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Early Crystallized Titanomagnetite from Evolved Magmas and Magma
Recharge in the Mesoproterozoic Zhuqing Oxide-Bearing Gabbroic
Intrusions, Sichuan, SW China
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Abstract: The ca. 1.5 Ga mafic intrusions in the Zhuqing area, predominantly composed of alkaline
gabbroic rocks in the Kangdian region of SW China, occur as dykes or irregular small intrusions hosting
Fe-Ti—V mineralization. All of the intrusions that intrude the dolomite or shales of the Mesoproterozoic
Heishan Formation of the Huili Group are composed of three cyclic units from the base upward: a
marginal cyclic unit, a lower cyclic unit and an upper cyclic unit. The Fe-Ti—V oxide ore bodies are
hosted in the lower and upper cyclic units. The textural relationships between minerals in the intrusions
suggest that titanomagnetite formed earlier than silicate grains because euhedral magnetite and ilmenite
grains were enclosed in clinopyroxene and plagioclase. Both the magnetite,—ilmenite intergrowths due
to subsolidus oxidation—exsolutions and the relative higher V distribution coefficient between magnetite
and silicate melts in the gabbros from the Zhuqing area are different from those of other typical Fe-Ti
bearing mafic rocks, suggesting that the oxygen fugacity was low in the gabbric rocks from the Zhuqing
area. This finding was further confirmed by calculations based on the compositions of magnetite and
ilmenite pairs. The clinopyroxene, magnetite and ilmenite in the intrusions from the Zhuqing area had
considerably lower MgO than those of other typical Fe-Ti oxide-rich complexes, suggesting that the
titanomagnetite from the intrusion may have crystallized at a relatively late stage of evolution from a
more evolved magma. Titanomagnetite first fractionally crystallized and subsequently settled in the
lower parts of the magma chamber, where it concentrated and formed Fe-Ti-V oxide ore layers at the
bases of the lower and upper cycles. Moreover, the occurrence of multiple Fe-Ti oxide layers alternating
with Fe-Ti oxide-bearing silicate layers suggests that multiple pulses of magma were involved in the
formation of the intrusions and related Fe-Ti-V oxide deposits in the Zhuqing area.

Key words: Fe-Ti oxide, mineral chemistry, patrogenesis, Mesoproterozoic Zhuqing oxide ore
deposits, Kangdian region, SW china, East margin of Tibetan Plateau, Proto-Tethys

1 Introduction

The mechanism of magnetite crystallization in Fe-Ti
oxide ore deposits has long been debated. One proposal is
that Fe-Ti oxides are precipitated from immiscible Fe-rich
melts from silicate magma at the late stage (Lister, 1966;
Philpotts, 1967; Reynolds, 1985a; Zhou et al., 2005; 2013;
Dong et al., 2013; Wang and Zhou, 2013; Shi et al., 2014).
Alternatively, the settling and sorting of early cumulus Fe—
Ti oxides may play an important role in the generation of
Fe-Ti oxide ores (Charlier et al., 2006; Pang et al., 2008;
Wang et al., 2008; Ganino et al., 2008; Bai et al., 2012;
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Howarth et al., 2013; Howarth and Prevec, 2013). The
former model has been disproven by experiments showing
that immiscible Fe-Ti oxide melts would contain a large
proportion of phosphorus (Philpotts, 1967) and SiO,
(Veksler et al., 2007) and the fact that the contents of apatite
and silica in certain types of ore is relatively low (e.g., Bai
et al.,2012; Pang et al., 2010). Fe-Ti oxides usually
crystallized later to form the Fe-Ti oxide layers that
commonly occur in the upper parts of large layered
intrusions in the world, such as the Bushveld Complex
(Reynolds, 1985b), the Skaergaard intrusion (McBirney,
1996), and the Muskox intrusion (Irvine, 1988). However, it
had been suggested that magnetite may crystallize at an
early stage from magma with a relatively high oxygen
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fugacity (fO,) (Toplis and Caroll 1995; Ganino et al. 2008;
Pang et al. 2010; Bai et al. 2012). The early crystallization
and accumulation of Fe-Ti oxides, while phosphorus
remained in the melt and crystallized only at higher degrees
of magma differentiation, can indeed explain the presence
of apatite-rich layers in the upper sequence of the gabbros
from the world-class Fe-Ti—V deposits in the Panxi region
of SW China (Bai et al., 2012; Dong et al., 2013; Howarth
et al., 2013; Wang and Zhou, 2013). Moreover, it has been
suggested that the early crystallization of the Fe—Ti oxides
could have been induced by the initial Fe-Ti-rich
composition of the parental magma (Zhou et al., 2008; Bai
et al., 2012) or by the higher oxygen fugacity in the magma
(Ganino et al., 2008, 2013a, b; Bai et al., 2012; Pécher et al.,
2013; Howarth et al., 2013) or even by fractionation of H,O
(Xing et al., 2012). Therefore, the difficulty in elucidating
the Fe-Ti mineralization process is in determining the
timing of crystallization and the controlling factors of the
Fe—Ti oxides.

The ca. 1.5 Ga intrusions in the Zhuqing area contain
Fe-Ti—V oxide ore deposits with over 100 Mt of ore
reserves in three intrusive bodies. The rest of the
intrusions in the region also have Fe-Ti-V oxide
mineralization potential and were likely the products of a
mantle plume that contributed to the break-up of the
Paleo- to Mesoproterozoic supercontinent Columbia (Fan
et al. 2013). The gabbroic intrusions in the Zhuqing area
that host Fe-Ti oxide ore were likely crystallized in a
close magma system (Fan et al., 2013), offering a good
opportunity for investigating crystallization of the Fe-Ti
oxides. In this paper, we present the mineral compositions
of clinopyroxene and Fe-Ti oxides (magnetite and
ilmenite), as determined by electron microprobe, for Fe—Ti
oxide ore-bearing mafic intrusions in the Zhuqing area
with the aim of further elucidating the mechanism of Fe—
Ti oxide crystallization and accumulation.

2 Geological Settings

2.1 Regional geology

The South China Block consists of two major
Precambrian blocks: the Yangtze Block to the northwest
and the Cathaysia Block to the southeast (present
coordinates) (Fig. 1a). Rocks > 2900 Ma are sparse in the
northern part of the Yangtze Block (Gao et al. 2001).
However, there are ancient lower crustal xenoliths (Zheng
et al. 2006) and abundant Archean to Paleoproterozoic
detrital zircons in the Meso- to Neoproterozoic
sedimentary sequences (Sun et al. 2009; Zhao et al. 2010;
Wang et al. 2013), suggesting widespread Archean to
Paleoproterozoic basement rocks. Widely distributed
Proterozoic strata are thought to be the typical folded

basement of the Yangtze Block (Yang et al., 2005, 2012;
Peng et al., 2009; Hou et al., 2013; Ye et al., 2013; Zhou
et al., 2014; Song and Song, 2015) and these strata are
uncomfortably overlain by an unmetamorphosed Sinian to
Cenozoic cover sequence (Yan et al. 2003).

The Kangdian area is located near the western margin
of the Yangtze Block, South China (Fig. 1a). The oldest
supracrustal rocks in this area are the late Paleo- to
Mesoproterozoic meta-volcanic and sedimentary rocks,
termed the Dahongshan Group (Greentree and Li 2008),
the Dongchuan Group (Zhao et al. 2010), the Hekou
Group (Zhao and Zhou 2011), the Huili Group (Yin et al.
2011), and the Kunyang Group (Yin et al. 2011), occur
along the Luzhijiang fault and a series of related NNE-
trending faults (Fig. 1b). These rocks consist of meta-
sedimentary rocks interbedded with felsic and mafic meta-
volcanic rocks. For example, the Dahongshan, Hekou,
Dongchuan, and Huili Groups contain mafic intrusions
and meta-volcanic layers with zircon U-Pb ages of 1.5—
1.7 Ga (Chang et al. 1997; Greentree and Li 2008; He
2009; Zhao et al. 2010; Zhao and Zhou 2011; Fan et al.
2013), and the Huili and Upper Kunyang Groups have
meta-volcanic layers with zircon U-Pb ages of ~1.0 Ga
(Chang et al. 1997; Mou et al. 2003; Greentree et al. 2006;
Geng et al. 2007; Zhang et al. 2007). These rocks are
overlain by a thick sequence (> 9 km) of Neoproterozoic
(850540 Ma) to Permian strata composed of clastic,
carbonate and volcanic rocks.

A number of mafic intrusions intrude the dolomite and
slate of the Mesoproterozoic Heishan Formation of the
Huili Group in the Tong’an area of SW China (Fig. 1b).
These intrusions, predominantly composed of alkaline
gabbroic rocks, were distributed as dykes or irregular
small intrusions bounded by a series of faults in the
northeast of the Tong’an area (Fig. 1b).

2.2 Petrography of the intrusions in the Zhuqing area
The mafic intrusions in the Zhuqing area are of variable
sizes, up to 4 km long and commonly 90-370 m width,
striking NW 303°-349° and dipping ~45°-65° to
southwest with an average thickness of ~170 M. The Fe—
Ti—V oxide ore-bearing deposits are hosted in the lower
zones of two gabbric intrusions in the Zhuqing area (Fig.
1b). The ore bodies with over 100 Mt ore reserves are
arranged in parallel stratiforms, lenticulars or veins
interbedded with 1 to 2 thin gabbric layers or Lens (Fig.
2). Most of the intrusions consisting of medium- to coarse-
grained gabbros (Figs. 3a and 3b), and the mineral grains
are typically larger in the lower zone than those in the
upper zone of the intrusions (Fig. 2b). These gabbros
could be divided into oxide-rich and oxide-poor gabbros
based on the whole-rock Fe,Os; content. The oxide-rich
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Fig. 1. (a) Simplified tectonic map showing the study area in relation to South China’s major tectonic
units (Li et al., 2007); (b) geological map of the Tong’an area showing mafic rocks including the intru-

sions in the Zhugqing area and sampling locations.

gabbros (Fe,O; > 29 wt%) consist of >20 vol% Fe-Ti
oxides (magnetite and ilmenite), approximately 40 vol%
plagioclase, 30 vol% clinopyroxene, and minor amounts
of hornblende, biotite and sulfide minerals; whereas the
oxide-poor gabbros contain 40-60 vol% plagioclase, 30—
40 vol% clinopyroxene, 5-10 vol% Fe-Ti oxides and
minor amounts of sulfide minerals, apatite, hornblende
and biotite. The textural relationships between minerals in
the intrusions suggest that titanomagnetite formed earlier
than the silicate grains because euhedral magnetite and
ilmenite grains were enclosed in clinopyroxene and
plagioclase (Figs. 3¢ and 3d). The magnetites in the
gabbros of the Zhuqing area have ilmenite exsolutions
with different shapes, such as trellis-shaped lamellae,
which occur primarily in the cores of the host grains (Fig.

31), and coarse-grained, which presents mostly at the rim
of magnetite (Figs. 3g and 3h). The intrusions in the
Zhuqing area can be divided into three cycles from the
base to the top: a marginal cycle (zone 1), a lower cycle
(zones 2 and 3), and an upper cycle (zones 4 and 5) (Fig.
2). The marginal cycle, located at the base of the
intrusions, is mainly composed of coarse grains of
plagioclase, clinopyroxene, Fe-Ti oxides, and minor
amounts of apatite. The lower cycle is composed of a Fe—
Ti oxide cumulated layer interbedded with thin gabbroic
layers (zone 2) and an overlying medium- to coarse-
grained gabbroic layer (zone 3). The upper cycle was
similar to the lower cycle except that mineral grains were
smaller in the upper cycle and apatite and sulfide minerals
were present of in zone 5 of the upper cycle (Fig. 2).
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Fig. 2. The cross-section (a) and stratigraphic section (b) of the gabbros in the Zhuqing area, the position of the section is shown in

Fig. 1b.

3 Sampling and Methods

In this study, twenty-three samples were collected from
the drill core ZK2801; the sampling position is shown in
Fig. 1b.

The compositions of clinopyroxene (Table 1) were
analyzed using an EPMA-1600 electron microprobe

wavelength-dispersive spectrometer at the State Key
Laboratory of Ore Deposit Geochemistry (SKLODG),
Institute of Geochemistry, Chinese Academy of Sciences
(CAS). Analytical conditions were 25 nA beam current
with acceleration voltage of 25 kV and beam size of 1 pm.
The compositions of magnetite (Table 2) and ilmenite
(Table 3) were determined using a JXA-8100 electron

Table 1 Average compositions (wt%) of clinopyroxene in gabbros from drill core Zk2801 in the intrusions from the Zhuqing area

Sample No. ZK2834 ZK2830 ZK2828 ZK2826 ZK2823 ZK2818 ZK2814

ZK2811 ZK2809 ZK2808 ZK2807 ZK2806 ZK2804 ZK2802 ZK2801

Rock name  Gab Gab Gab Ore Ore Ore Gab

Gab Gab Gab Gab Gab Ore Ore Ore

Unit 1 1 1 2 2 2 2 2 2 2 3 3 4 4 4

n 4 5 5 5 5 5 4 4 4 5 4 5 4 5 5
SiO, 5245 52,09 5149 5539 5480 5420 5247 5196 5337 5270 5348 5245 5444 5554 5461
TiO, 0.08 0.12 0.19 0.05 0.08 0.03 0.14 0.03 0.07 0.18 0.09 0.07 0.09 0.05 0.04

ALLO; 1.58 1.61 1.98 0.64 0.97 1.01 221
Cr03 0.00 0.01 0.01 0.03 0.00 0.01 0.00
MgO 8.97 7.44 7.45 13.80 1353 1321 9.80
CaO 11.41 11.47 11.52 12.13 1227  11.88 11.52
MnO 0.37 0.21 0.36 0.15 0.17 0.17 0.32
FeO 2491 2710 2758 17.11 17.63 1746 2291
Na,O 0.45 0.34 0.36 0.25 0.32 0.28 0.61
K0 0.11 0.08 0.12 0.02 0.03 0.04 0.08
Total 100.32 100.47 101.06 99.56  99.80  98.29  100.06
Mg 39.08 3287 3252 5897 5777 5741 4314

Si 2.054 2062 2026 2116 2.090 2101 2.041
Ti 0.002 0.004 0.006 0.001 0.002 0.001 0.004
Al 0.073  0.075 0.092 0.029 0.044 0.046 0.101
Cr 0.000  0.000 0.000 0.001 0.000 0.000 0.000
Mg 0.524 0439 0437 0.786 0.769 0.763  0.568
Ca 0479 0486 0486 0496 0501 0493  0.480
Mn 0.012  0.007 0.012 0.005 0.005 0.006 0.011
Fe*' 0.000  0.000 0.000 0.000 0.000 0.000 0.000
Fe?* 0816  0.897 0908 0.547 0562 0.566  0.745
Na 0.034  0.026 0.027 0.019 0.024 0.021  0.046
K 0.005  0.004 0.006 0.001 0.001 0.002 0.004
Total 4.000 4.000 4.000 4.000 4.000 4.000 4.000
En 28.61 2400 2372 4286 41.84 41.75 31.05
Fs 4524 4942 4992  30.07 3088 31.26 41.89
Wo 26.15 2659 2636 2707 2727 2699  26.61

2.35 1.11 1.66 1.49 2217 0.86 0.92 1.01

0.02 0.00 0.01 0.02 0.01 0.03 0.02 0.02

9.45 9.60 9.29 10.07 8.85 11.39 1223 11.99
11.60  11.83 11.53 1190 1134 11.78 12.03  11.77
0.23 0.23 0.35 0.30 0.26 0.17 0.15 0.19

2322 23.62 2416 2266 2452 2012 1951 19.76
0.46 0.24 0.41 0.34 0.53 0.30 0.30 0.33

0.19 0.05 0.10 0.17 0.14 0.04 0.03 0.04

99.51 100.12 100.38 100.52 100.43 99.22 100.78 99.77
4202 4197 40.64 4418 3911 5018 5277 5197
2.037 2.089 2.058 2070 2.048 2.119 2119 2.106
0.001  0.002 0.005 0.003 0.002 0.003 0.001 0.001
0.109  0.051 0.076 0.068 0.104 0.039 0.041 0.046
0.001  0.000 0.000 0.001 0.000 0.001 0.001 0.001
0552  0.560 0.541 0582 0515 0661 0.695  0.689
0487 0496 0482 0494 0474 0491 0492 0486
0.008  0.008 0.012 0.010 0.009 0.006 0.005 0.006
0.000  0.000  0.000 0.000 0.000 0.000 0.000 0.000
0.761  0.773  0.789 0.735 0.801 0.655 0.622  0.637
0.035 0.018 0.031 0.026 0.040 0.023 0.022 0.025
0.010  0.002  0.005 0.008 0.007 0.002 0.001 0.002
4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
3054 3049  29.65 3196 28.64 3646 3833  37.89
4252 4250 4390 40.89 4499 3644 3457 3537
2694  27.01 2645 27.15 2637 27.10 27.10  26.73

Note: Gab = oxide-poor gabbro; Ore = oxide-rich gabbro; n = number of analysis.
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(a) Sample from drill core showing the gabbroic structure; (b) microphotographs of minerals with gabbroic
structure; euhedral magnetite and ilmenite grains enclosed in clinopyroxene (c) and plagioclase (d); (e) micro-
photographs of Fe—Ti rich gabbros; (f) trellis-shaped ilmenite exsolutions in the cores of the host magnetite;
(g) and (h) coarse-grained ilmenite presented at the rim of magnetite. Pl = plagioclase; Cpx = clinopyroxene;
Mt = magnetite; [lm = ilmenite; Opa = Magnetite/IImenite.
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Table 2 Average compositions (wt%) of magnetite in gabbros from drill core Zk2801 in the intrusions from the Zhuqing area

Sample No. ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK

2834 2830 2827 2825 2823 2822 2821 2818 2817 2816 2813 2811 2807 2806 2805 2804 2802 2801

Rock name Gab Gab Gab Ore Ore Ore Ore Ore Ore Ore Gab Gab Gab Gab Ore Ore Ore Ore

Unit 1 1 1 2 2 2 2 2 2 2 3 3 3 3 4 4 4 4

n 4 5 3 2 8 7 6 1 2 5 2 6 6 5 2 4 8 7

MgO 0.02 0.02 004 0.02 001 0.02 0.04 000 005 001 000 002 0.02 002 0.01 0.02 003 0.03

AlLOs 0.01 0.01 006 0.02 003 0.04 0.03 004 003 004 004 003 0.03 003 0.03 0.03 006 0.04

TiO, 3021 19.64 20.65 1397 17.77 19.69 1824 886 12.67 1425 16.71 24.00 24.63 24.63 2134 1747 890 22.62

FeO 56.52 47.82 483 4279 4627 4799 46.78 3892 42.11 436 4504 5142 51.84 51.84 49.87 4632 38.75 51.18

Fe 05 991 30.33 2739 39.84 33.07 29.36 32.10 50.83 42.64 40.00 3545 21.58 20.50 20.50 27.06 32.88 49.78 24.47

V,0; 022 043 047 084 067 062 081 069 1.12 080 037 042 039 039 058 1.17 1.03 0.71

MnO 232 133 135 076 094 099 095 036 047 056 1.14 161 184 184 098 063 031 0.84

Cr03 001 0.04 005 029 019 0.17 030 026 031 034 0.02 002 0.03 003 0.07 045 037 0.09

Total 99.22 99.61 9830 98.53 98.96 9890 99.25 99.95 99.38 99.60 98.77 99.10 99.28 99.28 99.94 9897 99.22 99.98

Mg 0.001 0.001 0.002 0.001 0.001 0.001 0.002 0.000 0.003 0.001 0.000 0.002 0.001 0.001 0.001 0.001 0.002 0.002

Al 0.000 0.000 0.003 0.001 0.001 0.002 0.001 0.002 0.001 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.002

Ti 0.849 0.547 0.582 0.391 0.497 0.551 0.508 0.245 0.350 0.395 0.469 0.575 0.672 0.689 0.592 0.485 0.247 0.626

Fe** 1.765 1.481 1.515 1332 1438 1.494 1448 1.195 1.295 1.344 1.407 1.507 1.602 1.613 1.538 1.432 1.194 1.575

Fe** 0.297 0.901 0.824 1.189 0.985 0.876 0.952 1.497 1.257 1.182 1.062 0.842 0.645 0.612 0.800 0.974 1471 0.722

\% 0.014 0.027 0.030 0.053 0.042 0.039 0.051 0.043 0.069 0.050 0.023 0.027 0.027 0.025 0.036 0.073 0.064 0.044

Mn 0.073 0.042 0.043 0.024 0.030 0.031 0.030 0.011 0.015 0.017 0.036 0.044 0.051 0.058 0.031 0.020 0.010 0.026

Cr 0.000 0.001 0.001 0.009 0.006 0.005 0.009 0.008 0.009 0.010 0.001 0.002 0.001 0.001 0.002 0.013 0.011 0.003

Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

Note: Gab = oxide-poor gabbro; Ore = oxide-rich gabbro; n = number of analysis.

Table 3 Average compositions (Wt%) of ilmnite in gabbros from drill core Zk2801 in the intrusions from the Zhuqing area

Sample No. ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK ZK

2834 2830 2827 2825 2823 2822 2821 2818 2817 2816 2813 2811 2807 2806 2805 2804 2802 2801

Rock name Gab Gab Gab Ore Ore Ore Ore Ore Ore Ore Gab Gab Gab Gab  Ore Ore Ore Ore

Unit 1 1 1 2 2 2 2 2 2 2 3 3 3 3 4 4 4 4

n 5 5 4 7 10 10 4 6 6 10 3 6 6 6 5 7 7 3

MgO 0.02 0.03 0.03 0.02 0.05 0.06 0.05 0.09 0.03 0.03 0.01 0.04 0.01 0.03 0.08 0.04 0.04 0.07

AlLOs 0.01 0.03 0.02 0.01 0.02 0.03 0.00 0.06 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.01

TiO, 51.71 51.58 51.57 51.56 5138 51.77 51.07 50.62 51.85 51.50 51.72 5191 52.04 51.51 51.50 5191 52.10 51.78

FeO 43.03 43.55 4337 4427 44.06 4455 4428 4353 4499 4480 4292 4355 43.89 43.16 4440 4525 45.18 4495

Fe,O3 .12 121 092 1.13 1.28 1.17 184 1.70 129 125 0.89 0.94 097 1.18 1.12 0.78 0.41 0.60

V,05 0.02 0.05 0.06 0.15 0.16 0.17 023 0.07 0.18 0.18 0.03 0.13 0.16 0.12 0.18 027 021 0.21

MnO 390 332 337 260 2.68 250 246 2.63 222 208 395 3.49 336 3.65 236 1.77 187 1.83

Total 99.81 99.77 99.34 99.73 99.62 100.24 99.92 98.70 100.58 99.85 99.54 100.06 100.45 99.65 99.65 100.04 99.83 99.44

Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.002

Al 0.000 1.636 0.000 1.599 0.000 1.559 0.000 1.499 0.000 1.428 0.000 1.333 0.000 1.199 0.000 0.999 0.000 0.669

Ti 0.164 0.179 0.179 0.196 0.196 0.218 0216 0243 0.245 0.279 0.282 0.328 0.328 0.392 0.394 0.491 0.495 0.660

Fe** 0.152 0.168 0.168 0.187 0.187 0.209 0.208 0.233 0.236 0.270 0.260 0306 0.307 0.365 0.378 0.476 0.478 0.637

Fe** 0.004 0.004 0.003 0.005 0.005 0.000 0.008 0.009 0.006 0.007 0.005 0.006 0.007 0.010 0.000 0.008 0.004 0.000

A\ 1.666 0.000 1.636 0.001 1.600 0.002 1.556 0.001 1.501 0.002 1.428 0.002 1.334 0.002 1.206 0.006 1.002 0.006

Mn 0.014 0.013 0.013 0.011 0.012 0.012 0.012 0.014 0.012 0.013 0.024 0.025 0.024 0.031 0.020 0.019 0.020 0.026

Total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Note: Gab = oxide-poor gabbro; Ore = oxide-rich gabbro; n = number of analysis.

microprobe wavelength-dispersive spectrometry at the
State Key Laboratory of Lithospheric Evolution, Institute
of Geology and Geophysics, CAS. The beam current was
20 nA with acceleration voltage of 15 kV and beam size of
1 um. Both natural and synthetic standards were used for
silicate and oxide minerals calibration.

4 Results

4.1 Clinopyroxene

Mg number (Mg") ranges from 32.52 to 44.18 and from
50.18 to 58.97 for clinopyroxenes in the oxide-rich and
oxide-poor gabbros, respectively. Clinopyroxenes had
SiO, contents ranging from 51.49 to 55.54. Content of
ALO; and TiO, vary from 0.64 to 2.35 wt% and from
0.013 to 0.19 wt%, respectively. The CaO content ranges

from 11.34 % to 12.27 %, which positively correlated with
Mg" (Fig. 4a). In contrast, the MnO content (0.15-0.37
wt.%) increases with decreasing Mg” (Fig. 4b), reflecting
a fractionation trend (Charlier et al., 2009).

4.2 Fe-Ti oxides

Magnetites and ilmenites in the gabbros of the Zhuqing
area have a wide range in composition (Table 2). Variable
Ti content in magnetites was most likely caused by
ilmenite exsolutions within the magnetites. Higher Ti
content merely reflected the absence of large ilmenite
exsolutions within these magnetites. However, the lower
and variable Ti content of the magnetites is to variable
amounts of coarse ilmenite exsolutions in the magnetites.
V,0; contents vary from 0.22 to 1.17 wt% and Cr,O3
contents from 0.01 to 0.45 wt% for magnetites in the
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pyroxene in the intrusions in the Zhuqing area.

oxide-rich and oxide-poor gabbros, respectively. Cr,O;
and TiO, contents correlated well with V,0;3 content in
magnetite (Fig. 5). The ilmenites contain < 0.08 wt%
MgO, <0.06 wt% Al,0Os, and < 0.01 Cr,0;. TiO, content
in the ilmenites range from 50.62 to 52.10 wt%, higher
than that of pure ulvospinel (Fe,TiO4, 36 Wt%). The FeO /
Fe,O; ratios range from 24 to 57, with two exceptions
(Fig. 6a). The FeO, MnO and V,0; correlate well with
TiO, (Fig. 6b—d).

5 Discussion

5.1 Unique mineral compositions

Compositional analyses of the samples for this study
would not likely yield the original composition because
the variable mineral composition in mafic intrusions could
be modified not only by fractional crystallization but also
by other processes, such as magma mixing, crystallization
of trapped intercumulus liquid and sub-solidus re-
equilibration between minerals (Barnes, 1986).

The sub-solidus re-equilibration could lead to
redistribution of elements between oxide minerals and
silicate mineral assemblage. Along with the decreasing
temperatures, the Fe-Mg exchange would cause the Fe-Ti
oxides to become poorer, and clinopyroxene richer in Mg

@
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Fig. 5. Plots of V,0; versus Cr,O; (a) and TiO, (b) for
magnetite in the intrusions in the Zhugqing area.

content on cooling (Frost et al., 1988; Frost and Lindsley,
1991). The crystallization of trapped intercumulus liquid
is also capable of forming overgrowths that, on
equilibration of cumulus minerals, shifts their
compositions to become more evolved in comparison with
the original compositions (Barnes, 1986).

If this Fe—Mg exchange exists, the silicate minerals in
most oxide-rich samples might be richer in Mg, causing
the increasing Mg” in clinopyroxene. In contrast, the
mineral in the oxide-poor silicate rocks could yield a low
Mg content. In the present study, the Mg’ in
clinopyroxene is higher in the oxide-rich gabbros than
those in the oxide-poor samples (Table 1, Fig. 7a). It
seems that the exchange of Fe—-Mg between magnetite and
clinopyroxene during cooling stage existed. However, the
CaO and MnO contents in clinopyroxene positively and
negatively correlate with Mg”, respectively, suggesting
that the clinopyroxene was originally fractionally
crystalized from parental magma (Charlier et al., 2009)
(Fig. 4). Furthermore, The MgO content in the Fe-Ti
oxides of the Zhuqing gabbros is too low to process Fe*'-
Mg*" exchange with clinopyroxene. As a result, the sub-
solidus re-equilibration and the crystallization of trapped
intercumulus liquid may not have significantly affected
clinopyroxene in the Zhuqing gabbros, indicating that
clinopyroxene and the Fe—Ti oxides in the gabbros of the
Zhuqing area was mainly originally derived from parental
magma rather than from Fe-Mg exchange with Fe-Ti
oxides.
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Compared to magnetites in other typical oxide-barring
intrusions such as the Bushveld Complex (Reynolds,
1985a), the Skaergaard intrusion (Naslund, 1984), the
Fedorivka intrusion (Duchesne et al., 2006) and the
Suwalki anorthosite (Charlier et al., 2009), the magnetites
in the Zhuqing gabbros have obviously lower Fe,0;, MgO
and higher TiO, (Fig. 8). The ilmenites from the Zhuqing
intrusions had much lower MgO and Fe,O; but higher
TiO, than those of the Bushveld Complex (Reynolds,
1985a), the Skaergaard intrusion (Naslund, 1984), the
Fedorivka intrusion (Duchesne et al., 2006), and the
Suwalki anorthosite (Charlier et al., 2009) (Fig. 9). The
clinopyroxene (CPX) (Mg” = 46) in the intrusions of the
Zhuqing area were more evolved than other typical Fe-Ti
oxide-rich complexes (Skaergaard intrusion: Mg" = 65;
McBirney., 1996; Bushveld Complex: Mg" (Cpx) = 67;
Tegner et al., 2006; Windimurra Complex: Mg” (Cpx) =
67; Mathison and Ahmat, 1996).

Magnetites in the oxide-rich gabbros generally have
relatively higher FeO, V,03;, MnO and Cr,O; contents and
lower Fe,O; content than those in the oxide-poor gabbros
(Fig. 7). Ilmenites in the oxide-rich gabbros have relatively
higher FeO, V,0;, and MgO contents and lower MnO
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Fig. 8. Plots of Fe,O; versus MgO and TiO, for magnetite in
the Bushveld Complex (Reynolds, 1985a), the Suwalki
anorthosite (Charlier et al., 2009), the Skaergaard intrusion
(Naslund, 1984), the Fedorivka intrusion (Duchesne et al.,
2006), and the intrusions in the Zhuqing area.

content than those in the oxide-poor gabbros (Fig. 7). The
positive correlation between V,0; and Cr,O; contents in
magnetite compositions (Fig. 5) is consistent with the
compatible behavior of Cr and Ni in magnetite (D¢, =
153, Rollinson, 1993; Dy = 31-65, Nielsen, 1992),
suggesting that the higher Cr content of the oxide-rich
gabbros relative to the oxide-poor gabbros was not only
because the oxide-rich gabbros contained more magnetite
but also because the magnetite was richer in Cr content. Mg
numbers of clinopyroxenes from the oxide-rich gabbros
were generally higher than those of clinopyroxenes from the
oxide-poor samples (Fig. 7a). The Mg" deceases whereas
MnO increases from the base upward in the lower cyclic
unit (Fig. 7a and 7b) which is consistent with fractional
crystallization of the magma from the base to the top. This
finding was further confirmed by the variations in mineral
composition of the Fe-Ti oxides across the profile of the
intrusions in the Zhuqing area (Fig. 7c—7f), suggesting that
fractional crystallization and cumulative processes were
responsible for the formation of the gabbros and magnetite
layer in a single cycle.
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Fig. 9. Plots of Fe,O; versus MgO and TiO, for ilmenite in

the Bushveld Complex (Reynolds, 1985a), the Suwalki

anorthosite (Charlier et al., 2009), the Skaergaard intrusion

(Naslund, 1984), the Fedorivka intrusion (Duchesne et al.,

2006), and the intrusions in the Zhuqing area.
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5.2 Oxygen fugacity

Oxidation—exsolution of magnetite commonly involves
the removal of Ti, Al and Mg to form ilmenite and spinel.
Buddington and Lindsley (1964) interpreted magnetite,—
ilmenites; intergrowths as products of subsolidus
oxidation—exsolution of pre-existing magnetite—ulvspinel
solid solutions. Exsolution patterns and fabrics vary with
increasing degrees of oxidation and diffusion, resulting in
a systematic series of microtextures from a single-phase
homogeneous ulvospinel grain, through trellis or sandwich
intergrowths of ilmenite lamellae to granules of ilmenite
within or on the external borders of magnetite.
Experimental evidence has shown that oxidation affects
the (magnetite—ulvospinel)s, precursor crystals from the
rim towards the core (Haggerty, 1991). Microtextures of
magnetite in the Zhuqing Fe-Ti oxide ore deposits, for
instance, presented ilmenite exsolutions in magnetite
mostly at the rim, rather than the core (Fig. 3e-3f),
indicating that they belonged to the oxidation—exsolution
stage of trellis or sandwich intergrowths of ilmenite
lamellac. Moreover, the trellis and sandwich textures of
the magnetite with ilmenite lamellae from the Zhuqing
intrusions were consistent with the features of an early
stage which was classified by Haggerty (1991) on the
basis of increasing oxidation. Observations based on the
general exsolution sequence of microtextures for a
primary magnetite—ulvospinel solid solution during
successive oxidation suggested a relatively low fO,.

DM decreases by approximately one order of
magnitude with increasing fO, from NNO-0.7 to NNO+2.6
(Canil, 1999; Toplis and Corgne, 2002), and thus magnetite
crystallizing early at high fO, is characterized by relative
consistent V,0; contents (Pang et al., 2010; Bai et al.,
2012). The magnetites in all the samples from the Zhuging
Fe-Ti—V oxide ores have obviously higher V,0; content
than those in the oxide-poor gabbros (Fig. 7c), suggesting a
relatively high V distribution coefficient between magnetite
and silicate melts because of the absence of high fO, values
in the rocks from the Zhuqing area. Therefore, the high fO,
did not induce extensive magnetite crystallization at an
early stage in the Zhuqing magma; on the contrary, the Fe—
Ti oxide would be saturated in the residual magma after a
lengthy Fenner trend period at relatively low fO,
conditions.

Oxygen fugacities and the temperatures at which the
minerals last equilibrated can be estimated based on
compositions of magnetite and ilmenite pairs (Buddington
and Lindsley, 1964; Andersen and Lindsley, 1985). We
conducted calculations on magnetite—ilmenite mineral
pairs using the ilmenite—-magnetite geothermobarometry
program ILMATI120 (Lepage, 2003) based on the
geothermometer of Anderson and Lindsley (1985). The

blocking temperatures and fO, of subsolidus equilibration
ranged from 640 to 450 °C and from 27 to 24 (-IgfO,),
respectively. This suggested that the end of subsolidus
equilibration for magnetite and ilmenite of Zhuqing Fe-Ti
oxide ores occurred at a low fO, condition, which was
consistent with the above estimates based on mineral
compositions and oxidation—exsolution textures of the
Zhuqing samples.

5.3 Implications for petrogenesis and mineralization

Immiscible separation of Fe-rich liquids from silicate
magmas has been proposed as an explanation for oxide ore
body formation and the interstitial nature of the oxides in
the host rocks (Lister, 1966; Philpotts, 1967; Reynolds,
1985a; Zhou et al., 2005; 2013; Dong et al., 2013; Wang
and Zhou, 2013; Wang et al., 2013; Chai et al., 2014).
Immiscible oxide melt would be denser than the silicate
magmas from which they formed, and would likely
percolate downward through the crystal-bearing silicate
magma into the crystalmush at the base of the magma
chamber. Abundant apatites associated with magnetites
occur in anorthosite massifs as well as in layered
intrusions (Philpotts, 1967; Kolker, 1982; Reynolds,
1985a; Nystroem and Henriquez, 1994). In particular,
apatite-rich magnetite ores in anorthosite massifs, known
as nelsonite, are thought to have formed from immiscible
Fe-rich liquids (Naslund et al., 2002). Phosphorus usually
plays a very important role in expanding the immiscibility
field (Watson, 1976; Freestone, 1978; Visser and Koster
van Groos, 1979; Ryerson and Hess, 1980). However, the
lack of abundant apatites (Fan et al., 2013) in these Fe—Ti
oxide ore horizons was against the immiscible model.

The formation of Fe-Ti oxide deposits was generally
thought to result from the crystallization of magnetite and
ilmenite during the late stage in mafic-ultramafic magmas
(Reynolds, 1985a, b). However, it has been suggested that
magnetite may crystallize at an early stage from magma at
a relatively high fO, (Toplis and Caroll 1995; Ganino et
al. 2008; Pang et al. 2010; Bai et al. 2012). The timing of
crystallization of Fe-Ti oxides is a very important factor
for the understanding of the magma differentiation
mechanism of Fe-Ti oxide crystallization and
accumulation but remains under debate.

The MgO content of ilmenite has no systematic
variation in fO, changes (Toplis and Carroll., 1995;
Botcharnikov et al., 2008) and the main controlling factor
is probably the MgO content of the liquid. The ilmenites
from the intrusions in the Zhuqing area had much lower
MgO than those of the Bushveld Complex and the
Skaergaard intrusion (Fig. 9). The clinopyroxene in the
Zhuqing intrusion were more evolved than other typical
Fe-Ti oxide-rich complexes (e.g., Skaergaard intrusion,
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Bushveld Complex, Windimurra Complex). These
characteristics may reflect that the Fe-Ti oxides from the
Zhugqing intrusion crystallized at a relatively late stage of
evolution from a more evolved magma.

As previously discussed, factors that could induce
extensive magnetite crystallization at an early stage, such
as high fO,, were absent in the rocks from the Zhuqing
area. Therefore, late-stage fractional crystallization of
titanomagnetite and ilmenite from an evolved parental
magma most likely resulted in the formation of Fe-Ti—V
oxide deposits in the intrusions from the Zhuqing area.

Sharp reversals of mineral components (Fig. 7) between
the boundaries of the cycles indicated that multiple pulses
of magma replenishment in the magma chamber may have
been involved in the formation of the Zhuqing oxide ore
deposits because fractional crystallization and cumulative
processes were only responsible for the formation of the
Zhuqing gabbros and Fe—Ti oxide layer in a single cycle.
Moreover, a new recharge of more Cr- and V-rich magma
was also confirmed by the presence of higher Cr,0; and
V,0; in magnetite from the base of each cycle (Table 2).
Firstly, Fe-Ti oxide as well as clinopyroxene crystallized
at the lowermost zone of the chamber due to the rapid
cooling of the lowermost layer by heat loss to the
overlying layer. Subsequently, during settling, sorting of
these minerals due to the density contrast would form a
Fe-Ti oxide ore layer and an overlying layer of
mineralized silicates in the lower cycle. The primitive
parental magma, enriched in Fe, Ti, Mg, Cr, and V,
entered the magma chamber and spread out at the base of
the upper cycle beneath the resident magma after the
density of the residual magma decreased as a result of
fractionation and removal of clinopyroxene and oxide
minerals. The magma mixture underwent the same
sequence of crystallization and sorting to form the upper
Fe-Ti oxide layer with a silicate rock layer in the upper
cycle. Therefore, both fractional crystallization and
multiple magma recharge episodes played important roles
in generating the Zhuqing Fe—Ti oxide rich layers.

6 Conclusions

The following conclusions were drawn from this study:

(1) Rocks of the mafic intrusions in the Zhuqing area
did not have high oxygen fugacities based on the
calculations; the relatively high V distribution coefficient
between magnetite and silicate melts and the specific
magnetiteg—ilmenitey; intergrowths due to subsolidus
oxidation—exsolution.

(2) The clinopyroxene, magnetite and ilmenite in the
intrusions of the Zhuqing area have much lower MgO than
those of other typical Fe-Ti oxide-rich complexes,

indicating that the Fe—Ti oxides from the intrusion in the
Zhuqing area crystallized at a relatively late stage of
evolution from a more evolved magma.

(3) Sharp reversals occur in Fe-Ti oxides and
clinopyroxene at the boundary between the upper and
lower cycles of the intrusions in the Zhuqing area,
suggesting multiple episodes of magma recharge during
magma evolution.
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