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Abstract

Magma-carbonate interaction and recycled oceanic crust in the mantle source are thought to have played a critical role in
the genesis of magmatic Fe-Ti-V oxide ore deposits in the Emeishan mantle plume-related large igneous province in south-
western China. To test these hypotheses, we have carried out a combined study of zircon Hf-O isotopes and whole-rock
Sr-Nd isotopes on three representative magmatic Fe-Ti-V oxide ore deposits associated with different types of wall-rock in
the province: the Hongge and Taihe deposits with granitoid wall-rocks in most places, and the Panzhihua deposit with marble
wall-rocks. Diopside-garnet marble xenoliths are common in the host gabbros of the Taihe deposit. The zircon separates used
in this study are all from the mineralized units of the host layered mafic—ultramafic intrusions. The selected zircon grains yield
U-Pb isotopic ages of 258.2 &+ 2.8 Ma for Hongge intrusion, 263.3 2.2 Ma for Taihe intrusion, and 257.6 + 2.1 Ma for
Panzhihua intrusion. The Hf-O isotopes of the zircon separates are ey (t) from 3.1 to 4.7 and 8'%0 from 5.77 to 6.45%0
for Hongge, ept) from 8.3 to 9.8 and 3'%0 from 4.12 to 4.56%o. for Taihe, and ey (t) from 4.6 to 6.3 and 3'0 from 5.49
to 6.10%o for Panzhihua. The zircon 8'30 values of the Taihe deposit are significantly lower than the mantle zircon values
(5.3 £ 0.3%0), whereas those of the Hongge and Panzhihua deposits are higher than the mantle values. The initial 3’Sr/%Sr
and eng(t) of the whole rock samples from the deposits are similar, from 0.7047 to 0.7052 and from 2.3 to 3.1, respectively.
The observed decoupling of zircon Hf-O isotopes (low 5'0 and high e(t) values) in the Taihe deposit is most consistent with
a high-temperature altered, low 8'30 oceanic gabbroic component in the plume source for this deposit. All of the isotope data
together show that the parental magmas for these deposits experienced different types of crustal contamination. Contamina-
tion with the Precambrian metamorphic country rocks is much more significant in the parental magma for the Hongge deposit
than those for the Panzhihua and Taihe deposits. On the other hand, contamination with marble country rocks is more pro-
nounced in the parental magmas for the Panzhihua and Taihe deposits than in the parental magma for the Hongge deposit.
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An important new finding from this study is that these deposits are not linked to the same component of the mantle plume nor

a single type of crustal contamination.
© 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The Permian Emeishan large igneous province (LIP),
which occurs in SW China and northern Vietnam, contains
several large magmatic Fe-Ti-V oxide ore deposits associ-
ated with relatively small layered mafic—ultramafic intru-
sions, such as the Panzhihua, Hongge, and Taihe
intrusions (Fig. 1). These intrusions are much smaller than
the Bushveld Complex in South Africa, a large layered
mafic—ultramafic intrusion with significant Fe-Ti oxide min-
eralization in the upper part (Tegner et al., 2006). The mag-
matic Fe-Ti oxide ores in the Emeishan LIP are related to
the emplacement and differentiation of high-Ti basalts in
the crust (e.g., Zhou et al., 2005; Pang et al., 2008; Zhang
et al., 2009; Hou et al., 2011, 2012; Bai et al., 2014). Some
researchers have suggested that the parental magmas for
these deposits are derivatives of mantle-derived magma
produced by partial melting related to a rising Permian
mantle plume that entrained ancient recycled, Fe-Ti rich
oceanic crust (Zhang et al., 2009; Hou et al., 2011, 2012).
Other researchers have attributed the assumed high Fe-Ti
contents in the parental magmas to be the results of inter-
action between magma derived from mantle plume and a
Late Paleozoic subducted oceanic lithospheric slab that
occurred above the ascending plume-derived magma (Bai
et al., 2014). A third model focusses on enrichment in Fe
and Ti related to extensive fractional crystallization of oli-
vine at depth from the mantle-derived Mg-rich magma
(Song et al., 2013).

With respect to mineralization at Panzhihua, where the
immediate wall rocks of the deposit are marbles, Ganino
et al. (2008) suggested that interaction between magma
and the marble wall-rocks played a critical role in the for-
mation of this deposit. They proposed that the CO,-rich
fluids released from the marble wall-rocks during contact
metamorphism could oxidize the magma, convert some
Fe?* to Fe*' in the magma and thereby induce crystalliza-
tion of abundant magnetite from the contaminated magma.
Xing et al. (2012) claimed that the C-H-O isotope composi-
tions of volatiles extracted from mineral separates of this
deposit support the ore genetic model of Ganino et al.
(2008), although the interpretation of the volatile isotope
data by Xing et al. (2012) represents only one of several
possibilities. Tang et al. (2017a) reported the mineralogy
and Sr-Nd isotopes of samples from a small picritic dyke
(<20 m across) extending from the marginal zone of the
Panzhihua deposit into the marble country rock. Their data
are consistent with up to 20 wt.% of marble assimilation in
the outmost margin of the dyke that is characterized by an
unusual association of magnetite with Mg-rich olivine (~90
Fo mol%). Such an unusual mineralogical association is

also present in some of the oxide ore layers of the Panzhi-
hua deposit, albeit the Fo contents of olivine in the ore lay-
ers are much lower (65-70 mol%, Bai et al., 2014). This
precarious similarity, together with the inference of signifi-
cant marble assimilation in the margin of the picritic dyke
from Sr isotope data, has been used by some researchers
(Tang et al., 2017a) as supporting evidence for the ore
genetic model of Ganino et al. (2008). However, some ques-
tions still exist. Most importantly, more complete Sr-Nd-O
isotope data for the Panzhihua deposit show no widespread
significant contamination of magma by the carbonate coun-
try rock at Panzhihua, similar to the results for the other
coeval magmatic Fe-Ti-V oxide ore deposits that are not
surrounded by carbonates in the region, such as the Hongge
and Taihe deposits (Yu et al., 2015). Based on these results,
these authors ruled out carbonate assimilation as an impor-
tant genetic process for these deposits.

To test the different genetic hypotheses described above,
we have carried out a combined zircon Hf-O isotope study
of the Panzhihua, Hongge and Taihe deposits. The zircon
separates from these deposits have been dated using the
U-Pb method, and the whole-rock samples used for zircon
separation have been analyzed for Sr-Nd isotopes. Zircon
was chosen for this study because the mineral has a high
closure temperature and its Hf-O isotopes are generally
not susceptible to post-magmatic alteration (Griffin et al.,
2002; Valley, 2003; Belousova et al., 2006). The combina-
tion of Hf and O isotopes of dated zircon crystals has been
successfully used to trace the mantle sources of magma and
to distinguish different types of contamination (e.g., Griffin
et al., 2002; Belousova et al., 2006; Zhang et al., 2016; Zhu
et al., 2017). No similar study has been previously under-
taken of the magmatic Fe-Ti-V oxide ore deposits in the
Emeishan LIP. Previously, zircons from some of these
deposits were analyzed for Lu-Hf isotopes but not for O
isotopes (Zhong et al., 2011a; Shellnutt et al., 2011). In this
study we focus on potential variations in mantle sources
and the role of different types of contamination in ore gen-
esis. We have selected the Panzhihua, Hongge and Taihe
deposits for this study because these deposits are hosted
by different types of country rocks and the Fo contents of
olivine in these deposits cover the entire range for this type
of deposit in the Emeishan LIP.

2. GEOLOGICAL BACKGROUND
2.1. Emeishan large igneous province
The Emeishan LIP is ~2.5 x 10° km? extending from

SW China to northern Vietnam (Fig. 1). It is composed
of Permian flood basalts and associated mafic—ultramafic
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Fig. 1. Distribution of Permian flood basalts and coeval mafic—ultramafic intrusions in the Emeishan large igneous province (after Li et al.,
2016, and references therein). NCC = North China Craton, SGT = Songpan-Ganzi terrane, YC = Yangtze Craton.

intrusions. Picrites, basalts and basaltic andesites are the
major volcanic rocks (Chung and Jahn, 1995; Xu et al.,
2001; Tang et al., 2015; Li et al., 2016). The basalts can
be further divided into high-Ti and low-Ti series (Xu
et al., 2001). The associated mafic—ultramafic intrusions
are mostly exposed in the central part of the province as
a result of severe post-Permian uplift and erosion in this
region. The zircon U-Pb ages of these intrusions and coeval
basalts in the Emeishan LIP vary from ~256 to ~263 Ma
(e.g., Zhou et al., 2008; Fan et al., 2008; Zi et al., 2010;
Zhong et al., 2011a; Tang et al., 2015). The low-Ti mafic—
ultramafic intrusions and the high-Ti gabbroic intrusions

in the Emeishan LIP host some important magmatic Cu-
Ni-(PGE) sulfide and Fe-Ti-V oxide ore deposits, respec-
tively (Fig. 1). The mafic—ultramafic intrusions with signif-
icant Ni-Cu-PGE sulfide mineralization are the Baimazhai,
Limahe, Jinbaoshan and Zhubu intrusions (e.g., Tao et al.,
2007, 2008; Song et al., 2008). Based on the concept that the
coeval mafic—ultramafic intrusive and extrusive rocks of the
same igneous event, such as mantle plume activity, could be
genetically linked, Zhou et al. (2008) suggested that the par-
ental magmas for the sulfide-mineralized and the oxide-
mineralized intrusions are the equivalents of the low-Ti
and high-Ti basalts, respectively.
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2.2. Magmatic Fe-Ti-V oxide deposits

Many gabbroic intrusions in the Emeishan LIP contain
significant Fe-Ti-V oxide mineralization. Several of them,
such as Baima, Hongge, Panzhihua and Taihe, host giant
Fe-Ti-V oxide ore deposits (Fig. 1). The total reserve of
these four deposits together exceeds 10 billion metric tons
(Mt) of ores with 25-35 wt.% Fe, 4-13 wt.% Ti and 0.1-
0.45 wt.% V (Panxi Geological Unit, 1984). The TiO, and
V,05 reserves are 32,390 and 683 Mt for Hongge, 9709
and 208 Mt for Panzhihua, 6223 and 232 Mt for Taihe,
and 4496 and 337 Mt for Baima (Wen et al., 2008). Com-
pared to other important magmatic Fe-Ti oxide ore depos-
its that occur elsewhere in the world, the deposits in the
Emeishan LIP are characterized by much smaller sizes of
the host intrusions, the appearance of the mineralization
in the lower parts instead of the upper parts of the host
intrusions, and higher Fo contents of olivine in the ore
zones (Zhou et al., 2008; Pang et al., 2009).

2.2.1. Panzhihua

The Panzhihua intrusion is predominantly composed of
gabbros (Fig. 2a). The surface exposure of the Panzhihua
intrusion is ~19 km in length, ~2 km in thickness with an
outcrop area of ~30 km? (Zhou et al., 2005). It dips north-
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west 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 (Pang et al., 2008). Elsewhere
the intrusion is in fault 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 (Fig. 2a). Abundant apa-
tite is present in the Middle Zone. The most important Fe-
Ti-V oxide ore layers occur in the Lower Zone (Pang et al.,
2008; Yu et al., 2015; Cao et al., 2019).

2.2.2. Hongge

The Hongge intrusion crops out over an area of about
60 km® to the northeast of Panzhihua city (Fig. 1). It is
~15km in length, 3-5km in width, 1.2 km in thickness,
dipping to the southeast with angles of 50-60° (Fig. 2b).
This intrusion is in contact with Mesoproterozoic schists
and meta-sandstones in the north, with Neoproterozoic
dolomitic limestones in the south, and with the Permian
flood basalts of the Emeishan LIP in the northeast (Bai
et al., 2012a, 2012b; Panxi Geological Unit, 1984). The
dolomitic limestone in contact with the intrusion has been
metamorphosed to marble in places (Luan et al., 2014).
The west and north contact zones of the intrusion were
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Fig. 2. Simplified plan views and lithological columns of the Panzhihua (a), Hongge (b) and Taihe (c) Fe-Ti-V oxide ore-bearing layered
intrusions in the Emeishan large igneous province (modified from Song et al., 2013; Luan et al., 2014; She et al., 2014; Yu et al., 2015).
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intruded by the late Permian alkaline granites and alkaline
syenites (255.2 + 3.6 Ma, Xu et al., 2008). The Hongge
intrusion is divided into the Lower, Middle and Upper
Zones (Fig. 2). The base of the Upper Zone is defined by
the appearance of abundant euhedral apatite. The most
important Fe-Ti-V oxide ore layers mainly occur in the
upper part of the Lower Zone and the lower part of the
Middle Zone (Zhong et al., 2002).

2.2.3. Taihe

The Taihe intrusion occurs in the central part of the
Emeishan LIP (Fig. 1). It is ~3 km in length, ~2 km in
width and ~1.2 km in thickness, dipping to southeast with
angles of 50-60° (Fig. 2c¢). Diopside-garnet marble xeno-
liths are common in the Taihe intrusion (Panxi
Geological Unit, 1984). The immediate country rocks of
the intrusion are Permian syenites (261 + 2 Ma, Xu et al.,
2008). The Taihe intrusion is divided into Lower, Middle
and Upper Zones (Fig. 2c). Abundant apatite occurs in

i P
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the Middle Zone and Upper Zone. Important Fe-Ti-V
oxide mineralization occurs as concordant semi-massive
oxide layers throughout the intrusion as well as a thick mas-
sive oxide layer in the lower part of the Middle Zone (Panxi
Geological Unit, 1984).

3. SAMPLES AND ANALYTICAL METHODS
3.1. Samples

Zircon crystals for O-Hf isotope analyses were separated
from a large sample (5-10kg) from each of the three
selected intrusions in the Emeishan LIP: a gabbro sample
(PZH15-03) from the Panzhihua intrusion, a clinopyroxen-
ite sample (HG15-03) from the Hongge intrusion, and a
gabbro sample (TH15-03) from the Taihe intrusion. These
samples, and those collected for whole-rock Sr-Nd isotope
analyses, are shown in the plan views of the intrusions
(Fig. 2a—c). Each of these intrusions are divided into three

/ a3
100w

Fig. 3. Photomicrographs of samples for zircon separates from the Panzhihua (a, b), Hongge (¢, d) and Taihe (e, f) intrusions. Cpx,

clinopyroxene; P, plagioclase; Ap, apatite.



Table 1

SIMS zircon U-Pb isotope data for the Hongge, Panzhihua and Taihe Fe-Ti-V oxide ore-bearing mafic—ultramafic intrusions.

Sample/spot U Th Th/U  fi6 27pp/%Ph 1o 27pp/AU - 1o 2pp/PBY 1o 27pp/AU Lo 2pp/PfU 1o
(ppm) (ppm) () (%) (%) (%) age (Ma) age (Ma)
Zircon from the Panzhihua gabbro (N26°37.849', E101°45.227', H 1164 m)
PZH15-03-1 548 527 0.961 0.15 0.05141 1.39 0.28802 2.14 0.0406 1.63 257.0 49 256.7 4.1
PZH15-03-2 148 119 0.808 0.68 0.05217 2.04 0.29320 2.60 0.0408 1.61 261.1 6.0 257.5 4.1
PZH15-03-3 687 901 1.313 0.15 0.05167 1.04 0.28965 1.83 0.0407 1.51 258.3 4.2 256.9 3.8
PZH15-03-4 209 196 0.937 0.21 0.05173 1.73 0.28952 2.31 0.0406 1.53 258.2 5.3 256.5 3.8
PZH15-03-5 151 82 0.546 0.41 0.05189 2.80 0.28770 3.29 0.0402 1.73 256.7 7.5 254.2 4.3
PZH15-03-6 177 101 0.570 0.45 0.05074 1.92 0.28118 2.48 0.0402 1.58 251.6 5.5 254.0 3.9
PZH15-03-7 116 78 0.672 0.90 0.05144 2.41 0.29092 2.87 0.0410 1.56 259.3 6.6 259.1 4.0
PZH15-03-8 304 128 0.422 0.31 0.05152 1.43 0.29196 2.09 0.0411 1.53 260.1 4.8 259.7 3.9
PZH15-03-9 337 347 1.029 0.21 0.05158 1.38 0.28794 2.04 0.0405 1.50 256.9 4.6 255.9 3.8
PZH15-03-10 361 349 0.967 0.20 0.05162 2.15 0.28760 2.75 0.0404 1.71 256.7 6.2 255.3 4.3
PZH15-03-11 316 297 0.941 0.37 0.05215 1.41 0.29309 2.16 0.0408 1.64 261.0 5.0 257.5 4.1
PZH15-03-12 130 74 0.565 0.67 0.05080 2.24 0.28743 2.72 0.0410 1.55 256.5 6.2 259.2 3.9
PZH15-03-13 636 454 0.713 0.07 0.05142 1.01 0.28878 1.94 0.0407 1.66 257.6 4.4 257.4 4.2
PZH15-03-14 376 342 0.908 0.16 0.05129 1.29 0.29717 2.31 0.0420 1.92 264.2 5.4 265.3 5.0
PZH15-03-15 234 229 0.978 0.30 0.05185 1.65 0.29315 2.24 0.0410 1.52 261.0 5.2 259.1 3.9
Zircon from the Hongge clinopyroxenite (N26°38.054', E101°59.321', H 1679 m)
HG15-03-1 884 946 1.071 0.17 0.05090 1.28 0.28101 2.02 0.0400 1.56 251.5 4.5 253.1 3.9
HG15-03-3 2210 2722 1.232 0.04 0.05134 0.67 0.28930 1.65 0.0409 1.50 258.0 3.8 258.2 3.8
HG15-03-4 1439 2058 1.430 0.06 0.05168 1.11 0.29876 1.87 0.0419 1.50 265.4 44 264.8 3.9
HG15-03-5 1004 1121 1.116 0.33 0.05070 1.36 0.28704 2.08 0.0411 1.57 256.2 4.7 259.4 4.0
HG15-03-6 1481 1710 1.155 0.07 0.05146 0.87 0.29110 1.78 0.0410 1.56 259.4 4.1 259.2 4.0
HG15-03-9 1058 849 0.803 0.08 0.05131 0.92 0.28932 1.95 0.0409 1.72 258.0 4.5 258.4 4.4
HG15-03-10 1037 1127 1.087 0.10 0.05088 0.94 0.28632 2.00 0.0408 1.77 255.7 4.5 257.9 4.5
HG15-03-11 1315 1601 1.218 0.09 0.05149 1.01 0.28708 1.96 0.0404 1.68 256.3 4.4 255.5 4.2
HG15-03-2 973 866 0.889 4.01 0.05034 9.40 0.28275 9.57 0.0407 1.78 252.8 21.6 257.4 4.5
HG15-03-7 199 136 0.684 0.05 0.13923 0.61 7.65690 1.62 0.3989 1.50 2191.6 14.7 2163.8 27.7
HG15-03-8 357 153 0.428 0.07 0.06618 0.79 1.22029 1.78 0.1337 1.60 809.9 10.0 809.1 12.2
HG15-03-12 205 88 0.429 0.07 0.11075 0.55 4.97962 1.64 0.3261 1.55 1815.9 14.0 1819.4 24.6
HG15-03-13 1181 896 0.759 7.08 0.07891 34.14 0.44930 34.29 0.0413 3.13 376.8 114.1 260.9 8.0
HG15-03-14 252 437 1.733 1.51 0.07527 1.50 1.86742 2.13 0.1799 1.50 1069.6 14.2 1066.6 14.8
HG15-03-15 215 228 1.064 0.12 0.12579 0.51 6.31810 1.59 0.3643 1.51 2021.0 14.1 2002.5 26.1
Zircon from the Taihe gabbro (N27°54.437', E102°08.247', H 1620 m)
TH15-03-1 1058 1247 1.179 0.08 0.05153 0.89 0.28951 1.85 0.0407 1.62 258.2 4.2 257.4 4.1
TH15-03-2 1181 1564 1.324 0.09 0.05127 1.01 0.29592 1.81 0.0419 1.51 263.2 4.2 264.4 3.9
TH15-03-3 801 898 1.120 0.10 0.05130 1.14 0.29039 2.09 0.0411 1.75 258.9 4.8 259.4 4.5
TH15-03-4 605 386 0.639 0.23 0.05195 1.02 0.29918 1.99 0.0418 1.72 265.8 4.7 263.8 44
TH15-03-5 1384 1811 1.309 0.09 0.05139 0.69 0.30164 1.77 0.0426 1.63 267.7 4.2 268.7 4.3
TH15-03-6 848 948 1.118 0.09 0.05159 0.89 0.29180 1.77 0.0410 1.53 260.0 4.1 259.2 3.9
TH15-03-7 889 942 1.060 0.08 0.05155 1.34 0.29894 2.12 0.0421 1.64 265.6 5.0 265.6 4.3
THI15-03-8 712 474 0.666 0.17 0.05110 1.50 0.28474 2.12 0.0404 1.50 254.4 4.8 255.4 3.8

(continued on next page)
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Table 1 (continued)
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264.3

44

262.7

0.29523

0.05117

1251

TH15-03-15

Measured values for the Qinghu zircon standard

Qinghu-1
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24
24
2.4
2.4

160.0
158.5
160.7
159.1

2.8

157.4
157.5
160.3
158.2

1.54
1.50
1.52
1.52

0.0251
0.0249
0.0252
0.0250

1.90
1.94
1.80
1.68

0.16768
0.16779
0.17101

12
1.22
0.96
0.72

1.

0.04840

0.14
0.16

0.09
0.04

0.553

1227
344
726
778

2219
703

2.8

0.04888

0.489

Qinghu-2

2.7

0.04913

0.608

1194
2528

Qinghu-3

0.16857

0.04892

0.308

Qinghu-4

., 2013)

Recommended values for the Qinghu standard (Li et al

Qinghu

0.2

159.5

(2Pb/2%Pb)m * (*°°Pb/>**Pb)c, with (***Pb/>°°Pb)m the measured 2**Pb/>°°Pb ratio corrected for background, and (*°*Pb/?**Pb)c the common Pb ratio of the analyzed area,

calculated from its U-Pb age.

Note: fZOG

zones: namely the Lower, Middle and Upper Zones
(Fig. 2a—c). The samples for zircon O-Hf isotope analyses
were all collected from the oxide ore-bearing zones of these
intrusions, immediately below an oxide ore layer at Panzhi-
hua (Fig. 2a), between two oxide ore layers at Hongge
(Fig. 2b), and in the upper part of the Middle Zone at Taihe
(Fig. 2c¢).

The gabbro sample (PZH15-03) from the Panzhihua
intrusion is relatively fresh, and contains <5% olivine, 40—
45% pyroxenes, 40-50% plagioclase, and minor hornblende
and Fe-Ti oxides (Fig. 3a, b). The clinopyroxenite sample
(HG15-03) from the Hongge intrusion contains <5% oli-
vine, 50-60% clinopyroxenite, 5-10% Fe-Ti oxides, <5%
apatite, and minor amounts of plagioclase, hornblende,
and phlogopite (Fig. 3c, d). The gabbro sample (THI15-
03) from the Taihe intrusion contains <5% olivine, 30—
40% pyroxenes, 40-45% plagioclase, 5-10% Fe-Ti oxides,
and minor hornblende and phlogopite (Fig. 3e, f). Partial
alteration of clinopyroxene to chlorite, and plagioclase to
sericite + epidote + albite is slightly more severe in the sam-
ples from the Hongge and Taihe intrusions than in the sam-
ple from the Panzhihua intrusion.

3.2. Analytical methods

3.2.1. Zircon U-Pb ages and oxygen isotopes

In-situ O isotope analysis and U-Pb dating of zircon
were conducted using a CAMECA IMS-1280HR SIMS
(secondary ion mass spectrometry) instrument at the Insti-
tute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing. O isotopes of zircon crystals in a polished
epoxy disc were measured first. The disc was then polished
again for zircon U-Pb analysis.

The analytical procedures and operating conditions for
zircon O isotope measurement are the same as those given
in Li et al. (2010a). The instrumental mass fractionation
(IMF) of O isotopes was corrected using an internal zircon
standard, the Penglai zircon with a recommended &'¢-
Ovysmow of 5.31 £0.10%0 (Li et al., 2010b), following the
procedures of Li et al. (2010a). The Qinghu zircon stan-
dard, which has a recommended 8'%0 value of 5.4
4 0.2%0 (Li et al., 2013), was used as secondary standard.
The measured and recommended 3'30 values of the sec-
ondary standard agree with each other well (Table 1).

The analytical procedures and data processing of zircon
U-Pb dating are the same as those given in Li et al. (2009).
Correction to common lead was made using the measured
209ph and the model crustal Pb isotope compositions
(Stacey and Kramers, 1975). The Qinghu zircon standard
(*°Pb/**8U age = 159.5 + 0.2 Ma, Li et al., 2013) was used
as a secondary standard. The results from this study and
the recommended age of the secondary standard agree with
each other well (Table 2). Plotting and age calculations
were done using the Isoplot v.3.75 of Ludwig (2012).

3.2.2. Zircon Hf isotopes

In-situ zircon Hf isotope analysis were performed using
a Neptune Plus multi-collector ICP-MS equipped with a
GeoLasPro HD excimer ArF laser-ablation sampling sys-
tem in the laboratory of the Wuhan Sample Solution Ana-
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Table 2

Zircon Lu-Hf and O isotope data for the Hongge, Panzhihua and Taihe intrusions.

Sample/spot 176y b/ T Hf 76 u/VTHE 76 H /Y THE lo (Y7SHE/TTHS), ent) 3130 (%o) 26
Zircon from the Panzhihua gabbro

PZH15-03-01 0.037338 0.001113 0.282783 0.000020 0.282777 5.82 5.49 0.30
PZH15-03-02 0.011095 0.000340 0.282744 0.000018 0.282742 4.60 6.10 0.30
PZH15-03-03 0.055393 0.001611 0.282773 0.000022 0.282765 5.39 6.07 0.16
PZH15-03-04 0.016702 0.000512 0.282773 0.000019 0.282770 5.57 5.70 0.26
PZH15-03-05 0.013083 0.000421 0.282747 0.000018 0.282745 4.64 5.86 0.22
PZH15-03-06 0.021234 0.000647 0.282768 0.000021 0.282765 5.33 5.84 0.19
PZH15-03-07 0.010040 0.000316 0.282760 0.000017 0.282759 5.22 5.87 0.21
PZH15-03-08 0.020670 0.000732 0.282766 0.000020 0.282763 5.37 5.64 0.24
PZH15-03-09 0.024652 0.000736 0.282776 0.000021 0.282773 5.65 5.92 0.21
PZH15-03-10 0.031350 0.000930 0.282777 0.000021 0.282772 5.61 5.80 0.24
PZH15-03-11 0.026239 0.000792 0.282784 0.000022 0.282780 5.96 5.86 0.26
PZH15-03-12 0.016098 0.000523 0.282793 0.000020 0.282790 6.33 5.72 0.26
PZH15-03-13 0.027085 0.000823 0.282792 0.000019 0.282788 6.22 5.99 0.20
PZH15-03-14 0.015550 0.000466 0.282750 0.000020 0.282747 4.96 5.81 0.23
PZH15-03-15 0.018700 0.000556 0.282764 0.000018 0.282762 5.32 5.76 0.21
Zircon from the Hongge clinopyroxenite

HG15-03-01 0.017601 0.000477 0.282712 0.000023 0.282710 3.35 5.97 0.21
HG15-03-03 0.014940 0.000405 0.282718 0.000023 0.282716 3.68 5.97 0.27
HG15-03-04 0.050532 0.001497 0.282746 0.000029 0.282739 4.64 6.45 0.17
HG15-03-05 0.027843 0.000781 0.282707 0.000025 0.282704 3.28 6.32 0.21
HG15-03-06 0.027924 0.000777 0.282705 0.000028 0.282702 3.20 6.40 0.26
HG15-03-09 0.026128 0.000758 0.282702 0.000025 0.282699 3.08 5.77 0.31
HG15-03-10 0.026804 0.000780 0.282711 0.000024 0.282707 3.37 6.20 0.11
HG15-03-11 0.041277 0.001110 0.282718 0.000027 0.282713 3.53 6.32 0.21
HG15-03-13 0.056375 0.001790 0.282751 0.000023 0.282742 4.68

Zircon from the Taihe gabbro

TH15-03-01 0.085295 0.001964 0.282899 0.000018 0.282889 9.81 0.13
TH15-03-02 0.24
TH15-03-03 0.120410 0.002801 0.282899 0.000022 0.282885 9.69 4.15 0.25
TH15-03-04 0.064705 0.001571 0.282878 0.000019 0.282871 9.28 447 0.37
TH15-03-05 4.46 0.16
TH15-03-06 4.12 0.26
TH15-03-07 4.56 0.26
TH15-03-08 0.082232 0.001693 0.282865 0.000029 0.282857 8.60 4.23 0.10
TH15-03-09 0.105102 0.002054 0.282870 0.000032 0.282860 9.07 4.34 0.37
TH15-03-11 4.22 0.24
TH15-03-12 0.084984 0.001738 0.282848 0.000027 0.282839 8.30 4.19 0.30
TH15-03-13 0.100222 0.002013 0.282856 0.000028 0.282846 8.44 0.23
TH15-03-14 4.44 0.16
TH15-03-15 4.42 0.26
Measured values for the secondary standards

Qinghu-1 5.28 0.29
Qinghu-2 5.53 0.16
Qinghu-3 5.34 0.21
Qinghu-4 5.40 0.28
Qinghu-5 5.29 0.34
Qinghu-6 5.66 0.20
TEM 0.044438 0.001288 0.282721 0.000010

TEM 0.046562 0.001435 0.282688 0.000015

TEM 0.067353 0.001849 0.282681 0.000015

TEM 0.043244 0.001146 0.282702 0.000013

GJ-1 0.007855 0.000249 0.282021 0.000010

GJ-1 0.007928 0.000247 0.282010 0.000014

GJ-1 0.008039 0.000254 0.282038 0.000015

GJ-1 0.008053 0.000250 0.282021 0.000010

Recommended values for the secondary standards

Qinghu (Li et al., 2013) 5.40 0.20
TEM (Wu et al., 2006) 0.282680 0.000031

GJ-1 (Morel et al., 2008) 0.282000 0.000005
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TH15-03

O

Fig. 4. Cathodoluminescence images of zircon crystals from the Panzhihua, Hongge and Taihe intrusions, with 2°°Pb/***U ages in Ma.

related to the variations of U and Th contents. The
colorless-transparent zircons from the Panzhihua gabbro
(grain #2, 4, 5, 6, 7, 12 and 15) contain 116-209 ppm U
and 74-229 ppm Th, with Th/U ratios from 0.55 to 0.98
(Table 1). In contrast, the concentrations of these elements
in the brown-semi transparent zircons from the Panzhihua
gabbro (grain #1, 3, 8, 9, 10, 11, 13 and 14) are higher,
varying from 304 to 687 ppm for U and from 128 to
901 ppm Th, with a larger range of Th/U ratios from 0.42
to 1.31 (Table 1). The zircons from the Hongge clinopyrox-
enite and Taihe gabbro are generally darker (Fig. 4) and
contain higher U and Th than those from the Panzhihua
gabbro (Table 1). The concentrations of U and Th in the
zircons from the Hongge clinopyroxenite (grain #1, 3, 4,
5, 6,9, 10 and 11) and Taihe gabbro are similarly high,
varying from 605 to 2210 ppm for U and from 386 to
3965 ppm for Th, with Th/U ratios from 0.64 to 2.04
(Table 1).

The SIMS-determined U-Pb isotopic compositions of 15
zircon grains from the Panzhihua gabbro yield a Concordia
age of 257.6 £+ 2.1 Ma (Fig. 5a). Our new zircon U-Pb age
for the Panzhihua intrusion is within the range of the ages
previously-reported for this intrusion by the LA-ICP-MS
method (2554 + 3.1 Ma and 257.9+2.4Ma; Zhong
et al., 2011a) and by the SHRIMP method (263 4+ 3 Ma;
Zhou et al., 2005). The SIMS-determined U-Pb isotopic
compositions of 8 zircon grains from the Hongge clinopy-

roxenite yield a Concordia age of 258.2+2.8 Ma
(Fig. 5b), which is indistinguishable with the ages
previously-reported for this intrusion by the LA-ICP-MS
method (2589 +2.1 Ma and 258.7+ 2.0 Ma; Zhong
et al., 2011a) and by the TIMS method (259.3 + 1.3 Ma;
Zhong and Zhu, 2006). The older, xenocrystic zircon grains
from the Hongge intrusion have 2°°Pb/>*®¥U ages varying
from 809.1 Ma to 2163.8 Ma (Table 1). The SIMS-
determined U-Pb isotopic compositions of 14 zircon grains
from the Taihe gabbro yield a Concordia age of 263.3
+2.2Ma (Fig. 5c), which is within the range of the
previously-reported zircon U-Pb ages for the Taihe intru-
sion determined using the LA-ICP-MS method (264.3
+2.5Ma and 258.8 +2.3 Ma; Shellnutt et al., 2011;
Zhong et al., 2011a) and by the SHRIMP method (259
+ 3 Ma and 257 4+ 4 Ma; She et al., 2014).

4.2. Zircon Hf-O isotopes

The Hf isotope compositions of the dated co-magmatic
zircon grains from the Panzhihua, Hongge and Taihe intru-
sions are listed in Table 2. The gy(t) values were calculated
using the zircon U-Pb ages given in Fig. 5. The gy(t) values
of the dated zircons from the Panzhihua gabbro and Hon-
gge clinopyroxenite are from 4.6 to 6.3 (average of 5.5), and
from 3.1 to 4.7 (average of 3.6), respectively. In contrast,
the ey(t) values of the dated zircons from the Taihe gabbro
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Fig. 5. Concordia U-Pb isotope age diagrams of zircon crystals
from the Panzhihua, Hongge and Taihe intrusions.

are significantly higher, ranging from 8.3 to 9.8, with an
average of 9.0. A comparison between our new results
and the previous data for these intrusions from Shellnutt
et al. (2011) and Zhong et al. (2011a) is illustrated in
Fig. 6a. The results from the different studies are generally
in good agreement and show significantly higher zircon

enr(t) values for the Taihe intrusion than the Panzhihua
and Hongge intrusions. The zircon ey(t) values for the
magmatic Fe-Ti-V oxide deposits plot between the chon-
dritic uniform reservoir and the growth curve of depleted
mantle, and are all higher than those of a coeval magmatic
Ni-Cu sulfide deposit, i.e., the Zhubu deposit in the Emeis-
han LIP (Fig. 6a).

The 8'30 values of the dated zircons from the Panzhihua
gabbro, Hongge clinopyroxenite and Taihe gabbro are also
listed in Table 2. The 3'30 values of the Panzhihua zircons
are from 5.49 to 6.10%0, with an average of 5.84%.. The
3'%0 values of the Hongge zircons are from 5.77 to
6.45%o, with an average of 6.18%o0. The 5'8%0 values of the
Taihe zircons are distinctly lower, ranging from 4.12 to
4.56%o, with an average of 4.33%o. The results show that
the zircons of the Panzhihua and Hongge intrusions have
higher 5'®0 values than the mantle zircon values (5.3
4 0.3%o0) of Valley (2003) that are based on the results for
zircon megacrysts from kimberlite pipes near Kimberley,
South Africa. In contrast, the zircons of the Taihe intrusion
all have 8'%0 values significantly lower than the mantle zir-
con values (Fig. 6b). Our combined O-Hf isotopic analyses
of a single grain of zircon reveal for the first time that these
two different isotopic systems are decoupled in the zircons
of the Taihe intrusion, i.e., the zircons have very low 3%0
values and very high gyg(t) values. The former are much
lower than the mantle zircon values whereas the latter are
close to the depleted mantle values. The significance of this
new finding is evaluated below.

It should be mentioned that the §'%0 values of zircons
from the Taihe deposit analyzed by us (4.12-4.56%o) are sig-
nificantly lower than those of clinopyroxene separates from
the same deposit (5.1-6.9%0) analyzed by Yu et al. (2015).
One possibility for the difference is due to different samples
used by the different studies. Another possibility is due to
the different effects of low-temperature hydrothermal alter-
ation on the different phases. As pointed out by Valley
(2003), the primary 8'%0 values of parental magmas are
commonly much better preserved in magmatic zircons than
some rock-forming minerals such as clinopyroxene and pla-
gioclase in low-temperature hydrothermally-altered mafic
rocks. As acknowledged by Yu et al. (2015), the high
3'%0 values of clinopyroxene from the Taihe deposit
acquired by them could be due to interaction with evolved,
%0 enriched meteoric water at low temperatures.

4.3. Sr-Nd isotopes

The whole-rock Rb-Sr and Sm-Nd data of the samples
from the Panzhihua, Hongge and Taihe intrusions used in
this study are given in Table 3. The calculated (¥’Sr/®°Sr);
ratios (t =260 Ma) are from 0.7047 to 0.7051 for the
Panzhihua gabbros, from 0.7048 to 0.7050 for the Hongge
clinopyroxenites, and from 0.7049 to 0.7052 for the Taihe
gabbros. The calculated eng(t) values for the samples from
these three intrusions are from 2.28 to 2.34, from 2.26 to
3.15, and from 2.35 to 2.60, respectively. A comparison
between our new results and the previous data for these
three intrusions (Zhong et al., 2003; Zhang et al., 2009;
Hou et al., 2012; Howarth and Prevec, 2013; Song et al.,
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Fig. 7. Plot of whole-rock eng versus (3’Sr/*°Sr); for the Panzhihua, Hongge and Taihe intrusions. The mantle Sr-Nd isotope array is from
DePaolo and Wasserburg (1979). The field for the Emeishan high-Ti basalts is based on the data from Xu et al. (2001), Xiao et al. (2004) and
Zhang et al. (2008). The Sr-Nd isotope compositions of the Emeishan picrite for modeling are the average of two picrite samples with the
lowest Nd contents from Chung and Jahn (1995) and Zhang et al. (2006). The concentrations of Sr and Nd and the Sr and Nd isotope
compositions of the Precambrian metamorphic rock from Gao et al. (1999), Zhang et al. (2008), Luan et al. (2014) and Yu et al. (2015) The
concentrations of Sr and Nd in the marble are from Ganino et al. (2008); the Sr and Nd isotope compositions of the marble are from Ganino

et al. (2013b) and Yu et al. (2015).

2013; Luan et al., 2014; She et al., 2014; Yu et al., 2015) is
illustrated in Fig. 7. Our new data for the mineralized zones
plot in the upper part of the Sr-Nd isotopic array for the
Panzhihua, Taihe and Hongge intrusions (Fig. 7).

5. DISCUSSION

It is widely accepted that the Fe-Ti-V oxide ore deposits
in the Emeishan LIP are related to high-Ti basalts, but the
role of crustal contamination and mantle source variation
are still debated (e.g., Zhou et al., 2005; Ganino et al.,

2008, 2013a, 2013b; Zhong et al., 2011b; Hou et al., 2012;
Bai et al., 2014; Yu et al.,, 2015; Tang et al., 2017a). Such
debate is difficult to resolve using a single isotope tracer.
A combination of zircon Lu-Hf isotope systematics and O
isotopes is more robust, because it is less common for the
different reservoirs to have the same Hf-O isotope ratios rel-
ative to ratios obtained from just one of these elements
(Valley, 2003; Vervoort and Kemp, 2016).

In mafic magma, zircon saturation is only reached late in
the crystallization history (Hanchar and Watson, 2003).
Such zircons commonly occur interstitially to other miner-
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als in gabbroic rocks (e.g., Scoates and Chamberlain, 1995).
In such rocks zircon Hf-O isotopes directly track the iso-
topic compositions of the interstitial liquids rather than
the primary mantle-derived magma. It is likely that the
interstitial liquids were contaminated with crustal materials
during magma ascent, storage and crystallization. Thus,
potential crustal contamination must be assessed before
the isotope data can be used to evaluate any mantle source
variation. With this in mind, we begin with whole-rock Sr-
Nd isotopes and then move to zircon Hf-O isotopes in the
discussion below.

5.1. Crustal contamination

Previous studies have shown that the parental magmas
of the Panzhihua, Hongge and Taihe intrusions were con-
taminated by crustal materials (e.g., Howarth and Prevec,
2013; Luan et al., 2014; Yu et al., 2015). As shown in
Fig. 7, the Sr-Nd isotope compositions of the Hongge intru-
sion plot between the Precambrian metamorphic rock in the
region and the uncontaminated high-Ti picrites of the
Emeishan LIP. The uncontaminated isotopic compositions
of the picrites are inferred from the similarity with the man-
tle array of DePaolo and Wasserburg (1979). The Sr-Nd
isotope variations of the Hongge intrusion are generally
consistent with parental magmas being variably contami-
nated with up to 20 wt.% Precambrian metamorphic rock
(Fig. 7). The Lower Zone of the Panzhihua intrusion, which
hosts the major Fe-Ti-V oxide ore layers (Fig. 2a), has lar-
ger ranges of eng(t) and (¥7Sr/®¢Sr),; than the Middle and
Upper Zones of this intrusion (Zhang et al., 2009;
Howarth and Prevec, 2013; Song et al., 2013; Yu et al.,
2015; this study). The samples with lower eng(t) and higher
(¥’Sr/®Sr); from the ore-bearing zone of the Panzhihua
intrusion are consistent with up to 10 wt.% Precambrican
metamorphic rock contamination in the parental magma.
The ore-bearing zone (Middle Zone) and the ore-barren
zone (Lower Zone) of the Hongge intrusion (Fig. 2b) have
similar large ranges of (87Sr/868r),- and eng(t) values, which
are consistent with variable degrees of crustal contamina-
tion at scales that are smaller than a single zone (Fig. 7).
The Upper Zone of this intrusion has tighter ranges of (¥’
Sr/3%Sr); (0.7058 to 0.7060) and eng(t) (—0.84 to —0.36) val-
ues than those of the other zones (Fig. 7).

Except for two samples from the Middle Zone of the
Taihe intrusion, up to 30% contamination with marble
can explain the observed Sr-Nd isotope variation in the par-
ental magmas for the Panzhihua and Taihe intrusions
(Fig. 7). Unlike the Panzhihua intrusion, marble wall-
rock is rare for the Taihe intrusion (Fig. 2a, ¢). Thus, mar-
ble contamination in the Taihe magma likely took place at
depth, which is consistent with the presence of entrained
marble xenoliths in this intrusion in some places (Panxi
Geological Unit, 1984). It is important to note that the
ena(t) and (¥7Sr/%Sr); of our samples from the ore-
bearing zone (Middle Zone) of the Hongge intrusion are
similar to those of our samples from the ore-bearing zones
of the Panzhihua and Taihe intrusions, implying that the
parental magma for the ore-bearing zone of the Hongge

intrusion may have also experienced marble assimilation
(Fig. 7). However, given the fact that there are no marble
wall-rocks nor marble xenoliths in the Hongge intrusion
(Fig. 2b), such interpretation is highly speculative. More-
over, there is really no need to call upon such a process,
as the Sr-Nd isotope array of this intrusion can be well
explained by contamination with Precambrian metamor-
phic wall-rocks (Fig. 7).

5.2. Origin of zircon Hf-O isotope decoupling in the Taihe
deposit

The zircon grains from the Taihe deposit have high ggy(-
t) values from 8.3 to 9.8; the zircon grains from the Panzhi-
hua deposit have intermediate gp4(t) values from 4.6 to 6.3;
the zircon grains from the Hongge deposit have relatively
low epf(t) values from 3.1 to 4.7 (Fig. 6a). A decrease of zir-
con gy(t) values from the Taihe and Panzhihua deposits to
the Honnge deposit can be explained by decreasing degrees
of contamination with the Precambrian metamorphic rock
in the parental magmas. Such an interpretation is also sup-
ported by the whole-rock Sr-Nd isotopes (Fig. 7). However,
this type of contamination cannot explain the observed zir-
con 3'®0 differences between these deposits. The zircon
3180 values of the Taihe deposit are lower than the mantle
zircon values (5.3 4 0.3%o, Valley, 2003) whereas those of
the Panzhihua and Hongge deposits are higher than the
mantle values (Fig. 6b). Moreover, the zircon grains of
the Taihe deposit have higher ey (t) values but lower 50
values than the Panzhihua and Hongge deposits (Fig. 6a,
b). Potential contaminants in the region, such as the Pre-
cambrian metamorphic rock and marbles, are characterized
by higher 8'80 and lower ey((t) (inferred from Nd isotopes)
than the mantle values (Ganino et al., 2013b; Yu et al.,
2015). Contamination with these rocks would have resulted
in an increase of 8'%0 and a decrease of eyg(t) in the con-
taminated magmas, which is seen in the zircons from the
Panzhihua and Hongge deposits but not in those from the
Taihe deposit.

The unusual combination of low &'%0 (significantly
lower than the mantle value) coupled by very high eyq(t)
(similar to the depleted mantle values) for the zircons of
the Taihe deposit, which we refer to as zircon Hf-O isotope
decoupling for convenience, may be due to contamination
with crustal rocks that have very low 5'®0 and mantle-
like epg(t) values. However, this type of rock is not present
or has not been found in the vicinity of the Taihe deposit
(Fig. 2c). It is true that Neoproterozoic granitic rocks with
low 5'80 values (~4.2, Zheng et al., 2007) are present in the
adjacent region to the northwest of the Taihe deposit, but
these rocks are not the required contaminants. The original
epf(t) values of these rocks are from 3.5 to 9.1 (Zheng et al.,
2007). By the time the Taihe magmas were emplaced into
the crust at ~260 Ma, the ey(t) values of the Neoprotero-
zoic granitic rocks would have decreased to be between
—1.4 and —6.0 due to radiogenic growth through time.
Contamination of mantle-derived magma with such rocks
would have resulted in lower 3'30 and lower gy(t) in the
contaminated magma, contrary to the results from the
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of the Precambrian metamorphic rock.

Taihe deposit. Thus, we rule out this type of contamination
as the cause for the observed zircon Hf-O isotope decou-
pling in the Taihe deposit.

5.3. Mantle source variation

The combined whole-rock engy(t) values and mineral (zir-
con or olivine) §'%0 values for the Emeishan LIP (Fig. 8a)
show that the engy(t) values of the Panzhihua, Hongge and
Taihe intrusions are within the range of the Emeishan
picrites that have relatively high Ti contents such as those
from the Tanglanghe, Maoniuping and Wuguijing areas
(Zhang et al., 2006, 2008; Bai et al., 2013). In contrast,
the 5'%0 values of the intrusive rocks (Table 2) are either
higher or lower than those of the picrites (Yu et al.,
2017). The 8'%0 values of olivine phenocrysts in the picrites
are mainly within the range of typical mantle values
(Fig. 8a). The Fo contents of the olivine phenocrysts are
mainly between 87 and 91 mol% (Yu et al., 2017). In con-
trast, the Fo contents of olivine in the intrusions are much
lower, mainly between 65 and 70 mol% (Bai et al., 2014).
The different olivine compositions between the picrites
and the intrusive rocks indicate that the parental magmas
for the intrusive rocks are more evolved than those for
the picrites due to fractional crystallization and crustal con-
tamination. Fractional crystallization commonly has little
effect on the oxygen isotope composition of mafic magma.
In contrast, crustal contamination can have a significant
effect on the oxygen isotope composition, commonly result-
ing in an increase of 5'80 values, not a decrease of such val-
ues in the contaminated magma, because the average §'%0
value of the crust is typically significantly higher than that
of the mantle. Thus, this process can only explain the origin
of the parental magmas for the Panzhihua and Hongge
deposits, which have higher 8'0 value of zircon than those

of typical mantle (5.3%o + 0.3%0; Valley, 2003) and the
picrites (Fig. 8a), but not the origin of the parental magma
for the Taihe deposit, which has significantly lower 5'0
values of zircon than those of typical mantle as well as
the picrites (Fig. 8a). Furthermore, as mentioned above,
crustal contamination can well explain the coherent zircon
Hf-O isotope variations in the Panzhihua and Hongge
deposits but cannot explain the zircon Hf-O isotope decou-
pling in the Taihe deposit. As shown in Fig. 8b, the zircon
Hf-O isotope compositions of the Panzhihua and Hongge
deposits can be explained by 20 wt.% bulk marble assimila-
tion and 15wt.% contamination with the Precambrian
metamorphic rock, respectively, which are consistent with
the results from whole-rock Sr-Nd isotopes (Fig. 7).

Oceanic sediments commonly have much higher §'%0
values than the mantle. Low temperature alteration can
increase the 8'80 values of oceanic crust because of large
positive isotope fractionation factors between minerals
and fluids (Bindeman, 2008). In contrast, high temperature
alteration of gabbroic rocks (including MORBs) in an ocea-
nic setting can decrease the 8'80 values of such rocks to be
as low as 2.5%o, much lower than the mantle values (e.g.,
Gregory and Taylor, 1981; Eiler, 2001; Thirlwall et al.,
2006; Wang and Eiler, 2008; Genske et al., 2013). On the
other hand, rare-earth elements are generally immobile dur-
ing hydrothermal alteration so the original mantle-like Sm-
Nd and Lu-Hf isotopes of these rocks (Zindler and Hart,
1986) can still be retained after alteration. Thus, the combi-
nation of Nd-Hf-O isotopes is a robust tool to evaluate the
involvement of the high-T altered grabboic oceanic crust in
magma generation.

Oceanic gabbroic rocks commonly have gnq(t) from + 3
to+ 15 and eygdt) from +6 to +18, as represented by
MORBs (Chauvel et al., 2008). The eng(t) values of the
uncontaminated magma or least-contaminated magma in
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the Emeishan flood province, as represented by picrites in
the studied region, are also within this range (e.g., Li
et al., 2012). This explains why the involvement of the
high-T altered gabbroic oceanic crust in magma generation
only decreases 5'%0 but not eng(t) and eydt) values
(Fig. 8a, b). The involvement of a high-T altered oceanic
gabbroic component in magma generation in the mantle
is required to explain the zircon Hf-O isotope decoupling
in the Taihe deposit (Fig. 8b). Using the end-member com-
positions of Eiler (2001), Chauvel et al. (2008), and
Vervoort et al. (2011), after taking into account ~10 wt.%
bulk marble assimilation as indicated by whole-rock Sr-
Nd isotopes (Fig. 7), the amount of the high-T altered ocea-
nic gabbroic component in the primary mantle-derived
magma of the Taihe deposit is estimated to be ~25 wt.%
(Fig. 8b).

It is important to point out that our models shown in
Fig. 8b represent only the simplest ones and they are not
exclusive of more complicated models. A high-T altered
oceanic gabbroic component with low §'%0 may have also
involved in the generation of the magmas for the Panzhihua
and Hongge deposits but such input was completely
masked by relatively high degrees of crustal contamination,
or the involvement of other types of recycled oceanic com-
ponents with relatively high 5'%0 values during magma gen-
eration. We don’t include marble assimilation in our model
for the Hongge deposit simply because there is no geologi-
cal evidence and no requirement for such a process as far as
the Sr-Nd-Hf-O isotope data are concerned. Similarly, we
don’t include contamination with Precambrian metamor-
phic rock in the model for the Panzhihua and Taihe depos-
its simply because the isotope data don’t require such an
interpretation. These different types of contamination could
all be involved in the magma differentiation of these depos-
its, but we focus on the relatively more important one for
each deposit.

Incompatible trace element ratios such as LREE/
HREE, Th/Nb and La/Ta are commonly used to evaluate
crustal contamination and source compositional variation.
No systematic variations of these ratios are found between
the Hongge, Taihe and Panzhihua intrusions. This is not
surprising because these rocks contain variable amounts
of Fe-Ti oxides and apatite. The former preferentially
retain Nb and Ta but reject the other trace elements
whereas the latter retain more LREE than HREE. As a
result, the trace element ratios of these rocks do not accu-
rately track those of the trapped magmas. Some of the
whole-rock samples from the Taihe intrusion have higher
Th/Zr and Rb/Y ratios than those from the Hongge and
Panzhihua intrusions (Table Annex I, Hou et al., 2012;
Pang et al., 2013; Liao et al., 2015), but the significance
of such variations is unclear.

5.4. Implications for ore genesis
The mineralization process of the Panzhihua Fe-Ti-V

oxide ore deposits in the Emeishan LIP has been linked
to magma-carbonate interaction (Ganino et al., 2013a,b)

or olivine fractional crystallization (e.g., Song et al.,
2013). The idea that olivine fractional crystallization may
induce early Fe-Ti oxide crystallization is based on the
assumption that this process will increase Fe’t/Fe®t in
the fractionated magma, because olivine only utilizes Fe?*
from the magma (Song et al., 2013). The validity of such
an assumption for a natural magmatic system is yet to be
investigated. In any case, the isotope data from this study
cannot be used to evaluate this model, because such a pro-
cess would have only negligible to no effects on the isotope
compositions (Yu et al., 2015). The idea that magma-
carbonate interaction is a plausible ore genetic process is
based on the concept that addition of CO,-rich fluids from
carbonate country rocks may oxidize the magma signifi-
cantly to induce over-saturation of Fe-Ti oxides in the con-
taminated magma (Ganino et al., 2013b). Our Sr-Nd-Hf-O
isotope data can be viewed as supporting evidence (Figs. 7
and 8b), although the process proposed by these authors is
not bulk assimilation as modelled by us.

Marble assimilation should have significantly increased
the 8'%0 values of the mantle-derived magma, because the
5'%0 values of marbles (7-28%0, Ganino et al., 2013b; Yu
et al., 2015) are significantly higher than mantle-derived
magma. Marble assimilation by magma would cause ele-
vated 8'%0 values for zircon crystallizing from the contam-
inated magma. The zircon oxygen isotopes of the
Panzhihua deposit, and perhaps also the Taihe deposit,
are consistent with such an interpretation (Fig. 8b). Finally,
we should point out that we are uncertain if the Hf-O iso-
topes of zircons from a single large sample truly represent
the isotope compositions of an ore-bearing zone of a
deposit, but such uncertainty can be addressed by analyzing
more samples from different localities of a deposit in the
future.

6. CONCLUSIONS
Important findings from this study are listed below.

(1) A combination of zircon O-Hf isotopes and whole-

rock Sr-Nd isotopes is a more robust tool than is a

single isotope system in distinguishing between crus-

tal contamination and mantle source variation for
mafic intrusive rocks.

The integrated Sr-Nd-Hf-O isotope data for three

coeval magmatic Fe-Ti-V oxide ore deposits in the

Emeishan LIP show that these deposits are not linked

to a single type of crustal contamination and the

same component of the mantle plume.

(3) Marble assimilation is a predominant type of con-
tamination in the Panzhihua and Taihe deposits
whereas contamination with Precambrian metamor-
phic rock is far more important than marble assimi-
lation in the Hongge deposit.

(4) A high-T altered, low 8'80 oceanic gabbroic compo-
nent in the plume source is required to explain the
zircon Hf-O isotope decoupling (mantle-like ep(t)
but lower 5'%0 than the mantle) in the Taihe deposit.
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(5) Such an unusual component in the plume source is
not required to explain the zircon Hf-O isotopes
(higher 8'®0 than the mantle and lower eyt) than
the Taihe deposit) of the Panzhihua and Hongge
deposits.
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