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ABSTRACT

Titanium-rich magnetite from different magmatic Fe-Ti oxide-bearing intrusions consists of host magnetite (nearly pure

Fe3O4) and different types of exsolution. The exsolution of Ti-rich magnetite is indicative of the physical and chemical

conditions at which the host intrusions formed. However, the mechanisms to form these types of exsolution have been debated.

To examine the formation mechanisms of the different types of exsolution, multiple microanalytical techniques, such as

electron microprobe analysis, micro Raman spectroscopy, and micro X-ray diffraction, were used to examine the chemical

composition, morphology, and crystalline structure of exsolved minerals in Ti-rich magnetite from different Fe-Ti oxide-

bearing intrusions in China. The characterization results indicate that pleonaste and ilmenite are the two dominant exsolution

phases in the Ti-rich magnetite, whereas the ulvöspinel phase is barely found. The ilmenite exsolution may have different

origins: (1) the cloth-texture lamellae primarily exsolved as ulvöspinel, which was oxidized to ilmenite later at ,600 8C; (2)

most of the trellis- and sandwich-type lamellae formed by ‘‘oxy-exsolution’’ at .600 8C; (3) some ilmenite lamellae exsolved

directly from cation-deficient solid solution due to the substitution of Ti4þþ A � 2Fe2þ; (4) sub-solidus re-equilibration of

coexisting Fe-Ti oxides can also lead to ilmenite exsolution in Ti-rich magnetite and magnetite exsolution in ilmenite.

Keywords: Ti-rich magnetite, ilmenite exsolution, magmatic Fe-Ti oxide-bearing intrusions.

INTRODUCTION

Titanium-rich magnetite commonly occurs in Fe-Ti

oxide-bearing, mafic-ultramafic intrusions and anor-

thosite massifs (Pang et al. 2008, 2010, Wang et al.

2008, Zhao et al. 2009, Morisset et al. 2010, Song et

al. 2013, Liu et al. 2015). The Ti-rich magnetite-

ilmenite thermo-oxybarometer has been widely used to

estimate both temperature and oxygen fugacity in

igneous and metamorphic rocks (Buddington &

Lindsley 1964). The textural and compositional

features of Ti-rich magnetite are also potential

indicators of the physical and chemical conditions of

the magmas from which it crystallized (McConnell

1975, Price 1980, Reynolds 1985, Vongruenewaldt et

al. 1985, Speczik et al. 1988).

Titanium-rich magnetite is supposed to be a spinel-

type solid solution (spinelss, the subscript ‘‘ss’’

represents solid solution) with a theoretical formula

of AB2O4, where the cations at site A are tetrahedrally

coordinated (e.g., Fe2þ, Fe3þ, and Mg2þ), and those at

the B site are octahedrally coordinated (e.g., Ti4þ,

Cr3þ, A13þ, Fe2þ, and Fe3þ). A minor amount of

cationic vacancies (A) can also be present in cation-

deficient spinelss (Collyer et al. 1988, Senderov et al.

1993, Lattard et al.1995, 2005, Zhou et al. 1999).

Spinelss in mafic-ultramafic intrusive rocks would
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experience intensive sub-solidus re-equilibration on

slow cooling (Frost & Lindsley 1991), resulting in

various types of exsolution in Ti-rich magnetite. The

exsolved phases in Ti-rich magnetite are mainly

composed of ilmenite (FeTiO3), ulvöspinel (Fe2TiO4),

and pleonaste (MgxFe2–xAlO4, x¼ 0 ~ 2). Ulvöspinel

and pleonaste belong to the cubic system, whereas

ilmenite belongs to the hexagonal system. The

morphology and composition of the exsolved phases

have been described in detail in previous studies

(Ramdohr 1980, Haggerty 1991), however, some

ultrafine exsolved phases with similar optical proper-

ties or chemical compositions, such as ulvöspinel/

ilmenite and magnetite/hematite, are still difficult to

clearly identify in practice (Ramdohr 1953, Price

1981, Krasnova & Krezer 1995, Charlier et al. 2007,

Pang et al. 2008, Wang et al. 2008, Morisset et al.

2010). Therefore, characterization by micro analysis

techniques, such as micro X-ray diffraction and micro

Raman spectroscopy, is desired to provide important

information about the ultrafine exsolved minerals.

The solvus of the pleonaste–magnetite solid

solution (Ple–Mtss) lies below ~900 8C (Turnock &

Eugster 1962) and that of the ulvöspinel–magnetite

solid solution (Usp–Mtss) lies below ~600 8C (Vincent

et al. 1957, Buddington & Lindsley 1964). The

exsolution of ulvöspinel and pleonaste in Ti-rich

magnetite is considered to result from the miscibility

gap of the solid-solution series (Price 1980, 1981), but

the origin of ilmenite exsolution in Ti-rich magnetite

remains controversial (Buddington & Lindsley 1964,

Lattard 1995, Krasnova & Krezer 1995, Mücke 2003).

Synthetic experiments indicate that ilmenite exsolution

can be formed by ‘‘oxy-exsolution’’ of stoichiometric

Usp–Mtss (Buddington & Lindsley 1964) or by

vacancy relaxation of cation-deficient titaniferous

spinelss (Lattard 1995). It seems that either process

can uniquely explain the origin of the variable ilmenite

exsolution in natural Ti-rich magnetite, which is

formed under more complicated conditions than

synthetic samples.

In this study, a combination of micro analysis

techniques, including electron microprobe analysis

(EMPA), micro X-ray diffraction, and micro Raman

spectroscopy, were applied to characterize the com-

position, morphology, and crystalline structure of the

exsolved phases in Ti-rich magnetite from four

representative Fe-Ti oxide-bearing intrusions in China.

The new data set enables us to examine the origin of

different types of exsolution in Ti-rich magnetite,

especially ilmenite exsolution, and reconstruct the

original composition of the spinelss. This information

has significant implications for understanding the sub-

solidus re-equilibration of Ti-rich magnetite in Fe-Ti

oxide-rich intrusions.

SAMPLING

Samples were collected from three mafic-ultramaf-

ic intrusions in China, the Bijigou, Panzhihua, and

Xinjie intrusions, and from the Damiao anorthosite

massif.

The Bijigou intrusion is located in the northern

margin of the Yangtze Block (Central China). This

intrusion, together with the Ni-Cu-(PGE) sulfide-

bearing Wangjiangshan and Beiba intrusions, make

up the Neoproterozoic Hannan mafic complex zone.

The Bijigou intrusion is composed of a basal breccia

zone with Cr-rich magnetite mineralization, a lower

unit composed of pyroxenite with minor dunite,

harzburgite, troctolite, and anorthosite, a middle unit

of gabbro and gabbronorite with magnetite minerali-

zation, and an upper unit of diorite (Zhou et al. 2002).

The samples were collected from the middle unit.

The ~1.74 Ga Damiao complex in the North China

Craton consists of anorthosite (85%), norite (10%),

mangerite (4%), and minor troctolite (,1%). The Fe-

Ti-P-rich oxide ore bodies are mainly hosted in

anorthosite and leuconorite, and the ores are like

nelsonite as seen elsewhere (Chen et al. 2013). The

samples were collected from the Fe-Ti-P-rich oxide

ore bodies.

The Panzhihua and Xinjie layered intrusions are

part of the ~260 Ma Emeishan large igneous province

in SW China. The Panzhihua intrusion, which is one of

the most important Fe-Ti-V-rich oxide deposits in

China, hosts up to 60 m-thick massive Fe-Ti oxide ore

bodies at the base of the intrusion (Zhou et al. 2005).

Two samples (PZH-I and PZH-II) were collected from

this intrusion; the Ti-rich magnetite in the PZH-I

sample coexists with sulfides in the interstitial phases,

whereas the Ti-rich magnetite in the PZH-II sample

mainly coexists with cumulus silicates (olivine,

clinopyroxene, and plagioclase).

The Xinjie intrusion comprises a marginal zone and

three units (Dong et al. 2013). Disseminated, Cr-rich

Fe-Ti oxides occur in Units I and II, which are

composed of ultramafic rocks such as wehrlite and

clinopyroxenite, whereas Cr-poor Fe-Ti oxides make

up several Fe-Ti oxide-rich layers in Unit III in the

upper part of the intrusion (Dong et al. 2013). The

samples were collected from the Fe-Ti oxide-rich

layers and barren gabbro in Unit III.

METHODS

Electron microprobe analysis

The BSE images of the samples and quantitative

analyses of minerals were obtained using a JEOL

JAX-8100 electron microprobe in the Guangzhou

Institute of Geochemistry (GIG), Chinese Academy
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of Sciences (CAS). Analyses were performed using an

accelerating voltage of 15 kV and a beam current of 20

nA. X-ray matrix corrections were based on a routine

ZAF method.

Micro X-ray diffraction

The Micro X-ray diffraction analyses were con-

ducted with a Rigaku D/max Rapis IIR micro XRD

system (at Central South University, China) operating

at 40 kV and 250 mA (CuKa) and using X-ray

exposures of 20–60 min. The X-ray beam (~100 lm

diameter) was focused on the selected areas of the thin

sections. The samples were rotated during measure-

ment.

Raman spectroscopy

Raman spectra were obtained with a RM2000 laser

Raman spectrometer at GIGCAS employing the 514.5

nm line of an Ar ion laser. The spectra were collected

in the range of 100–1600 cm–1. The reproducibility of

peaks was checked with a silicon sample before

examination. The laser power and acquisition time

were carefully controlled to avoid laser-induced

thermal effect and oxidation.

RESULTS

Ilmenite exsolution

Ilmenite exsolution is generally divided into three

types: (1) composite-type, ilmenite granules with

scarce lamellae within or in the rim of host magnetite;

(2) sandwich-type, thick ilmenite lamellae predomi-

nantly in one set of {111} planes; and (3) trellis-type,

thin ilmenite lamellae in all {111} planes of the host

magnetite (Buddington & Lindsley 1964, Haggerty

1991). The Ti-rich magnetite in the Bijigou intrusion

exhibits typical composite-type ilmenite exsolution,

which is denoted as IlmeniteB in this study (Fig. 1a).

The Ti-rich magnetite in the Xinjie intrusion mainly

contains sandwich-type and trellis-type ilmenite la-

mellae, denoted as IlmeniteXs and IlmeniteXt, respec-

tively (Fig. 1b). Note that the primary ilmenite

coexisting with Ti-rich magnetite in the Xinjie

intrusion contains various Fe-rich exsolutions (Fig.

1c). The Ti-rich magnetite in the Damiao complex has

two types of ilmenite lamellae, including thick (20 to

100 lm) sandwich-type lamellae with vermicular

pleonaste particles inside, denoted as IlmeniteDs (Fig.

1d), and thin trellis-type lamellae (~10 lm) coexisting

with pleonaste lamellae, denoted as IlmeniteDt (Fig.

1e). The PZH-I Ti-rich magnetite also has sandwich-

type lamellae (5 to 20 lm) with sparse vermicular

pleonaste particles inside, denoted as IlmenitePs (Fig.

1f).

The ilmenite lamellae in this study contain lower

TiO2 contents than pure ilmenite (xTiO2 ¼ 52.64

wt.%). The ferrous and ferric iron contents of the

ilmenite lamellae were estimated from stoichiometry

and charge balance. The Fe2O3cal. contents of the

ilmenite lamellae in the Ti-rich magnetite of the

Bijigou intrusion, Damiao complex, and Panzhihua

intrusion (PZH-I) range from 0.01 to 3.0 wt.%,

whereas the sandwich-type and trellis-type ilmenite

lamellae in the Ti-rich magnetite of the Xinjie

intrusion contain more than 10 wt.% Fe2O3cal. (Table

1).

The ilmenite exsolutions in the Ti-rich magnetite

from the different samples have similar Raman spectra

(Fig. 2), exhibiting three indicative bands of pure

ilmenite at ca. 681, 333, and 226 cm–1 (Table 2). Some

extra weak Raman bands occur at ca. 600, 430, and

1370 cm–1. These weak signals are similar to those of

oxidized Ti-rich magnetite or titanomaghemite, but not

identical to those for hematite or magnetite (Shebanova

& Lazor 2003, Wang et al. 2004). As some of the

ilmenite exsolution contains a minor amount of Fe3þ

(Table 1), these weak bands may be attributed to the

Raman-active vibrations of Fe3þO6 octahedral ionic

groups in ilmenite (Wang et al. 2004).

The XRD pattern of Ti-rich magnetite in the Xinjie

intrusion exhibits reflections corresponding to magne-

tite at ca. 2.96, 2.53, 2.09, 1.71, 1.61, and 1.48 Å, and

relatively weak reflections corresponding to ilmenite at

ca. 2.75, 2.23, 1.87, 1.50, 1.47, and 1.19 Å,

respectively (Table 3). The XRD patterns of Ti-rich

magnetite from the Bijigou and Panzhihua intrusions

and the Damiao complex also exhibit several weak

reflections, corresponding to spinel or Fe-rich spinel,

at ca. 2.88, 2.45, 2.03, and 1.55 Å, respectively (Table

3). The cell parameters of the magnetite were

determined using the d values of non-overlapping

XRD reflections, e.g., d ¼ ~ 2.42 Å of the (222)

reflection. In the Damiao complex and the Bijigou,

Xinjie, and Panzhihua intrusion samples, the magnetite

hosts have cell parameters (a0) of 8.3882(3),

8.3979(9), 8.3911(6), 8.3924(7), and 8.3942(8) Å,

respectively (Table 3), close to the a0 value (8.396 Å)

of pure magnetite (Wechsler et al. 1984). It is difficult

to determine the exact cell parameters of the ilmenite

lamellae (a0 and c0) due to weak X-ray reflections. The

a0 values of ilmenite exsolution are ca. 5.08 Å and the

c0 values are 14.08 Å (Table 3), also similar to pure

ilmenite (a0¼ 5.088 Å, c0¼ 14.092 Å). The EMPA of

the ilmenite lamellae are subject to the effects of

neighboring minerals. Given that substitution of Fe3þ

for Ti4þ would significantly decrease the cell param-

eters of ilmenite (Vincent et al. 1957, Basta 1959), the

cell parameters of the IlmeniteXs and IlmeniteXt
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FIG. 1. BSE images of exsolution in Ti-rich magnetite from different magmatic intrusions. (a) Granule and thick ilmenite

lamellae (IlmeniteB) and pleonaste (PleonasteB) particles in the host magnetite, Bijigou intrusion. (b) Trellis-type

(IlmeniteXt) and sandwich-type (IlmeniteXs) ilmenite lamellae lying along the {111} planes of the host magnetite, Xinjie

intrusion. (c) Primary ilmenite grains hosting lamellae, granule-like, and oval-like Fe-rich exsolution and Ti-rich magnetite

containing IlmeniteXt lamellae, Xinjie intrusion. (d) Thick sandwich-type ilmenite (IlmeniteDs) lamellae (20 to 100 lm

thick) in the host magnetite, and vermicular pleonaste (PleonasteDv) particles in the IlmeniteDs lamellae, Damiao complex.

(e) Intergrowth of trellis-type ilmenite (IlmeniteDt) lamellae and pleonaste lamellae (PleonasteDl), lying along the {111} and

the {100} planes of the host magnetite respectively, Damiao complex. (f) Sandwich-type ilmenite (IlmenitePs) in Ti-rich

magnetite from the Panzhihua intrusion; note the vermicular pleonaste (PleonastePv) particles in the IlmenitePs lamellae and

the interstitial sulfide (Sul) around the Ti-rich magnetite.
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lamellae suggest that their Fe2O3 content is less than 3

wt.%.

Ultrafine cloth-texture

The cloth texture shows ultrafine, discontinuous

lamellae in the Ti-rich magnetite of the Panzhihua

intrusion. The cloth-texture lamellae in the Ti-rich

magnetite of the PZH-I sample, denoted as Cloth-I,

exhibit different orientations with coexisting Ilmeni-

tePs lamellae (Fig. 3a). The cloth-texture lamellae in

the Ti-rich magnetite of the PZH-II sample, denoted as

Cloth-II, are parallel to the oriented lenticular

pleonaste lamellae (Fig. 3b). The orientation of the

cloth-texture lamellae indicates that they tend to align

in the {100} rather than the {111} planes of the host

magnetite. As the ultrafine lamellae are too small (less

than 1 lm in width) to be directly characterized,

identification of the ultrafine ‘‘cloth-texture’’ lamellae

has been controversial (Vincent 1960, Price 1981,

Vongruenewaldt et al. 1985, Speczik et al. 1988,

Krasnova & Krezer 1995).
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FIG. 2. Raman spectra of different types of ilmenite

exsolution. IlmeniteB, composite-type exsolution in the

host magnetite of the Bijigou intrusion; IlmeniteDs,

sandwich-type lamellae in the host magnetite of the

Damiao complex; IlmenitePs, sandwich-type lamellae in

the host magnetite of the Panzhihua intrusion; IlmeniteXs,

sandwich-type lamellae in the host magnetite of the Xinjie

intrusion; IlmeniteDt, trellis-type lamellae in the host

magnetite of the Damiao complex; IlmeniteXt, trellis-type

lamellae in the host magnetite of the Xinjie intrusion.
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From BSE images, Ti-rich magnetite in the PZH-I

and PZH-II samples contains two different zones with

different cloth-texture lamellae density, i.e., lamella-

poor and lamella-rich zones (Fig. 3). The EMPA of the

host magnetite of the PZH-I and PZH-II samples are

also subject to the effect of the cloth-texture lamellae

(Table 1). The lamella-poor zone of the PZH-I Ti-rich

magnetite has 8.48 wt.% TiO2, 4.57 wt.% Al2O3, and

3.24 wt.% MgO, and the lamella-rich zone has 9.95

wt.% TiO2, 3.81 wt.% Al2O3, and 3.28 wt.% MgO.

Similarly, the lamella-poor zone of PZH-II Ti-rich

magnetite has 14.50 wt.% TiO2, 5.25 wt.% Al2O3, and

3.50 wt.% MgO, and the lamella-rich zone has 17.43

wt.% TiO2, 1.90 wt.% Al2O3, and 2.76 wt.% MgO

(Table 1). It is noteworthy that the lamella-rich zones

are richer in TiO2 but poorer in Al2O3, while the

lamella-poor zones are richer in Al2O3 and poorer in

TiO2. This suggests that the cloth-texture lamellae are

composed of Ti-rich oxide minerals.

The Raman spectra of the lamella-rich zones in the

PZH-I and PZH-II Ti-rich magnetites exhibit different

features from magnetite (Fig. 4). Compared with the

Raman bands of the host magnetite (nearly pure

Fe3O4) in the sample from the Xinjie intrusion, the

lamella-rich zones in the PZH-I and PZH-II Ti-rich

magnetites exhibit a broadened band at ~673 cm–1 and

two extra bands at ~230 cm–1 and ~333 cm–1,

corresponding to the Raman bands of ilmenite (Wang

et al. 2004). The peak-fit analyses indicate that the

broadened band can reasonably be viewed as an

overlap of one band at ~668 cm–1 and another at ~685

cm–1, corresponding to the indicative bands of

magnetite and ilmenite, respectively (Wang et al.

2004). The indicative bands of ulvöspinel at 495 cm–1

and ~592 cm–1 (Wang et al. 2004, Zinin et al. 2011)

are not shown in the Raman spectra.

The XRD patterns were obtained from ~0.01 mm2

areas on the PZH-I and PZH-II Ti-rich magnetites. The

XRD patterns exhibit sharp reflections of magnetite

and relatively weak reflections of ilmenite, indicating

that most of the cloth-texture lamellae are ilmenite.

However, some reflections of magnetite are asymmet-

ric and have shoulder peaks on the low-degree side, for

example, the (400) reflection at ~438 (2h) (Fig. 5). The

shoulder of the (400) reflection can be reasonably

viewed as an overlap of the (400) reflection and a weak

one at ~42.358 (2h) which corresponds to the (400)

reflection of ulvöspinel. Although discernible reflec-

tions of ulvöspinel are not observed in both XRD

patterns, the shoulders of some magnetite reflections

suggest that the cloth-texture lamellae probably

contain a small number of ulvöspinel relics.

Pleonaste exsolution

Four types of pleonaste exsolution were observed

in this study, including droplet-like lamellae (Pleonas-

teB) in Ti-rich magnetite from the Bijigou intrusion

(Fig. 1a), vermicular pleonaste (PleonasteDv and

PleonastePv) in the thick IlmeniteDs lamellae (Fig.

1d) and the IlmenitePs lamellae (Fig. 3a), oriented

lamellae (PleonasteDl) in Ti-rich magnetite from the

Damiao complex (Fig. 1e), and oriented lenticular

pleonaste lamellae (PleonastePl) in the PZH-II Ti-rich

magnetite (Fig. 3b). The exsolved pleonaste contains

FeO, MgO, and Al2O3. The negative correlation of

MgO and FeO (Fig. 6) and the R* ratio [R*¼ nAl3þ /

(nMg2þ þ nFe2þ)] of 2.0 (Table 4) indicate an

isomorphous substitution between Fe2þ and Mg2þ in

the pleonaste. The pleonaste exsolutions in different

samples have variable Mg# [Mg# ¼ nMg2þ / (nMg2þ þ
nFe2þ) 3 100] (Table 4), which are probably inherited

from spinelss precursors (Amcoff & Figueiredo 1990).

Iron-rich exsolution in primary ilmenite

Primary, euhedral to sub-euhedral ilmenite com-

monly crystallizes simultaneously with Ti-rich mag-

netite in both natural and synthetic processes

(Buddington & Lindsley 1964). Multi-morphology

exsolution, such as granule, oval, and oriented

lamellae, are observed in primary ilmenite from

different intrusions (Fig. 1c). The exsolved minerals

were previously identified as magnetite or hematite

based on optical/BSE images (Charlier et al. 2007,

TABLE 2. RAMAN SHIFT REFERENCE OF STANDARD MINERALS

Minerals Raman shift (cm–1) Reference

Magnetite 670 540 308 193 Gasparov et al. (2000)

667 539 305 Wang et al. (2004)

Ulvöspinel 680 561 497

Ilmenite 683 368 333 207 224

Hematite 1321* 613 497 411 301 292 245 226

Note: __ represents strong and characteristic Raman bands of the mineral; * represents

the broad band of hematite.

544 THE CANADIAN MINERALOGIST



T
A

B
L
E

3
.

M
IC

R
O

X
R

D
A

N
A

L
Y

T
IC

A
L

R
E

S
U

L
T

S
O

F
T

i-
R

IC
H

M
A

G
N

E
T

IT
E

B
iji

g
o
u

D
a
m

ia
o

X
in

jie

P
a
n
zh

ih
u
a

(P
H

Z
-I

)
P

a
n
zh

ih
u
a

(P
H

Z
-I

I)
H

o
s
t

M
a
g
þ

Il
m
þ

P
le

H
o
s
t

M
a
g
þ

Il
m
þ

P
le

H
o
s
t

M
a
g
þ

Il
m

H
o
s
t

Il
m
þ

M
a
g

d
(Å
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Å

M
a
g
-h

o
s
t

a
0
¼

8
.3

9
2
4
(7

)
Å
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FIG. 3. BSE images of ultrafine cloth-texture lamellae in Ti-rich magnetite. (a) Ultrafine Cloth-I lamellae between the IlmenitePs

lamellae in PZH-I Ti-rich magnetite. (b) Ultrafine Cloth-II lamellae among the oriented lenticular pleonaste lamellae

(PleonastePl) in PZH-II Ti-rich magnetite; note the coarsened Cloth-II lamellae rimming the PleonastePl lamellae.

FIG. 4. Raman spectra collected from: Mag-Xinjie, host

magnetite (nearly pure Fe3O4) in the sample from the

Xinjie intrusion; PZH-I, the lamella-rich zone in PZH-I

Ti-rich magnetite; PZH-II, the lamella-rich zone in PZH-

II Ti-rich magnetite. Note that the main band at 672 cm–1

of PZH-I is an overlap of bands at 668 and 685 cm–1

(dashed line) and the main band at 673 cm–1 of PZH-II is

an overlap of bands at 668 and 686 cm–1 (dashed line)

based on analyses with PeakFit v4.12.

FIG. 5. Micro XRD patterns of PZH-I Ti-rich magnetite with

Cloth-I lamellae and PZH-II Ti-rich magnetite with

Cloth-II lamellae. Note that the (400) reflections of

magnetite have shoulders corresponding to the (400)

reflection of ulvöspinel at ~42.358 (2h).
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Pang et al. 2008, Wang et al. 2008, Morisset et al.

2010). However, the mineral identification is not

convincing due to the lack of structural evidence.

The exsolved minerals contain up to ~90 wt.%

FeOtotal and 0.9 to 7 wt.% TiO2 (Table 5). The XRD

pattern of an ilmenite grain hosting the Fe-rich

exsolution exhibits reflections of ilmenite and magne-

tite (Fig 7a). In addition, the Raman spectra of single

granule or lamella of the Fe-rich exsolution exhibit

typical bands of magnetite, including two strong bands

at ~671 and ~554 cm–1 and a weak band at ~308

cm–1 (Fig 7b). The indicative vibrations of hematite

are not shown in the Raman spectra. Accordingly, the

exsolved minerals from the host ilmenite should be

magnetite, rather than hematite. A reverse host-guest

intergrowth of magnetite and ilmenite is found in the

Xinjie intrusion in this study, i.e., primary Ti-rich

magnetite hosts ilmenite exsolution, versus primary

ilmenite hosting magnetite exsolution.

DISCUSSION

Interpretation of different intergrowths

Spinelss contains significant amounts of Al3þ,

Mg2þ, and Ti4þ. Different intergrowths of exsolved

pleonaste and ilmenite may be formed due to the

various bulk compositions of Ti-rich magnetite and

different cooling history of the magmas (Price &

Putnis 1979, Price 1980, Amcoff & Figueiredo 1990).

Ilmenite exsolution can be formed by direct exsolution

or ‘‘oxy-exsolution’’ at a wide range of temperatures

(Buddington & Lindsley 1964, Lattard 1995). In

contrast, exsolution of ulvöspinel and pleonaste in

Ti-rich magnetite occurs at ~600 8C and ~900 8C,

respectively (Vincent et al. 1957, Turnock & Eugster

1962, Buddington & Lindsley 1964). Hence, in

different intergrowth relationships, the exsolution

temperature of ilmenite can be constrained by

coexisting ulvöspinel and pleonaste exsolution. On

the other hand, exsolved pleonaste and ulvöspinel tend

to align along the structurally favored {100} planes of

host magnetite (Ramdohr 1953, Turnock & Eugster

1962, Price 1980, 1981), whereas exsolved ilmenite

generally aligns along the {111} planes of host

magnetite for crystal-structural reasons. Therefore,

the orientation of exsolved pleonaste is helpful to

distinguish the two exsolved titaniferous phases,

ulvöspinel and ilmenite.

The Cloth-I lamellae exhibit different orientations

from the IlmenitePs lamellae, and occur in the internal

space of the IlmenitePs lamellae (Fig. 3a). The Cloth-II

lamellae have the same orientation as the PleonastePl

lamellae and locally envelop the PleonastePl lamellae

FIG. 6. A plot of MgO versus FeO for the different types of

pleonaste in the Ti-rich magnetite of this study.

TABLE 4. COMPOSITIONS OF DIFFERENT TYPES OF PLEONASTE EXSOLUTION IN

Ti-RICH MAGNETITE

Element

(in wt.%) PleonasteB PleonasteDv PleonasteDl PleonastePv PleonastePl

MgO 10.55 6.10 4.33 21.58 18.74

Al2O3 62.41 58.89 59.54 66.91 60.55

FeOtotal 26.91 31.33 34.83 9.80 17.82

MnO 0.26 0.20 0.24 0.08 0.11

Cr2O3 0.06 0.48 0.34 0.01 0.010

V2O3 0.18 0.07 0.10 0.04 0.12

TiO2 0.34 0.78 0.11 0.38 1.93

Total 100.70 97.84 99.48 98.79 99.28

Mg# 41.1 25.7 18.3 79.7 65.2

R* 2.0 2.0 2.0 2.0 1.8

Note: the Mg# ¼ nMg2þ / (nMg2þþ nFe2þ) 3 100; R* ¼ nAl3þ / (nMg2þþ nFe2þ)
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(Fig. 3b). Such an intergrowth indicates that the cloth-

texture lamellae align along the {100} rather than the

{111} planes of the host magnetite, and that the cloth-

texture lamellae occurred later than the coexisting

IlmenitePs and PleonastePl lamellae. The IlmeniteDt

lamellae and the PleonasteDl lamellae have different

orientations, thus forming composite ilmenite-pleo-

naste trellises in the host magnetite (Fig. 1e). In this

case, the IlmeniteDt lamellae and PleonasteDl lamellae

probably formed independently, parallel to the {100}

and {111} planes of the host magnetite, respectively.

The occurrence of pleonaste–ilmenite symplectite

in the Ti-rich magnetite from the Damiao complex

(PleonasteDv–IlmeniteDs, Fig. 1d) and Panzhihua

intrusion (PleonastePv–IlmenitePs, Fig. 3a) is notewor-

thy. Since Al2O3 would preferentially partition into

magnetite rather than ilmenite (Sauerzapf et al. 2008),

the pleonaste is unlikely to exsolve from the ilmenite

lamellae. The irregular pleonaste particles and the

ilmenite lamellae probably exsolved simultaneously

from the spinelss, like a eutectoid crystallization

process (Price & Putnis 1979, Amcoff & Figueiredo

1990, Elardo et al. 2012). In this case, the IlmeniteDs

lamellae formed at a temperature above or at least

equal to the pleonaste–magnetite solvus at ~900 8C.

Exsolution-oxidation of ulvöspinel

Most Ti in spinelss is in the form of Fe2TiO4

(Buddington & Lindsley 1964, Lattard 1995). The

miscibility gap of Usp–Mtss (, ~600 8C) would

separate an ulvöspinel-rich phase from the spinelss on

slow cooling (Buddington & Lindsley 1964). The

spinel-type structured ulvöspinel-rich phase tends to

form lamellae along the {100} planes of the host

magnetite (Ramdohr 1953, Price 1980, 1981). The

orientation and morphology of the Cloth-I and Cloth-II

lamellae indicate that they are ulvöspinel, whereas the

Raman spectra and XRD patterns indicate that most of

the cloth-texture lamellae are ilmenite. Given that

ulvöspinel can only remain stable at extremely low

oxygen fugacity and becomes unstable with decreasing

temperature (Buddington & Lindsley 1964), such

decoupling can be explained as the cloth-texture

lamellae initially exsolving as ulvöspinel and becom-

ing oxidized to ilmenite at a later stage, as in the

reaction of Equation 1:

6Fe2TiO4 ulvöspinel lamellae þO2

¼ 6FeTiO3 cloth-texture lamellae þ2Fe3O4 host ð1Þ

The oxidation may occur at very low temperature so

that the ilmenite lamellae still align along the

orientation of the ulvöspinel. In some cases, small

amounts of ulvöspinel may remain as relics, as shown

by the XRD patterns in this study (Fig. 5) and the

previous study of Vincent (1960).

The ulvöspinel exsolution-oxidation process has

been described as a ‘‘two-stage model’’ in previous

studies (Verhoogen 1962, Vongruenewaldt et al. 1985,

TABLE 5. COMPOSITIONS OF ILMENITE AND

DIFFERENT TYPES OF FE-RICH EXSOLUTION

Element

(in wt.%)

Host

Ilmenite Granule Oval Lamella

MgO 1.15 0.03 0.04 0.05

Al2O3 0.02 0.09 0.06 0.20

FeOtotal 47.20 89.73 88.38 94.22

MnO 0.61 0.05 0.05 0

Cr2O3 0.02 0.06 0.05 0.12

V2O3 0.14 0.45 0.44 0.28

TiO2 46.86 3.61 4.71 1.12

Total 96.01 94.02 93.72 95.99

FIG. 7. (a) Micro XRD pattern of one primary ilmenite grain with Fe-rich exsolution. (b) Raman spectra of single lamella, oval-

like, granule-like Fe-rich exsolution in the primary ilmenite grains of Figure 1c.
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Pang et al. 2008). This process requires the spinelss to

remain at relatively reductive conditions until the

temperature decreased to the magnetite–ulvöspinel

solvus. The reductive conditions may have resulted

from high contents of hydrogen or sulfur in the

interstitial liquid or an excess of FeO relative to the

fluids (Buddington & Lindsley 1964), which is

consistent with the fact that the rocks in which the

Ti-rich magnetite contains cloth-texture lamellae

usually have high proportions of Fe-Ti oxides or

sulfides.

"Oxy-exsolution" of ilmenite

Whether ulvöspinel or ilmenite is present as the

exsolved phase in Ti-rich magnetite is mainly

controlled by the oxidation–reduction equilibrium

between spinelss and fO2. Under relatively oxidizing

conditions, the Fe2TiO4 component in spinelss could be

oxidized at a temperature above the magnetite–

ulvöspinel solvus and exsolved directly as ilmenite.

This process was denoted as ‘‘oxy-exsolution’’ by

Buddington & Lindsley (1964). The oxygen source is

related to the reduction of coexisting silicate minerals

and interstitial or trapped residual fluids (Frost 1991,

Pang et al. 2008, Liu et al. 2014). The total amount of

fluid is probably small relative to the Fe-Ti oxides in

the bulk compositions of the whole rocks, however,

the low proportion of fluids could cause large

variations in fO2 on cooling (Buddington & Lindsley

1964).

Note that the oxidation-reduction equilibrium is

also dependent on temperature. For a given content of

fluid (e.g., H2O), Fe2TiO4-rich spinelss may keep

equilibrium with the fO2 dominated by dissociation of

liquid at high temperature, but tends to become

unstable and oxidized with decreasing temperature

(Buddington & Lindsley 1964). As a result, the spinelss

in equilibrium with the fluid tends to become

successively lower in the Fe2TiO2 component, which

becomes oxidized to ilmenite exsolution on cooling, as

in the reaction of Equation 2:

6Fe2TiO4 in spinel ss þO2

¼ 6FeTiO3 trellis-=sandwich-type lamellae þ2Fe3O4 host ð2Þ

The ilmenite lamellae tend to exsolve along the {111}

planes of the host magnetite, whereas the generated

magnetite becomes part of the host.

Under oxidizing conditions, if the host rock has a

relatively high proportion of fluids, Fe2TiO4 in spinelss

tends to be exhausted by successive oxidations above

the magnetite–ulvöspinel solvus. Compared with the

Ti-rich magnetite in the massive ores, the cloth-texture

lamellae are absent in the samples with minor Fe-Ti

oxides, e.g., the samples from the Xinjie and Bijigou

intrusions. In these samples, most of the Fe2TiO4

component in the spinelss exsolves as ilmenite

lamellae by the ‘‘oxy-exsolution’’ process and the host

mineral becomes nearly pure magnetite.

Direct exsolution of ilmenite

The ilmenite lamellae in Ti-rich magnetite are also

possibly formed by direct exsolution from cation-

deficient spinelss (Lattard 1995). Cation-deficient

spinelss was previously regarded as ‘‘titanomaghe-

mite’’, which is formed by an oxidation process

analogous to the formation of maghemite (c-Fe2O3)

(Basta 1959, Collyer et al. 1988, Zhou et al. 1999).

However, synthetic experiments indicate that cation-

deficient spinelss can also be formed by the substitu-

tion of Fe2þ by Ti4þ, as in Equation 3:

2Fe2þ ¼ Aþ Ti4þ ð3Þ

at low fO2 and high-temperature conditions. The

cation-deficient spinelss can be considered as a solid

solution within the Fe2TiO4–Fe3O4–c-FeTiO3 system.

Substitution of Fe2þ by other high valence cations,

such as Al3þ and Cr3þ, as in Equation 4:

3Fe2þ ¼ Aþ 2X ðX ¼ Fe3þ; Cr3þ;Al3þ; and V3þÞ
ð4Þ

can also increase the vacancy concentration of spinelss

(Lattard 1995). Vacancy relaxation would occur in a

cooling process from the crystallization temperature to

900 8C, and the cation-deficient spinelss would become

stoichiometric by exsolving ilmenite (Lattard 1995).

Given the low concerntrations of vacancies (or

excess Ti4þ) in the cation-deficient spinelss (Lattard

1995), limited amounts of ilmenite lamellae are

expected to form by direct exsolution. The maximum

amount of vacancies in the place of cations in spinelss

is ~2% at 1300 8C (Taylor 1964). Calculations using

the Lever Rule and Taylor’s data suggest that the

maximum amount of ilmenite that could be formed by

direct exsolution makes up ~15 wt.% or ~16% vol.%

of the whole Ti-rich magnetite crystal.

In most terrestrial rocks, ilmenite exsolution in Ti-

rich magnetite is commonly formed by the ‘‘oxy-

exsolution’’ process (Lattard 1995). As high pressure

seems to lower vacancy contents in spinelss (Lattard

1995), the amount of ilmenite formed by direct

exsolution in the Ti-rich magnetite from intrusions is

probably less than the above estimation. However, in

this study, some ilmenite exsolution is suggested to be

formed by direct exsolution of cation-deficient

spinelss. The broad sandwich-type IlmenitePs lamellae

make up 7–11 vol.% of the total Ti-rich magnetite

based on modal analysis (Fig. 3a). The PleonastePv–
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IlmenitePs symplectite suggests IlmenitePs lamellae

formed at temperatures above 900 8C, whereas the

coexisting Cloth-I lamellae indicates that the spinelss

remained un-oxidized under relatively reduced condi-

tions above the magnetite–ulvöspinel solvus (~600

8C). Thus the IlmenitePs lamellae are likely formed by

direct exsolution from a cation-deficient spinelss.

Inter-oxide re-equilibration

Spinelss and Ilm–Hemss can crystallize simulta-

neously from magmas at a wide range of oxygen

fugacities and temperatures (Buddington & Lindsley

1964). For Ilm–Hemss, a miscibility gap would

separate a hematite-rich phase from an ilmenite-rich

phase on cooling (Lindsley 1991), and the ilmenite in

many mafic-ultramafic intrusions thus contains hema-

tite exsolutions (McEnroe et al. 2002, Kasama et al.

2009, Morisset et al. 2010). Magnetite exsolution,

which cannot be formed by isochemical decomposi-

tion of Ilm–Hemss, also occurs in the host ilmenite in

some intrusions, such as Xinjie. In the ‘‘oxy-exsolu-

tion’’ model (Buddington & Lindsley 1964), the

magnetite exsolution is considered to be a reductive

product of the Fe2O3 component in Ilm–Hemss with

decreasing fO2, as in the reaction of Equation 5:

6Fe2O3 in Ilm--Hem ss ¼ 4Fe3O4 exsolution þ O2 ð5Þ

However, note that ilmenite lamellae formed by sub-

solidus oxidation with increasing fO2 also occur in the

coexisting Ti-rich magnetite (Fig. 1c). Thus the

reversed host-guest intergrowth is unlikely to be

derived from fO2 fluctuation controlled by fluids or

coexisting silicate minerals. In the sample of the

present study, Fe-Ti oxides are dominant. The cooling

path of the oxide assemblage is more likely controlled

by sub-solidus cation re-equilibration between coex-

isting Ti-rich magnetite and ilmenite (Frost 1991). In

this case, the reversed host-guest intergrowth likely

formed under oxygen-conserving conditions. Simulta-

neous oxidation and reduction can occur by cation re-

equilibration, as shown by Equation 6, with no change

in the oxygen content of the oxide assemblage.

A similar intergrowth was also reported in the

synthetic experiment (Lattard 1995), which is attribut-

ed to a combined function of vacancy relaxation and

cation exchange Fe2þTiFe3þ
–2 between coexisting

Ilm–Hemss and spinelss:

Fe2TiO4 in spinel ss þ Fe2O3 in Ilm--Hem ss

¼ FeTiO3 exsolution in magnetite host

þ Fe3O4 exsolution in ilmenite host ð6Þ

The cation exchange can occur at temperatures

above the solvus of Ilm–Hemss and spinelss and

proceeds to the right on cooling. As a result, the

spinelss gains Fe3þ and the Ilm–Hemss loses a

corresponding amount of Fe3þ. Both Ilm–Hemss and

spinelss would approach their endmember composi-

tions in the process (Frost 1991). Because Fe2þ has

higher octahedral site preference energy than Ti4þ, and

more preferentially occupies the octahedral site of

Ilm–Hemss (Dunitz & Orgel 1957, O’Neill &

Navrotsky 1983), the diffusion of Fe2þ from the

spinelss to the Ilm–Hemss is likely faster than that of

Ti4þ from the Ilm–Hemss to the spinelss. Therefore, the

diffused Fe2þ from spinelss and the diffused Fe3þ from

Ilm–Hemss can precipitate in the form of magnetite

within the ilmenite host, whereas the Fe2TiO4

component in spinelss exsolves to form ilmenite

lamellae with Fe2þ diffusing to coexisting Ilm–Hemss.

Petrologic implications

Titanium-rich magnetite in the rocks of the

intrusive bodies commonly experienced intensive

sub-solidus re-equilibration on slow cooling (Frost

1991). Sub-solidus oxidation plays a key role in the

transformation of the Fe2TiO4 component in spinelss to

the ilmenite exsolution in Ti-rich magnetite. In most

cases, the ilmenite exsolution in the Ti-rich magnetite

formed by the ‘‘exsolution-oxidation’’ and ‘‘oxy-

exsolution’’ processes (Buddington & Lindsley 1964,

Lattard 1995). Compared with the original composi-

tion of the spinelss, the Fe3þ/Fe2þ ratio of the Ti-rich

magnetite is significantly increased by the oxidation

processes, whereas the Fe/Ti ratio of the Ti-rich

magnetite remains the same. In this case, the original

Fe3þ/Fe2þ ratio of the spinelss can be obtained by

partitioning FeOtotal of the Ti-rich magnetite (includ-

ing ilmenite exsolution) according to the formula of

stoichiometric spinelss.

The ilmenite exsolution formed by the ‘‘oxy-

exsolution’’ process often exhibits progressive varia-

tions in terms of size and morphology with oxidation

status and temperature (Fig. 1b). In this study, the Ti-

rich magnetite in some samples is noted to contain two

distinctive generations of ilmenite lamellae, probably

representing two stages of ilmenite formation (Fig. 8).

One of the two generations of ilmenite lamellae may

have formed by direct exsolution or inter-oxide re-

equilibration rather than the ‘‘oxy-exsolution’’ process.

For example, the coarse IlmeniteXs lamellae coexisting

with ultrafine IlmeniteXt lamellae (Fig. 8a) probably

formed by direct exsolution at high temperature, and

the lenticular ilmenite lamellae coexisting with

IlmeniteXt lamellae (Fig. 8b) may have resulted from

inter-oxide re-equilibration, as evidenced by the close

intergrowth of Ti-rich magnetite and primary ilmenite.

The ilmenite exsolution formed by direct exsolu-

tion should be considered as the c-FeTiO3 component
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of the original spinelss, and the minor amount of

vacancy and excess Ti must thus be taken into

consideration in the usage of the Ti-rich magnetite-

ilmenite thermo-oxybarometer (Lattard 2005), as the

small variations in the Fe/Ti and Fe3þ/Fe2þ ratios of

the original spinelss may lead to significant changes in

calculated temperature and f O2 (Buddington &

Lindsley 1964, Lattard et al. 1995). On the other

hand, the inter-oxide re-equilibration enhances the

ilmenite exsolution due to the diffusion of Fe2þ from

Ti-rich magnetite to adjacent ilmenite, and such a

process decreases the Fe/Ti and Fe2þ/Fe3þ ratios of the

Ti-rich magnetite. The loss of Fe2þ in Ti-rich

magnetite by inter-oxide re-equilibration should be

estimated by the amounts of magnetite exsolution in

the adjacent ilmenite and added to the original

composition of the spinelss.
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