11). The olivine primocrysts have lower Fo 
values (65.2–71.2, avg. 68.5) than those of the olivine rims (72.2–81.9, 
avg. 77.5). This reflects different geochemical compositions of their 
respective equilibrated melts, which can be used to constrain the 
parental magma composition of the intrusion. 

6.3. Compositions of Fe–Ti oxide-rich globules 

Compositions of magnetite, ilmenite, clinopyroxene, orthopyroxene, 
and plagioclase for Fe–Ti oxide-rich globules are listed in Table 3. Based 
on the mineral contents, the Fe–Ti oxide-rich globules are estimated to 
contain ~38 wt% FeO (Table 3), representing the immiscible Fe-rich 
melt segregated from the magma. Liu et al. (2014) had estimated the 
composition of the solid inclusions from the Baima intrusion to have 
>60 wt% FeOT, representing the trapped liquids of immiscible Fe–rich 
melts, indicating that the trapped melts were extremely Fe–Ti-enriched. 
The estimated FeO content of immiscible Fe–rich melts from the Fe–Ti 

Fig. 4. Reflected-light photomicrographs of ores and Fe–Ti oxide gabbro from the Panzhihua intrusion (Lower Zone). The photos show interstitial Fe–Ti oxides 
among silicate mineral grains. Abbreviations: Oxd-Fe–Ti oxide; Sil-Silicate mineral; Sulf-sulfide. 
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oxide-rich globules in the Panzhihua intrusion in this study is lower than 
that of the Fe–rich melts from the Baima intrusion reported in Liu et al. 
(2014), but higher than that of immiscible Fe-rich melt (26.91 wt% 
FeOT, obtained by melt inclusions) from the Xijie intrusion (Panxi re-
gion) (Wang and Zhou, 2013). Compared with similar Fe–Ti oxide-rich 

globules from the Khungtukun intrusion (Siberian Trap) (15–22 wt% 
FeOT; Kamenetsky et al., 2013), the globules from the Panzhihua 
intrusion have relatively high FeO contents. 

Fig. 5. Photomicrographs of Fe–Ti oxide-bearing gabbro from the Panzhihua intrusion (Lower Zone), showing kinked plagioclase (crossed polar). The rock consists 
of clinopyroxene, plagioclase, minor olivine, and interstitial Fe–Ti oxides. Abbreviations as in Fig. 3. 

Fig. 6. Photomicrographs of the massive ores and 
Fe–Ti oxide-bearing gabbro from the Panzhihua 
intrusion (Lower Zone), showing partially-dissolved 
silicate primocrysts (crossed polar): (a) dissolution 
extending to inner crystal of euhedral primocryst 
plagioclase, with the eroded embayment filled with 
Fe–Ti oxides; (b, c) primocryst plagioclase dissolved 
and the embayment filled with Fe–Ti oxides; (d) 
euhedral Cpx, Ol and Pl primocrysts surrounded by 
Fe–Ti oxides. Primocryst Pl and Cpx partially dis-
solved with monocrystalline olivine rims. Abbrevia-
tions as in Fig. 3.   
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7. Discussion 

7.1. Ore textures as evidence of liquid immiscibility at Panzhihua 

Fe–Ti oxides occur as interstitials among silicate minerals in the ores 

(Figs. 4 and 6). Formation of such a texture has been conventionally 
proposed to be the interstitial growth from intercumulus melt within the 
crystal mush, coupled with convective magma circulation within the 
intercumulus pore space (to allow continuous interactions with the 
parental magma). This is followed by the squeezing out of residual 

Fig. 7. Photomicrographs of the massive ores and 
Fe–Ti oxide-bearing gabbro from the Panzhihua 
Lower Zone, showing partial dissolution texture of 
olivine rims (crossed polar): (a, b) Cpx primocryst 
with Ol growth rim surrounded by Fe–Ti oxides in 
massive ore; (c) interstitial Fe–Ti oxides among Pl and 
Cpx primocrysts (with polycrystalline Ol growth rim) 
in Fe–Ti oxide-bearing gabbro; (d) Cpx primocryst 
(with monocrystalline Ol growth rim) surrounded by 
Fe–Ti oxides in massive ore. Abbreviations as in 
Fig. 3.   

Fig. 8. Back-scattered electron images of the ores and Fe–Ti oxide bearing-gabbro from the Panzhihua Lower Zone, showing olivine primocryst and growth rim: (a, 
b) euhedral Ol primocryst in ores; (c, d) olivine growth rims on Cpx or Pl primocrysts. Abbreviations: Ti-Mt-titanomagnetite; Ilm-ilmenite; Sulf-sulfide; Pl-plagioclase; 
Cpx-clinopyroxene; Ol-olivine. 
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intercumulus melt and porosity elimination (Kerr and Tait, 1985; Barnes 
et al., 2016). 

The interstitial/matrix Fe–Ti oxides in the ores have been reported at 
Panzhihua and other layered intrusions in the Panxi region, and were 
interpreted as evidence of crystallization of Fe–Ti oxides from Fe-rich 
melt (e.g., Zhou et al., 2005, 2013; Dong et al., 2013; Wang and Zhou 

2013; Wang et al., 2018b). However, this hypothesis is in dispute due to 
the shortcomings in an alleged idea of Fe–Ti-rich liquid immiscibility. 

Bent plagioclase in the ores (Fig. 5) may be consistant with the origin 
of interstitial oxides from immiscible liquids. Plagioclase bending is a 
kind of crystal lattice distortion caused by uniaxial stress, which may 
have led by crystal mush compaction (Meurer and Boudreau 1998; 

Fig. 9. Back-scattered electron images of Fe–Ti oxide-rich globules in the ore-barren gabbro (sample PZH1, Panzhihua Lower Zone). The globules are 1 ~ 2 mm large 
and contain aggregates of Fe–Ti oxides and silicate (Cpx, Opx and Pl) minerals. Abbreviations: Ti-Mt-titanomagnetite; Ilm-ilmenite; Cpx-clinopyroxene; Pl- 
plagioclase; Opx-Orthopyroxene. 

Table 1 
Stratigraphic position, major element compositions (wt.%) and estimated modal mineralogy of the analysed samples from the Panzhihua intrusion, SW China.  

Ore segments Lanjiahuoshan Zhujiabaobao  
Lithological Zone Lower Zone Lower Zone  

Sample LJ 
1300 

LJ 
1303 

LJ 
1304 

PZH 
1 

PZH 6 PZH 
7 

PZH 
10 

PZH 11 PZH 
12 

PZH 
14 

PZH 
16 

PZH 
18 

PZH 
19 

PZH 
1334 

ZB 
1443 

Meters above base of 
the Lower Zone 

5 20 25 120 115 110 105 100 95 90 80 70 55 50 – 

Rock name/Ore type Mass 
ore 

Mass 
ore 

Mass 
ore 

Gb Net 
ore 

Gb Diss 
ore 

Mass 
ore 

Mass 
ore 

Diss 
ore 

Mass 
ore 

Gb Net 
ore 

Net 
ore 

Basalt 

SiO2 9.09 15.02 13.85 43.39 35.06 44.38 37.97 17.06 15.66 38.79 15.39 41.11 34.74 36.22 45.91 
TiO2 13.50 12.11 12.54 2.35 9.64 2.51 5.29 16.93 13.57 6.69 19.09 5.70 8.08 5.18 3.57 
Al2O3 5.81 6.81 8.11 12.97 9.86 11.13 11.02 5.33 4.78 12.19 2.83 12.24 7.60 14.89 12.34 
(Fe2O3)T 60.53 53.80 54.00 14.95 24.73 14.95 24.10 47.51 48.33 20.02 45.33 17.62 26.67 24.01 16.17 
MnO 0.34 0.31 0.30 0.18 0.23 0.19 0.21 0.26 0.30 0.21 0.37 0.19 0.28 0.17 0.22 
MgO 4.66 5.63 4.78 10.23 8.00 9.68 7.20 6.57 6.62 6.93 9.47 6.90 8.54 5.78 5.58 
CaO 2.83 4.86 4.05 10.97 10.29 14.14 11.86 6.51 5.51 11.72 4.18 13.37 11.15 10.16 8.12 
Na2O 0.04 0.06 0.07 1.37 1.45 1.95 1.67 0.27 0.29 2.78 0.19 1.83 0.95 2.16 4.31 
K2O 0.06 0.09 0.06 0.14 0.09 0.08 0.09 0.03 0.07 0.15 0.04 0.11 0.06 0.21 0.21 
P2O5 0.03 0.01 0.01 0.25 0.05 0.18 0.04 0.04 0.02 0.07 0.02 0.06 0.03 0.04 0.58 
L.O.I 1.16 0.95 0.75 2.23 0.23 0.81 0.21 0.07 1.65 0.10 0.87 1.24 1.21 0.67 2.76 
Total 98.07 99.64 98.51 99.03 99.63 100.0 99.66 100.58 96.80 99.64 97.78 100.36 99.31 99.49 99.77 
Olivine – 2 – – 5 – 5 5 7 5 5 – 5 15 – 
Clinopyroxene 5 25 25 55 45 53 45 20 20 30 30 55 55 20 – 
Plagioclase 25 13 10 35 20 40 30 10 13 50 5 35 15 40 – 
Fe–Ti oxide 70 60 65 10 30 7 20 65 60 15 60 10 25 25 – 

The mineral modal proportions were estimated visually under microscope. All the samples are generally unmetamorphosed and fresh, few samples have amphibole 
which is thought to be formed by alteration of clinopyroxene in late-stage of accumulation and thus not counted as primocryst. Minor minerals such as apatite are not 
counted in the estimation. The estimation takes only the main primocryst minerals olivine, clinopyroxene, plagioclase, and Fe–Ti oxide as 100 wt%. Fe–Ti oxide mainly 
consisted of Ti-Magnetite and Ilmenite. Abbreviations: Gb-gabbro; Mass ore-massive ore; Net ore-net-textured ore; Diss ore-disseminated ore. 

F. Xiong et al.                                                                                                                                                                                                                                    



Journal of Asian Earth Sciences 209 (2021) 104683

9

Philpotts AR and Philpotts DE, 2005; Holness et al., 2007, 2017). It is 
noted that the plagioclase bent in the ores always protrude to interstitial 
oxide as if free surface, showing that the place of the interstitial oxide is 
filled with liquid in time of plagioclase bending. The oxides should be 
crystallized from interstitial liquid among surrounded primocrysts, and 
it has been verified by Fe isotopic compositions (Cao et al., 2019). This 
suggested that the accumulation of Fe–Ti oxides at Panzhihua cannot be 
explained by simple crystal fractionation associated with mineral sort-
ing of Fe–Ti oxides. An alternative model is segregation of an immiscible 
Fe-rich liquid, which was then percolated to the crystal-mush zone and 
squeezed out the existing interstitial residual silicate melt. The Fe–Ti 
oxides then crystallized as interstitials among primocryst silicate min-
erals. Given that all the interstice are completely filled with Fe–Ti ox-
ides, immiscible Fe-rich liquid should be replenished again and again 
while residual liquid squeezed out in time. 

Partial plagioclase dissolution (Fig. 6) and the infill of Fe–Ti oxides in 
the corroded plagioclase embayment suggest that Fe–Ti oxides were 
crystallized after plagioclase (Zhou et al., 2005). Plagioclase primocryst 
dissolution may be formed by pressure drop during rapid magma ascent 
or magma replenishment, due to higher temperature and possible 
changes in melt composition (Nelson and Montana, 1992; Viccaro et al., 
2010). Considering the embayments of partially-dissolved plagioclase in 
the Panzhihua intrusion are filled with Fe–Ti oxides, we suggest that the 
dissolved plagioclase was in disequilibrium with the surrounding melt 
before the Fe–Ti oxides crystallized, the original interstitial melt was 
replaced by a Fe-rich liquid. 

Olivine rims had been reported widely in layered intrusions. Holness 
et al. (2011) had presented a detailed discussion of olivine rims in the 
Skaergaard Intrusion. Based on micro-structures of conjugate pairs of 
late-stage interstitial intergrowths (melanogranophyres and olivine rims 

& Fe–Ti oxide intergrowths), Holness et al. (2011) considered that liquid 
immiscibility took place within the crystal mush, and olivine rim was 
crystallized in a late stage associated with Fe–Ti oxides crystallization in 
a system which dominated by the Fe-rich melt (due to the removal of 
exsolved Si-rich droplets). 

Olivine rims were observed in Fe–Ti oxide ores in the Panxi region, 
for instance, in the Panzhihia, Baima, and Hongge intrusions (Xing et al., 
2012; Liu et al., 2016). Olivines rims commonly surround silicate pri-
mocryst grains and isolating oxide, as shown in Figs. 7 and 8. It is sug-
gested that the late-stage liquid was likely rich in Fe and Mg, but poor in 
Si, Al, and Na, consistent with Fe-rich liquid derived from immissci-
bility. Unlike the Skaergaard Intrusion, no melanogranophyres was 
observed in the late-stage interstitial intergrowths at Panzhihua, and we 
propose that the unmixed Fe-rich liquids in the magma chamber may 
have percolated downward to the crystal-mush zone due to gravity, and 
replaced the previous interstitial melts. The interstitial space would 
therefore be filled with the unmixed Fe-rich liquid. Due to this sudden 
change in chemical conditions, primocryst plagioclases and clinopyr-
oxenes would be resolved via disequilibration with the surrounding Fe- 
rich liquid, and then crystallizing the Fe–Ti oxides and olivine rim. 

Apart from olivine rims, amphibole rims were observed in layered 
intrusion in the Panxi region. Many authors have described the amphi-
bole rims in the ores from the Panzhihua, Baima and Hongge intrusion 
(Zhou et al., 2005; Xing et al., 2012; Wang and Zhou, 2013; Liu et al., 
2014; Wang et al., 2020). Brown hornblende (Hbl) rimmed around 
plagioclase, clinopyroxene and separate the Fe–Ti oxides in massive and 
net-textured Fe–Ti oxide ores in the Lower Zone of the Panzhihua 
intrusion. Experiment studies show that amphibole coexisting with the 
mafic melt stably is only in the very late magmatic stages when the 
system is highly volatile rich as well as at relatively low temperatures 

Fig. 10. Binary plots (a) FeO vs. MgO, (b) SiO2 vs. MgO, (c) Al2O3 vs. MgO, and (d) TiO2 vs. FeO of the ore-barren rocks and ores from the Panzhihua intrusion, 
showing the variations in major oxide concentrations. 
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(<1000 ◦C) (Botcharnikov et al., 2008; Fiorentini et al., 2008; Wang 
et al., 2020). The occurrence of amphibole rims in the Fe–Ti oxide ores 
indicate that the late-stage liquid should be volatile-rich, which may 
have triggered immiscibility as proposed in previous studies (e.g., Zhou 
et al., 2005; Wang and Zhou, 2013; Liu et al., 2014). The H2O content 
could be enriched during crystallization or introduced into the melts 
through magma-wallrock interaction during or after the magma 
emplacement (Zhou et al., 2005; Wang and Zhou, 2013; Liao et al., 
2016). 

7.2. Parental magma of the Panzhihua intrusion and Fe–Ti-oxide ore- 
forming liquids 

Olivine primocrysts and rims from Panzhihua have Fo contents of 
65.2 to 71.2 (avg. 68.5) and 72.2 to 81.9 (avg. 77.5), respectively, which 
are distinctly lower than those of olivine phenocrysts in the Emeishan 
picrite (Zhang et al., 2006; Li et al., 2012; Putirka et al., 2018; Yu et al., 
2020) and the sulfide ore-bearing intrusion. This indicates that the 
parental magmas at Panzhihua are more evolved than those of the sul-
fide ore-bearing intrusion and Emeishan picrite. 

By appropriating Kd(Fe–Mg) oliv-liq = 0.3 (Roeder and Emslie, 
1970; Matzen et al., 2011), MgO and FeO contents of the parental 

Table 2 
Chemical compositions of olivine from the Panzhihua intrusion (wt.%).  

Sample Rock/Ore type Ol type SiO2 MgO FeO MnO CaO NiO Total Fo 

LJ1300-10 Ol-gb/Mass Ore rim 38.94 39.47 20.44 0.35 0.14 0.13 99.47 77.2 
LJ1304-3 Ol-gb/Mass Ore rim 38.67 38.22 22.37 0.39 0.12 0.12 99.89 75.0 
LJ1304-7  rim 38.27 37.96 22.86 0.37 0.17 0.09 99.72 74.4 
LJ1304-12  rim 38.34 39.16 21.32 0.43 0.12 0.23 99.60 76.2 
PZH11-1 Ol-gb/Net Ore rim 39.35 41.35 18.47 0.37 0.08 0.18 99.80 79.6 
PZH11-2  rim 39.53 40.04 19.74 0.33 0.14 0.12 99.90 78.1 
PZH11-3  rim 40.30 42.57 16.48 0.26 0.12 0.09 99.82 81.9 
PZH11-4  rim 38.73 40.24 19.82 0.43 0.17 0.14 99.53 78.0 
PZH11-5  rim 39.19 40.67 19.31 0.33 0.13 0.03 99.66 78.7 
PZH11-7  rim 39.19 40.19 19.59 0.40 0.21 0.11 99.69 78.2 
PZH11-8  rim 39.00 39.85 20.36 0.33 0.15 0.04 99.73 77.4 
PZH11-9  rim 39.17 40.96 19.09 0.34 0.12 0.10 99.78 79.0 
PZH11-11  rim 39.33 41.43 17.97 0.33 0.13 0.19 99.38 80.1 
PZH12-1 Ol-gb/Net Ore rim 38.71 39.57 20.85 0.38 0.07 0.15 99.73 76.9 
PZH12-2  rim 38.92 39.76 20.28 0.40 0.17 0.09 99.62 77.4 
PZH12-3  rim 37.98 39.74 21.28 0.39 0.15 0.14 99.68 76.6 
PZH12-4  rim 38.27 40.89 19.73 0.40 0.11 0.19 99.59 78.4 
PZH12-6  rim 38.83 40.29 19.86 0.44 0.13 0.08 99.63 78.0 
PZH12-8  rim 37.56 37.79 23.34 0.50 0.17 0.18 99.54 73.9 
PZH12-18  rim 38.64 40.47 20.01 0.34 0.11 0.15 99.72 78.0 
PZH12-20  rim 37.96 39.66 20.84 0.47 0.21 0.17 99.31 76.8 
PZH12-22  rim 38.20 40.16 20.88 0.33 0.09 0.16 99.82 77.2 
PZH12-24  rim 38.86 39.84 20.25 0.40 0.18 0.14 99.67 77.5 
PZH12-26  rim 38.30 39.02 21.94 0.40 0.19 0.05 99.90 75.7 
average          77.5 
PZH16-2 Ol-gb/Net Ore primocryst 38.68 33.52 26.95 0.50 0.11 0.09 99.85 68.5 
PZH16-3-1  primocryst 38.66 32.76 27.64 0.52 0.12 0.11 99.81 67.5 
PZH16-3-21  primocryst 39.25 34.97 24.94 0.54 0.15 0.14 99.99 71.0 
PZH16-3-22  primocryst 38.60 33.76 26.93 0.51 0.10 0.09 99.99 68.7 
PZH16-4-2  primocryst 38.55 33.70 26.98 0.52 0.08 0.11 99.94 68.6 
PZH16-4-3  primocryst 38.55 33.76 27.04 0.48 0.06 0.07 99.96 68.6 
PZH16-5-1  primocryst 38.84 33.20 27.54 0.50 0.10 0.05 100.23 68.2 
PZH16-5-8  primocryst 38.88 33.56 26.48 0.56 0.17 0.13 99.78 68.9 
PZH16-6-5  primocryst 38.75 33.37 27.25 0.50 0.08 0.04 99.99 68.2 
PZH16-6-7  primocryst 39.04 34.83 25.34 0.48 0.12 0.07 99.88 70.6 
PZH16-6-11  primocryst 38.78 33.08 27.42 0.48 0.13 0.06 99.95 67.9 
PZH16-6-12  primocryst 39.14 35.16 24.85 0.53 0.05 0.08 99.81 71.2 
PZH16-6-16  primocryst 38.28 32.86 27.93 0.61 0.11 0.12 99.91 67.2 
PZH16-6-17  primocryst 38.96 34.08 26.10 0.50 0.15 0.06 99.85 69.5 
PZH16-6-20  primocryst 39.26 35.50 24.50 0.45 0.14 0.03 99.88 71.7 
PZH16-7-1  primocryst 38.34 33.16 27.40 0.60 0.14 0.14 99.78 67.9 
PZH19-3-1 Ol-gb/Diss Ore primocryst 37.68 31.98 29.46 0.59 0.13 0.07 99.91 65.5 
PZH19-4-2  primocryst 37.79 31.73 29.49 0.66 0.14 0.06 99.87 65.2 
PZH19-4-3  primocryst 37.84 32.59 28.42 0.61 0.16 0.15 99.77 66.7 
average          68.5 

Abbreviations: Ol-olivine; Ol-gb-olivine gabbro; Mass Ore-massive ore (Fe–Ti oxides > 60 vol%); Net Ore-net-textured ore (Fe–Ti oxides = 20–60 vol%); Diss Ore- 
disseminated ore (Fe–Ti oxides < 20 vol%). 

Fig. 11. Binary plots MgO-Fo of the olivine grains and growth rims from the 
Panzhihua intrusion. 
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magma is likely located in line of Fo = 68.5. As shown in Fig. 12, the 
compositions of the olivine primocryst match well with the sample 
ZB1443 basalt (Fe2O3

T = ~16 wt%). It is reasonable to assume that the 
latter mimics that of the Panzhihua parental magma, which was equil-
ibrated with the olivine primocrysts in the ores. 

Late-stage olivine rims are associated with the immiscible Fe-rich 
liquid (now represented by Fe–Ti oxide-rich globules), but the olivine 
rims do not match well with the composition of the globules. It is 
reasonable to assume that Fe–Ti oxides would crystallize before other 
silicate minerals and decrease the FeO content of the Fe-rich liquids. The 
olivine rims should be equilibrated with residual liquids after Fe–Ti 
oxide crystallization. Based on the estimation by geometric proportion 
simulated calculation (Fig. 12), Fe-rich liquids would evolve to crys-
tallize olivine rims after ~33% Fe–Ti oxide crystallization. Therefore, 
we assume that the Fe–Ti oxide-rich globules (Table 3) in PZH1 are 
equivalent to the Fe–Ti oxide-forming melt, whereas the basalt sample 
ZB1443 is equivalent to the parental magma of the intrusion. 

7.3. Implications for the origin of the Fe–Ti oxide ores 

Fe-rich globules are estimated as a whole, having 38 wt% FeO. The 
melt with such high FeO contents cannot be formed by simple magma 
fractionation, but can be formed by liquid immiscibility (Toplis and 
Carroll 1996). Fe-rich globules in sample PZH1 likely represent immis-
cible Fe-rich liquid droplets in the intrusion. 

Ore textures suggest that the Fe–Ti oxides in the ores and Fe–Ti oxide 
gabbros were crystallized from interstitial melts. Partially-dissolved 
plagioclase and olivine rims reveal chemical disequilibrium with inter-
stitial melts, which may have been replaced by Fe-rich liquids. The ore 
textures and olivine compositions record the abrupt change of liquid 
compositions in the ore-forming stage. All these lines of evidence agree 
well with an immiscible Fe-rich liquid metallogenic origin. 

We therefore suggest that magma immiscibility occurred due to 
magma evolution and temperature drop, and then density-led liquid 
segregation occurred. Subsequently, the Fe-rich liquids sunk and 

Table 3 
Composition of the minerals in Fe–Ti oxide-rich globule in sample PZH1 (wt.%) and the estimated composition of the Fe–Ti oxide-rich globule.   

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O V2O5 Total 

Cpx1 51.65 0.35 1.79 7.05 0.24 14.34 21.44 0.35 – 97.21 
Cpx2 52.48 0.48 1.68 7.00 0.25 14.39 21.83 0.30 – 98.41 
Cpx3 52.85 0.42 1.85 7.93 0.25 14.46 21.29 0.33 – 99.38 
Cpx4 51.88 0.26 1.46 6.94 0.26 14.50 21.96 0.37 – 97.63 
Cpx5 53.87 0.41 1.71 7.09 0.24 15.40 22.08 0.36 – 101.16 
Cpx6 53.22 0.44 1.69 6.98 0.23 14.85 21.96 0.32 – 99.69 
Cpx7 53.36 0.37 1.61 7.13 0.19 15.02 22.19 0.40 – 100.27 
Cpx8 52.05 0.36 1.70 6.99 0.25 14.53 21.89 0.25 – 98.02 
Cpx9 53.45 0.36 1.66 7.39 0.26 14.78 21.59 0.30 – 99.79 
Cpx10 53.23 0.41 1.81 7.52 0.23 14.57 21.85 0.37 – 99.99 
Cpx11 52.75 0.32 1.70 7.43 0.27 14.83 21.57 0.34 – 99.21 
Cpx12 53.85 0.60 1.81 7.50 0.27 15.06 21.54 0.38 – 101.01 
Cpx13 53.53 0.42 1.71 7.86 0.28 15.01 21.40 0.39 – 100.6 
Cpx14 50.77 0.49 2.33 7.61 0.31 14.79 21.74 0.40 – 98.44 
Cpx15 52.25 0.35 1.96 6.85 0.27 15.16 22.32 0.38 – 99.54 
Cpx16 52.09 0.49 2.12 7.44 0.25 15.27 21.86 0.42 – 99.94 
Cpx17 51.93 0.38 2.14 7.29 0.28 14.94 21.81 0.41 – 99.18 
Cpx18 51.81 0.50 2.44 7.64 0.25 14.79 21.82 0.37 – 99.62 
Cpx19 52.24 0.42 1.96 7.47 0.25 15.32 21.71 0.39 – 99.76 
Cpx20 52.06 0.44 1.99 7.78 0.27 15.37 21.77 0.42 – 100.10 
Cpx21 51.93 0.39 1.90 6.77 0.25 15.55 22.39 0.35 – 99.53 
Cpx22 51.53 0.44 2.12 7.40 0.21 15.04 21.79 0.40 – 98.93 
Cpx23 52.43 0.44 2.82 7.64 0.28 14.14 22.05 0.37 – 100.17 
Average 52.49 0.41 1.91 7.33 0.25 14.87 21.82 0.36 – 99.44 
Opx1 44.20 0.14 12.86 18.74 0.18 22.24 1.35 0.11 – 99.82 
Opx2 42.53 0.05 14.01 19.22 0.16 22.80 0.87 0.09 – 99.73 
Opx3 39.92 0.08 14.84 20.77 0.19 23.15 0.73 0.13 – 99.81 
Opx4 44.65 0.11 12.74 18.85 0.24 21.47 1.48 0.12 – 99.66 
Average 42.83 0.10 13.61 19.40 0.19 22.42 1.11 0.11 – 99.77 
Pl1 52.38 0.01 29.07 0.47 0.01 0.03 9.64 4.61 – 96.22 
Pl2 51.98 – 29.81 0.39 0.01 0.03 10.18 4.16 – 96.56 
Pl3 52.71 0.03 30.19 0.56 0.01 – 10.23 4.37 – 98.10 
Average 52.36 0.01 29.69 0.47 0.01 0.02 10.02 4.38 – 96.96 
Mt1 0.53 4.88 2.99 90.33 0.16 0.22 0.06 – 0.61 99.78 
Mt2 0.42 10.65 0.77 87.14 0.10 0.17 0.16 – 0.68 100.09 
Mt3 0.37 10.05 2.71 85.81 0.02 0.22 0.30 – 0.73 100.21 
Mt4 0.54 4.40 2.02 91.82 0.10 0.28 – – 0.64 99.80 
Mt5 0.41 3.96 3.29 89.88 0.21 0.76 0.21 – 0.79 99.51 
Mt6 0.52 3.82 3.40 89.32 0.27 0.83 0.06 – 0.77 98.99 
Mt7 0.61 4.51 3.36 89.33 0.19 0.44 0.24 – 0.65 99.33 
Average 0.49 6.04 2.65 89.09 0.15 0.42 0.15  0.70 99.69 
Ilm1 – 44.66 0.11 45.96 4.35 0.07 0.02 – 5.89 101.06 
Ilm2 – 43.99 0.11 45.84 4.30 0.03 0.07 – 5.77 100.11 
Ilm3 0.02 44.17 0.04 46.49 4.07 0.01 0.05 – 5.73 100.58 
Ilm4 0.14 44.93 0.02 45.30 4.26 0.05 – – 5.97 100.67 
Ilm5 – 44.93 0.03 45.43 4.38 0.06 – – 5.85 100.68 
Ilm6 0.02 45.04 0.03 45.55 4.38 0.02 – – 5.93 100.97 
Average 0.03 44.62 0.06 45.76 4.29 0.04 0.02 – 5.86 101.34 
Silicate phase 51.25 0.33 5.92 8.24 0.22 14.48 18.11 0.69 – 99.26 
Oxide phase 0.34 18.90 1.79 74.65 1.53 0.29 0.11 – 2.42 100.24 
Fe–Ti oxide Rich globule as a whole 28.34 8.69 4.06 38.12 0.81 8.10 10.01 0.38 1.09 99.70 

Mineral contents of the Fe–Ti oxide-rich globule are estimated to contain 43 wt% Cpx, 7 wt% Opx, 5 wt% Pl, 30 wt% Mt, and 15 wt% Ilm. Abbreviations: Cpx- 
clinopyroxene; Opx-Orthopyroxene; Pl-plagioclase; Mt-magnetite; Ilm-ilmenite. 
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squeezed the intersitial melts out of the crystal mush to form a Fe-rich 
liquid–crystal mush zone above the solidified layer in the chamber. 
For the Fe-rich liquids are not pure Fe–Ti oxide liquids, we propose 
continuous replenishment of immiscible Fe-rich liquids may have 

occurred to replace the residual melts after Fe–Ti oxide crystallization, 
until all the interstices were completely filled with Fe–Ti oxides 
(Fig. 13). 

We propose that the parental magma of the Panzhihua intrusion was 
likely an evolved magma with ~16 wt% Fe2O3

T. Minerals including 
olivine, clinopyroxene and plagioclase may have first crystallized in the 
magma chamber, and accumulated to form the crystal-mush zone above 
the solidified layer. When the magma started to cool down, liquid 
immiscibility may have taken place to form a Fe-rich and a Si-rich 
components. The former may have compositions similar to the Fe–Ti 
oxide-rich globules (~38 wt% FeO) analyzed in this study. 

The segregated Fe-rich droplets may have then sunk and squeezed 
out the original interstitial melt in the crystal mush. The compositional 
difference between the new Fe-rich interstitial melt and the crystal mush 
may have formed the partial dissolution textures of plagioclase and 
clinopyroxene, together with olivine growth rims. We suppose that 
continuous replenishment of Fe-rich liquid may have occurred to up-
grade the Fe–Ti oxide ores from semi-massive/net-textured to massive 
ores (Fig. 13). The multiphase replenishment may also have formed the 
multiple ore-layers observed, as also suggested previously (Song et al., 
2013). 

Zhou et al. (2013) suggested that the Panzhihua Fe–Ti oxide deposit 
may have formed by two stages of magma immiscibility, one at depth 
and the other in the shallow-crustal magma chamber, and our model 
only covers the latter. We consider that magma immiscibility at depth 
may have formed the parental magma of the intrusion. We estimated 
that the parental magma of the intrusion has ~16 wt% FeO, and nearly 
all the primocryst clinopyroxene in the ores contains abundant oxide 
lamellae, as mentioned by Zhou et al. (2005) and Pang et al. (2009). This 
means that the parental magma is particularly rich in FeO. Considering 
the associated felsic rocks of layered intrusions in the Panxi region 
(Shellnutt et al., 2009; Zhong et al., 2009, 2011), magma immiscibility 
at depth is acceptable in our view. 

Fig. 12. Parental magma of the intrusion and immiscible liquids: constraints on 
olivine primocryst and rim. Green and red lines represent the liquid equili-
brated with olivine primocryst (Fo = 68.5) and olivine rim (Fo = 77.5) 
respectively, by using KD(Fe–Mg) oliv-liq = 0.3 (Roeder and Emslie, 1970; 
Matzen et al., 2011). The olivine primocryst composition matches well with 
that of the basalt (sample ZB1443), whilst the olivine rim composition matches 
with that of the residual after ~33% Fe–Ti oxide crystallization from the 
immiscible Fe-rich liquid (represented by Fe–Ti oxide-rich globules). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 13. Schematic illustration of the liquid 
immiscibility and ore-forming process in the 
Panzhihua intrusion. (a) Silicate primocrysts 
including olivine, clinopyroxene and plagioclase 
crystallized in the magma chamber, and accu-
mulated to form the crystal-mush zone above 
the solidified layer. (b) Liquid immiscibility took 
place to form Fe-rich liquids due to magma 
evolution and temperature drop, and then 
density-led liquid segregation occurred. The Fe- 
rich liquids may have compositions similar to 
the Fe–Ti oxide-rich globules (~38 wt% FeO) 
analyzed in this study. (c) The segregated Fe- 
rich droplets percolated downward to the 
crystal-mush zone due to gravity, and squeezed 
out the original interstitial melts. (d) The Fe-rich 
liquids sunk and squeezed the interstitial melts 
out of the crystal mush to form a Fe-rich liquid- 
crystal mush zone above the solidified layer in 
the chamber. Fe–Ti oxides were crystallized 
from the interstitial melts. For the Fe-rich liq-
uids are not pure Fe–Ti oxide liquids, it is pro-
posed that continuous replenishment of 
immiscible Fe-rich liquids occurred to replace 
the residual melts after Fe–Ti oxide crystalliza-
tion, until all the interstices were completely 
filled with Fe–Ti oxides. The inset shows the 
primocryst silicate minerals (especially plagio-
clase) are dissolved via disequilibration with the 
surrounding Fe-rich liquids. (e) Net-textured to 
massive ore layer is formed by continuous 
replenishment of Fe-rich liquid in the crystal- 
mush zone above the solidified layer.   
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8. Conclusions  

(1) Ore textures of the Fe–Ti oxide ores from Panzhihua cannot be 
explained by simple crystal fractionation and density-sorting of 
Fe–Ti oxides, but can be better interpreted by segregation of the 
immiscible, dense Fe-rich liquid.  

(2) Fe–Ti oxide-rich globules in the Panzhihua intrusion have an 
average FeO content of ~38.1 wt%, and likely represent the so-
lidified immiscible Fe-rich liquid in the Panzhihua intrusion.  

(3) The ore layers may have formed by density-driven sinking and 
concentration of immiscible Fe-rich liquids, which squeezed out 
the original silicate-rich residual melts from the crystal mush, 
forming the Fe–Ti oxide ore layers. 
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