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Economic concentrations of Fe—Ti oxides occur as massive, conform-
able lenses or layers in the lower part of the Panzhihua intrusion,
Emeishan Large Igneous Province, SW China. Mineral chemistry,
textures and QUILF equilibria indicate that oxides in rocks of the
intrusion were subjected to extensive subsolidus re-equilibration and
exsolution. The primary oxide, reconstructed from compositions of
litanomagnetite in the ores and associated intergrowths, is an alumi-
nous titanomagnetite (Uspyy) with 40 wt % FeO, 54wt % Fe;0 5,
165wt % Ti0y 53wt % Aly05 3-5wt %9 MgO and 0-5 wt %
MnO. This composition ts similar to the bulk composition of the
oxide ore, as inferred from whole-rock data. This similarity strongly
suggests that the ores formed from accumulation of titanomagnetite
crystals, not_from immiscible oxide melt as proposed in earlier studies.
The occurrence of oxide ores in the lower parts of the Panzhihua
intrusion is best explained by settling and sorting of dense titanomag-
netite in the ferrogabbroic parental magma. This magma must have
crystallized Fe—Ti oxides relatively early and abundantly, and is
likely to have been enriched in Fe and Tt but poor in SiO, These
Jeatures are consistent with fractionation of mantle-derived melts
under relatively high pressures (~10 kbar ), followed by emplacement
of the residual magma at ~5kbar. Thus study provides definitive
field and geochemical evidence that Fe—"T1 oxide ores can form by
accumulation in ferrogabbro. We suggest that many other massive
Fe—Ti oxide deposils may have formed in a similar fashion and
that high concentrations of phosphorus or carbon, or periodic fluctua-
tion of O, in the magma, are of secondary importance in ore
Jormation.
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INTRODUCTION

Magmatic Fe—Ti oxide ores are commonly associated with
or hosted in mafic intrusions or Proterozoic anorthosite
complexes (Bateman, 1951; Lister, 1966; Force, 1991). These
ores are important sources of Te, Ti, Vand P, and are gen-
erally characterized by complex field and textural rela-
tions. Field evidence shows that they occur either as
disseminated oxides in homogeneous silicate rocks, or as
veins, lenses or layers of massive Fe—'T1 oxides £ apatite
(i.e. nelsonite) that are in sharp contact with their host
rocks (e.g. Willemse, 1969; Duchesne, 1999). In addition,
oxide minerals in these rocks commonly display curved
boundaries against coexisting silicate minerals (von
Gruenewaldt, 1993; Duchesne, 1999). The origin of these
ores has been controversial partly as a result of such diver-
sity. Two attractive but contrasting models proposed for
their formation include sorting of Fe—Ti oxide crystals
from magmas (Emslie, 1975; Ashwal, 1978; Duchesne, 1999;
Charlier et al., 2006), and accumulation of oxide melts that
resulted from immiscible separation in magmas (Lister,
1966; Kolker, 1982; Force, 1991; von Gruenewaldt, 1993).

A unique feature of Fe—Ti oxide ores and associated intru-
sive rocks is their magmatic origin. They underwent slow
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cooling in crustal magma chambers, a process that modifies
both the original composition and textures of the oxide
minerals present in them (Frost & Lindsley, 1991, 1992). This
leads to a loss of magmatic information that is critical in the
understanding of the origin of these ores. The present study
focuses on the textures, mineralogy and chemistry of oxide
minerals in rocks of the Panzhihua intrusion, Emeishan
Large Igneous Province (ELIP), SW China. The intrusion
hosts a significant Fe—Ti oxide deposit and provides a good
opportunity to investigate how such ores formed. Here,
we provide compositional data for oxide minerals in the
rocks of the Panzhihua intrusion. Using these data, we
investigate the cooling history of these rocks and the origin
of Fe—T1 oxide ores.

GEOLOGICAL BACKGROUND
Regional geology

Southwest China includes the Yangtze Block to the east and
the Tibetan Plateau to the west (Fig. 1, inset). The region
where the ELIP is exposed lies close to the western
margin of the Yangtze Block and the eastern margin of
the Tibetan Plateau. The ELIP consists of huge volumes of
flood basalts, known as the Emeishan basalts, and a diverse
assemblage of plutonic rocks that resulted from mantle
plume-related magmatism in the Late Permian at
~260 Ma (Chung & Jahn, 1995; Xu et al., 2001; Zhou
et al., 2002; Xiao et al., 2004; Zhang et al., 2006). The
Emeishan basalts are mainly exposed in the Sichuan,
Guizhou and Yunnan Provinces, covering an area of
~0-5x10°km® In the Panzhihua-Xichang (Pan-Xi)
region of the western ELIP, a series of north—south-trend-
ing faults have exposed the plutonic rocks, including felsic
and mafic—ultramafic intrusions, over a considerable range
of emplacement depths.

Mafic—ultramafic intrusions in the Pan—Xi region include
the Panzhihua, Hongge, Baima, Taihe, and Xinjie intru-
sions. Zhou et al. (2002, 2005) and Zhong & Zhu (2006)
showed that the intrusions are coeval with the associated
Emeishan basalts, based on sensitive high-resolution ion
microprobe U-Pb zircon geochronology of the intrusions
and of the dykes that fed the basalts. The mafic—
ultramafic intrusions are characterized by well-developed
igneous layering. They commonly contain stratiform Fe—Ti
oxide orebodies in the lower parts of the intrusions, or as
cyclic units within the intrusions. The Xinjie and Hongge
intrusions contain ultramafic portions, whereas the
Panzhihua, Baima, and Taihe intrusions are mafic through-
out. These intrusions represent an important Fe—Ti—V
resource in China. The total estimated reserve exceeds 6000
Mt of ore with 27-45% FeO, 11-12 wt % TiOy, and 0-24—
0-3wt % Vo035 (Ma et al., 2003). The Panzhihua intrusion
has been mined for Fe—Ti oxides for more than 30 years
and mining activity is still continuing at present. Other
intrusions are currently under re-evaluation.

Geology of the Panzhihua intrusion

The Panzhihua layered gabbroic intrusionis a 19 km long sill
thatstrikes NE-SWand is cut by a series of NW—SE-trending
faults into the Zujiabaobao, Lanjiahuoshan, Jianshan,
Daomakan, Gongshan and Nalaging segments (Fig. 2). The
igneous layering strikes parallel to the long axis of the intru-
sion and in general dips 50-60° NW. The exposed gabbroic
cumulates have a maximum thickness of ~2 km. The foot-
wall of the intrusion consists of Neoproterozoic dolomitic
limestone (Dengying Formation), locally transformed to
marble as a result of contact metamorphism. Abundant
marble xenoliths close to the basal contact suggest that the
Panzhihua magmawas directly emplaced into the carbonate
country rocks. Theroof contact is not exposed, but is mapped
as a thrust fault against the hanging-wall syenite (Fig. 2).
Field relations indicate that the syenite intruded the nearby
Emeishan basalts. The Panzhihua intrusion and associated
syenite are unconformably overlain by Triassic terrigenous
sedimentary rocks.

The zonal division and the variations in mineral composi-
tion of the Panzhihua intrusion are summarized in Fig. 3.
These data will be discussed in detail in a subsequent
publication. The Panzhihua intrusion is divided into four
zones from the base upwards: the Marginal zone (MGZ),
Lower zone (LZ), Middle zone (MZ) and Upper zone
(UZ) (Ma et al., 2001). These divisions were adopted by
mining geologists regarding the gross structure and/or tex-
ture observed in the rocks of the intrusion, but do not reflect
the appearance or disappearance of cumulus minerals.
We follow this subdivision for consistency with a previous
study by Zhou et al. (2005). The MGZ consists mainly of
microgabbro interpreted to be the chilled base of the intru-
sion. The LZ is composed of gabbros and oxide-gabbros that
are coarse-grained and without a prominent layered struc-
ture. The LZ locally contains pegmatoidal facies that are
generally absent in the overlying zones. The MZ is also com-
posed of gabbro and oxide-gabbro, but with medium grain
size, well-developed igneous layering and magmatic folia-
tion compared with the LZ rocks. The layered structure is
represented by alternative melanocratic layers rich in mafic
minerals and leucocraticlayersrichin plagioclase. The thick-
nesses of these layers range from a few centimeters to several
meters. The magmatic foliation is marked by the preferred
orientation of plagioclase subparallel to that of the layering.
Inthis study, the MZis subdivided into MZa and MZbbased
onthe appearance of cumulus apatite (Fig. 3). The UZ1is com-
posed mainly of leucogabbro with minor layers of olivine
gabbro, olivine clinopyroxenite and anorthosite.

In this study, a three-fold lithological classification has
been adopted for rocks of the Panzhihua intrusion and this
is used throughout: gabbro (0-25vol. % Fe—Ti oxides),
oxide-gabbro (2550 vol. % Fe—T1 oxides), and Fe—Ti oxide
ores (50—100vol. % Fe—T1 oxides). There is a spectrum of
modal mineralogy from Cpx + Plag ~100 vol. % (gabbro)
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Fig. 1. Generalized geological map of the Pan—Xi area, Emeishan Large Igncous Province, SW China showing the distribution of mafic—ultra-
mafic intrusions that host Fe—Ti oxide mineralization (e.g. Panzhihua, Hongge, Baima). Inset shows the location of the study area within China.

to Mt (+ minor Ilm) ~100 vol. % (ores). All the rocks con-
tain minor olivine ranging from ~5 to 20 vol. % in abun-
dance, but this does not affect the above classification.

Contact relations of the oxide bodies

Massive or semi-massive Fe—Ti oxide bodies have
different sizes and morphologies in the MGZ, LZ and
locally in the lower part of the MZa of the Panzhihua
intrusion. For example, some of them occur as centimeter-
scale ore bands that appear intact in homogeneous silicate

rocks (Fig. 4a). The silicate rocks commonly contain sub-
stantial amounts of Fe—Ti oxides, resulting in a gradational
appearance in contact with the ore bands. Other oxide ore-
bodies occur as conformable masses that are in
sharp contact with adjacent silicate rocks, including thick
(~20-60m) lenticular masses (Fig. 4b), dyke-like bodies
(Fig. 4c) and thin tabular sheets (Fig. 4d). Most contacts
between the conformable orebodies and the adjacent
silicate rocks are planar, with orientation similar to the
igneous layering (Fig. 4b and d).

297

220z 1snbny /| uo Jasn aoisnp jo Juswyedsaq ‘SN Aq #81¥E£5G1/S62/2/61/2101e/ABojosjad/woo dno-oiwapede//:sdiy woiy papeojumoq



FEBRUARY 2008

NUMBER 2

VOLUME 49

JOURNAL OF PETROLOGY

Downloaded from https://academic.oup.com/petrology/article/49/2/295/1553484 by U.S. Department of Justice user on 17 August 2022

Daomakan

7 ~
I 1 F e 13
woel=" ="l Rt )
o S = Te] Cbena o o o w
L A TR L A R 03. =0 cC O = =
N AT AN INT AN T AN 2N AN . m o S % o m
N? Tt Lopnie op il s A il e o~ _ N o © % 3 5 a
S G e i e T i B RS LT £ 2 o5 © 2 g 2 E R=
e i e L T T R it hNE| L ® & o &8 0 O E= 98 ®© —
/.../\I_\_,___,.ﬁl_\z___,__.I_.\/\,___I_.\/:_._I_.\ i R O nn.u % oL = w mu 2= w © o
r— I— (= (= L] = B %= € B
V,\__\.,_\V_\__\..\V_\__\xx,rﬁ\xx,r.\ AA e 2 E B & ] e 3 8 8 w m .m.
R R S G LY f @ 5 [ = c o 0o
/;_Z\I_\,;\,m_l_.;\,m_l_.;_.,,_l_ v = .mm m Mu M W JM _nl.u nmu 3 m m bd .m
- I = I = = - w @ =
o o RTINS N | B S s 8 S S L P pol « D
J } = ! s I~ ! - Q=
+ 0 = g 0 ANV A A e i e L R o= £ m - 0O 0 OO =
N AN AN T AN SN nm D £ 0 ¥ 8 35 X 5
.uc4x+x+ % =) ININT IS N SN T NN T NN T @ E & © T @ 2 2 T E =
Sx* Pl s ¢iodi o= Blete Silate flarsdyln S uwaa Wwzaoaodlha
2 e W et il e Wt e Rt -
- +x Tt Fie / ! ! !
b © e e R P SR e
NG\ | Losinsiadin [ ED Qe D0 B N A
4 X = I~ [ 1= 1=
%% et N wnyjyzusg .
= - o I S B O M A P Y
- = L AN e -
| PRoaml AT A e A ) NS
= R P e R T E—
= ...\: __...;\.)Hff\\/“ff\\_/_qf L A T ™ =
L] T A e R A R el TP St PR SR Wy
e CU P W L S U S A B
M Fmpynld et Syt =y
AN A S A A 1A
~! o ATV ATAIRRAYA g M ]
© V2 A LA BT S PR RN
= e e B B e L. V e
n R A . ot
c AR T AN T AN N T NN T —
= R el : u .
= i

ig. 2. Geological map of the Panzhihua intrusion (modified after Zhou et al., 2005). The star indicates the location of the Lanjiahuoshan

opencast mine.

contain larger grains of clinopyroxene and plagioclase set in

PETROGRAPHY

a matrix of the above minerals. Gabbro and oxide-gabbro

The microgabbro in the MGZ of the Panzhihua intrusion

MZ and UZ of the intrusion contain a mineral

>

from the LLZ

contains clinopyroxene and plagioclase & hornblende, with

plagioclase, titano-

clinopyroxene,

assemblage of olivine,

minor olivine, titanomagnetite, ilmenite and apatite. It is

magnetite and ilmenite, with minor hornblende, apatite,
pyrrhotite and pentlandite. Primary cumulus textures of

characterized by an equigranular texture with grain sizes

between 0-2 to 0-5mm. Some porphyritic microgabbros
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Fig. 3. Generalized stratigraphic section, showing the mineral occurrence and composition in the Panzhihua intrusion (K.-N. Pang & M.-F.
Zhou, unpublished data). FW, footwall; MGZ, Marginal zone; LZ, Lower zone; MZa, Middle zone a; MZb, Middle zone b; UZ, Upper zone.
Continuous line indicates ubiquitous occurrence; dashed line indicates sporadic occurrence.

.

Fig. 4. Ficld relations between oxide bodies and their host rocks. (a) Centimeter-scale bands of oxide ore that appear intact within silicate host-
rocks at the Nalaqing mine. (b) A thick, lenticular body of Fe—Ti oxides in sharp contact with layered gabbro in MZa at the Jianshan mine.
(c) A dyke-like body of Fe—Ti oxides cutting gabbro at the Jianshan mine. (d) Thin tabular sheets of Fe—T1 oxides in sharp contact with oxide
gabbro in MZa at the Jianshan mine.
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Fig. 5. Thin-section textures of Fe—Ti oxides in the rocks of the Panzhihua intrusion. (a) Oxide-gabbro consisting of cumulus clinopyroxene and
plagioclase surrounded by interstitial Fe—Ti oxides. (b) Grains of polygonal magnetite and ilmenite with boundaries that meet at ~120° triple
junctions in Fe—Ti oxide ore; the presence of hercynitic spinel lamellae in the magnetite host should be noted. (c) Oxide ore containing isolated
grains of clinopyroxene and plagioclase in an oxide matrix. (d) Euhedral magnetite inclusions in a clinopyroxene grain in Fe—Ti oxide ore. Cpx,
clinopyroxene; Ilm, ilmenite; Mt, magnetite; Ol, olivine; Opa, opaque oxides; Pl, plagioclase; Po, pyrrhotite; Spn, hercynitic spinel.

olivine, clinopyroxene and plagioclase are rarely preserved;
the major evidence for the cumulate nature of the rocks is the
presence of layering. Subsolidus recrystallization is evident,
especially for plagioclase, which occurs as aggregates of
small grains with well-annealed junctions. As a result, the
gabbros are characterized by a large range in grain size.
Iron—titanium oxides occur as interstitial fillings between
the silicate minerals in the gabbros (Fig. 5a), or as an inter-
connected matrix of aggregated oxide grains surrounding
the silicate minerals in the oxide-gabbros. The oxide assem-
blage inrocks of the MGZ, .Z and MZa is dominated by tita-
nomagnetite, whereas that in rocks of the MZb and UZ
consists of both titanomagnetite and ilmenite in subequal
amounts. Coarse-grained plagioclase exhibits high-tem-
perature deformation in the form of curved polysynthetic
twinning. Local alteration includes saussuritization of plagi-
oclase, replacement of plagioclase by a fine matrix of albite
and sericite, replacement of clinopyroxene by hornblende
and the development of chlorite.

The Fe—T1i oxide ores of the Panzhihua intrusion contain
small amounts of the same silicate minerals that occur in the
gabbroic rocks as described above, but their amounts and
distribution are highly variable. The silicate minerals can be
highly variable, even in samples taken close together.
Titanomagnetite is dominant over ilmenite in the ores, as in
the gabbros and oxide-gabbros in the same stratigraphic
units, as described above. The ores with low silicate contents
are characterized by a massive granular texture consisting of
medium to coarse polygonal grains of titanomagnetite and
ilmenite, with typical sizes ranging between 1 and 1-5 mm
(Fig. 5b). Most boundaries between titanomagnetite and
ilmenite are straight to slightly curved and meet at distinct
triple junctions with ~120° interfacial angles. Some ores con-
tain appreciable amount of silicates as aggregates and/or iso-
lated grains set in a matrix of titanomagnetite and ilmenite
(Fig. 5¢). These have oxide grains that are smaller than those
in the massive oxide ores but with the same granular polygo-
nal texture and ~120° triple junctions. Silicate minerals
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— 50 um Sample NJO4

Fe—Ti OXIDES IN MAFIC INTRUSIONS

— 200 um  Sample NJ62

Fig. 6. Backscattered electron images of the Panzhihua oxides. (a) Blebs and lamellae of hercynitic spinel lying on the (100) planes of the
magnetite host in oxide-gabbro; the presence of a fine pattern of ulvéspinel micro-intergrowths on the same plane of the host should also be
noted. (b) Ilmenite lamellae lying on the (111) planes of the magnetite host in gabbro resulting in a trellis texture (Haggerty, 1976, 1991); the
presence of irregular ilmenite patches thought to have resulted from granule oxy-exsolution should also be noted.

present in them commonly contain euhedral or anhedral
titanomagnetite inclusions (Fig. 5d).

OXIDE MICROTEXTURES

The Panzhihua titanomagnetite contains three types of
micro-intergrowths: (1) a fine pattern of ulvospinel lamel-
lae along the (100) planes of the host, generally similar to
the cloth microtexture first noted by Ramdohr (1953); (2)
blebs and lamellae of hercynitic spinel along the (100)
planes in the cores of the host; (3) ilmenite lamellae along
the (111) planes of the host that comprise the trellis, sand-
wich, and composite types noted by Haggerty (1976, 1991).
The occurrence of different types of micro-intergrowths is
a function of the oxide content of the rocks. The cloth
microtexture is dominant in the ores and oxide-gabbros
(Fig. 6a); ilmenite lamellac are present only in some
grains. The trellis, sandwich, and composite textures are
dominant in the gabbros (Fig. 6b). Granular ilmenite is
generally free from micro-intergrowths. Fine, discrete
grains of green hercynitic spinel are present in places
along titanomagnetite grain boundaries.

ANALYTICAL METHODS

Samples were collected from the MGZ, LZ and MZ hori-
zons of the Panzhihua intrusion in the Lanjiahuoshan
opencast mine. The locations of samples were projected
onto a SE-NW straight line on a topographic map and
the respective heights were obtained after correction of
the dip of the igneous layering. These values are in good
agreement with those in a previous study by Zhou et al.

(2005). Mining activity does not expose the UZ, which
was instead sampled along a roadcut section.

Oxide minerals were analyzed by wavelength-dispersive
spectrometry using a Cameca SX50 electron microprobe
at The University of South Carolina, USA. The analyses
were performed using a focused electron beam, an acceler-
ating voltage of 15kV and a current of 10 nA. Peak and
background counting times were 30s and 15 s, respectively.
The cores of grains containing a fine pattern of exsolution
textures were analyzed such that any submicroscopic inter-
growths were incorporated into the analyses. Exsolved
phases that are large enough for microprobe analysis were
analyzed separately. Analyses of V in representative sam-
ples were corrected for the overlap of Ti Kf and V Ka
using the technique of Wright & Lovering (1965) and
Carmichael (1967). The standards used include spinel for
Mg and Al, diopside for Si, ilmenite for Ti, chromite for
Cr, magnetite for Fe, manganese oxide for Mn and nicco-
lite (NiAs) for Ni. Repeated analyses of optically homoge-
neous titanomagnetite grains and laboratory standards
suggest the precision is better than +2% relative for most
elements. Ferrous and ferric iron were estimated from stoi-
chiometry and charge balance.

RESULTS

Magnetite in rocks of the Panzhihua intrusion ranges from
near end-member Fe;Oy4 to titanomagnetite containing up
to 16-4 wt % TiOy (Table 1). The abundances of minor ele-
ments are variable: Al,O3 ranges from 0-26 to 4-24 wt %,
MgO from below detection limit (b.d.l) to 3-48 wt %, and
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Table I:  Representative analyses of magnetite from the Panzhihua intrusion

Unit: MGz Lz MZa

Sample: NJOT NJ02 NJ04 NJ11  NJ12  NJ23 NJ29 NJ35 NJ38 NJ41 NJI46 NJ47 NJI51  NJI54 NJI55 NJ59 NJI60 NJ62
Height: 21 4.0 500 774 800 1319 1685 2155 2423 2477 2624 2765 3056 3217 3229 3285 3289 3314
Rock: Mi-gb  Mi-gb Ox-gb Ore Gb Ore  Ore Ore  Ox-gb Lu-gb Gb Ox-gb Gb Lu-gb Ore Ore Lu-gb Ox-gb
n: 9 9 8 10 10 12 10 10 10 8 9 10 10 7 9 6 10 6
TiO, 505 533 1320 1577 1064 1522 1616 1639 1154  4.05 6-.95 539 074 527 1009 1476 666 12-18
AlLO3 307 276 294 321 310 316 346 240 266 257 1.87 157 080 210 322 262 377 298
Cry03 017 028 003 0-04 007 005 005 005 005 005 0-04 005 005 010 005 009 011 0.05
V503 041 nd. n.d n.d. 052 046 046 n.d. n.d. n.d. nd. n.d. 075 nd. nd. nd nd 050
Fe,03 55-64 55.28 40-21 3615 4529 3647 3544 3519 4359 5771 5328 5727 67.00 5618 4599 3799 51.02 42.16
FeO 3441 3370 4066 4190 3871 41.83 41.10 4286 3980 34.83 3745 3420 3171 3520 3713 4045 37.00 3953
NiO 009 009 002 0-02 0-02 004 003 003 002 004 0-03 003 0-06 004 002 002 002 003
MnO 026 029 045 0-55 0-40 060 046 043 045 016 021 027 006 028 036 044 033 038
MgO 093 143 168 2.50 137 202 333 210 115  0-09 018 121 017 046 206 261 020 174
Total 10003 9916 9920 100-16 100-03 99-84 100-49 9945 9925 9950 100-01 99-97 10134 9963 9891 9897 9911 9955
Ti 014 015 037 0-43 0-30 042 044 046 033 012 020 015 002 015 028 041 019 034
Al 014 012 013 0-14 0-14 0-14 015 010 012 011 0-08 007 0-04 009 014 011 017 013
Cr 001 001 000 0-00 0-00 0-00 0-00 000 0-00 0-00 0-00 0-00 0-00 000 000 000 000 0-00
\ 0-01 0-01  0-01 0-01 0-02 0-01
Fe** 157 156 113 0-99 127 101 097 098 1.23 1.65 151  1.62 192 160 129 1.06 145 118
Fe?* 108 1.06 126 1.28 121 129 125 133 125 111 118 1.08 101 112 116 125 117 123
Ni 0-00 000 0-00 0-00 0-00 0-00 000 000 000 0-00 0-00 0-00 000 000 000 000 000 0-00
Mn 001 001 001 0-02 0-01 002 001 001 0-01 0-01 0-01 001 000 001 001 001 001 001
Mg 005 008 009 0-14 0-08 011 018 012 006  0-00 0-01 007 0-01 003 011 014 001 0-10
Total 3.00 300 300 3-00 3.00 3:00 300 3.00 300 300 3.00 300 3.00 300 300 300 300 @ 3-00
Unit: MZa Mzb uz

Sample: NJ66 NJ70 NJ71 NJ77 NJ78 NJ80 NJ85 NJ91 NJ95 LR0O2 LRO8 LR10 LR14 LR15 LR18 LR19 LR21 LR26
Height: 366:0 3823 3872 4122 4147 4285 4565 5180 5472 7280 9454 10563 1277-0 1292.0 1337.0 1352:0 13820 1457-0
Rock: Gb Ore  Ore Ore Gb Ore Gb Lu-gb Ox-gb Lu-gb Gb Lu-gb Gb Ol-cpx Gb Ol-cpx Lu-gb Gb
n: 9 10 8 10 10 10 10 7 10 10 10 10 10 10 10 10 10 5
TiO, 968 1494 1451 1475 658 1504 12.00 11-32 941 874 774 033 221 6-30 286 821 051 3-68
AlLO3 314 271 259 283 139 339 301 271 341 238 241 026 089 1.95 133 328 046 114
Cry03 006 010 010 011 010 006 006 0.06 006 004 004 003 005 0-45 023 202 009 010
V503 nd. n.d. 045 n.d. n.d. n.d. nd. n.d. 064 037 044 050 064 056 062 054 066 071
Fe,03 4693 3791 3938 3869 5500 3768 4292 43.87 4740 4807 5067 6796 6331 5410 6169 4772 6673 59.04
FeO 3825 4000 3968 3932 3653 4022 4018 3975 3722 3896 3760 3144 32561 3599 3333 3725 3135 3452
NiO 003 003 003 002 002 002 004 003 004 003 002 003 003 0-02 009 007 004 001
MnO 032 047 042 047 021 057 038 0-33 036 025 030 002 007 0-34 0-1 043 002 008
MgO 122 304 315 348 050 317 141 112 175 009 034 001 034 055 0-26 1.02 001 0-09
Total 99-63 99:21 100-31 99-69 100-33 100-16 100-00 99:19 10029 9893 9956 10059 100-05 100-27 10054 100-563 99-86 99-37
Ti 027 04 040 0-41 019 041 033 0-32 026 025 022 001 006 018 008 023 001 0-11
Al 014 012 011 012 006 015 013 012 015 011  0M 0-01 0-04  0.09 0-06 014 002 005
Cr 000 000 000 000 000 0-00 000 0-00 000 000 000 000 000 0.01 0-01 0-06 000  0.00
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Table I: Continued

PANG et al.

Fe—Ti OXIDES IN MAFIC INTRUSIONS

Unit: MZa MzZb uz

Sample: NJ66 NJ70 NJ71 NJ77 NJ78 NJ8O NJ8 NJ91 NJ9% LRO2 LRO8 LR10 LR14 LR15 LR18 LR19 LR21 LR26
Height: 366-0 382.3 3872 4122 4147 4285 4565 5180 5472 7280 9454 10563 1277.0 1292.0 1337-0 13520 13820 1457.0
Rock: Gb Ore  Ore Ore Gb Ore Gb Lu-gb Ox-gb Lu-gb Gb Lu-gb Gb Ol-cpx Gb Ol-cpx Lu-gb Gb
n: 9 10 8 10 10 10 10 7 10 10 10 10 10 10 10 10 10 5

\Y 0-01 002 0-01 0-01 0-01 0-02 0-01 0-02 001 002 0-02
Fe** 132 105 109 1.06 1.56 1.03 120 124 132 138 145 1.96 1.83 1.54 1.77 134 194 171
Fe?" 119 123 121 120 1156 122 124 125 1156 124 119 1.01 1.04 114 1.06 116 1.01 111
Ni 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 000 0-00
Mn 001  0-01 0-01 0.01 0-01 0-02 001  0.01 001 0-01 0.01 0-00 0-00 0-01 0-00 0-01 0-00 0-00
Mg 007 0-17 017 019 0-03 0-17 0-08 0-06 0-10 0-00 0-02 0-00 0-02 0-03 0-01 0-06 0-00 0-01
Total 3.00 3-00 3.00 3-00 300 3-00 300 3-00 3.00 3.00 3-00 3-00 3-00 3-00 3-00 300 300 300

MGZ, Marginal zone; LZ, Lower zone; MZa, Middle zone a; MZb, Middle zone b; UZ, Upper zone; Mi-gb, microgabbro;
Gb, gabbro; Lu-gb, leucogabbro; Ox-gb, oxide gabbro; Ore, Fe-Ti oxide ore; Ol-cpx, olivine clinopyroxenite. n.d., not
determined; n, number of analysis.
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Fig. 7. Binary plots of concentrations of major elements vs TiOy for magnetite in the Panzhihua intrusion. (a) FeO; (b) AlyOs; (¢) MgO;

(d) MnO.

MnO from b.d.l. to 0-76 wt %. Magnetite compositions
show positive correlations of AlyO3 MgO, MnO and FeO
with TiOy, with the highest abundances in magnetite in
the Fe—Ti oxide ores (Fig. 7). Titanomagnetite inclusions
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in plagioclase and clinopyroxene are compositionally simi-
lar to those present in the Fe—T1 oxide ores (Table 2, Fig. 7).
Granular ilmenite ranges from end-member FeTiOj to
ferrian ilmenite containing 79wt % FeoOs (Table 3).
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Table 2: Representative analyses of titanomagnetite inclusions hosted in clinopyroxene and plagioclase

Unit: LZ

Mz

Sample: NJO5 NJO5 NJO5 NJO5 NJO7 NJO7 NJ12 NJ18
Height:  53.7 537 537 537 573 573 800 1029

NJ18 NJ18 NJ24 NJ32 NJ37 NJ37 NJ55 NJI57 NJ62 NJI79
1029 1029 1407 1925 2332 2332 3229 3253 3314 4198

Host: Plag Plag Plag Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx
Grain: core n=2 n=2 core <core n=2 n=2 n=2 n=2 n=15 n=2 n=2 n=2 n=2 n=2 n=14 n=2 core
TiO, 17.02 1353 1692 17770 1343 1280 1783 1581 1562 1608 1615 16-14 1579 1557 1250 14.08 1422 1525
Al,O03 219 33 365 237 313 209 216 394 316 426 374 290 324 225 395 4.06 284 299
Cry,03 0-04 004 0.01 004 003 005 006 003 005 0-05 003 006 005 005 005 004 004 002

Fe 03 33.08 3935 3265 3331 3937 4145 3259 3455 3538 3416 3432 3510 3498 3606 4030 3738 3808 3649

FeO 43.87 4080 4459 4116 4197 4087 4341 4049
NiO b.d3 008 001 b.d b.d. b.d. 0-02 0-04
MnO 0-564 040 043 101 050 039 050 050
MgO 148 178 1563 3566 093 1.08 246 324
Total 9821 9931 9982 99156 9937 9875 99.03 98.62
Ti 0-48 038 047 049 038 036 050 044
Al 0-10 014 016 010 014 009 009 017
Cr 0-00 000 000 000 000 000 000 0-00
Fe** 0-94 110 090 092 111 118 091 0-95
Fe?* 1.38 126 137 126 131 129 13 124
Ni 0-00 000 000 000 000 000 000 0-00
Mn 0-02 001 001 003 002 001 002 0-02
Mg 0-08 010 008 019 005 006 014 018
Total 3-00 300 300 300 300 300 300 3:00

4179 4061 4104 4304 4198 4328 3842 3990 4155 41.15
002 003 005 004 001 003 003 002 bd b.d
054 044 042 054 039 071 042 044 062 039
224 352 317 188 229 103 258 265 144 254

9881 9916 9394 9975 9873 9899 9327 9861 9878 9888
044 044 044 045 044 044 035 039 040 042
014 018 0416 013 014 010 0417 018 013 013
000 000 000 000 000 000 000 000 000 000
099 094 095 097 098 102 113 104 107 102

130 124 126 133 130 136 119 123 130 1.27

0-00  0-00 000 000 000 000 000 0-00 000 0-00
0-02  0.01 0-01 002 001 002 001 001 002 0.01
012 019 017 010 013 006 014 015 008 014
3.00 3:00 300 300 300 300 300 300 300 3-00

Abbreviations as for Table 1, and Plag, plagioclase; Cpx, clinopyroxene; b.d., below detection limit.

Other than Fe and Ti, Mg and Mn are the only significant
elements present in the ilmenites, with 0-08-8-5wt %
MgO and 0-42-178 wt % MnO. Granular ilmenite in the
oxide ores has higher Ti and Mg but lower Mn than that
in the oxide-gabbros and gabbros. Ilmenite lamellae in
titanomagnetite have compositions similar to the granular
ilmenite (Table 4). Hercynitic spinel included in titano-
magnetite is a solid solution between spinel sensu stricto
and hercynite. It has 63-9-66-4 wt % Al,Os, 115-15-4 wt
% TeO, and 17-9-20-8 wt % MgO, with trace amounts of
Fe**, Ti and Mn (Table 5).

DISCUSSION

Primary oxide composition

Subsolidus re-equilibration and exsolution commonly mask
the composition of primary Fe—Ti oxides, here defined as
the oxide composition at magmatic temperatures prior
to any of the above processes (Buddington & Lindsley,
1964; Frost et al., 1988; Frost & Lindsley, 1991). Earlier stu-
dies attempted to obtain primary oxide composition via
careful integration of exsolved phases with the host

titanomagnetite in complex Fe—Ti oxide grains (Bowles,
1977; Frost & Chacko, 1989). In this section, we reconstruct
the primary oxide composition for the Panzhihua intru-
sion using a similar technique.

We choose Fe—Ti oxide ores in the Panzhihua intrusion
for the reconstruction of the primary oxide composition.
The reason is that oxide minerals dominate in the ores
and hence are less prone to subsolidus compositional
modification imposed by the coexisting mafic silicates. We
integrate compositions of hercynitic spinel intergrowths
and granular ilmenite to the host titanomagnetite based
on the relative abundance of these minerals. The abun-
dance of hercynitic spinel (relative to the host titanomag-
netite) was estimated by counting on a grid superimposed
on backscattered electron and reflected light microscope
images. Estimation of the relative proportion of primary
and oxy-exsolved ilmenite is challenging because of its
coarse grain size and the fact that the majority of the
ilmenite occurs as discrete granules intergrown with tita-
nomagnetite, not as lamellae within it. However, there are
two lines of evidence against the presence of substantial
amounts of primary ilmenite: (I) whole-rock data for
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Fe—Ti OXIDES IN MAFIC INTRUSIONS

Table 3: Representative analyses of ilmenite from the Panzhihua intrusion

Unit: MGz Lz Mz MZb uz

Sample: NJ02 NJ12 NJ04 NJO5  NJ11 NJ34 NJ42 NJ43 NJ51 NJ58 NJ71 NJ77 NJ78  LRO2 LR18 LR15 LR19
Height: 4.0 80-0 50 53.7 77-4 2086 2496 251-3 3056 3268 3872 4122 4147 7280 1337-0 1292.0 1352-0
Rock: Mi-gb  Gb Ox-gb  Ox-gb Ore Ore Lu-gb Lu-gb Gb Lu-gb Ore Ore Gb Lu-gb Gb Ol-cpx  Ol-cpx
n: 6 8 4 5 7 2 2 2 10 4 2 2 8 6 7 8 8
TiOy 5145 52.01 52560 5363 54.08 5473 4915 5126 49-38 50.97 5457 5529 51.69 5004 4974 5134 5134
Fe,03 5.563 4.42 4.07 329 3.96 2.61 6-43 4.30 794 517 2.99 2.58 4.45 5.75 661 5.86 5.74
FeO 3683 3869 3943 3699 3519 3510 41.87 40-68 39-81 40-37 34.07 3403 4084 4325 4259 3984 3911
MnO 1-24 0-68 0-69 0-66 0-56 059 095 0-81 0.91 0.70 0-52 0-53 072 1.56 1.38 0-83 0-90
MgO 4.56 4.12 3.97 5.87 7-20 756 0.76 2.57 203 265 811 8.50 273 0-08 0-40 3.07 343
Total 9962 9991 10065 100-34 101-00 10059 9916 99-61 100-08 99-86 100-27 100-92 100-43 100-67 100-71 100-94 100-52
Ti 063 064 064 065 064 065 063 064 062 063 065 065 064 063 062 063 063
Fe®* 007 005 005 004 005 003 008 005 010 006 004 003 006 007 008 007 007
Fe?* 050 053 054 050 047 046 059 056 055 056 045 045 056 061 059 054 053
Mn 002 001 001 001 001 001 001 001 001  0-01 001 001 001 002 002 001 001
Mg 011 010 010 014 017 018 002 006 005 007 019 020 007 000 001 007 008
Total 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200
Abbreviations are as in Table 1.

Table 4: Compositions of ilmenite lamellae in titanomagnetite

Unit: Lz MZa

Sample: NJ04 NJ04 NJO5 NJO5 JS14 JS14 JS14 JS14 NJ39 NJ39 NJ39 NJ39 JS79 JS79 JS79
Height: 50-0 50-0 537 537 242.4 242.4 242.4 242.4

Rock: Ox-gb Ox-gb Ore Ore Ore Ore Ore Ore An An An An Ox-gb Ox-gb Ox-gb
TiOy 52-30 51.93 53-54 53-94 54.21 53-83 54-30 5416 5162 51-38 51.23 51.97 52.87 5343 53.22
Al,O3 0-02 0-03 0-01 0-01 0-07 0-49 0-01 013 0-00 0-00 0-00 0-00 0-49 0-07 0-02
Fe,03 4.57 4.51 2.84 2.83 5.-11 4.73 5.28 4.80 2.75 3.24 2.25 2.05 5.00 5.00 5.21
FeO 39.47 3917 36-50 37.03 31-40 30-79 31-16 31.32 45.44 45.27 44.49 45.17 35-51 35-68 35-69
MnO 0-67 0-65 0.57 0-61 0-61 0-63 0-60 0-62 0-88 0-93 1-29 1.06 0-89 0-79 0-78
MgO 387 381 6-20 6-10 812 844 828 817 0-00 0-00 0-16 0-27 518 5.24 513
Total 100-99 100-19 9970 100-52 99.-65 99.08 9970 9929 100-60 100-82 99.42 100-61 100-20 100-42 100-26
Ti 0-64 0-64 0-65 0-65 0-96 0-96 0-96 0.97 0-97 0-97 0-98 0-98 0-96 0-97 097
Al 0-00 0-00 0-00 0-00 0-00 0-01 0-00 0-00 0-00 0-00 0-00 0-00 0-01 0-00 0-00
Fe®t 0-06 0-06 0-03 0-03 0-09 0-09 0-10 0-09 0-05 0-06 0-04 0-04 0-09 0-09 0-10
Fe?™ 0-54 0-54 0-49 0-50 0-64 0-63 0-63 0-64 0-96 0-95 0.94 0.95 0.73 0.73 0.73
Mn 0.01 0.-01 0.-01 0.-01 0.01 0.01 0-01 0.-01 0-02 0-02 0-03 0-02 0-02 0-02 0-02
Mg 0-09 0-09 0-15 0-15 0-29 0-30 0-29 0-29 0-00 0-00 0-01 0-01 0-19 0-19 0-18
Total 2.00 2.00 2.00 2.00 2.00 2-00 2.00 2-00 2-00 2-00 2.00 2.00 2.00 2.00 2.00

Abbreviations are as in Table 1. Samples with prefix JS were collected from a different traverse than the NJ samples and
heights are not given here. Ox-gb, oxide gabbro; Ore, Fe-Ti oxide ore; An, anorthosite.
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Table 5: Representative analyses of hercynitic spinel hosted in titanomagnetite

JOURNAL OF PETROLOGY VOLUME 49 NUMBER 2 FEBRUARY 2008

Unit: Lz Mz

Sample:  NJ04 NJO05 NJO08 NJO09 NJ14 NJ24 NJ27 NJ31  NJ36 NJ45 NJ47 NJ55 NJ59  NJ73 NJ79
Height: 50-0 537 638 657 895 140-7 156-0 1856 2286 254.8 2765 3229 3285 3948 419-8
Rock: Ox-gb Ox-gb Ore Ore Ore Ore Ore Ore Ore Ore Ox-gb Ore Ore Ore Ore
TiO, 0-44 0-38 0-41 0-51 0-60 0-54 0-61 0-46 0-23 0-40 0-36 0-25 0-19 0-37 0-31
Al,O3 64.92 6527 65.92 66-35 65-68 65-88 6591  64.95 66-13 65-47 6591 6546 63-90 6464 6481
Fe,03 161 226 226 264 153 151 2.07 1.96 2.05 2.22 1.38 1-80 395 331 1-60
FeO 15-35 13-89 11.45 11.72 12-80 12.43 1222 1262 11.59 11.96 12.87 1329 1194 1148 1361
MnO 0-20 0-05 0-01 0-09 0-06 0-02 0-14 0-10 0-08 0-09 0-11 017 0-07 0-04 0-13
MgO 17-87 19-02 2072 20-82 19-82 20-26 2035 19:61 20-35 20-15 19.57 19413 1979 2073 1863
Total 10040 100-86 10076  102:14 10049  100-65 101-30 99-69  100-44 10029  100-19  100-09 99-84  100-57  99-10
Ti 0-01 0-01 0-01 0-01 0-01 0-01 0-01 0-01 0-00 0-01 0-01 0-00 0-00 0-01 0-01
Al 195 194 1.94 193 1.94 1.94 193 1.94 1.95 1.94 1.96 1.95 191 191 1.96
Fe*t 0-03 0-04 0-04 0-05 0-03 0-03 0-04 0-04 0-04 0-04 0-03 0-03 0-08 0-06 0-03
Fe?* 0-33 0-29 0-24 0-24 0-27 0-26 0-25 0-27 0-24 0-25 0-27 0-28 0-25 0-24 0-29
Mn 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00
Mg 0-68 0-71 0.77 0.77 074 0-75 0-76 0-74 0-76 0-76 0-73 0-72 0-75 0-77 0-71
Total 3-00 3-00 3.00 3-00 3.00 3.00 3-00 3.00 3-00 3-00 3-00 3-00 3-00 3-00 3-00

Abbreviations are as in Table 1.

rocks of the Panzhihua intrusion from Zhou et al. (2005)
indicate that the bulk ore has ~16 wt % TiO,, which is
similar to the most ulvospinel-rich magnetite in the ores;
(2) silicate minerals contain inclusions of titanomagnetite
but lack ilmenite (e.g. Table 2).

Based on the estimated titanomagnetite/hercynitic spinel
ratio of ~24:1 (i.e. 4 vol. % spinel), we obtain the composi-
tion of titanomagnetite before spinel exsolution [composi-
tion (4) in Table 6]. This composition is then adjusted by
the addition of ilmenite to match the average TiO4 content
of the titanomagnetite inclusions in silicate minerals that
contain no sign of extensive exsolution. The resultant pri-
mary oxide is an aluminous titanomagnetite with approxi-
mately 40wt % FeO, 34wt % FeoOs, 16:5wt % TiO,,
53wt % Al,Os 35wt % MgO and 0-5wt % MnO
[composition (5) in Table 6]. This titanomagnetite has
~40mol % ulvospinel component.

The occurrence of aluminous titanomagnetite as the
primary oxide in the Panzhihua intrusion provides a
semi-quantitative constraint on the pressure at which the
intrusion crystallized. The Al,Os content of spinel is
partly a function of pressure and partly the activity of Al
in the system; high pressure generally favors the MgAl, Oy
component. Recent experiments by one of the authors
(D.H.L) showed that an Te-Ti spinel with ~5wt %
AlyOs is saturated in ferrodiorites at ~5 kbar. This agrees

well with the concentration of Al,Oj3 in the primary oxide
listed in Table 6, implying that the Panzhihua intrusion
crystallized at a pressure close to 5 kbar.

Cooling history of the Panzhihua oxides
The cooling history of the oxide minerals in the rocks
of the
basis of (1) inter-oxide re-equilibration, (2) oxide-silicate
re-equilibration, and (3) intra-oxide re-equilibration
(Frost et al., 1988; Frost, 1991). Inter-oxide re-equilibration
partly involves the exchange of Fe and T1 between magne-
tite and ilmenite, following the coupled substitution
Fe?™ + Ti*" =2 Fe™, expressed by the equilibrium

Panzhihua intrusion can be examined on the

FeyTiO4 (in magnetite) + FegOs (in ilmenite)
= FeTiOs3 (in ilmenite) + FesOy4 (in magnetite).

This reaction proceeds to the right with decreasing tem-
peratures, causing magnetite and ilmenite to approach
their pure end-member compositions. We evaluate this
reaction for the Fe—'Ti oxides in the Panzhihua intrusion
using the QUILF program of Andersen et al. (1993). The
data indicate temperatures from 500 to 650°C and O,
from FMQ —1 to FMQ — 3 (where FMQ is the fayalite—
magnetite—quartz buffer) that clearly mark the end of sub-
solidus equilibration and exsolution. Because magnetite
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Table 6: Reconstruction of primary oxide composition

Nature: Host Exsolution Primary oxide

Mt IIm Spn Mt Mt
Remarks: (1) (2) (3) (4) (5)
TiO, 15-51 53.68 0-40 1491 16-46
Al,O3 2.97 0-00 65-41 5.47 5.25
Fe,03 36-66 4.20 2.14 35.28 34.04
FeO 4119 34.58 12.62 40-05 39.83
MnO 0-51 0-55 0-09 0-49 0-50
MgO 2.64 7-02 19-79 333 347
Total 99-48 100-03 100-45 99-562 99-64

(1) Average composition of titanomagnetite in the ores
(n=34). (2) Average composition of granular ilmenite in
the ores (n=25). (3) Average composition of hercynitic
spinel hosted in titanomagnetite (n=15). (4) Composition
of primary oxide adjusted for hercynitic spinel exsolution
(4vol. %). (5) Composition of primary oxide adjusted for
ilmenite exsolution (4vol. %).
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Fig. 8. Alog fOy,—temperature diagram constructed from composi-
tions of coexisting magnetite and ilmenite in the Panzhihua intrusion.
The ilmenite and ulvospinel isopleths are after Frost et al. (1988).

contains AlyOs that is ignored in QUILF projections,
we adjust the results manually using the expressions of
Spencer & Lindsley (1981) and Lindsley & Spencer (1982).
This is performed assuming that the activity of magnetite
was 0-96 times the activity of magnetite in the calculations
because the mole fraction of hercynite is ~0-04. The calcu-
lations indicate that the original temperatures are underes-
timated by <10°C and hence the effect of omission of the
hercynite component is insignificant. With the exception
of several samples, the data follow a near-linear array par-
allel to the ulvéspinel isopleths U-40 and U-50 (Fig. 8).
This trend towards the convergence of the ulvospinel iso-
pleths is consistent with ulvospinel exsolution in magnetite
and corroborates an earlier conclusion that the primary

Fe—Ti OXIDES IN MAFIC INTRUSIONS

oxide is dominated by titanomagnetite with only minor
ilmenite.

Another exchange reaction that characterizes inter-
oxide re-equilibration is that of Fe’* and Mg between
magnetite and ilmenite, expressed by the equilibrium

Mg*" (in magnetite) + Fe’t (in ilmenite)

= Mg”* (in ilmenite) + Fe’* (in magnetite).

This reaction proceeds to the right with decreasing tem-
peratures, causing ilmenite to become enriched and mag-
netite depleted in Mg compared with their original
compositions (Pinckney & Lindsley, 1976; Lindsley, 1991).
We illustrate this effect for the Panzhihua intrusion using
the ores with minimal amounts of mafic silicates. Ilmenite
in the ores is always richer in Mg (5:6-8-5wt % MgO)
than coexisting magnetite (1.-8-3-5 wt % MgO), consistent
with the generally accepted trend (Morse, 1980; Frost &
Lindsley, 1991). The temperatures calculated using QUILF
by allowing the Mg content of ilmenite to vary range from
~460 to 680°C, which are similar to the above blocking
temperatures.

Oxide-silicate re-equilibration involves Fe-Mg exchange
between Fe—Ti oxides and mafic silicates (Frost et al., 1988;
Frost, 1991; Frost & Lindsley, 1992). The Panzhihua
intrusion has a mineral assemblage of two oxi-
des + olivine + clinopyroxene, which allows for the use of
pyroxene-QUILF in evaluating the oxide—silicate equilib-
rium. However, previous studies have shown that oxides
tend to lose Mg to coexisting silicates on cooling
(Jackson, 1969; Morse, 1980; also see Fig. 7). To minimize
this effect, we estimate silica activity (aSiOg) from the
compositions of olivine and clinopyroxene in rocks with
minimal amounts of oxides. Using QUILF, our unpub-
lished data for olivine and clinopyroxene suggest that
aSiOy clusters at ~0-6 at 1000°C and 5 kbar; this value is
then used to project the oxide—silicate QUILF surface.
Intersection of the U-40 isopleth and this surface marks
the point at which oxide and silicate last equilibrated; this
has a temperature of ~950°C and fO, between FMQ +1
and FMQ +15 (Fig. 9).

Intra-oxide re-equilibration involves the removal of Ti
from titanomagnetite to ilmenite during reaction. This
process commonly produces ilmenite intergrowths of dif-
ferent textures within magnetite and is generally referred
to as oxy-exsolution (Buddington & Lindsley, 1964;
Haggerty, 1976, 1991). It can be expressed by the
equilibrium

6FcyTiOy4 (in magnetite) + Oy
= 6FeTiOs (ilmenite) 4+ 2Fe3O4 (magnetite).
This reaction proceeds to the right on cooling and

requires a source of oxygen in the rock to operate
(Frost, 1991). Earlier petrographic descriptions showed
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Fig. 9. Alog fOs,—temperature diagram showing inferred cooling
trend for Fe—Ti oxides in the Panzhihua intrusion. The position
of olivine—clinopyroxene—ulvéspinel (Ol-Cpx—Uspyo) surface was
estimated using the QUILF program at aSiOy = 0-6. The position
of the graphite saturation surface was estimated at 5kbar after
Woermann et al. (1977). The dotted line shows the approximate loca-
tion of the R3-R3c transition in ilmenite.

that ulvospinel intergrowths are dominant in the ores,
whereas ilmenite intergrowths are dominant in the gabbros
in the Panzhihua intrusion. This is consistent with the exis-
tence of a fixed proportion of ‘excess’ oxygen in each
volume of rock. On a molecular basis, this means that
there 1s sufficient oxygen to oxidize much of the ulvéspinel
content of the magnetite in the silicate rocks, but not suffi-
cient to do the same in the ores. Considering the strong
field evidence that the Panzhihua intrusion was emplaced
within limestone country rocks, the source of oxygen for
oxy-exsolution is likely to be COy in carbonic fluids that
dissociated from the country rocks, expressed by the
reaction

6Fey TiOy4 (in magnetite) + COq (fluid)
= 6FeTiOs (ilmenite) 4+ 2Fe;O4 (magnetite)
+ C (graphite).

We calculate the location of the graphite-saturation surface
at 5 kbar that gives the maximum fO, at which graphite
may occur. Intersection of the U-40 isopleth and this
surface marks the starting point of oxy-exsolution accom-
panied by precipitation of graphite, which has a temper-
ature of ~700°C and fOy of ~FMQ —0-5 (Fig. 9). The
molar volumes of the phases in the above reaction indicate
that oxidation of 100cm® of ulvéspinel produces only
2.7cm® of graphite, presumably located on grain bound-
aries (see Frost et al., 1989).

Figure 10 summarizes the textural modifications in rocks
during cooling of the Panzhihua intrusion. In the late
magmatic stage, the partially solidified oxide ores and
oxide-gabbros both consist of titanomagnetite, olivine,
clinopyroxene, plagioclase and intercumulus liquid
(Fig. 10a and b). Oxide-silicate re-equilibration might

have just ceased at this stage. On cooling, the intercumulus
liquid was expelled and titanomagnetite in the ores recrys-
tallized as coarse, polygonal grains with well-annecaled
junctions (Fig. 10c¢). The latter process was likely brought
about by reduction of surface energy, supported by the
fact that titanomagnetite inclusions in silicates are much
smaller than magnetite grains not enclosed in any miner-
als. Recrystallization of titanomagnetite also occurred in
the oxide-gabbro but this produced smaller grains than in
the ores as a result of spatial constraints imposed by the
silicate minerals (Fig. 10d). At this stage, curved oxide—
silicate boundaries may have formed because there is a ten-
dency for oxides to wet silicate boundaries (e.g. Duchesne,
1999). Exsolution of hercynitic spinel and ulvospinel from
coarsened titanomagnetite grains occurred on further
cooling. In the ores, only part of the ulvéspinel component
was oxidized to ilmenite, as lamellae in magnetite or dis-
crete granules along magnetite boundaries, and the major-
ity of the ulvospinel remained as fine lamellae in the host
magnetite (Fig. 10e). In the oxide-gabbro, much of the
ulvospinel was oxidized to ilmenite as lamellae in magne-
tite or discrete granules (Fig. 10f). Fine, discrete grains of
hercynitic spinel also migrated to grain boundaries.
Textures such as those shown in Fig. 9¢—f could be used as
evidence for the presence of an Fe—Ti oxide liquid (com-
pare with Fig. 5a and c). However, we caution against
interpretations based only on oxide textures, the reliability
of which has been questioned (Duchesne, 1996, 1999).

Concentration of Fe-Ti oxides

Avariety of mechanisms have been proposed to explain the
concentration of oxides from magmas (Lister, 1966; Kolker,
1982; Duchesne, 1999). The critical question centers on
whether Fe—Ti oxides are precipitated directly from
magmas, or alternatively, from an Fe—T1 oxide liquid sepa-
rated immiscibly from magmas. Textural evidence exists
for both processes.

The mode of concentration of Fe—Ti oxides in the
Panzhihua intrusion can be constrained by comparing the
primary oxide compositions with the bulk oxide composi-
tion. Extrapolation of whole-rock data for the Panzhihua
intrusion to 0% SiOy yields 78 wt % total iron as FeyOs,
16 wt % TiOg, 5wt % AlyOs, and 5 wt % MgO (see Zhou
et al., 2005, Fig. 7). These values compare well with the esti-
mated primary oxide composition noted in Table 6, after
correction for ferrous and ferric iron. This strongly suggests
that the variations in whole-rock composition can be
accounted for by accumulation of Fe—Ti oxide crystals,
not an oxide liquid. The reason is that in multi-component
systems liquids almost always have compositions lying
between those of the crystalline phases because of melting
point depression. Except in the case of peritectics, liquids
having the composition of a single phase lie at local tem-
perature highs. For pure Fe—Ti oxides at least, the liquids
follow cotectics, not reaction curves (e.g. Taylor, 1963), so it
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Fig. 10. Schematic diagram illustrating the crystallization sequence with progressive cooling in rocks with different oxide contents of the
Panzhihua intrusion. (a, b) Partially solidified oxide ore and oxide-gabbro in the late magmatic stage. (c, d) Oxide ore and oxide-gabbro at
high subsolidus temperatures. (e, f') Oxide ore and oxide-gabbro at low subsolidus temperatures. (See text for discussion,)

is much more likely that the accumulating phase was crys-
talline Fe—Ti oxide rather than a liquid of the same
composition.

Clearly, the occurrence of oxide ores in the lower
parts of the Panzhihua intrusion is best explained by

gravitational settling and sorting of Fe—Ti oxide crystals,
driven by the strong density contrast between Fe—T1 oxides
(4-5-4-6g/cm®) and basaltic magma (~31-3-2 g/cm’).
This process demands crystallization of Fe—Ti oxides at a
relatively early stage in the magma that gave rise to the

309

220z 1snbny /| uo Jasn aonsnp jo Juswpedaq ‘S'N A9 ¥8¥£GS1/562/2/61/2101e/Abojosiad/woo dno-olwapese//:sdyiy wolj papeojumoq



JOURNAL OF PETROLOGY VOLUME 49 NUMBER 2 FEBRUARY 2008

Panzhihua intrusion. Abundant and extensive oxide ore-
bodies in the lower parts of the Panzhihua intrusion are
consistent with crystal settling and sorting. Minor
ore layers in the LZ and MZa may be related to
magma recharge and mixing (Irvine & Sharpe, 1986),
double-diftfusive convection (Kruger & Smart, 1987,
Tegner et al., 2006), or fluctuation of fO, in the magma
(Klemm et al., 1985).

Factors controlling the formation of Fe-Ti
oxide ores

The Panzhihua intrusion and its hosted Fe—T1 oxide ores
allow for evaluation of the processes leading to the forma-
tion of magmatic Fe—'Ti oxide ores. We draw attention to
three aspects: (1) the parental magma and its differentia-
tion; (2) fOy; (3) the presence of volatiles. Much of the fol-
lowing discussion refers to the Panzhihua intrusion as an
example, but the generic understanding is also relevant
for Fe—T1 oxide ores associated with other mafic intrusions
and Proterozoic anorthosite complexes.

The formation of Fe—T1 oxide ores in mafic intrusions
can be related to a parental magma that is enriched in Fe
and Ti. Such a parent might have formed: (1) as a melt that
was already rich in Fe and Ti when it originated from the
mantle, or (2) from a normal mantle-derived magma that
became enriched in Fe and Ti as a result of differentiation
prior to final emplacement, or (3) by a combination of both
processes. Relatively primitive, high-Fe mantle-derived
melts are best represented by ferropicrites that occur as
isolated lava flows in the Precambrian or at the base of
continental flood basalt provinces in the Phanerozoic
(Gibson et al., 2000). Tuft et al. (2005) demonstrated that fer-
ropicritic magmas can be generated by melting of garnet
pyroxenite under high pressure (~5 GPa) and temperature
(~1550°C). This is consistent with previous experiments
suggesting that the iron content of primary magmas
increases with both increasing mean pressure of partial
melting and increasing mean temperature at a given pres-
sure (Langmuir & Hanson, 1980). Although rare, the
occurrence of picrites with high concentrations of Fe and
Ti has been documented from the ELIP (see Chung &
Jahn, 1995; Zhang et al., 2006). The absence of extensive oli-
vine-rich cumulates in the Panzhihua intrusion does not
suggest that the parental magma was ferropicritic, but we
cannot rule out the possibility that the magma was derived
from differentiation of a ferropicritic parent.

On the basis of bulk summation, Zhou et al. (2005) sug-
gested that the Panzhihua intrusion crystallized from a fer-
robasalt that had high Fe and Ti but low SiOy contents
(Table 7). Although ferrobasalts are commonly rich in Fe
and Ti, enrichment of these elements plus depletion in
Si0O, is rare among terrestrial basalts and most fractio-
nated liquids derived from them (Yoder & Tilley, 1962;
Kushiro, 1979). However, recent experiments by Whitaker
et al. (2007a) successfully produced liquids that bracket

Table 7: Major element compositions (wt %) related to
the Panzhihua intrusion

PZH-bulk  Residual liquids of High-Ti Emeishan
Whitaker et al.’s basalts

experiments

Remarks: (1) (2) (3) (4) (5) (6)
SiO, 42.60 45.08 43-81 41-88 44.37 45.93
TiO, 3:99 2.47 3.37 4.57 315 4.86
Al,03 15-80 15-90 15.35 1462 14.95 1565
FeOr 15-60 13-21 14-66 15-13 1391 1339
MnO 0-00 018 0-18 0-25 0-20 0-23
MgO 5.99 6-46 5.77 5.45 727 7-20
Ca0 11-90 913 844 814 1078 7-54
Na,0 245 3.04 325 3:02 226 327
K,0 0-31 0-81 115 1.35 1-23 1-41
P>0s 0-69 0-50 0-75 1.27 0-34 0-51
Total 9933 96-78 96-73 95.68 100-00 100-00
Mg-no. 45 51 45 43 52 53

(1) Composition of the Panzhihua intrusion inferred from
bulk summation (Zhou et al., 2005). (2), (3), (4)
Representative residual liquid compositions in crystallization
experiments at 9-3kbar at 1220, 1200, and 1180°C
respectively (Whitaker et al., 2007a). (5) Representative
high-Ti basalt (sample EM-78) at Ertan, ELIP (Xu et al.,
2001), calculated on a volatile-free basis. (6) Representative
high-Ti basalt (sample RY-7) at Binchuan, ELIP (Xiao et al.,
2004), calculated on a volatile-free basis. FeOr is total iron
as FeO. Mg-no. = [molar Mg/(Mg + Fe?*) x 100], assuming
15% of total iron oxide is ferric.

Zhou et al’s composition by crystallizing an olivine tholeiite
at ~9-3kbar under anhydrous conditions (~0-4wt %
HyO) (Table 7). Whereas Fe—Ti-rich liquids can form
through  low-pressure  differentiation of  tholeiites
(McBirney & Naslund, 1990; Morse, 1990; ‘legner, 1997;
Wiebe, 1997), enrichments in Fe and Ti combined with
SiOy depletion appear to require high pressure. However,
there is no evidence to suggest that the Panzhihua intru-
sion crystallized at pressure above 5kbar. Instead, we
infer that the parental magma formed by differentiation
of mantle-derived melts under a pressure of ~10kbar,
probably at the base of the crust. The residual ferrogab-
broic magma, enriched in Fe and Ti but poor in SiOs, was
then emplaced at a shallower depth (~5kbar) where it
crystallized to produce the Panzhihua intrusion. The
above hypothesis is consistent with the occurrence of
Fe—Ti-rich, SiOy-poor ferrobasalts in the ELIP (Xu et al.,
2001; Xiao et al., 2004) (Table 7). It is noteworthy that the
proposed scenario has some similarities to the polybaric
fractionation model invoked for the petrogenesis of massif
anorthosites and associated jotunites and Fe—Ti—(P)
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deposits (e.g. Emslie, 1985; Longhi & Ashwal, 1985). This
study highlights pressure as a key factor in the generation
of Fe—Ti-rich magmas and hence Fe—T1 oxide deposits.

Experiments at low pressures indicate that crystalliza-
tion of Fe—T1 oxides from parental ferrobasalt is favored
under relatively oxidizing conditions (Juster et al., 1989;
Toplis & Carroll, 1995). Periodic fluctuation of fO, in the
magma has been postulated as the mechanism for the for-
mation of titanomagnetite layers in the Upper Zone of the
Bushveld Complex (Klemm et al., 1985). Our data suggest
that Fe—Ti oxides in the Panzhihua intrusion cooled along
the U-40 isopleth. It is possible to extrapolate the tempera-
ture—fOy relations along the isopleth to magmatic condi-
tions, provided that the oxides cooled within a closed
system. At magmatic temperatures (>1000°C) along the
U-40 isopleth, we obtain fO,>FMQ 415 (Fig. 9). This
condition is mildly oxidizing compared with most terres-
trial basaltic magmas and may cause Fe—'Ti oxides to be
an early liquidus phase in the parental magma of the intru-
sion. However, we find no support for periodic fluctuation
of Oy in the formation of oxide ores, although the possibil-
ity to form ore layers in the MZa of the intrusion exists.
In addition, we draw attention to the fact that the majority
of oxide ores at Panzhihua occur as thick, conformable
orebodies. Fluctuation of fO, alone appears unlikely to
produce these extensive orebodies.

One important but poorly understood aspect is the
potential role of phosphorus and volatiles in the formation
of Fe—Ti oxide ores. Many magmatic Fe—Ti oxide ores
contain apatite as a constituent mineral, for example,
nelsonites in mafic intrusions or anorthosite complexes
(Kolker, 1982; von Gruenewaldt, 1993). This has caused
some workers to propose that phosphorus is essential in
ore formation (Philpotts, 1967). The absence of apatite
in ores, combined with its presence in the silicate rocks in
the upper part of the Panzhihua intrusion, suggests that
phosphorus is not directly related to ore formation.
However, phosphorus may play an indirect role in stabiliz-
ing Fe’* in magmas and promote iron enrichment in the
magma through suppression of magnetite crystallization
(see Epler, 1987; Toplis et al., 1994; Tollari et al., 2006). We
suggest that the abundance of apatite in some Fe—Ti oxide
ores may be mainly fortuitous; if apatite crystallized at
the same time as the oxides, it simply accumulated along
with them.

Some experiments indicate that carbon and its oxides
might play a role in the formation of Fe—Ti oxide ores
(Weidner, 1982; Lindsley ez al., 1999). It is noteworthy that
the wall-rocks of the Panzhihua intrusion are composed of
limestone, and field evidence strongly suggests that the
magma was directly emplaced into limestone. Peterson
et al. (1999) noted that the effect of increasing solubility of
Fe by dissolved carbon may be enhanced at ~5 kbar, con-
sistent with the pressure inferred in earlier sections.
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However, Whitaker et al. (20075) tested the importance of
carbon by repeating their key experiments at 9-3 kbar using
metal rather than graphite capsules. Their graphite-free
experiments also produced Fe and Ti enrichment combined
with SiOy depletion, demonstrating that carbon is not
essential for producing such magmas. Thus, we remain
speculative about the possible role of carbon in the formation
of Fe—T1 oxide ores until further evidence is available.

CONCLUSION

The Panzhihua layered gabbroic intrusion (SW China)
and associated Fe—T1 oxide ores provide useful constraints
on the processes leading to, and the factors controlling, the
formation of Fe-Ti oxide ores in mafic intrusions. This
study provides definitive field and geochemical evidence
that oxide ores can form by gravitational accumulation
from a ferrogabbro parent magma, and by extension,
from ferrodiorite. Abundant and extensive oxide orebodies
in the lower parts of the Panzhihua intrusion are consistent
with settling and sorting of dense titanomagnetite crystals
in a magma chamber. The hypothesis that massive oxide
ores formed from concentration of immiscible Fe—T1 oxide
melts is not justified by the evidence obtained during this
study. One important argument against liquid immiscibil-
ity is the similarity in composition between the primary
oxide, reconstructed from titanomagnetite and exsolved
phases in the ores, and the bulk oxide in terms of major
element composition.

Effective accumulation of titanomagnetite in the
Panzhihua intrusion requires its early and abundant crys-
tallization in the parental magma of the intrusion. The
proposed parental magma is rich in Fe and Ti but poor in
SiO,, features that are rare in terrestrial basalts and most
fractionated liquids derived from them. Experimental evi-
dence indicates that such liquid may represent the residual
liquid that resulted from fractionation of mantle-derived
magmas under anhydrous conditions and relatively high
pressure (~10 kbar). Extrapolation of the U-40 isopleth,
along which the Panzhihua oxides cooled, to magmatic
temperatures points to mildly oxidizing conditions
(~FMQ +15 at 1000°C). However, no evidence is found
for the formation of the ores being the result of periodic
fluctuation of fOy in the magma. The apatite-free nature
of the ores in the intrusion suggests that a high concentra-
tion of phosphorus is not required for ore formation.
Instead, elements such as phosphorus and carbon may pro-
mote iron enrichment in the very early stage of magma
evolution until Fe—T1 oxides begin to crystallize.
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