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To better understand the mechanism of Mg isotopic variation in magma systems, here we report high
precision Mg isotopic data of 17 bulk rock samples including dunite, clinopyroxenite, hornblendite and
gabbro and 10 pairs of dunite-hosted olivine and chromite separates from the well-characterized
Alaskan-type Xiadong intrusion in NW China, which formed by continuous and high degree of lithological
differentiation from mafic magmas. Chromite separates have highly variable d26Mg values from �0.10‰
to 0.40‰, and are consistently heavier than coexisting olivine separates (�0.39‰ to �0.15‰). Both min-
eral d26Mg values and the degrees of inter-mineral fractionation are well correlated with geochemical
indicators of magma differentiation, indicating that these inter-sample and inter-mineral Mg isotope
fractionations are caused by magma evolution. The d26Mg values range from �0.20‰ to �0.02‰ in the
dunite, �0.43‰ in the clinopyroxenite, �0.43‰ to �0.28‰ in the hornblendite, 0.18‰ in the
chromite-bearing hornblendite, and �0.56‰ to �0.16‰ in the gabbro. The Mg isotopic variations in dif-
ferent types of rocks are closely related to fractional crystallization and accumulation of different propor-
tions of oxides vs. silicates. Chromite crystallization and accumulation is the most important factor in
controlling Mg isotope fractionation during the formation of the Xiadong intrusion. Compared to basaltic
and granitic magmas, differentiation of the Alaskan-type intrusions occurs at a relatively high oxygen
fugacity, which favors chromite crystallization and consequently significant Mg isotope fractionations
at both mineral and whole-rock scales. Therefore, Mg isotope systematics can be used to trace the degree
of magma differentiation and related-mineralization.

� 2017 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Magnesium isotopic variation has been increasingly reported in
igneous rocks and was attributed to various mechanisms. Source
heterogeneity is a main factor controlling Mg isotopic variations
in volcanic rocks [1–6]; silicate-carbonatite liquid immiscibility
and carbonatite magma differentiation can result in significant
Mg isotope fractionation [7], whereas diffusive Mg-Fe exchange
with melt or chromite produces large Mg isotope fractionation in
olivine [8–11]. Although Mg isotope fractionation during the dif-
ferentiation of granitic and basaltic magma is limited [3,12–15],
magma differentiation involving chromite can potentially produce
Elsevier B.V. and Science China Pr
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large Mg isotope fractionation. This is because spinel/chromite
usually is enriched in heavy Mg isotopes compared with coexisting
silicates during maficmagma differentiation [16,17]. Differentiated
igneous rocks with different proportions of oxides vs. silicates
should therefore have different Mg isotopic compositions. How-
ever, studies of Mg isotope fractionation relevant to chromite crys-
tallization are still limited as yet.

Alaskan-type mafic-ultramafic intrusions have several charac-
teristics that make them ideal candidates for studying the Mg iso-
tope fractionation during mafic magma differentiation. (1) They
are considered to represent a series of cumulates derived from
fractional crystallization of hydrous and oxidized primitive arc
basalts [18–21] without significant crustal contamination
[22,23]; (2) They are characterized by concentric occurrence of a
dunite core zoned sequentially by wehrlite, clinopyroxenite, horn-
blendite and gabbro at the margin [19,24,25], and the different
ess. All rights reserved.
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lithological units are composed of a relatively simple mineral
assemblage of olivine, clinopyroxene and hornblende, and are usu-
ally dominated by a single mineral phase [26,27]; (3) Their mineral
chemistry is usually characterized by Mg-rich olivine, Ca-rich diop-
sidic clinopyroxene, high Fe-Cr and low Al chromite, and calcic
hornblende with a wide range in composition [19,28]; (4)
Alaskan-type intrusions commonly host platinum group element
(PGE) and chromite ore deposits, reflecting high temperature par-
tial melts and large amount of chromite accumulation [29,30]; (5)
Their enrichments in chromite, ilmenite and magnetite [24,30]
predict substantial inter-mineral and inter-lithology Mg isotope
fractionation resulting from significantly different Mg-O coordina-
tion environment in iron oxides and silicates [17].

Here, we report high-precision Mg isotopic data for a well-
characterized Alaskan-type intrusion exposed in Xiadong, NW
China. The results reveal significant mineral- and lithological- scale
Mg isotope variations, reflecting Mg isotope fractionation during
fractional crystallization, especially when chromite is involved.
Our study suggests that Mg isotopes could be fractionated in highly
oxidized magmas and consequently can be used to trace petrogen-
esis of mafic-ultramafic intrusions and related mineralization.

2. Samples and methods

The petrology and geochemistry of the Xiadong Alaskan-type
intrusion has been reported in literatures [31–34] and the broader
geological context has been given by Qin et al. [35] and Su et al.
[36]. The Xiadong intrusion contains a full spectrum of lithology
of a typical Alaskan-type intrusion. It consists of dunite, horn-
blende clinopyroxenite, hornblendite and hornblende gabbro
(Fig. 1a). All these rocks are characterized by a dominance of cumu-
late crystals with insignificant crystallization of inter-cumulus
minerals filling the interstitial spaces (Fig. 1b-e). The dunites are
made up of olivine (80%�95% in volume) and chromite (5%�20%)
with accessory hornblende and clinopyroxene (<1%�2%). Chromite
rhythmic layers are commonly observed in the dunite (Fig. 1b). The
hornblende clinopyroxenite and hornblendite display gradual tran-
sitive or intrusive contact (Fig. 1c) and are mainly composed of
clinopyroxene and hornblende with accessory magnetite and/or
chromite (Fig. 1d). Hornblende gabbro is the dominant rock type
in the Xiadong intrusion (Fig. 1a) and displays an equigranular tex-
ture with a mineral assemblage of plagioclase, clinopyroxene,
hornblende, magnetite, ilmenite and titanite (Fig. 1e).
Fig. 1. Geological map of the Xiadong mafic-ultramafic intrusion (a) and photomicrograp
between hornblende (Hbl) clinopyroxenite and hornblendite; (d) Adcumulate texture o
clinopyroxene (Cpx) and Hbl in fresh Hbl gabbro sample (cross polarized).
The geochemistry of these rocks suggests derivation of high-
degree partial melting from a depleted mantle source. The bulk
intrusive rocks are characterized by extremely low trace element
abundances and flat REE patterns with mantle-like eNd(t) [33].
The constituent olivine has high forsterite (Fo) numbers (92.3 to
96.6) and NiO contents (up to 0.76 wt%) [31,32]. Clinopyroxene
and hornblende are MgO-rich diopside and magnesio-
hornblende, respectively. In addition to the mafic silicates, various
types of oxides are present in the Xiadong intrusion, displaying an
Fe enrichment trend from Cr-Al-rich spinel to Fe-rich chromite to
Cr-magnetite and ilmenite, with increasing degree of magma dif-
ferentiation. The presence of abundant hornblende and oxides
indicates that the parental magmas of the Xiadong intrusion are
hydrous and oxidized [32,34]. This is consistent with the whole
rock enrichments in large ion lithophile elements relative to high
strength field elements, oceanic-trend (87Sr/86Sr)i variation and
higher-than-mantle d18O values, all of which indicates overprint-
ing of the depleted mantle source by subduction-related materials
[33].

Eighteen samples with comprehensive geochemical datasets
[32,33] were selected for Mg isotope analyses in this study to cover
the full range of lithology. They comprise 10 dunite, one clinopy-
roxenite, three hornblendite and four gabbro samples. Paired oli-
vine and chromite separates were handpicked from the 10 dunite
samples under a binocular microscope. They were cleaned with
Milli-Q water for 3 � 10 min in an ultrasonic bath, and dried down
under a heat lamp before dissolution.

Magnesium isotope analyses were carried out at the Isotope
Laboratory of the University of Washington, Seattle, following the
method described by Teng et al. [14,15,37]. Both whole-rock pow-
ders and mineral separates were dissolved in a combination of HF-
HNO3-HCl in sealed 7-mLTeflon beakers and heated on a hot plate
in a laminar flow exhaust hood. The samples were then dried and
re-dissolved in 1 mol/L HNO3 for chromatographic separation.
Magnesium was purified on a cation exchange resin (Bio-rad
AG50W-X8) in 1 mol/L HNO3 media. The same column procedure
was performed twice in order to effectively remove matrix ele-
ments. Magnesium isotopic ratios were measured on a Nu Plasma
multi-collector inductively coupled plasma mass spectrometer.
Three standards (JB-1 basalt, PCC-1 peridotite and Hawaiian sea-
water) were processed and analyzed with each batch of samples
to assess accuracy and reproducibility. One analysis of basalt
standard (JB-1) yielded d26Mg value of �0.22‰; two analyses of
hs of the rocks (b–e). (b) Partly bent chromite layer in dunite; (c) Intrusive relation
f hornblendite (cross polarized); (e) Typical mineral assemblage of plagioclase (Pl),
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peridotite standard (PCC-1) yielded an identical d26Mg value of
�0.22‰; and three analyses of Hawaiian seawater standard
gave d26Mg values of �0.80‰, �0.81‰ and �0.81‰. The results
of these standards agreed well with the recommended values
(�0.276 ± 0.098‰ for JB-1, �0.229 ± 0.041‰ for PCC-1, and
�0.83 ± 0.09‰ for seawater, 2SD) [37].

3. Results

Magnesium isotopic data are reported in Table 1 for olivine,
Table 2 for chromite, and Table 3 for bulk rock from the Xiadong
intrusion. The 10 dunite samples have bulk d26Mg values of
�0.20‰ to �0.02‰, while their constitutent olivine and chromite
display large Mg isotope fractionation, with chromite (�0.10‰ to
0.40‰) being variably heavier than coexisting olivine (�0.39‰ to
�0.15‰) (Fig. 2). The single chromite-bearing hornblendite sample
has the highest d26Mg value of 0.18‰. On the contrary, clinopyrox-
enite (�0.43‰), hornblendite (�0.43‰ and �0.28‰) and gabbro
samples (�0.56‰ to �0.16‰) have light Mg isotopic compositions.

4. Discussion

The Xiadong Alaskan-type intrusion displays large Mg isotopic
variations at both mineral and whole-rock scales. In this section,
we first examine the inter-mineral Mg isotope fractionation
between chromite and olivine during mafic magma differentiation,
then constrain the role of chromite crystallization in whole-rock
Mg isotopic variations, and finally discuss the implications of Mg
isotopes for the magma differentiation and mineralization.

4.1. Large chromite-olivine Mg isotope fractionation

Based on the relative Mg-O bond strength, a sequence of 26Mg
enrichments has been proposed: spinel/chromite > magnetite > oli
vine [17]. All chromite separates analyzed here have significantly
heavier Mg isotopic compositions than coexisting olivine with
D26Mgchromite–olivine = 0.16‰ to 0.64‰ (Figs. 2, 3), which is consis-
tent with the theoretical prediction. However, the fractionation
between chromite and olivine varies �0.5‰ at a restricted
temperature range of 965–1111 �C (Fig. 3a). This suggests that
the inter-mineral fractionation is either kinetic or reflects the effect
of compositional variation in the chromites on equilibrium
chromite-olivine fractionation.
Table 1
Mg isotopic compositions and selected geochemical parameters of olivine (Ol) in the dun

Sample Rock type Mineral d26Mg 2SDa

(‰)

09XDTC1-15 Dunite Ol �0.29 0.07
09XDTC1-35 Dunite Ol �0.31 0.07
09XDTC1-16 Dunite Ol �0.24 0.07
Repeatc Dunite Ol �0.27 0.05
Repeatc Dunite Ol �0.23 0.07
Repeatc Dunite Ol �0.27 0.07
09XD-1 Dunite Ol �0.39 0.10
Repeatc Dunite Ol �0.34 0.06
Repeatc Dunite Ol �0.37 0.06
09XDTC1-28 Dunite Ol �0.18 0.09
09XDTC1-36 Dunite Ol �0.32 0.07
09XDTC1-29 Dunite Ol �0.24 0.07
09XDTC1-24 Dunite Ol �0.25 0.07
09XDTC1-25 Dunite Ol �0.15 0.07
09XDTC1-32 Dunite Ol �0.23 0.11

Note:
a 2SD = two times the standard deviation of the population of n (n > 20) repeat measu
b Data are from Su et al. [32]; Mg# = Mg/(Mg + Fe2+) � 100.
c Repeat = repeat dissolution and column chemistry of individual samples.
Kinetic fractionation induced by sub-solidus Fe-Mg inter-
diffusion between olivine and chromite has been well documented
in studies of layered intrusions and ophiolites, during which Mg in
chromite and Fe in olivine exchange with each other [11,28,38,39].
Since light isotopes diffuse faster than their heavy counterparts
[40], this process will lead to higher Mg# and lower d26Mg in oli-
vine with a corresponding increase in d26Mg of chromite, which
agrees with the results of olivine-chromite pairs from Tibetan
ophiolites [11]. This is opposite, however, to the positive correla-
tion between Mg# and d26Mg observed in the olivine from the Xia-
dong dunite (Fig. 2a), hence sub-solidus Fe-Mg exchange can be
ruled out.

The large chromite-olivine fractionation thus likely reflects the
effect of compositional variation in the oxides. Theoretical calcula-
tion suggests the degree of equilibrium isotope fractionation
between spinel/chromite and olivine strongly depends on the octa-
hedral ion composition (i.e., B3+) in spinel/chromite (A2+B2

3+O4
2�)

[17]. For example, at 1000 �C, the magnitude of inter-mineral frac-
tionation varies from 0.6‰ for spinel (MgAl2O4) to 0.2‰ for mag-
nesiochromite (MgCr2O4), to 0.1‰ for magnesioferrite (MgFe2O4)
[17]. Natural chromite that contains various proportions of these
different endmembers will therefore be heavier than coexisting
olivine by 0.1‰ to 0.6‰. The fractionation of the 10 olivine-
chromite pairs from the Xiadong dunite varies from 0.16‰ to
0.64‰ (Fig. 3a), which largely falls in the range of theoretically cal-
culated fractionations between olivine and different spinel end-
members. Compared to the limited compositional variations in
the olivine (e.g., Mg# and d26Mg in Table 1), the chromite in the
Xiadong dunite is highly variable with respect to TiO2, NiO, and
Fe3+ + Al + Cr cation, as well as Fe3+/(Fe3+ + Al + Cr) ratio (Table 2).
These chemical parameters are negatively or positively correlated
with the d26Mg values of the chromite and D26Mgchromite–olivine val-
ues (Figs. 2 and 3). This suggests that the change in chromite com-
position significantly affects the inter-mineral fractionation.
Meanwhile, it has been well established that the composition of
chromite in magma systems is mainly controlled by magma differ-
entiation [38,41–43]. Therefore, crystallization of chromite and its
compositional change during magma evolution are responsible for
the large chromite-olivine Mg isotope fractionation.

The compositional variations of olivine and chromite (e.g., Fo
and NiO in olivine, TiO2 and NiO in chromite) are sensitive
indicators of magma differentiation [38,43]. With differentia-
tion of the whole magma system from mafic to felsic, the
ite from the Xiadong Alaskan-type intrusion.

d25Mg 2SD FeOb NiOb Mg#b

(‰) (wt.%) (wt.%)

�0.15 0.05 5.60 0.35 94.5
�0.18 0.07 5.00 0.36 95.0
�0.12 0.03 4.98 0.34 95.1
�0.13 0.06
�0.11 0.04
�0.11 0.07
�0.19 0.02 4.85 0.27 95.2
�0.16 0.06
�0.19 0.05
�0.08 0.04 4.36 0.48 95.7
�0.20 0.07 4.15 0.32 95.9
�0.12 0.07 4.04 0.44 96.0
�0.14 0.07 3.64 0.29 96.4
�0.09 0.07 3.59 0.32 96.4
�0.12 0.06 3.55 0.23 96.5

rements of the standards during an analytical session.



Table 2
Mg isotopic compositions and selected geochemical parameters of chromite (Chr) in the dunite from the Xiadong Alaskan-type intrusion.

Sample Rock type Mineral d26Mg 2SD d25Mg 2SD TiO2
a NiOa 100 � Fe3+/(Fe3+ + Al + Cr)a

(‰) (‰) (wt.%) (wt.%)

09XDTC1-15 Dunite Chr 0.26 0.07 0.17 0.05 0.14 0.56 81.6
09XDTC1-35 Dunite Chr 0.09 0.07 0.06 0.05 0.12 0.72 98.7
09XDTC1-16 Dunite Chr 0.40 0.07 0.22 0.05 0.09 0.68 85.7
09XD-1 Dunite Chr 0.10 0.07 0.04 0.05 0.22 0.81 79.8
09XDTC1-28 Dunite Chr 0.16 0.07 0.09 0.05 0.27 1.02 81.7
09XDTC1-36 Dunite Chr 0.26 0.07 0.11 0.05 0.18 0.73 78.9
09XDTC1-29 Dunite Chr 0.05 0.07 0.02 0.05 0.12 0.86 89.1
09XDTC1-24 Dunite Chr �0.10 0.07 �0.07 0.05 0.00 1.01 83.9
09XDTC1-25 Dunite Chr 0.01 0.07 0.02 0.05 0.05 0.96 92.9
09XDTC1-32 Dunite Chr 0.18 0.07 0.12 0.05 0.16 0.64 69.7

Note:
a Data are from Su et al. [32].

Table 3
Mg isotopic compositions and selected geochemical parameters of intrusive rocks from the Xiadong Alaskan-type intrusion.

Sample Rock type d26Mg 2SD d25Mg 2SD Fe2O3
a FeOa Mg#a Lia Sca

P
PGEa

(‰) (‰) (wt.%) (wt.%) (ppm) (ppm) (ppb)

09XDTC1-15 Dunite �0.12 0.05 �0.04 0.04 5.72 2.77 90.5 5.82 4.18 8.87
09XDTC1-35 Dunite �0.04 0.05 �0.04 0.04 5.21 1.97 91.5 111.9
09XDTC1-16 Dunite �0.11 0.05 �0.01 0.04
Repeatb �0.08 0.07 �0.03 0.06
09XD-1 5.67 3.15 90.1 5.04 6.43
09XDTC1-28 Dunite �0.02 0.05 0.01 0.04 3.76 2.34 92.7 5.78 3.65 8.69
09XDTC1-36 Dunite �0.19 0.05 �0.12 0.04 5.39 2.90 91.2 4.65 2.97 33.6
09XDTC1-29 Dunite �0.19 0.05 �0.07 0.04 5.07 2.92 90.8 13.9
09XDTC1-24 Dunite �0.15 0.05 �0.07 0.04 5.34 1.91 91.9 9.52
09XDTC1-25 Dunite �0.09 0.05 �0.04 0.04 9.08 3.22 86.5 5.83 5.77 11.6
09XDTC1-32 Dunite �0.20 0.05 �0.12 0.04 5.07 2.86 91.4 6.99 4.32 9.78
09XDTC1-10 Hbl Cpxt �0.43 0.07 �0.26 0.06 3.65 3.25 88.3 9.58 19.6 3.41
09XDTC1-21 Hblt �0.28 0.07 �0.12 0.06 6.66 6.11 56.9 19.9 33.1 2.08
09XDTC1-37 Hblt (Chr-bearing) 0.18 0.07 0.14 0.05 11.1 5.25 57.7 8.09 25.9 0.70
Repeatb 0.15 0.06 0.08 0.08
Repeatb 0.13 0.06 0.07 0.05
Repeatb 0.20 0.07 0.11 0.07
09XDTC1-44 Hblt �0.43 0.1 �0.21 0.08 4.25 10.3 58.5 16.2 38.9 0.38
09XDTC1-8 Hbl Gbr �0.56 0.07 �0.30 0.06 2.97 6.59 66.6 19.2 28.2 0.54
09XDTC1-12 Hbl Gbr �0.16 0.07 �0.08 0.06 8.07 4.91 44.5 14.1 23.4 0.41
09XDTC1-22 Hbl Gbr �0.21 0.07 �0.11 0.06 4.97 4.93 56.2 10.6 25.9 1.63
XDE2 Hbl Gbr �0.20 0.05 �0.10 0.04 0.25 0.77 93.5 7.22 17.7 6.98

Chr, chromite; Cpxt, clinopyroxenite; Gbr, gabbro; Hbl, hornblende; Hblt, hornblendite.
Note:

a Data are from Su et al. [33].
b Repeat = repeat dissolution and column chemistry of individual samples.
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Mg# (Mg/(Mg + Fe)) in both olivine and chromite and the
Fe3+/(Fe3+ + Al + Cr) ratio in chromite decrease as Fe is increasingly
incorporated into olivine, while less Mg and more Al enter chro-
mite, causing a significant increase of the FeOolivine/FeOchromite ratio
[38,41]. The narrow Mg# range (96.5–94.5; Table 1) of the studied
olivine reflects the limited differentiation of the magma during
the dunite formation. Nonetheless, there is a positive correlation
between olivine d26Mg value and Mg# number (Fig. 2a).
Meanwhile, a more prominent and complementary negative corre-
lation has been observed for the relatively MgO-poor chromite
(Fig. 2a). Consistent d26Mg variation trends with NiO, TiO2 and
FeOolivine/FeOchromite ratio have also been found in chromite
(Fig. 2b�f). Likewise, the bulk dunite d26Mg values are also
correlated with magma differentiation indices, such as whole-
rock Mg#, NiO content in olivine and Fe3+/(Fe3+ + Al + Cr) ratio in
chromite, although with a shallower slope (Fig. 2 g, h). These
correlations suggest that magma differentiation could induce
significant inter-sample fractionations in each constituent phase,
and to a lesser degree, consistent variation trends at bulk-rock
scale. The magnitude of Mg isotope fractionation between
chromite and olivine seems to be also controlled by the
degree of magma evolution, as evidenced by the consistent
D26Mgchromite–olivine variation trends with magma differentia-
tion indices, such as the amounts of trivalent cation, particularly
Fe3+ and NiO contents in chromite and Mg# in olivine (Fig. 3b, c, d).

4.2. Whole-rock Mg isotopic variation caused by chromite
crystallization

The large Mg isotopic variation among different types of cumu-
lates reflects the large Mg isotope fractionation between oxides
and silicates. These cumulative dunite, clinopyroxenite and horn-
blendite were formed by sequential crystallization of olivine? clin
opyroxene? hornblende [32]. Since these silicate phases all have
similar octahedral coordination site for Mg, they generally possess
a mantle-like Mg isotopic composition (e.g., �0.31‰ to �0.14‰ in
hornblende, [13]). Therefore, crystallization of these minerals was
not responsible for the observed large inter-lithology variation in
d26Mg. Instead, various types of oxides (e.g., chromite, magnetite
and ilmenite) crystallized and accumulated during the formation



Fig. 2. Plots of d26Mg in chromite, olivine and whole rock vs. Mg# in olivine (a), olivine d26Mg vs. FeO ratio of olivine against chromite (b) and TiO2 in chromite (c), chromite
d26Mg vs. NiO (d) and TiO2 (e) in chromite, and FeO ratio of olivine against chromite (f), whole rock d26Mg vs. NiO in olivine (g) and Fe3+/(Fe3+ + Al + Cr)�100 in chromite (h)
for Xiadong Alaskan-type intrusion. Gray arrow represents magma differentiation trend. Ol, olivine; Chr, chromite.
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of the Xiadong intrusion [32]. Crystallization of these oxide species
with different chemical compositions during magma differentia-
tion can lead to large Mg isotopic variation in the bulk rock Mg
isotopic composition.
Chromite is the earliest crystallized phase during mafic magma
evolution and occurs as the main accessory mineral phase in the
Xiadong intrusive rocks. Its modal content is particularly high, up
to 5%�20% in the dunite, whereas other rock types contain sparse



Fig. 3. Correlation diagrams of D26MgChr–Ol vs. temperature with comparison with theoretical predictions (a), Fe3+ + Al + Cr cation in chromite (b; after Schauble [17]), Mg# in
olivine (c), and NiO in chromite (d) for the Xiadong Alaskan-type intrusion. Gray arrow represents magma differentiation trend.

B.-X. Su et al. / Science Bulletin 62 (2017) 1538–1546 1543
or no chromite [32]. The modal variation of chromite can
account for the higher d26Mg values in the dunite compared to
other rocks (Fig. 4). The negative correlation between chromite
Fe3+/(Fe3+ + Al + Cr) ratio and dunite d26Mg value (Fig. 2 h) suggests
that Mg isotopic variation in the dunite mainly resulted from the
varying chromite content. Furthermore, the anomalously high
d26Mg value (Fig. 4) in one of the hornblendite samples is
consistent with its high abundance of chromite. The significant
decreases in whole rock Fe3+/

P
Fe ratio and Cr concentration from

dunite to gabbro (Fig. 4d, e) also indicate crystallization and
accumulation of different proportions of oxides vs. silicates during
magma evolution. The low and anomalously high d26Mg values in
the more differentiated cumulates may be caused by fractionation
and accumulation of ilmenite, respectively (Fig. 4f), which has
been invoked to explain the isotopically light high-Ti lunar
basalts [44,45].

4.3. Implications

The significant inter-lithology Mg isotopic variation observed in
the Xiadong Alaskan-type intrusion relative to the limited fraction-
ation in high-temperature magma systems reported in previous
studies [12–14] is noteworthy. While source heterogeneity result-
ing from crustal recycling is the main cause for generating Mg iso-
topic variation in basalts and granites, fractional crystallization
generally has insignificant effect on changing the Mg isotopic com-
position of evolving magmas [13,15]. This is because differentia-
tion processes in granitic magmas are mainly associated with
compositional change in Mg-poor feldspars, while the mafic min-
erals, which control the Mg budget, all have similar Mg isotopic
compositions [13]. During basaltic differentiation, crystallization
of olivine, which has a typical mantle-like d26Mg [8,9], will have
negligible effect on the d26Mg of the residual magmas, based on
mass balance calculations. This can explain the lack of Mg isotope
fractionation in basaltic lavas that have undergone various degrees
of olivine crystallization [3,14,15]. On the other hand, chromite
crystallization and accumulation, if occurred during magma ascent,
would lower the d26Mg value of the evolved magma, and thus,
might be an alternative explanation for the anomalously light Mg
isotopic compositions of the continental basalts from East Asia
[1,2,4,5] (Fig. 4 g). As a consequence, effects of chromite crystalliza-
tion and accumulation should be firstly evaluated before using Mg
isotopes to trace magma sources and crustal recycling.

Whole rock Li and Sc concentrations are sensitive to differenti-
ation of basaltic magmas [46,47] and display consistent variation
trends with d26Mg values for the Xiadong intrusion (Fig. 4a–c).
With increasing degree of differentiation, the bulk rock d26Mg var-
ies from mantle-like values in the dunite to lower values in the
clinopyroxenite, hornblendite and gabbro (Fig. 4a, b) with an
accompanied significant decrease in chromite modal abundance.
Therefore, the inter-lithology variation of the whole rock d26Mg
may reflect the composition-dependent variation of oxide d26Mg
with increasing degree of magma differentiation. As chromite min-
eralization is commonly associated with PGE enrichment [48], the
consistent correlations of PGE and Cr concentrations with d26Mg
(Fig. 4c, e) further substantiate that PGE segregation is mainly con-
trolled by chromite crystallization. Thus, Mg isotopic compositions
of mafic-ultramafic intrusions serve as an indicator of the degree of
magma differentiation and the level of oxide accumulation, which
can also be used as a guide for Fe, Cr and PGEmining. In this regard,
the advantage of Mg isotope systematics, comparing to other trac-
ers, is its relative immunity to silicate mineral fractionation and
crustal assimilation during magma differentiation as crustal mate-
rials contain significantly lower Mg than mafic magmas [49].



Fig. 4. Correlation diagrams of whole rock d26Mg with whole rock Li (a), Sc (b),
P

PGE (c), Fe3+/
P

Fe (d), Cr (e), TiO2 (f) and SiO2 (g) for the Xiadong Alaskan-type intrusion.
Literature data of East Asian continental basalts [1, 2, 4, 5] were plotted for comparison in Fig. 4e. Gray arrow represents magma differentiation trend.
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5. Conclusions

The Xiadong Alaskan-type intrusion displays considerable Mg
isotopic variations at both mineral and whole-rock scales. The
large chromite-olivine fractionation reflects the effect of composi-
tional variation in chromite, while the wide Mg isotopic variation
among different types of cumulates resulted from the large Mg iso-
tope fractionation between oxides and silicate minerals. Thus,
chromite crystallization and accumulation may play a crucial role
in Mg isotope fractionation during the formation of the Alaskan-
type intrusions. As chromite composition is mainly controlled by
magma differentiation, Mg isotope systematics can be used as an
indicator of oxide accumulation in magmas at depth, and also as
a guide for the exploration and mining of Fe, Cr and PGE in
mafic-ultramafic intrusions.
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