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Abstract
We use Sr-Nd isotopes of apatite and trace element compositions of apatite-zircon pairs from a major ore layer in each of 
three selected magmatic Fe-Ti-V oxide ore deposits (Hongge, Panzhihua, and Taihe) in the Emeishan large igneous province 
(LIP) in southwestern China to contrast the magmatic controls on ore formation. The average contents of REEs in apatite 
from a representative ore zone/layer in each of these deposits are higher than the predicted values of apatite crystallizing from 
a melt with REE contents assumed to be the same as the average values of high-Ti basalts in the Emeishan LIP, confirming 
that the ore-forming magmas all experienced higher degrees of fractional crystallization by major silicate minerals than the 
average basalt. The apatites Sm/Yb and Sr/Y indicate that the Panzhihua magma was generated at a shallower depth and 
experienced higher degree of plagioclase fractional crystallization than Taihe and Hongge. The apatite Sr-Nd isotopes can 
be reproduced by ~ 8 wt% contamination with Precambrian gneiss-schist in the parental magma for Hongge and by ~ 10 wt% 
and ~ 25 wt% contamination with marbles in the parental magmas for Panzhihua and Taihe, respectively. A recycled, high-T 
altered oceanic gabbroic component in the mantle source is a viable alternative to the marble contamination model for Taihe. 
Coexisting zircon trace element compositions reveal that the parental magma for Taihe (ΔFMQ+4.0) is more oxidized than 
those for Hongge (ΔFMQ−0.4) and Panzhihua (ΔFMQ−0.7), questioning that magma oxidation played a critical role in the 
genesis of Fe-Ti-V oxide ore deposits in the Emeishan LIP.

Keywords Apatite-zircon · Trace elements · Sr-Nd isotopes · Fe-Ti-V mineralization · Emeishan large igneous province

Introduction

The Emeishan large igneous province (LIP) is located in 
southwestern China and northern Vietnam. This magmatic 
event is widely considered to be linked to the mantle plume 

activity that took place in the region at ~ 260 Ma (Xu et al. 
2001; Zhou et al. 2008). Several magmatic Fe-Ti-V oxide 
ore deposits, such as Panzhihua, Hongge, Baima, and Taihe, 
are present in the central part of this LIP (Fig. 1, Zhou et al. 
2008). The host intrusions are relatively small layered mafic-
ultramafic intrusions as compared to the sizes of this type 
of intrusion elsewhere in the world, such as the Bushveld 
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Complex in South Africa (Pang et al. 2009). The Fe-Ti-V 
oxide ore deposits in the Emeishan LIP occur in the lower 
and middle parts of the host intrusions (Pang and Shellnutt 
2018), instead of in the upper part of a host intrusion such 
as the Bushveld Complex (Tegner et al. 2006). To empha-
size such differences, some researchers have referred to the 
magmatic Fe-Ti-V oxide ore deposits in the Emeishan LIP 
as the Panzhihua-type deposits (Zhou et al. 2013).

It is widely accepted that the host intrusions formed 
from high-Ti basaltic magmas with compositions simi-
lar to the high-Ti basalts in the Emeishan LIP (e.g., Zhou 
et al. 2005; Pang et al. 2008; Hou et al. 2011, 2012; Bai 
et al. 2014, 2022), but this has not been verified by trace 

elements. Previous studies suggested that the main factors 
controlling the Fe-Ti oxide mineralization in the layered 
mafic-ultramafic intrusions of the Emeishan LIP include 
entrainment of Fe-Ti-rich recycled oceanic crust in a mantle 
plume (Hou et al. 2011, 2012), interaction of a mantle plume 
with the overlying subducted oceanic crust (Bai et al. 2014, 
2022), fractional crystallization (Pang et al. 2008; Song 
et al. 2013), liquid immiscibility (Zhou et al. 2005, 2013; 
Wang and Zhou 2013), magma oxidation due to interaction 
with marble wall rocks (Ganino et al. 2008, 2013), and con-
tamination with hydrous crustal materials or mixing with 
hydrous melts (Wang et al. 2020). Some of these processes 
are not exclusive. For example, Zhou et al. (2013) suggested 

Fig. 1  Distribution of Permian flood basalts and contemporary mafic-ultramafic intrusions in the Emeishan LIP (after Tang et al. 2021, and ref-
erences therein). NCC, North China Craton; SGT, Songpan-Ganze Terrane; YC, Yangtze Craton
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that fractional crystallization is essential for triggering sili-
cate liquid immiscibility in the Panzhihua-type magmatic 
systems.

To contrast the magmatic controls on ore genesis in the 
mafic-ultramafic layered intrusions of the Emeishan LIP, 
we have used representative rock samples from a major ore 
zone/layer in each of three large magmatic Fe-Ti-V oxide 
ore deposits in the region, namely, Panzhihua, Hongge, and 
Taihe (Fig. 1). The samples from these deposits are analyzed 
for apatite-zircon trace element compositions and for apatite 
Sr-Nd isotopes. We decided to analyze apatite separates for 
Rb-Sr isotopes because the whole rock data are scattered due 
to the variable effects of post-magmatic hydrothermal altera-
tion (see compiled data in Tang et al. 2021), which hinders a 
reliable estimation of marble assimilation by mantle-derived 
magma. Apatite is more resistant to hydrothermal alteration 
and weathering than coexisting major rock-forming miner-
als in igneous rocks (Webster and Piccoli 2015; Mao et al. 
2016; Bromiley 2021), so its Rb-Sr isotope compositions 
are more accurate than the whole rock data to track the iso-
tope compositions of the parent magma. Sm-Nd are immo-
bile during low-T hydrothermal alteration, so there is no 
clear advantage by using apatite separates instead of whole 
rocks for the isotope study. However, in situ apatite Sm-Nd 
isotopic analysis is a new method worth exploring, so we 
have used this method to analyze the apatite separates for 
Sm-Nd isotopes as well. Some researchers reported apatite 
trace element compositions for the Panzhihua, Hongge, and 
Taihe mafic-ultramafic intrusions before (Xing et al. 2014; 
She et al. 2016; Xing and Wang 2017), but these studies 
focus on the compositional variations of each intrusion, not 
on a direct comparison between a major ore zone/layer in 
each of the intrusions. Moreover, the previous studies did 
not analyze their samples for Sr-Nd isotopes, so the effect of 
magma-marble interaction on magma redox condition can-
not be determined. In addition to acquiring apatite trace ele-
ment and Sr-Nd isotope compositions by in situ techniques, 
we have also analyzed coexisting zircon for trace element 
compositions and used these data to determine magma redox 
states. We have demonstrated clearly that apatite Sr-Nd iso-
topes and apatite-zircon trace element compositions together 
are very useful in the study of magmatic Fe-Ti-V oxide ore 
deposits.

Geological background

The Emeishan LIP occurs across southwestern China and 
northern Vietnam (Fig. 1). It is composed of continental 
flood basalts and numerous mafic-ultramafic intrusions with 
zircon U-Pb ages ranging from ~ 256 to ~ 263 Ma (e.g., 
Zhou et al. 2008; Zi et al. 2010; Zhong et al. 2011; Tang 
et al. 2015, 2017, 2021). The volcanic rocks are mainly 

continental flood basalts, with minor amounts of picrites 
and basaltic andesites (Xu et al. 2001; Li et al. 2016).

Several mafic-ultramafic intrusions in the Emeishan LIP, 
such as Hongge, Panzhihua, and Taihe, host large magmatic 
Fe-Ti-V oxide ore deposits (Fig. 1). The  TiO2 reserves are 
32,390 Mt for Hongge, 9709 Mt for Panzhihua, and 6223 Mt 
for Taihe, and the  V2O5 reserves are 683 Mt for Hongge, 208 
Mt for Panzhihua, and 232 Mt for Taihe (Wen et al. 2008). 
The Ti and V metal resources in the Emeishan LIP rank the 
first and third in the world, respectively (Wen et al. 2008). 
The zircon U-Pb ages are from 263 ± 3 (Zhou et al. 2005) to 
257.6 ± 2.1 Ma (Tang et al. 2021) for Panzhihua, from 259 
± 1.3 (Zhong and Zhu 2006) to 258.2 ± 2.8 Ma (Tang et al. 
2021) for Hongge, and from 264.3 ± 2.5 (Shellnutt et al. 
2011) to 263.3 ± 2.2 Ma (Tang et al. 2021) and 258.8 ± 2.3 
Ma (Zhong et al. 2011) for Taihe.

Panzhihua deposit

This deposit is hosted by the Panzhihua intrusion, which is 
a tabular layered intrusion composed mainly of gabbroic 
rocks (Fig. 2a). Significant Fe-Ti oxide mineralization in the 
intrusion was discovered between 1936 and 1940. Mining at 
Panzhihua began in 1967 and is still on-going. This intrusion 
is ~ 19 km in length, 3–5 km in width, and ~ 2 km in thick-
ness (Zhou et al. 2005; Pang et al. 2008). It dips northwest 
at angles between 50 and 60°. The intrusion was emplaced 
into Neoproterozoic dolomitic limestones, producing an ~ 
300-m-thick contact metamorphic zone composed of bru-
cite marbles in the lower contact (Ganino et al. 2013). The 
intrusion is in fault contact with late-Permian syenites and 
Triassic terrestrial clastic sedimentary rocks in other places. 
Based on the mineral assemblage, structure, and the Fe-Ti 
oxide contents, the Panzhihua intrusion is commonly divided 
into the Marginal, Lower, Middle, and Upper Zones from the 
base upwards (Pang et al. 2008; Yu et al. 2015). Massive to 
semi-massive Fe-Ti-V oxide ore layers occur between gab-
bro and apatite gabbro layers in the Lower Zone (Fig. 2a).

Hongge deposit

This deposit is associated with the Hongge intrusion, which 
is composed of mafic-ultramafic intrusive rocks, such as oli-
vine clinopyroxenite, clinopyroxenite, and gabbro (Fig. 2b). 
It is ~16 km in length, 3–6 km in width, and 0.58–2.7 km 
in thickness. Mineral exploration at Hongge took place 
between 1965 and 1980. Mining in the northern part (or 
North intrusion) began in 1991 and is still active. Mining 
in the south part (or South intrusion) has not started. The 
Hongge intrusion is in contact with Mesoproterozoic meta-
sandstone, gneiss, and schist in the north, with flood basalts 
in the northeast, and with Neoproterozoic dolomitic lime-
stones in a small area in the south (Bai et al. 2012). In the 
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contact zones, the dolomitic limestone has been metamor-
phosed to marble in places (Luan et al. 2014). Late-Permian 
granitoids, such as alkaline granites and syenites (255.2 
± 3.6 Ma, Xu et al. 2008), are in direct contact with the 
Hongge mafic-ultramafic intrusion in some places along its 
eastern and western margins. Bai et al. (2012) reported the 
presence of basalt xenoliths in the intrusion. The Hongge 
intrusion is commonly divided into the Lower, Middle, and 
Upper Zones from bottom to top. Semi-massive Fe-Ti-V 
oxide ore layers occur in the Middle Zone, mainly between 
an olivine clinopyroxenite layer and a clinopyroxenite layer 
(Fig. 2b).

Taihe deposit

The Taihe deposit was discovered between 1957 and 
1960. Mining at Taihe began in 1988 and is still active. 
The host layered mafic intrusion is ~ 3 km in length, ~ 2 
km in width, and ~ 1.2 km in thickness (Fig. 2c). It dips 
southeast at angles between 50 and 60°. The intrusion is in 

direct contact with Permian syenites (261 ± 2 Ma, Xu et al. 
2008), but diopside-garnet marble xenoliths are present in 
places in the intrusion, indicating the presence of marbles 
beneath the intrusion. The Taihe intrusion is divided into 
Lower, Middle, and Upper Zones from the base upwards. 
Magnetite gabbro layers are present throughout the intru-
sion, but a thick, massive, to semi-massive oxide ore layer, 
which makes up the deposit, occurs at the base of the Mid-
dle Zone (Fig. 2c).

Sample descriptions

The rock samples used for separation of apatite and zircon 
for in situ trace element and isotope measurements were 
collected from a rock unit hosting the largest orebody/
ore layer in each of the three selected magmatic Fe-Ti-V 
oxide ore deposits in the Emeishan large igneous prov-
ince, namely, Panzhihua (Fig. 2a), Hongge (Fig. 2b), and 
Taihe (Fig. 2c). Each rock sample weighted between 5 and 

Fig. 2  Simplified plan views and lithological columns for the Panzhihua (a), Hongge (b), and Taihe (c) layer intrusions in the Emeishan LIP 
(modified from Song et al. 2013; Luan et al. 2014; She et al. 2014; Yu et al. 2015; Tang et al. 2021)
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10 kg. The sample from Panzhihua is a magnetite gab-
bro (PZH15-04) interbedded with a semi-massive Fe-Ti-V 
oxide ores in the Lower Zone of the Panzhihua intrusion 
(Fig. 2a). Two samples were collected from the Hongge 
deposit. They are both from the Middle Zone, between two 
major large ore layers: an olivine clinopyroxenite (HG15-
02b) beneath the upper ore layer and a clinopyroxenite 
(HG15-03b) above the lower ore layer (Fig. 2b). The sam-
ple from the Taihe deposit is a magnetite gabbro sample 
(TH15-02) from the Middle Zone which hosts the only 
major ore layer of this deposit (Fig. 2c).

The magnetite gabbro sample (PZH15-04) from Panzhi-
hua contains 40% (volume) pyroxenes (Cpx > Opx), ~ 40% 
plagioclase, ~ 10% Fe-Ti oxides, and minor amounts of oli-
vine, apatite, and hornblende (Fig. 3a). Fe-Ti oxides occur as 
inclusions mainly enclosed in clinopyroxene crystals and in 

the interstitial spaces. Apatite grains occur in the interstitial 
spaces. Apatite inclusions are rare in this sample.

The olivine clinopyroxenite sample (HG15-02b) from 
Hongge contains ~ 65% clinopyroxene, ~ 12% olivine, ~ 
8% Fe-Ti oxides, and minor amounts of apatite, plagioclase, 
and hornblende (Fig. 3b). This rock is characterized by a 
poikilitic texture, with abundant Fe-Ti oxide grains plus a 
few small olivine crystals enclosed in large clinopyroxene 
grains (Fig. 3b). Apatite grains occur as inclusions enclosed 
in some clinopyroxene oikocrysts as well as in the interstitial 
spaces of clinopyroxene.

The clinopyroxenite sample (HG15-03b) from Hongge 
contains ~ 60% clinopyroxene, ~ 10% Fe-Ti oxides, ~ 10% 
orthopyroxene, ~ 5% apatite, and minor amounts of olivine, pla-
gioclase, hornblende, and phlogopite (Fig. 3c, d). Fe-Ti oxide 
grains occur in the interstitial spaces and as inclusions enclosed 

Fig. 3  Photomicrographs 
of samples for apatite sepa-
rates from the Panzhihua (a), 
Hongge (b, c, d), and Taihe (e, 
f) intrusions. Ap, apatite; Cpx, 
clinopyroxene; Hbl, Honblende; 
Ol, olivine; Pl, plagioclase
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in relatively large clinopyroxene crystals. Apatite grains occur 
in the interstitial spaces and as inclusions (Fig. 3c, d).

The magnetite gabbro sample (TH15-02) from Taihe contains 
~ 40% pyroxenes (Cpx > Opx), ~ 35% plagioclase, ~ 15% Fe-Ti 
oxides, and minor amounts of olivine, apatite, and hornblende, 
plus rare phlogopite (Fig. 3e, f). Apatite grains mainly occur in 
the interstitial spaces, but rare apatite inclusions enclosed in rela-
tively large clinopyroxene crystals are also present.

The mineral textures in thin sections indicate that the rock 
samples from Hongge and Taihe contain both cumulus and 
intercumulus apatites. The lack of apatite inclusions in the 
thin section of the rock sample from Panzhihua indicates no or 
insignificant amount of cumulus apatite in this samples. The 
textural observations are consistent with much higher P/Zr in 
the rock samples from Hongge, Panzhihua, and Taihe than 
in the average high-Ti basalts in the Emeishan LIP (Xu et al. 
2001; Shellnutt and Jahn 2011; Tang et al. 2021). In brief, the 
apatite separates used in this study represent mixtures of vari-
able amounts of cumulus and intercumulus crystals.

Several previous studies on apatite trace element variations 
in each of these intrusions (Hongge, Panzhihua and Taihe) 
used rock samples with variable degrees of post-magmatic 
hydrothermal alteration (Xing et al. 2014; She et al. 2016; 
Xing and Wang 2017). In this study, we use the rock sam-
ples that are least-altered in a given intrusion. As shown in 
Fig. 3a–f, our rock samples are very pristine in thin sections.

Analytical methods

Apatite trace element analysis

Apatite trace element concentrations were measured using an 
Agilent 7900 ICP-MS coupled with a GeoLasHD sampling sys-
tem in the Chinese Academy of Sciences’ Key Laboratory of 
Crust-Mantle Materials and Environments at the University of 
Science and Technology of China (USTC), Hefei. Helium was 
used as a carrier gas. It was mixed with argon before entering 
the plasma chamber. The frequency, energy density, and beam 
diameter was 5 Hz, 6 J/cm2, and ~ 40 μm, respectively. The 
SRM 610 silicate glass standard was used for calibration. The 
SRM 612, BIR-1G, BCR-2G, CGSG-1, CGSG-2, and BHVO-
2G references were used to quality control. The raw data were 
processed using the ICPMSDataCal software (Liu et al. 2008, 
2010). The time-resolved signal spectrum of each element was 
checked for spikes, and the spikes were rejected from concen-
tration calculation. 43Ca was set as an internal standard for 
apatite. The precision and accuracy are estimated to be better 
than 10% (2σ) for most trace elements based on the replicate 
analyses of the international standards in this laboratory (Zhao 
et al. 2021). The recommended and measured values of some 
of the standards are given in ESM 1 Tables A1 and A2.

Apatite Sr‑Nd isotope analysis

Analysis of apatite Sr and Nd isotopes was conducted using 
a Thermo Scientific Neptune MC-ICP-MS, equipped with a 
193-nm ArF Excimer laser-ablation system at State Key Labo-
ratory of Lithospheric Evolution, Institute of Geology and Geo-
physics, Chinese Academy of Sciences (IGGCAS), Beijing, 
following the analytical protocols of Yang et al. (2014). Before 
collecting the signals of Sr isotopes from a sample, 40-s col-
lection of the background signals was carried out. Apatite was 
then ablated for 60 s by a laser with repetition rate of 8 Hz, 
energy density of 10 J/cm2, and beam diameter of 90 μm. The 
apatite aerosols were sent to the plasma chamber by helium gas 
mixed with nitrogen gas on the way. The Sr isotope ratios of 
the Apatite 1 and Slyudyanka apatite standards obtained during 
the analytical sessions are 87Sr/86Sr = 0.711521 ± 52 (2σ) for 
Apatite 1 (n = 22), 87Sr/86Sr = 0.707886 ± 74 (2σ) for Sly-
udyanka apatite (n = 21), which are within the recommended 
ratios (Apatite 1 87Sr/86Sr = 0.711370 ± 31, Slyudyanka apatite 
87Sr/86Sr = 0.707683 ± 25) that were determined using other 
methods such as TIMS and solution MC-ICP-MS (Yang et al. 
2014). The values of some of the standards measured during 
our analytical session and the recommended values are given 
in ESM 2 Tables A1and A2.

After Sr isotopic analysis, the same apatite grains were ana-
lyzed for Nd isotopes, following the procedures of Yang et al. 
(2014). The laser beam was changed to 6-Hz repletion rate, 15 J/
cm2 energy density, and 120 μm in diameter. Before laser bom-
bardment, the MC-ICP-MS instrument was calibrated using the 
JNdi-1 standard solution. The sample was then bombarded by 
the laser for 60 s and the Nd isotope ratios were collected. The 
isobaric interference of 144Sm on the 144Nd signal was evaluated 
and corrected using the method of McFarlane and McCulloch 
(2007), based on the recommended 147Sm/149Sm = 1.08680 and 
144Sm/149Sm = 0.22332 (Dubois et al. 1992; Isnard et al. 2005). 
The Nd isotope ratios of two international standards obtained 
during the analytical sessions are 143Nd/144Nd = 0.511320 ± 
34 (2σ) and 147Sm/144Nd = 0.0819 ± 5 (2σ) for the Madagascar 
(MAD) apatites (n = 18), and 143Nd/144Nd = 0.511930 ± 27 
(2σ) and 147Sm/144Nd = 0.0839 ± 5 (2σ) for the Otter Lake apa-
tites (n = 17), which are within the recommended values (MAD 
143Nd/144Nd = 0.511348 ± 16 and 147Sm/144Nd = 0.0818 ± 
5; Otter Lake 143Nd/144Nd = 0.511940 ± 9 and 147Sm/144Nd 
= 0.0824 ± 4) that were measured using TIMS and solution 
MC-ICP-MS (Foster and Vance 2006; Fisher et al. 2011; Yang 
et al. 2014). The values of the standards measured during our 
analytical session and the recommended values are given in 
ESM 2 Tables A1 and A2.

Zircon trace element analysis

Zircon trace element concentrations were measured using 
LA-ICP-MS at the IGGCAS and Wuhan Sample Solution 
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Analytical Technology Co., Ltd. (WSSATCL), Wuhan, 
China. The laser frequency, energy density, and beam diame-
ter was 5 Hz, 5.5 J/cm2, and ~ 44 μm, respectively. The NIST 
610 was used for instrument calibration. At the IGGCAS, the 
ARM-1, 91500, and SA01 were used for quality control. At 
the WSSATCL, the BHVO-2G, BCR-2G, and BIR-1G were 
used for quality control. The fractionation correction and 
data reduction were done using the ICPMSDataCal software 
of Liu et al. (2008). The recommended and measured values 
of some of the standards are given in ESM 3 Table A2.

Analytical results

Apatite trace element compositions

The cathodoluminescence (CL) images of the apatite sepa-
rates from the rock samples from each of the three selected 
Fe-Ti-V oxide ore deposits (Panzhihua, Hongge and Taihe) 
are illustrated in Fig. 4a–d. The apatite grains are elongated, 

subhedral to anhedral crystals, with well-developed crystal 
faces in some parts of the margins. The widths of the grains 
vary between 100 and 200 μm, and the length-to-width ratios 
are between 1:1 and 2:1. The CL images reveal weak, secu-
lar to irregular compositional zoning (variable brightness 
due to variable REE contents) in some of the grains, and 
several grains containing tiny Fe-Ti oxide mineral inclusions 
and impurities in the outer zones.

Using the average composition of the high-Ti basalts in the 
Emeishan LIP for normalization, the normalized patterns for 
REEs and some lithophile trace elements in the apatites are 
illustrated in Fig. 5a–h. These plots clearly show that the apa-
tites all contain higher REE-Y-Th, with the normalized values 
> 1, and lower Ga-Mn-Zr-Ba-Hf-Nb, with the normalized 
values < 1, than the average composition of the Emeishan 
high-Ti basalts. The differences reveal that REE-Y-Th are 
relatively compatible, whereas Ga-Mn-Zr-Ba-Hf-Nb are rela-
tively incompatible in the apatite crystal structure, consistent 
with the experimental results for basaltic systems (Watson and 
Green, 1981; Prowatke and Klemme 2006). In the plots for the 

Fig. 4  Cathodoluminescence images of apatite crystals from the Panzhihua, Hongge, and Taihe intrusions
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lithophile trace elements shown in the right panel of Fig. 5, the 
order of these elements are arranged according to their decreas-
ing compatibility in the apatite crystal structure based on the 

experimental and empirical results. The Hf and Nb contents in 
the apatites are scattered, likely due to their extremely low con-
centrations (close to the detection limits; see ESM 1 Table A1).

Fig. 5  Average Emeishan high-Ti basalt-normalized REE and litho-
phile trace elements patterns of apatites from the Panzhihua, Hongge, 
and Taihe Fe-Ti-V oxide deposits in the Emeishan LIP. The average 

composition of the Emeishan high-Ti basalts is calculated from the 
data of Xu et al. (2001) and Shellnut and Jahn (2011)
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Apatites from the olivine clinopyroxenite of the Hongge 
deposit are more enriched in light REEs than middle and 
heavy REEs (Fig. 5a). Apatites from the clinopyroxenite of 
this deposit and those from the magnetite gabbros of the 
Panzhihua and Taihe deposits are more enriched in middle 
REEs than light and heavy REEs (Fig. 5c, e, g). The nor-
malized values of Sr in the apatites from the Hongge and 
Taihe deposits are significantly higher than unity and  show 
weak positive anomalies (Fig. 5b, d, h). By comparison, the 
normalized values of Sr in the apatites from the Panzhi-
hua deposit are close to unity and show no Sr anomalies 
(Fig. 5f).

The variations of Sr contents, (La/Sm)N, (Sm/Yb)N, 
(Sr/Y)N, δEu or 2×EuN/(SmN+GdN), and δCe or 2×CeN/
(LaN+PrN) in apatites from a major ore zone/layer of each 
of the three selected Fe-Ti-V oxide ore deposits (Hongge, 
Panzhihua and Taihe) are illustrated in Fig. 6. The trace ele-
ment data of apatites in the other zones of the host intru-
sions reported previously by other researchers (Xing et al. 
2014; She et al. 2016; Xing and Wang 2017) are included 
for comparison in Fig. 6a, b. The data show highly variable 
apatite trace element compositions within a single intrusion. 

A comparison focusing on the data for a representative ore 
zone/layer in each of the deposits shows that Panzhihua 
has lower apatite (Sm/Yb)N, (Sr/Y)N, and Sr contents than 
Hongge and Taihe (Fig. 6a, b). Within the same zone of 
Hongge deposit, olivine clinopyroxenite is characterized by 
higher apatite (La/Sm)N and (Sr/Y)N than clinopyroxenite.

Apatite Sr‑Nd isotope compositions

Rb-Sr and Sm-Nd isotope compositions of apatites from a 
major ore zone/layer of each of the three selected Fe-Ti-V 
ore deposits (Hongge, Panzhihua, and Taihe) deposits are 
listed in ESM 2 Table A1. The (87Sr/86Sr)i and εNd(t) val-
ues are calculated using the U-Pb ages of zircons from the 
same intrusion (Tang et al. 2021). A comparison between 
the apatite and whole-rock Sr-Nd isotope data for each rock 
sample is illustrated in Fig. 7a–c. It should be noted that the 
analyzed apatites have trace element compositions that are 
suitable for in situ Rb-Sr and Sm-Nd isotopic analysis by MC-
ICP-MS according to Yang et al. (2014). These authors used 
in situ MC-ICP-MS technique and a solution-based method 
to measure Rb-Sr and Sm-Nd isotopes for eleven apatite 

Fig. 6  a Apatite (La/Sm)N vs (Sm/Yb)N. b Apatite (Sr/Y)N vs Sr con-
tent. c–d Apatite δEu and vs ΔFMQ calculated from the zircon oxy-
barometer of Loucks et al. (2020). The element ratios, δEu and δCe, 
are calculated from the average Emeishan high-Ti basalt-normalized 

values. The average composition of the Emeishan high-Ti basalts is 
calculated from the data from Xu et al. (2001) and Shellnut and Jahn 
(2011)
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references. They found that an apatite crystal containing Yb/
Sr and Er/Sr less than 0.1, and Sm/Nd < 1 is suitable for 
in situ Rb-Sr and Sm-Nd isotopic analysis, respectively. As 
shown in ESM 1 Table A1, the apatites from this study all 
satisfy such requirements. The results from Yang et al. (2014) 
also show that the grain-to-grain isotopic variation of multi-
ple apatite grains from a reference rock sample analyzed by 
in situ method is negligible to very small for Sr isotopes but 
much larger for Nd isotopes and that the average isotope ratios 
of multiple grains from a reference rock sample analyzed by 
in situ technique are indistinguishable with the ratios of a 
solution sample prepared by dissolving multiple grains from 
the reference rock sample and analyzed by a solution-based 
method. For these reasons, we use the average Sr-Nd isotope 
ratios of multiple apatite grains from each sample from the 
Hongge, Panzhihua, and Taihe deposits here after.

No whole rock Sr-Nd isotope data are available to be 
paired with the apatites Sr-Nd isotope data for the Hongge 
North deposit (Fig. 7a). The samples from the Panzhi-
hua and Taihe deposits were analyzed for both whole rock 
(Tang et al. 2021) and apatite (this study) Sr-Nd isotope 
compositions. The results show that the whole rocks and 
the apatite separates from the rock samples have similar 
εNd(t) values, but in both cases the whole rock has higher 
(87Sr/86Sr)i than the apatite separates (Fig. 7b, c).

A comparison of Sr-Nd isotope compositions of apatites 
from a major mineralized zone/layer of each of the three 
selected Fe-Ti-V ore deposits is illustrated in Fig. 7d. The 
whole rock data for the entire intrusions from previous pub-
lications are also shown in the figure. Clearly, the isotopic 
variations within an intrusion are very large, but this is not 
surprising because a layered mafic-ultramafic intrusion 

Fig. 7  Comparison of apatite (87Sr/86Sr)i and εNd with the whole-
rock values for the Hongge (a), Panzhihua (b), and Taihe (c) depos-
its, and plot of average (87Sr/86Sr)i and εNd values for the deposits (d). 
The whole rock Sr-Nd isotope data for the deposits are from Zhong 
et al. (2003), Zhang et al. (2009), Howarth and Prevec (2013), Song 
et al. (2013), Luan et al. (2014), She et al. (2014), Yu et al. (2015), 
and Tang et al. (2021). The field for the Emeishan High-Ti basalts is 
based on the data from Xu et al. (2001), Xiao et al. (2004), and Zhang 

et al. (2008). The Sr and Nd concentrations and isotope compositions 
of the Precambrian gneiss and schist are from Gao et al. (1999), Luan 
et al. (2014), Yu et al. (2015), and Bai et al. (2022). The Sr and Nd 
concentrations and isotope compositions of marble are from Ganino 
et al. (2008, 2013) and Yu et al. (2015). The mantle array of Sr-Nd 
isotope is from DePaolo and Wasserburg (1979). The mixing line 
between mantle-derived magma and melt derived from recycled 
marine sediments in the mantle is from Bai et al. (2022)
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commonly formed from multiple pulses of magma with dif-
ferent amounts of crustal contamination at depths. In addi-
tion, the whole rock isotope compositions have been variably 
disturbed by post-magmatic hydrothermal alteration.

Apatite separates from two rock samples (olivine clino-
pyroxenite and clinopyroxenite) from the major ore zone/
layer of the Hongge deposit have similar Sr-Nd isotope 
compositions. The former have (87Sr/86Sr)i from 0.70576 to 
0.70596, with an average of 0.70587 ± 0.00006, and εNd(t) 
from − 1.2 to 1.1, with an average of 0.22 ± 1.14. The latter 
have (87Sr/86Sr)i from 0.70565 to 0.70578, with an average 
of 0.70571 ± 0.00005, and εNd(t) from − 0.7 to 1.8, with 
an average of 0.44 ± 0.89. Apatite separates from the Pan-
zhihua and Taihe major ore zones (one for each deposit) 
have significantly lower (87Sr/86Sr)i coupled to much higher 
εNd(t) values than those from the Hongge major ore zone. 
The (87Sr/86Sr)i ratios of apatites from the Panzhihua and 
Taihe ore zones/layers are from 0.70441 to 0.70471, with an 
average of 0.70455 ± 0.00012, and from 0.70488 to 0.70506, 
with an average of 0.70497 ± 0.00007, respectively. The 
calculated εNd(t) values for the apatite separates from the 
Panzhihua and Taihe ore zones/layers are from 2.1 to 4.2, 
with an average of 3.11 ± 1.24, and from 2.0 to 4.1, with an 
average of 2.68 ± 0.98, respectively.

Zircon trace element compositions

The trace element compositions of zircon separates from a 
major ore zone/layer in each of the three selected Fe-Ti-V 
oxide ore deposits (Hongge, Panzhihua and Taihe) are listed 
in ESM 3 Table A1. We have used the analytical results and 
the equation of Loucks et al. (2020) to calculate the magma 
redox states. The calculated values are from ΔFMQ−3.7 to 
ΔFMQ+1.4, with an average of ΔFMQ−0.4 for the Hongge 
sample, from ΔFMQ−2.8 to ΔFMQ+1.3, with an average of 
ΔFMQ−0.7 for the Panzhihua sample, and from ΔFMQ+2.6 
to ΔFMQ+5.3, with an average of ΔFMQ+4.0 for the Taihe 
sample. The variations of these values with the average δCe 
and δEu values of coexisting apatites in the rock samples are 
illustrated in Fig. 6c, d.

Discussion

Crustal contamination and mantle source

Sr-Nd isotope compositions of apatites can be used to trace 
magma isotope compositions because fractional crystalli-
zation of magma does not change Sr-Nd isotope composi-
tions. Re-equilibration of apatite with trapped silicate melt 
may affect apatite trace element compositions (Cawthorn, 
2013; Kieffer et al. 2023) but not isotope compositions. 

The results of experiments conducted at a temperature of 
800 or 600 °C and a pressure of 200 MPa show that rock-
fluid interaction can alter apatite Sr isotope composition 
if the fluid contains abundant Ca, Na, F, and Cl (Li et al. 
2022). With this in mind, we have used the least-altered 
rock samples in this study. As shown in Fig. 3, the rock 
samples used in this study show no sign of significant 
hydrothermal alteration in thin sections.

As shown in Fig. 7d, the (87Sr/86Sr)i and εNd(t) values 
of apatites from a major ore zone/layer of each of the 
Hongge, Panzhihua, and Taihe deposits are within the 
ranges of whole rock samples from each of these host 
intrusions, which are systematically displaced to the right 
of the mantle array of DePaolo and Wasserburg (1979), 
toward potential contaminants such as the Precambrian 
gneiss-schist and marble in the region. The whole rock iso-
tope data have been used to investigate crustal contamina-
tion in each of these intrusions by many researchers previ-
ously (Zhong et al. 2003; Zhang et al. 2009; Howarth and 
Prevec 2013; Song et al. 2013; Luan et al. 2014; She et al. 
2014; Yu et al. 2015; Tang et al. 2021). In this study, we 
focus on the question of whether the ore-forming magmas 
for different deposits had experienced different types of 
crustal contamination. This question can be best addressed 
by using the isotopic data of apatites from a major ore 
zone/layer in each of the selected deposits.

As shown in Fig. 2a, the Panzhihua intrusion intruded 
Neoproterozoic limestone, which was metamorphosed 
to marble in the contacts (Ganino et  al. 2008, 2013). 
The Taihe intrusion is not in direct contact with marble 
(Fig. 2c), but rare garnet marble xenoliths are present in 
the intrusion, indicating the presence of marble beneath 
this intrusion (Tang et al. 2021). The northern part of the 
Hongge intrusion (or North intrusion) intruded Precam-
brian gneiss-schist. Our samples are from the Hongge 
North intrusion (Fig. 2b). Given the geological contexts, 
we have modeled the Sr-Nd isotope compositions of apa-
tites as the result of magma contamination with marble for 
Panzhihua and Taihe, and with Precambrian gneiss-schist 
for Hongge. The results are illustrated in Fig. 7d. The 
Sr-Nd isotope compositions of apatite separates from the 
Panzhihua and Taihe samples can be reproduced by con-
tamination of mantle-derived magma with ~ 10 wt% and 
~ 25 wt% marble, respectively, which are in good agree-
ments with the modelling results based on the respective 
whole rock Sr-Nd isotope compositions (Tang et al. 2021). 
The Sr-Nd isotopes of apatite separates from the Hongge 
samples can be reproduced by contamination of mantle-
derived magma with ~ 8 wt% Precambrian gneiss-schist.

Bai et al. (2022) reported (87Sr/86Sr)i from 0.7084 to 
0.7096 and εNd(t) from − 7.7 to − 5.9 for rock samples 
from the marginal zone in the southern part of the Hongge 
intrusion (or South intrusion; see Fig. 2b). These authors 
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attributed the results to mixing between plume-derived 
magma and melt derived from previously subducted marine 
sediments in the mantle. As shown in Fig. 7d, this model can 
also explain our Sr-Nd isotope compositions of apatites from 
the northern part of the Hongge intrusion (or North intru-
sion; see Fig. 2b). However, based on the principle of proxi-
mality of time and space from magma generation to final 
emplacement, we favor the crustal contamination model.

The marble assimilation model for Panzhihua and 
Taihe (Fig. 7d) assumes that the deviations of Sr isotope 
compositions in the parental magmas for these deposits from 
the mantle value are due to carbonate assimilation alone. 
This assumption is more realistic for Panzhihua than for 
Taihe, as the latter intruded Precambrian gneiss-schist, not 
carbonate (Fig. 2c). If the deviations of Sr and Nd isotopes 
from the mantle array are considered together (Fig. 7d), 
contamination of the Taihe magma with the Precambrian 
gneiss-schist footwall cannot be ruled out. Moreover, a 
recycled, high-T altered oceanic gabbroic component in 
the mantle source for Taihe, as suggested based on zircon 
oxygen isotopes by Tang et  al. (2021), offers a viable 
alternative to the marble assimilation model. It is worth 
mentioning that elevated (87Sr/86Sr)i with an average value 
of 0.70475 has been reported for high-T altered oceanic 
gabbro intercepted by deep ocean drilling (e.g., Staudigel 
et al. 1995). Tang et al. (2021) reported zircon δ18O values 
from 4.12 to 4.56‰ for the Taihe rock sample, which are 
significantly lower than that of the mantle (5.3 ± 0.3‰, 
Valley 2003) as well as those from the marbles in the region 
(7.4 to 13.2‰, Yu et al. 2015). It is important to note that 
the zircon oxygen isotopes are also more consistent with a 
recycled, high-T altered oceanic gabbroic component in the 
mantle source than magma contamination with Precambrian 
gneiss-schist or marble.

Apatites in two rock samples (an olivine clinopyroxenite 
and a clinopyroxenite) from the same zone of the Hongge 
North intrusion have similar Sr-Nd isotopes, but signifi-
cantly different (La/Sm)N (Fig. 8a, b). One possibility is 
that they formed from two distinct pulses of magma that 
were contaminated with crustal materials that have similar 
Sr-Nd isotopes but different (La/Sm)N. Apatites from the 
Panzhihua deposit have significantly lower (Sm/Yb)N than 
the other deposits (Fig. 8c, d). This could be due to a shal-
lower depth of mantle partial melting during magma gen-
eration for Panzhihua. As demonstrated by McKenzie and 
O'Nions (1991), Sm/Yb of mantle-derived magma is mainly 
controlled by the presence of garnet or spinel in the mantle 
source during partial melting. In mantle peridotites, spinel is 
stable at depths < 85 km, whereas garnet is stable at deeper 
depths (Robinson and Wood 1998). A mantle partial melt in 
equilibrium with garnet is expected to have higher Sm/Yb 
than that in equilibrium with spinel if the degrees of partial 
melting are similar (McKenzie and O'Nions 1991).

Fractional crystallization

In basaltic systems, initial crystallization of apatite is 
commonly proceeded by initial crystallization of olivine, 
clinopyroxene, and plagioclase. Strontium is compatible in 
plagioclase, substituting Ca in the crystal structure (Binde-
man et al. 1998). In contrast, yttrium (Y) is incompatible in 
plagioclase as well as in other major silicate minerals such 
as olivine and clinopyroxene. Hence, the combination of Sr 
content and Sr/Y in apatite can be used to track the relative 
degree of plagioclase fractional crystallization by the time 
apatite starts to crystallize. As shown in Fig. 6b, apatites 
from the Taihe intrusion exhibit a strong, positive Sr-(Sr/Y)N 
correlation, illustrating the effect of plagioclase fractional 
crystallization. The apatite data for the Panzhihua intrusion 
plot at the extension of the Taihe trend. The apatite data for 
the Hongge intrusion are slightly displaced to both sides of 
the Taihe trend, likely due to variation in the initial Sr/Y of 
magma. In a given intrusion, the Sr contents and (Sr/Y)N 
ratios of apatites tend to be lower in the major mineralized 
zone/layer than the overlying unmineralized zones. The data 
for a representative mineralized zone in each of the deposits 
clearly show an increasing order of Sr contents in apatites 
from Panzhihua to Taihe and Hongge (Fig. 6b), indicating 
relatively higher degree of plagioclase fractional crystalliza-
tion for the Panzhihua magma than the Taihe and Hongge 
magmas if they experienced similar degrees of trapped liq-
uid effect. Re-equilibration of apatite with trapped liquid on 
cooling has an effect on apatite trace element composition, 
depending on the trapped liquid/apatite ratios (Cawthorn 
2013). The details of such effect in the different intrusions 
remain to be investigated in the future.

The relative degrees of fractional crystallization of basaltic 
magma by the removal of all major cumulus minerals, such as 
olivine, clinopyroxene, plagioclase, and Fe-Ti oxides, can be 
estimated by comparing the concentrations of incompatible 
trace elements, such as REEs, Th, and Y in the magma, 
which can be estimated from the concentrations of these 
elements in apatite plus the distribution coefficients (Ds) of 
these trace elements between apatite and magma. For basaltic 
systems, only a limited number of experimentally determined 
Ds are available to date. These include the values for Th, La, 
Sm, Dy, Y, and Lu (Watson and Green 1981; Prowatke and 
Klemme 2006). We have used the experimentally determined 
Ds for basaltic systems and the average concentrations of 
these elements in apatites from each rock sample/zone of 
each deposit to calculate the respective parental magma 
composition. As described above, each rock sample from 
this study contains variable amounts of cumulus and 
intercumulus apatite crystals, so it is better to use the average 
trace element contents of apatite separates from each rock 
sample for liquid inversion. As shown in Fig. 9a–c, the trace 
element patterns of the inversed liquids are more fractionated 
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than that of the average Emeishan high-Ti basalt, indicating 
that the liquids are more fractionated than that of the basalt. 
In addition, the normalized values are all significantly higher 
than unity, indicating that the liquids are more evolved than 
the basalt. Using Sm as an example, which is less affected 
by re-equilibration with trapped liquid than Th and La 
(Cawthorn, 2013; Kieffer et al. 2023), the normalized values 
are from 2 to 4 for Hongge and ~ 4 for both Panzhihua and 
Hongge, indicating that the estimated magmas are more 
evolved than the average high-Ti basalt of the Emeishan 
LIP. Between the two samples from the Hongge deposit, 
the inversed magma for clinopyroxenite is more evolved 
than olivine clinopyroxenite, which is consistent with the 
difference in mineral assemblages between them. Since the 
compositions of both cumulus and intercumulus apatites 
in a rock sample are used in the average calculation, the 
inversed liquid composition for a rock sample represents 
an intermediate composition between the parental magma 
for cumulus apatite and the trapped liquid of a crystal mush 
containing abundant clinopyroxene and plagioclase. There 
is no doubt that trapped liquid effect also contributed to the 
observed incompatible trace element enrichments in the 

inversed liquids, but it is unlikely that it can account for the 
full extent of the enrichments. It is worth mentioning that 
the Emeishan high-Ti basalts do not represent the primary 
mantle-derived magmas, but rather the derivative liquids 
after 10–15% olivine fractional crystallization of olivine 
before eruption (e.g., Li et al. 2016).

The trace element patterns of the inversed liquids from 
the compositions of apatites analyzed previously by other 
researchers (Xing et al. 2014; She et al. 2016; Xing and 
Wang 2017) are included in Fig. 9a–c for comparison. As 
shown in Fig. 9a, the trace element concentrations and 
pattern of the inversed liquid for a clinopyroxenite sample 
from the Middle Zone in the northern part of the intrusion 
(or North intrusion, Fig. 2b) and those for gabbro samples 
(N = 3) from the Upper Zone in the southern part of the 
intrusion (or South intrusion, Fig. 2b) are similar. In the 
Panzhihua intrusion, the inversed liquid for a gabbro sample 
from the Lower Zone contains significantly higher Th but 
slightly lower REEs + Y than that for the Middle Zone 
(Fig. 9b). In the Taihe intrusion, the trace element contents 
and patterns of the inversed liquids for the Middle and Upper 
Zone are similar (Fig. 9c).

Fig. 8  The average apatite (La/Sm)N vs (87Sr/86Sr)i (a) and vs εNd 
(b). The average apatite (Sm/Yb)N vs (87Sr/86Sr)i (c) and vs εNd (d). 
The element ratios are calculated from the average Emeishan high-Ti 

basalt-normalized values. The average composition of the Emeishan 
high-Ti basalts is calculated from the data from Xu et al. (2001) and 
Shellnut and Jahn (2011)
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Magma redox states

Europium is a multivalent REE, with both 3+ and 2+. 
 Eu3+/Eu2+ in magma and apatite increases with increasing 
oxygen fugacity (Charlier et al. 2008; Smythe and Brenan 

2015).  Eu3+ is more compatible than  Eu2+ in the apatite 
crystal structure (Watson and Green 1981; Pan and Fleet 
2002). As a result, δEu [2×EuN/(SmN+GdN)] of apatite 
crystallizing from magma with the same Eu/(Sm+Gd) 
is expected to increase with oxygen fugacity. The data 
from this study show that δEu in apatites from Taihe are 
higher than in those from Hongge and Panzhihua (Fig. 6c), 
indicating that the Taihe magma is more oxidized than 
the Hongge and Panzhihua magmas. Cerium is another 
multivalent REE.  Ce4+/Ce3+ in magma increases with 
increasing oxygen fugacity (Smythe and Brenan 2015). 
 Ce3+are more compatible than  Ce4+in the apatite crystal 
structure (Watson and Green 1981; Pan and Fleet 2002). As 
a result, δCe [2×CeN/(LaN+PrN)] in the apatite crystallizing 
from magma with the same La/Pr is expected to decrease 
with increasing oxygen fugacity. Our data show that the δCe 
values in apatites from Taihe are lower than in those from 
Hongge and Panzhihua (Fig. 6d), indicating that the Taihe 
magma is more oxidized than the Hongge and Panzhihua 
magmas, consistent with the result inferred from apatite 
δEu (Fig. 6c). Between Hongge and Panzhihua, the results 
inferred from apatite δEu and δCe are inconsistent, with 
the former indicating more oxidized magma for Panzhihua 
whereas the latter indicating less oxidized magma for 
Panzhihua than for Hongge (Fig. 6c, d).

Based on a comprehensive review, Bromiley (2021) 
concluded that apatite Eu and Ce anomalies are less reliable 
magmatic fO2 indicators than the zircon oxybarometer 
of Trail et al. (2012). We have used a recently updated 
zircon oxybarometer by Loucks et al. (2020) to calculate 
the ΔFMQ values for our samples. The magmatic ΔFMQ 
estimated using the zircon oxybarometer and the δEu and 
δCe values of coexisting apatite are compared in Fig. 6. 
The results show a weak, positive correlation between 
apatite δEu and the estimated magmatic ΔFMQ (Fig. 6a), 
and a strong, negative correlation between apatite δCe and 
the estimated ΔFMQ (Fig. 6a). The opposite correlations 
of apatite δEu and δCe with the estimated ΔFMQ from 
this study are consistent with the theoretical predictions 
(Watson and Green 1981; Pan and Fleet 2002; Charlier 
et  al. 2008; Smythe and Brenan 2015). Overall, the 
results from this study show that the correlation between 
apatite δCe and magma fO2 is much stronger than the 
correlation between apatite δEu and magma fO2, implying 
that apatite δCe is a better choice than apatite δEu to 
track magmatic fO2. However, before apatite δCe can 
be used as an oxybarometer, an independent calibration 
is required. Therefore, for the time being we focus on 
the results estimated using the zircon oxybarometer of 
Loucks et al. (2020). As shown in Fig. 6c–d, the average 
fO2 values estimated from the zircon trace element data 
are ΔFMQ+4.0 for Taihe, ΔFMQ−0.4 for Hongge, and 
ΔFMQ−0.7 for Panzhihua. Clearly, the magmatic system 

Fig. 9  The Emeishan high-Ti basalt-normalized REE and lithophile 
trace elements patterns of estimated parental magmas for the Hongge 
(a), Panzhihua (b), and Taihe (c) deposits. The trace element contents 
in the magmas were calculated by liquid inversion using the average 
contents of trace elements in apatites and the experimental apatite/
liquid distribution coefficients from Watson and Green (1981) and 
Prowatke and Klemme (2006). The normalization values are the aver-
age values of the Emeishan high-Ti basalts calculated from the data 
from Xu et al. (2001) and Shellnut and Jahn (2011)
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of Taihe was significantly more oxidized than those of 
Hongge and Panzhihua.

Pang et al. (2008) and Liu et al. (2015) used the com-
positions of coexisting magnetite-ilmenite in the oxide 
ores and the QUILF software of Andersen et al. (1993) 
to estimate the T- fO2 conditions for these deposits. These 
authors reported fO2 from ΔFMQ−1.0 to ΔFMQ−4.0 for 
Panzhihua, from ΔFMQ−3.1 to ΔFMQ−4.6 for Taihe, 
and from ΔFMQ−2.9 to ΔFMQ−5.2 for Hongge, with the 
equilibration temperatures varying from 380 to 700 °C. 
Compared to the results from this study, the ΔFMQ values 
from the previous studies are systematically lower, and do 
not show a more oxidized condition for Taihe than the 
others. The different results from the previous studies and 
this study are not surprising, as the zircon data record 
the magmatic conditions whereas the magnetite-ilmenite 
data record the conditions of subsolidus exsolution and 
re-equilibration at low temperatures, and commonly with 
the presence of circulating fluids.

Ganino et  al. (2008) proposed that Fe-Ti oxide ore 
formation at Panzhihua was due to magma oxidation by 
addition of  CO2 rich fluids released by decarbonation in 
the footwall of the intrusion. As shown in Fig. 6c–d, the 
estimated magmatic fO2 of the Panzhihua ore system is 
similar to that of the Hongge North intrusion, despite the 
fact that the footwall of the Hongge North intrusion is not 
carbonate (see Fig. 2b), implying that magma-carbonate 
interaction does not change magmatic fO2 significantly. 
The main reason is because the solubility of  CO2 in mafic 
magma at low total pressure (or shallow depth) is very 
low (Holloway and Blank 1994). Moreover, the amount 
of external  CO2 that can be added to magma is also 
limited by the initial content of  CO2 in the magma. For 
these reasons, the majority of external  CO2 produced via 
magma-carbonate interaction in the crust is released to 
the atmosphere instead of being dissolved in the magma 
(Iacono-Marziano et al. 2009). The lack of significant 
increase of magmatic fO2 associated with mafic magma-
carbonate interaction in the crust has been observed else-
where in the world (e.g., Xue et al. 2023).

Conclusions

The following are conclusions derived from this study:

1. Apatite trace element data indicate that parental mag-
mas for the Panzhihua, Hongge, and Taihe magmatic 
Fe-Ti-V oxide ore deposits are more evolved than the 
average high-Ti basalt of the Emeishan LIP, and that the 
Panzhihua magma originated from a shallower depth 
and experienced higher degree of plagioclase fractional 
crystallization than the others.

2. Apatite Sr-Nd isotopes indicate different types of crustal 
contamination at different locations, with Precambrian 
gneiss-schist at Hongge deposit, but marbles at Panzhi-
hua and Taihe. A recycled, high-T altered oceanic gab-
broic component in the mantle source is a viable alterna-
tive to the marble contamination model at Taihe.

3. Zircon trace element data indicate that the parental 
magma for the Taihe deposit is much more oxidized than 
those for the Panzhihua and Hongge deposits.

4. Magma-carbonate interaction is not essential in the for-
mation of magmatic Fe-Ti-V oxide ore deposits in the 
Emeishan LIP.

5. The results from this study demonstrate that apatite 
Sr-Nd isotopes and apatite-zircon trace element com-
positions can be used to unravel magmatic controls on 
ore genesis.
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