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[1] The Panzhihua intrusion is one of the largest layered intrusions that hosts huge stratiform Fe-Ti oxide
layers in the central part of the Emeishan large igneous province, SW China. Up to 60 m thick stratiform
massive Fe-Ti oxide layers containing ~85 modal% of magnetite and ilmenite and overlying magnetite
gabbro compose cyclic units of the Lower Zone of the intrusion. The cyclic units of the Middle Zone
consist of magnetite gabbro and overlying gabbro. In these cyclic units, contents of Fe,O5(t), TiO, and
Cr and Fe*"/Ti*" ratio of the rocks decrease upward, Cr content of magnetite and forsterite percentage of
olivine decrease as well. The Upper Zone consists of apatite gabbro characterized by enrichment of
incompatible elements (e.g., 12—18 ppm La, 2028 ppm Y) and increasing of Fe’*/Ti*" ratio (from 1.3 to
2.3) upward. These features indicate that the Panzhihua intrusion was repeatedly recharged by more primitive
magma and evolved magmas had been extracted. Calculations using MELTS indicate that extensive fraction-
ation of olivine and clinopyroxene in deep level resulted in increasing Fe and Ti contents in the magma. When
these Fe-Ti-enriched magmas were emplaced along the base of the Panzhihua intrusion, Fe-Ti oxides
became an early crystallization phase, leading to a residual magma of lower density. We propose that the
unusually thick stratiform Fe-Ti oxide layers resulted from coupling of gravity settling and sorting of the
crystallized Fe-Ti oxides from Fe-Ti-enriched magmas and frequent magma replenishment along the floor
of the magma chamber.
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1. Introduction

[2] Layered mafic intrusions and their stratiform
Fe-Ti oxide and chromitite layers are very significant
for understanding the chemical processes and physi-
cal mechanisms of magmatic evolution in a large,
sheet-like magma chamber [e.g., Wager and Brown,
1967; Irvine and Sharpe, 1986; and references
therein]. It is widely accepted that the formation of
chromitite layers in layered intrusions is associated
with fractional crystallization or magma mixing
[Irvine, 1977; Eales, 2000; Mondal and Mathez,
2007; Voordouw et al., 2009; Naldrett et al., 2012].
However, although the Fe-Ti oxide layers in layered
intrusions are commonly interpreted as accumula-
tions of Fe-Ti oxides in late magmatic fractionation
stages [Wager and Brown, 1967; Klemm et al.,
1985], some researchers have argued that they are as-
sociated with a Fe-rich immiscible liquid segregated
from mafic magma [Bateman, 1951; Reynolds, 1985;
von Gruenewaldt, 1993; Zhou et al., 2005]; magma
addition and/or mixing [Harney et al., 1990]; change
in oxygen content [Klemm et al., 1985]; or change in
pressure [Cawthorn and McCarthy, 1980].

[3] In the central part of the Emeishan large igneous
province (ELIP), SW China, the Permian mafic-
ultramafic layered intrusions are associated with
a Permian mantle plume [Zhou et al., 2002; Song
et al., 2005a, 2005b; and references therein]
(Figure 1). Unusually thick stratiform massive Fe-Ti
oxide layers (up to 60 m thick) and magnetite gab-
bro (up to 200 m thick) occur in the lower portions
of the layered intrusions [Panxi Geological Unit,
1984]. In the Sept lles layered intrusion, Canada,
the third largest layered intrusion in the wolrd, very
thick Fe-Ti oxide-rich troctolites occur in the Lay-
ered Series in lower portion of the intrusion, whereas
thicknesses of the massive oxide layers within the
Layered Series are up to 16 m [Namur et al., 2010].
In contrast, Fe-Ti oxides appear as cumulus phases
in the upper part of the Bushveld Complex and the
middle parts of the Skaergaard intrusion because of
their more primitive parental magmas [Wager and
Brown, 1967; Cawthorn and Molyneux, 1986;
Tegner et al., 2006; Nielsen, 2004]. The formation
of such thick stratiform Fe-Ti oxide layers in the
Emeishan LIP layered intrusions have simply been
attributed to gravity accumulation of Fe-Ti oxides
during fractionation [Zhang and Luo, 1988; Pang
et al., 2008a, 2008b]. Ganino et al. [2008] proposed
that interaction with the dolomite that underlies the
Panzhihia intrusion increased the oxygen fugacity
of the magma and promoted magnetite crystalliza-
tion. The previous studies have paid inadequate

attention to the potentially significant role of dynamic
processes such as fractionation at deep level, fraction-
ated magma injection, and crystallization along the
base of the magma chamber for the formation of the
thick massive stratiform Fe-Ti oxide layers.

[4] This paper provides detailed petrographic and
compositional data for the rocks and minerals, and
trace elements and Sr-Nd isotopes of the massive
oxides and gabbros systematically collected from
the base to the top of the Panzhihua intrusion at
three locations. This study leads us to propose that
the thick stratiform layers of massive Fe-Ti oxide
and magnetite gabbro in the Lower and Middle
zones of the Panzhihua intrusion resulted from
coupling of gravity settling and sorting of the Fe-Ti
oxides crystallized from Fe-Ti-enriched mafic
magmas frequently replenished from deep level
along the floor of the magma chamber. Fe-Ti oxides
are the early crystallizing phases from the Fe-Ti-
enriched mafic magmas.

2. Geological Background

[5] Southwest China comprises the Yangtze and
Cathaysian blocks in the east and the Tibetan Plateau
in the west (Figure 1). The Yangtze Block contains
a Proterozoic metamorphic basement, a middle
sequence of Paleozoic marine sedimentary strata,
and a Mesozoic and Cenozoic terrestrial sedimentary
cover. In the western Yangtze Block, the early Late
Permian Emeishan flood basalts cover an area of
more than 5 x 10° km?, which extend southward into
northern Vietnam, and associated intrusions com-
pose the ELIP [Xu et al., 2001; Song et al., 2001,
2004]. The Emeishan basalts have been divided into
high-Ti and low-Ti basalts. The high-Ti basalts were
derived from a garnet-stable mantle source and expe-
rienced weak crustal contamination, whereas the
low-Ti basalts were produced via partial melting of
a shallower mantle source and experienced variable
degrees of crustal contamination [Xu et al., 2001;
Xiao et al., 2004; Song et al., 2009]. The associated
intrusions include large and small layered mafic-
ultramafic intrusions, and syenite and A-type granite
[Shellnutt and Zhou, 2007; Zhong et al., 2007,
2009]. The mafic-ultramafic intrusions have been
dated at 258-263 Ma using the sensitive high-
resolution ion microprobe (SHRIMP) technique
on zircon crystals separated from gabbros [Zhou
et al., 2002, 2005; Zhong and Zhu, 2006]. Trace
element compositions and Sr-Nd isotopes of the
intrusive and extrusive rocks suggest that they were
related to a mantle plume [Chung and Jahn, 1995;
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Figure 1.

Regional geological map of the central Emeishan large igneous province, showing the distribution of the

layered intrusions hosting Fe-Ti oxide deposits and the mafic-ultramafic bodies hosting Ni-Cu-(PGE) sulfide deposits
(after Geology and Mineral Resource Bureau of Sichuan Province [1991]; Panxi Geological Unit [1984], and Song
et al. [2008a]). Ages of the intrusions are from Zhou et al. [2002, 2005, 2008] and Zhong and Zhu [2006].

Xu et al., 2001; Zhou et al., 2002; Zhang et al.,
2006; and references therein].

[6] Mafic and mafic-ultramafic layered intrusions
occurring along N-S-trending Panzhihua Fault and
Anninghe Fault emplaced in the Proterozoic and
Paleozoic strata in the central ELIP (Figure 1)
[Panxi Geological Unit, 1984; Zhang and Luo,
1988]. Some of them host Fe-Ti oxide deposits
and a few of them contain both Fe-Ti oxide layers
and PGE sulfide mineralization [Zhong et al.,

2004; Zhou et al., 2008]. Exploration projects com-
pleted in the 1950s—-1970s have indicated that total
Fe-Ti-V reserves in more than 30 mafic-ultramafic
intrusions are >10 billion tonnes ore with grades
of 25-55wt% Fe, 4-13wt% Ti, and 0.1-0.45wt%
V in the four largest deposits including Panzhihua,
Hongge, Baima, and Taihe [Panxi Geological Unit,
1984]. Some relatively small mafic-ultramafic
intrusions may contain economic Or uneconomic
sulfides (Figure 1) [Song et al., 2003, 2008a; Zhou
et al., 2008].
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[7] Inthe mafic layered intrusions, such as Panzhihua,
Baima, and Taihe, the stratiform Fe-Ti oxide layers
composed of massive oxides or magnetite gabbro
are situated at the bases and lower parts of the intru-
sions (Figure 2). In the mafic-ultramafic layered
intrusions, such as Hongge and Xinjie, consisting
of olivine clinopyroxenite, clinopyroxenite, and gab-
bro from base to top, the Fe-Ti oxide layers not only
occur in the basal parts of the layered gabbro, but are
also present in the olivine clinopyroxenite and clino-
pyroxenite (Figure 2).

3. Stratigraphic Subdivision and
Petrography of the Panzhihua Intrusion

[8] The NE-SW-striking Panzhihua layered intru-
sion is about 19 km long, dips northwest at angles
ranging from 40° to 60°, and was emplaced into
the Neoproterozoic dolomitic limestone, gneiss,
and schist (Figure 3) [Panxi Geological Unit,
1984]. The intrusion has been divided into seven
segments by a series of N-S-trending strike faults,
including Zhujiabaobao, Lanjiahuoshan, Jianbaobao,
Daomakan, Gongshan, Nongnongping, and Nalaqing
from NE to SW (Figure 3). At the northwest end, a
NE-SW-trending, steeply SE-dipping thrust fault
juxtaposes the intrusion against Permian syenite
and Triassic terrestrial clastic strata (Figure 3). This
implies that the original thickness of the Panzhihua
intrusion was >2000 m.

[9] The Panzhihua intrusion can be divided into the
Marginal Zone and Lower, Middle, and Upper Zones
from the base upward, based on textural features and
cumulus mineral assemblages [Panxi Geological
Unit, 1984]. The Marginal Zone mainly consists of
fine-grained gabbro [Zhou et al., 2005] (Figures 3
and 4). A series of stratiform Fe-Ti oxide ore layers
are present in the Lower and Middle Zones, which
are thick in the northern segments of the intrusion
and thin southward (Figure 4).

3.1. Lower Zone

[10] According to our investigation, the Lower Zone
includes five cyclic units (I to V). In the cyclic unit I,
coarse-grained magnetite gabbro is overlain by gab-
bro. The gabbro consists of ~45 modal% subhedral
plagioclase and ~40% clinopyroxene, and 10-15%
Fe—Ti magnetite and ilmenite; poikilitic fine-grained
olivine enclosed in clinopyroxene and interstitial
hornblende are less than modal 10%. The Fe-Ti
oxides increase gradually up to 60% toward the
magnetite gabbro; consistently, silicate minerals
decrease downward.

[11] The cyclic units II to V are remarkable by mas-
sive oxide layers at the bases, which are overlain by
medium-grained magnetite gabbro and melanogab-
bro (Figure 4). The stratiform massive oxide layers
at the bases of the cyclic units II and V are up to
40-60 m thick in Zhujiabaobao and Lanjiahuoshan

Panzhihua

Baima

Taihe

Leuco-gabbro
F. "X Melano-gabbro
Peridotite and clinopyroxenite [_]Emeishan basalts

Fined-grained gabbro

FE=eE] Pegatitic-gabbro
Il Magnetite ore

B Proteozoic meta-strata

Figure 2. Petrographic columns of the layered intrusions hosting giant Fe-Ti oxide deposits in the central of the
Emeishan large igneous province, showing the different positions of the Fe-Ti oxide layers in the mafic layered
intrusions and the mafic-ultramafic intrusions (after Panxi Geological Unit [1984]).
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Figure 3. Geological map of the Panzhihua intrusion (after Panxi Geological Unit [1984]).

and evidently thin and disappear at Gongshan and
Nalaqing [Panxi Geological Unit, 1984]. The cyclic
units Il and IV are also thin and disappear gradually
toward the southwest (Figures 3 and 4).

[12] The massive oxide commonly contain >75
modal% magnetite, ~10% ilmenite, <10% silicate
minerals (mainly clinopyroxene, plagioclase, and
olivine), and 2-3 modal% interstitial pyrrhotite
and minor pentlandite. A series of thin magnetite
gabbro interlayers (10-20cm thick but up to
30cm) with sharp contacts occur within the
massive oxide layers (Figure 5a). The magnetite
gabbro interlayers consist of subhedral plagioclase
and clinopyroxene, minor poikilitic olivine within
clinopyroxene, and interstitial hornblende and
<50% Fe-Ti oxides. The magnetite gabbros

overlying the massive oxides commonly contain
20-30% clinopyroxene, <10% plagioclase, minor
poikilitic olivine, 2—3% interstitial pyrrhotite and
pentlandite, and as much as 40—-60 modal% magne-
tite and ilmenite. The contents of oxides decrease
gradually upward to <20%, and plagioclase
increases up to 50% in the melanogabbro at the
top of the cyclic units.

[13] In the Lower Zone, igneous foliation and
lineation are shown by platy orientation of
plagioclase and clinopyroxene in the magnetite
gabbro and melanogabbro (Figure 5a). The most
significant feature of the clinopyroxene crystals
is their two sets of magnetite exsolution lamel-
lae oriented parallel to the prismatic cleavages
(Figure 5c).

716



— .

[ " Geochemistry 7
1 | Geophysics I

L Geosystems {{ Jr

SONG ET AL.: MAGNETITE DEPOSITS IN LAYERED INTRUSION

10.1002/ggge.20068

Subdivision

Zones
Thickness
1
Column

UpPer | . ite-gabb
Zone e -1500 |

Cyclic unit XI

Cyclic unitX

Cyclic unit IX

Middle
Zone

Cyclic unit VIII

Cyclic Unit VII

Cyclic unit VI

Cyclic unitV

Fine-midium-grained apatite-gabbro
@ Layered gabbro

Mmagnetite gabbro

- Massive oxide ore

Fine-grained gabbro

E===] Neoproterozoic dolomitic marble

Cyclic unit IV
Lower [Cyclicunitill
Zone Cyclic unit Il
Cyclicunitl(coarse gabbro)

Margina

Zone Fine-grained gabbro

Neoproterozoic
dolomitic limestone

Footwall

Zhujiabaobao

Lanjiahuoshan

Nalaging

i Gongshan
Daomakan

Jianbaobao

Figure 4. Petrographic columns of the Panzhihua intrusion (modified after Panxi Geological Unit [1984]).

3.2. Middle Zone

[14] The Middle Zone (equivalent to MZa unit of
Pang et al. [2008a]) is more than 600 m thick at
Zhujiabaobao and becomes thinner toward the
southwest [Panxi Geological Unit, 1984, Figures 3
and 4]. Lithologic variations indicate six cyclic
units in the Middle Zone, VI to XI from the base
upward (Figure 4). Each cyclic unit comprises mag-
netite gabbro at the base and gabbro at the top
as the Fe-Ti oxides gradually decrease upward
(Figure 4). The base of each cyclic unit is marked
by a sudden reappearance of significant modal
Fe-Ti oxides. The silicate mineral assemblage of
the magnetite gabbros are similar to those of the
Lower Zone and commonly contain relatively lower
Fe-Ti oxides (20-45%). The gabbros at the tops
of these cyclic units contain 40-50% plagioclase,
30-40% clinopyroxene, and 10-20 oxides. Exsolu-
tion magnetite lamellae in the clinopyroxene crystals
are also well developed in Middle Zone rocks.
Rhythmic layering and planar foliation and lineation
are shown by proportional variation between the con-
tents of magnetite and clinopyroxen and plagioclase
(Figures 5b and 5d).

3.3. Upper Zone

[15] The Upper Zone is marked by the appearance
of cumulate apatite and is composed of medium-
to fine-grained apatite gabbro. It is comparable with

the MZb unit of Pang et al. [2008a]. Rhythmic
layering and planar lineation are still shown by pro-
portional variations of minerals and orientation of
plagioclase and clinopyroxene in the Upper Zone,
but the contents of Fe-Ti oxides at the bases of rhyth-
mic layers are much lower than in the Lower and
Middle Zones. The characteristic features of the
apatite gabbro that are distinct from the gabbros in
the Lower and Middle Zones are (1) high contents
(up to 3—5 modal%) of apatite that are small hexago-
nal crystals and may be poikilitically enclosed by
clinopyroxene and plagioclase (Figure 5e); (2) low
Fe-Ti oxide contents, generally <10%, rarely up to
15%; (3) rare magnetite exsolution lamellae in the
clinopyroxene crystals; and (4) Fo percentages of
olivine from 28 to 65 [Pang et al., 2009].

4. Sampling and Analytical Techniques

[16] In this study, 55 samples were collected from
the Zhujiabaobao open-pit mine, where the Lower
and Middle Zones are thick and very well exposed
by extensive mining since the 1960s (Figure 3).
The Marginal Zone was not sampled in this study.
To avoid the effect of rhythmic modal layering on
the investigation of large scale chemical variations,
samples were collected from the lower parts of the
modal layers. Twenty-eight samples were from the
Daomakan segment, where only the Lower Zone
is exposed by current mining. Thirty-seven samples
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Figure 5. Lithological structures and textures of Panzhihua rocks. (a) Melanogabbro interlayers with sharp contacts
in the massive Fe-Ti oxide layer of Lower Zone; (b) rhythmic layering in the Middle Zone with a base of magnetite
gabbro and a top of gabbro; (c) two sets of exsolution magnetite lamellae oriented parallel to the prismatic cleavage in
clinopyroxene grains; (d) planar foliation and lineation defined by orientation of plagioclase and clinopyroxene in the
lower part of rhythmic layering; (e) fine, euhedral, hexagonal apatite grains poikilitically enclosed by Cpx and Pl in
Upper Zone apatite gabbro; and (f) concave margins of the silicates in the massive oxides of the Lower Zone. Ol:
olivine, PI: plagioclase, Cpx: clinopyroxene, Ap: apatite, OX: magnetite and ilmenite.

in the Nalaqing segment were collected from explo-
ration bore holes (ZK1212 and ZK1213), which cut
through the Middle and Upper Zones.

[17] The samples were crushed in a jaw crusher,
milled using a swing mill, and finely ground in an
automatic agate mortar and pestle. Concentrations
of oxides of the gabbros and Fe-Ti oxide ores were
obtained at the Analytical Centre of the Metallogenic

Geology Bureau of Southwestern China, Chengdu.
For the major elements, SiO, and H,O were deter-
mined by gravimetric methods; TiO, and P,Os by
spectrophotometry; Al,Osz, Fe,Os;, FeO, and CO,
by titrimetry; and MnO, MgO, CaO, Na,O, and
K,O by atomic absorption spectrometry. Contents
of FeO were analyzed by titrimetry method after
drying the sample at <105°C and Fe,0; is obtained
by subtracting FeO from total Fe. The analytical
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uncertainty is usually <5% except for H,O and CO..
Trace elements, including rare earth element (REE),
were analyzed using a Perkin-Elmer EIAN DRC 11
ICP-MS at the Institute of Geochemistry (Guiyang),
Chinese Academy of Sciences. Fifty milligrams of
powder for each sample was dissolved, in stainless
steel bombs, under 200 °C for 12 hours, using the
method described by Liang and Gregoire, 2000
and 500 mg/ml Rh was used as an internal standard.
The nebulized solutions were analyzed using a VG
Plasma-Quad Excell ICP-MS. We used standard
additions, pure elemental standards for external
calibration, and standards MSAN, OU-6, AMH-1,
GBPG-1 as reference materials. Accuracy and preci-
sion of the ICP-MS analyses are estimated to be
better than 5%. Major oxides and trace element
analyses of the samples are listed in Table S1 in the
Supporting Information."

[18] Compositions of olivine and magnetite were
determined by wavelength-dispersive X-ray using
an EPMA-1600 electron microprobe at the State
Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of
Sciences. Beam size is 5pum, beam current is
25nA, and acceleration voltage is 25kV. Both
natural and synthetic standards were used for
calibration. Contents of V,0; were determined by
energy disperse spectrum. Major oxide compositions
of olivine and magnetite are listed in Table S2.

[19] Sr-Nd isotopic analyses were completed using
a Finnegan MAT-261 multicollector mass spec-
trometer at China University of Geosciences
(Wuhan). The measured *’Sr/*®*Sr and '**Nd/***Nd
values were normalized to *°Sr/**Sr=0.1194 and
MONd/'**Nd=0.7219, respectively. During the
period of analysis, the NBS987 standard and the La
Jolla standard yielded *’Sr/*°Sr=0.71025 + 4(20)
and '"®Nd/'**Nd=0.511853 4+ 9(25), respectively.
Total procedural Sr and Nd blanks are <1ng and
<50 pg, respectively. The detailed analytical proce-
dures for Sr and Nd isotopes are given by Zhang
et al. [1996]. The Sr-Nd isotope values of the Panzhi-
hua rocks are listed in Table S3.

5. Results

5.1. Chemostratigraphic Variation

[20] In the cyclic units of the Lower Zone (except
cyclic unit IV) at Zhujiabaobao, Fe,Os(t) and

'All Supporting Information may be found in the online version of
this article.

TiO, as well as Al,O3/(K,0 +Na,0) and Fe**/Ti*
" of whole-rock decrease regularly from the base
to the top (Figure 6a), in concert with a clear up-
ward increase of SiO, and Al,O3 (Table S1). The
massive oxides contain as high as ~60-70wt%
Fe,O3(t) and 16-20wt% TiO,; the magnetite
gabbros contain 18-55wt% Fe,O3(t) and 4-14wt
% Ti0O, (Table S1). This is consistent with decrease
of Fe-Ti oxides upward in these cyclic units. Although
the Cr contents of both whole-rock and magnetite of
the massive oxide layer at the base of cyclic unit II
increase upward, they decrease upward in the other
cyclic units (Figure 6a). Similar compositional rever-
sals also occur in the Lower Zone at Damakan and
Nalaqging, although there are less cyclic units at these
locations than at Zhujiabaoabao (Figure 6b and 6¢).
Such synchronous variation between the Cr contents
of whole-rock and magnetite also occurs in the
magnetite layers in the Upper Zone of the Bushveld
Complex [Cawthorn and McCarthy, 1980]. In each
cyclic unit, forsterite (Fo) percentages of olivine
always decrease upward. For instance, Fo of olivine
vary from ~80 in the massive oxide to ~70 in the
magnetite gabbros of the cyclic unit Il and from ~81
in the massive oxide to ~65 in the gabbro of the cyclic
unit V, respectively (Table S2b and Figure 6).

[21] For the Middle Zone at Zhujiabaobao, the mag-
netite gabbros at the bases of the cyclic units VI to XI
have higher Fe,O3(t) and TiO, contents (20—40wt%
and 7.5-13wt%, respectively) and lower SiO, and
AlLO5 contents (30-36wt% and 8—12wt%, respec-
tively, except for two samples) than the gabbros at
the tops (Table S1 and Figure 6a). From the base to
the top of these cyclic units, whole-rock Fe**/Ti*"
ratios gradually decrease, with exception of cyclic unit
XI. For the lower two cyclic units, Cr contents of mag-
netite and their host rocks decrease regularly upward
(except for the cyclic unit VIII and X) (Figure 6a).
Fosterite percentages of olivine crystals in the magne-
tite gabbro at the bases of the cyclic units range from
63 to 77, similar to those of the Lower Zone magnetite
gabbros (Table S2 and Figure 6a). Olivine in the
gabbros is very rare. From the base to the top of the
Middle Zone at Nala(;ing, contents of whole-rock
Fe,0;(t) and Cr and Fe’*/Ti*" ratio decrease, whereas
TiO, has a small variation (Figure 6c¢).

[22] The Upper Zone rocks at Zhujiabaobao and
Nalaging are notable in having extremely high P,Os
contents (1-3.5wt%) and high concentrations of
REE and Y (Table S1). Although contents of Fe,O3
(t) and TiO, of the Upper Zone gabbros vary within
relatively small ranges (13-21wt% and 3.5-6wt%,
respectively), Fe*"/Ti*" increases upward at Zhujia-
baobao, whereas Al,O3/(K,O+Na,O) remains
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constant (Figure 6a). Whole-rock contents of Fe,O5
(t), TiO, and Cr of the Upper Zone at Nalaqing dis-
play three cyclic variations (Figure 6c).

5.2. Chemical Correlations

[23] TiO, and V contents of the Panzhihua samples
are well positively correlated with Fe,Os(t)
(Figures 7a and 7c). The Middle Zone samples
have TiO, contents higher than the Lower Zone
samples at comparable Fe,Os;(t) contents. TiO,
contents of the Lower Zone samples at Zhujiabaobao
and Nalaqing are higher than those at Daomakan
(Figure 7a). For the samples of the Lower and Mid-
dle Zones, contents of P,Os increase as Fe,Os(t)
decreases. The Upper Zone apatite gabbros have
the highest P,O5 contents (up to 3.2 wt%) and show
a positive correlation with Fe,Os(t), implying a

distinctive formation process. Although Cr contents
of the Panzhihua samples are roughly positively
correlated with Fe,Os(t), the massive oxides and mag-
netite gabbros at Zhujiabaobao have large variation in
Cr contents (~10ppm—500ppm) (Table S1 and
Figure 7d). The Lower Zone samples display a positive
correlation between TiO, and Ga, whereas the Upper
Zone samples show negative correlations (Figure 7¢).
In contrast, Nb contents of the samples of the Middle
and Upper Zones increase with the increasing of
Ti0,, and those of the Lower Zone samples increase
slightly (Figure 7f). Figure 7g shows a correlation
between Fe,Os(t) content and Al,Oz/(K,O+Na,0)
ratio; the massive oxides have the highest Fe,Os(t)
contents and the highest Al,O3/(K,O +Na,O) ratios.

[24] The Lower Zone massive oxides and magnetite
gabbros at Daomakan have conspicuously higher
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Fe¥/Ti*"

ratios than those at Zhujiabaobao and

Nalaqing at the comparable contents of Fe203(2

and the gabbros have
ratio (Figure 8a). The

a large variation in Fe’ '/Ti*"
Fe*/Ti*" ratios of the Lower

Zone samples are higher than those of the Middle

Zone samples at both Zhujiabaobao and Nalqing,
except for a few samples. The massive oxides at
Zhujiabaobao have higher TiO, contents than those
at Daomakan and Nalaqing at comparable Fe*"/Ti*"

ratios (Figure 8b). Figure 8c shows a positive
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correlation between ratios of Fe*"/Fe?" and Fe®*/Ti*".
The positive correlation between La and P,Os indicate
that apatite is the main phase containing rare earth
elements because of their high apatite/silicate melt
partition coefficients (Figure 8d) [lonov et al., 1997].

5.3. Trace Elements and Sr-Nd Isotopes

[2s] As shown in primitive mantle normalized trace
element diagram, the massive oxides of the Lower
Zone are characterized by extremely high positive
anomalies of Ti and Nb and Ta (Figure 9a). The
massive oxides at Daomakan and Nalaqing are
distinct from those at Zhujiabaobao by evidently
negative P anomalies and positive Sr anomalies
(Figure 9a). Although the magnetite gabbros of
both Lower and Middle zones have similar trace
element compositions, those of the Lower Zone
show less positive Nb and Ta anomalies and more
extensively negative P anomalies (Figure 9b and
9c¢). The apatite gabbros of the Upper Zone are dis-
tinguishable from the gabbros of the Lower and
Middle zones by highly enrichment of P and REE
and strong depletions of Zr and Hf (Figures 9f).

[26] The samples of the three zones of the Panzhihua
intrusion have similar Sr-Nd isotope values and plot
in the oceanic island basalt (OIB) field in the eng
(260Ma) VETSUS ®7S1/*°Sr)r60ma plot (Table S3 and

Figure 10) [Wilson, 1989] and have much narrower
ranges of exgpeoma) (1.64-2.85) and (87Sr/86Sr)
26oma (0.7043—0.7046) than the high-Ti Emeishan
basalts, which are considered to have experienced
weaker crustal contamination than the low-Ti
Emeishan basalts [Xu et al, 2001; Xiao et al.,
2004; Qi and Zhou, 2008; Zhou et al., 2008; Song
et al., 2008b, 2009].

6. Discussion

[27] Since Fe-Ti oxides commonly crystallize in later
stage of fractionation of tholeiitic magmas, Fe-Ti
oxide accumulation generally occurs in the upper
parts of layered intrusions. For the Skaergaard intru-
sion, iron enrichment has been suggested to continue
well past the appearance of Fe-Ti oxides [ Wager and
Brown, 1967; McBirney and Hunter, 1995; Morse,
1990; McBirney, 1989]. Hunter and Sparks [1987,
1990] argued that the Skaregaard magma is charac-
terized by Fe and Ti depletion and silica enrichments
from the start of the LZc with the onset of Fe-Ti
oxides fractionation. The experimental performed
by Toplis and Carroll [1996] further indicated that
iron enrichment due to crystallization of olivine,
plagioclase and clinopyroxene are restricted by the
crystallization of Fe-Ti oxide minerals. Crystallization
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of Fe-Ti oxides leads to stronger iron depletion and
silica enrichment in system open to oxygen than in
system closed to oxygen with decreasing temperature.
This difference is due to that the dominant crystallized
Fe-Ti oxide phase is magnetite in open system pro-
cesses, and the importance of ilmenite increased in
closed system processes. The thick Fe-Ti oxide-rich
troctolite in the Layered Series comprising the
low portion of the Sept Iles layered intrusion was
attributed for the early crystallization of Fe-Ti oxides
together with olivine and plagioclase from a ferroba-
saltic parent magma [Namur et al., 2010]. Thus, the

appearance of the thick massive Fe-Ti oxide layer
at the base of the cyclic units of the Lower Zone
indicates that the parental magmas had become
Fe-Ti-enriched before entering the intrusion,
and thus reached magnetite saturation early in the
Panzhihua intrusion.

[28] Experimental studies have indicated that eleva-
tion of Na,O+K,0+P,05+TiO, in low pressure
promotes the development of two immiscible liquids
[Charlier and Grove, 2012]. The more Fe-rich
immiscible liquid is not only high in Fe,O; and
TiO,, but also high in P,Os5, MgO, CaO, Zr, and
REE, whereas the more silica-rich liquid has greater
K,0, Na,O, AlL,O;, and Rb contents [Philpotts,
1982; Philpotts and Doyle, 1983; Naslund, 1983;
Veksler et al., 2006]. Reynolds [1985] and Van
Tongeren and Mathez [2012] argued that the nelso-
nite layers containing ~70% Fe-Ti-oxides and
~30% apatite in the Upper Zone of the Bushveld
Complex were associated with liquid immiscible.
Song et al. [1994] proposed that the Panzhihua mas-
sive oxide layers were produced by immiscible Fe-Ti
oxide liquids. Zhou et al. [2005] further suggested
that this oxide liquid was separated from a Fe-Ti-
rich mafic magma, which in turn immiscibly sepa-
rated from strongly fractionated mafic magmas.
An Fe-rich liquid would be high in density and low
in viscosity and thus would be able to percolate
through silicate crystal mushes [Cawthorn and
Ashwal, 2009]. However, such phenomenon had
not been observed in the Panzhihua intrusion. The
massive oxide layers grade upward to magnetite
gabbros and then gabbros in the cyclic units of the
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Panzhihua intrusion (Figure 6). Particularly, study
of Fe-Ti oxide inclusions in olivine crystals of the
Panzhihua and Hongge intrusions indicated that
these oxides were primocrysts and crystallized
together with olivine from a common magma, rather
than immiscible Fe-Ti rich liquid [Pang et al., 2008a,
2008b]. Thus, the stratiform massive Fe-Ti oxide ore
layers in the Panzhihua intrusion were most likely
produced by sinking and sorting of dense Fe-Ti
oxide crystals. However, why and how the thick
massive Fe-Ti oxide layers were formed and how
the magma became Fe-Ti-enriched before it en-
tered the Panzhihua magma chamber and direction
of the magma flowing, remain poorly understood
and unexplained.

[29] Petrographic features of layered intrusions are
not only related to solidification processes (e.g., frac-
tional crystallization and compositional diffusion),
but are also linked to fluid dynamic processes (e.g.,
magma replenishment and convection, mixing of
the replenished magma) and thermodynamic condi-
tions (e.g., temperature, pressure, fo, and composi-
tions of the magma). Therefore, this study focuses
on the significance of the coupling between magma
replenishment and fractionation, and the role of
variations in physical property of the magma during
crystallization on the formation of the thick Fe-Ti
oxide layers in the Panzhihua intrusion.

6.1. Multiple Magma Replenishment

[30] A simple mass balance calculation indicates
that if crystallization of Fe-Ti oxides resulted in
~3wt% Fe,03(t) removal, and the formation of
the 60 m and 40 m thick massive ore layers at the
base of the cyclic units Il and V requires ~2000 m
and ~1500m thick magma layers, respectively. It
is difficult to imagine that such huge massive
magma volume could be input by a single pulse
of magma, because the Panzhihuan intrusion is
only about 2000 m thick, although top of the intru-
sion have been cut off by a fault (Figure 3). This
means that repeating replenishment of magma
occurred during the formation of the massive oxide
layers. The repeating replenishment of relatively
primary magma and fractional crystallization are
also indicated by the periodically reversals of Cr
contents of magnetite in the cyclic units of the
Lower Zone (Figure 6a). These phenomena suggest
that the Panzhihua intrusion was a chamber in a
magma plumbing system, in which the composition
of the magma at the base of the magma chamber is
periodically modified due to repeated recharge of
more primary magma.

[31] The Fo contents of olivine crystals in the
Panzhihua rocks are <81 (Table S2 and Figure 6a),
significantly lower than those in equilibrium with
the primary mantle-derived mafic magma (Fo=
88-90). Thus, the magmas must have experienced
extended fractional crystallization before they
entered the Panzhihua intrusion. High Pd/Ir values
(14-24) in Panzhihua, much higher than that of the
primitive mantle (~1.2) [Sun and McDonough,
1989], are also a signature of highly fractionated
magmas [Zhou et al., 2005]. The magnetite exsolu-
tion lamellae in the clinopyroxene crystals of the
Lower and Middle Zones demonstrate that the
fractionated parental magmas were Fe-Ti-enriched
(Figure 5¢). A most likely mechanism is that these
Fe-Ti-enriched parental magmas were formed
through fractionation of a more primitive magma
in a deep-seated magma chamber.

[32] A genetic link between the Panzhihua intrusion
and the Permian high-Ti Emeishan flood basalts is in-
dicated not only by the zircon SHRIMP U-Pb age of
263 + 3 Ma of the Panzhihua intrusion [Zhou et al.,
2005] but also by their similar Sr-Nd isotope compo-
sitions (Figure 10). Relatively constant exgzeoma)
(=1-3) and (*’St/**Sr)r6oma (=0.7043-0.7048) sug-
gest a weak crustal contamination and fractionation
control magma evolution. Published data indicate
that the Fe,O5(t) and TiO, contents of the high-Ti
Emeishan flood basalts increase up to ~18wt% and
~5wt%, respectively, as MgO decreases to ~6wt%,
and then they both decrease quickly, probably asso-
ciated with Fe-Ti oxide crystallization and removal
as MgO decreases further [Song et al., 2001; Xiao
et al., 2004]. Such compositional variation is consis-
tent with a Fenner trend, which results in tholeiitic
magmas evolving to more Fe-enriched before Fe-Ti
oxide crystallization [Brooks et al., 1991].

[33] Key questions are whether and how fraction-
ation in a deep-seated magma chamber can produce
Fe-Ti enriched mafic magmas, and whether or not
Fe-Ti oxides can crystallize early in the shallower
magma chamber.

6.2. Crystallization at Different Depths—
Insights from MELTS Calculations

[34] It is difficult to estimate the composition of
a parental magma of layered intrusion based on
marginal zone rocks, as the latter may have been
produced by extensive interaction of magmas with
wall-rocks. However, melt inclusions hosted by
olivine phenocrysts with high Fo percentage in the
picritic lava are helpful to estimate the parental
magma composition of the related intrusions.
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We assume that the primary magma of the Panzhi-
hua intrusion had a composition similar to the melt
inclusion (M3 24) hosted in high Fo olivine pheno-
cryst (Fo=89.1) of the Emeishan high-Ti picrite
[Kamenetsky et al., 2012]. The melt inclusion con-
tains 12.12wt% FeO, 13.94wt% MgO, and 2.94wt
% TiO,. The slightly lower Fo of the olivine pheno-
cryst than that of olivine of the Phanerozoic mantle
[Gaul et al., 2000] is probably because of exis-
tence of garnet pyroxenite in the mantle source
[Kamenetsky et al., 2012]. We use the MELTS
package [Ghiorso and Sack, 1995] modified by
Asimow and Ghiorso [1998] to model the hidden
fractionation in the deep-seated magma chamber
and then that in the Panzhihua chamber under oxy-
gen fugacity (fo,) of FMQ (quartz-fayalite-magnetite
buffer). Results are listed in Tables S4 and SS5.
Although the Panzhihua intrusion was emplaced in
a Neoproterozoic dolomite and sandstone [Ganino
et al., 2008], the Hongge and Xinjie layered intru-
sions are in contact with Emeishan flood basalts
[Panxi Geological Unit, 1984], implying that these
layered intrusions formed at shallow depth. Thus,
we assume that the Panzhihua intrusion crystal-
lized at ~1 kbar, and we take the pressure of the
deep-seated magma chamber to be 5 kbar, which
is roughly consistent with crystallization pressure
of the clinopyroxene phenocrysts in the Emeishan
basalts (Y. Tao, personal communication).

[35] MELTS calculations indicate that at 5 kbar,
spinel is the liquidus phase (1397°C) if the primary
magma has composition of the melt inclusion,
followed by olivine and clinopyroxene appearance
at 1348 and 1321°C, respectively (Table S4). The
spinel is high in Cr,O3 (45.3-13.2wt%) and olivine
has high Fo (87-86) (Table S4), which are roughly
consistent with the compositions of these minerals
of the high-Ti picrite [Kamenetsky et al., 2012].
After fractional crystallization of 0.77wt% spinel,
2.4wt% olivine and 42.8wt% clinopyroxene, the
Fe,05(t) and TiO, contents in the magma increase
to ~16.5wt% and 4.9wt%, respectively (Tables S4
and S5). We assume that such Fe-Ti-enriched magma
is the parental magma of the Panzhihua intrusion.

[36] In the shallower magma chamber at ~1 kbar,
olivine crystallized from the Fe-Ti enriched magma
at 1190°C followed by plagioclase when temperature
decreases to 1161°C (Table S4). Magnetite crystal-
lizes when magma Fe,Os(t) and TiO, increase to
19.1wt% and 5.4wt% at ~1151°C after fractional
crystallization of ~4.4% olivine and ~5.6% plagio-
clase (Tables S4 and S5). This indicates that magne-
tite is an early crystallized phase in the shallow
magma chamber. As the temperature decreases from

1190°C to 1130°C, the An (anorthite percentage) of
crystallized plagioclase decreases from 69 to 56, Fo
of olivine decreases from 80 to 72 (Table S4). This
is consistent with the electron microprobe data of
plagioclase (An=49-72, Pang et al., 2009) and oliv-
ine (Fo=61-81, Table S2) of the Panzhihua gabbros.
Magnetite exsolution resulted in Mg values of the
clinopyroxene (70—80) measured by electron micro-
probe [Pang et al., 2009] higher than the MELTS
calculation (64-75, Table S4). After fractional
crystallization of 11.2% magnetite, the contents of
Fe,O5(t) and TiO, of the residual magma decrease
quickly to 15.7wt% and 3.7wt%, respectively, at
1130°C (Tables S4 and S5). Ilmenite is commonly
subhedral and interstitial in the massive oxides and
magnetite gabbros and is expected to be crystallized
later than magnetite and silicate minerals. Thus Fe®
/Ti*" ratios decrease upward in each cyclic unit in
the Lower and Middle Zones (Table S4 and Figure 6).
The MELTS calculations are broadly consistent with
the compositional variations of the high-Ti Emeishan
basalts, where Fe,Os(t) and TiO, contents reach
maximum values when MgO contents lie from 5 to
6wt% (Figure 12) [Xu et al., 2001; Xiao et al.,
2004; Song et al., 2008b, 2009].

[37] Although MELTS calculation predicts ilmenite
crystallizing later than apatite, ilmenite must crystal-
lize earlier than apatite in fact, because ilmenite is
one of the major cumulus phases in the massive
oxides and magnetite gabbros of Lower and Middle
Zones. MELTS calculation predicts MgO contents
of magnetite (10-12wt%) higher than electron
microprobe measurement (2-3wt%) (Tables S2 and
S4), probably is because that few experimental data
for ferrobasaltic systems have been used in the
construction of the MELTS model [ Toplis and Carroll,
1996]. In the shallow magma chamber at ~1 kbar, the
liquidus temperature (1190°C) is as much as 50°C
lower than the temperature of the Fe-Ti enriched
magma raised from deep level (1240°C) (Table S4).
This implies that the new hot magma is able to melt
the crystallized minerals although the temperature
must decrease during the magma rising. Thus, miner-
als crystallized from the mixed magma will have
more complicated compositions than those predicted
by MELTS (see above). Another possible reason is
that the assumptions about parental and evolved
magmas are too conservative.

6.3. Formation of Thick Fe-Ti Oxide
Layers—Fluid Dynamical Consideration

[38] The olivine crystals hosting magnetite inclu-
sions high in Cr,O5 (up to 2.2wt%) are high in Ni
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Figure 12. Results of the MELTS calculations of fractional crystallization at two depths and the compositions of the
high-Ti Emeishan flood basalts [Xiao et al., 2004; Song et al., 2008b].

(800-2400ppm), which only occur rarely in olivine <250 ppm (Table S2). This implies that there are
melagabbro [Pang et al., 2008b, 2009]. Most  two generations of olivine; early generation olivine
olivine in the Panzhihua intrusion has Ni contents  from the depth has higher Fo and Ni contents than
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the later generation olivine crystallized in the
Panzhihua intrusion.

[39] As mentioned above, experimental studies
have indicated that Fe-Ti oxides commonly crystal-
lize in later stage of fractionation of tholeiitic mag-
mas [Toplis and Carroll, 1996; Thy et al., 2006].
Early saturation of Fe-Ti oxides in the magma can
be resulted from enriched in Fe-Ti or high fo,
[Namur et al., 2010]. Magnetite exsolution lamellae
in the clinopyroxene of the rocks of the Panzhihua
Lower and Middle Zones (Figure 5¢) indicate that
the parental magmas were enriched in Fe-Ti.
Above MELTS calculation suggest that such Fe-
Ti-enriched magma can be produced by fraction-
ation of picritic magma at depth (Table S4). The
dominant factors controlling formation of a thick,
stratiform Fe-Ti oxide layers (particularly the
massive oxide layers) at the base of a magma cham-
ber include (1) early crystallization of Fe-Ti oxides,
(2) injection and emplacement of evolved Fe-Ti-
enriched magmas along the base of the magma
chamber, and (3) frequent replenishment of the
Fe-Ti-enriched magmas.

[4] That magnetite is one of the early crystallizing
phases together with olivine and plagioclase at
1 kbar (Table S4) is supported by the positive corre-
lations between Fo percentage of olivine and MgO
content of magnetite as well as whole-rock Fe,O3
content (Figures 1la and 11b) and the positive
correlation between whole-rock Fe,05(t) and Al,O3/
(K;0+NayO) (Figure 7f). Plagioclase is the most
important mineral containing Al,Os3, Na,O and K,O
in the Panzhihua intrusion, and thus whole-rock
AlL,O5/(K,O+Na,O) ratios are positively correlated
with An contents of plagioclase. The densities of the
magmas increase from 2.85 to 2.91 g/cm” after frac-
tional crystallization of 0.77wt% spinel, 2.4wt%
olivine, and 42.7wt% clinopyroxene in the deep-
seated magma chamber (Table S4). This densit
is lower than that of the magnetite (4.3—4.8 g/cm”)
and olivine (3.3-3.8 g/cm’), but larger than that of
plagioclase (2.63-2.65 g/cm®) (Table S4). In the
shallower magma chamber, therefore, even if the
magnetite crystallizes slightly later than olivine
and plagioclase, it still can be winnowed out from
the plagioclase-olivine-magnetite-magma mixture
and settled to the floor during the slurry flowing
along the base of the magma chamber. Whereas,
plagioclase will float in the magma because of its
low density, then the massive oxides only contain
very minor plagioclase. This mechanism also
played an important role for the formation of the
Upper Border anorthosite of the Sept Iles layered
intrusion [Namur et al., 2011].

[+1] In the shallow magma chamber, the density of
the magma decreases to 2.74 g/cm® after crystalliza-
tion of olivine, plagioclase, magnetite and clinopyr-
oxene, lower than that of the Fe-Ti enriched magma
replenished from the deep-seated magma chamber
(2.91) (Table S4). Thus, when a new pulse of the
Fe-Ti-enriched magma intruded into the Panzhihua
intrusion, it would have formed a laminar flow along
the base of the magma chamber [Campbell and
Turner, 1989; Snyder and Tait, 1995], although it is
difficult to estimate the height of rise of the magma
fountain because the width of the feeder dyke is
unknown. The widespread planar foliation and linea-
tion shown by the orientation of plagioclase and
clinopyroxene in the rhythmic layering defined by
modal variation of magnetite and clinopyroxen and
plaioclase (Figures 5b and 5d) indicates the mag-
matic currents resulted from replenishment of
magma [Wager and Brown, 1967; Irvine, 1987,
Conrad and Naslund, 1989]. Compaction or subso-
lidus growth of the minerals probably also played
roles for the mineral foliation [McBimey and
Hunter, 1995; Fyfe, 1976].

[42] Chromium is strongly compatible to magnetite
and ilmenite [Schock, 1979; Duchesne et al., 1985;
Table S6]. Normal (decreasing Cr content) and
reverse (increasing Cr content) trends alternate of
magnetite and their whole-rocks in the cyclic units
II to V imply crucial contribution of frequently
emplacement of more primitive magma on the
formation of the cyclic units and the thick massive
oxide layers. This is similar to the formation of the
Allard Lake ilmenite deposit in Canada [Charlier
et al., 2010]. Because apatite is rare in the Lower
and Middle Zones and the magnetite crystallized
extensively, we assume that emplacement of new
more primitive magma always occurred before
apatite began to crystallize for the two zones (Table
S4). If the proportion between the Fe-Ti-enriched
magma (1240°C) from the deep level and the resi-
dent magma (1130°C) in the shallower magma
chamber is more than 7:3 and if the compositions as-
sumed for the two magmas are correct, the mixed
magma would contain >17.6wt% Fe,O5(t) and
>4.5wt% TiO, and magnetite will remain an early
crystallizing phase. Thus, the thick Fe-Ti oxide-rich
cumulates can be produced by Fe-Ti oxide crystal-
lization from the fractionated Fe-Ti enriched
magma frequently recharged from a deep-seated
magma chamber. Continuous emplacement of
ferrobasaltic magma and early crystallization and
accumulation of ilmenite also played important role
in the formation of the world class Allard Lake
ilmenite deposit in the Havre-Saint-Pierre anorthosite
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complex, Canada [Charlier et al. 2010]. Magma
emplacements and magma mixing have been indi-
cated by normal and reverse fractionation trends of
Cr content in cumulus ilmenite.

[43] Although previous studies suggested that Nb
and Zr are incompatible for magnetite [Paster
et al., 1974; Schock, 1979], recent experimental data
have indicated that the partitioning behaviors of these
elements are controlled by the major element compo-
sition of the magnetite [Nielsen et al., 1994, Nielsen
and Beard, 2000]. The partition coefficients for these
elements between magnetite and mafic to intermedi-
ate magmas may be larger than 1 and are positively
correlated with Ti content of the magnetite and neg-
atively correlated with Al and Mg contents. The
magnetites of the massive oxides are very high in
TiO, (12-19 wt%, Table S2), and therefore, it is
expectable that these elements are moderately
enriched in the magnetite. Moreover, Nb and Ta are
compatible to ilmenite [lonov et al., 1997, Table S6].
Thus, the remarkable enrichments of Nb, Ta, Zr, and
Hf relative to other trace elements in the massive oxi-
des (Figure 9a) indicate that these elements are com-
patible to Fe-Ti oxides in the Panzhihua intrusion.

6.4. Lateral Variation of Fe-Ti Oxide
Layer Thickness

[44] The compositions of the massive oxides and
magnetite gabbros and their lithostratigraphic varia-
tions depend on the crystallization order of the
magnetite and ilmenite and the proportion between
them. Oxygen fugacity is found to have a large
influence on the stability of Fe-Ti oxides [Snyder
et al., 1993]. Experiments have shown that magne-
tite appears earlier than ilmenite above the FMQ
buffer in basaltic magma and the order may reverse
below FMQ [Snyder et al., 1993; Toplis and Carroll,
1995]. Thus, decreases of the Fe’*/Ti*" ratios from
the base to the top of most cyclic units of the Lower
and Middle Zones suggest a slightly decreases of fo,
during the formation of each cyclic unit because of a
large amount of magnetite (Table S5 and Figure 6).

[4s] The different trends displayed in the diagrams of
TiO, against Fe,O5(t) suggest that the Lower and
Middle Zones were produced by different processes.
The massive oxides and gabbros of the Lower Zone
have higher Fe,O5(t)/TiO, than those of the Middle
Zone (Figure 7a), indicating that the Lower Zone
has relatively higher magnetite/(magnetite +ilmen-
ite) ratio and crystallized at a relatively higher 7o,
than the Middle Zone. Accordingly, the Lower Zone
rocks have higher Fe**/Ti*" and Fe®'/Fe*" values

than the Middle Zone rocks at the same TiO, and
Fe,O5(t) contents (Figure 8).

[46] On the other hand, the ratios of Fe,O3(t)/TiO,,
Fe*"/Ti*" and Fe*'/Fe*" of the Daomakan Lower
Zone rocks are visibly higher than those at Zhujia-
baobao and Nalaqing (Figures 7a and 8), suggest-
ing that the Lower Zone at Daomakan formed
under high fo, relative to that at Zhujiaobaobao
and Nalaqing. Chromium is strongly compatible
to magnetite and DEAEtiteMagma g a9 high as 153
[Schock, 1979, Table S6]. Thus, the higher Cr
contents of the massive oxides at Daomakan than
those at Zhujiabaobao and Nalaqing imply that the
magnetite crystallized relatively earlier at Daoma-
kan (Table S1 and Figures 6 and 7¢). Partition coef-
ficients of V and Ga between magnetite and basaltic
magma (Dr\r/lagnetite/magma:26’ Drél:gnetite/magmazz)
are higher than Dymerite¥maema (—gy and plmenite
magma (:014)’ Whereas, Dﬁggnetlte/magma (:O4 or
>1) is lower than Difperitemagma > 3y |Pygter
et al., 1974; Schock, 1979; Villemant et al., 1981,
Duchesne et al., 1985; Nielson et al., 1994, 2000].
Thus, the decreases of V and Ga and increase of
Nb of the Lower Zone samples from Damakan to
Zhujiabaobao and Nalaqing at comparable Fe,O3
and TiO, contents also indicate a decreasing mag-
netite/(magnetite + ilmenite) ratio and fo, during
accumulation of the Fe-Ti oxides (Figures 7c, 7e,
and 7f). The above phenomena indicate crystalliza-
tion of magnetite early at Daomakan and imply that
the Fe-Ti-enriched magmas from deep level entered
the Panzhihua intrusion at Daomakan and flowed
toward to Zhujiabaobao and Nalaqing. More magma
shurry flowed to the more concave-down Zhujiabao-
bao, where more Fe-Ti oxides crystallized and settled
down to form the extremely thick massive oxides and
magnetite gabbros layers.

[47] The formation of the very thick stratiform mas-
sive Fe-Ti oxide layers at the bases of the cyclic units
Il and V and relatively constant contents of Fe,O3
(t), TiO,, high V and Ga contents and high ratios
of Fe,05(t)/TiO, and Fe*™/Ti*" (Figures 6-8)
requires accumulation of Fe-Ti oxides from
continually replenished Fe-Ti-enriched magmas.
Additionally, increases of Cr contents of the mag-
netites and their whole-rocks from the base of the
massive oxide layer of the cyclic unit II upward
probably indicate compositional variation of the
recharged magmas from the deep level (Figure 6a).
Whereas, low contents of V and Ga and Fe,O5(t)/
TiO, ratios of the magnetite gabbros of the Middle
Zone have implied that the magma replenishment
was not frequent enough and mixing with residual
magma (Figure 7).
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6.5. Concentration of P and REE in the
Upper Zone

[48] Phosphorus is incompatible in silicate minerals
and Fe-Ti oxides [Jones, 1995; Bindeman et al.,
1998] during fractionation of mafic magmas and
is thus concentrated in the residual magma before
crystallization of apatite. The P,O5 saturation content
of the Panzhihua magma is about 1.35wt% according
to the MELTS calculation, which is consistent with
the P,Os content (1.3 4= 0.3wt%) at apatite satura-
tion in the Upper Zone of the Bushveld Complex
[Cawthorn and Walsh, 1988]. Thus, the trapped
liquid contents in the Lower and Middle Zones
are 1-4% (except for a few samples). This means
that more interstitial liquid rich in P and REE
migrated upward due to compression and mixed with
the differentiated magma and resulted in apatite satu-
ration in the Upper Zone.

[49] Rare earth elements are strongly compatible in
apatite, although many factors such as temperature,
Si0, content, and alkalinity can significantly affect
partition coefficients (Table S1) [Watson and
Green 1981; Fujimaki, 1986]. The partition coeffi-
cients of Gd and Yb between apatite and basaltic
magma are 1.7 and 0.93 [lonov et al., 1997], whereas
Dggtite/andesite and D'gl{p];)tite/andesite are as hlgh as 43.9
and 15.4, respectively (Table S6) [Fujimaki, 1986].
This means that Gd/Yb ratio of crystallized apatite
would elevate during extensive fractional crystalli-
zation. Thus, the remarkable high REE concentra-
tions and Gd/Yb (7-11) again indicate that the
Upper Zone apatite gabbros were crystallized
from highly differentiated magmas (Table S1 and
Figures 6-9). The three cyclic compositional varia-
tions in the Upper Zone imply that new magma
injection and magma mixing also occurred during
the formation of the Upper Zone.

7. Conclusion

[s0] The Panzhihua intrusion was one magma cham-
ber on a magma plumbing system replenished by
fractionated and Fe-Ti-enriched mafic magmas from
a deep-seated magma chamber, and from which the
most evolved magmas had been tapped. In the
deep-seated magma chamber, extensive fractionation
of olivine and clinopyroxene resulted in Fe-Ti en-
richment and a significant increase in the density
of the residual fractionated magma. As a result, the
hot and dense Fe-Ti-enriched magmas from the
deeper level spread along the floor when injected
into the shallow Panzhihua intrusion and magnetite
became one of the early crystallizing phases. The

density of this magma decreased after crystallization
of Fe-Ti oxides. The thick, stratiform massive Fe-Ti
oxide layers at the bases of the cyclic units in the
Panzhihua Lower Zone were produced by Fe-Ti
oxide accumulation from these frequently replenished
Fe-Ti-enriched magmas. As the frequency of replen-
ishment of the Fe-Ti-enriched magmas decreased,
magnetite gabbros were formed along the bases of
the cyclic units of the Middle Zone. In contrast, the
Upper Zone apatite gabbros were formed by more
evolved incompatible elements enriched magmas.
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