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Geochemical and iron isotopic compositions of magnetite, ilmenite and pyrite separates from the Fe\\Ti oxide
ores hosted in the Damiao anorthosite-type Fe\\Ti ore deposit were analyzed to investigate sub-solidus cooling
history of the titanomagnetite. The Fe\\Ti oxides form two series of solid solutions, namely, ulvöspinel-magnetite
(Usp-Mtss) and hematite-ilmenite (Hem-Ilmss) solid solutions. The magnetite separates have 14–27 mol%
ulvöspinel, while the ilmenite separates have 5–8 mol% hematite. Major element compositions of the mineral
separates suggest that the ilmenites were mainly exsolved from the Usp-Mtss by oxidation of ulvöspinel in the
temperature range of ~820–600 °C and experienced inter-oxide re-equilibrationwith themagnetites. Associated
with the exsolution is the substantial inter-mineral iron isotope fractionation. The magnetite separates are char-
acterized by high δ57Fe (+0.27 − +0.65‰), whereas the ilmenite separates have lower δ57Fe (−0.65 to
−0.28‰). Two types of pyrite are petrographically observed, each of which has a distinctive iron isotope finger-
print. Type I pyrite (pyriteI) with higher δ57Fe (δ57Fe = +0.63 − +0.95‰) is consistent with magmatic origin,
and type II pyrite (pyriteII) with lower δ57Fe (δ57Fe = −0.90 to −0.11‰) was likely to have precipitated from
fluids. Iron isotopic fingerprints of the pyriteI probably indicate variations of oxygen fugacity, whereas those of
the pyriteII may result from fluid activities. The iron isotopic fractionation between the magnetite and ilmenite
is the net result of sub-solidus processes (including ulvöspinel oxidation and inter-oxide re-equilibration) with-
out needing varying oxygen fugacity albeit its presence. Although varying composition of magnetite-ilmenite
pairs reflects variations of oxygen fugacity, inter-oxide iron isotopic fractionation does not.

© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Titanomagnetite is common in various igneous and metamorphic
rocks (Frondel, 1975; Frost and Lindsley, 1991), and has been used as
thermo-oxybarometer to estimate temperature and oxygen fugacity in
petrogenetic studies (see Sauerzapf et al., 2008). The Fe\\Ti oxides
show a large variety of microscopic textures resulting from complex
subsolidus re-equilibration processes (e.g., Frost and Lindsley, 1991),
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and form two series of solid solutions, i.e., ulvöspinel-magnetite (Usp-
Mtss) and hematite-ilmenite (Hem-Ilmss) solid solutions. Relative to
ulvöspinel exsolutions, ilmenite intergrowths within magnetite are
more common and usually interpreted as resulting from oxidation of
ulvöspinel occurring at temperatures above the Usp-Mtss solvus
(Buddington and Lindsley, 1964; Frost and Lindsley, 1991). During
cooling, coexisting Usp-Mtss and Hem-Ilmss also undergo inter-
mineral cation exchange: 2Fe3+↔ Fe2++ Ti4+, withmagnetite gaining
Fe3+ and ilmenite gaining Fe2+ and Ti4+.With decreasing temperature,
the magnetite and ilmenite become purer endmembers. Theoretically,
given the preference of heavier iron isotopes (e.g., 56Fe, 57Fe vs. 54Fe)
to the phases with higher Fe3+ / Fe2+ or smaller coordination number
(see Dauphas et al., 2017 for review), it is expected that the redistribu-
tion of Fe2+ and Fe3+ during the sub-solidus exsolutionwill lead to iron
isotope fractionation between the exsolved phases.
V. All rights reserved.
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In recent years, researchers have drawn attention to the iron isotope
systematics of themagmatic Fe\\Ti oxides hosted in the Panzhihua and
Baima layered intrusions, SW China (e.g., Chen et al., 2014; Liu et al.,
2014; Cao et al., 2019). The origins of these intrusions are attributed to
the intense magmatism related to the Emeishan mantle plume (e.g.
Chung and Jahn, 1995; Pang et al., 2008). The Fe\\Ti oxides hosted in
the layered intrusions commonly coexist with silicate minerals such as
olivine and clinopyroxene, thus isotopic exchange between Fe\\Ti ox-
ides and silicate minerals induced by diffusion (e.g., Fe\\Mg exchange
between olivine and ilmenite, Chen et al., 2018; Xiao et al., 2016) may
also play a role in the iron isotope systematics. The Damiao Fe\\Ti ox-
ides are hosted in the ~1.74Ga massif-type anorthosite complex in the
North China Craton (Chen et al., 2013; Zhao et al., 2009). The Fe\\Ti
oxide ores are associated with nelsonites, which are oxides and
apatite-dominated rocks essentially devoid of silicate minerals. There-
fore, the Damiao Fe\\Ti ores provide natural samples to study inter-
mineral iron isotope fractionation during sub-solidus cooling without
the influence of material exchanges between oxides and silicates.

In this studywe collected a suite of Fe\\Ti oxide ore samples froman
open-pit mine of the Damiao ore deposit. We present a comprehensive
study of geochemical and iron isotope compositions on the major Fe-
bearingmineral separates (magnetite, ilmenite and pyrite). Our data il-
lustrate the sub-solidus cooling history of the Fe\\Ti oxides, and show
substantial iron isotope variations in magnetite, ilmenite and pyrite.
This study offers a better understanding on the sub-solidus processes
of natural Fe\\Ti oxides and the applications of iron isotopes in tracing
oxygen fugacity and fluid activities.

2. Geological background and samples

2.1. Characteristics of the Damiao Fe-Ti-P ore deposit

The Damiao Fe-Ti ± P ore deposit is hosted in the ~1.74 Ga Damiao
andesine anorthosite complex located in the northern margin of the
North China Craton (Fig. 1A; Pang and Shellnutt, 2018; Xie, 1982;
Zhao et al., 2009). The complex intruded into the basement rocks of
Fig. 1. Simplified geological map showing distribution of the ore bodies and sa
the North China Craton, which is consist of ~2.49Ga Dantazi and
~2.44–2.41Ga Hongqiyingzi complexes. It is unconformably overlain
by Jurassic strata to the northeast, and bounded by an E-W trending
fault to the south. It is considered a part of typical AMCG (anorthosite
– mangerite – charnockite – granite) suite and comprises various rock
types including anorthosite, norite, gabbronorite, ferrodiorite,
mangerite, alkali granitoid and rapakivi granite (Chen et al., 2013;
Zhao et al., 2009). Anorthosite predominates in the Damiao complex,
and has undergone varying degree of hydrothermal alteration (Li
et al., 2014). Geochemical and isotopic (Sr-Nd-Hf) data suggest that
the magmatic suite was derived from high-Al basaltic magma (Chen
et al., 2013; Zhao et al., 2009).

The Damiao complex hosts abundant Fe-Ti-(P) ores. Amajor Fe-Ti-P
ore deposit (i.e., Damiao deposit) has beenmined for decades and com-
prises three mining districts (Damiao, Heishan and Maying; NGB-
HGMEB, 1986). The deposit consists of many discordant Fe\\Ti oxide
ore bodies occurring as pods, irregular lenses, veins or dikes with
~13–55 m thick and ~50–350 m long (Chen et al., 2013; He et al.,
2016). The ores bodies are hosted mainly by anorthosite and locally
by leuconorite. Four types of ore rocks have been identified (Chen
et al., 2013; Li et al., 2014): (1) massive Fe ore with magnetite and il-
menite; (2) massive Fe\\P ore with magnetite, ilmenite and apatite;
(3) massive P ore with N50% apatite; and (4) disseminated Fe and
Fe\\P ores. Compared to other currently mined Fe\\Ti ore deposits
from anorthosite provinces worldwide (e.g., Lac Tio mine of Canada
and Tellnes mine of Norway; Charlier et al., 2015), the ores in the
Damiao deposit are predominated by magnetite with comparatively
low TiO2 content and ilmenite with low hematite fraction (Chen et al.,
2013; Tan et al., 2016). It has been proposed that formation of a
nelsonitic melt (Fe-Ti-P-rich ferrobasalt) is amajor ore-forming process
(Chen et al., 2013).

2.2. Sample descriptions

A total of 15 massive Fe\\Ti oxide ore samples were collected from
an ore body with an exposed area of ~80m× 100mwithin the Heishan
mple locality in the Damiao ore deposit (modified after Chen et al., 2013).
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open-pit mine (Fig. 1B, 2A). The sampling position is shown in Fig. 1B
with GPS data given in Table S1. The ore samples mainly comprise
coarse-grained (N10 mm) magnetite (~85–90 vol%), ilmenite
(~10–15 vol%) and a trace amount of pyrite. The ilmenites in the ore
samples occur as intergrowths hosted in the magnetite and three
types of intergrowth are observed: (1) thick ilmenite lamellae
(~50–250 μm) mainly in one set of (111) planes (Fig. 1C, D); (2) thin
Fig. 2. Photographs of the Damiao Fe\\Ti oxide ores. (A) The Heishan open-pit mine of Damiao
Fe\\Ti ore sample under reflected light. (C-D) Thick ilmenite lamellae exsolved in the magn
magnetite grain. Note the re-equilibration overgrowth on the external border of ilmenit
(H) Anhedral pyrite grain precipitated in the crevice of magnetite grain. Note the magnetite in
pyrite; Her, hercynite.
ilmenite lamellae along the (111) planes (Fig. 1E); (3) ilmenite granules
or granules with re-equilibration texture on the external borders
(Fig. 1E). The ulvöspinel (Fe2TiO4) exsolutions occur as ultrafine lamel-
lae along the (100) planes (Fig. 1D), while the hercynite (FeAl2O4) exso-
lutions commonly occur as particles (Fig. 1F). There are also two types of
pyrite observed in the samples: (1) subhedral pyrite grains (pyriteI) co-
exist with adjacentminerals showing triple junction structure (Fig. 2G);
deposit (B) A hand-specimen of Fe\\Ti oxide ore (HS18–5). (C\\H) Photomicrographs of
etite grains with ultrafine ulvöspinel exsolutions. (E-F) Ilmenite grain in contact with
e grain. (G) Pyrite grain coexisting with magnetite shows triple junction structure.
clusions involved in the pyrite grains. Mt., magnetite; Ilm, ilmenite; Usp, ulvöspinel; Pyr,
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(2) anhedral pyrite (pyriteII) grains containing magnetite inclusions
occur along fractures of the Fe\\Ti oxide (Fig. 2H). The occurrence of
pyriteII with inclusions may indicate post-magmatic fluid activities.

3. Analytical methods

The iron isotope and major element compositions were analyzed in
the Institute of Oceanology, Chinese Academy of Sciences (IOCAS). The
Fe\\Ti ore samples were crushed using a corundum jaw crusher. The
disaggregates was introduced to a magnetic separator to separate mag-
netite from non-magnetic minerals. Individual mineral phases were
handpicked under binocular microscope. Finally, magnetite, ilmenite
and pyrite grains were obtained from the massive Fe\\Ti ore samples.
Although different types of ilmenite intergrowths were identified,
EMPA study indicated that they are homogeneous regarding major ele-
ment compositions (Tan et al., 2016). Most magnetite grains contain a
trace amount of very fine ulvöspinel exsolutions that cannot be totally
removed.

After ultrasonically cleaned and dried, themineral separate was dis-
solved in a Teflon Parr bombs using a mixture of double-distilled con-
centrated HNO3-HCl-HF at ~190 °C for 6 h. Once fully digested, the
solutions were dried and redissolved in 9 N HCl. The sample aliquot
was preferentially analyzed on an Agilent 5100 ICP-OES for major ele-
ment concentrations following Kong et al. (2019). The analytical preci-
sion is better than5% (RSD, relative standard deviation). The ferrous and
ferric iron concentrations were calculated via stoichiometry and charge
balance (Carmichael, 1967). Detailed major element compositions of
the mineral separates are given in the Table S1.

For chromatographic purification, the sample aliquot was loaded
onto a polypropylene column filled with 1 ml anion exchange resin
(Bio-Rad AG-MP-1 M, 200–400mesh) prepared in 9 N HCl medium. In-
terfering matrix elements were rinsed using 5 ml 9 N and 6 N HCl, re-
spectively. Iron was collected using 2 ml 1 N HCl. The eluted iron
solutions were analyzed on the ICP-OES again to ensure the purity and
full recovery. Prior to the isotope analyses, the purified iron solutions
were doped with a GSB Ni standard solution (an ultrapure single ele-
ment standard solution from the China Iron and Steel Research Insti-
tute) as an internal mass bias monitor.
Fig. 3.Compositional and isotopic variations of themineral separates from theDamiao Fe\\Ti ore
ilmenite separates; Pyr, pyrite separates. Error bars represent ±1 s.d.
Iron isotope compositions were determined using a Nu plasma II
MC-ICPMS operated in wet plasma mode with medium resolution (M/
ΔM N 8000). Background was measured and subtracted using electro-
static analyzer (ESA) deflection. Sample solution was introduced in
HCl medium via a 100 μl/min PFA nebulizer into a quartz dual cyclonic
spray chamber. A 600 s washout in Milli-Q water was conducted be-
tween each analysis. Individual analysis contained 30 cycles with 8 s in-
tegration time. Mass bias fractionation during analysis was corrected by
60Ni/58Ni similar to Zhu et al. (2018) with the 58Fe interference on 58Ni
corrected based on 56Fe. Each sample was analyzed four times between
individual GSB standard (a substitution of IRMM-014; δ56FeIRMM-014 =
δ56FeGSB + 0.729, δ57FeIRMM-014 = δ57FeGSB + 1.073; He et al., 2015)
analysis. Iron isotope data are reported in δ-notation relative to the in-
ternational standard IRMM-014: δXFe (‰) = [(XFe/54Fe)sample/
(XFe/54Fe)IRMM-014-1] × 1000, where X refers to mass 56 or 57. The
long-term external precision was better than ±0.06‰ based on the
analyses of an in-laboratory Fe solution αFe (δ56Fe = 0.52 ± 0.06‰;
2SD, n=147) for over fivemonths. Replicate analyses of theUSGS stan-
dard BCR-2 (n = 24) yield mean values of 0.06 ± 0.05‰ (2 s.d.) and
0.12± 0.06‰ (2 s.d.) for δ56Fe and δ57Fe, respectively, which are within
error of the reported values (Table S2).
4. Results

4.1. Major element

The magnetite (Mt) separates mainly contain 34.7–38.1 wt% FeO,
46.6–56.5 wt% Fe2O3 and 4.63–9.00wt% TiO2, corresponding to X'usp=
0.14–0.27 (Fig. 3A; where X'usp refer to the fraction of ulvöspinel com-
ponent in theUsp-Mtss). They also containminor oxides of 1.24–5.09wt
% Al2O3, 0.14–0.43 wt% Cr2O3, 0.13–1.33 wt% MnO, and 0.29–0.38 wt%
V2O3. The ilmenite (Ilm) separates have 44.99–48.76 wt% TiO2,
37.4–41.6 wt% FeO and 4.06–7.14 wt% Fe2O3, corresponding to X'ilm=
0.92–0.95 (Fig. 3B; where X'ilm refer to the fraction of ilmenite compo-
nent in theHem-Ilmss). There are alsominor Al2O3,MgO andMnO in the
ilmenite separates with abundances of 0.19–1.23 wt%, 0.12–2.58 wt%
and 0.56–0.97 wt%, respectively.
samples. X'usp, ulvöspinel fraction; X'ilm, ilmenite fraction;Mt.,magnetite separates; Ilm,



Table 1
Iron isotopic composition of the mineral separates from the Damiao Fe\\Ti ore samples.

Sample Rock type Mineral separates

Magnetite Ilmenite Pyrite

δ56Fe 2 s.d. δ57Fe 2 s.d. δ56Fe 2 s.d. δ57Fe 2 s.d. δ56Fe 2 s.d. δ57Fe 2 s.d.

HS18–04 Fe-Ti ore 0.381 0.069 0.651 0.118 −0.089 0.043 −0.283 0.033 −0.525 0.042 −0.777 0.086
HS18–05 Fe-Ti ore 0.275 0.070 0.429 0.151 −0.221 0.025 −0.363 0.017 −0.278 0.057 −0.354 0.085
HS18–06 Fe-Ti ore 0.244 0.049 0.356 0.164 −0.248 0.044 −0.466 0.113 −0.623 0.023 −0.900 0.079
HS18–07 Fe-Ti ore 0.259 0.045 0.346 0.055 −0.282 0.076 −0.473 0.138 −0.638 0.043 −0.893 0.090
HS18–08 Fe-Ti ore 0.187 0.088 0.278 0.170 −0.287 0.054 −0.536 0.101 −0.257 0.040 −0.372 0.102
HS18–09 Fe-Ti ore 0.214 0.054 0.348 0.141 −0.260 0.092 −0.530 0.055 −0.056 0.050 −0.113 0.076
HS18–10 Fe-Ti ore 0.239 0.096 0.305 0.141 −0.330 0.038 −0.506 0.116 −0.619 0.054 −0.922 0.154
HS18–11 Fe-Ti ore 0.208 0.064 0.269 0.105 −0.248 0.021 −0.444 0.056 −0.211 0.074 −0.355 0.129
HS18–12 Fe-Ti ore 0.388 0.042 0.553 0.101 −0.305 0.064 −0.412 0.039 0.662 0.079 0.947 0.183
HS18–13 Fe-Ti ore 0.248 0.049 0.376 0.134 −0.426 0.056 −0.639 0.089 0.646 0.020 0.952 0.039
HS18–14 Fe-Ti ore 0.287 0.038 0.435 0.106 −0.408 0.048 −0.617 0.115 0.618 0.014 0.863 0.052
HS18–15 Fe-Ti ore 0.202 0.072 0.280 0.114 −0.398 0.041 −0.584 0.081 0.600 0.049 0.817 0.108
HS18–16 Fe-Ti ore 0.253 0.031 0.347 0.066 −0.346 0.010 −0.567 0.090 0.599 0.033 0.899 0.054
HS18–17 Fe-Ti ore 0.416 0.051 0.460 0.057 −0.403 0.027 −0.647 0.092 0.497 0.070 0.748 0.083
HS18–18 Fe-Ti ore 0.294 0.035 0.329 0.036 −0.375 0.026 −0.588 0.085 0.435 0.025 0.632 0.032
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4.2. Iron isotopes

Large variations of iron isotope compositions are obtained from the
mineral separates of the Damiao Fe\\Ti oxide ores (Table 1) with all
data points lying on the mass-dependent fractionation line (Fig. S1).
The magnetite separates have relatively high δ57Fe values from +0.27
to +0.65‰ (Fig. 3C), and the ilmenite separates have relatively low
δ57Fe values from −0.65 to −0.28‰ (Fig. 3D). The pyrite (Pyr) sepa-
rates exhibit the largest δ57Fe variation ranging from −0.90 to
+0.95‰ (Fig. 3E).
4.3. Reconstruction of the original titanomagnetite composition

The term ‘original titanomagnetite’ used in this study designate
the Fe\\Ti oxide prior to sub-solidus processes. We here reconstruct
the original titanomagnetite compositions through integration of
discrete ilmenite with the magnetite based on their relative propor-
tions, which were approximated through the weight of mineral sep-
arates we obtain in each sample. Pyrite is not used in the estimation
due to the low concentration. The result shows that the original
Damiao titanomagnetites contain an average of 77.5 wt% FeOT,
12.7 wt% TiO2, 3.16 wt% Al2O3, 0.73 wt% MgO and 0.19 wt% MnO,
with average X'usp = 0.39. The results are consistent with those
Fig. 4. (A) The magnetite-hercynite solvus suggested by Turnock and Eugster (1962). The solv
solvus proposed by Price (1981). The consolute temperature is ~860 °C. The magnetitess and h
reported by Chen et al. (2013). The reconstructed compositions are
detailed in Table S3.

5. Discussion

5.1. Formation of intergrowths in the Damiao Fe\\Ti oxides

5.1.1. Hercynite
Since the original titanomagnetite is spinel-type solid solution con-

taining a considerable amount of Al3+, hercynite exsolutions can be
generated in the cooling of the solid solution. Considering that Al3+

would be preferentially incorporated into spinel, hercynite is generally
exsolved from magnetite rather than ilmenite. This is consistent with
the observation revealing that most of the hercynite particles occur in
the magnetite (Fig. 2E, F). Intergrowth relationship suggests that in
theDamiao ore samples the exsolution of ilmenite and hercynite resem-
bles a eutectoid crystallization process, in which the two minerals are
exsolved from the original titanomagnetite simultaneously (Tan et al.,
2016). Therefore, the exsolution temperature of ilmenite can be
constrained by the coexisting hercynite. It is suggested that the solvus
of magnetite-hercynite solid solution is an upward-convex, near sym-
metric curve with crest temperature b860 °C (Fig. 4A; Mattioli and
Wood, 1988; Turnock and Eugster, 1962), which yields a maximum
temperature of the onset of ilmenite exsolution.
us is symmetric with crest lying at temperature of ~455 °C. (B)The ulvöspinel-magnetite
ercynitess refer to the magnetite and hercynite solid solutions, respectively.
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5.1.2. Ilmenite
Based on the synthetic and annealing experiments, several models

have been proposed to illustrate the cooling history of titanomagnetite
and explain the formation of ilmenite intergrowths.

5.1.2.1. Direct exsolution. Lattard (1995) proposed that some ilmenite in-
tergrowths in titanomagnetite can possibly be formed by direct exsolu-
tion from cation-deficient Usp-Mtss, which is considered as a solid
solution within the Fe2TiO4 – Fe3O4 – γ-FeTiO3 system. It is suggested
that the cation-deficient Usp-Mtss can be formed by the substitution of
Fe2+ by Ti4+ following the charge balance: 2Fe2+ ↔ □ + Ti4+. The
cation-deficient Usp-Mtss would directly exsolve ilmenite and become
stoichiometric by relaxing vacancies from the lattice in the cooling of
the solid solution. This process is called ‘vacancy relaxation’ (Lattard,
1995). One-atmosphere experiment in simple systems suggests that
the maximum amount of vacancies in the place of cations in Usp-Mtss
can reach ~2% at 1300 °C (Taylor, 1964), which can theoretically form
~ 15 wt% ilmenite by direct exsolution (Tan et al., 2016). However, the
temperature (~1300 °C) and oxygen fugacity (10−11 at 1300 °C, corre-
sponding toΔlogfO2=FMQ-7; Lattard, 1995) required for the existence
of vacancy in the titanomagnetite can hardly prevail in natural systems.
To further test the model of vacancy relaxation on the formation of il-
menite in the Damiao ore samples, we calculate the oxygen fugacity
and temperature via the thermo-oxybarometer using major element
compositions of magnetite-ilmenite pairs (Sauerzapf et al., 2008). This
thermo-oxybarometer was constructed based on numerical fits of a
large experimental dataset of the Fe-Ti-Al-Mg-O system. The results
show temperatures from 600 to 712 °C and ΔlogfO2 from NNO + 0 to
NNO + 2 (Fig. 5A; where NNO is the Ni-NiO oxygen fugacity buffer),
which goes against the existence of the cation-deficient Usp-Mtss and
indicates that vacancy relaxation (direct exsolution) is not suitable to
explain the genesis of the ilmenite intergrowths in the Damiao Fe\\Ti
ores.

5.1.2.2. Inter-oxide re-equilibration. Inter-oxide re-equilibration involves
the exchange of Fe and Ti between Usp-Mtss and Hem-Ilmss following
the substitution scheme of 2Fe3+↔ Fe2+ + Ti4+, which can be
expressed by the non-redox reaction:

Fe2TiO4 in Usp−Mtssð Þ þ Fe2O3 in Hem−Ilmssð Þ
¼ FeTiO3 in Hem−Ilmssð Þ þ Fe3O4 in Usp−Mtssð Þ ð1Þ

The reaction can occur at temperatures above the solvus of Usp-Mtss
(Fig. 4B), and proceeds to the right as temperature decreases. Since Fe2+

is more preferential to occupy the octahedral site of Hem-Ilmss and
Fig. 5. Relationship of temperature with (A) oxygen fugacity and (B) ulvöspinel fraction in ma
(2008) using the major element compositions of magnetite-ilmenite pairs.
likely diffuses faster from the Usp-Mtss to the Hem-Ilmss than Ti4+, the
diffused Fe2+ from Usp-Mtss and Fe3+ in Hem-Ilmss can precipite as
magnetite. While losing Fe2+, the ulvöspinel (2FeO·TiO2) in Usp-Mtss
exsolves as ilmenite (FeO·TiO2) in the magnetite host. As a result,
both of the magnetite and ilmenite would become purer endmember
compositions upon cooling (Frost and Lindsley, 1991; Lattard, 1995).

Although there is somepetrographic evidence supporting the occur-
rence of this process (Fig. 2D, E), the inter-oxide re-equilibration alone
is still insufficient to explain the compositional variation among the
Damiao magnetite separates. According to the inter-oxide re-
equilibration (reaction 1), when the Usp-Mtss loses one mole of Ti4+,
the Hem-Ilmss loses onemole of Fe3+. However, the X'usp (Ti4+) varia-
tion among the magnetite separates (~13.5 mol%; Fig. 4A) is signifi-
cantly larger than the X'ilm (Fe3+) variation among the ilmenite
separates (~2.8 mol%; Fig. 4B). Considering that magnetite predomi-
nates over ilmenite in the Damiao ores, the concentration of Fe3+ in
the Hem-Ilmss is far from enough to react with the ulvöspinel in the
Usp-Mtss and impart the large X'usp variation among the magnetite
separates. An additional oxygen supply is necessarily required to gener-
ate more Fe3+ that can react with ulvöspinel to form the ilmenite in the
Damiao ores.

5.1.2.3. Super-solvus oxidation of ulvöspinel. Buddington and Lindsley
(1964) demonstrated experimentally that all ilmenite intergrowths in
the titanomagnetite can be formed by oxidation of ulvöspinel in the
Usp-Mtss during cooling via the reaction:

6Fe2TiO4 in Usp−Mtssð Þ þ O2 ¼ 6FeTiO3 in Hem−Ilmssð Þ
þ 2Fe3O4 in Usp−Mtssð Þ ð2Þ

Based on thermodynamic calculations, this reaction reaches equilib-
rium at 735 °C (1 bar) and the equilibrium temperature increases with
increasing pressure. In this case, the ulvöspinel in the Usp-Mtss can be
oxidized at temperatures above the Usp-Mtss solvus (Fig. 4B) and
exsolves as ilmenite, whereas the generated magnetite becomes part
of the host (Fig. 6A, B). This process is known as ‘oxy-exsolution’
(Buddington and Lindsley,1964). It should be noted that the oxidation
of ulvöspinel is a temperature-sensitive reaction. Ulvöspinel in the
Usp-Mtss can keep equilibrium with the fO2 at high temperature but
tends to be destabilized and oxidized with decreasing temperature. As
a consequence, the Usp-Mtss being oxidized tends to become succes-
sively lower in ulvöspinel fraction with decreasing temperature,
which is consistent with the tendency shown in Fig. 5B. Since the
X'usp correlates well with temperature, the temperature of onset of
ulvöspinel oxidation can be estimated using the composition of original
gnetite. The temperatures are calculated via the thermo-oxybarometer of Sauerzapf et al.



Fig. 6. Schematic illustrations on the cooling history of Damiao titanomagnetite (modified
after Pang et al., 2008). (A): the original titanomagnetite is assumed to crystallize at
~1100 °C with ΔlogfO2 = FMQ + 0 (Toplis and Carroll, 1995), where FMQ refers to
fayalite-magnetite-quartz oxygen fugacity buffer. The temperature (~820 °C) of onset of
ulvöspinel oxidation is approximated via the regression equation shown in Fig. 5B. (B):
The ulvöspinel component in the Usp-Mtss was oxidized and consequently exsolved as
ilmenite following the reaction 6Fe2TiO4 (in the original titanomagnetite) + O2 =
6FeTiO3 (exsolved) + 2Fe3O4 (in the host). The temperature that marks the termination
of oxidation (~600 °C) is calculated via the thermo-oxybarometer of Sauerzapf et al.
(2008) using the major element compositions of magnetite-ilmenite pairs. (C): The
remnant ulvöspinel exsolved from the magnetite when the temperature decreases
below the solvus of Usp-Mtss (b455 °C; Price, 1981).
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titanomagnetite we reconstructed in Section 4.3. According to the aver-
age X'usp= 0.39, we obtain, by extrapolation, a temperature of ~820 °C
using the regression equation shown in Fig. 5B, which marks the onset
of ulvöspinel oxidation. The result is consistentwith the exsolution tem-
perature constrained by the coexisting hercynite (b860 °C).

Above all, the formation of ilmenite in theDamiao ores should be the
net result of sub-solidus processes including oxidation of ulvöspinel and
inter-oxide re-equilibration during the cooling of the original
titanomagnetite.

5.1.3. Ulvöspinel
Generally, most Ti in titanomagnetite exists in the form of

ulvöspinel. In the case of slow cooling, ulvöspinel would exsolve from
the titanomagnetite forming ultrafine ulvöspinel lamellae along the
(100) plane of the host titanomagnetite (Fig. 2D, 6C) due to themiscibil-
ity gap of ulvöspinel-magnetite solid solution (b455 °C; Fig. 4B; Price,
1981). It is verified that ulvöspinel can only remain stable at extremely
low oxygen fugacity and becomes unstable with decreasing tempera-
ture (Buddington and Lindsley, 1964). In this case, ulvöspinel exsolu-
tions might also be oxidized sub-solvus and transformed into ilmenite
(Tan et al., 2016). It should be noted that the composition of magnetite
separates does not reflect the processes that occurred at temperatures
below the ulvöspinel-magnetite solvus (Fig. 4B). In fact, the ultrafine
ulvöspinel exsolutions in the magnetite separates represent the rem-
nant ulvöspinel after the super-solvus oxidation of the original
titanomagnetite solid solution.

5.2. Iron isotope systematics

5.2.1. Iron isotopic fractionation between magnetite and ilmenite
To minimize the vibrational energy, the heavier isotopes preferen-

tially incorporate in lower coordination polyhedral sites to form stron-
ger bonds (Bigeleisen and Mayer, 1947; Dauphas et al., 2017; Sossi
and O'Neill, 2017; Urey, 1947). In most instances, minerals with higher
Fe3+/ΣFe tend to have greater β-factor (reduced partition function
ratio) of iron isotope than Fe2+-dominated phases (Dauphas et al.,
2012; Polyakov et al., 2007; Polyakov and Mineev, 2000). Therefore, it
is obvious that magnetite will more readily concentrate heavy Fe iso-
topes than ilmenite in equilibrium conditions. This is consistent with
the data showing that the magnetite separates are significantly richer
in heavier iron isotopes than the ilmenite (Δ57FeMt-Ilm = δ57FeMt – δ-
57FeIlm = +0.79 − +1.11‰). Presence of the hercynite particles
exsolved within themagnetite grains (Fig. 2F) indicate that the original
Damiao titanomagnetite should crystallize at temperatures above
~860 °C (Fig. 3B; Mattioli and Wood, 1988; Turnock and Eugster,
1962). However, such extent of inter-mineral iron isotope discrepancy
cannot be attributed to fractional crystallization at such high tempera-
tures. The fractionation factor between magnetite and ilmenite
(Δ57FeMt-Ilm) is a function of temperature and can be approximately
evaluated via the equation (Polyakov et al., 2007; Polyakov and
Mineev, 2000):

Δ57FeMt−Ilm ¼ δ57FeMt–δ57FeIlm ≈ þ 0:58� 106=T2 ð3Þ

where T is the absolute temperature in Kelvin. The predictedΔ57FeMt-Ilm

values at 1200–900 °C are evidently smaller (+0.27 – +0.39‰) than
those of the magnetite-ilmenite pairs in the Damiao ore samples
(Fig. 7A). The temperature estimated fromΔ57FeMt-Ilm yields an average
of 535 ± 95 °C, which is slightly lower than yielded by magnetite-
ilmenite thermo-oxybarometer (650 ± 62 °C). The above results sug-
gest that iron isotope fractionation between magnetite and ilmenite in-
duced by ilmenite exsolution was achieved at temperatures above the
solvus of Usp-Mtss (N455 °C; Fig. 4B).

Petrography and elemental geochemistry reconcile that the ilmen-
ites exsolved from the original titanomagnetite through oxidation of
ulvöspinel and underwent inter-oxide re-equilibration with the host
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magnetite in the Damiao ores. In the case of ulvöspinel oxidation, Fe2+

in Usp-Mtss is partially oxidized to Fe3+ to generatemagnetite (reaction
1), leaving the residual Fe2+, Ti4+ and Fe3+ exsolving as Hem-Ilmss. As
temperature decreases, Fe3+ in Hem-Ilmss will react with Fe2+ in Usp-
Mtss (reaction 2) and become part of magnetite host. Thermodynamic
calculations indicate that the two reactions may occur simultaneously.
During these processes, Fe3+ rich in heavy iron isotopes is retained in
Usp-Mtss (represented by the magnetite separates), while exsolution
of ilmenite (represented by the ilmenite separates) takes light iron iso-
topes away from Usp-Mtss. This is the way how iron isotopes are frac-
tionated between magnetite and ilmenite in the Damiao Fe\\Ti oxide
ores. Although it seems that fO2 play a dominant role in the formation
of the ilmenite in the Damiao ores, the inter-oxide re-equilibration,
which is irrelevant to fO2, is another factor in controlling the iron isoto-
pic variations (see Discussion 5.3).

5.2.2. Iron isotopic systematics of pyrite
There are noticeable differences between the two types of pyrite

(see Section 2.2) in iron isotope compositions. Petrographic evidence
suggests that the pyriteI was probably magmatic origin. The pyriteI
grains have high δ57Fe ranging from +0.632 to +0.952‰ with
Δ57FeMt-Pyr = −0.29 – −0.58‰ (Fig. 7C) and Δ57FeIlm-Pyr =
−1.22 – 1.59‰ (Fig. 7D). Since composition of the magnetite can
change as a function of temperature and fO2 (Fig. 5B and 9A), the
good correlation of δ57Fepyr(I) with X'usp of the magnetite separates
(Fig. 8B) indicate that iron isotopic composition of the pyriteI may be
controlled by the systematic redox state during sub-solidus cooling
(Fig. 8C, D). However, the mechanism for this phenomenon is unclear.
One possible explanation is that the pyriteI was isotopically re-
equilibrating with magnetite. Objectively, this correlation needs to be
further examined in a global context to see whether it is a fortuity.

The pyriteII grains are characterized by lower δ57Fe ranging from
−0.90 to −0.11‰ with Δ57FeMt-Pyr = 0.63–1.43‰ and Δ57FeIlm-Pyr =
−0.09–0.49‰. Although the valence state is one control for iron isotope
fractionation, another is the type of ligand to which it is bonded (Sossi
and O'Neill, 2017). In the case of pyrite, the increased covalence in the
Fe\\S bond results in stronger bonds, despite the lower oxidation
state of iron (Blanchard et al., 2009). Therefore, the pyrite could have
heavier iron isotopic composition when equilibrating with magnetite
or ilmenite. According to the spectroscopic study, the iron isotope frac-
tionation factor between the Fe\\Ti oxides and pyrite can be estimated
via the equations (Blanchard et al., 2009; Polyakov and Mineev, 2000,
Polyakov et al., 2007):

Δ57FeMt−Pyr ¼ δ57FeMt–δ57FePyr ≈ −0:51� 106=T2 ð4Þ

Δ57FeIlm−Pyr ¼ δ57FeIlm–δ
57FePyr ≈ −1:09� 106=T2 ð5Þ

Based on these equations, there is no possibility that the pyriteII can
reach equilibriumwithmagnetite or ilmenite. Petrographic evidence in-
dicates that the pyriteII is likely to be precipitated from fluids, which are



Fig. 8. Relationship of iron isotopic fingerprint of pyrite with (A) Cr2O3 and (B) ulvöspinel fraction in magnetite, and with (C) temperature and (D) oxygen fugacity calculated via the
thermo-oxybarometer of Sauerzapf et al. (2008). Error bars represent ±1 s.d.
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able to accommodate metals such as iron, especially when rich in chlo-
ride. Li et al. (2014) proposed that the fluid for the Damiao ores is com-
posed of CaCl2-NaCl-H2O-CO2. Estimations on the basis of vibrational
spectra show that Fe2+-bearing fluid should have significantly lighter
iron than magnetite, defining an equation (Heimann et al., 2008):

Δ57FeMt−Fe2þfluid ≈ þ 0:42� 106=T2 ð6Þ

The iron isotope composition of pyriteII can represent that of the
fluid if all the iron assumed to be accommodated in the fluid has precip-
itated as pyrite. Fig. 7B shows that equilibrium has evidently not
prevailed between the fluid (isotopically represented by the pyriteII)
and the magnetite with respect to iron isotope. We suggest that the
fluid is from exotic origin (e.g., exsolved from the granitic country
rocks; Heimann et al., 2008) and the iron is predominantly dissolved
by the Cl-bearing fluid from the Fe\\Ti oxide ores and/or the Fe-
bearing country rocks. Potential support for this thought is provided
by the correlation of Cr2O3 in magnetite with Δ57FeMt-Pyr(II) shown in
Fig. 8A. Since Cr3+ can be effectively mobilized and transported by
acidic chloridic fluids under crustal conditions (Watenphul et al.,
2014), thereby being a potential indicator for the activity of Cl-bearing
fluid. The Δ57FeMt-Pyr(II) increases with decreasing Cr2O3 in magnetite,
indicative of iron extraction from magnetite into the fluid. Due to the
predominance of magnetite over pyrite in the ore samples, iron extrac-
tion has insignificant influence on the iron concentration and iron isoto-
pic composition of the magnetites. In contrast, the pyriteI is considered
to be less affected by the fluid (Fig. 8A). Moreover, Shi et al. (2015) re-
ported that the altered anorthosite in the Damiao deposit have heavier
iron isotopic compositions with larger variations (δ57Fe = 0.29 ±
0.62‰) than the unaltered counterparts (δ57Fe = 0.16 ± 0.18‰), rein-
forcing the hypothesis. All these results suggest that the pyriteII is most
likely to be secondary and the iron isotope fingerprint of pyritemight be
a potential tool in addressing the fluid activities.

5.3. Petrologic implication

Based on the affinity of heavier iron isotopes (i.e., 56Fe, 57Fe vs. 54Fe)
with high valent iron (Fe3+ vs. Fe2+), and high Fe3+/ΣFe with high ox-
ygen fugacity (fO2), it is straightforward to correlate the Fe isotope var-
iations with the varying fO2 (e.g. Dauphas et al., 2009; Rouxel et al.,
2005; Sossi et al., 2012). However, researchers found that in some du-
nite, chromite with higher Fe3+/ΣFe has lighter iron isotopic composi-
tion than coexisting olivine (Chen et al., 2015; Xiao et al., 2016).
Inverse correlation was found between δ57Fe and Fe3+/ΣFe in the man-
tle spinels (Williams et al., 2004). These observations have led to a de-
bate concerning whether iron isotopic variations among individual
minerals can reflect the fO2 variations in equilibrium conditions.

Synthetic experiments showed that the compositions of the Fe\\Ti
oxide pairs are associated with fO2 (Buddington and Lindsley, 1964).
Among the Damiao magnetite separates, the ulvöspinel fraction
(X'usp) shows inverse correlation with the fO2 (Fig. 9A), which is con-
sistent with the result of experimental study. Thus, we can address the
connection of iron isotope compositionwith the fO2 through examining
the relationship between X'usp and δ57Fe. However, the data points are
scattered in the plot of δ57FeMtwith X'usp or fO2 (Fig. 9C and E), indicat-
ing that the Fe isotopic fingerprints of themagnetite separates decouple



Fig. 9. Binary plots show relationship of oxygen fugacity with compositional variations among the (A) magnetite and (B) ilmenite separates; relationship of iron isotopic variations with
compositional variations among the (C) magnetite and (D) ilmenite separates; relationship of oxygen fugacity with iron isotopic variations among the (E) magnetite and (F) ilmenite
separates. The ΔlogfO2 is calculated using the magnetite-ilmenite thermo-oxybarometer of Sauerzapf et al. (2008). Where NNO refers to Ni-NiO oxygen fugacity buffer.
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from the composition and the fO2 variations. Although the iron isotope
fractionation between themagnetite and ilmenite separates in each ore
sample is primarily controlled by sub-solidus processes, the resultant
iron isotopic modification to the magnetite separates is concealed in
the analytical error due to the predominance of magnetite over ilmen-
ite. Mass balance calculation using the geochemical and isotopic data
in this study shows that exsolution of the ilmenite can increase the
δ57Fe value of the magnetite separates by 0.08–0.1‰, which is largely
insufficient to explain such a large Fe isotopic variation (δ57FeMt =
0.28–0.65‰). In this case, iron isotopic variation among the magnetite
separates most likely reflects the isotopic heterogeneity.

Among the Damiao ilmenite separates, an inverse correlation is
found between δ57FeIlm and X'ilm (Fig. 9D), which is consistent with
theoretical study predicting that species where Fe3+ predominates
will enrich in heavier Fe isotopic composition. Geochemical data sug-
gest that the ilmenites were exsolved from the original titanomagnetite
via oxidation of ulvöspinel and were simultaneously affected by sub-
solidus inter-oxide re-equilibration (see Discussion 5.2). However, the
ilmenite fraction (X'ilm) in the ilmenite separates is less sensitive to
the oxygen intensity (Fig. 9B). This result is inconsistent with synthetic
experiments showing that ilmenite with higher hematite fraction (thus
lower ilmenite fraction) is formed under higher fO2 condition
(Buddington and Lindsley, 1964). Therefore, oxygen intensity is consid-
ered to be an inessential factor (Fig. 9B). We suggest that it is the inter-
oxide re-equilibration that primarily controlled the ilmenite fraction
and iron isotopic variation among the ilmenite separates. The inter-
oxide re-equilibration between magnetite and ilmenite is a
temperature-dependent non-redox reaction: Fe2TiO4 (in the magnetite
host) + Fe2O3 (in the exsolved ilmenite) = FeTiO3 (being
exsolved) + Fe3O4 (being the host). Heavier Fe isotopes with Fe3+ are
preferentially transferred from the previously exsolved ilmenite to the
magnetite host, causing iron isotope and X'ilm variations among the il-
menite separates. In terms of mass balance, this process has insignifi-
cant influence on iron isotopic composition of the magnetite (within
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analytical error), butmarkedly varies that among the ilmenite separates
(Fig .9D). Hence, the inter-oxide re-equilibration reaction is most likely
to be a key factor, which is irrelevant to fO2, in controlling the iron iso-
topic variation among the ilmenite separates.

To sum up, the iron isotopic fractionation between the magnetite
and ilmenite is the net result of sub-solidus reactions, in which oxygen
fugacity is considered to be a sufficient but unnecessary factor. Iron iso-
topic variations among individual minerals have no implications on the
systematic oxygen fugacity for the Damiao Fe\\Ti ores.

6. Conclusion

(1) The Damiao Fe\\Ti ore samples show various microscopic tex-
tures resulting from complex sub-solidus processes.

(2) The magnetite-ilmenite thermo-oxybarometer indicates tem-
peratures from 600 to 712 °C and fO2 from ΔNNO+0 to ΔNNO
+2 thatmarks the endof sub-solidus re-equilibration. Geochem-
ical data suggest that the ilmeniteswere exsolved by oxidation of
ulvöspinel and experienced inter-oxide re-equilibration upon
cooling.

(3) Associated with the exsolution is the substantial iron isotope
fractionation with the heavier iron isotopes concentrated in the
high Fe3+ magnetite and the lighter enriched in the low Fe3+ il-
menite. Type I pyrite (pyriteI) with higher δ57Fe is consistent
withmagmatic origin and probably experienced sub-solidus iso-
topic exchange with coexisting minerals such as magnetite dur-
ing sub-solidus cooling. Type II pyrite (pyriteII) with lower δ57Fe
was likely to have precipitated from fluids. Iron isotopic finger-
print of pyritemay be a potential tracer forfluid activities and ox-
ygen fugacity.

(4) The iron isotopic fractionation between the magnetite and il-
menite is the net result of sub-solidus processeswithout needing
oxygen fugacity variations albeit its presence. The iron isotopic
variations among individual oxides record no evidence for sys-
tematic oxygen fugacity variation in the Damiao Fe\\Ti ores.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2019.12.001.
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