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The Taihe intrusion is one of the layered intrusions situated in the central zone of the Emeishan Large Igneous
Province (ELIP), SW China. The cyclic units in the Middle Zone of the intrusion are composed of apatite-
magnetite clinopyroxenite at the base and gabbro at the top. The apatite-rich oxide ores contain 6–12modal% ap-
atite and 20–50 modal% Fe-Ti oxides evidently distinguished from the coeval intrusions in which apatite-rich
rocks are poor in Fe-Ti oxides. Most of apatites of the Taihe Middle and Upper Zones are fluorapatite, although
four samples show slightly high Cl content in apatite suggesting that they crystallize from a hydrous parental
magma. Compared to the apatite from the gabbro of the Panzhihua intrusion, situated 100 km to the south of
the Taihe intrusion, the apatite of the Taihe rocks is richer in Sr and depleted in HREE relative to LREE. The calcu-
lated magma in equilibrium with apatite of the Taihe Middle and Upper Zones also shows weakly negative Sr
anomalies in primitive mantle normalized trace element diagrams. These features indicate that the apatite of
the Taihe Middle and Upper Zones crystallizes after clinopyroxene and before plagioclase. The apatite of the
TaiheMiddle andUpper Zones showsweakly negative Eu anomalies suggesting a high oxygen fugacity condition.
The high iron and titanium contents in the oxidizing magma result in crystallization of Fe-Ti oxides. Crystalliza-
tion of abundant Fe-Ti oxides and clinopyroxenes lowers the solubility of phosphorus and elevates SiO2 concen-
tration in themagma triggering the saturation of apatite. The positive correlations of Sr, V, total REE contents and
Ce/Yb ratio in apatite with cumulus clinopyroxene demonstrate approximately compositional equilibrium be-
tween these phases suggesting they crystallized from the same ferrobasalticmagma. Early crystallization and ac-
cumulation of Fe-Ti oxide togetherwith apatite produced the apatite-rich oxide ores at the base of the cyclic units
of the Taihe Middle Zone.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Magmatic apatite-rich Fe-Ti oxide ores are commonly associated
with mafic layered intrusions or Proterozoic anorthosite complexes
(Eales and Cawthorn, 1996; Ashwal, 2010; McLelland et al., 2010;
Cawthorn, 2015). The Fe-Ti oxide ores varying in apatite modal content
occur generally in the upper part of the layered intrusions, such as the
Bushveld Complex and the Sept Iles intrusion (Von Gruenewaldt,
1993; Higgins and Doig, 1981). The Fe-Ti-P ore deposits associated
with anorthosites occur generally as veins and lenses and cut enclosing
rocks (Kolker, 1982; Dymek and Owens, 2001). The origin of these Fe-
Ti-P ores is highly debated. Gravitational settling and sorting of crystals
from ferrobasaltic magma have been proposed by a number of authors
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for their formation (Duchesne, 1999; Dymek and Owens, 2001). Never-
theless, some authors argued that the dense ores resulted from immis-
cible Fe-Ti-P melt segregated from mafic magma (Lister, 1966; Kolker,
1982; Naslund, 1983; Reynolds, 1985).

In the central zone of the Emeishan Large Igneous Province (ELIP),
several large layered intrusions, such as Panzhihua, Baima, Xinjie and
Hongge, host thick layers of Fe-Ti oxide ores, in which apatite is rare
(b1 modal%). The formation of the Fe-Ti oxide layers are attributed to
early crystallization and gravitational accumulation of Fe-Ti oxides
from Fe-Ti-enriched magmas, which are produced by fractional crystal-
lization of high-Ti picritic magma at depths (Pang et al., 2008a, 2009;
Ganino et al., 2008, 2013; Zhang et al., 2009; Bai et al., 2012; Zhang
et al., 2012; Song et al., 2013; Howarth et al., 2013; Howarth and
Prevec, 2013). These thick Fe-Ti oxide layers are also thought to have
crystallized from a dense immiscible Fe-rich melt (Zhou et al., 2005,
2013; Shellnutt et al., 2010; Wang and Zhou, 2013; Dong et al., 2013;
Xing et al., 2014). A fluid dynamic model was also proposed to explain
the origin of these oxide deposits (Hou et al., 2012; Luo et al., 2014;
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Fig. 2. Lithostratigraphic column fromdrill core ZK1707 from the Taihe intrusion. C= cumulus;m=magnetite; i= ilmenite; o=olivine; c= clinopyroxene; p=plagioclase; a=apatite.

Fig. 1. (a) Regional geological map of the central Emeishan large igneous province (ELIP), showing the distribution of layeredmafic-ultramafic intrusions hosting Fe-Ti oxide ore deposits
(modified after Song et al., 2009). (b) Simplified geological map of the Taihe intrusion.
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Hei et al., 2015). In contrast, the Fe-Ti oxide ores in the Middle Zone of
the Taihe intrusion (ELIP) are distinctive because they contain 6–12%
cumulus apatites, suggesting that its parental magma is not only
enriched in iron and titanium but also enriched in phosphorus. Thus,
the following questions need to be addressed 1) why apatite occurs in
oxide-rich rocks of the Taihe Middle Zone yet other coeval intrusions
have apatite occurring only in the oxide-barren gabbro in the upper
part of the intrusions; 2) does phosphorus play a direct role on the for-
mation of Fe-Ti oxide ores of the Taihe Middle Zone?

Many minor and trace elements, such as F, Cl, REE, Th, U and Sr, are
highly concentrated in apatite (Watson and Green, 1981;Webster et al.,
1999; Bedard, 2001; Prowatke and Klemme, 2006). Apatite has also
been shown to document the evolution of magma and petrogenesis of
apatite-rich rocks (e.g. Sha and Chappell, 1999; Hoskin et al., 2000;
Dymek and Owens, 2001; Belousova et al., 2001, 2002; Tollari et al.,
2008; Chu et al., 2009; Miles et al., 2013). In this study, major and
trace element compositions in the apatite of the Taihe Middle and
Upper Zones are measured using electron microprobe and LA-ICP-MS,
respectively. The new dataset can be used to constrain the magmatic
differentiation processes and origin of the apatite-rich oxide ores in
the Taihe Middle Zone.
Fig. 3. Textural relationships between apatite-rich oxide ores and apatite gabbros of the TaiheM
magnetite clinopyroxenite; (b) subhedral-euhedral cumulus apatite crystals among Fe-Ti oxi
apatite is enclosed in clinopyroxene in the apatite-magnetite clinopyroxenite; (d) subhedral
(e) subhedral-euhedral cumulus apatites are enclosed in plagioclase of the apatite gabbro
ilmenite. LZ = lower zone; MZ= middle zone; UZ = upper zone.
2. Geological background and the Taihe intrusion

The ELIP covers an area N 5 × 105 km2 in southwestern China
(Fig. 1a) and is derived from a late Permian mantle plume (Chung and
Jahn, 1995; Zhou et al., 2002; Xu et al., 2001). It consists of extensive
Permian flood basalts and genetically associated ~260 Ma mafic-
ultramafic intrusions and felsic plutons (Zhou et al., 2002, 2005, 2008;
Zhong and Zhu, 2006; Xu et al., 2008; Shellnutt and Zhou, 2008;
Zhong et al., 2011; Hou et al., 2013 and references there in). The ELIP
can be divided into a central and an outer zone (Xu et al., 2001 and ref-
erences there in). The central zone of the ELIP is characterized by low-Ti
basalts overlain by high-Ti basalts, whereas the outer zone of the ELIP
predominantly consists of high-Ti basalts (Xu et al., 2001). A series of
Late Permian mafic-ultramafic intrusions are distributed along several
N-S trending faults in the central zone of the ELIP, in an area known
Pan-Xi region (Fig. 1a) (Liu et al., 1985 and references there in). Some
of them host giant Fe-Ti-V oxide deposits, such as Panzhihua, Baima,
Hongge, Xinjie and Taihe, as mentioned above.

The Taihe intrusion is approximately 3 km long and 2 kmwide, with
an exposed area of ~13 km2 (Fig. 1b). The layering dips to the southeast
with angles of 50–60° and body have a thickness of ~1.2 km. She et al.
Z andUZ: (a) Euhedral apatite grains are closely associatedwith Fe-Ti oxides in the apatite-
des and clinopyroxene in the apatite-magnetite clinopyroxenite; (c) euhedral columnar
-euhedral apatite and Fe-Ti oxides are enclosed in clinopyroxene in the apatite gabbro;
. Cpx = clinopyroxene; Pl = plagioclase; Ap = apatite; Fe-Ti oxide = magnetite and

Image of Fig. 3
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(2014) determined the SHRIMP zircon age of 259 ± 3 Ma on the Taihe
gabbro which is consistent with the mantle plume activities. The Taihe
intrusion is completely surrounded by a contemporaneous syenite plu-
ton (Xu et al., 2008). The presence of syenite dykes with thicknesses of
several meters in the Taihe intrusion, indicate that the syenite formed
slightly later. Based on mineral assemblages and lithologic textures,
the Taihe layered intrusion can be divided into Lower Zone (LZ), Middle
Zone (MZ) and Upper Zone (UZ) (Fig. 2). The LZ is defined by the occur-
rence of apatite-free massive Fe-Ti oxide layers, MZ is characterized by
containing as high as 6–12 modal% apatite in the disseminated oxide
ores, and the UZ is marked by the occurrence of oxide-barren apatite
gabbro.

The LZ is composed of olivine clinopyroxenite, olivine gabbro, gab-
bro andmassive Fe-Ti oxide ore from the base to the top (Fig. 2). The ol-
ivine clinopyroxenite contains 60–80 modal% clinopyroxene, 20–
Table 1
Modal content of minerals of the Taihe intrusion.

Sample Depth (m) Rock Zone Cyclic unit O

T11-59 63 Ap Gab UZ
ST11-58 81 Ap Gab UZ
ST11-57 98 Ap Gab UZ
ST11-56 113 Ap Gab UZ
ST11-55 130 Ap Gab UZ
ST11-54 146 Ap Gab UZ
ST11-53 154 Ap Gab UZ
ST11-52 169 Ap Gab UZ
ST11-51 173 Ap Mt Cpx UZ
ST11-50 185 Ap Gab UZ
ST11-49 198 Ap Gab UZ
ST11-48 216 Ap Gab UZ
ST11-47 226 Ap Gab UZ
ST11-01 236 Ap Gab UZ
ST11-02 246 Ap Mt Cpx MZ VI
ST11-03 270 Ap Mt Cpx MZ VI
ST11-05 305 Mt Cpx MZ VI
ST11-06 323 Ap Mt Cpx MZ VI
ST11-07 342 Ap Gab MZ V
ST11-08 363 Ap Gab MZ V 2
ST11-09 381 Ap Mt Cpx MZ V 2
ST11-10 400 Ap Gab MZ IV
ST11-11 415 Ap Gab MZ IV
ST11-13 443 Ap Mt Cpx MZ IV 1
ST11-14 459 Ap Mt Cpx MZ IV
ST11-15 471 Ap Mt Cpx MZ IV 2
ST11-16 490 Ap Mt Cpx MZ IV 1
ST11-17 506 Ap Mt Cpx MZ IV
ST11-18 517 Ap Mt Cpx MZ IV 2
ST11-19 534 Ap Gab MZ III
ST11-20 558 Gab MZ III
ST11-21 575 Ap Mt Cpx MZ III
ST11-22 589 Gab MZ II
ST11-23 602 Gab MZ II
ST11-24 616 Gab MZ II
ST11-25 629 Gab MZ II
ST11-26 641 Gab MZ II
ST11-27 653 Ap Mt Cpx MZ II
ST11-28 665 Ap Mt Cpx MZ II
ST11-29 677 Ap Mt Cpx MZ II
ST11-30 688 Gab MZ I
ST11-32 698 Mt Cpx MZ I
ST11-33 714 Mt Cpx MZ I
ST11-34 728 Ore LZ
ST11-35 744 Ore LZ
ST11-39 756 Ore LZ
ST11-40 765 Ore LZ
ST11-41 780 Gab LZ
ST11-42 804 Ol Gab LZ 1
ST11-43 820 Gab LZ
ST11-44 839 Gab LZ
ST11-45 854 Gab LZ
ST11-46 871 Ol Cpx LZ 1

Ol= olivine; Cpx= clinopyroxene; Hbl= hornblende; Pl= plagioclase; Ap= apatite;Mt=m
bro; Mt Cpx =magnetite clinopyroxenite; Ap Mt Cpx = apatite-magnetite clinopyroxenite; O
middle zone; LZ = lower zone.
30 modal% olivine, b8 modal% plagioclase and b5 modal% Fe-Ti oxides.
As plagioclase content increases to 40–70 modal%, the rock changes to
gabbro. Themassive Fe-Ti oxide ore at the top of the LZ is composed pre-
dominantly of 50–90 modal% Fe-Ti oxides (including 40–70 modal%
magnetite and 13–40 modal% ilmenite) and variable amounts of
clinopyroxene and plagioclase (b50 modal%).The MZ has six cyclic
units (Cycles I–VI) and each unit dominantly consists of apatite-
magnetite clinopyroxenite and gabbro from the base to the topwith ex-
ception of Cycle I, which consists of magnetite clinopyroxenite and gab-
bro (Fig. 2). The apatite-magnetite clinopyroxenite consists of 30–70%
clinopyroxene, 20–50 modal% Fe-Ti oxides, 6–12 modal% apatite and
b10 modal% plagioclase, locally up to 25 modal% olivine. The gabbro
comprising the upper part of the cyclic units contains 12–70 modal%
plagioclase, 25–60 modal% clinopyroxene and 5–20 modal% Fe-Ti ox-
ides. As apatite content increases to 5–8 modal%, the rock changes to
l Cpx Hbl Pl Ap Mt Ilm Sul

0 10 0 85 3 1 1 0
0 43 4 46 4 2 1 b1
0 20 8 66 3 2 1 0
0 35 0 52 5 6 2 0
0 43 0 50 4 2 1 0
0 40 1 45 5 5 4 0
0 12 1 81 3 2 1 0
0 38 3 42 7 6 4 b1
0 71 1 0 8 13 7 b1
0 20 1 70 4 4 1 0
0 41 1 50 4 3 1 0
0 33 1 50 6 6 4 0
0 26 1 66 4 2 1 0
0 15 1 77 3 3 1 0
0 65 0 0 12 8 15 b1
8 50 1 0 11 16 13 1
0 74 3 1 2 10 10 b1
0 49 20 0 10 12 8 1
0 40 0 46 9 3 2 b1
6 40 1 12 10 5 6 b1
4 38 1 0 9 10 18 b1
0 40 1 39 7 6 7 b1
0 36 5 42 5 6 6 b1
6 43 1 8 8 8 16 b1
0 62 1 1 8 15 13 b1
4 35 1 0 8 12 20 b1
8 48 0 0 7 16 11 b1
0 66 1 1 6 12 14 b1
0 35 0 1 8 16 20 b1
0 42 0 30 8 7 13 b1
0 25 1 70 0 2 2 b1
0 70 4 0 6 9 9 2
1 46 2 32 4 8 7 b1
0 46 3 38 0 7 6 b1
0 50 1 35 0 7 7 b1
0 60 1 24 0 7 8 b1
2 50 5 35 0 5 3 b1
0 51 1 0 8 19 21 b1
5 30 2 4 10 24 25 b1
0 43 5 0 8 20 24 b1
0 46 3 36 0 10 2 3
0 74 2 1 0 8 12 3
0 72 1 8 0 9 10 b1
0 3 0 1 0 56 37 3
0 3 0 5 0 67 25 b1
0 20 1 28 0 38 13 b1
0 18 1 28 0 40 13 b1
0 15 0 71 0 10 4 b1
0 37 1 40 0 8 4 b1
1 48 1 40 0 7 3 b1
0 52 1 41 0 4 2 b1
0 45 6 40 0 5 2 2
6 68 2 8 0 4 1 1

agnetite; Ilm= ilmenite; Gab= gabbro; Ap Gab= apatite gabbro; Ol Gab= olivine gab-
l Cpx = olivine clinopyroxenite; Ore =massive Fe-Ti oxide ore; UZ = upper zone; MZ =



Table 2
Comparison of measured and recommended values for the compositions of standards
KL2-G and ML3B-G.

Sample KL2-G ML3B-G

Rock Tholeiitic basalt from Kilauea Tholeiitic basalt from Mauna Loa

Accepted
values

Average value
(19)

RSD Accepted
values

Average value
(19)

RSD

Major elements (wt%)
SiO2 50.30 50.56 0.14 51.40 51.69 0.16
TiO2 2.56 2.60 0.04 2.13 2.13 0.04
Al2O3 13.30 13.48 0.08 13.60 13.81 0.06
FeO(t) 10.70 10.91 0.14 10.90 11.09 0.14
MnO 0.17 0.17 0.00 0.17 0.18 0.00
MgO 7.34 7.33 0.05 6.59 6.58 0.06
CaO 10.90 11.16 0.09 10.50 10.71 0.11
Na2O 2.35 2.36 0.03 2.40 2.42 0.03
K2O 0.48 0.49 0.01 0.39 0.39 0.01
P2O5 0.23 0.24 0.01 0.23 0.24 0.01

Trace elements (ppm)
Mn 1278.17 1339.71 0.00 1316.90 1372.49 0.00
Sc 31.80 34.09 1.33 31.60 32.38 1.38
V 309.00 317.54 1.98 268.00 288.22 2.83
Cr 294.00 288.47 12.98 177.00 160.21 3.73
Co 41.20 43.73 0.91 41.20 43.42 0.82
Ni 112.00 112.95 3.11 107.00 109.19 2.60
Cu 87.90 92.18 5.08 112.00 120.99 6.47
Zn 110.00 106.03 3.61 108.00 105.65 4.94
Ga 20.00 19.86 0.68 19.60 18.52 0.65
Rb 8.70 8.37 0.34 5.80 5.70 0.22
Sr 356.00 363.59 4.56 312.00 316.64 3.53
Y 25.40 25.12 0.95 23.90 23.64 0.87
Zr 152.00 157.26 3.17 122.00 125.22 2.91
Nb 15.00 14.48 0.42 8.61 8.04 0.24
Ba 123.00 123.78 2.31 80.10 80.39 2.18
La 13.10 13.48 0.32 8.99 9.08 0.17
Ce 32.40 33.48 0.62 23.10 23.49 0.47
Pr 4.60 4.78 0.16 3.43 3.42 0.18
Nd 21.60 22.35 1.03 16.70 17.32 0.93
Sm 5.54 5.66 0.42 4.75 4.96 0.46
Eu 1.92 2.08 0.17 1.67 1.73 0.11
Gd 5.92 6.17 0.50 5.26 5.35 0.53
Tb 0.89 0.92 0.08 0.80 0.82 0.08
Dy 5.22 5.44 0.35 4.84 4.90 0.35
Ho 0.96 1.02 0.08 0.91 0.94 0.07
Er 2.54 2.74 0.30 2.44 2.62 0.24
Tm 0.33 0.36 0.04 0.32 0.32 0.04
Yb 2.10 2.26 0.30 2.06 2.15 0.21
Lu 0.29 0.31 0.03 0.29 0.28 0.04
Hf 3.93 3.96 0.31 3.22 3.28 0.27
Ta 0.96 0.84 0.05 0.56 0.47 0.04
Pb 2.07 1.87 0.18 1.38 1.31 0.11
Th 1.02 0.93 0.09 0.55 0.48 0.04
U 0.55 0.64 0.11 0.44 0.53 0.08

The basaltic glasses (KL2-G and ML3B-G) were prepared by Max-Planck-Institute für
Chemie, Mainz, Germany (http://georem.mpch-mainz.gwdg.de).
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apatite gabbro. The UZ of the Taihe intrusion is composed of apatite gab-
bro and a thin interlayer of apatite-magnetite clinopyroxenite (Fig. 2). The
apatite gabbro contains 42–85 modal% plagioclase and 10–40 modal%
clinopyroxene, and 5–8 modal% apatite and b10 modal% Fe-Ti oxide.

Apatite grains from the apatite-magnetite clinopyroxenite in the
lower part of cyclic units of the MZ occur as subhedral to euhedral and
have 100 to 300 μm in length (up to 700 μm). In these disseminated
ores, apatite and Fe-Ti oxides are always closely associated and occupy
the interstitial regions between silicate minerals (Fig. 3a–b). Small
amounts of apatite grains with euhedral prismatic crystal are enclosed
in clinopyroxene grains (Fig. 3c). Apatite from the gabbro displays
subhedral to euhedral grains with 100–150 μm in length. Many apatite
grains are closely associated with Fe-Ti oxides. Some euhedral apatite
crystals are partially or completely enclosed in the clinopyroxene or pla-
gioclase grains (Fig. 3d–e). Fe-Ti oxides show an anhedral texture and
have an interstitial habit alongwith apatite (Fig. 3a–b). The texture rela-
tionship is probably resulted from sub-solidus grain boundarymigration
(Duchesne, 1999; Pang et al., 2008a, 2008b). Some euhedral Fe-Ti oxide
crystals have locally been observed as inclusions in silicate minerals
(Fig. 3d). Clinopyroxene is generally subhedral to euhedral with schiller
structure represented by exsolution of oxide lamellae parallel along two
intersecting planes. Some clinopyroxene grains contain euhedral apatite
and Fe-Ti oxide crystals (Fig. 3c–d). Olivine appears locally as subhedral
to poikilitic grains. Some subrounded olivine is enclosed in larger
clinopyroxene grains. Plagioclase occurs as tabular subhedral grains in
the clinopyroxenite, and as larger platy grains in the gabbro.

3. Samples and analytical methods

In this study, 53 samples were collected from an exploration drill
hole (ZK1707) of the Taihe intrusion (Fig. 1b) and were used to con-
strainmodal proportions in each cyclic unit (Table 1).We chose 26 sam-
ples from this drill hole to analyze the major and trace elements of
apatite in the thin sections from the Taihe MZ and UZ.

The major element compositions of apatite were determined by
wavelength dispersive X-ray analysis using a JEOL EPMA-1600 electron
microprobe at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Science. An acceleration
voltage of 25 kV, a beam current of 10 nA and a beam size of 10 μm di-
ameter were applied to all element analyses for apatite (Goldoff et al.,
2012). Analytical reproducibilitywaswithin 2%. The accuracy of analysis
was monitored using mineral standards: apatite for Ca, P and F,
tugtupite for Cl, albite for Na, pyrope for Mn and magnetite for Fe.

Trace elements in apatite were determined by laser ablation induc-
tively coupled-plasma mass spectrometry (LA-ICP-MS) at the State
Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences. Laser analysis of apatite was performed
by a GeoLasPro laser-ablation system on thin sections. Ion-signal inten-
sities were acquired through an Agilent 7700x ICP-MS instrument with
Helium (He) as the carrier gas. Ablation protocol employed a spot diam-
eter of 44 μm at 4 Hz repetition rate for 40 s (equating to 160 pulses) in
this study. Each analysis incorporated a background acquisition for ap-
proximately 14 s (gas blank) followed by35 s of data acquisition. The in-
ternational standards NIST SRM 610, BCR-2G, BIR-1G and BHVO-2G
(from USGS) were used as external calibration for the apatite in situ
analysis. MPI-DING basaltic glasses: KL2-G and ML3B-G (prepared by
Max-Planck-Institute für Chemie, Mainz, Germany) were treated as un-
known samples to test the accuracy and precision of the LA-ICP-MS
method. Data reduction was performed using an ICPMSDataCal soft-
ware (Liu et al., 2008). Measured values of reference glasses agree
well with the recommended values of these standards, and precision
is higher than 5% for most of the elements (Table 2). The preferred
values of element concentrations for these reference glasses are from
the GeoReM dataset (http://georem.mpch-mainz.gwdg.de). The major
and trace elemental compositions of the apatite in each sample are
listed in Table 3.
4. Major and trace elemental compositions of the apatite

The apatite in Cycles II–V of the Taihe MZ has 1.98–4.24 wt% F and
0.10–0.36 wt% Cl. It should be noted that the apatite of Cycles I and VI
of the Taihe MZ has 0.15–1.47 wt% Cl, and 1.71–2.82 wt% F (Table 3).
In the Taihe UZ, the apatite has 2.46–2.85 wt% F and 0.18–0.40 wt% Cl,
which is similar in composition to those of most of samples in the
Taihe MZ (Table 3). F content of the apatite shows small variations in
the stratigraphic levels (Fig. 4a). In contrast, a remarkable reversal of
Cl of apatite is recognized in Cycle VI (Fig. 4b). The end member F-Cl-
OH compositions in most of apatites of the Taihe MZ and UZ plot in
the field of apatite from the Panzhihua and Skeargaard intrusions,
whereas several samples show slightly high Cl content in apatite
(Fig. 5). There is a roughly negative correlation between Cl and F in
the apatite with higher Cl (Fig. 6a). Most of fluorapatite in the Taihe
MZ and UZ has lower F/Cl ratio, which is positively correlated with F
content (Fig. 6b).
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Table 3
Representative analyses of major and trace element compositions of apatite from the Taihe intrusion.

Sample ST11-58 ST11-56 ST11-52 ST11-51 ST11-48 ST11-02 ST11-03 ST11-05 ST11-06 ST11-08 ST11-09 ST11-10 ST11-11 ST11-13

Depth (m) 81 113 169 173 216 246 270 305 323 363 381 400 415 443

Rock Ap Gab Ap Gab Ap Gab Ap Mt Cpx Ap Gab Ap Mt Cpx Ap Mt Cpx Mt Cpx Ap Mt Cpx Ap Gab Ap Mt Cpx Ap Gab Ap Gab Ap Mt Cpx

Zone UZ UZ UZ UZ UZ MZ MZ MZ MZ MZ MZ MZ MZ MZ

Cyclic unit VI VI VI VI V V IV IV IV

Number 5 5 5 4 4 4 4 5 6 5 4 5 5 4

Major oxide (wt%)
CaO 54.13 54.01 53.95 54.31 53.97 54.18 54.22 53.61 53.40 53.89 54.07 53.98
P2O5 43.54 43.90 43.69 44.05 43.58 43.42 43.63 43.40 43.22 43.72 43.87 43.67
FeO 0.11 0.17 0.33 0.09 0.07 0.10 0.02 0.08 0.35 0.13 0.15 0.16
MnO 0.04 0.03 0.02 0.05 0.01 0.02 0.01 0.04 0.03 0.01 0.05 0.03
Na2O 0.00 0.01 0.00 0.01 0.01 0.04 0.00 0.01 0.01 0.02 0.01 0.02
F 2.85 2.63 2.46 2.80 2.82 2.76 2.31 2.68 4.24 2.81 2.37 3.36
Cl 0.40 0.18 0.24 0.27 0.15 0.51 0.73 1.22 0.13 0.14 0.15 0.10
F_O 1.20 1.11 1.04 1.18 1.19 1.16 0.97 1.13 1.78 1.18 1.00 1.42
Cl_O 0.09 0.04 0.05 0.06 0.03 0.11 0.17 0.28 0.03 0.03 0.03 0.02
Total 99.10 99.26 99.09 99.74 98.86 99.03 99.03 98.53 98.83 98.98 99.18 99.30

Trace elements (ppm)
Sc 0.34 0.28 0.42 0.43 0.43 0.36 0.29 0.26 0.21 0.55 0.38 0.28 0.38 0.54
V 22.69 31.91 24.33 28.94 23.28 26.26 66.50 27.62 21.92 24.18 23.33 17.80 13.71 22.75
Ga 2.58 3.09 3.01 3.23 2.73 2.52 2.45 4.01 3.24 3.13 3.29 3.27 3.94 4.58
Rb 0.29 0.08 0.04 0.05 0.03 0.02 0.06 0.61 0.12 0.04 0.03 0.08 0.20 0.16
Sr 1495 1618 2211 2395 2132 2788 2957 2206 3802 1964 1995 1535 1711 1760
Y 212 258 223 266 213 189 158 231 209 228 234 188 203 248
Zr 4.94 3.84 3.03 3.69 3.31 1.91 1.59 3.15 1.65 1.83 2.40 1.94 2.60 2.22
Nb 0.03 0.01 0.03 0.03 0.02 0.01 0.04 0.03 0.03 0.01 0.03 0.01 0.04 0.01
Ba 2.10 5.03 3.23 8.68 2.60 0.20 4.96 3.89 2.35 4.37 3.42 2.52 2.29 2.87
La 268 328 334 382 253 301 225 383 365 255 272 272 244 265
Ce 699 852 847 957 684 739 582 897 865 698 734 711 647 760
Pr 105 129 124 142 107 106 91 127 123 114 116 107 99 123
Nd 556 693 649 734 590 566 509 664 640 641 650 582 544 686
Sm 112 137 123 147 122 107 100 123 118 133 133 114 111 145
Eu 31.73 40.41 38.49 44.83 39.64 32.79 33.63 36.57 34.73 39.14 39.51 34.59 34.09 39.45
Gd 100 128 112 132 112 97 92 116 106 122 122 102 102 133
Tb 11.31 13.63 11.70 13.62 11.36 10.08 9.55 11.67 10.92 13.60 13.71 10.15 10.76 13.31
Dy 48.88 63.41 54.53 65.05 53.29 46.83 41.96 54.63 51.27 58.74 59.67 47.84 51.92 63.80
Ho 7.86 10.26 8.59 10.85 8.82 8.39 7.40 9.97 8.95 8.87 9.13 7.78 8.50 10.37
Er 16.26 25.42 21.69 23.18 17.90 14.82 12.37 21.43 19.18 20.08 21.22 17.02 19.01 22.43
Tm 1.84 2.21 1.87 2.32 1.71 1.61 1.26 1.93 1.64 1.71 1.87 1.50 1.71 2.20
Yb 7.87 11.42 9.37 10.51 7.82 8.05 6.07 9.36 7.78 9.06 9.91 7.86 9.59 9.11
Lu 1.05 1.48 1.18 1.45 1.02 0.94 0.62 1.15 0.99 1.04 1.20 0.94 1.14 1.17
Hf 0.08 0.04 0.02 0.03 0.03 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02
Ta 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.02
Th 5.84 4.95 4.47 4.28 2.43 3.77 1.55 10.21 4.04 2.21 3.00 3.88 3.79 2.77
U 1.87 1.44 1.51 1.61 0.76 1.11 0.25 4.11 1.49 0.66 0.79 1.00 1.24 0.94
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Table 3 (continued)

Sample ST11-14 ST11-15 ST11-17 ST11-18 ST11-19 ST11-21 ST11-23 ST11-26 ST11-27 ST11-28 ST11-29 ST11-32

Depth (m) 459 471 506 517 534 575 589 641 653 665 677 698

Rock Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Ap Gab Ap Mt Cpx Ap Gab Gab Ap Mt Cpx Ap Mt Cpx Ap Mt Cpx Mt Cpx

Zone MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ

Cyclic unit IV IV IV IV III III II II II II II I

Number 6 4 5 5 5 5 5 4 4 5 5 4

Major oxide (wt%)
CaO 54.40 54.77 54.77 54.82 55.30 54.07 55.28 55.69 54.99 54.91 54.68
P2O5 43.58 43.11 43.68 43.32 43.26 43.77 43.38 43.44 43.65 43.68 44.12
FeO 0.19 0.14 0.24 0.09 0.10 0.16 0.15 0.36 0.19 0.12 0.11
MnO 0.01 0.04 0.03 0.04 0.03 0.03 0.04 0.01 0.02 0.02 0.02
Na2O 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01
F 2.82 2.73 2.88 2.74 2.91 1.98 2.03 2.59 2.88 3.28 1.71
Cl 0.30 0.13 0.12 0.16 0.15 0.30 0.36 0.13 0.10 0.12 1.47
F_O 1.19 1.15 1.21 1.16 1.23 0.83 0.85 1.09 1.21 1.38 0.72
Cl_O 0.07 0.03 0.03 0.04 0.03 0.07 0.08 0.03 0.02 0.03 0.33
Total 99.45 99.25 99.97 99.48 99.97 98.95 99.80 100.63 100.08 100.14 99.99

Trace elements (ppm)
Sc 0.31 0.26 0.33 0.62 0.37 0.49 0.56 0.31 0.60 0.33 0.51 0.16
V 25.45 15.31 18.06 26.01 33.11 27.98 34.37 34.97 36.96 25.43 40.72 30.46
Ga 3.73 4.74 5.36 4.37 3.44 3.16 2.89 5.24 4.31 4.54 3.19 3.43
Rb 0.09 0.04 0.07 0.04 0.06 0.15 0.06 0.10 0.05 0.12 0.15 0.13
Sr 1856 1658 1839 1673 1402 1681 1584 1410 1528 2238 1714 1322
Y 235 262 282 246 247 227 173 228 161 239 166 183
Zr 2.52 2.69 3.10 2.17 3.65 3.98 3.36 4.35 2.38 2.35 3.48 2.23
Nb 0.01 0.01 0.00 0.01 0.02 0.02 0.05 0.02 0.02 0.04 0.09 0.02
Ba 3.42 2.32 2.89 3.28 2.86 3.32 5.16 1.56 4.25 3.22 5.14 0.18
La 250 298 337 254 294 241 191 500 193 302 219 244
Ce 701 812 885 697 783 637 502 1083 512 829 585 625
Pr 115 130 134 113 122 102 78 145 79 129 88 97
Nd 636 708 735 638 654 564 429 709 441 701 465 521
Sm 137 151 148 133 136 123 91 131 92 144 93 105
Eu 38.95 40.86 42.80 36.88 36.45 36.95 28.70 36.29 27.24 49.92 26.98 29.84
Gd 129 139 139 125 126 114 88 119 87 129 84 95
Tb 12.59 13.78 13.97 12.78 14.18 13.10 9.96 12.43 9.22 14.15 9.50 10.06
Dy 61.33 67.60 68.74 60.22 62.52 57.03 43.71 56.85 41.31 61.40 41.78 46.54
Ho 9.32 10.58 11.10 9.41 9.10 9.22 7.00 8.68 6.22 10.50 7.14 7.58
Er 21.02 23.88 23.85 20.36 20.02 21.92 16.64 20.93 14.31 21.71 14.83 16.46
Tm 1.89 2.11 2.31 1.94 2.05 2.25 1.74 1.91 1.24 2.09 1.55 1.36
Yb 9.90 10.93 12.37 10.31 9.86 10.95 8.20 9.70 6.05 10.60 8.09 7.94
Lu 0.98 1.18 1.71 1.30 1.37 1.25 0.91 1.25 0.73 1.09 0.84 0.83
Hf 0.02 0.01 0.00 0.04 0.01 0.04 0.04 0.03 0.03 0.03 0.04 0.02
Ta 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.04 0.01
Th 3.61 3.70 4.51 2.62 3.86 4.01 2.59 23.83 2.67 4.24 3.73 5.69
U 0.93 0.98 1.18 0.75 1.04 0.98 0.69 6.27 0.61 0.89 1.09 1.54
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The apatite from the TaiheMZ andUZhas total REE contents ranging
from 1495 to 2835 ppm (Table 3) and show stratigraphic compositional
reversals. The total REE contents for the apatite decrease from the base
upwards in the Cycles II, IV, and VI of the MZ and Taihe UZ (Fig. 4c). Sr
content in the apatite from the MZ and UZ vary widely from 1322 to
3802 ppm (Table 3). Two major reversals in Sr of apatite are present
at the base of the Cycle VI of theMZ and Taihe UZ, although other strat-
igraphic levels only have small variations of Sr content in apatite
(Fig. 4d). The V content in the apatite varies narrowly from 14 to
41 ppm (except one sample) throughout the Taihe MZ and UZ
(Table 3). In the Cycles II and IV of the MZ, V content in apatite slightly
decreases upwards (Fig. 4e).

Apatite of the TaiheMZ and UZ has very high ratio of La/Yb which is
positively correlated with total REE contents (Fig. 7a). It is also noted
that the apatite from the TaiheMZ and UZhas similar total REE contents
and Sm/Yb ratio with those of the Panzhihua intrusion (Fig. 7a–b). The
ratios of La/Yb and Sr/Y of the apatite in the Taihe MZ and UZ are posi-
tively correlated with Sr content, respectively (Fig. 7c–d). The Sr, V
and total REE concentrations and Ce/Yb ratio of the apatite are positively
correlated with those of the clinopyroxene in the Taihe MZ and UZ
(Fig. 8).

Apatite from the TaiheMZ and UZ has similar chondrite-normalized
REE patterns (Fig. 9). They are strongly enriched in LREE relative to
HREE with La/Yb ratios ranging from 22 to 52, which are also evidently
higher than the La/Yb ratios (20–27) for the Panzhihua apatite (Xing
et al., 2014). Most of apatite grains from the Taihe MZ and UZ have
Fig. 4. Stratigraphic variations in apatite c
weakly negative Eu anomalies with Eu/Eu* values ranging from 0.84
to 0.98 and two high outliers of 1.06 and 1.11 at the apatite-magnetite
clinopyroxenites of the Cycles II and V (Fig. 9).

5. Discussion

5.1. Volatiles of parental magma

Apatite is a sensitive indicator of volatile compositions in layered in-
trusions (Boudreau et al., 1986). The extremely Cl-rich apatite is found
in the lower part of some layered intrusions, such as the Bushveld Com-
plex in South Africa and Stillwater Complex in Montana (Boudreau
et al., 1986). The apatite is rare and occurs exclusively as an irregularly
interstitial phase (Boudreau et al., 1986; Boudreau and McCallum,
1989). Boudreau and McCallum (1989) suggested that the Cl-rich apa-
tite crystallized from a “Cl-rich fluids” that exsolved from late-stage liq-
uids in closed system. Moreover, metasomatic reaction between apatite
and “Cl-rich fluids”migrated from underlying rocks also could result in
extremely high Cl concentration in apatite (Willmore et al., 2000). Fig. 5
shows end-member F-Cl-OH composition of the apatite from the Taihe
MZ and UZ, which is distinct significantly from the metasomatic
chlorapatite of the Stillwater and Bushveld below PGE reefs (Boudreau
et al., 1995). On the other hand, the composition of most of apatites
from the Taihe MZ and UZ is approximately comparable with
fluorapatite from the Panzhihua, Sept Iles and Skeargaard layered intru-
sions and the Upper Zone of the Bushveld Complex (Nash, 1976; Tollari
ompositions of the Taihe MZ and UZ.

Image of Fig. 4


Fig. 6. Binary plots of apatite from the TaiheMZ and UZ: (a) Cl content versus F content of
apatite (b) F/Cl ratio versus F content of apatite.

Fig. 5. End-member F, Cl and OH compositions of apatite from the Taihe MZ and UZ. The
data of apatite from the Panzhihua, the Sept Iles and the Bushveld intrusions are from
Xing et al. (2014); Tollari et al. (2008), and VanTongeren and Mathez (2012),
respectively. Reference fields are after Boudreau et al. (1995).
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et al., 2008; VanTongeren andMathez, 2012; Xing et al., 2014). Further-
more, the apatite from the Taihe MZ and UZ occurs generally as
subhedral to euhedral crystals (Fig. 3). Some euhedral apatite crystals
are partially or completely enclosed in the silicate minerals (Fig. 3c–e).
It suggests that they were saturated at early-stage of the magma evolu-
tion andwere not the products of crystallization of trapped liquid. These
features indicate thatmost of apatites of the TaiheMZ andUZ are typical
fluorapatite and reflecting the primary cumulus compositions although
one sample in Cycle I and three samples in Cycle VI of the TaiheMZ have
slightly high Cl content in apatite (Fig. 4b and Fig. 5). There is no evi-
dence to support the presence of a “Cl-rich fluid” migrated from the
lower part of the Taihe intrusion because most of apatites of the MZ
have very low Cl content. Due to absence of metasomaticminerals asso-
ciated with apatite (Fig. 3), the slightly high Cl in the apatites of the
Taihe MZ cannot be ascribed to metasomatic reaction with “Cl-rich
fluid”.

The Cl variation in apatite is a function of varying Cl concentration
and water fugacity within the magma from which they crystallized
(Treloar and Colley, 1996; Webster et al., 1999). Experimental studies
show F is easily retained in the melt phase, whereas the Cl is preferen-
tially partitioned into the H2O-rich fluid phase (Webster et al., 1999;
Webster and DeVivo, 2002; Mathez andWebster, 2005). If apatite crys-
tallizes from a hydrous magma, it would be expected to be enriched in
Cl due to highwater fugacity. The roughly negative correlation between
F and Cl in apatite from the four samples of the Taihe MZ suggests that
the apatite may crystallize from the hydrous parental magma (Fig. 6a).
High water fugacity elevates Cl content of the magma from which the
apatite crystallized. The low F/Cl ratio in the apatite also indicates a
wet parental magmawith relatively high Cl content (Fig. 6b). Therefore,
the apatite with slightly high Cl content in the Taihe MZ may have re-
sulted from high water content in the magma. Furthermore, a hydrous
magmawould be expected to crystallize plagioclasewith high anorthite
content (An N 70) due towaterwhich can substantially depress liquidus
temperatures of plagioclase (Sisson and Grove, 1993; Botcharnikov
et al., 2008). The high An contents (An = 78–86) in plagioclase from
the Taihe LZ strongly suggest that the magma is H2O-enriched at
early-stage of differentiation (She et al., 2014). Although the rocks of
the Taihe MZ and UZ have relatively Na-rich plagioclase (An = 53–67,
She et al., 2014), this is because the volatile-rich magma was displaced
and pushed out of the chamber by the new recharged magma in the
Taihe MZ (She et al., 2014). This is consistent with most of apatites of
the Taihe MZ and UZ have very low Cl content (Fig. 4a–b).

A major recharge of magma with high water content at the base of
the Cycle VI of the MZ may result in the slightly Cl-enriched in the apa-
tite of the Cycle VI (Fig. 4b). Howarth et al. (2013) suggested that frac-
tional crystallization of anhydrous minerals at depth below the
Panzhihuamagma chamber leads to an increase in H2O content of resid-
ual magma. Thus, the magma of the Taihe intrusion evolving in a deep-
seated magma chamber not only becomes Fe-Ti-enriched but also has
high water content due to fractional crystallization of mafic silicates
and chromite (She et al., 2014, 2015). A trend of decreasing Cl content
in apatite within Cycle VI indicates that the water fugacity decrease
gradually in an open magma plumbing system (Fig. 4b).

5.2. Crystallization order of minerals: geochemical constraints

The stratigraphic variation of mineral modes within the cyclic units
of the Taihe MZ suggests that clinopyroxene together with apatite and
Fe-Ti oxides may crystallize before plagioclase (Fig. 2). However, the
modal criteria cannot be used unambiguously to constrain the order of
mineral appearance of cumulus rocks (Means and Park, 1994;
McBirney and Hunter, 1995). Mineral crystallization can result from

Image of &INS id=
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some factors including compositions of parental magma and intensive
parameters (Pang et al., 2010; Namur et al., 2010). Thus, the timing of
mineral appearance can be constrained by compositional variations in
minerals.

Sr is compatible in plagioclase (DSr
Pla/Liq = 1.7, Aigner-Torres et al.,

2007) and apatite (DSr
Ap/Liq=1.37, Prowatke andKlemme, 2006), and in-

compatible in clinopyroxene, olivine and Fe-Ti oxides (Nielsen et al.,
1992; Hart and Dunn, 1993). Therefore, abundant crystallization of ei-
ther of plagioclase and apatite would induce Sr depletion of the other.
As shown in Fig. 10, the extensively negative Sr anomalies of the
magma in equilibrium with apatite of the Panzhihua MZb demonstrate
that the apatite crystallizes later than plagioclase. Song et al. (2013) also
suggested that the apatite saturation has been achieved at late-stage of
the differentiation of the Panzhihua intrusion after extreme fraction-
ation of silicates and Fe-Ti oxides and the apatite gabbro occurred only
in the upper part of the intrusion. This is consistent with low An28–54

contents of plagioclase in the apatite gabbro of the Panzhihua MZb
(Xing et al., 2014). A similar model that has been proposed for
apatite-rich rocks have formed after crystallization of ~70% plagioclase
in a mineral assemblage of silicate and Fe-Ti oxides (Namur et al.,
2010). In contrast, the calculated magma in equilibrium with apatite
of the Taihe MZ has a weakly negative Sr anomaly implying that abun-
dant plagioclases join the liquidus after apatite (Fig. 10). This is also sup-
ported by the plagioclase has relatively high An53–67 contents (She et al.,
2014) and appears only in the upper part of the cyclic units of the Taihe
MZ (Fig. 2 and Table 1).

The apatite grains from the Panzhihua MZb have the LREE-enriched
and HREE-depleted patterns on the chondrite-normalized REE plots
(Fig. 9, Xing et al., 2014), which can be attributed to fractional
Fig. 7. Binary plots of apatite from the TaiheMZ and UZ: (a) Total REE versus La/Yb ratio; (b) Sm
apatite from the Panzhihua, the Sept Iles and the Bushveld intrusions are from Xing et al. (201
crystallization of clinopyroxene at the lower part of the Panzhihua in-
trusion. This is because HREE (DGd-Lu

Cpx/Liq = 0.62–0.71) are moderately in-
compatible, and LREE (DLa-Eu

Cpx/Liq = 0.05–0.46) are strongly incompatible
in clinopyroxene in basaltic magma (Hart and Dunn, 1993; Hauri
et al., 1994). The REE are strongly incompatible to olivine, plagioclase
and Fe-Ti oxides (Nielsen et al., 1992; Bindeman et al., 1998;
Aigner-Torres et al., 2007). The normalized REE patterns of apatite
from the TaiheMZ show similar LREE but more intense HREE depletion
(La/Yb = 22–52) relative to the apatite from the Panzhihua MZb (La/
Yb=20–27) (Fig. 9), strongly suggesting that abundant clinopyroxenes
appear before apatite in the Taihe MZ. Positive correlations of La/Yb
ratio with total REE contents and Sm/Yb ratio in the apatite also indicate
that early fractional crystallization of clinopyroxenes result in enrich-
ment of LREE relative to HREE in the residual magma (Fig. 7a–b).
These geochemical features are consistent with clinopyroxene is the
main cumulus phase in the lower part of cyclic units of the Taihe MZ
(Fig. 2 and Table 1).

Although Cawthorn (2013) suggested the high REE in apatitemaybe
achieved through “trapped liquid shift effect”, several lines of evidence
indicate that the high LREE/HREE ratio in apatite of the Taihe MZ and
UZ cannot be attributed to the re-equilibration between apatite and
trapped liquid. Cawthorn (2013) proposed a model that REE contents
in cumulus apatite would be increased during solidification of trapped
liquid due tomost of the REE are incompatible in silicates and oxides ex-
cept apatite. Eu also incorporates into plagioclase crystal (DEu

Pl/Liq =
~0.87, Aigner-Torres et al., 2007), relatively less Eu than the other REE
partitions into apatite can result in a large negative Eu anomaly of
“final apatite” (Cawthorn, 2013). In contrast, in the Taihe MZ and UZ,
most of apatites have weakly negative Eu anomalies in the normalized
/Yb ratio versus La/Yb ratio; (c) Sr versus La/Yb ratio; (d) Sr versus Sr/Y ratio. The data of
4); Tollari et al. (2008), and VanTongeren and Mathez (2012), respectively.
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patterns (Fig. 9). The values of Eu/Eu* of gabbros range from 0.84 to
1.02, which is close to that of apatite-magnetite clinopyroxenites (Eu/
Eu* = 0.85–1.10). Similarly, Sr is compatible in plagioclase and apatite,
but strongly incompatible in clinopyroxene, olivine and Fe-Ti oxides.
According to themodel proposed by Cawthorn (2013), the Sr in trapped
liquid would partition into plagioclase resulting in negative Sr anoma-
lies in “final apatite”. However, as shown in Fig. 10, the apatite of the
Taihe MZ and UZ has weakly negative Sr anomalies. These features sug-
gest that high Sr content and LREE/HREE ratio in apatite of the Taihe in-
trusion cannot be attributed to a “trapped liquid shift effect” proposed
by Cawthorn (2013). Moreover, there is no evidence to indicate pres-
ence of abundant trapped liquids in the Taihe intrusion.

Apatite and Fe-Ti oxide are always closely associated and they are a
subordinate phasewith a poikilitic habit (Fig. 3a–b), suggesting that the
apatite and Fe-Ti oxides have crystallized simultaneously after
clinopyroxene. It is also noted that some fine-grains apatite and Fe-Ti
oxide are enclosed by clinopyroxene (Fig. 3c–d), indicating that small
amounts of apatite and Fe-Ti oxide may crystallize early. Thus, the
order of crystallization in the Taihe MZ is clinopyroxene (±olivine),
followed by Fe-Ti oxides and apatite, and then plagioclase.

5.3. Early crystallization of apatite

The crystallization order of the Taihe MZ can be compared with the
Panzhihua andHongge intrusions, inwhich appearance order ofminerals
is Fe-Ti oxides → clinopyroxene and olivine → plagioclase → apatite
(Pang et al., 2008b, 2009; Luan et al., 2014). The crystallization order of
the Baima and Sept Iles intrusions is olivine and plagioclase → Fe-Ti
Fig. 8. Binary plots between clinopyroxene and apatite from the Taihe MZ and UZ: (a) Sr in clin
clinopyroxene versus Total REE in apatite; (d) Ce/Yb ratio in clinopyroxene versus Ce/Yb ratio
oxides → clinopyroxene → apatite (Namur et al., 2010; Liu et al., 2014).
In contrast to these intrusions, apatite crystallizes early in the Taihe MZ.

REE are strongly partitioned into the apatite crystal (DREE
Ap/Liq = 12–

20, Bedard, 2001), and incompatible to silicates and oxides (Nielsen
et al., 1992; Bindeman et al., 1998; Hart and Dunn, 1993). According
to the typical mineral assemblage (50 modal% clinopyroxene,
40 modal% Fe-Ti oxides and 10 modal% apatite) in the lower part of
the cyclic units of the Taihe MZ, the DREE

bulk can be calculated to close to
1.25–2. Thus, the REE content in the residual magma would decrease
when apatite saturation had been achieved. Several reversals of total
REE content in the apatite from the Taihe MZ and UZ (Fig. 4c) suggest
that early crystallization of apatite lowers dramatically REE concentra-
tion in themagma during further differentiation.Moreover, appearance
of abundant apatites in the lower part of the cyclic units of the TaiheMZ
also results in decrease of phosphorus in the residual magma and ab-
sence of apatite in the gabbro of the Cycles II and III (Fig. 2 and
Table 1). However, the apatite frommost of stratigraphic levels displays
small variation of Sr content, except for the significant Sr reversal in the
Cycle VI (Fig. 4d). This is because Sr is weakly compatible in apatite and
plagioclase (DSr

Ap/Liq = 1.37, DSr
Pla/Liq = 1.7, Prowatke and Klemme, 2006;

Aigner-Torres et al., 2007). The proportion of apatite and plagioclase do
not cause evident variation of Sr in the residual magma. The reversal of
Sr within the Cycle VI may result from abundant apatites and plagio-
clases crystallized from a highly evolved magma derived from the
deep-seated magma chamber (She et al., 2014). Like Sr, the variation
of V in apatite shows a narrow range in the stratigraphic levels due to
incompatible behavior of V in apatite (Fig. 4e). Two rough trends of de-
creasing V in apatite within the Cycles II and IV upwards (Fig. 4e) may
opyroxene versus Sr in apatite; (b) V in clinopyroxene versus V in apatite; (c) total REE in
in apatite. The data of the clinopyroxene are from She et al. (2014).

Image of Fig. 8


Fig. 10. Normalized trace element patterns of the calculated melts in equilibrium with
apatite from the Taihe MZ and UZ. The apatite-liquid partition coefficients used for this
calculation are after Watson and Green (1981), Prowatke and Klemme (2006) and
Bedard (2001). The primitive mantle values are from Sun and McDonough (1989). The
violet shapes show the melt compositions in equilibrium with apatite of the Panzhihua
MZb (Xing et al., 2014). The gray regions indicate Emeishan high-Ti basalts after Xu
et al. (2001); Xiao et al. (2004); Song et al. (2008) and Qi and Zhou (2008).

Fig. 9. Chondrite-normalized REE patterns of apatite of the Taihe MZ and UZ. The
compositions of apatite of the Panzhihua MZb are from Xing et al. (2014). The chondrite
REE values are from Sun and McDonough (1989).
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be resulted from crystallization of abundant Fe-Ti oxides which lowers
the V content in the residual magma.

Crystallization of apatite was mainly influenced by the composition
of melts (Cawthorn and Walsh, 1988; Toplis et al., 1994; Tollari et al.,
2006). Phosphorus is incompatible in silicate minerals and Fe-Ti oxide,
the P content of the residual magma thus starts to increase with further
differentiation of basaltic magma. The saturation of magma in apatite
did not occur until the Upper Zone of the Skaergaard intrusion, in
which the residual magma contained ~1.3–1.7 wt% P2O5 (McBirney
and Nakamura, 1973; McBirney and Naslund, 1990). Cawthorn and
Walsh (1988) estimated that the magma has ~1.3 wt% P2O5 when ap-
atite saturated in the Upper Zone of the Bushveld Complex. The P2O5

saturation content of magma of the upper part of the Panzhihua intru-
sion is about 1.35 wt% according to the MELTS program calculation
(Song et al., 2013). Therefore, a high degree of differentiation can re-
sult in P2O5 enrichment in residual magma and trigger saturation of
apatite. Moreover, the experimental studies demonstrated that mag-
netite saturation has been delayed due to phosphorus destabilized
magnetite and reacted with Fe3+ to form the P-Fe3+ complexes
(Gwinn and Hess, 1993; Toplis et al., 1994). Thus, the high Fe3+ con-
tent and further differentiation of parental magma may play an
important role to promote phosphorus enrichment in the magma of
the Taihe MZ.

In the lower part of cyclic units of the Taihe MZ, apatite grains are
closely coexisting with cumulus clinopyroxene (Fig. 3) suggesting that
the apatite saturation may be related with fractional crystallization of
clinopyroxene. As discussed above, apatite saturation has been achieved
after clinopyroxene in the TaiheMZ. Thus it can be concluded that phos-
phorus content in the residual magma would be elevated after abun-
dant clinopyroxenes becomes liquidus phase. The magma in
equilibrium with apatite from the Taihe MZ is evidently depleted in
HREE relative to LREE (Fig. 10), indicating that the crystallization of
clinopyroxene elevates significantly concentration of incompatible ele-
ments in the residual magma. It is also noted that the Fe-Ti oxides are
always associated with apatite suggesting that they are saturated
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almost simultaneously (Fig. 3). Tollari et al. (2006) suggested that the
P2O5 content of magma in apatite saturation is a function of tempera-
ture, SiO2 and CaO contents of basaltic magma. When abundant
clinopyroxenes and Fe-Ti oxides become the liquidus phases, the SiO2

content of themagmawould be elevated sharply. This process can result
in the P2O5 content required for apatite saturation in the magma is
markedly decreasing (Tollari et al., 2006). In addition, crystallization of
Fe-Ti oxides can decrease the solubility of phosphorus in basaltic
magma (Toplis et al., 1994). Thus, early saturation of apatite in the
Taihe MZ can be ascribed to crystallization of abundant clinopyroxenes
and Fe-Ti oxides.
5.4. Implications for the origin of apatite-rich Fe-Ti oxide ore

A variety of mechanisms have been proposed to explain the forma-
tion of apatite-rich oxide ores in layered intrusions (Philpotts, 1967;
Cawthorn and McCarthy, 1980; Reynolds, 1985; Tegner et al., 2006).
The critical question centers on whether Fe-Ti oxides and apatite are
precipitated directly from magmas, or from a Fe-Ti-P-rich liquid sepa-
rated immiscibly from Si-rich magma.

Liquid-liquid immiscibility implies that interstitial textural relation-
ships between the Fe-Ti oxides (±apatite) and silicates would indicate
that the dense Fe-Ti-(P)-richmelt percolated through the silicate crystal
mush to form Fe-Ti-(P) oxide ores. The apatite and Fe-Ti oxides are the
Fig. 11. Binary plots of clinopyroxene from the Taihe MZ and UZ: (a) Binary plot of Sc
versus total REE of clinopyroxene; (b) binary plot of Sc versus Ce/Yb ratio of
clinopyroxene. The data of the clinopyroxene are from She et al. (2014).
result of solidification of the immiscible melts (Reynolds, 1985; Zhou
et al., 2005; Wang and Zhou, 2013). In the apatite-rich disseminated
ores of the Taihe MZ, clinopyroxene is a main phase with a cumulus
texture, whereas the subordinate Fe-Ti oxides and apatite have
an intercumulus habit (Fig. 3a–b). The cumulus origin for the
clinopyroxene indicates that it cannot crystallize from an immiscible
Fe-rich melt, although some experimental studies showed that minor
silicate minerals can crystallize from the Fe-rich liquids (Lester et al.,
2013). Sc is compatible in clinopyroxene and Fe-Ti oxides (Hart and
Dunn, 1993; Hauri et al., 1994; Klemme et al., 2006) but incompatible
in olivine, plagioclase and apatite (Nielsen et al., 1992; Bindeman
et al., 1998). Thus, fractional crystallization of clinopyroxene and
Fe-Ti oxides can result in decreasing Sc in magma. The negative cor-
relation between Sc and total REE contents in clinopyroxene from
the Taihe MZ (Fig. 11a) suggests that REE in magma increase with
increasing amount of clinopyroxene. Moreover, Ce/Yb ratio is nega-
tively correlated with Sc in the clinopyroxene (Fig. 11b), indicating
that higher LREE relative to HREE in the magma can result from frac-
tionation of clinopyroxene (Hart and Dunn, 1993; Hauri et al.,
1994). Such the correlations suggest that the clinopyroxene has
crystallized continuously from the ferrobasaltic parental magma of
the Taihe MZ.

A number of experimental studies demonstrated that immiscible Fe-
richmelts not only are enriched unusually in Fe, P and Ti, but also highly
enriched in Sr, Th, U, REE, Zr, Hf, Nb and Ta (Shearer et al., 2001; Veksler
et al., 2006, 2007; Charlier and Grove, 2012; Lester et al., 2013). More-
over, it is different in composition of apatite which originated from
the immiscible Fe-rich liquid and the conjugate Si-rich liquid, respec-
tively (VanTongeren and Mathez, 2012). If apatite formed from a Fe-
rich immiscible melt, it is supposed to disequilibrium in geochemical
composition with clinopyroxene which crystallized from a normally
ferrobasaltic magma. However, there are positive correlations
between Sr, V and total REE contents, and Ce/Yb ratio in apatite and
in clinopyroxene from apatite gabbros and apatite-magnetite
clinopyroxenites in the Taihe MZ (Fig. 8), indicating geochemical equi-
librium among these phases. Therefore, it seems that both apatite and
clinopyroxene may crystallize from the same ferrobasaltic magma
rather than two distinguishingmelts. Furthermore, negative correlation
of Ce/Yb with Sc in the clinopyroxene indicates that the magma be-
comes LREE enrichment with further differentiation (Fig. 11b), consis-
tent with the positive correlations of La/Yb with total REE and Sm/Yb
in the apatite (Fig. 7a–b). La/Yb and Sr/Y ratios in the apatite are posi-
tively correlated with Sr contents (Fig. 7c–d) also suggesting that the
apatite crystallizes continuously from the magma of the Taihe MZ. It is
therefore unlikely that the apatite forms from an immiscible Fe-Ti-P-
enriched melt.

The experimental studies demonstrated that phosphorous can pro-
mote iron enrichment in a basaltic magma because it destabilized mag-
netite (Gwinn and Hess, 1993; Toplis et al., 1994). However, high fO2

condition would result in the crystallization of Fe-Ti oxides, which in
turn prevents iron enrichment (Toplis and Carroll, 1995). The ratio of
Eu2+/Eu3+ inmagma and apatite is greatly dependent upon oxygen fu-
gacity condition (Drake, 1975). Apatite generally accepts Eu3+ into its
structure but excludes Eu2+, thus Eu anomaly in apatite can be used
to infer the redox state of the magma. Low oxygen fugacity results in
low Eu3+ content in magma, leading to limited Eu partitioning into ap-
atite, thus creating a strong negative Eu anomaly in apatite (Sha and
Chappell, 1999; Belousova et al., 2001, 2002). The absence of negative
Eu anomalies in apatite of the Taihe MZ and UZ (Fig. 9) suggests that
it crystallizes from an oxidizing magma. Thus it can be concluded that
the high fO2 condition and high Fe and Ti contents lead to saturation
of Fe-Ti oxides in the magma. The crystallization of abundant
clinopyroxenes and Fe-Ti oxides can trigger saturation in apatite
(Toplis et al., 1994; Tollari et al., 2006). Early crystallization and accu-
mulation of these minerals form the apatite-rich oxide ores in the
lower part of the cyclic units of the Taihe MZ.
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6. Conclusions

Our results indicate that the TaiheMZ and UZ crystallized from a hy-
drous ferrobasaltic parental magma. The order of crystallization in the
TaiheMZ is: clinopyroxene (±olivine), followed by Fe-Ti oxides and ap-
atite, and then plagioclase. The timing of apatite saturation is controlled
by the phosphorus content in the parentalmagma. The crystallization of
abundant clinopyroxenes and high Fe3+ contents in the magma pro-
mote phosphorus enrichment. High oxygen fugacity and elevated Fe
and Ti contents trigger crystallization of Fe-Ti oxides. Decline of SiO2

and iron contents in the magma resulted from saturation of
clinopyroxene and Fe-Ti oxides is responsible for the early crystalliza-
tion of apatite together with oxides. Compositional equilibrium be-
tween apatite and clinopyroxene indicate that these phases formed
from the same ferrobasaltic magma. Early crystallization and accumula-
tion of apatite, Fe-Ti oxides and clinopyroxene resulted in the formation
of the apatite-rich disseminated oxide ores in the lower half in each cy-
clic unit of the Taihe MZ.
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