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In the Emeishan large igneous province, SW China, there are many layered mafic–ultramafic intrusions such as
the Baima, Hongge, Panzhihua and Taihe intrusions that host world-class Fe–Ti oxide ore deposits. Despite
numerous studies, the origin of these deposits still remains elusive. This includes the role of crustal
contamination, especially addition of external CO2 from carbonate country rocks during contact metamorphism,
in triggering Fe–Ti oxide crystallization from high-Mg basaltic magma. To address this important issue, we have
carried out an integrated O–Sr–Nd isotope study of these ore-bearing intrusions and the country rocks. Our
results show that in these intrusions clinopyroxene is much less susceptible to fluid–mineral oxygen isotope
exchange than coexisting plagioclase and Fe–Ti oxides, which is similar to other intrusions worldwide
(e.g., Taylor, 1967; Gregory and Taylor, 1981). Our calculations based on the least exchanged clinopyroxene
oxygen isotope data show that the mean δ18O values for the parental magmas of these intrusions are
Baima = 5.7‰, Panzhihua = 6.1‰, Taihe = 5.9‰. The estimated mean δ18O value for the parental magma of
the Upper and Middle Zones of the Hongge intrusion is 6.2‰, which is similar to those for the parental magmas
of the other intrusions (Baima, Panzhihua and Taihe). By contrast, the estimatedmean δ18O value for the parental
magma of the Lower Zone of the Hongge intrusion is higher (6.9‰). This difference, together with higher initial
87Sr/86Sr ratios (0.7057 to 0.7076) and lower εNdt values (−2.82 to −0.07) for this zone, can be attributed to
higher degrees of contamination with siliceous crustal materials in this zone than elsewhere in this intrusion.
Comparison of O–Sr–Nd isotope compositions between the intrusions and country rocks reveals that bulk
assimilation of carbonate country rocks is negligible in all of these intrusions. Mixing calculations using the O–
Sr–Nd isotope data are consistent with variable degrees of contamination with siliceous crustal materials in
the intrusions: Panzhihua, b5%, Baima and Taihe, b10%, the Middle and Upper Zone of the Hongge intrusion,
b10%, the Lower Zone of the Hongge intrusion, b15%. These percentages are maximum values and may be
reduced if contamination was selective in nature, involving Sr- and Nd-bearing fluids or partial melts. Based on
the oxygen isotope results, an iterative calculation with a CO2/magma mass ratio = 1/1000 for each increment
reveals that the Panzhihua magma reacted with b1 wt.% of CO2 released from the footwall during contact
metamorphism. This amount is not sufficient to increase the oxidation state of the magma to the level that Fe–
Ti oxides would crystallize alone from the magma. Therefore, we conclude that external CO2 did not play a
major role in the formation of the Fe–Ti oxide ores in the Panzhihua intrusion.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fe–Ti oxides commonly crystallize at the late stages ofmagmadiffer-
entiation in tholeiitic systems. This is evident from the occurrence of
cumulus Fe–Ti oxide layers in the Upper Zone of the Bushveld Complex
and the Middle Zone of the Skaergaard layered intrusion where olivine
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is absent or Fe-rich (Fo b 48 mol%) (e.g., Reynolds, 1985; McBirney,
1989). However, this is not the case for the Permian mafic–ultramafic
layered intrusions in the Emeishan Large Igneous Province (ELIP), SW
China. Concordant, thick massive Fe–Ti oxide layers and magnetite-
rich gabbroic layers containing clinopyroxene with Mg# from 75 to 85
and olivine with Fo values of 65–81 mol% in some places occur in the
lower parts of these layered intrusions (Figs. 1, 2) (Pang et., 2009;
Zhang et al., 2012; Song et al., 2013; Luan et al., 2014; She et al.,
2014). This indicates relatively early Fe–Ti oxide saturation in these
magmatic systems as compared to other large layered intrusions in
the world. The reason for the early Fe–Ti oxide saturation in the ELIP

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2015.02.020&domain=pdf
http://dx.doi.org/10.1016/j.chemgeo.2015.02.020
mailto:songxieyan@vip.gyig.ac.cn
http://dx.doi.org/10.1016/j.chemgeo.2015.02.020
http://www.sciencedirect.com/science/journal/00092541


Fig. 1. (a) Distribution of Emeishan flood basalts. (b) Simplified geological map of the central part of the Emeishan large igneous province, with locations of Fe–Ti oxide ore-bearingmafic–
ultramafic intrusions (modified after Song et al., 2009). The ages of the mafic–ultramafic intrusions are from Zhou et al. (2005, 2008) and Zhong et al. (2011).
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mafic–ultramafic intrusions is not clear. Many researchers suggested that
it is due to unusually high concentrations of Fe–Ti in the parentalmagmas
that can be traced back to mantle-derived picritic magma by olivine
fractional crystallization (Pang et al., 2008; Bai et al., 2012; Zhang et al.,
2012; Song et al., 2013; Luan et al., 2014; She et al., 2014). Ganino et al.
(2008) proposed that in the case of the Panzhihua intrusion, Fe–Ti oxide
crystallization immediately after emplacement was due to oxidation of
basaltic magma by CO2-rich fluids released from dolomite country rocks
during contact metamorphism (Fig. 2). It is clear that such an in-situ
mass transfer model is not applicable to the Hongge deposit because the
massive Fe–Ti oxide ore zones in this intrusion are not in direct contact
with dolomites (Fig. 2). However, previous contamination with dolomite
country rocks duringmagma ascent or ponding at depth is still a possibil-
ity. At Hongge, hydration of magma by external H2O released from
footwall meta-sandstones during contact metamorphism is another
possibility for the concurrent crystallization of Fe-Ti oxides from the
contaminated magma; the thick oxide layers in the Hongge intrusion
may have formed by this process coupled by multiple magma replenish-
ment and crystal sorting in a magma flow-through system (Luan et al.,
2014). In addition, some researchers believed that the Fe–Ti oxide
orebodies in the ELIP layered intrusions formed by liquid immiscibility
(Wang and Zhou, 2013; Zhou et al., 2013; Liu et al., 2014). To evaluate
these competing models, we have carried out an integrated O–Sr–Nd
isotope study of four representative Fe–Ti oxide ore-bearing mafic–ultra-
mafic intrusions (Baima, Hongge, Panzhihua and Taihe) in the ELIP.
2. Geological background

Southwestern China comprises the Yangtze Block in the east and the
Tibetan Plateau in the west (Fig. 1). The basement of the Yangtze block
consists of Paleo-Mesoproterozoic low to medium grade meta-sedi-
mentary and meta-volcanic rocks, which are overlain by sedimentary
strata of Neoproterozoic to early-Permian ages. The Neoproterozoic
strata are predominantly composed of dolomites and sandstones (Liu,
1991). Neoproterozoic granites and high-grade metamorphic com-
plexes are present in places in the western and northern margins of
the Yangtze block (Zhou et al., 2002a).

The Emeishan large igneous province (ELIP), which is composed of
voluminous flood basalts and numerous small mafic–ultramafic intru-
sions, occurs in SW China and northern Vietnam (Fig. 1, Chung and
Jahn, 1995; Xu et al., 2001; Song et al., 2001, 2004; Zhou et al., 2002b).
The flood basalts in the ELIP cover an area N 5× 105 km2. The total thick-
nesses of the volcanic sequence are up to ~2000m (Xu et al., 2004; Song
et al., 2008a). The ELIP is further divided into the central and outer zone.
Both low-Ti and high-Ti basalts are present in the central zone. In
contrast, the volcanic rocks in the outer zone are dominated by high-
Ti basalts (Xu et al., 2001; Xiao et al., 2004). Radiometric dating of the
associated mafic–ultramafic intrusions gives an age of magmatism at
~260 Ma for the ELIP, which is roughly contemporaneous with the
global end-Guadalupian mass extinction (Ali et al., 2002; Zhou et al.,
2002b).



Fig. 2. Lithological comparison of several important Fe–Ti oxide ore-bearing mafic–ultramafic intrusions in the Emeishan large igneous province (modified from Song et al., 2013; Luan
et al., 2014; She et al., 2014).
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Many mafic–ultramafic intrusions are exposed in the central zone of
the ELIP due to severe uplifting and erosion. Their distribution is
controlled by the N–S trending regional faults (Fig. 1). Some of these
intrusions, such as Baima, Hongge, Panzhihua and Taihe host important
Fe–Ti–V oxide ore deposits. The total reserve of these four deposits
together exceeds 10 billion tons of ores with 25–35 wt.% Fe, 4–13 wt.%
Ti and 0.1–0.45 wt.% V (Panxi Geological Unit, 1984). One of the coeval
mafic–ultramafic intrusions in the region, the Xinjie intrusion, also con-
tains important Ni–Cu–PGE sulfide mineralization (Zhong et al., 2004;
Wang et al., 2008). In addition, a few other coeval intrusions in the region,
such as Baimazhai, Limahe and Jinbaoshan, host economically valuable
Ni–Cu–PGE sulfide deposits (Tao et al., 2007, 2008; Song et al., 2008b).

3. Petrology of the four selected intrusions

The Panzhihua and Taihe intrusions are mafic layered intrusions,
whereas the Baima and Hongge aremafic–ultramafic layered intrusions
(Fig. 2). The petrological characteristics of these intrusions are described
in detail by previous researchers (Zhong et al., 2002; Zhou et al., 2005;
Pang et al., 2008; Zhang et al., 2012; Song et al., 2013; Luan et al.,
2014; She et al., 2014). Here only brief summaries are given.

The Panzhihua intrusion is predominantly composed of gabbros
(Fig. 2). The surface exposure of the Panzhihua intrusion is ~19 km in
length. It dips northwest at angles ranging from 40° to 60°. It was
emplaced into Neoproterozoic dolomitic limestones. Contact metamor-
phism produced up to 300 m-thick forsterite and diopside marbles in
the lower contact (Fig. 3a). Elsewhere the intrusion is in faulted contact
with late-Permian syenites and Triassic terrestrial clastic sedimentary
rocks. The Panzhihua intrusion is further divided into the Marginal,
Lower, Middle and Upper Zones. Most important Fe–Ti oxide layers
occur in the Lower Zone.

The Baima intrusion is predominantly composed of gabbros and
troctolites (Fig. 2). It is ~24 km in length and ~2 km in thickness. The in-
trusion dips at 50–70° to thewest. It was emplaced into Neoproterozoic



Fig. 3. (a) Field photo showing the irregular contact between fine-grained gabbro and Proterozoicmarble footwall rocks, Panzhihua intrusion. (b)Microphotograph of Fe–Ti oxide-bearing
gabbro in the Middle Zone of the Panzhihua intrusion. (c) Microphotograph showing typical exosolution texture of Fe–Ti spinel in the oxide-rich gabbro in the lower zone of the Baima
intrusion. (d)Microphotograph showing a fractured and alteredmagnetite crystal from the lower zoneof thePanzhihua intrusion. (e) Field photo of olivine clinopyroxenite in contactwith
the Proterozoic meta-sandstone footwall rocks of the Hongge intrusion. (f) Microphotograph showing abundant magnetite inclusions enclosed in clinopyroxene crystal and hornblende
oikocrysts in the lower zone of the Hongge intrusion. Cpx: clinopyroxene, Hb: hornblende, Hcn: hercynite, Ilm: ilmenite, Mt: magnetite, Ol: olivine, Pl: plagioclase.
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dolomitic limestones and Cambrian clastic sediments. Largemarble and
schist xenoliths are common in the intrusion. The intrusion was intrud-
ed by syenites and granites. The Baima intrusion is further divided into
the Lower and Middle zones. Pegmatitic gabbros occur in places at the
base of the intrusion (Fig. 2, Zhang et al., 2012). Unlike the Panzhihua
intrusion, no massive Fe–Ti oxide layers are present in the Baima intru-
sion. Important Fe–Ti–V oxide mineralization occurs as magnetite-rich
troctolite layers in the lower zone of the intrusion (Fig. 2).

The Taihe and Hongge mafic–ultramafic intrusions are similarly
composed of clinopyroxenites and gabbros. The Hongge intrusion is
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an elongated lopolith which is ~16 km in length and 3–6 km in width
(Panxi Geological Unit, 1984). The country rocks of the intrusion are
Mesoproterozoic schists and meta-sandstones in the north (Fig. 3e),
Neoproterozoic dolomitic limestones in the south, and the Emeishan
flood basalts in the northeast (Luan et al., 2014). In some places the
intrusion is in contact with younger granite and syenite (255.2 ±
3.6 Ma, Xu et al., 2008). The Hongge intrusion is further divided into
the Lower, Middle and Upper Zones (Fig. 2). The most important Fe–Ti
oxide mineralization occurs as thick, massive layers in theMiddle Zone.

The Taihe intrusion is ~3 km in length, ~2 km in width and ~1.2 km
in thickness. It dips to the southeast with angles of 50–60°. Diopside–
garnet marble xenoliths are common in the Taihe intrusion (Panxi
Geological Unit, 1984). The immediate country rocks of the intrusion
are contemporaneous syenites (261 ± 2 Ma, Xu et al., 2008). The
Taihe intrusion is further divided into Lower, Middle and Upper Zones
(Fig. 2). Important Fe–Ti oxide mineralization in the intrusion occurs
as Fe–Ti oxide-rich layers throughout the intrusion as well as a thick
massive oxide layer in the upper part of the Lower Zone. In the
Panzhihua, Baima and Hongge intrusions abundant apatite occurs
most commonly in their upper zones. In contrast, in the Taihe intrusion
abundant apatite occurs in itsmiddle zone aswell as its upper zone (She
et al., 2014).

All of these intrusions have been variably affected by postmagmatic
hydrothermal alteration. The most extensive alteration occurs in the
fractured zones. The representative textures of the least-altered rocks
and oxide ores from these intrusions are given in Fig. 3b–c. The typical
texture of a pristine gabbroic sample from the Panzhihua intrusion is
shown in Fig. 3b. As shown by an oxide ore sample from the Baima in-
trusion, exsolution lamellae of ilmenite and hercynite in the magnetite
crystal are common in the oxide layers in these intrusions (Fig. 3c). In
the associated silicate rocks, clinopyroxene crystals commonly contain
small magnetite exsolution lamellae (Zhang et al., 2012; Song et al.,
2013). Chemical compositions of magnetite from the massive ores of
the Panzhihua and Taihe intrusions were partially changed due to infil-
tration of external fluid along the cracks (Fig. 3d). In the Lower Zone of
the Hongge intrusion where abundant magmatic hornblende and
biotite (5–15% together) are present, magnetite commonly occurs as
euhedral crystals enclosed in clinopyroxene or hornblende oikocrysts
(Fig. 3f).

4. Sampling and analytical procedures

A total of nearly 200 oxygen isotope measurements were made on
whole rocks and mineral separates (clinopyroxene, plagioclase and Fe–
Ti oxides) from the Panzhihua, Baima, Hongge and Taihe intrusions, and
some footwall rocks. Magnetic separation was followed by hand-picking
under a microscope. The mineral separates and whole-rock samples
were crushed to 60–100 mesh powders. The powders were baked at
120 °C in vacuum for at least N24 h before oxygen extraction using a con-
ventional BrF5 extraction system. A powder sample of 5 to 8 mg was
placed in a Ni-reaction vessel and heated overnight with BrF5 at ~600 °C
(Clayton and Mayeda, 1963). The released oxygen was converted to CO2

by reaction with heated graphite disks wrapped with Pt–Rh wires. The
CO2 gas was analyzed on a Finnigan Delta-Plus stable isotope ratio mass
spectrometer in the Stable Isotope Research Facility of Indiana University.
The analytical precision of single δ18O measurement is ±0.05‰ (2σ),
with a sample reproducibility of ±0.2‰ (2σ). Results are reported in
standard delta notation relative to VSMOW (Table 1). The NBS-28 quartz
has a value of 9.6 ± 0.2‰ in the Indiana University laboratory.

The concentrations of major elements in the rock samples were
determined using a PANalytical Axios X-ray fluorescence spectrometer
(XRF) on fused glass beads at the ALS Chemex (Guangzhou) Co., Ltd.
with an analytical uncertainty less than 5%. 0.7 g of powder from each
sample was mixed completely with Li2B4O7–LiBO2 flux and then fused
to a glass bead at 1050–1100 °C in an automatic melting instrument.
Loss on ignition (LOI) was obtained from 1 g powdered sample that
was heated up to 1100 °C for 1 h. Table A1 lists the results for Canadian
reference material STSD-4 and South African reference material SARM-
45 determined as unknowns. Our results are in good agreement with
the compiled values of Govindaraju (1994). The abundances of trace
elements in the rocks were determined using a Perkin-Elmer Sciex
ELAN 6000 ICP-MS at the Institute of Geochemistry, Chinese Academy
of Sciences (IGCAS). The powdered samples (50 mg) were dissolved
in Hf+ HNO3 solution in high-pressure Teflon bombs that were heated
at ~190 °C for 12 h (Qi et al., 2000). Rh was used as an internal standard
to monitor signal drift during analysis. The USGS standard AGV-2 was
determined as an unknown. This standard was run with every batch
of samples. Replicate analysis of AGV-2 typically gave an overall analyt-
ical precision of better than 5% relative to the recommended values
(Wilson, 1998).

For Sr–Nd isotopic analyses, powders of selected, relatively fresh
whole-rock samples from the Baima intrusion and important footwall
rocks of the four selected mafic–ultramafic intrusions in the ELIP were
dissolved in the HF–HNO3 solution in Savillex screwtop Teflon beakers
at 150 °C for 10 days. Sr and REE were separated in columns made of
Sr and REE resins from the Eichrom Company using 0.1% HNO3 as an
elutant. Separation of Nd from the REE fractions was carried out in the
HDEHP columns using 0.18 N HCl as an elutant. The Sr–Nd isotopic
compositions of the samples were determined using a Micromass
Isoprobe Multi-Collector ICPMS at Guangzhou Institute of Geochemis-
try, Chinese Academy of Sciences. The results are shown in Table A2.
The results of the standards analyzed together with the samples are:
the NBS987 international standard, 87Sr/86Sr= 0.710262± 17 (recom-
mended value, 0.710250 ± 10, McArthor, 1994); the Sr-GIG internal
standard, 87Sr/86Sr= 0.708844± 23; the JNdi-1 international standard,
143Nd/144Nd = 0.512123 ± 10 (recommended value, 143Nd/144Nd =
0.512115 ± 7, Tanaka et al., 2000); the Nd-GIG internal standard,
143Nd/144Nd = 0.511525 ± 10. εNd values were calculated based on
an age of 260 Ma, decay constants of 6.54 × 10−12 (year−1) for 147Sm,
and present day chondritic values of 143Nd/144Nd = 0.512630,
147Sm/144Nd = 0.1960 (Bouvier et al., 2008).

5. Results

5.1. Oxygen isotope compositions of mineral separates

The oxygen isotope compositions of plagioclase, clinopyroxene and
Fe–Ti oxide separated from the Baima, Hongge, Panzhihua and Taihe
Fe–Ti oxide ore-bearing layered mafic–ultramafic intrusions are listed
in Table 1. The differences of replicated analyses for clinopyroxene
and Fe–Ti oxide separates from twelve samples are less than 0.3‰,
which is within the range of typical analytical deviation. The strati-
graphic variations of δ18O values for the mineral separates are shown
in Fig. 4. For comparison, calculated δ18O values for hypothetical
minerals which crystallize from an uncontaminated mantle-derived
magma with oxygen isotopic composition assumed to be the same as
that of the average oceanic island basalt (OIB, 6.0 ± 0.7‰ given by
Eiler et al., 1997) are shown as gray, brown and yellow bands, respec-
tively. As shown in Fig. 4, no systematic variations of mineral oxygen
isotope compositions with depths are present in the Baima, Panzhihua
and Taihe intrusions. In the Hongge intrusion, the δ18O values of
clinopyroxene tend to be lower in the Middle and Upper Zones than
in the Lower Zone, which generally coincides with significant changes
in the abundances of Fe–Ti oxides (indicated by whole-rock Fe2O3

T)
and apatite (indicated by whole-rock P2O5).

Except four samples which have anomalously high δ18O values from
6.9 to 8.8‰, the other 43 samples of clinopyroxene separates from the
Baima, Panzhihua and Taihe intrusions have δ18O values ranging from
4.8 to 6.6‰, with an average of 5.5‰ (n = 43). The average value is
similar to the estimated value for the hypothetical clinopyroxene that
may crystallize from the uncontaminated mantle-derived magma with
oxygen isotopic composition the same as that of OIB. The δ18O values



Table 1
Oxygen isotope data for important Fe–Ti oxide ore-bearing mafic–ultramafic intrusions in the ELIP and their footwall rocks.

Sample
no.

Rock
typea

Locality Unit Hight from
the base (m)

δ18Ocpx
b δ18Opl

b δ18Ooxd
b δ18O(whole rock) δ18O magma

c Δpl–Cpx
b ΔCpx–oxd

b

Panzhihua intrusion
Zhujiabaobao segment

SP05-1 OXG Lower zone I 5 5.7 7.9 2.2 6.2 2.2 3.5
SP05-3 Gabbro I 11 5.7 8.6 1.2 6.2 3.0 4.5
SP05-4 MOO II 31 2.6
SP05-5 MOO II 40 1.8
SP05-7 MOO II 85 1.9
SP05-8 OXG II 95 5.4 1.3 5.9 4.1
SP05-10 Gabbro II 114 5.3 5.1 3.9 5.8 −0.3 1.4
SP05-15 Gabbro IV 138 6.0 4.7 2.6 6.5 −1.3 3.4
SP05-17 OXG IV 155 5.5f 5.5f 7.7 2.5 6.0 2.3 3.0
SP05-20 MOO V 190 1.2
SP05-21 MOO V 215 1.2
SP05-23 Gabbro Middle zone VI 285 8.0f 7.9f 9.4 2.5f 2.4f 8.5 1.5 5.4
SP05-26 OXG VII 335 5.4 9.4 2.5 5.9 4.0 2.9
SP05-27 Gabbro VII 355 5.1 9.7 2.1 5.6 4.7 3.0
SP05-28 OXG VII 400 6.3 1.8 2.2 6.8 −4.6 4.1
SP05-35 OXG IX 615 5.8 4.8 3.0 6.3 −1.0 2.8
SP05-39 Gabbro IX 705 5.5 6.1 1.4 6.0 1.0 3.7
SP05-41 Gabbro X 765 5.1 5.6 1.3 5.6 0.5 3.8
SP05-42 Gabbro X 805 6.4 8.3 1.4 6.9 1.8 5.0
SP11-504 APG Upper zone 1060 5.2f 5.2f 6.0 4.0 5.7 0.8 1.3
SP11-506 APG 1200 5.6 6.7 4.2f 4.2f 6.1 1.2 1.4

Daomakan segment
SP10-55 SMOO Lower zone II 2.2 7.1 4.9
SP10-57 MOO II 3 5.7 3.6
SP10-59 MOO II 3.5 3.6 1.2
SP10-70 SMOO III 18 4.1
SP10-71 MOO III 20 5.0

Nalajing segment
PN11-65-1 MOO Lower zone I 0 2.8
PN11-65 MOO I 11 2.6
PN11-64 MOO I 24 2.8
PN11-63 MOO I 35 2.0

Baima intrusion
SB11-33 OXTR Lower zone I 22 5.5 6.3 2.5 5.7 0.8 3.0
SB11-21 OXTR I 36 5.3f 5.2f 3.7 0.7 5.5 −1.6 4.7
SB11-15 TROC I 54 5.9 0.8 6.1
SB11-13 OXCP II 100 5.5f 5.7f 2.2 5.7
SB11-16 OXCP III 192 5.2f 5.2f 6.2 1.4 5.4 1.0 3.8
SB11-24 TROC IV 268 5.0 3.4 1.8 5.2 −1.6 3.2
SB11-27 OXCP IV 283 5.4 6.0 1.7 5.6 0.6 3.7
SB11-30 OXG Middle zone V 345 5.3 7.1 1.6 5.8 1.8 3.7
SB11-45 OXG VI 405 5.4 7.8 3.7 5.9 2.4 1.7
SB11-09 Gabbro VI 421 5.7 6.6 −0.5 6.2 0.9 6.2
SB11-25 OLG VII 450 5.5 7.9 3.8 6.0 2.4 1.7
SB11-28 OLG VII 467 8.8 6.5 1.9 9.3 −2.3 6.9
SB11-42 OXG VII 483 8.3f 8.2f 6.4 1.9 8.8 −1.9 6.4
SB11-08 Gabbro VII 526 5.3 5.3 3.2f 3.2f 5.8 0.0 2.0
SB11-07 OLG VII 544 4.8 3.2 5.3
SB11-35 Gabbro VII 587 5.0 5.6 2.0 5.5 0.6 3.0

Taihe intrusion
ST11-46 OLG Lower zone 0 5.2 2.7 5.7 2.5
ST11-44 Gabbro 32 5.5 2.6 6.0 2.9
ST11-42 OLG 67 5.4 1.4 5.9 4.0
ST11-34 MOO 143 0.7f 0.8f

ST11-30 Gabbro Middle zone I 183 5.5 2.6 6.0 2.9
ST11-29 OXCP II 194 5.5 1.9 5.7 3.6
ST11-27 OXCP II 218 6.9 0.8 7.0 6.1
ST11-25 Gabbro II 242 5.4 2.4 5.9 3.0
ST11-21 OXCP III 296 5.1 1.9 5.3
ST11-17 OXCP IV 365 5.6 2.8 5.8 2.8
ST11-16 OXCP IV 381 5.5 3.3 5.7 2.2
ST11-13 OXCP IV 428 6.6 1.8 6.8 4.8
ST11-09 OXCP V 490 5.7 2.2 5.9 3.6
ST11-06 OXCP VI 548 5.7 4.2 5.9 1.4
ST11-48 Gabbro Upper zone 655 5.7 6.2
ST11-51 OXCP 698 6.0f 6.3f 3.2 6.2 2.8

Hongge intrusion
SH10-77 OLCP Lower zone I 29 6.4 3.3 6.6 3.1

(continued on next page)
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Table 1 (continued)

Sample
no.

Rock
typea

Locality Unit Hight from
the base (m)

δ18Ocpx
b δ18Opl

b δ18Ooxd
b δ18O(whole rock) δ18O magma

c Δpl–Cpx
b ΔCpx–oxd

b

SH10-94 OLCP III 257 6.8 3.4 7.0 3.4
SH10-96 OLCP III 282 6.9 3.7 7.1 3.2
SH10-100 OXCP IV 325 6.6 4.2 6.8 2.4
SH10-72 OXCP Middle zone VI 421 5.9f 5.8f 2.3 6.1 3.6
SH10-22 OXCP VII 474 5.6 2.6 5.8 3.1
SH10-26 OXCP VII 555 5.8 1.2 6.0 4.6
SH10-204 OXG VII 604 3.2
SH10-32 OXG VII 618 5.7 4.3 6.2 1.4
SH10-69 OXG Upper zone IX 694 4.4
SH10-68 OXG IX 720 5.8 0.3 6.3 5.4
SH10-65 OXG IX 778 2.6
SH10-64 OXG IX 796 6.0 3.1 6.5 2.8
SH10-54 Gabbro X 947 2.8

Footwall rocksg

SP10-1 Schist Panzhihua 11.3
PN11-116 Schist 7.9
PN11-113 MESD 11.7
PN11-114 MESD 14.3
SP10-27d Marble 10.5
SP10-28d Marble 10.4f 8.3f

SP10-29d Marble 13.2
PN11-115e Marble 7.4
SH10-40 MESD Hongge 17.0
SH10-73 MESD 16.6f 15.0f

SH10-74 MESD 15.2
SB09-7 SIMAR Baima 11.6
SB11-213 SIMAR 9.0
SB11-230 SIMAR 11.2
SB11-231 SIMAR 12.6

a OXG, magnetite gabbro; APG, apatite gabbro; OLG, olivine gabbro; OLOXG, olivine–magnetite gabbro; MOO, massive oxide ore, TROC, troctolite; OXTR, magnetite troctolite; SMOO,
semi-massive oxide ore; OXCP, magnetite clinopyroxenite; OLCP, olivine clinopyroxenite, SIMAR, siliceous marble; MESD, meta-sandstone.

b Pl, plagioclase; Cpx, clinopyroxene; oxd, Fe–Ti oxide.
c The δ18O of magma was calculated from clinopyroxene data assuming Δmagma–Cpx = 0.5‰ (magnetite gabbro) and 0.2‰ (magnetite clinopyroxenite).
d Sample consists of ~41% brucite and ~59% calcite.
e Sample consists of ~39% brucite and ~61% calcite.
f These values are duplicates of each sample.
g The δ18O values of the country rocks are whole rock values.
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of clinopyroxene separates from the Middle and Upper Zones of the
Hongge intrusion vary from 5.6 to 6.0‰, with an average of 5.8‰ (n =
6). These values are similar to those for the other intrusions (Baima,
Panzhihua and Taihe). In contrast, the δ18O values of clinopyroxene sepa-
rates from the Lower Zone of the Hongge intrusion are significantly
higher, ranging from 6.4 to 6.9‰.

The δ18O values of plagioclase separates from the Baima and
Panzhihua intrusions are highly variable, ranging from 1.8 to 9.7‰,
which are significantly different from the calculated value for the
hypothetical plagioclase (An60) that may crystallize from the uncon-
taminated mantle-derived magma with oxygen isotopic composition
the same as that of OIB. Similarly, the δ18O values of Fe–Ti oxidemineral
separates from all of the four intrusions (Baima, Hongge, Panzhihua and
Taihe) are also highly variable, ranging from−0.7 to +5.5‰; most are
lower than the calculated value for the hypothetical Fe–Ti spinel (55%
magnetite and 35% ilmenite and 10% ulvöspinel) that may crystallize
from an uncontaminated mantle-derived magma with oxygen isotopic
composition the same as that of OIB.
5.2. Whole-rock major, trace element and Sr–Nd isotope compositions

The chemical compositions of new rock samples from the Baima
intrusion are listed in Table A1. In this intrusion, the Fe2O3

T and TiO2 con-
tents vary from 10.1 to 40.1 wt.% and from 1.75 to 8.21 wt.%, respective-
ly; the abundance of P2O5 varies from 0.04 to 0.34 wt.%. New Sr–Nd
isotope data of whole-rock samples from the Baima intrusion and the
previously-reported Sr–Nd isotope data for the Panzhihua, Taihe,
Hongge intrusions (Song et al., 2013; Luan et al., 2014; She et al.,
2014) are given in Table A2. The initial 87Sr/86Sr ratios and εNd(t) are
calculated using the age of 260 Ma, which is similar to the average
zircon U–Pb age of these contemporaneous intrusions (Zhou et al.,
2005, 2008; Zhong et al., 2011). Based on the limited numbers of analy-
ses for each of the intrusions, no systematic stratigraphic variations in
Sr–Nd isotopic compositions are found in these intrusions. The calculat-
ed initial 87Sr/86Sr ratios and εNd(t) values for all of the four intrusions
(Baima, Hongge, Panzhihua and Taihe) range from 0.7043 to 0.7176,
and from −3.01 to +2.85, respectively. These values are similar to
those for the coeval high-Ti picrites in the ELIP (Fig. 5). Among these
intrusions, the Hongge intrusion has the highest initial 87Sr/86Sr ratios
and lowest εNd(t) values. Other intrusions have similar Sr–Nd isotope
compositions.
5.3. Major, trace element and O–Sr–Nd isotope compositions of country
rocks

The major and trace element compositions of country rock samples
collected from the basal contacts of the Baima, Hongge and Panzhihua
intrusions are listed in Table A1. The O–Sr–Nd isotope compositions of
these country rocks are listed in Tables 1, and A2. The marbles contain
low SiO2 (0.08–8.72 wt.%) and most trace elements. The contents of
Nd and Sm in the marbles are from 0.02 to 1.27 ppm and from 0 to
0.29 ppm, respectively. The other meta-sedimentary country rocks
(schist, meta-sandstone and siliceous marble) have higher SiO2

(43–88.6 wt.%) and most trace elements than the marbles. All of the
country rocks are characterized by higher δ18O values than the
coexisting mafic intrusive rocks. The marble and siliceous marble in
the footwalls of the Panzhihua and Baima intrusions have δ18O values
ranging from 7.4 to 13.2‰, which is similar the values obtained by



Fig. 4. Stratigraphic variations of mineral δ18O values (this study) and whole-rock Fe2O3(T) and P2O5 contents (Song et al., 2013; Luan et al., 2014 and She et al., 2014). The hypothetical
values of δ18O for plagioclase (An60), Fe–Ti oxide (60%magnetite and 40% ilmenite) and clinopyroxene crystallizing from an uncontaminatedmantle-derivedmagmawith oxygen isotopic
composition the same as that of oceanic island basalt (OIB) are shown as gray, brown and yellow bands, respectively. The hypothetical values are calculated for 1000 °C using themagma–
solid fractionation equation of Zhao and Zheng (2003). The OIB value is calculated from the δ18O value of olivine in OIB from Eiler et al. (1997).
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Ganino et al. (2013). Calculated (t = 260 Ma) 87Sr/86Sr values ranging
from 0.7058 to 0.7078 and calculated (t = 260Ma) εNd values ranging
from −3.05 to −0.78. In comparison, the schists in the footwall of the
Panzhihua intrusion have δ18O values of 7.9 to 11.3‰ and lower
calculated (t = 260 Ma) 87Sr/86Sr (0.7047 to 0.7054) and higher calcu-
lated (t= 260Ma) εNd (+0.83 to +3.66) than themarbles. The meta-



Fig. 5. Plot of εNd values versus initial 87Sr/86Sr ratios for the Emeishan large igneous prov-
ince (T= 260Ma) and country rocks. The data for the Baima intrusion and country rocks
are from this study. The data for other intrusions are from Song et al. (2013), Luan et al.
(2014) and She et al. (2014). The data for the volcanic rocks are from Chung and Jahn
(1995), Xu et al. (2001), Zhang et al. (2006), Hou et al. (2006), Wang et al. (2007), Hanski
et al. (2010), Li et al. (2010), Anh et al. (2011) and Li et al. (2012).

36 S.-Y. Yu et al. / Chemical Geology 401 (2015) 28–42
sandstones in the footwalls of the Hongge and Panzhihua intrusions
have the highest δ18O values (11.7 to 17‰), the highest calculated
(t = 260 Ma) 87Sr/86Sr values (0.7087 to 0.7175) and the lowest
calculated (t = 260 Ma) εNd (−13.16 to −3.75).

A comparison of Sr–Nd isotopic compositions between the intru-
sions and country rocks is illustrated in Fig. 5. The most significant
differences are between the meta-sandstone samples from the foot-
walls of the Hongge and Panzhihua intrusions and the intrusive rocks.
The siliceousmarbles in the footwall of the Baima intrusion have higher
calculated 87Sr/86Sr values (t = 260 Ma) and lower calculated (t =
260 Ma) εNd than the Baima intrusive rocks. The schists in the footwall
of the Panzhihua intrusion and the Panzhihua intrusive rocks have
similar Sr–Nd isotopic compositions.
6. Discussion

The significant differences in O–Sr–Nd isotope compositions
between the Fe–Ti oxide ore-bearing mafic–ultramafic intrusions
(Baima, Hongge, Panzhihua, and Taihe) in the ELIP and the country
rocks can be used to evaluate the role of crustal assimilation in ore
genesis. In the following discussion, we will use the δ18O values of
the mineral separates that have been least affected by isotope
exchange reactions during subsolidus re-equilibration and post-
magmatic hydrothermal alteration to estimate the oxygen isotopic
compositions of the parental magmas for the intrusions based on
the known mineral–magma oxygen isotope fractionation factors.
We use the estimated magma oxygen isotopic composition together
with whole-rock Sr–Nd isotopic compositions to evaluate possible
crustal contamination and its role in Fe–Ti oxide mineralization in
the intrusions.
Fig. 6.Modeled changes in δ18O values forminerals and coexisting liquid as a result of frac-
tional crystallization of a basalticmagmawith initial δ18O value=6.0‰. Themineral–melt
oxygen isotopic fractionation factors from Zhao and Zheng (2003) and the simulated re-
sults of temperature variation and compositional changes for minerals during fractional
crystallization of a basalticmagma under the conditions of 1 kbar total pressure and an ox-
idation state equivalent to the QFM buffer given in Song et al. (2013) were used in our
calculations.
6.1. Controls on δ18O variations in minerals

The oxygen isotopic compositions of minerals in mafic–ultramafic
rocks mainly depend on (1) oxygen isotopic composition of parental
magma, (2) isotope fractionation between melt and minerals during
fractional crystallization, (3) subsolidus equilibrium fractionation be-
tween coexisting minerals, and (4) open-system isotope exchange be-
tweenminerals and fluids during post-magmatic fluid–rock interaction.
6.1.1. Oxygen isotope fractionation during fractional crystallization
Fig. 6 illustrates changes in the δ18O values of mineral and fraction-

ated liquid during fractional crystallization for magma with initial δ18O
value of 6.0‰, which is the same as the average value for OIB (6.0 ±
0.7‰, Eiler et al., 1997). Oxygen isotope fractionation between melt
and mineral during fractional crystallization can be estimated using
the Rayleigh fractionation equation of R / Ri = f(α − 1) (Rayleigh,
1902). In this equation, Ri and R represent the isotope ratios of initial
and residual magma, respectively, f represents percentage of the resid-
ual magma, and α represents mineral–magma fractionation factor for
oxygen. Per mil difference between mineral and coexisting magma
were calculated using the solid–liquid isotopic fractionation equation,
Δmineral–melt = A × 106 / T2 and the coefficients (A) from Zhao and
Zheng, (2003). It is well known that the Δmineral–melt values are
controlled by temperature and mineral composition (e.g., olivine Fo
content and plagioclase An content). In our calculations, we used the
mineral compositions and crystallization temperatures of the parental
magma for the Panzhihua intrusion from Song et al. (2013) who
simulated the fractional crystallization of the magma under the
conditions of 1 kbar total pressure and an oxidation state equivalent
to the QFM buffer using the MELTS program of Ghiorso and Sack
(1995). The modeled results show the following order of 18O-enrich-
ment: plagioclase N apatite N clinopyroxene N olivine N magnetite
relative to ilmenite (Δmagnetite–ilmenite≤ 0.2‰). Fractional crystallization
of 18O-enriched plagioclase and apatite and 18O-depleted olivine,
clinopyroxene and magnetite from 1190 to 1035 °C (85% crystalliza-
tion) may lead to a progressive increase of δ18O value in the magma
from 6.0 to 6.25‰. The calculated δ18O values of clinopyroxene, plagio-
clase andmagnetite range from5.71 to 5.86‰, 6.20 to 6.76‰ and 4.19 to
4.23‰, respectively. The calculated ΔPl–Cpx and ΔCpx–Mt values range
from 0.54 to 0.90‰ and from 1.3 to 1.55‰, respectively. The calculated
results confirm that in basaltic systems fractional crystallization causes
only minor shifts in mineral and melt δ18O values (e.g., Kalamarides,
1984; Dunn, 1986). This also explains why there is no systematic varia-
tion of mineral δ18O values within a single cyclic unit in the layered
mafic–ultramafic intrusions of the ELIP that formed by multiple
magma replenishments (Zhang et al., 2012; Song et al., 2013; Luan
et al., 2014; She et al., 2014). The above results are based on the parental
magma composition of the Panzhihua intrusion and may not be
accurate for the other three intrusions in the region due to variation in
their parental magma compositions.

Most of the samples from the Baima, Hongge, Panzhihua and Taihe
intrusions show the following order of the δ18O values for the coexisting
minerals: plagioclase N clinopyroxene N Fe–Ti oxide, which is generally
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consistent with the result for cotectic crystallization. In more detail,
however, the ranges of the observed ΔPl–Cpx and ΔCpx–Mt values for the
intrusions (ΔPl–Cpx = −4.6 to +4.7‰, ΔCpx–Fe–Ti oxide = 1.4 to 6.2‰,
Table 1) are significantly larger than the predicted values for fractional
crystallization (ΔPl–Cpx= 1.8 to 2.6‰,ΔCpx–Mt= 1.3 to 1.7‰). This indi-
cates that only small number of samples still preserve the primary δ18O
values for fractional crystallization. The oxygen isotopic compositions
for most samples have been affected by subsolidus fractionation be-
tween coexistingminerals and post-magmatic hydrothermal alteration.
As shown in the plots of δ18OCpx versus of δ18OFe–Ti oxide and δ18OPl

(Fig. 7a, b), most samples plot below the 1000 °C contour or above the
1200 °C contour. Because the liquidus temperature of a basaltic
magma that may represent the parental magma of the intrusions is be-
tween 1000 and 1200 °C (Song et al., 2013), the samples that plot below
the 1000 °C contour or above the 1200 °C contour must have experi-
enced significant oxygen isotope exchange during subsolidus re-equili-
bration between minerals or post-magmatic fluid–rock interaction.

Based on textures, some researchers suggested that themassive and
semi-massive Fe–Ti oxide layers in the ELIP layered intrusions formed
by liquid immiscibility (Wang and Zhou, 2013; Zhou et al., 2013; Liu
et al., 2014). This process is evaluated below using the observed varia-
tions of oxygen isotope compositions in the selected intrusions. Recent
experimental results indicate that 18O slightly favors a Si-rich immisci-
ble melt in contrast to the coexisting Fe-rich melt (Kyser et al., 1998;
Lester et al., 2013). The Δ18O values for the immiscible Si- and Fe-rich
melts are from 0.4 to 0.6‰ (Lester et al., 2013), which are significantly
smaller than those for coexisting silicate and Fe–Ti oxide minerals
crystallizing from basaltic magma. Based on the experimental results,
a Fe-rich melt segregated from basaltic magma with δ18O value similar
to that of OIB (6.2 ± 0.7‰) as a result of liquid immiscibility cannot
have a δ18O value lower than 5.6‰, which is much higher than the
observed δ18O values for Fe–Ti oxides from the massive and semi-
massive Fe–Ti oxide layers in the ELIP intrusions (up to +5.0‰,
Table 1). Clearly, the oxygen isotope data for the oxide ores from this
study do not provide evidence for the liquid immiscibility model.

6.1.2. Subsolidus oxygen isotope exchange
Subsolidus fractionation between coexisting minerals in igneous

rocks depends on mineral modal compositions and temperature. In
the Baima, Hongge, Panzhihua and Taihe intrusions, magnetite gabbro
and magnetite clinopyroxenite are two of the most important rock
types. The effects of subsolidus oxygen isotope exchange on the δ18O
Fig. 7. Plots of the δ18O values of clinopyroxene versus the δ18O values of Fe–Ti oxide (a) and pl
the ELIP. Per mil difference between clinopyroxene and Fe–Ti oxide (ΔCpx–Fe–Ti oxide) is calcu
ulvöspinel. In addition, per mil difference between plagioclase and clinopyroxene (ΔPl–Cpx) is
used in our calculation are from Zheng (1991, 1993).
values of important phases in these two types of rocks are evaluated
below.

A typical magnetite gabbro in the ELIP intrusions on average
contains 45% plagioclase (An60), 40% clinopyroxene and 15% Fe–Ti
oxides (magnetite:ilmenite:ulvöspinel = 55:35:10). Assuming that
the δ18O value of the rock is 5.9‰, which is similar to the value for a
Pl + Cpx + Mt cumulate formed after 53% crystallization (at 1130 °C)
from a parental magmawith δ18O value of 6.0‰ (Fig. 6), the δ18O values
of clinopyroxene, plagioclase and Fe–Ti oxides at 1130 °C are estimated
to be 5.9‰, 6.4‰ and 4.5‰, respectively. The effect of subsolidus isotope
exchange between coexisting minerals at a given temperature can be
estimated based on oxygen mass balance and isotope fractionation fac-
tors. At 750 °C, which is a plausible closure temperature for pyroxene in
a medium-grained mafic igneous rocks (Harris, 2005), the ΔCpx–Pl and
ΔCpx–Fe–Ti oxide are around −1.1‰ and +2.74‰, respectively (Zheng,
1991, 1993). After isotopic exchange at this temperature, the δ18O
values for the coexisting clinopyroxene, plagioclase and Fe–Ti oxide
are estimated to be 5.8‰, 6.9‰ and 3.4‰, respectively. Assuming that
clinopyroxene does not participate in the isotopic exchange on further
cooling down to 550 °C, which is a plausible closure temperature for
plagioclase and magnetite (Giletti, 1986; Sharp, 1991), after subsolidus
isotope exchange at this temperature, the δ18O values of plagioclase and
coexisting Fe–Ti oxides are estimated to be 7.4‰ and 1.9‰, respectively.
During subsolidus re-equilibration at temperatures between 1130 and
550 °C, the calculated δ18O values for clinopyroxene, plagioclase and
Fe–Ti oxide are 5.9–5.8‰, 6.4–7.4‰ and 4.5–1.9‰, respectively. The cal-
culated ΔPl–Cpx and ΔCpx–Fe–Ti oxide values are from 0.5 to 1.6‰ and from
1.4 to 3.9‰, respectively. The results show that for the oxide-bearing
gabbroic rocks subsolidus equilibrium fractionation between the
coexisting minerals has little effect on the δ18O value of clinopyroxene
(~0. 1‰ lower than the initial value) and moderate effect on the δ18O
values of plagioclase and Fe–Ti oxide (1.0‰ higher for plagioclase and
2.6‰ lower for Fe–Ti oxide than the initial values).

A typical magnetite clinopyroxenite in the ELIP intrusions on
average contains 85% clinopyroxene and 15% Fe–Ti oxides
(magnetite:ilmenite:ulvöspinel = 55:35:10). Assuming that the
δ18O value of this rock is 5.7‰, which is similar to the value for a
Cpx–Mt cumulate formed after 53% crystallization (at 1130 °C)
from a parental magma with δ18O value of 6‰ (Fig. 6), our calcula-
tions show that at this temperature the δ18O values of clinopyroxene
and Fe–Ti oxides are 5.9‰ and 4.5‰, respectively. After subsolidus
isotope exchange at 750 °C, the δ18O values of clinopyroxene and
agioclase (b) for several important Fe–Ti oxide ore-bearing mafic–ultramafic intrusions in
lated assuming average Fe–Ti oxide consisting of 55% magnetite + 35% ilmenite + 10%
calculated assuming average plagioclase with An value of 60 mol%. Fractionation factors
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Fe–Ti oxides are estimated to be 6.1‰ and 3.7‰, respectively. After
subsolidus re-equilibration, the calculated δ18O values for
clinopyroxene and Fe–Ti oxide are 5.9–6.1‰ and 4.5–3.7‰, respec-
tively. The ΔCpx–Fe–Ti oxide values vary from 1.4 to 2.4‰. The δ18OCpx

and δ18OFe–Ti oxide values for equilibration at 750 °C are only 0.2‰
higher and 0.8‰ lower than those values at 1130 °C, respectively.

Our calculated results demonstrate that the effect of subsolidus
equilibrium fractionation on clinopyroxene is similarly insignificant for
both types of rocks, which is consistent with the relatively limited varia-
tion of δ18O (5–7‰) values for clinopyroxene in most samples from the
Baima, Hongge, Panzhihua and Taihe intrusions. The modeled results
also show that subsolidus isotope exchange between minerals can cause
more significant changes in δ18O values for both plagioclase and Fe–Ti
oxide. The observed ranges of δ18O values for plagioclase (1.8 to 9.7‰)
and Fe–Ti oxide (−0.7 to 5‰) from the ELIP intrusions are much larger
than the predicted values for subsolidus equilibrium fractionation alone.
Similarly, the observed ranges of ΔPl–Cpx (−4.6 to 4.7‰) and ΔCpx–Mt

(1.4 to 6.2‰) values for the Baima, Hongge, Panzhihua and Taihe intru-
sions are also significantly larger than the predicted values for subsolidus
equilibrium fractionation alone. Such inconsistencies are clearly shown in
the plots of δ18OCpx versus δ18OFe–Ti oxide and δ18OPl (Fig. 7a, b), in which a
large amount of samples show disequilibrium oxygen isotopic signatures
between coexistingmineral pairs. This can be attributed to hydrothermal
overprinting. This process has affected plagioclase and Fe–Ti oxide more
than coexisting clinopyroxene, resulting in significant displacements of
the observed values from the predicted values for equilibrium isotope
exchange at low temperatures.

6.1.3. Rock–fluid interaction
Geologic evidence indicates that the areas of most intense

saussuritization and chloritization are found within a more highly frac-
tured zone of drill core. The 18O enrichment of plagioclase is commonly
accompanied by variable degrees of saussuritization, such as samples
SP05-3 and SP05-42. Some massive and semi-massive oxide ores such
as samples SP05-3 and SP05-42 that are fractured and highly altered
(Fig. 3d) have extremely low δ18O values (b2.5‰). Because the δ18O
values of plagioclase and Fe–Ti oxide change more rapidly with time
than clinopyroxene (Gregory and Taylor, 1981; Ripley et al., 2008), dif-
ferential rates of exchange between any fluid andminerals will result in
steep, negative or positive-sloped arrays on the plots of δ18OCpx versus
δ18OFe–Ti oxide and δ18OPl (Fig. 7). Oxygen isotope exchange at elevated
temperatures (400°–500 °C) with an assumed low-18O fluid (−10‰),
which is similar to the δ18O values of modern meteoric water, will
cause progressive 18O depletion for both plagioclase and Fe–Ti oxide.
Some samples from the Baima and Panzhihua intrusions showunusual-
ly low δ18O values for both plagioclase and Fe–Ti oxide separates
(Fig. 7b). This can be attributed to interaction of these minerals with
low-18O fluid at elevated temperatures (N ~ 400 °C). Taking the lowest
plagioclase δ18O value of 1.8‰ (SP05-28) as an extreme example, the
calculated δ18O value of water which equilibrated with plagioclase in
this sample at 450 °C is close to +0.9‰ using the fractionation factor
of Zheng (1993). If such evolved, 18O enriched fluid recirculates into
the intrusion when the intrusion cools down to 150°–200 °C,
subsequent oxygen isotope exchange will cause 18O enrichment for
plagioclase but depletion for Fe–Ti oxide. Some samples from the
Baima and Panzhihua intrusions show unusually high δ18O values
(N7.5‰) for plagioclase separates and unusually low δ18O values
(b3‰) for Fe–Ti oxide separates (Fig. 7a, b). This is consistent with
interaction with the evolved, 18O enriched meteoric water at low
temperatures. Alternatively, the highly variable δ18O values of plagio-
clase and Fe–Ti oxide can also be attributed to isotope exchange with
hydrothermal fluids that have multiple sources, such as metamorphic
fluid, meteoric water or seawater. This scenario needs to be further
evaluated using combined oxygen and hydrogen isotopedetermination.
In most of the samples, clinopyroxene still retains a normal range of
δ18O values (5–6‰). This is because clinopyroxene is much less
susceptible to fluid modification than plagioclase and Fe–Ti oxide
(e.g., Taylor, 1967; Gregory and Taylor, 1981).

6.2. Estimation of parental magma δ18O values

Because clinopyroxene is much less susceptible to oxygen isotope
exchange during subsolidus re-equilibration and post-magmatic hydro-
thermal alteration than coexisting plagioclase and Fe–Ti oxides, we
have used the observed oxygen isotope compositions of clinopyroxene
separates from the Baima, Hongge, Panzhihua and Taihe intrusions to
estimate the oxygen isotope compositions of the parental magmas. In
our calculations the effects of sub-solidus oxygen isotope exchange on
clinopyroxene oxygen isotope compositions were corrected by adding
+0.2‰ and−0.1‰ to the observed δ18O values of clinopyroxene sepa-
rates from the gabbros and clinopyroxenites, respectively. As described
above, these two correction factors are based on themodeled results for
a magnetite gabbro and a magnetite clinopyroxenite, respectively. The
corrected δ18O values of clinopyroxene separates were then used to
estimate the δ18O values of the parental magmas using the Δmelt–Cpx of
0.3, which is the value for the equilibration temperature of 1200 °C
(Zhao and Zheng, 2003). The estimated δ18O values for the parental
magmas of the samples from the Baima, Hongge, Panzhihua and Taihe
intrusions are given in Table 1. Except three samples which give anom-
alously high δ18Omelt value of 6.8, 6.9 and 8.5‰, the rest of the samples
from the Panzihua intrusion give a small range of δ18Omelt values from
5.6 to 6.5‰ (mean value 6.0‰, n = 13). Excluding two samples with
anomalously high δ18Omelt values (8.8‰ and 9.3‰), the estimated
δ18Omelt values for the Baima intrusion are from 5.2 to 6.2‰ (mean
value 5.7‰; n = 14). Excluding two anomalously high values (6.8 and
7.0‰), the estimated δ18Omelt values for the Taihe intrusion are between
5.3‰ and 6.2‰ (mean value 5.9‰; n = 13). The estimated δ18Omelt

values for the Upper and Middle Zones of the Hongge intrusion vary
from 5.8 to 6.5‰ (mean value 6.2‰; n = 6), similar to the normal
ranges for the other three intrusions (Baima, Panzhihua and Taihe). It
is interesting that the mean estimated δ18Omelt values for the Upper
and Middle Zones of the Hongge intrusion, as well as for the other
three contemporaneous intrusions in the ELIP, are remarkably similar
to that of uncontaminatedmagma and those for the Kiglapait, Stillwater
and Freetown mafic–ultramafic intrusions elsewhere in the world
(Table A3) (Kalamarides, 1984; Dunn, 1986; Chalokwu et al., 1999).
The estimated δ18Omelt values for the Lower Zone of the Hongge intru-
sion (6.6 to 7.1‰ with a mean of 6.9‰, n = 4) are higher than those
for the Upper and Middle Zones of the Hongge intrusion but similar to
those for the Bushveld Complex in South Africa and the Great Dyke in
Zimbabwe (Table A3) (Chaumba and Wilson, 1997; Harris, 2005).

6.3. Constraints on crustal contamination

Previous studies have shown that in the Emeishan large igneous
province picrites are the most primitive and least contaminated by
crustal materials (Zhang et al., 2006; Wang et al., 2007; Hanski et al.,
2010; Li et al., 2010, 2012). As shown in Fig. 5, the Sr–Nd isotope
compositions of the Panzhihua, Baima and Taihe intrusions are similar
to those of the Emeishan high-Ti picrites, indicating no significant
crustal contamination in these intrusions. This is further supported by
the mantle-like δ18Omelt values (mean values: Panzhihua, 6.1‰, Baima,
5.7‰, Taihe, 5.9‰) (Table A3). The 87Sr/86Sri and εNdt values of the
Hongge intrusion are also within the ranges of the Emeishan high-Ti
picrites, but show more radiogenic signatures than the other three
intrusions (Fig. 5). As described above, the estimated δ18O melt values
for the Upper and Middle Zones of the Hongge intrusion are similar to
those for the other three intrusions, but these values for the Lower
Zone of the Hongge intrusion are slightly higher. This observation,
together with more radiogenic Sr–Nd isotopic signatures in this zone,
indicates more significant crustal contamination in this part of the
intrusion.



39S.-Y. Yu et al. / Chemical Geology 401 (2015) 28–42
The variations in degree of crustal contamination in the selected Fe–
Ti oxide ore-bearing intrusions in the ELIP may be evaluated by mixing
calculations using O–Sr–Nd isotopes. The results of our calculations are
illustrated in Fig. 8. The samples from the Baima, Panzhihua and Taihe
intrusions plot close to the center of the OIB field. The samples from
the Hongge intrusion, particularly those from its Lower Zone plot
slightly away from the center of the OIB field. The differences between
the Hongge intrusion and the other intrusions can be explained by up
to 12% more crustal contamination in the former than the later. The
O–Sr–Nd isotopic data reveal that among the different types of country
rocks in the region, the meta-sandstone is the most important contam-
inant (Fig. 8). Dolomite andmarble country rocks plot far away from the
mixing lines due to extremely high δ18O values (7–28‰, Table 1 and
Ganino et al., 2013). This indicates that bulk assimilation of the carbon-
ates is negligible for these intrusions. We use the average δ18O value of
OIB (6‰, Eiler et al., 1997) and the Sr–Nd isotope compositions of anun-
contaminated Emeishan picrite (EM–83 (87Sr/86Sr)i = 0.70458; εNdt=
2.8; Sr= 148 ppm; Nd= 19.43 ppm, Chung and Jahn (1995)) to repre-
sent the composition of the uncontaminated mantle-derived magma.
The country rock marbles are unlikely to be the possible contaminants
involved because these rocks have low Sr and Nd contents (Sr =
37–96.4 ppm; Nd = 0–1.27 ppm, Table A1). In contrast, the meta-
Fig. 8. Plots of estimated δ18O values for the parental magmas of several important Fe–Ti oxide
compositions (a, b), the footwall rocks are included for comparison. Enlarged plots of δ18O v
(c, d) are also shown. The binary mixing lines in black color were calculated using a picritic b
2.8; Sr = 148 ppm; Nd = 19.43 ppm) and a meta-sandstone footwall rock sample (SH10-4
92.7 ppm). The δ18O value for EM-83 is assumed to be 5.8‰. The range of δ18O values for ocean
nocrysts (Eiler et al., 1997) using the olivine–liquid fractionation equation of Zhao and Zheng (
sandstones display relatively high Sr and Nd concentrations (Sr =
111–237 ppm; Nd = 9.75–92.74 ppm) and they are better choices to
be used as possible contaminants in the mixing calculation. Therefore,
we use the O–Sr–Nd isotopic compositions of a meta-sandstone sample
from the footwall of the Hongge intrusion (SH10-40 (87Sr/86Sr)i =
0.717588; εNdt = −11.12; δ18O = 17.03‰; Sr = 237 ppm; Nd =
92.7 ppm) to represent the composition of the possible contaminant.
The results of simple mixing calculations show that b5% of crustal
contamination is required to explain the observed isotopic composition
of the Baima, Panzhihua and Taihe intrusions. Up to 10% of crustal
contamination is required to explain the isotopic compositions of the
Middle and Upper Zones of the Hongge intrusion. The Lower Zone of
the Hongge intrusion appears to have experienced the highest degrees
of crustal contamination, up to 15% (Fig. 8). These percentages are
maximum values and may be reduced if contamination was selective
in nature, involving Sr- and Nd-bearing fluids or partial melts.

6.4. The role of CO2 in ore formation

Thickmassive to semi-massive Fe–Ti oxide layers (up to 60m) occur
in the Lower Zoneof the Panzhihua intrusionwhich intruded Proterozo-
ic dolomites. Ganino et al. (2008) proposed the oxide ore formation in
ore-bearing mafic–ultramafic intrusions in the ELIP and their whole-rock Sr–Nd isotopic
alues for the parental magmas of ELIP intrusions and their Sr–Nd isotopic compositions
asalt in the ELIP from Chung and Jahn (1995) (EM-83: 87Sr/86Sr(i) = 0.70458; εNd(t) =
0: 87Sr/86Sr(i) = 0.717588; εNd(t) = −11.12; δ18O = 17.03‰, Sr = 237 ppm; Nd =
island basalts (OIB) were calculated from the oxygen isotopic compositions of olivine phe-
2003).



40 S.-Y. Yu et al. / Chemical Geology 401 (2015) 28–42
the intrusion is due to oxidation of magma by infiltration of CO2

released from footwall carbonates during contact metamorphism.
They envisioned that if the decarbonation process and fluid infiltration
happened simultaneously, dolomite would react with water to produce
calcite and brucite via the following reaction:

CaMg CO3ð Þ2 dolð Þ þH2O ¼ CaCO3 calð Þ þ Mg OHð Þ2 bruciteð Þ þ CO2:

ð1Þ

At shallow depth (b3 km), the breakdown of dolomite via the above
equation will proceed at N400 °C (Turner, 1965). Because 18O is
enriched in CO2 over the coexisting solids during decarbonation
(Valley, 1986), the δ18O values of the residual rocks will be lower than
the protoliths. Volatilization of CO2 in metamorphic rocks commonly
results in a modest decrease in δ18O values of residual rocks (Valley,
1986). Inmost casesmarble in contact aureoles typically show a greater
decrease in δ18O values than can be explained by volatilization of CO2

(Bowman et al., 1994; Ferry et al., 2002). Substantial δ18O depletions
require infiltration of low-18O magmatic fluid or hydrothermal fluid
(Bowman et al., 1994). Fluid infiltration also occurred in the Panzhihua
footwall carbonates during contact metamorphism (Ganino et al.,
2013). The infiltrated fluid in the Panzhihua contact aureolewas unlike-
ly to have been of magmatic origin because the parental magma of the
Panzhihua intrusion is considered to have been poor in water (Pang
et al., 2008). We speculate that the fluid which infiltrated the aureole
was meteoric water within the country rocks that was convecting due
to the heat associated with the magmatic activity.

In the following calculation of the δ18O value for released CO2 during
contact metamorphism, both decarbonation and fluid infiltration
processes are considered. Oxygen isotope fractionation during the
above reaction process (reaction (1)) can be simulated using an itera-
tive calculation using oxygen mass balance and isotope fractionation
factors. The initial δ18O value for the dolomite is assumed to be 25‰
according to themean value of regional Proterozoic limestone and dolo-
mite (Ganino et al., 2013). The δ18O value for the infiltrated fluid is
assumed to be−8‰ (higher values produce evenmore elevated calcite
δ18O values— see below), which is similar to the δ18O values of modern
meteoric water in this region. The amount of infiltrating fluid in each
increment is governed by rock porosity.We use a constant rock porosity
of ~0.2% in our iterative calculation. The time-integrated water/rock
ratio increases gradually with continuous fluid infiltration during
decarbonation. The produced CO2 in each increment is assumed to be
in equilibrium with produced calcite temporarily until pressure
(e.g., fluid infiltration) becomes sufficient to force the CO2 out of the
area. In addition, we use ΔCO2–calcite of 7.6‰ and Δcalcite–brucite of 7.76‰
Fig. 9. Changes of δ18O values in the produced calcite (a) and CO2 (b) as a function of time-inte
values for starting dolomite and infiltrating fluid are assumed to be 25‰ and−8‰, respective
at 400 °C from Zheng (1990) in the calculation of δ18O values for pro-
duced CO2 and calcite. Using these parameters the results of an
iterative calculation are illustrated in Fig. 9. The calculated results dem-
onstrate that the δ18O values for produced calcite decrease from 24.6 to
22.3‰ as a function of time-integrated water/rock ratio. The calculated
δ18O values for calcite are higher than the observed values in the
Panzhihuamarbles (from 12.9 to 19.6‰, Ganino et al., 2013). The differ-
ence indicates that the simple calcite–brucite producing reaction with
decarbonation cannot give as low of calcite δ18O values as those
observed. Thus, the observed low δ18O values for the Panzhihua calcite
can be attributed to continued isotope exchange between infiltrating
fluid and produced calcite after the decarbonation process. On the
other hand, the calculated results demonstrate that the δ18O values for
produced CO2 decrease from 32.2 to 29.9‰ (mean value 31‰) as a
function of time-integrated water/rock ratio (Fig. 9).

Hence a mean value of 31‰ for the released CO2 is used in the
following modeling of CO2 infiltration through magma. If such CO2-
rich fluids passed through the Panzhihua magma chamber, oxygen
isotope exchange betweenmagma and CO2 would take place efficiently
because of high (N1000 °C) temperatures. Oxygen isotope fractionation
between a passing aliquot of CO2 and magma can be calculated using a
mass conservation equation of the type: C δiCO2 + M δimagma = C
δfCO2 + M δfmagma, in which i is initial value, f is final value after ex-
change, C is at.% of CO2 oxygen in the total system, and M is at.% of ex-
changeable magma oxygen in the total system. At 1200 °C, the
ΔCO2—magma is estimated to be 3.2 using the fractionation factors given
by Richet et al. (1977). Using these parameters, the result of an iterative
calculation with a CO2/magma mass ratio = 1/1000 for each increment
is illustrated in Fig. 10. To change the δ18O value of a magma from 5.8‰
to 6‰ in this way, the cumulative amount of the transient CO2 is
~0.5 wt.% based on our calculations (Fig. 10). This value is one order of
magnitude less than the amount that is required to oxidize the
magma sufficiently to cause the crystallization of Fe–Ti oxides only
(Ganino et al., 2008). Hence, we do not believe that footwall decarbon-
ation played a major role in the formation of Fe–Ti–V oxide ores in the
Panzhihua intrusion.

As discussed above, the Panzhihua magma reacted with only
~0.5 wt.% of CO2 released from the footwall during contact metamor-
phism. On the other hand, minor crustal contamination (b5%) by
siliceous materials would only change the δ18O value of the Panzhihua
magma from 5.8‰ to 5.86‰ (see Section 6.3). It is difficult to differenti-
ate these two processes based only on the oxygen isotope signature of
the Panzhihua intrusion. It is possible that both crustal contamination
involving siliceous rock types and the addition of CO2 contributed to
the oxygen isotope signature of the Panzhihua intrusion if the effects
grated water/rock ratio during the decarbonation and fluid infiltration processes. The δ18O
ly. An estimated porosity of 0.2% is used in the iterative calculation.



Fig. 10. Change of δ18O value in magma as a function of cumulative CO2 passing through
themagma. The initial δ18O values for themagma and CO2 are 5.8‰ and31‰, respectively.
The CO2/magma mass ratio for each increment in the iterative calculation is 1/1000.
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of both these sources were small. However, such small amounts of
siliceous crustal contamination or CO2 addition could have played only
a minor role in the formation of the Fe–Ti oxide ore layers in the ELIP
intrusions as discussed above. More recently, some researchers
(e.g., Song et al., 2013; Luan et al., 2014; She et al., 2014) proposed
that the Fe–Ti oxide ore-bearing intrusions in the ELIP formed bymulti-
ple replenishments of Fe–Ti-enriched magma that was generated by
extensive fractional crystallization of olivine and pyroxene in the
staging chambers. They believed that this magma was saturated with
Fe–Ti oxides during ascent or upon emplacement, and that the ore
layers formed by gravitational settling of Fe–Ti oxide crystals from the
flow-through magma. The O–Sr–Nd isotopic data reported above is
consistent with this alternative model.
7. Conclusions

Our results show that the δ18O values of clinopyroxene from the ELIP
intrusions vary narrowly from 5.0 to 6.9‰ due to lack of significant
subsolidus oxygen isotope exchange with other coexisting phases and
post-magmatic fluids. In contrast, the δ18O values of coexisting
plagioclase and Fe–Ti oxide vary widely from 1.8 to 9.7‰ and from
−0.7 to +5.5‰, respectively, possibly due to pervasive subsolidus
oxygen isotope exchange between coexisting minerals plus post-
magmatic hydrothermal overprinting. The oxygen isotope data of
clinopyroxene are more useful than those of coexisting plagioclase
and Fe–Ti oxide for the study of primary magmatic processes. The
combination of clinopyroxene oxygen isotope data and whole-rock
Sr–Nd isotopes indicate that the Baima, Taihe and Panzhihua intrusions
experienced b5% bulk crustal contamination by siliceous materials.
Mixing calculations show that the Hongge intrusion experienced up to
10% crustal contamination in the Upper and Middle Zones and up to
15% in the Lower Zone, and that the other intrusions experienced slight-
ly less degrees of contamination. The estimated percentages of contam-
ination based on the isotope datawill be lower if the contaminationwas
selective, involving Sr- and Nd-bearing fluids or partialmelts.We found
no evidence for significant bulk assimilation of dolomite country rocks
in these intrusions. Addition of CO2 that was released from the country
rocks by decarbonation to the magmas of these intrusions could have
played only a minor role in the formation of the Fe–Ti oxide ore layers
in the ELIP layered intrusions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2015.02.020.
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