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Magnesium isotopic compositions of olivine, clinopyroxene, and ilmenite from the Baima intrusion, SW
China, for the first time, are investigated to constrain the magnitude and mechanisms of Mg isotope
fractionation among cumulus minerals in layered mafic intrusions and to evaluate their geological
implications. Olivine and clinopyroxene have limited Mg isotope variations, with §26Mg ranging from
—0.33 to +0.05%0 and from —0.29 to —0.13%o, respectively, similar to those of mantle xenolithic
peridotites. By contrast, ilmenites display extremely large Mg isotopic variation, with §?6Mg ranging
from —0.50 to +1.90%o. The large inter-mineral fractionations of Mg isotopes between ilmenite and
silicates may reflect both equilibrium and kinetic processes. A few ilmenites have lighter Mg isotopic
compositions than coexisting silicates and contain high MgO contents without compositional zoning,
indicating equilibrium fractionation. The implication is that the light Mg isotopic compositions of lunar
high-Ti basalts may result from an isotopically light source enriched in cumulate ilmenites. On the other
hand, most ilmenites have heavy Mg isotopic compositions, coupled with high MgO concentration and
chemical zoning, which can be quantitatively modeled by kinetic Mg isotope fractionations induced by
subsolidus Mg-Fe exchange between ilmenite and ferromagnesian silicates during the cooling of the
Baima intrusion. The extensive occurrence of kinetic Mg isotope fractionation in ilmenites implies the
possibility of widespread compositional disequilibrium among igneous minerals in magma chambers.
Consequently, disequilibrium effects need to be considered in studies of basaltic magma evolution,
magma chamber processes, and magmatic Fe-Ti oxide ore genesis.
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magmatic evolution and petrogenesis of cumulate rocks as were
often done. However, recent studies have found that extensive
disequilibrium isotope fractionation caused by chemical diffusion
widely occurs in igneous minerals and rocks (e.g., Teng et al., 2011;
Chopra et al., 2012; Sio et al., 2013; Oeser et al., 2015; Pogge von
Strandmann et al., 2015; Richter et al., 2016; Xiao et al., 2016;
Collinet et al., 2017). For example, olivine phenocrysts from the Ki-
lauea Iki lava lake (Hawaii) display large kinetic Mg and Fe isotope
fractionations, indicative of Mg-Fe inter-diffusion between olivine
and evolved melts during magma differentiation (Teng et al., 2011;
Sio et al., 2013). Whether or not kinetic processes can occur among
cumulus minerals in mafic magma chambers remains uncertain.
Studies of Mg isotopic compositions of cumulus minerals
(olivine, clinopyroxene, and ilmenite) in layered mafic intrusions
could provide key insights into whether cumulus minerals are in

1. Introduction

Investigation of layered mafic intrusions can help to under-
stand basaltic magma emplacement and differentiation, crystal ac-
cumulation, and magmatic base and precious metal mineraliza-
tion (e.g., Cr, V, Ti, Fe, and platinum group elements) in crustal
magma chambers (Namur et al, 2015; Scoates and Wall, 2015).
Based on two long-standing views: (1) elements diffuse very
fast during magmatic processes and (2) magma chambers cool
slowly during formation of mafic intrusions, it is generally as-
sumed that cumulus minerals in magma chambers are in ther-
modynamic equilibrium with each other. Such an assumption is
a prerequisite for using cumulus mineral compositions to evaluate
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equilibrium or not. In this study, we find for the first time that il-
menites display extremely large Mg isotopic variation (up to 2.4%o
in 26Mg/>*Mg) and most times are heavier than coexisting olivine
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and clinopyroxene in the Baima layered mafic intrusion, located at
the central part of the Emeishan large igneous province, SW China.
The extremely heavy Mg isotopic compositions of ilmenite can
only result from kinetic isotope fractionation induced by Mg-Fe
exchange between ilmenite and coexisting ferromagnesian silicates
during the cooling of the Baima intrusion. Thus, the disequilibrium
effect on cumulus minerals and rocks, which was little considered
previously, should be treated seriously in investigating the petro-
genesis of layered mafic intrusions.

2. Geological background and samples

The Emeishan large igneous province, derived from a ~260 Ma
mantle plume, occurs in the western part of the Yangtze Block,
southwest China (Fig. S1). It is predominated by widespread con-
tinental flood basalts, minor picritic lavas, and many contempo-
raneous mafic-ultramafic complexes and syenitic-granitic plutons
(Song et al, 2001, 2008; Zhou et al, 2002; Xu et al., 2004;
Zhang et al., 2006; Zhong et al., 2009). Five coeval layered mafic-
ultramafic intrusions hosting world-class Fe-Ti oxide ore deposits
occur in the Emeishan large igneous province central zone, namely,
Taihe, Baima, Xinjie, Hongge, and Panzhihua from north to south
(Panxi Geological Unit, 1984; Song et al., 2013; Chen et al., 2017).
These intrusions are dated at ~260 Ma and are genetically re-
lated to the Emeishan mantle plume and the Emeishan high-Ti
basaltic lavas (Zhou et al., 2002, 2008; Zhong and Zhu, 2006;
Pang et al., 2008; Zhang et al., 2013).

The petrography of the Baima layered mafic intrusion (262 +
2 Ma, Zhou et al., 2008) was presented in detail in previous stud-
ies (Panxi Geological Unit, 1984; Zhang et al., 2012, 2013; Liu et al,,
2014; Chen et al., 2014; Holness et al., 2017) and is summarized
briefly below. The N-S striking Baima intrusion is ~24 km long
and ~1.5-6.0 km thick and dips to the west. The elongated body
was surrounded by contemporaneous syenitic-granitic plutons that
were emplaced into the Sinian Dengying Formation (dominated by
limestone) and the Precambrian Huili group (dominated by mar-
ble and schist) (Fig. S1; Panxi Geological Unit, 1984). The Baima
intrusion is characterized by medium-grained magnetite-wehrlite
(Mt-wehrlite) and magnetite-troctolite (Mt-troctolite) in the Lower
Zone, interlayers of fine-to-medium grained troctolite and gabbro
in the Middle Zone, and fine-to-medium grained gabbro in the
Upper Zone (Fig. S1; Chen et al., 2014). In addition, a few thin
troctolite and gabbro are interlayered within the Mt-wehrlite and
Mt-troctolite in the Lower Zone.

The Mt-wehrlite and Mt-troctolite are composed of high pro-
portions of Fe-Ti oxides (e.g., magnetite and ilmenite, up to
70 modal%), olivine, plagioclase, and clinopyroxene, together with
minor hornblende and sulfides (Fig. 1). Medium-grained ilmenite
and magnetite occur as interconnected matrixes of aggregated Fe-
Ti oxide grains enclosing silicates. Compared to the Mt-troctolite,
the troctolite contains low contents of Fe-Ti oxides (<20%), high
contents of plagioclase and olivine, as well as small abundances
of clinopyroxene and hornblende. The gabbro, on the other hand,
is rich in clinopyroxene and plagioclase, with <20% Fe-Ti oxide
contents (Fig. 1), as well as minor olivine and/or apatite. Fine-to-
medium grained and subhedral ilmenite crystals in the troctolite
and gabbro are either in contact with magnetite or separated from
magnetite, occurring as interstitial fillings among cumulus silicates.
Micro-texture observations indicate that magnetite hosts abundant
micro-intergrowths of ilmenite and hercynite while granular il-
menite has rare exsolution lamellae (Fig. 1; also see Zhang et al.,
2012 and Chen et al.,, 2014). Moreover, both Fe-Ti oxides and sili-
cates in the Baima intrusion are relatively fresh and little affected
by post-magmatic hydrothermal alteration (e.g., Zhang et al., 2012;
Chen et al., 2014).

Three Mt-wehrlites, eight Mt-troctolites, five troctolites, and
four gabbros were collected from the Lower Zone and the lower

part of the Middle Zone (at Jijiping segment, Fig. S1). Eleven gab-
bros were sampled from the upper part of the Middle Zone and
the Upper Zone (the bore hole ZK42-5 at Qinggangping segment,
Fig. S1). These rocks were first crushed to 120-180 pm. Fresh
olivine, clinopyroxene, and ilmenite grains were then handpicked
and examined under a binocular microscope at 50x magnification
to a purity of approximately 100%, and finally cleaned ultrasoni-
cally three times in Milli-Q water for analysis.

3. Analytical methods
3.1. Electron probe microanalysis

Chemical compositions of ilmenite and olivine were determined
on polished thin sections by an EPMA-1600 electron microprobe
at the State Key Laboratory of Ore Deposit Geochemistry, Institute
of Geochemistry, Chinese Academy of Sciences, with the following
operating conditions: Accelerating voltage: 25 kV, beam current:
10 nA, spot diameter: 10 pm. More than five spots of ilmenite
core in each section were analyzed (silicate compositions were
presented in Zhang et al., 2012 and Chen et al., 2014). Besides, sev-
eral detailed transects of major elements of selected ilmenite and
olivine crystals were measured along directions to silicates and/or
Fe-Ti oxides. Natural and synthetic oxide standards from SPI Sup-
plies, Inc., USA, were used for data calibration.

3.2. Magnesium isotope analysis

Magnesium isotopic compositions were analyzed at the Iso-
tope Laboratory of the University of Washington, Seattle, follow-
ing a slightly modified procedure after Teng et al. (2010) and
Sedaghatpour et al. (2013). Briefly, approximately 5-10 mg of pure
ilmenites were dissolved in a mixture of HNO3-HCl (~1:3) and
then a concentrated HCI solution. Olivine, clinopyroxene and two
international standards (DTS-1 and PCC-1) were dissolved sequen-
tially in a mixture of concentrated HNO3-HF (~1:3), a mixture
of concentrated HNO3-HCI (~1:3), and a concentrated HNO3 so-
lution. Magnesium purification for ilmenite and two international
standards (DTS-1 and PCC-1) involves two steps of column chem-
istry (Sedaghatpour et al., 2013). The first step (i.e., Ti-column
chemistry) was aimed to eliminate Ti from Mg using ion-exchange
chromatography with Bio-Rad AG1-X8 resin (38-75 pm). Titanium
was separated from Mg by 5 ml of 1 M HCI-0.5 M HF. The sec-
ond step (i.e., Mg-column chemistry) was aimed to purify Mg from
other matrix elements using Bio-Rad AG50W-X8 resin (38-75 pum)
in 1 M HNOj3. Samples (after the first step) dissolved in 1 M HNO3
were loaded on the resin and Mg was eluted in 1 M HNOs. In con-
trast to ilmenite, the digested silicates as well as two international
standards (DTS-1 and PCC-1, original solutions without Ti-column
chemistry) were evaporated and re-dissolved in a mixture of 1 M
HNOs and then were processed only through Mg-column chem-
istry as mentioned above.

The purified Mg sample solutions were measured using a Nu
I MC-ICPMS in a low-resolution mode, with 2*Mg, 2°Mg, and
26Mg determined simultaneously in separate Faraday cups. Mag-
nesium isotope data are reported in §-notation relative to the in-
ternational standard DSM3: 6*Mg (%) = [(*Mg/2*Mg)sample/(*Mg/
24Mg)psmz-1] x 1000, where X refers to mass 25 or 26. The long-
term external reproducibility for §26Mg is better than 0.07%o at 2
SD level (Teng et al., 2010, 2015). Data qualities were monitored by
DTS-1 and PCC-1 and two well-characterized in-house standards
(SC-0Il and Seawater) processed as unknown samples in the same
chemical and analytical procedures. All measured Mg isotopic data
of these standards show excellent agreement with previous litera-
ture values (Table S1).
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Fig. 1. (a) MgO contents in ilmenite along a traverse in the gabbro, showing decrease of MgO concentration from the core to the rim in contact with ferromagnesian silicates;
(b) MgO contents in ilmenite along a traverse in the magnetite-wehrlite, showing constant MgO concentration from the core to the rim. The horizontal axis plots distance

normalized to the rim in contact with ferromagnesian silicates. Abbreviations: Ol = olivine, Cpx = clinopyroxene, Pl = plagioclase, Ilm = ilmenite, Mt = magnetite, and
Sul = sulfide.
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Fig. 2. Magnesium isotopic distribution in typical igneous rocks (Teng, 2017 and
references therein), minerals (Yang et al.,, 2009; Huang et al,, 2011; Liu et al., 2011;
Xiao et al., 2013; Hu et al.,, 2016), and olivine, clinopyroxene, and ilmenite of this
study. The vertical blue line and bar represent the average Mg isotopic value of
the normal mantle (—0.25 £ 0.04%o, Teng et al., 2010). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

4. Results

Chemical compositions of olivine and ilmenite are reported in
Table S2 and Table S3, respectively. Magnesium isotopic compo-
sitions of olivine, clinopyroxene, and ilmenite are reported in Ta-
ble 1.

4.1. Chemical compositions of olivine and ilmenite

Most of olivine crystals from a single thin section have ho-
mogeneous chemical compositions except their rims adjacent to
Fe-Ti oxides (Table S2), which commonly contain slightly higher
forsterite contents (Fo = 100 x MgO/(MgO + Fe0), in mole) than
their inner parts (Fig. S2). However, four samples are exceptive.
Olivine crystals from three samples (SB09-16, 28, and 30) display
distinct chemical zoning with forsterite contents decreasing from
core to rim (Fig. S2). Olivine grains from another sample (SB09-32),
though homogeneous within individual crystals, display heteroge-
neous compositions among different grains (Fo = 48.2-58.8%).

Major elemental concentrations of ilmenite vary significantly in
different types of rocks (Table S3). Ilmenites in the Mt-wehrlite are
rich in MgO (3.74-4.56 wt%) and low in FeO(r) (40.2-41.4 wt%) and
MnO (0.66-0.72 wt%) (Fig. S3). llmenites in the Mt-troctolite con-
tains moderate MgO, FeO(r), and MnO contents. In addition, most
of ilmenites in both Mt-wehrlite and Mt-troctolite have relatively
homogeneous chemical compositions (Fig. S3), with limited ele-
mental zoning (Fig. 1b). By contrast, ilmenites in the troctolite and
gabbro are highly heterogeneous and display significant depletion
of MgO (0.86-2.85 wt%) and enrichments of FeOt) (43.1-46.9 wt%)
and MnO (0.72-1.07 wt%) (Fig. S3). Particularly, most of ilmenites
in contact with olivine and/or clinopyroxene in the troctolite and
gabbro are chemically zoned, with MgO decreasing from the core
to the rim (Fig. 1a), whereas ilmenites in contact with plagioclase
and/or magnetite have little variation in MgO contents (Table S3).

4.2. Magnesium isotopic compositions

Olivine and clinopyroxene in all rocks display small Mg isotopic
variations, with §26Mg ranging from —0.33 to —0.11%0 and from
—0.29 to —0.13%q, respectively (Fig. 2), similar to silicates in man-
tle xenolithic peridotites (Fig. 3a), except four olivine samples of
SB09-16, 28, 30, and 32. These four olivine samples, on the other
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Fig. 3. Magnesium isotope fractionation (a) between olivine and clinopyroxene,
(b) between olivine and ilmenite, and (c) clinopyroxene and ilmenite from the
Baima intrusion. The light blue area in plot (a) represents the §26Mg of olivine and
clinopyroxene from the mantle xenolithic peridotite (see reviews in Teng, 2017).
Mt-wehrlite and Mt-troctolite refer to magnetite-wehrlite and magnetite-troctolite,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

hand, have elevated §26Mg values of —0.03 + 0.05%o and are char-
acterized by heterogeneous chemical compositions as mentioned
above (Fig. S4).

[lmenites, in contrast to olivine and clinopyroxene, display large
variation in §26Mg, ranging from —0.50 to +1.90%., which is much
greater than any other igneous minerals, the normal mantle (—0.25
=+ 0.04%0, Teng et al., 2010), mid-ocean ridge basalts (MORB, —0.25
+ 0.06%c), and ocean island basalts (OIB, —0.26 + 0.08%0, Teng,
2017) worldwide (Fig. 2). More specifically, ilmenites in the Mt-
wehrlite and Mt-troctolite, except three outliers (SB09-8, 16 and
27), are characterized by low §26Mg values varying from —0.50 to
—0.35%0 and from —0.46 to —0.18%q, respectively. They are slightly
lighter than or similar to the normal mantle in Mg isotopic com-
positions (Fig. 3b-c). On the other hand, ilmenites in the troctolite



Table 1
Magnesium isotopic compositions of olivine, clinopyroxene, and ilmenite (per mil) from the Baima layered mafic intrusion, Emeishan large igneous province.

Zone Height from Rock Sample Olivine Clinopyroxene [lmenite
the base (m) type No. 526Mg 2sD 525Mg 2SD 526Mg 2SD 525Mg 2sD 526Mg 2sD 525Mg 2SD

Upper Zone 1014 Apat-Gabbro SB11-52 —0.16 0.05 —0.09 0.04 —-0.24 0.05 —0.13 0.05 0.24 0.06 0.13 0.05
997 Apat-Gabbro SB11-58 —0.33 0.05 —-0.16 0.04 —-0.20 0.05 —-0.10 0.05 0.28 0.05 0.11 0.04
977 Apat-Gabbro SB11-59 —0.18 0.05 —0.08 0.04 —0.22 0.05 —0.11 0.05 0.52 0.05 0.27 0.04
950 Apat-Gabbro SB11-81 —0.16 0.05 —0.07 0.04 -0.19 0.05 —0.13 0.05 1.03 0.05 0.52 0.04
839 Apat-0Ol-Gabbro SB11-69 —0.14 0.05 —0.08 0.04 —-0.15 0.05 —0.08 0.05 157 0.05 0.81 0.04
820 Apat-Ol-Gabbro SB11-68 —0.20 0.05 —-0.11 0.04 —0.22 0.05 —0.11 0.05 121 0.05 0.63 0.04
798 Apat-Ol-Gabbro SB11-56 —0.14 0.05 —0.08 0.04 —0.21 0.05 —0.12 0.05 1.21 0.04 0.61 0.03
775 Apat-Ol-Gabbro SB11-57 —0.19 0.05 —0.12 0.04 110 0.05 0.52 0.04
760 Apat-0Ol-Gabbro SB11-64 —-0.11 0.05 —0.07 0.04 0.39 0.05 0.21 0.04
740 Apat-Ol-Gabbro SB11-65 —0.19 0.05 —0.09 0.04 —0.26 0.05 —0.14 0.05 0.66 0.05 033 0.04
720 Apat-Ol-Gabbro SB11-100 —0.21 0.05 —0.10 0.04 —-0.20 0.05 —0.11 0.05 0.09 0.05 0.05 0.04

Middle Zone 680 Troctolite SB09-39 —0.23 0.05 —-0.12 0.04 —-0.23 0.05 —0.12 0.05 0.02 0.05 0.03 0.04
575 Troctolite SB09-37 —0.18 0.05 —0.09 0.04 —0.21 0.05 —0.11 0.05 0.28 0.04 0.14 0.03
540 Troctolite SB09-32 0.05 0.04 0.03 0.03 1.28 0.06 0.64 0.05
495 0l-Gabbro SB09-31 —0.21 0.06 —-0.10 0.05 —0.22 0.04 —-0.11 0.03 190 0.06 0.95 0.05
465 Troctolite SB09-30 0.01 0.03 —0.01 0.03 —0.18 0.04 —0.11 0.03 1.02 0.06 0.52 0.05
415 0l-Gabbro SB09-29 —0.17 0.06 —0.09 0.05 —-0.20 0.06 —0.10 0.04 1.63 0.06 0.83 0.05
385 0l-Gabbro SB09-28 —0.03 0.03 —0.01 0.03 —-0.18 0.06 -0.10 0.04 111 0.03 0.57 0.03

Lower Zone 355 Mt-Troctolite SB09-27 —0.18 0.06 —0.09 0.05 —0.18 0.06 —0.11 0.04 0.35 0.04 0.19 0.04
325 Mt-Troctolite SB09-25 —0.30 0.06 —-0.15 0.05 —0.20 0.06 —0.09 0.04 —0.22 0.04 —-0.12 0.03
295 Troctolite SB09-24 —017 0.06 —0.08 0.05 —0.16 0.06 —0.06 0.04 1.51 0.04 0.78 0.03
266 0l-Gabbro SB09-20 —0.27 0.06 —-0.14 0.05 —-0.19 0.06 —0.07 0.04 —0.20 0.05 —0.08 0.04
216 Mt-Troctolite SB09-19 —0.25 0.06 —-0.11 0.05 —-0.19 0.06 —0.09 0.04 —0.18 0.05 —0.09 0.04
202 Mt-Troctolite SB09-18 —0.25 0.06 —-0.13 0.05 —-0.15 0.06 —0.08 0.04 —0.45 0.05 —-0.23 0.04
192 Mt-Troctolite SB09-17 —0.27 0.06 —-0.14 0.05 —-0.19 0.06 —0.10 0.04 —0.31 0.05 —-0.14 0.04
182 Mt-Troctolite SB09-16 0.02 0.03 0.02 0.03 0.89 0.05 0.45 0.04
157 Mt-Wehrlite SB09-15 —-0.29 0.03 —0.15 0.02 —0.50 0.05 —0.26 0.04
137 Mt-Webhrlite SB09-14 —0.21 0.06 —0.09 0.05
113 Mt-Troctolite SB09-13 —0.24 0.06 —-0.11 0.05 —0.24 0.04 —0.13 0.04 —0.46 0.05 —-0.23 0.04
102 Mt-Wehrlite SB09-11 —0.16 0.04 —0.09 0.03 -0.13 0.04 —0.07 0.04 —0.35 0.04 —-0.17 0.03
60 Mt-Wehrlite SB09-08 —0.24 0.06 —-0.13 0.05 —0.22 0.04 —0.11 0.04 —0.08 0.05 —0.03 0.04

All data were analyzed on a Nu Plasma II MC-ICP-MS at the Isotope Laboratory of the University of Washington, Seattle.

2 SD refers to 2 times standard deviation of the population of n (n > 20) repeated analyses of the standards during an analytical session.

Some numbers are the average values and their associated 2 SD, which are calculated from error-weighted values. See Table S4 for individual analyses.

Abbreviations: Mt-Wehrlite = magnetite wehrlite; Mt-Troctlite = magnetite troctlite; Ol-Gabbro = olivine gabbro; Apat-Ol-Gabbro = apatite olivine gabrro; Apat-Gabbro = apatite gabrro.
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and gabbro (except one sample of SB09-20) show very heavy Mg
isotopic compositions, with §26Mg ranging from +0.02 to +1.51%o
and from +0.09 to +1.90%, respectively. They are much heavier
than the normal mantle and those in the Mt-wehrlite and Mt-
troctolite in Mg isotopic compositions (Fig. 3b-c).

5. Discussion

Petrological and geochemical investigations have indicated that
olivine, clinopyroxene, ilmenite, and magnetite of the Baima intru-
sion co-crystallized from evolved Fe-Ti-enriched basaltic magmas
in the Baima magma chamber (Zhang et al., 2012; Chen et al,,
2014; Liu et al.,, 2014). Therefore, Mg isotopic variations in these
cumulus minerals may result from inter-mineral equilibrium frac-
tionation and/or kinetic isotope fractionation. Below, we first dis-
cuss the detailed mechanisms and geological processes governing
Mg isotopic variations in these minerals during magmatic pro-
cesses. Then, we explore their potential petrologic implications.

5.1. Equilibrium Mg isotope fractionation

Equilibrium Mg isotope fractionation depends on the bond-
ing environment of Mg, with heavier isotopes preferring stronger
bonds (i.e., lower coordination polyhedron) (Bigeleisen and Mayer,
1947; Liu et al., 2011; Schauble, 2011; Huang et al., 2013). Since
Mg in olivine and clinopyroxene has similar bonding environ-
ment, Mg isotope fractionation between them is expected to be
limited (<0.1%¢) at magmatic temperatures. This expectation has
been predicated by theoretical consideration (Liu et al., 2011;
Schauble, 2011) and evidenced by studies of mantle xenoliths
(Handler et al., 2009; Yang et al, 2009; Huang et al., 2011;
Liu et al., 2011; Hu et al., 2016). Indeed, except four olivine sam-
ples with elevated §2°Mg values, all silicates have A2®Mgcpy ol
values (A2°Mgcpy-01 = §2°Mgcpx — §2°Mgo;) between —0.10 and
+0.10%o (Fig. 3a). Therefore, such observations suggest an equilib-
rium Mg isotope fractionation between olivine and clinopyroxene
for most of the Baima rocks. However, other four olivine sam-
ples have much heavier Mg isotopic compositions than coexisting
clinopyroxene with A2®Mgcpy o) varying from —0.19 to —0.15%,
indicating disequilibrium fractionation (Table 1).

A possible explanation for the slightly elevated §26Mg values
(—0.03-+0.05%0) of four olivines is that they fractionated from
newly injected magmas with heavy Mg isotope compositions. Pre-
vious studies have indicated that the Baima parental magmas had
experienced crystallization of silicates and Cr-rich spinel in deep-
seated magma chambers (Zhang et al., 2012; Chen et al., 2014).
However, crystallization of silicates can hardly shift Mg isotopic
composition of the residual magma (Teng et al., 2007, 2011); and
crystallization of spinel should have lowered Mg isotopic com-
position of the residual magma (Fig. S5). This is because spinel
is isotopically heavier than coexisting silicates under equilibrium
fractionation (Liu et al., 2011; Su et al., 2017). The direct evidence
against this hypothesis comes from a recent study that shows
the Emeishan high-Ti basalts, which are genetically related to the
Baima mafic layered intrusion (e.g., Zhou et al., 2008; Zhang et
al,, 2012, 2013), have similar Mg isotopic compositions (§2Mg =
—0.35-—0.19%0, with a mean of —0.25 + 0.09%o) to the clinopy-
roxenes and most olivines in the Baima intrusion (Tian et al.,
2017). Consequently, given the chemical heterogeneities of these
olivine samples (Fig. S4), their elevated §26Mg values could be at-
tributed to kinetic fractionation caused by Mg-Fe inter-diffusion
between olivine and residual melts.

The inter-mineral fractionation of Mg isotopes involving il-
menite reflects both equilibrium and kinetic processes. To date,
neither a reduced isotopic partition function ratio (i.e., B-factor)

of Mg isotopes for ilmenite nor an equilibrium Mg isotopic frac-
tionation factor between ilmenite and melt has been quantita-
tively estimated. Nonetheless, given two observations: (1) B-factors
of Mg isotopes are theoretically consistent with those of Fe iso-
topes in Fe(ll)-bearing species (Schauble, 2011) and (2) B-factors
of Fe isotopes in ilmenite are smaller than those in ferromag-
nesian silicates (Polyakov and Mineev, 2000; Chen et al., 2014;
Sossi and O’Neill, 2017), it is likely that ilmenite has a lower
B-factor of Mg isotopes than olivine and clinopyroxene. Indeed,
in this study, five ilmenites in the Mt-wehrlite and Mt-troctolite
are isotopically lighter than the coexisting olivine and clinopy-
roxene with A2°Mgyy_oi and A2°Mgyy_cpx varying from —0.04
to —0.22% and from —0.12 to —0.30%. (Fig. 3b-c), respectively.
In addition, these five ilmenites contain the highest MgO con-
centrations (3.60-4.56 wt%) than other ilmenites (Fig. S3) and do
not display any chemical zoning (Table S3). Therefore, the inter-
mineral Mg isotope fractionation between these five ilmenites
and coexisting silicates could be the best estimates for equilib-
rium fractionation. By contrast, the rest of ilmenite containing
lower MgO concentrations has much heavier Mg isotopic composi-
tions than coexisting olivine and clinopyroxene with AZ°Mgym_oi
and A?°Mgjjm-cpx ranging from +0.07 to +2.11%o and from 0 to
+2.22%0 (Fig. 3b-c), respectively. The heavy Mg isotopic compo-
sitions in these ilmenites could not be ascribed to post-magmatic
hydrothermal alteration, because all measured samples are quite
fresh as evidenced by their micro texture (Fig. 1). Moreover, the
526Mg values of these ilmenites do not correlate with loss on igni-
tion of whole rocks (Fig. S6), further indicating that hydrothermal
alteration played negligible role on Mg isotope variation. Instead,
they are strongly indicative of kinetic Mg isotope fractionation,
which will be discussed in detail below.

5.2. Diffusion-driven kinetic magnesium isotope fractionation

Recent studies have found large Mg kinetic isotope fractiona-
tion produced by thermal diffusion and chemical diffusion (Teng,
2017 and references therein). Thermal diffusion could produce
large Mg isotope fractionation, with heavy Mg isotopes preferen-
tially enriched at the cold end (Richter et al., 2008, 2009; Huang
et al., 2010). However, thermal diffusion cannot be responsible for
the heavy Mg isotopic compositions in ilmenite because of the
8-12 orders of magnitude faster diffusivity of heat (Lesher and
Walker, 1986) than that of Mg-Fe in Fe-Ti oxides (Van Orman and
Crispin, 2010) at magmatic temperatures (e.g., 1100 °C). It is spec-
ulated that no measurable temperature gradient can occur at the
grain scale either. Alternatively, the coupled correlations between
Mg isotopes and elemental compositions indicate that the heavy
Mg isotopic compositions in ilmenite were primarily produced by
kinetic fractionation induced by chemical diffusion (Fig. 4). This
interpretation is further supported by the large intra- and inter-
grain chemical heterogeneities (Figs. 1a, 4), indicating chemical
disequilibrium. Furthermore, given the fast diffusivity of Mg-Fe in
ilmenite at magmatic temperatures (Van Orman and Crispin, 2010),
Mg isotope variation in ilmenites likely resulted from inter-mineral
diffusion between ilmenites and ferromagnesian silicates during
subsolidus processes.

Experimental studies have demonstrated that concentration of
MgO in ilmenite would decrease with temperature during crystal-
lization (Fig. S7, Toplis and Carroll, 1995). Therefore, if ilmenite
crystallized at high temperature re-equilibrates at relatively low
temperature, its MgO would diffuse out during cooling. Mineral
textures and Fe isotopic investigations have revealed that Fe-Ti
oxides and ferromagnesian silicates had experienced chemical ex-
change at subsolidus temperatures in the Baima layered intrusion
(Chen et al., 2014). During subsolidus processes, Mg?t would dif-
fuse from ilmenite into coexisting ferromagnesian silicates (i.e.,
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Fig. 4. (a) Binary plot and quantitative model for §26Mg values vs. MgO concen-
trations in ilmenites. Twelve ilmenite samples with core and rim MgO content
measured, as highlighted by the colorful fills, have been used for the diffusion
modeling. The model results are shown as blue crosses. The light-blue dash line
represents a trend of §26Mg vs. MgO for these 12 samples. The modeled §26Mg vs.
the measured value is also plotted in the inserted figure. The overall correlation
between the modeled §26Mg vs. the measured §26Mg is better than that between
5%6Mg vs. MgO. This is because the modeled §?°Mg is predominately determined
by the B-factor while the modeled MgO content depends on several assumptions
(e.g., an ilmenite crystal has to be a sphere). Furthermore, the average MgO content
of the ilmenite may not represent the true average either as most ilmenite data are
from the core, which tends to have higher MgO than the rim. The rock types of
those samples with gray fills are indicated by the same symbol shape as these 12
samples. (b) Binary plot for §26Mg values vs. FeO(ty concentrations in ilmenites. Er-
ror bars of Mg isotopes are smaller than the sizes of the symbols, and error bars
of MgO and FeO(r) contents represent the abundance range measured in this study.
The horizontal black line and gray bar in both panels represent the average Mg
isotopic value of the normal mantle (—0.25 + 0.04%o, Teng et al., 2010). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

olivine and clinopyroxene) in which Mg2* is more compatible dur-
ing cooling, engendering the former to be depleted in MgO/FeO
ratios (Morse, 1980; Pang et al.,, 2008; Chen et al., 2017). In-situ
analyses of chemical profiles reveal that most of ilmenites in the
troctolite and gabbro contain MgO contents decreasing from the
core to the rim in contact with olivine and clinopyroxene (Figs. 1a,
S$3). This chemical exchange would elevate §26Mg values in il-
menites, due to the faster diffusivity of light Mg isotopes (e.g.,
24Mg) than the heavier one (i.e., 26Mg) (Richter et al., 2008, 2009).
Furthermore, the magnitude of the subsolidus exchange between
minerals depends on cumulus mineral modal proportions and ele-
mental concentration because of dilution effects (Chen et al., 2014;
Xiao et al., 2016). Consequently, chemical exchange of ilmenite in
the Mt-wehrlite and Mt-troctolite were much less extensive than
those in the troctolite and gabbro because ilmenite abundance in
the former rocks is higher than that in the later ones. This in-
terpretation is further supported by the negative correlations of
526Mg values of ilmenite with TiO, of bulk rocks (Fig. 5). By con-
trast, although both olivine and clinopyroxene were inevitably af-
fected by subsolidus chemical exchange, their Mg isotopic compo-
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Fig. 5. Binary plots for §26Mg values in ilmenites vs. TiO, contents in whole rocks
(TiO2 values are from Chen et al., 2014). Error bars of Mg isotopes are smaller than
the sizes of the symbols. The horizontal black line and gray bar represent the aver-
age Mg isotopic value of the normal mantle (—0.25 + 0.04%o, Teng et al., 2010).

sitions had been little affected because of their high MgO concen-
trations and high modal proportions in the Baima cumulate rocks.

Magnesium isotope fractionation induced by chemical diffusion
can be further quantitatively modeled as follows. Under a concen-
tration gradient, the diffusive fractionation of Mg isotopes between
the high and low concentration ends (AMghigh-Low) is calculated
using the diffusion-theory-based model deduced from Fick’s first
law (Zhu et al., 2015):

AMgHigh—Low(%O)
=1000 x [1 — (m2/m1)#)] x (1 — CLow/Chign) (1

where mq and my are masses of heavy and light isotopes, i.e., 26
and 24, respectively; Chigh and Cpow are MgO concentrations in the
high and low concentration ends, respectively; B is an empirical
parameter that depends on the diffusion medium. Moreover, the
bulk chemical composition (Cpyjx) and isotopic composition (Spyik)
of one sample, which is assumed to be a sphere, are given by:

R R
Cbu1k=/4nC(r)r2dr// Amrridr (2)
0 0
R R
Soullc = / 478(r)C(r)yrdr / / 47 C(ryr2dr 3)
0 0

In the model calculations, §26Mg value of the low concentration
end (i.e., rim) in ilmenite is assumed to be —0.50%o, which rep-
resents Mg isotopic compositions in equilibrium fractionation as
discussed in section 5.1. The B value for ilmenite is estimated by
fitting the measured data to be 0.08, which is within the range of
those measured in liquid silicates (0.05-0.10, Richter et al., 2009;
Watkins et al., 2011; Oeser et al., 2015). The model results are well
consistent with the measured chemical and isotopic compositions
in ilmenite (Fig. 4a), further confirming their heavy Mg isotopic
compositions were produced by diffusion-driven kinetic isotope
fractionation.

5.3. Petrologic implications

The large Mg isotope fractionation observed between these cu-
mulus minerals provides critical insight into the light Mg isotopic
compositions of lunar high-Ti basalts and the widespread disequi-
librium fractionation during magmatic processes. These geological
implications are evaluated below.
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5.3.1. Implication on light Mg isotopic compositions of lunar high-Ti
basalts

Lunar mare basalts originated from partial melting of the
Moon’s deep interior, which was compositionally stratified due to
differentiation of the Iunar magma ocean (Grove and Krawczyn-
ski, 2009). The source of the lunar basalts, particularly the high-Ti
basalts, was proposed to be related to ilmenite-bearing zones,
which could result from either sinking of ilmenite-rich cumulates
into the lunar mantle due to gravitational instabilities or assimi-
lation of late-stage ilmenite-rich cumulates during magma ascent
(e.g., Hess and Parmentier, 1995; Wagner and Grove, 1997). There-
fore, ilmenites and their geochemical features are important for
understanding the petrogenesis of the lunar mare basalts.

Sedaghatpour et al. (2013) found that the lunar high-Ti basalts
were characterized by light Mg isotopic compositions (§2°Mg =
—0.61-—0.33%0) relative to the low-Ti ones (§2Mg = —0.34-
—0.02%0), though the bulk moon had an average Mg isotopic com-
position (8%6Mg = —0.26 £ 0.16%0) indistinguishable from the
Earth. Based on the positive correlations between §26Mg and TiO,
in bulk rocks, they suggested that the high-Ti basalts may originate
from an isotopically light source enriched in cumulate ilmenites,
which were speculated to have lighter Mg isotopic compositions
than coexisting olivine and pyroxene.

Our study provides a strong constraint on the above interpre-
tation. Indeed, five ilmenite samples (§2Mg = —0.50-—0.31%o)
are isotopically lighter than coexisting olivine and pyroxene at near
equilibrium conditions (Fig. 3b-c), verifying the above speculation.
Moreover, the planet-wide magmatic system, e.g., the lunar magma
ocean, has a million-year scale of cooling history (Shearer et al.,
2006), which would give rise to an equilibrium isotope fractiona-
tion for ilmenite during solidification of the lunar magma ocean.
Therefore, partial melting of ilmenite-bearing cumulates with light
Mg isotopic compositions in the mantle source could produce iso-
topically light lunar high-Ti basalts. This proposal is well consis-
tent with the hypothesis of the lunar magma ocean (Walker et al.,
1975). Nonetheless, terrestrial ilmenite cumulates might be differ-
ent from those in the lunar magma ocean, hence direct analysis of
lunar ilmenite is required to further explore the role of ilmenite
cumulates in producing the isotopically light lunar high-Ti basalts.

5.3.2. Widespread disequilibrium fractionation during magmatic
processes

Chemical compositions of cumulus minerals in magma cham-
bers have been commonly presumed to achieve thermodynamic
equilibrium on studies of petrogenesis of mafic-ultramafic rocks.
However, the chemical diffusion-induced kinetic Mg isotope frac-
tionation between Fe-Ti oxides and coexisting silicates, together
with elemental zoning in ilmenite and olivine (Figs. 1a, S2), im-
plies the compositional disequilibrium among cumulus minerals in
the Baima layered mafic intrusion.

Globally, kinetic Mg isotope fractionation caused by chemical
diffusion appears to be an important and widespread mechanism
for producing “unique” Mg isotopic signatures during magmatic
processes. Large Mg isotope fractionation produced by chemical
diffusion has been found in igneous minerals and bulk sam-
ples from mantle xenoliths (Xiao et al., 2013; Hu et al,, 2016),
ophiolite (Xiao et al, 2016), volcanic lavas (Teng et al., 2011;
Sio et al., 2013; Oeser et al.,, 2015), and felsic and mafic rocks
(Pogge von Strandmann et al., 2015; Wu et al., 2017). Similarly,
kinetic isotope fractionations have been observed widely in other
non-traditional stable isotope systems during magmatic processes,
such as Fe and Li isotopes (see reviews in Dauphas et al., 2017 and
Penniston-Dorland et al., 2017, respectively). The preservation of
kinetic isotope fractionation further demonstrates the widespread
compositional disequilibrium in igneous minerals and rocks. These
results challenge the long-standing view that the coexisting ig-

neous minerals in cumulate rocks are in thermodynamic equilib-
rium owing to fast diffusivities of elements during magmatic pro-
cesses. Therefore, the reliabilities of using chemical compositions
in cumulus minerals to estimate magmatic differentiation, magma
chamber processes, and magmatic oxide ore genesis as were of-
ten done in studies of layered mafic intrusions, require rigorous
reassessment.

6. Conclusions

Magnesium isotopic compositions of olivine, clinopyroxene, and
ilmenite from the Baima layered mafic intrusion, SW China, have
been investigated in this study. Olivine and clinopyroxene display
small Mg isotopic variations, whereas ilmenites are characterized
by extremely large Mg isotope fractionation. Most of olivine, all
clinopyroxene, and a few of ilmenite were in Mg isotope equi-
librium, where ilmenites were isotopically lighter than coexisting
silicates. These observations imply that the light Mg isotopic com-
positions of lunar high-Ti basalts are caused by cumulate ilmenites
in their source. By contrast, the very heavy Mg isotopic composi-
tions of most of ilmenites were attributed to kinetic isotope frac-
tionation induced by subsolidus Mg-Fe exchange between ilmenite
and ferromagnesian silicates during the fast cooling of the Baima
intrusion. The large kinetic Mg isotope fractionation indicates the
widespread compositional disequilibrium in igneous minerals and
rocks. Consequently, the disequilibrium effects need to be consid-
ered seriously before applying mineral compositions to constrain
petrogenesis of layered mafic intrusions.
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