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Abstract

To constrain the mechanisms governing the extremely large variations of Mg and Fe isotopes in magmatic Fe-Ti oxides in
layered mafic intrusions, we investigate Mg isotopic compositions of magnetite, coupled with its chemical data and whole-
rock major element and Sr-Nd isotope compositions from the Baima layered mafic intrusion in the Emeishan large igneous pro-
vince, SW China. The Baima intrusion is mainly composed of magnetite-wehrlite and magnetite-troctolite (i.e., oxide-rich rocks)
in the Lower Zone, and troctolite and gabbro (i.e., oxide-barren rocks) in the Middle and Upper Zones. Magnetite separates
display large Mg isotopic variation, with 8**Mg ranging from —0.17 + 0.06 to +0.58 4 0.04%o in the oxide-rich rocks and from
—0.18 £ 0.06 to +0.98 + 0.04%o in the oxide-barren ones. The lack of correlation of §?*Mg with trace elements in magnetite and
whole-rock Sr-Nd isotopic compositions indicates that the large Mg isotopic variation in magnetite was not produced by frac-
tional crystallization, magma mixing, crustal contamination, and/or trapped liquid shift. Instead, equilibrium isotope fraction-
ation induced by Mg—Fe re-equilibration between magnetite and ilmenite at different subsolidus temperatures controlled the Mg
isotopic variation in the oxide-rich rocks; and kinetic isotope fractionation driven by Mg—Fe inter-diffusion between magnetite
and olivine and/or clinopyroxene dominated the oxide-barren rocks. Both processes were primarily controlled by the assemblage
and modal abundance of coexisting minerals to which magnetite adjoins. Overall, fractional crystallization and subsequent sub-
solidus diffusion played crucial roles in the genesis of the Fe—Ti oxides in the Baima intrusion. Our results also reveal widespread
isotope disequilibrium between coexisting minerals in mafic magma chambers and suggest that Mg isotope geochemistry has a
great potential to characterize the formation of Fe-Ti oxides in layered mafic intrusions.
© 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION and the Moon (Frost and Lindsley, 1991). Investigation of

non-traditional stable isotope compositions, such as Mg

Magnetite and ilmenite (i.e., Fe-Ti oxides) are two wide- and Fe isotopes, of Fe-Ti oxides in igneous rocks may pro-
spread Mg-Fe-bearing phases in igneous rocks on the Earth vide important insights into the processes of magmatic evo-

lution and the petrogenesis of layered mafic intrusions
- ) (Sossi et al., 2012; Chen et al., 2014, 2018; Dziony et al.,
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Mg and Fe isotopic compositions of Fe-Ti oxides shed light
on the processes of lunar magma ocean (LMO) differentia-
tion, as the lunar high-Ti and low-Ti basalts have distinct
isotopic compositions (Fig. 1; Sedaghatpour et al., 2013;
Sossi and O’Neill, 2017; Sedaghatpour and Jacobsen,
2018). Recently, large Mg isotopic variations have been
documented in Fe-Ti oxides in layered mafic intrusions,
with 3**Mg ranging from —0.80 to +23.10%0 in ilmenite
(Chen et al., 2018; Tian et al., 2020), which is much larger
than the mantle (—0.25 4+ 0.04%0), global mid-ocean ridge
basalts (MORBs, from —0.31 to —0.19%o), and silicate min-
erals (Fig. la; Teng, 2017, and references therein). Simi-
larly, 8°’Fe of magnetite and ilmenite vary from —0.49 to
+1.27%0 and from —0.99 to +0.07%c in igneous rocks,
respectively (Sossi et al., 2012; Chen et al., 2014; Dziony
et al., 2014; Liu et al., 2014a; Bilenker et al., 2017; Cao
et al., 2019; Knipping et al., 2019; Tian et al., 2020; Wei
et al., 2020), much greater than global MORBs (from
40.06 to +0.35%0) (Fig. 1b; Teng et al., 2013; Zhao et al.,
2015; Chen et al., 2019; Gleeson et al., 2020).

To date, the mechanisms governing the large Mg and Fe
isotopic variations in Fe-Ti oxides in layered mafic intru-
sions are still highly debated. Based on mineral proportions
and compositions, Chen et al. (2014, 2018) proposed that
the large variations of Mg isotopes in ilmenite and Fe iso-
topes in Fe-Ti oxides at the Baima intrusion (China)
resulted from Mg-Fe (and Ti) exchange between ilmenite
and magnetite/ferromagnesian silicates (i.e., olivine and
clinopyroxene) during cooling of the magma chamber. Sim-
ilar interpretations were also used to explain Fe isotope
fractionation between magnetite and ilmenite in the Skaer-
gaard intrusion (Greenland) and Bushveld Complex (South
Africa) (Dziony et al., 2014; Bilenker et al., 2017). Alterna-
tively, Liu et al. (2014a, 2014b) and Cao et al. (2019) sug-
gested that in-situ crystallization of immiscible Fe- and Si-
rich melts controlled the disequilibrium Fe isotope fraction-
ation between Fe-Ti oxides and ferromagnesian silicates at
the Baima and Panzhihua intrusions (China). More

recently, Tian et al. (2020) reported extremely large Mg
and Fe isotopic variations in ilmenite at Panzhihua, which
were interpreted as a result of Mg-Fe inter-diffusion
between ilmenite and interstitial immiscible melts. These
different mechanisms responsible for Mg and Fe isotopic
variations in Fe-Ti oxides are associated with different geo-
logical processes and have different implications in the gen-
esis of Fe-Ti oxides in layered mafic intrusions.

One of the key reasons leading to the above debate is the
lack of Mg isotopic data for magnetite that coexists with
ilmenite. Magnetite and ilmenite generally coexist in terres-
trial igneous rocks and are expected to experience extensive
inter-mineral exchanges of Mg—Fe-Ti during cooling (Pang
et al., 2008b, and references therein). Coupled Mg isotope
studies of both magnetite and ilmenite thus may help to
constrain the mechanisms and processes governing Mg
and Fe isotopic variations and the origins of Fe-Ti oxides
in layered mafic intrusions. To date, Mg isotopic composi-
tions of magnetite are still absent.

Here, we present for the first time Mg isotopic composi-
tions of magnetite, coupled with its chemical data and
whole-rock major element and Sr-Nd isotope compositions
from the Baima layered mafic intrusion (Fig. S1). We found
large Mg isotopic variations in magnetite, with 8°°Mg rang-
ing from —0.18 £ 0.06 to +0.98 4+ 0.04%o, reflecting both
equilibrium and kinetic isotope fractionations among mag-
netite, ilmenite, and ferromagnesian silicates during sub-
solidus processes. Our results suggest that fractional
crystallization and subsolidus inter-mineral interactions
play essential roles in the formation of Fe-Ti oxides in lay-
ered mafic intrusions.

2. GEOLOGICAL BACKGROUND

Several mafic—ultramafic layered intrusions hosting
giant Fe-Ti oxide ore deposits, including Baima, Panzhi-
hua, Taihe, Hongge, and Xinjie occur in the central zone
of the Emeishan large igneous province, SW China (Panxi

Magnetite
(this study)

lImenite | t0 23.1%0—>

Spinel/Chromite
D Pyroxene
Olivine

Unmodified mantle Mid-ocean ridge basalts

Magnetite

limenite [ ]

Spinel/Chromite

| | Pyroxene

Earth reference value

Olivine

Mid-ocean ridge basalts

-0.25 + 0.04%o . 0.10 +0.03%0
Lunar low-Ti basalts Lunar low-Ti basalts
- Lunar high-Ti basalts . Lunar high-Ti basalts
-1.6 -0.8 0 0.8 1.6 2.4 -1.6 -0.8 0 0.8 1.6 2.4
526Mg (%o) 557F e (%o)

Fig. 1. (a) Mg and (b) Fe isotopic distributions of the Earth, Moon, silicate minerals, and Fe-Ti oxides. Data sources of 8°°Mg are from this
study, Teng (2017). Chen et al. (2018), Sedaghatpour and Jacobsen (2018), and Tian et al. (2020). Data sources of &°'Fe (including published
5°7Fe values and re-calculated data from 556Fe) are from Teng et al. (2011), Chen et al. (2014), Liu et al. (2014a, 2014b), Dziony et al. (2014),
Zhao et al. (2015), Bilenker et al., (2017), Cao et al. (2019), Chen et al. (2019), Knipping et al. (2019), Poitrasson, et al. (2019), Gleeson et al.
(2020), Tian et al. (2020), and Wei et al. (2020). The vertical blue line and bars represent (a) the average Mg isotopic value of the mantle
(—0.25 £ 0.04%o, Teng et al., 2010) and (b) the Earth reference value (0.10 + 0.03%o, Poitrasson et al., 2019).
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Geological Unit, 1984). These intrusions were emplaced at
~260 Ma and were genetically associated with the high-Ti
basaltic magmatism of the Emeishan mantle plume
(Fig. S1) (Xu et al., 2004; Zhou et al., 2008). The geology
and petrography of the Baima intrusion have been reported
extensively in previous studies (Panxi Geological Unit,
1984; Shellnutt et al., 2009; Shellnutt and Pang, 2012;
Zhang et al., 2012; Zhang et al., 2013; Chen et al., 2014,
2018; Liu et al., 2014a, 2014b), and only a summary is pro-
vided below.

The N-S striking Baima intrusion, ~24 km long and
~1.5-6.0 km thick, is one of the representative layered mafic
intrusions (Panxi Geological Unit, 1984). It comprises pre-
dominately magnetite-wehrlite and magnetite-troctolite
(defined as oxide-rich rocks hereafter, >30 wt% Fe,Os)
in whole rocks) in the Lower Zone and troctolite and gab-
bro (defined as oxide-barren rocks hereafter, <30 wt%
Fe,O3(t) in whole rocks) in the Middle and Upper Zones
(Fig. S1; Chen et al., 2014).

The oxide-rich rocks are characterized by abundant
cumulates of Fe-Ti oxides (up to 70 modal%), olivine,
plagioclase, and clinopyroxene, coupled with minor
inter-cumulus minerals of hornblende and base metal sul-
fides (Panxi Geological Unit, 1984; Chen et al., 2014).
Medium-to-coarse grained magnetite crystals are mainly
in contact with each other and/or ilmenite (Fig. S2), dis-
playing straight to slightly curved edges and/or ~120° tri-
ple junctions. Besides, magnetite crystals host abundant
exsolution lamellae of ilmenite and spinel (Zhang et al.,
2012).

The oxide-barren rocks are rich in cumulus minerals of
clinopyroxene, plagioclase, and olivine, coupled with small
amounts of inter-cumulus Fe-Ti oxides (<20 modal%),
hornblende, and/or apatite (Panxi Geological Unit, 1984;
Chen et al., 2014). Fine-to-medium grained magnetite com-
monly adjoins ferromagnesian silicates and/or ilmenite
(Fig. S2). Magnetite crystals in the oxide-barren rocks con-
tain much fewer exsolution lamellae of ilmenite than those
in the oxide-rich ones. Additionally, micro-texture observa-
tions suggest that all Fe-Ti oxides and silicate minerals are
fresh with limited hydrothermal alteration (Zhang et al.,
2012; Chen et al., 2014, 2018).

3. SAMPLES AND ANALYTICAL METHODS

Cumulate rocks were sampled from the Lower, Middle,
and Upper Zones of the Baima intrusion (Fig. S1). All sam-
ples were crushed to cm-sized fragments and subdivided
into three groups: (1) the first group was powdered for
whole-rock major element and Sr—Nd isotope analyses,
(2) the second was polished to make thin sections for in-
situ chemical analyses, and (3) the last was crushed to
120-180 pum for mineral separation.

Magnetite grains were first handpicked under a
binocular microscope, then demagnetized via heating to
~550 °C, and checked several times under a binocular
microscope at 50x magnification to ensure a visible purity
of ~100%. The purified magnetite separates were finally
cleaned in Milli-Q water before chemical digestion for
Mg isotope analyses.

3.1. Whole-rock major element and Sr—Nd isotope analyses

Whole-rock major element compositions were analyzed
by X ray fluorescence spectrometer (XRF) at ALS Chemex
Co., Ltd (Guangzhou, China). Ferrous oxide analyses were
determined by titrimetry. The estimated precision varied
from <2% relative standard deviation for major elements
(e.g., Si, Mg, Fe, Al, and Ca) to <7% for minor elements
(e.g., Mn, Ti, Na, and K).

Whole-rock Sr-Nd isotopic analyses were performed
using a Thermofisher Triton multi-collector thermal ioniza-
tion mass spectrometer (TIMS) at State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemistry, Chi-
nese Academy of Sciences. Whole-rock powders (~120 mg)
were dissolved using a mixed solution of HF + HNO; +-
HCIOy4 at ~150 °C for 10 days. The digested samples were
evaporated and re-dissolved twice using 6 M (mol/L) HCI
at ~100 °C, followed by dissolution in a 2.5 M HCL. Purifi-
cation of Sr and Nd involves the classic two-step chro-
matography technique (Weis et al., 2006; Li et al., 2012).
The first step was the separation of Sr and REE, in turn,
from matrix elements using Bio-Rad AGS50W-X12 resin
(38-75 pm) by 5.0 M HCI and 6.0 M HCI, respectively.
The second step involved the separation of Nd from REE
fractions using HEHEHP resin (38-75 um) by 0.2 M
HCI. The total blanks were <200 pg for Sr and <100 pg
for Nd. The mass fractionations of Sr and Nd isotopic
ratios were corrected to 38Sr/3°Sr = 8.375209 and *°Nd/!#+-
Nd = 0.7219, respectively. International reference materials
of NBS-987 and JNdi-1 were determined to be 0.710250 + 7
(2 SE) for ¥Sr/8¢Sr and 0.512104 + 5 (2 SE) for '**Nd/'**-
Nd. A USGS reference standard BCR-2 processed through
the same analytical procedures yielded 0.705016 + 10 (2 SE)
for ¥7Sr/*°Sr and 0.512623 + 4 (2 SE) for **Nd/'*Nd. All
analyzed isotopic values of three reference standards match
well with published data (e.g., Weis et al., 2006; Li et al.,
2012).

3.2. Chemical analyses of magnetite

Major and trace element concentrations of magnetite
were analyzed on polished thin sections (~50 pm in thick-
ness) at the laboratory of Mineralization and Dynamics,
Chang’an University (Luan et al., 2021), using a Photo
Machines Analyte Excite 193 nm laser ablation system cou-
pled with an Agilent 7700X quadrupole Inductively Cou-
pled Plasma Mass Spectrometry (ICP-MS). The operating
conditions were as follows: beam diameter of 65 pm, pulse
rate of 5 Hz, beam fluence of 5.9 J/cm?, and acquisition
time of 15-20 s blank measurement (laser off) plus 40 s
analysis (laser on). An international reference standard
NIST610 was measured repetitively for every 8-10 analyses
to monitor sensitivity drift.

Off-line raw data selection, integration of background
and analysis signals, time-drift correction, quantitative cal-
ibration were conducted using the program ICPMSData-
Cal 7.2 (Liu et al., 2008). Multiple reference materials
GSE-1G, BCR-2G, BIR-1G, and BHVO-2G were used as
external standards for data calibration without applying
an internal standard (Liu et al., 2008; Luan et al., 2021),
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as magnetite contains abundant exsolution lamellae (Chen
et al., 2014, 2017). During data reduction, the Fe?'/SFe
ratio of magnetite was set to be a value within the range
of 0.35-0.48, which was analogical to the chemical compo-
sitions of magnetite obtained by electron probe microana-
lyzer (EPMA). Finally, the sum of all metal oxides was
normalized to 100 wt% using Fe as the normalizing element
(Liu et al., 2008). An in-house reference material BC-28
(massive magnetite collected from the Bushveld Complex,
Dare et al., 2012) was determined for monitoring the data
quality. The analytical result and detection limit of BC-28
are reported in Table S1, in agreement with previous studies
(Fig. S3).

3.3. Magnesium isotope analyses

Magnesium isotopic analyses of magnetite were carried
out at the Isotope Laboratory of the University of Washing-
ton, Seattle, following the procedures described in
Sedaghatpour et al. (2013) and Chen et al. (2018). Briefly,
magnetite separates were dissolved in concentrated
HNO3;-HCI and then concentrated HCI. Sample solutions
were passed through two steps of ion-exchange chromatog-
raphy using (1) Bio-Rad AG1-X8 resin (38-75 pm) to elim-
inate Ti, and (2) Bio-Rad AG50W-X8 resin (38-75 um) to
separate Mg from other matrix elements. The purified Mg
solutions were analyzed by a Nu II MC-ICPMS in a low-
resolution mode using the standard-sample bracketing
method (Teng and Yang, 2014). The analytical results were
reported as Mg (%) = [(*Mg/**Mg)sampie/(“Mg/**-
Mg)psmz — 1] x 1000, where X refers to mass 25 or 26.
The analytical precision, on the basis of multiple analyses
(n > 20) of standards during an analytical session, was esti-
mated to be better than +0.07%. (2 SD) for 5**Mg and was
compatible with the long-term external reproducibility
(Teng et al., 2015). Four reference materials (DTS-1, PCC-
1, San Carlos olivine, and Hawaiian seawater) were pro-
cessed through the same procedures of column chemistry
and instrumental measurement to evaluate the data accu-
racy and yielded similar values to literature data (Table S2).

4. RESULTS

Results are presented in Table 1 for Mg isotopic compo-
sitions of magnetite, Table S3 for whole-rock major element
and Sr-Nd isotope compositions, and Table S4 for major
and trace element compositions of magnetite. Whole-rock
major element concentration, MgO concentration in mag-
netite, and Mg isotopic compositions of magnetite (together
with ilmenite and silicates) along the stratigraphic section of
the Baima intrusion are illustrated in Fig. 2.

4.1. Whole-rock major element and Sr-Nd isotope
geochemistry

The cumulate rocks of the Baima intrusion display large
ranges of major element compositions, with 12.8-46.6 wt%
Si0,, 2.85-14.7 wt% MgO, 10.7-58.0 wt% Fe,Osr), and
1.76-10.4 wt% TiO, (Table S2). Specifically, the oxide-
rich rocks contain higher contents of Fe>O3r) (33.5-58.0

wt% vs. 10.7-24.9 wt%) and TiO, (4.93-10.4 wt% vs.
1.66-8.09 wt%) than the oxide-barren ones. By contrast,
the former has lower MgO and SiO, contents than the latter
(Fig. 2).

Initial Sr—Nd isotopic compositions are calculated to the
emplacement age of the Baima intrusion at ~260 Ma (Zhou
et al., 2008). The (87Sr/8(’Sr)i and eng(t) of the oxide-rich
rocks vary from 0.70488 to 0.70495 and from +1.3 to
+3.5, respectively. The (¥7Sr/*Sr); and ena(t) of the
oxide-barren rocks are similar to those of the oxide-rich
ones, ranging from 0.70493 to 0.70512 and from +1.0 to
+2.7, respectively (Table S3). These values are consistent
with the published (}7Sr/%°Sr); and eng(t) of the Baima
intrusion (0.70487-0.70520 and +0.6 to +4.6, respectively;
Zhou et al., 2008; Yu et al., 2015).

4.2. Major and trace element compositions of magnetite

Major element contents of magnetite are highly variable
in different lithofacies (Table S4). Magnetite crystals in the
oxide-rich rocks are rich in MgO (0.81-1.63 wt%) (Fig. 2)
and TiO, (8.04-14.8 wt%). By contrast, magnetite crystals
in the oxide-barren rocks are relatively depleted in MgO
(0.37-0.99 wt%) (Fig. 2) and TiO, (2.84-10.6 wt%). The
MgO is positively correlated with TiO, in magnetite
(Fig. 3a). Besides, most magnetite rims to which adjoin oli-
vine and clinopyroxene have lower MgO contents than
their cores (Fig. 4).

Trace element contents of magnetite are highly variable
in different lithofacies as well (Table S4). Magnetite crystals
in the oxide-rich rocks have higher concentration of com-
patible trace elements (e.g., Ni = 77.1-447 ppm, Co = 82.
2-165 ppm, and Sc = 6.10-14.6 ppm) than those of the
oxide-barren rocks (e.g., Ni = 13.6-128 ppm, Co = 61.5—
155 ppm, and Sc = 1.36-8.52 ppm). Except for a few sam-
ples, magnetite grains display positive correlations between
Ni and Co and Sc (Fig. 3b and c). On the other hand, mag-
netite grains in the oxide-rich rocks have comparable con-
centration of incompatible trace elements, such as Zr, to
those of the oxide-barren rocks.

4.3. Magnesium isotope compositions of magnetite

Some magnetite grains may contain tiny exsolution lamel-
lae (e.g., ilmenite and/or spinel), nonetheless, all of them were
digested. Thus, the analytical results are the initial Mg iso-
tope compositions of magnetite prior to subsolidus exsolu-
tion. Overall, 8*°Mg values in magnetite vary from
—0.18 4+ 0.06 to +0.98 + 0.04%. (Fig. 2). Specifically, mag-
netite separates from the oxide-rich rocks have 5°°Mg rang-
ing from —0.17 4 0.06 to +0.58 4+ 0.04%o, with an average of
+0.13%0. Those from the oxide-barren rocks have 8*°Mg
varying from —0.18 £ 0.06 to +0.98 £ 0.04%o, with an aver-
age of +0.36%0. Magnetite is isotopically heavier than most
of the coexisting olivine (§°°Mg = -0.33 to +0.05%0) and
clinopyroxene (—0.29 to —0.13%o0) (Chen et al., 2018) as well
as the picritic and basaltic lavas in the Emeishan large
igneous province (—0.36 to —0.19%o, Tian et al., 2017; Yu
et al., 2020), the mantle (—0.25 £ 0.04%o, Teng et al., 2010),
and global MORBs (—0.25 + 0.06%0, Teng, 2017).



Table 1

Magnesium isotopic compositions (per mil) of magnetite and ilmenite separates from the Baima intrusion and its country rocks.

Zone Height from the base (m) Rock type Sample No. 526Mgmﬂgneﬁte 2 SD 525Mgmagneme 2 SD 626Mgi1meni[e 2 SD 625Mgi1menite 2 SD AZGMgmﬂgneme_nmemle
1014 Apatite-gabbro SB11-52 0.07 0.06 0.06 0.03 024 0.06 0.13 0.05 -0.17
950 Apatite-gabbro SB11-81 0.13 0.06 0.08 0.04 1.03 0.05 0.52 0.04 -091
839 Apatite-olivine-gabbro SB11-69 0.39 0.06 0.23 0.05 1.57 0.05 0.81 004 —1.18
820 Apatite-olivine-gabbro SB11-68 0.43 0.06 0.22 0.05 1.21 0.05 0.63 0.04 -0.79
798 Apatite-olivine-gabbro SB11-56 0.70 0.06 0.39 0.03 1.21 0.04 0.61 0.03 -0.51
775 Apatite-olivine-gabbro SB11-57 0.30 0.06 0.18 0.03 1.10 0.05 0.52 0.04 —-0.80
760 Apatite-olivine-gabbro SB11-64 —0.18 0.06 —0.08 0.04 0.39 0.05 0.21 0.04 —-0.57
Upper Zone 720 Apatite-olivine-gabbro SB11-100 —0.07 0.06 —0.03 0.05 0.09 0.05 0.05 0.04 —0.16
630 Troctolite SB09-39 0.60 0.04 0.34 0.03 0.02 0.05 0.03 0.04 0.57
SB09-39* 0.54 0.05 0.31 0.04
SB09-39 0.68 0.06 0.37 0.04
575 Troctolite SB09-37 0.22 0.06 0.12 0.04 0.28 0.04 0.14 0.03 —-0.06
540 Troctolite SB09-32 0.98 0.04 0.49 0.03 1.28 0.06 0.64 0.05 -0.31
SB(9-32* 0.97 0.05 049 0.04
SB09-32 0.99 0.05 0.49 0.04
495 Troctolite SB09-31 0.78 0.06 042 0.03 1.90 0.06 0.95 0.05 -1.12
415 Olivine-gabbro SB09-29 0.68 0.06 0.36 0.03 1.63 0.06 0.83 0.05 -0.95
Middle Zone 385 Olivine-gabbro SB09-28 0.52 0.06 0.26 0.03 1.11 0.03 0.57 0.03 -0.59
355 Magnetite-troctolite SB09-27 —0.02 0.06 —0.01 0.04 035 0.04 0.19 0.04 —-0.37
325 Magnetite-troctolite SB09-25 0.02 0.06 —0.01 0.04 —-0.22 0.04 —0.12 0.03 024
295 Olivine-gabbro SB09-24 —0.14 0.06 —0.07 0.04 1.51 0.04 0.78 0.03 —1.65
266 Olivine-gabbro SB09-20 0.32 0.06 0.17 0.04 —-0.20 0.05 —0.08 0.04 0.52
216 Magnetite-troctolite SB09-19 0.18 0.06 0.09 0.04 —0.18 0.05 -0.09 0.04 036
202 Magnetite-troctolite SB09-18 0.08 0.06 0.03 0.04 —0.45 0.05 -0.23 0.04 0.53
192 Magnetite-troctolite SB09-17 0.30 0.06 0.13 0.04 —0.31 0.05 -0.14 0.04 0.61
182 Magnetite-troctolite SB09-16 —0.16 0.06 —0.07 0.04 0.89 0.05 045 0.04 —1.06
157 Magnetite-wehrlite SB09-15 0.07 0.04 0.07 0.03 —0.50 0.05 -0.26 0.04 0.57
SB09-15* 0.03 0.05 0.04 0.04
SB09-15 0.13 0.06 0.09 0.04
137 Magnetite-troctolite SB09-14 —0.17 0.06 —0.08 0.04
113 Magnetite-troctolite SB09-13 0.29 0.06 0.16 0.04 —0.46 0.05 -0.23 0.04 0.74
102 Magnetite-wehrlite SB09-11 0.58 0.04 0.32 003 -0.35 0.04 —-0.17 0.03 092
SB09-11* 0.54 0.05 0.29 0.04
SB09-11 0.63 0.06 0.34 0.04
Lower Zone 60 Magnetite-wehrlite SB09-08 0.25 0.06 0.13 0.04 —0.08 0.05 —-0.03 0.04 0.33
Siliceous marble SB11-213 —1.01 0.06 —0.52 0.05
Siliceous marble SB11-230 —1.78 0.06 —-0.92 0.05
Country rock Siliceous marble SB11-231 -1.75 0.06 —0.90 0.05

Mg isotopic compositions of ilmenite are from Chen et al. (2018).

2 SD refers to 2 times standard deviation of the population of n (n > 20) repeated analyses of the standards during an analytical session.
The average value and associated 2 SD (the boldface numbers) are calculated from error-weighted values.
Due to isotope heterogeneity of magnetite separates from the same rock, the replicated samples show variations beyond the stated instrumental uncertainty.

* Represents replicate samples, including repeated sample dissolutions, column chemistry, and instrumental measurements.
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Magnetite displays variable Mg isotopic features in
comparison with coexisting ilmenite (Fig. 2). Magnetite
separates in the oxide-rich rocks are most isotopically heav-
ier than ilmenite, with AZ(’Mgmagnetite,ﬂmenite ranging from
+0.24 to +0.92%c (Table 1). Magnetite separates in the
oxide-barren rocks are predominantly lighter than ilmenite,
with A26Mgmgnetite_ﬂmenite ranging from —1.65 to —0.06%o
(Table 1). Both magnetite and ilmenite in the oxide-rich
rocks display relatively smaller variations in §**Mg than
those in the oxide-barren ones (Fig. 5).

The 8*°Mg values of magnetite exhibit two distinct
trends against whole-rock chemical compositions. 8*Mg
is negatively correlated with SiO, (and CaO, not shown)
and positively correlated with MgO, Fe,Ost), and TiO,
in the oxide-rich rocks. Opposite trends are observed in
the oxide-barren rocks (Fig. 5).

5. DISCUSSION

The formation of Fe-Ti oxides in the Baima intrusion
may involve multiple magmatic processes (e.g., fractional
crystallization, magma mixing, crustal assimilation, and
trapped liquid shift) and subsolidus processes (e.g., compo-
sitional exchange among minerals during cooling)
(Shellnutt and Pang, 2012; Zhang et al., 2012, 2013; Chen
et al., 2014; Liu et al., 2014b). Both could potentially lead
to large Mg isotopic variations in magnetite. Since the
Fe-Ti oxides in the Baima intrusion are fresh (Fig. S2),
post-magmatic hydrothermal alteration can be ruled out
as the cause of Mg isotopic variation in magnetite, which
is further supported by the lack of correlation between
3?°Mg of magnetite and loss-on-ignition (LOI) and Rb con-
centration of whole rocks (Fig. S4).

Below, we focus our discussions on the role of magmatic
and subsolidus processes in Mg isotopic variation, followed
by the petrogenetic implications.

5.1. Magmatic processes are not responsible for Vg isotope
variation in magnetite

Fractionation of silicate minerals would not induce
resolvable Mg isotope variation during magmatic differenti-
ation, which is evidenced by the limited Mg isotopic varia-
tions in global MORBs and ocean island basalts (Teng
et al., 2007, 2010). Fractionation of oxide minerals, such
as chromite or ilmenite, might drive the evolved melt (and
crystallizing minerals) toward either light or heavy Mg iso-
topes (Su et al., 2017, 2019; Chen et al., 2018). The exten-
sive depletion of Cr in magnetite indicated that the
parental magma of the Baima intrusion had undergone
crystallization of chromite at depth (Zhang et al., 2012).
However, both olivine and clinopyroxene in the Baima
intrusion display relatively small variation in 3**Mg
(—0.33 to +0.05%0 and —0.29 to —0.13%o, respectively;
Chen et al., 2018) when compared to magnetite, suggesting
limited Mg isotopic variation in their parental magma.
Petrological and geochemical studies indicated that mag-
netite most likely crystallized from the same parental
magma as the coexisting silicates (Zhang et al., 2012;
Chen et al., 2014). Thus, crystallization of chromite from

the same parental magma cannot explain the large Mg iso-
topic variation in magnetite.

Another unlikely case is that different parental magmas
were involved in the formation of these Fe-Ti oxides and
coexisting olivine and clinopyroxene. Such hypothetical
magmas might originate from magma replenishment, resid-
ual liquids after silicate crystallization and/or filter-pressing
processes, and silicate liquid immiscibility. However, quan-
titative models suggest that the magnitude of 5°°Mg offset
for evolved melts would be less than 0.10%0 during mag-
matic differentiation (Fig. 6), even though the mole fraction
of MgO removed via fractionation of one mineral is up to
50%. Furthermore, the 5°°Mg values of magnetite are not
correlated with concentrations of Ni, Sc, and Cr in mag-
netite (Fig. 7a—c), proxies of magmatic evolution for Fe—
Ti oxide-bearing layered mafic intrusions (Chen et al.,
2017; Dare et al., 2019), indicating that fractional crystal-
lization from diverse mafic magmas can also be ruled out.

Magnesium isotopic compositions of mantle-derived
magmas could also be modified by crustal assimilation dur-
ing magmatic evolution (Brewer et al., 2018; Pang et al.,
2020; Chen et al., 2021). Contributions of crustal rocks to
the petrogenesis of layered mafic—ultramafic intrusions in
the Emeishan large igneous province are still debated. Oxy-
gen isotopic compositions of magnetite and plagioclase
require ~8—13% assimilation of the carbonate footwall dur-
ing the parental magma evolution of the Panzhihua intru-
sion (Ganino et al., 2008, 2013). Instead, integrated O-Sr-
Nd studies suggested negligible assimilation of crustal rocks
(Songet al., 2013; Yu et al., 2015). Nonetheless, the country
rocks (e.g., siliceous marble) of the Baima intrusion have
low 8°Mg (—1.78 + 0.06 to —1.01 =+ 0.06%c; Table 1),
low ena(t) (—2.9 to —0.6), and high (¥"Sr/%¢Sr); (0.70579—
0.70783) (Yu et al., 2015). The lack of correlations between
3%°Mg of magnetite and whole-rock (3’Sr/%¢Sr); and eng(t)
in the Baima intrusion implies that the assimilation of crus-
tal rocks cannot be responsible for Mg isotope variation in
magnetite (Fig. 8).

The Fe-Ti oxides and silicate minerals would experience
trapped liquid shift during cooling of magma chambers,
i.e., early crystallized minerals re-equilibrate with intersti-
tial liquid overprinting their original compositions
(Barnes, 1986). However, this process would occur at rela-
tively high temperatures (e.g., >900 °C) and crystals would
re-equilibrate with trapped liquid, hence, the trapped liquid
shift was expected to produce limited Mg isotopic varia-
tions in crystallized minerals. Moreover, there is no correla-
tion between 8*Mg values and concentration of Zr in
magnetite (Fig. 7d), which is incompatible and is sensitive
to trapped liquid effect during the formation of Fe-Ti
oxide-bearing cumulate rocks (Chen et al., 2017; Dare
et al., 2019). Therefore, the possibility of trapped liquid
shift as the cause of Mg isotopic variations in magnetite
can also be excluded.

5.2. Magnesium isotopic variations in Fe-Ti oxides during
subsolidus processes

The distinct correlations between 8*Mg of magnetite
and whole-rock major element contents indicate that Mg
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Fig. 2. Simplified stratigraphic columns of the Baima intrusion displaying the petrographic zones, MgO concentration in magnetite, major
elemental variations of whole rocks, and Mg isotopic compositions of mineral separates. The petrographic zones are after Chen et al. (2014).

M¢gO concentration of olivine and Mg isotopic compositions of olivine, clinopyroxene, and ilmenite are from Chen et al. (2018).

isotopic compositions of magnetite in the oxide-rich and
oxide-barren rocks could be produced by different mecha-
nisms during subsolidus processes, which is discussed in
turn below.

5.2.1. Equilibrium fractionation between magnetite and
ilmenite in oxide-rich rocks

Magnesium isotopic variation in magnetite in the oxide-
rich rocks may result from equilibrium isotope fractiona-
tion between magnetite and ilmenite given the following
consideration. Currently, no reduced partition function
ratio (i.e., 10°InB) is available for magnetite. However, den-
sity functional perturbation theory (DFPT) calculations
indicate that the temperature-dependent Mg isotope frac-
tionations between spinel-structured phases and olivine
are defined by (1) A*°Mgyu1,0,ormme ~ +1.03 x 10°/T7,
(2) AZéMgMgCrzoruIivine ~+033x 10°/7%,  and  (3)
N M te0,0, - otivine = +0.23 x 10°/T?  (Schauble,  2011).
Recent experimentally determined Mg isotope fractiona-
tions  (A*Mgye41,0,ormime & (+1.05 £0.28) x 10°/7% and
A26MgMgCr204_U,ivme ~ (+0.43 £ 0.10) x 10°/7%) are consis-
tent with those estimated by the DFPT calculations (Tang
et al., 2021). Magnetite has the same inverse spinel structure
as magnesioferrite (MgFe,0,). Additionally, magnetite has
chemical components closer to magnesioferrite than spinel
(MgAl1,04) and magnesiochromite (MgCr,QO,4). Hence, the
10%Inp of magnetite may resemble that of magnesioferrite
and may be lower than those of spinel and magne-
siochromite. The temperature-dependent Mg isotope frac-
tionation between magnetite (assuming as same as
magnesioferrite) and olivine is thus proposed to be
A*Mgagnetite-olivine ~ +0.23 x 10T Besides, the

10°Inp of olivine and pyroxene are proposed to be higher
than that of ilmenite, and the temperature-dependent
isotope fractionation between olivine and ilmenite is
APMEtivnesitmenite & +0.27 x 108/T2 (Chen et al., 2018).
Therefore, the equilibrium Mg isotope fractionation
between magnetite and ilmenite can be described by
A261\/[gmagnetite-ilmenile ~ +0.50 x 106/T2

Most magnetite separates from the oxide-rich rocks are
isotopically heavier than the coexisting ilmenite with A®-
Mg magnetite-ilmenite Tanging from +0.24 to +0.92%o (except
two samples, Fig. 9a). These separates are also isotopically
heavier than the coexisting olivine and clinopyroxene, with
Az6lvlgmagnetite-olivine and A261\/[gmagnetile-clinopyroxene ranging
from +0.04 to +0.57%¢ and from —+0.16 to +0.53%0
(Fig. 9b and c), respectively. The direction of Mg isotope
fractionation between magnetite and ilmenite is consistent
with equilibrium isotope fractionation. However, the mag-
nitude of the inter-mineral fractionation is too large to pro-
duce at magmatic temperatures (e.g., 950-1200 °C, Zhang
et al., 2012) (Fig. 9a), and indicates isotope fractionations
at lower temperature and during subsolidus processes.

Magnetite grains are predominantly adjacent to each
other and/or ilmenite in oxide-rich rocks at Baima
(Fig. S2). The coexisting magnetite and ilmenite would
undergo extensive re-equilibration via the reaction: Mg>"
(in magnetite) + Fe*™ (in ilmenite) = Mg®>t (in
ilmenite) + Fe®' (in magnetite) (Lindsley, 1991). This
reaction shifts to the right during cooling. The abundant
exsolution lamellae of ilmenite in magnetite demonstrate
significant subsolidus re-equilibration between Fe-Ti oxi-
des (Zhang et al., 2012). Moreover, the blocking temper-
ature of Mg®" and Fe’' re-equilibration between
magnetite and ilmenite was estimated to be as low as
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~500 °C, which was much lower than those between Fe-Ti
oxides and silicates (i.e., ~950 °C) (Pang et al., 2008b;
Chen et al., 2014; Liu et al., 2015). The observed A26Mg_
magnetite-ilmenite values in the oxide-rich rocks mostly fall
within the range of equilibrium fractionations between

~500 and 950 °C (Fig. 9a). This result strongly supports
that Mg isotopic compositions of magnetite in the
oxide-rich rocks were primarily governed by equilibrium
isotope fractionation between Fe-Ti oxides during sub-
solidus re-equilibration.
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Since heavy isotopes of Mg and Fe are more enriched
in magnetite than ilmenite, 5°*Mg would be expected to
positively correlate with 3°’Fe in magnetite in the oxide-

rich rocks during inter-oxide re-equilibration. However,
a weakly negative correlation between 3°°Mg and 3°'Fe

in magnetite

in the oxide-rich

rocks is observed
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(Fig. S5). This discrepancy may be due to the low concen-
tration of MgO (<1.8 wt%) but high FeOrq (~42-47 wt
% Fe,05 and ~35-40 wt% FeO) in magnetite. The §**Mg
of magnetite is only controlled by Mg?", whereas 5°'Fe is
determined by both Fe*" and Fe*". Both fractional crys-
tallization and subsolidus re-equilibration would generate
different effects on Mg and Fe isotopic compositions, lead-
ing to the decoupled 8**Mg and &°’Fe in magnetite
(Fig. S5).

5.2.2. Diffusion-driven kinetic Mg isotope fractionation in
oxide-barren rocks

Most magnetite separates from the oxide-barren rocks
are isotopically lighter than coexisting ilmenite, with
AZGMgmagneﬁ[e_ﬂmeni[e ranging from —1.65 to —0.06%0
(Fig. 9a). They are also much heavier than coexisting
olivine and clinopyroxene, with AZGMgmagneme_on\,me and
A26Mgmagnetite—clinopyroxene varying from +0.03 to +1.02%0
(except one sample) and from +0.02 to +0.99%. (Fig. 9b
and c), respectively. These results are opposite to the direc-
tion and/or magnitude of equilibrium isotope fractionation,
hence most likely indicative of kinetic isotope fractionation
driven by chemical diffusion between magnetite and ferro-
magnesian silicates. This hypothesis is strongly favored by
(1) the low MgO concentration in magnetite (Fig. 3a and
b) and (2) the negative correlation of 5°°Mg with MgO con-
centration in magnetite (Fig. 10).

Micro-textures and chemical compositions of coexisting
minerals in mafic-ultramafic cumulates indicate that Mg>"
would diffuse from magnetite into ferromagnesian silicates
as temperature decreases (Morse, 1980; Pang et al.,
2008b). Indeed, MgO content in olivine decreases from
~37.0 to ~24.8 wt% upward in the Baima intrusion (Chen
et al., 2018), while magnetite displays an extensive decrease
of MgO from 1.63 to 0.37 wt% upward. The ratios of
MgOgjivine 10 MgOmagnetite in the oxide-barren rocks
(22.2-41.6, with an average of 29.2) are much lower than
those of the oxide-rich ones (32.2-70.9, with an average
of 53.7), both of which are lower than that of the experi-

mental results (~7, Toplis and Carroll, 1995) (Fig. S6).
Moreover, the Mg-Fe inter-diffusion coefficients (Dwg_re)
in olivine and clinopyroxene are at least two orders of mag-
nitude lower than those of Mg?>" in Fe-Ti oxides
(Chakraborty, 2010; Cherniak and Dimanov, 2010; Van
Orman and Crispin, 2010). Thus, the blocking temperature
of Mg2+ in ferromagnesian silicates is much higher than
that in Fe-Ti oxides (Pang et al., 2008b; Chen et al.,
2014). Most magnetite rims in contact with ferromagnesian
silicates have slightly lower MgO concentration than their
cores (Fig. 4). Correspondingly, olivine rims in contact
with Fe-Ti oxides have higher Fo values (Fo = 100 x
MgO/(FeO + MgO), in mole) than the inner zones
(Fig. S7). All these observations imply the diffusion of
Mg?" from Fe-Ti oxides into ferromagnesian silicates dur-
ing the cooling of the Baima magma chamber. Since light
isotopes diffuse faster than heavy ones (Richter et al.,
2008, 2009), diffusion of Mg>" out of magnetite generated
the observed high 8°Mg of magnetite and large
A26Mgmagnetite-olivine and A26Mgmagnetite-clinopyroxene values.

Diffusion-driven Mg isotope fractionation in magnetite
can be quantitatively calculated using the equation
presented in Zhu et al. (2015):

AMSig1-1s (%) =1000x [1 = (m/m1)" )] (1 = Cron/ Corg)
(1)

where AMghigh-1ow 1S isotope fractionation between high
and low concentration end-members; m; and m, represent
masses of heavy and light isotopes, respectively; Crign and
CLow denote MgO contents in high and low concentration
end-members, respectively; B is the empirical factor. This
equation was derived from Fick’s law of diffusion (Zhu
et al., 2015) and is identical to the equation for modeling
non-equilibrium isotope fractionation proposed by Watson
and Miiller (2009). Bulk element and isotope compositions
of one crystal (Cpu and dpx, respectively) that is set as a
sphere were quantitatively modeled using the following
equations:
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R R - . P . .
B ) ) B factor is set to be 0.08, which is identical to that of ilme-
Cou = /04nC(r)r dr/'/0477:r dr (2) nite (Chen et al., 2018). The 8**Mg of the low concentration
R R end-member in magnetite is assumed as —0.15%o, which rep-
Spulk = / 4 (r)C(r)r*dr/ / 4nC(r)r’dr (3) resents the magnetite in equilibrium with mantle-like basaltic
0 0

magmas. The model calculation can reproduce the observed
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details.

element and isotope compositions of most samples by assum-
ing magnetite initially contained ~0.55-0.9 wt% MgO
(Fig. 10). Our model also reveals that §°°Mg of a mineral
would increase rapidly after extensive loss of MgO by chem-
ical diffusion (Fig. 10), which may provide an alternative
explanation for the extremely high §°*Mg of ilmenite in the
Panzhihua intrusion (Tian et al., 2020).

A few magnetite separates from the oxide-barren rocks
(e.g., SB09-24, SB11-64, and SBI11-100) have relatively
low 8*°Mg values, which may reflect the isotopic hetero-
geneity of magnetite grains. Although magnetite crystals
are mainly in contact with silicates in the oxide-barren
rocks (Fig. S2), they are adjacent to Fe-Ti oxides or isolated
by plagioclase as well. If such magnetite grains were pre-
dominantly separated and analyzed, the observed 3**Mg
values would be relatively low due to equilibrium isotope
fractionation between Fe-Ti oxides. Furthermore, sub-
solidus diffusion process is not expected to modify §**Mg
values of coexisting ferromagnesian silicates due to their
very high MgO concentration (>10 wt%) and modal abun-
dances (>30%) in the oxide-barren rocks (Zhang et al.,
2012; Chen et al., 2014). This hypothesis is supported by
the similar Mg isotopic compositions of olivine and
clinopyroxene in both oxide-rich and oxide-barren samples
(Chen et al., 2018).

The overall Mg isotope variations in magnetite during
magmatic and subsolidus processes are illustrated in
Fig. 11. Magnetite crystallized from late-stage magma
would have a 5°°Mg value of ~-0.15%o as equilibrium iso-
tope fractionation is expected between magnetite and
magma (Fig. 11a). During cooling, magnetite may undergo
three end-member elemental exchange processes depending
on the coexisting minerals. In the scenario I, magnetite sur-
rounded by other magnetites or isolated by plagioclase
should preserve its initial Mg isotopic signature, with
8?°Mg of ~-0.15%o (Fig. 11b). In the scenario II, magnetite

adjacent to ilmenite should experience subsolidus re-
equilibration with ilmenite, which led to the moderately
heavy Mg isotopic compositions of magnetites, with
3*°Mg up to ~+0.55%o (Fig. 11b). In the scenario III, mag-
netite in contact with ferromagnesian silicates underwent
subsolidus chemical diffusion, which produced the extre-
mely heavy magnetite, with &°Mg up to ~+1.0%c
(Fig. 11b). Therefore, a combination of these different sce-
narios would generate the heterogeneous Mg isotopic vari-
ation in magnetite (and ilmenite) in the Baima layered mafic
intrusion.

5.3. Implication for origins of Fe-Ti oxides in layered mafic
intrusions

Understanding the mechanisms for saturation and
enrichment of Fe-Ti oxides during mafic magma evolution
is of fundamental importance for igneous petrology (Wager
and Brown, 1967; Veksler and Charlier, 2015). Such an
issue, in particular, is prominent for the Fe-Ti oxides in lay-
ered mafic intrusions in the Emeishan large igneous pro-
vince, as the thick Fe-Ti oxide horizons mainly occur in
the lower and/or middle zones of these intrusions rather
than in upper zones of other global layered mafic intru-
sions, such as the Bushveld Complex (e.g., Zhou et al.,
2005, 2013; Song et al., 2013; Charlier et al., 2015). Two
fundamental models have been proposed as the saturation
and accumulation of magnetite and ilmenite in these intru-
sions. One is that the Fe-Ti oxides were late-stage crystal-
lization from immiscible Fe-rich/oxide melts (e.g., Zhou
et al., 2005, 2013; Wang and Zhou, 2013; Liu et al.,
2014b; Wang et al., 2018). Another argues that they co-
crystallized with silicate minerals from (ferro-)basaltic mag-
mas (e.g., Pang et al., 2008a, 2008b; Zhang et al., 2012;
Song et al., 2013; Howarth and Prevec, 2013; Bai et al.,
2014; Chen et al., 2017). More recently, a few studies
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Fig. 11. Cartoon illustrating Mg isotope variation in magnetite (a) at the magmatic stage and (b) during subsolidus diffusion. Magnetite
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ferromagnesian silicates (scenario IIT) may undergo subsolidus chemical diffusion, which produced much heavy magnetite. The variations of
Fe isotopic compositions in magnetite are based on Chen et al. (2014). See text for details.

inferred that the large variations of Mg isotopes in ilmenite
and Fe isotopes in Fe-Ti oxides from the Panzhihua intru-
sion might support the genetic model of liquid immiscibility
of Fe-rich melts during magmatic evolution (Cao et al.,
2019; Tian et al., 2020).

The large Mg isotopic variations in magnetite and ilme-
nite from the Baima intrusion in this study are not consistent
with the model of immiscible Fe-rich/oxide melts. Experi-
mental studies show the partition coefficient of Mg>*
between Fe- and Si-rich melts ranging from ~2 to 3
(Schmidt et al., 2006; Veksler et al., 2006; Charlier and

Grove, 2012). This partition coefficient is inconsistent with
the hypothetical model of liquid immiscibility proposed by
Tianetal. (2020), where the partition coefficient was assumed
close to ~zero in order to generate the extremely low MgO
(~0.001 wt%) in the hypothetical Si-rich melt. In addition,
theoretical calculation suggests that light isotopes of Mg
and Fe prefer Fe-rich melts to Si-rich melts during silicate lig-
uid immiscibility (Zhu et al., 2015). Thus, the hypothetical
Fe-rich melts proposed by Cao et al. (2019) would be
enriched in light Mg isotopes if silicate liquid immiscibility
had occurred during magma evolution. The fact that both
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magnetite and ilmenite are isotopically heavy in the oxide-
barren rocks is opposite to such an expectation, indicating
that Fe-Ti oxides in layered mafic intrusions cannot be orig-
inated from immiscible Fe-rich/oxide melts.

Our results support the genesis of Fe-Ti oxides from
early fractional crystallization of ferro-basaltic magmas.
Although Mg isotope signatures of magnetite separates
have been mostly elevated by subsolidus processes, those
(SB09-14 and SB09-16) least affected have the most primi-
tive 8%°Mg (—0.17 £ 0.06 to —0.16 + 0.06%0), which are
close to isotope equilibrium with olivine and clinopyroxene
at magmatic temperatures (Figs. 9 and 10). Particularly, the
parental magma of the Baima intrusion was genetically
associated with high-Ti basalts in the Emeishan large
igneous province (Zhou et al., 2008; Zhang et al., 2012),
which had mantle-like 8**Mg values (—0.25 + 0.09%o)
(Tian et al., 2017). Magnetite would have an Mg isotopic
ratio of —0.14%o (£0.09%0) at a temperature of ~1100 °C,
assuming that equilibrium isotope fractionation between
magnetite and magma is identical to that between mag-
netite and olivine. The most primitive Mg isotopic compo-
sitions of magnetite agree well with theoretically calculated
equilibrium fractionation, implying that magnetite co-
crystallized early with olivine during magmatic differentia-
tion. These results are also consistent with the observation
of equilibrium Fe isotope fractionation between magnetite
and olivine in the oxide-rich rocks at Baima (Chen et al.,
2014).

Our study also challenges the long-standing view that
thermodynamic equilibrium has been reached in mafic—ul-
tramafic rocks. Minerals in layered mafic intrusions have
been commonly used to infer the nature of their parental
magmas and magmatic evolution. Therefore, magnetite
and ilmenite, as two widespread cumulus and inter-
cumulus minerals, were utilized to constrain the origins of
layered mafic intrusions (Jang et al., 2001; Jang and
Naslund, 2003; Zheng et al., 2014). However, our studies
found large chemical and isotopic disequilibrium in mag-
netite and coexisting minerals. Inter-mineral Mg, Fe, and
Cr isotope disequilibrium fractionation also occurs in the
Stillwater Complex, USA (Bai et al., 2019, 2021). The wide-
spread preservation of disequilibrium among minerals in
mafic-ultramafic cumulates may complicate the use of min-
erals to trace their parental magmas. Instead, it may help to
characterize the petrogenesis and metallogenesis of mafic—
ultramafic rocks.

6. CONCLUSIONS

Magnetite separates from the oxide-rich rocks in the
Baima intrusion have 8**Mg of —0.17 & 0.06 to +0.58 + 0.
04%o, which mainly resulted from equilibrium isotope frac-
tionation produced by Mg-Fe re-equilibration between Fe—
Ti oxides during subsolidus processes. By contrast, mag-
netite separates from the oxide-barren rocks have 3**Mg
ranging from —0.18 &+ 0.06 to +0.98 + 0.04%o, which were
ascribed to kinetic isotope fractionation driven by Mg-Fe
inter-diffusion between magnetite and ferromagnesian sili-
cates during subsolidus processes. The assemblage and
modal abundance of coexisting minerals to which Fe-Ti

oxides adjoin primarily controlled Mg isotopic variation
in magnetite in layered mafic intrusions. These results pro-
vide significant insights into the behavior of Mg isotopes
during high-temperature magmatic processes.

Our findings yield two significant implications. The most
primitive Mg isotopic compositions of magnetite match
well with theoretical equilibrium fractionation values, indi-
cating that fractional crystallization played a major role in
the genesis of Fe-Ti oxides in layered mafic intrusions. The
widespread preservation of kinetic Mg isotope fractiona-
tion in magnetite suggests extensive compositional disequi-
librium in mafic—ultramafic cumulates. Such disequilibrium
effects indicate that subsolidus diffusion is an important
process to characterize the petrogenesis and metallogenesis
of mafic—ultramafic rocks.
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