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To investigate themagnitude andmechanismof inter-mineralMg isotope fractionation at high temperatures, we
report high-precision analyses of Mg isotopes for 10 whole rocks and 13 mineral separates for a set of eclogites
from Bixiling in the Dabie orogen, China. Magnesium isotopic compositions of whole rocks (δ26Mg of −0.44
to−0.26‰) are similar to the estimated δ26Mg values of the mantle, suggesting Mg isotopic inheritance from a
gabbroic protolith with limited Mg isotope fractionation during eclogite-facies metamorphism. By contrast,
mineral separates are highly heterogeneous, with δ26Mg values ranging from +0.30 to +0.60‰ in phengite,
from+0.16 to +0.40‰ in omphacite and from −0.95 to−0.74‰ in garnet. Phengite and omphacite are N1‰
heavier in δ26Mg than coexisting garnet, indicating large high-temperature inter-mineral Mg isotope
fractionations. The constantΔ26Mgomphacite–garnet (=δ26Mgomphacite−δ26Mggarnet) value (1.14±0.04‰), togeth-
er with homogeneous mineral chemistry and equilibrium oxygen isotopic partitioning between omphacite and
garnet, suggests an equilibriumMg isotope fractionation, controlled by the difference in coordination number of
Mg between omphacite (six) and garnet (eight). The 1.14‰ fractionation is the largest high-temperature
equilibrium inter-mineral Mg isotope fractionation observed so far andmakes the omphacite-garnet Mg isotope
fractionation a potential geothermometer. By contrast, Mg isotope fractionations between phengite and garnet
and between phengite and omphacite vary from1.25 to 1.47‰ and from0.14 to 0.32‰, respectively. This implies
Mg isotopic disequilibria between phengite and garnet/omphacite, which might result from the Mg isotopic
variation in phengites due toMg isotope exchange between phengites and retrograde fluids in Bixiling eclogites.
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1. Introduction

Magnesium is amajor element in themantle, crust and hydrosphere
with N8% relative mass difference between 26Mg and 24Mg, making it
potentially an excellent isotopic tracer of geological processes. Knowl-
edge on behaviors of Mg isotopes during different geological processes
is the prerequisite for applying Mg isotopes as tracers. In particular,
studying the magnitude and mechanism of high-temperature inter-
mineral Mg isotope fractionation is crucial for applying Mg isotopic
systematics in magmatic and metamorphic systems.

Previous studies have found small Mg isotope fractionation
between coexisting olivines and pyroxenes in mantle xenoliths
(Handler et al., 2009; Yang et al., 2009) and between coexisting
hornblendes and biotites in granitoids (Liu et al., 2010). Such limited
inter-mineral Mg isotope fractionations are consistent with theoret-
ical studies as all of these major Mg-rich minerals have the same Mg
coordination (i.e., six; Deer et al., 1992), which doesn't favor large
inter-mineral Mg isotope fractionation at high temperatures (Liu
et al., 2010). By contrast, Mg coordination is different among major
Mg-rich minerals in eclogites, with coordination number of Mg being
eight in garnet and six in omphacite and phengite (Deer et al., 1992).
Hence, large Mg isotope fractionation is expected to occur between
garnet and coexisting omphacite and phengite in eclogites, with
garnet isotopically lighter than omphacite and phengite. However, to
our knowledge, no single Mg isotopic datum has been published for
eclogites.

In order to investigate the magnitude and mechanism of high-
temperature Mg isotope fractionation between coexisting garnet,
omphacite and phengite, we carried out high-precision Mg isotopic
analyses on whole rocks and mineral separates from Bixiling eclogites
in the Dabie orogen, China. Our results demonstrate that Bixiling
eclogites have mantle-like Mg isotopic composition, suggesting
limited Mg isotope fractionation during eclogite-facies metamor-
phism of mafic rocks. By contrast, large Mg isotope fractionation
occurs between garnet and coexisting omphacite and phengite.
Whereas phengite may be in Mg isotopic disequilibrium with garnet
and omphacite, the omphacite–garnet is in equilibrium, with garnet
1.14‰ lighter than omphacite. The largest so far recognized high-
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Table 1
Whole-rock and mineralogical characteristics of Bixiling eclogites in the Dabie orogen.

Sample
ID

MgO
(wt%)

Estimated modes for mineralsa T
(°C)b

Omp Grt Phg Qtz Rt Sym

bxl-1c 10.47 33 54 1 10 2 – 586
bxl-2 33 55 – – 8 4
bxl-3 36 60 1 – 3 –

bxl-4 5.18 34 52 2 2 4 6 549
bxl-5 5.05 13 52 3 13 5 14 603
bxl-6 5.15 30 60 4 – 4 2 541
bxl-8 5.79 33 37 – 22 2 6 614
bxl-12 7.88 44 45 2 3 3 3
bxl-13 6.65 38 55 – – 5 2
bxl-14d 8.09 37 45 – 14 4 –

a Omp=omphacite; Grt=garnet; Phg=phengite; Qtz=quartz; Rt=rutile;
Sym=Symplectite.

b Temperatures estimated by using the clinopyroxene–garnet Fe2+–Mg geotherm-
ometer (see Table S2 for details).

c GPS coordinates for sample bxl-1 are 30°43.93′ N and 116°17.13′ E.
d GPS coordinates for sample bxl-14 are 30°43.76′ N and 116°16.99′ E.
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temperature equilibrium Mg isotope fractionation between ompha-
cite and garnet makes it a potential geothermometer.

2. Geological setting and samples

The Dabie–Sulu orogenic belt in east-central China is a continental
collision zone between the North China Block and South China Block
(Fig. 1a), which formed in the Triassic (e.g., Ames et al., 1993; Li et al.,
1993; Zheng, 2008). The Dabie orogen in the western part and the Sulu
orogen in the eastern part were linked in the Triassic, but subsequently
offset by the Tancheng–Lujiang fault byN500 km(Xu et al., 1987). Rocks
occurring in this orogenic belt include gneisses, schists, eclogites,
amphibolites, marbles, migmatites and minor ultramafic rocks, with
metamorphic grade ranging from greenschist facies to ultrahigh-
pressure (UHP) eclogite facies (e.g., Cong, 1996; Liou et al., 1996;
Zheng et al., 2005). The occurrence of inclusions of micro-diamond and
coesite in minerals from eclogites and gneisses indicates that the
continental crust had been subducted tomantle depths (e.g., Okay et al.,
1989; Wang et al., 1989; Xu et al., 1992). Studies of stable isotopes and
cooling history of UHP metamorphic rocks further indicate rapid
subduction, short mantle residence and rapid initial exhumation
processes during the continental collision (Li et al., 2000; Zheng et al.,
2003, 2009).

This study is focused on UHP eclogites at Bixiling in the Dabie
orogen, where the UHP meta-mafic and ultramafic complex occurs as
a tectonic block within foliated UHP quartzofeldspathic gneisses
(Fig. 1b). It mainly consists of banded eclogites with many elongated
lenses of meta-ultramafic rocks (Zhang et al., 1995). Petrological and
geochemical studies suggest that Bixiling eclogites have an igneous
protolithwith the gabbroic texture of cumulates (Chavagnac and Jahn,
1996; Zhang et al., 1995).

Fresh eclogite samples were collected along a north–south road
section across the Bixiling complex (Fig. 1b). These eclogites are
composed of garnet, omphacite, quartz andminor phengite, rutile and
symplectites (amphibole+plagioclase), with MgO contents ranging
from 5.05 to 10.47% (Table 1). Ten eclogites and thirteen Mg-rich
minerals (omphacite, garnet and phengite) separated from five
samples were used for Mg isotopic analyses. The estimated Fe–Mg
exchange temperatures for these five eclogites range from 541 to
614 °C (Table 1), within the previously estimated temperature range
of 540 to 725 °C for Bixiling eclogites (Zhang et al., 1995).
Fig. 1. (a) Simplified tectonic map of the Dabie–Sulu ultrahigh-pressure (UHP) metamor
ultramafic complex with sample localities.
Maps are modified after Zhang et al. (1995).
3. Analytical methods

3.1. Mineral chemistry

Chemical compositions of garnet, omphacite and phengite in
Bixiling eclogites were determined by electron microprobe (EMP)
using a JXA-8100 Jeol Superprobe equipped with wavelength
dispersive spectrometers (WDS) and energy dispersive spectrometer
(EDS) combined micro-analyzer at the State Key Laboratory of
Lithospheric Evolution, Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing. Analytical conditions were 15 kV
accelerating voltage, 10 nA beam current and 1 μm probe diameter.
Detailed analytical procedures were described in Liu and Ye (2004),
and both natural and synthetic minerals were used for standard
calibration. Analyzed errors with 1σ are 0.04% for Si, 0.05% for Al and
Mg, 0.08% for Ca, Na and K, and 0.12% for Cr, Fe and Mn, respectively.

3.2. Magnesium isotope

Magnesium isotopic analyses were performed at the Isotope
Laboratory of the University of Arkansas, Fayetteville, following the
phic zone in east-central China. (b) Sketch map of the Bixiling UHP meta-mafic and



Table 2
Magnesium isotopic compositions of whole rocks and mineral separates in Bixiling
eclogites and reference materials.

Sample
ID

Whole rock
or mineralsa

Column
timesb

δ26Mg
(‰)

2SDc δ25Mg
(‰)

2SD

bxl-2 WR 2 −0.37 0.07 −0.20 0.05
bxl-3 WR 2 −0.29 0.07 −0.13 0.05
bxl-12 WR 2 −0.34 0.06 −0.18 0.05
bxl-13 WR 2 −0.26 0.06 −0.12 0.05
bxl-14 WR 2 −0.28 0.06 −0.14 0.05
bxl-1 WR 2 −0.29 0.07 −0.16 0.05

Omp 2 +0.39 0.09 +0.23 0.05
4 +0.40 0.05 +0.22 0.05

Grt 2 −0.71 0.09 −0.35 0.05
4 −0.77 0.09 −0.38 0.05

bxl-4 WR 2 −0.32 0.06 −0.15 0.05
Omp 2 +0.22 0.09 +0.08 0.05

4 +0.21 0.05 +0.11 0.05
Grt 2 −0.90 0.09 −0.46 0.05

4 −0.91 0.09 −0.45 0.05
Replicate −0.94 0.09 −0.50 0.05

Phg 2 +0.47 0.09 +0.25 0.05
4 +0.51 0.05 +0.29 0.05

bxl-5 WR 2 −0.39 0.07 −0.20 0.05
Replicate −0.37 0.09 −0.24 0.06

Omp 2 +0.25 0.09 +0.12 0.05
4 +0.30 0.05 +0.17 0.05

Grt 2 −0.87 0.09 −0.48 0.05
4 −0.87 0.09 −0.46 0.05

Phg 2 +0.59 0.09 +0.32 0.05
4 +0.60 0.05 +0.32 0.05

bxl-6 WR 2 −0.44 0.07 −0.22 0.05
Replicate −0.43 0.09 −0.22 0.06

Omp 2 +0.16 0.07 +0.09 0.07
4 +0.16 0.09 +0.06 0.05

Grt 2 −0.94 0.08 −0.51 0.05
4 −0.96 0.09 −0.47 0.05

Phg 2 +0.30 0.09 +0.14 0.08
4 +0.29 0.05 +0.16 0.05

bxl-8 WR 2 −0.30 0.09 −0.16 0.06
Omp 2 +0.25 0.09 +0.18 0.08

4 +0.25 0.05 +0.13 0.05
Grt 2 −0.93 0.07 −0.46 0.07

4 −0.91 0.05 −0.46 0.05

Reference materials Data source δ26Mg (‰) 2SD δ25Mg (‰) 2SD

IL-Mg-1d This study −0.08 0.06 −0.05 0.06
Replicate −0.03 0.06 −0.02 0.06
Replicate −0.04 0.08 −0.02 0.05
Replicate −0.06 0.09 −0.02 0.05
Replicate −0.06 0.05 −0.02 0.05
Replicate −0.02 0.09 −0.01 0.06
Average −0.05 0.04 −0.02 0.03
Yang et al. (2009) +0.03 0.04 +0.02 0.04
Teng et al. (2010a) −0.01 0.06 −0.01 0.07
Teng et al. (2010b) +0.01 0.06 +0.01 0.07

KH olivinee This study −0.35 0.08 −0.18 0.05
Replicate −0.33 0.06 −0.18 0.06
Replicate −0.31 0.07 −0.17 0.05
Replicate −0.27 0.09 −0.14 0.05
Replicate −0.27 0.06 −0.14 0.05
Replicate −0.30 0.09 −0.13 0.06
Average −0.31 0.06 −0.16 0.05
Yang et al. (2009) −0.32 0.10 −0.19 0.05
Liu et al. (2010) −0.27 0.04 −0.12 0.05
Teng et al. (2010a) −0.27 0.07 −0.14 0.04
Teng et al. (2010b) −0.28 0.04 −0.16 0.04

Allende chondrite This study −0.31 0.08 −0.17 0.05
Replicate −0.36 0.09 −0.16 0.05
Replicate −0.34 0.07 −0.20 0.07
Average −0.34 0.05 −0.18 0.04
Galy et al. (2003) −0.30 0.07 −0.16 0.03
Baker et al. (2005) −0.36 −0.18 0.03
Teng et al. (2007) −0.37 0.06 −0.19 0.07
Yang et al. (2009) −0.28 0.10 −0.17 0.07
Young et al. (2009) −0.39 0.04 −0.21 0.01
Teng et al. (2010a) −0.30 0.05 −0.15 0.04
Teng et al. (2010b) −0.30 0.06 −0.16 0.03
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established procedures (Li et al., 2010; Teng et al., 2010a,b; Yang et al.,
2009). A brief description is given below.

Fresh mineral grains were handpicked under a binocular micro-
scope before dissolution. Both whole-rock powders and handpicked
mineral grains were dissolved in Savillex screw-top beakers in a
combination of HF–HCl–HNO3. Chemical separation of Mg was
achieved by cation exchange chromatography with Bio-Rad 200–
400 mesh AG50W-X8 resin in 1N HNO3 media. The same column
procedure was performed twice or four times (for mineral separates)
in order to obtain a pure Mg solution for mass spectrometry and to
check the efficiency of our column to separate Mg from interference
cations. At least two reference materials were processed through
column chemistry with each batch of unknown samples.

Magnesium isotopic compositions were analyzed by the standard
bracketing method using a Nu Plasma MC-ICP–MS at low resolution
mode. The precision on the measured 26Mg/24Mg ratio, based on ≥4
repeat runs of the same sample solution during analytical sessions of
this study, is ≤±0.09‰ (2SD, Table 2). The results are reported in the
conventional δ notation that is defined as δ26Mg=[(26Mg/24Mg)sample/
(26Mg/24Mg)DSM3−1]×1000. Magnesium isotope fractionation be-
tween mineral phases are denoted by Δ26MgX–Y=δ26MgX−δ26MgY,
where X and Y represent different mineral phases.

When the equivalent 2SD uncertainties are considered, Mg isotopic
compositions of solution,mineral and rock referencematerials analyzed
during the course of this study agree with previously published values
(Baker et al., 2005; Galy et al., 2003; Liu et al., 2010; Teng et al., 2007,
2010a,b; Yang et al., 2009; Young et al., 2009), confirming that our data
are accurate (Table 2). Mineral separates that were processed through
columns twice and four times yielded identical δ26Mg values (Table 2).
This indicates that interference cations can be efficiently removed after
two times of the columnprocedure and further assuring the precision of
our data.
4. Results

Whole rock andmineralogical characteristics of Bixiling eclogites are
reported in Table 1. Magnesium isotopic compositions of whole rocks
and mineral separates, together with reference materials, are reported
in Table 2. Average Mg isotopic compositions of garnet, omphacite and
phengite and corresponding inter-mineral Mg isotope fractionations in
individual samples are reported in Table 3. All samples analyzed in this
study fall on a single isotopic mass-dependent fractionation line with a
slope of 0.522 (not shown).

In contrast to their variable MgO contents (from 5.05 to 10.47%,
Table 1), δ26Mg values of Bixiling eclogites display a limited variation,
from −0.44 to−0.26‰, and are similar to the estimated δ26Mg values
of the mantle (Fig. 2). By contrast, δ26Mg values of mineral separates
are highly variable (N1.5‰), with δ26Mg ranging from −0.95 to
−0.74‰ for garnet, from +0.16 to +0.40‰ for omphacite and from
+0.30 to +0.60‰ for phengite (Fig. 2).

Overall, significant inter-mineral Mg isotope fractionations occur
between garnet, omphacite and phengite (Fig. 2). Δ26Mgomphacite–garnet

values are almost constant, ranging from 1.11 to 1.17‰with an average
Notes to Table 2:
a WR=whole rock; Omp=omphacite; Grt=garnet; Phg=phengite.
b 2=processed through column two times; 4=processed through column four

times. Replicate=repeated column chemistry andmeasurement of different aliquots of
a stock solution.

c 2SD=2 times the standard deviation of the population of n repeat measurements
of a simple solution.

d IL-Mg-1 is a synthetic solution with concentration ratios of Mg:Fe:Al:Ca:Na:K:
Ti=1:1:1:1:1:1:0.1.

e KH olivine is an in-house reference solution made from Kilbourne Hole olivine.



Table 3
Inter-mineral Mg isotope fractionations in Bixiling eclogites.

Sample
ID

δ26MgOmp

(‰)a
δ26MgGrt
(‰)a

δ26MgPhg
(‰)a

Δ26MgOmp–Grt

(‰)b
Δ26MgPhg–Grt
(‰)b

Δ26MgPhg–Omp

(‰)b

bxl-1 +0.40 −0.74 1.11
bxl-4 +0.22 −0.92 +0.49 1.14 1.41 0.27
bxl-5 +0.28 −0.87 +0.60 1.15 1.47 0.32
bxl-6 +0.16 −0.95 +0.30 1.11 1.25 0.14
bxl-8 +0.25 −0.92 1.17

a Average values of multiple measurements (listed in Table 2) of that particular mineral.
Omp=omphacite; Grt=garnet; Phg=phengite.

b Δ26MgOmp–Grt= δ26Mgomphacite− δ26Mggarnet; Δ26MgPhg–Grt= δ26Mgphengite−
δ26Mggarnet; Δ26MgPhg–Omp=δ26Mgphengite−δ26Mgomphacite.
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separates. Using whole-rock MgO contents for relevant mineral separates. Note the
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represent 2SD uncertainties. Data are from Tables 1 and 2.
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sessions of this study. Data are from Table 3.
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value of 1.14±0.04‰ (2SD, Fig. 3). By contrast, Δ26Mgphengite–garnet and
Δ26Mgphengite–omphacite values are variable, ranging from 1.25 to 1.47‰
and from 0.14 to 0.32‰, respectively (Table 3).

5. Discussion

Protoliths of Bixiling eclogites are gabbro cumulates that formed
from differentiation of mantle-derived basaltic magma (Chavagnac
and Jahn, 1996; Zhang et al., 1995). As basaltic differentiation causes
no detectable Mg isotope fractionation at current precision (Teng
et al., 2007, 2010a), these gabbros should have mantle-like Mg
isotopic composition. The mantle-like Mg isotopic compositions of
Bixiling eclogites (Fig. 2) hence suggest the inheritance of Mg isotopic
signatures from their mantle source and limited Mg isotope fraction-
ation during eclogite-facies metamorphism of mafic rocks.

In contrast to the limited Mg isotopic variation in whole rocks,
there are largeMg isotope fractionation among garnet, omphacite and
phengite in eclogites (Fig. 2). Such fractionations may result from
kinetic (F. Huang et al., 2010; Richter et al., 2008, 2009a,b) or
equilibrium (Young et al., 2009) isotope fractionation. Below, we first
discuss the mechanism of inter-mineral Mg isotope fractionations
between garnet, omphacite and phengite and then explore the
application of the large high-temperature equilibrium inter-mineral
Mg isotope fractionation as a potential geothermometer.

5.1. Equilibrium Mg isotope fractionation between omphacite and garnet

Although both equilibrium and kinetic Mg isotope fractionations
can occur at high temperatures, several lines of evidence indicate that
the large Mg isotope fractionation between omphacite and garnet in
eclogites represents equilibrium isotope fractionation.

Recent experimental studiesdocument largeMg isotope fractionation
during chemical diffusion and thermal diffusion, with light isotopes
diffusing faster than heavy ones during chemical diffusion and diffusing
preferentially toward the hot end during thermal diffusion (F. Huang
et al., 2010; Richter et al., 2008, 2009a,b). In both cases, large and
systematic mineral-scale variations in MgO contents should occur.
However, MgO contents do not display significant variations within
single omphacite or garnet (Fig. 4), nor amongdifferent omphacite grains
or garnet grains in individual samples (Table S1). Theseobservations thus
rule out the chemical diffusion-driven kinetic Mg isotope fractionation
as a possible cause for the observed omphacite–garnet Mg isotope
fractionation.

Furthermore, the observed Δ26Mgomphacite–garnet values for the five
samples are almost constant (Fig. 3), regardless of the variations in
chemical compositions of omphacite and garnet (Table S1). This further
rules out the chemical diffusion-drivenkinetic fractionation as the cause
for the omphacite–garnet Mg isotope fractionation, as a much larger
variation in Δ26Mgomphacite–garnet value would be expected during the
inter-mineral diffusion.
Finally, previous studies suggest that equilibrium O isotope
partitioning is generally achieved between coexisting omphacite and
garnet in eclogites (Xiao et al., 2000; Zheng et al., 1999, 2003). SinceMg
diffuses faster than O in both clinopyroxene and garnet (Fig. 5), the
attainment of O isotope equilibrium between omphacite and garnet in
eclogites can be used as an indicative of theMg isotope equilibrium. The
same principle has been applied to the equilibrium assumption for
mineral Sm–Nd and Rb–Sr isochron dating of eclogite-facies metamor-
phic rocks (Xie et al., 2004; Zhao et al., 2006; Zheng et al., 2002).

In general, equilibrium inter-mineral isotope fractionation is
controlled by the difference in the bonding environment of the cation
of interest between coexisting minerals, with heavier isotopes being

image of Fig.�2


Fig. 4. The variations of MgO content along a profile through coexisting garnet and
omphacite grains (the inserted photo) in sample bxl-4. The analytical spots (1 μm in
diameter) are smaller than the symbols in the figure.
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preferentially enriched in minerals with a lattice site that has stronger
bonds (e.g., Bigeleisen and Mayer, 1947; Urey 1947). Minerals with
lower Mg coordination generally have shorter (i.e., stronger) Mg―O
bonds, hence favoring heavier Mg isotopes (Liu et al., 2010; Young
et al., 2009). Magnesium coordination is six in omphacite whereas it is
eight in garnet (Deer et al., 1992). Hence heavy Mg isotopes are
expected to be enriched in omphacite, which is consistent with our
observation (Fig. 3). As Mg and Fe2+ cations occupy the same lattice
sites in both omphacite and garnet, omphacite is also expected to have
heavier Fe isotopes than coexisting garnet. This is consistent with
previous studies showing that omphacite is ~0.3 to 0.4‰ heavier in
δ56Fe than coexisting garnet in eclogites (Beard and Johnson, 2004;
Williams et al., 2009).

5.2. Disequilibrium Mg isotope fractionation between phengite and
garnet/omphacite

Similar to the direction of Mg isotope fractionation between
omphacite and garnet, phengite also has heavier Mg isotopic com-
position than coexisting garnet (Fig. 2). This observation, in the first
order, agrees with the expectation of equilibrium inter-mineral Mg
isotope fractionation asphengitehas lowerMgcoordination thangarnet
(six vs. eight; Deer et al., 1992). However, the Δ26Mgphengite–garnet and
Δ26Mgphengite–omphacite values are variable and do not display any
correlation with temperatures (Table 3), suggesting that Mg isotope
fractionation between phengite and garnet/omphacite in these samples
may be out of thermodynamic equilibrium.
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Fig. 5. Comparison of diffusion rates of Mg and O in garnet and clinopyroxene (cpx).
Data sources: Mg in garnet (Perchuk et al., 2009), O in garnet (Coghlan, 1990), Mg in
cpx (Dimanov and Sautter, 2000), O in cpx (Ryerson and McKeegan, 1994).
Mineral chemistry analyses demonstrate that the Mg content is
variable and positively correlated with the Si content among phengite
grains in Bixiling eclogites (Fig. 6 and Table S3). The Si content of
phengite generally decreases with decreasing pressure (e.g., Ferraris
et al., 2005; Massonne and Schreyer, 1987; Velde, 1967). Hence the
variable Si content indicates that phengites in these eclogites formed at
different metamorphic stages. The O isotope geothermometer yielded
lower temperatures for quartz–phengite pairs than those for quartz–
garnet and quartz–omphacite pairs in Bixiling eclogites, suggesting that
phengites probably experienced retrograde O isotope exchange with
fluids whereas garnet and omphacite are more resistant (Xiao et al.,
2000; Zheng et al., 1999). Possible equilibrium or diffusive Mg isotope
exchange between phengites and retrograde fluids could modify the
Mg isotopic compositions of phengite grains that formed at different
stages, leading to the disequilibrium fractionation between phengite
and garnet/omphacite in Bixiling eclogites. Nonetheless, more system-
atic studies are needed to understand the mechanisms of Mg isotope
fractionation between phengite and garnet/omphacite in eclogites.

5.3. Implications for large equilibrium omphacite–garnet Mg isotope
fractionation

Large equilibrium inter-mineral isotope fractionation can be used
as a geothermometer (e.g., Hoefs, 2009). The 1.14‰ omphacite–
garnet Mg isotope fractionation is more than 10 times larger than the
current analytical uncertainty of Mg isotopes (i.e.,±0.09‰ on δ26Mg).
In this sense, the fractionation of Mg isotopes between omphacite and
garnet observed in this study is the largest so far recognized high-
temperature equilibrium inter-mineral isotope fractionation among
non-traditional stable isotopes [e.g. Li (Jeffcoate et al., 2007), Mg
(Handler et al., 2009; Liu et al., 2010; Yang et al., 2009; Young et al.,
2009), Ca (S. Huang et al., 2010) and Fe (Beard and Johnson, 2004;
Shahar et al., 2008; Williams et al., 2009)]. This makes omphacite–
garnet Mg isotope fractionation a potential geothermometer.

Assuming the linear correlation between equilibrium fractionation
factor (103lnαX–Y=Δ26MgX–Y) and 1/T2 (T is the temperature in
Kelvin) at high temperatures, only one pair of Δ26MgX–Y and T data is
needed to determine the parameter “A” in the fractionation
equation 103lnαX–Y=A/T2. The constant Δ26Mgomphacite–garnet value
of 1.14‰ for the five eclogite samples (Fig. 3) corresponds to the
equilibrium temperature of Mg isotope exchange between omphacite
and garnet, i.e., 852 K, estimated by using the clinopyroxene–garnet
Fe–Mg exchange geothermometer (Table S2). According to this pair of
Δ26Mgomphacite–garnet and T data, a possible equilibrium fractionation
factor between omphacite and garnet as a function of temperature is
obtained with 103lnαomphacite–garnet=0.83×106/T2 (Fig. 7).

When compared to the recently proposed spinel–olivineMg isotope
geothermometer (Young et al., 2009), the potential clinopyroxene
Phengites in Bixiling eclogites
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(omphacite)–garnet Mg isotope geothermometer suggested here may
have two advantages. First, in contrast to the spinel–olivine Mg isotope
geothermometer, which can only be used in spinel peridotite, the
clinopyroxene–garnet Mg isotope geothermometer can be widely used
in garnet peridotite, garnet pyroxenite and eclogite. Second, the
clinopyroxene–garnet Mg isotope geothermometer can be precisely
calibrated by the well-established clinopyroxene–garnet Fe–Mg ex-
change geothermometer (e.g., Ellis and Green, 1979; Krogh, 1988;
Powell, 1985; Ravna, 2000). This is difficult for the spinel–olivine Mg
isotope geothermometer due to limitations of the spinel–olivine Fe–Mg
exchange geothermometer (e.g., Coogan et al., 2007; Engi and Evans,
1980; Kessel et al., 2007). This is more important because no
experimental data are available for high-temperature inter-mineral
Mg isotope fractionation yet. Nonetheless, further studies on laboratory
andwell-characterized natural samples are needed in order to calibrate
and apply the potential spinel–olivine and clinopyroxene–garnet Mg
isotope geothermometers in natural systems.

6. Conclusions

The main conclusions from this study are:

(1) The δ26Mg values of Bixiling eclogites range from −0.44 to
−0.26‰, similar to those of their protolith, i.e., gabbro cumulates
that formed through differentiation of mantle-derived basaltic
magma. This suggests the inheritance of the Mg isotopic sig-
nature of eclogites from their gabbroic protolith and thus a
limited Mg isotope fractionation during eclogite-facies meta-
morphism of mafic intrusive rocks.

(2) Magnesium isotopic compositions of coexisting garnet, ompha-
cite and phengite in eclogites are highly variable, with δ26Mg
values ranging from −0.95 to −0.74‰ in garnet, from +0.16
to +0.40‰ in omphacite and from +0.30 to +0.60‰ in
phengite. Phengite and omphacite are N1‰ heavier in δ26Mg
than coexisting garnet, indicating large inter-mineralMg isotope
fractionations.

(3) The constant Δ26Mgomphacite–garnet value (1.14±0.04‰), togeth-
erwithhomogeneousmineral chemistry andequilibriumoxygen
isotopic partitioning between omphacite and garnet, suggests
equilibrium Mg isotope fractionation between omphacite and
garnet in Bixiling eclogites, produced by the difference in
coordination number ofMg between omphacite (six) and garnet
(eight).

(4) The variable Δ26Mgphengite–garnet and Δ26Mgphengite–omphacite

values imply Mg isotopic disequilibria between phengite and
garnet/omphacite. Such disequilibria might result from the Mg
isotopic variation in phengites, which resulted fromMg isotope
exchange between phengites and retrograde fluids.

(5) The large equilibrium isotope fractionation makes omphacite-
garnet Mg isotope fractionation a potential geothermometer,
with 103lnαomphacite–garnet=0.83×106/T2.

Acknowledgments

We thank Shan Ke for help in the lab, Yong-Fei Zheng, Shuguang Li,
Sheng-Ao Liu and Wei Yang for discussions. The constructive
comments from Craig Lundstrom and an anonymous reviewer and
efficient editing from Rick Carlson are greatly appreciated. This work
is financially supported by the Natural Science Foundation of China
(40773003, 41003003 and 41090372), National Science Foundation
(EAR-0838227), Arkansas Space Grant Consortium (SW19002) and
the Hundred Talent Program from CAS.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
doi:10.1016/j.epsl.2011.01.035.

References

Ames, L., Tilton, G.R., Zhou, G.-Z., 1993. Timing of collision of the Sino-Korean and Yangtze
cratons: U–Pb zircon dating of coesite-bearing eclogites. Geology 21, 339–342.

Baker, J., Bizzarro, M., Wittig, N., Connelly, J., Haack, H., 2005. Early planetesimal melting
from an age of 4.5662 Gyr for differentiated meteorites. Nature 436, 1127–1131.

Beard, B.L., Johnson, C.M., 2004. Inter-mineral Fe isotope variations in mantle-derived
rocks and implications for the Fe geochemical cycle. Geochim. Cosmochim. Acta 68,
4727–4743.

Bigeleisen, J., Mayer, M.G., 1947. Calculation of equilibrium constants for isotopic
exchange reactions. J. Phys. Chem. 15, 261–267.

Bourdon, B., Tipper, E.T., Fitoussi, C., Stracke, A., 2010. Chondritic Mg isotope
composition of the Earth. Geochim. Cosmochim. Acta 74, 5069–5083.

Chavagnac, V., Jahn, B.-m., 1996. Coesite-bearing eclogites from the Bixiling complex,
Dabie Mountains, China: Sm–Nd ages, geochemical characteristics and tectonic
implications. Chem. Geol. 133, 29–51.

Coghlan, R.A.N., 1990. Studies in diffusion transport: grain boundary transport of
oxygen in feldspars, diffusion of oxygen, strontium and REEs in garnet, and thermal
histories of granitic intrusions in south-central Maine using oxygen isotopes. Ph.D.
Thesis, Brown Univ., Providence, R.I.

Cong, B.L., 1996. Ultrahigh-Pressure Metamorphic Rocks in the Dabie–Sulu Region of
China. Science Press, Beijing.

Coogan, L.A., Jenkin, G.R.T., Wilson, R.N., 2007. Contrasting cooling rates in the lower
oceanic crust at fast- and slow-spreading ridges revealed by geospeedometry. J.
Petrol. 48, 2211–2231.

Dauphas, N., Teng, F.-Z., Arndt, N.T., 2010. Magnesium and iron isotopes in 2.7 Ga Alexo
komatiites: mantle signatures, no evidence for Soret diffusion, and identification of
diffusive transport in zoned olivine. Geochim. Cosmochim. Acta 74, 3274–3291.

Deer, W.A., Howie, R.A., Zussman, J., 1992. An Introduction to the Rock-Forming
Minerals, 2nd Edition. Longman, London.

Dimanov, A., Sautter, V., 2000. “Average” interdiffusion of (Fe, Mn)–Mg in natural
diopside. Eur. J. Mineralog. 12, 749–760.

Ellis, D.J., Green, D.H., 1979. An experimental study of the effect of Ca upon the garnet–
clinopyroxene Fe–Mg exchange equilibria. Contrib. Mineralog. Petrol. 71, 13–22.

Engi, M., Evans, B.W., 1980. A re-evaluation of the olivine–spinel geothermometer:
discussion. Contrib. Mineralog. Petrol. 73, 201–203.

Ferraris, C., Castelli, D., Lombardo, B., 2005. SEM/TEM-AEM characterization of micro-
and nano-scale zonation in phengite from a UHP Dora–Maira marble: petrologic
significance of armoured Si-rich domains. Eur. J. Mineralog. 17, 453–464.

Galy, A., Yoffe, O., Janney, P.E., Williams, R.W., Cloquet, C., Alard, O., Halicz, L., Wadhwa,
M., Hutcheon, I.D., Ramon, E., Carignan, J., 2003. Magnesium isotope heterogeneity
of the isotopic standard SRM980 and new reference materials for magnesium-
isotope-ratio measurements. J. Anal. At. Spectrom. 18, 1352–1356.

Handler, M.R., Baker, J.A., Schiller, M., Bennett, V.C., Yaxley, G.M., 2009. Magnesium
stable isotope composition of Earth's upper mantle. Earth Planet. Sci. Lett. 282,
306–313.

Hoefs, J., 2009. Stable Isotope Geochemistry, 6th Edition. Springer-Verlag, Berlin
Heidelberg.



230 W.-Y. Li et al. / Earth and Planetary Science Letters 304 (2011) 224–230
Huang, F., Chakraborty, P., Lundstrom, C.C., Holmden, C., Glessner, J.J.G., Kieffer, S.W.,
Lesher, C.E., 2010. Isotope fractionation in silicate melts by thermal diffusion.
Nature 464, 396–400.

Huang, S., Farkaš, J., Jacobsen, S.B., 2010. Calcium isotopic fractionation between
clinopyroxene and orthopyroxene from mantle peridotites. Earth Planet. Sci. Lett.
292, 337–344.

Jeffcoate, A.B., Elliott, T., Kasemann, S.A., Ionov, D., Cooper, K., Brooker, R., 2007. Li
isotope fractionation in peridotites and mafic melts. Geochim. Cosmochim. Acta 71,
202–218.

Kessel, R., Beckett, J.R., Stolper, E.M., 2007. The thermal history of equilibrated ordinary
chondrites and the relationship between textural maturity and temperature.
Geochim. Cosmochim. Acta 71, 1855–1881.

Krogh, E.J., 1988. The garnet–clinopyroxene Fe–Mg geothermometer: a reinterpreta-
tion of existing experimental data. Contrib. Mineralog. Petrol. 99, 44–48.

Li, S.-G., Xiao, Y.-L., Liu, D.-L., Chen, Y.-Z., Ge, N.-J., Zhang, Z.-Q., Sun, S.-s., Cong, B.-L.,
Zhang, R.-Y., Hart, S.R., Wang, S.-S., 1993. Collision of the North China and Yangtze
Blocks and formation of coesite-bearing eclogites: timing and processes. Chem.
Geol. 109, 89–111.

Li, S.-G., Jagoutz, E., Chen, Y.-Z., Li, Q.-L., 2000. Sm–Nd and Rb–Sr isotopic chronology
and cooling history of ultrahigh pressure metamorphic rocks and their country
rocks at Shuanghe in the Dabie Mountains, central China. Geochim. Cosmochim.
Acta 64, 1077–1093.

Li, W.-Y., Teng, F.-Z., Ke, S., Rudnick, R.L., Gao, S., Wu, F.-Y., Chappell, B.W., 2010.
Heterogeneous magnesium isotopic composition of the upper continental crust.
Geochim. Cosmochim. Acta 74, 6867–6884.

Liou, J.G., Zhang, R.Y., Eide, E.A., Wang, X.M., Emst, W.G., Maruyama, S., 1996.
Metamorphism and tectonics of high-pressure and ultra-high-pressure belts in
the Dabie–Sulu region, China. In: Harrison, M.T., Yin, A. (Eds.), The Tectonics of Asia.
Cambridge University Press, Cambridge, pp. 300–344.

Liu, J.B., Ye, K., 2004. Transformation of garnet epidote amphibolites to eclogite, western
Dabie Mountains, China. J. Metamorph. Geol. 22, 383–394.

Liu, S.-A., Teng, F.-Z., He, Y., Ke, S., Li, S., 2010. Investigation of magnesium isotope
fractionation during granite differentiation: implication for Mg isotopic composi-
tion of the continental crust. Earth Planet. Sci. Lett. 297, 646–654.

Massonne, H.-J., Schreyer, W., 1987. Phengite geobarometry based on the limiting
assemblage with K-feldspar, phlogopite, and quartz. Contrib. Mineralog. Petrol. 96,
212–224.

Okay, A.I., Xu, S.T., Sengor, A.M.C., 1989. Coesite from the Dabie Shan eclogites, central
China. Eur. J. Mineralog. 1, 595–598.

Perchuk, A.L., Burchard, M., Schertl, H.-P., Maresch, W.V., Gerya, T.V., Bernhardt, H.-J.,
Vidal, O., 2009. Diffusion of divalent cations in garnet: multi-couple experiments.
Contrib. Mineralog. Petrol. 157, 573–592.

Powell, R., 1985. Regression diagnostics and robust regression in geothermometer/
geobarmometer calibration: the garnet–clinopyroxene geothermometer revised. J.
Metamorph. Geol. 2, 33–42.

Ravna, E.K., 2000. The garnet–clinopyroxene Fe2+–Mg geothermometer: an updated
calibration. J. Metamorph. Geol. 18, 211–219.

Richter, F.M., Watson, E.B., Mendybaev, R.A., Teng, F.-Z., Janney, P.E., 2008. Magnesium
isotope fractionation in silicate melts by chemical and thermal diffusion. Geochim.
Cosmochim. Acta 72, 206–220.

Richter, F.M., Dauphas, N., Teng, F.-Z., 2009a. Non-traditional fractionation of non-
traditional isotopes: evaporation, chemical diffusion and Soret diffusion. Chem.
Geol. 258, 92–103.

Richter, F.M., Watson, E.B., Mendybaev, R., Dauphas, N., Georg, B., Watkins, J., Valley, J.,
2009b. Isotopic fractionation of the major elements of molten basalt by chemical
and thermal diffusion. Geochim. Cosmochim. Acta 73, 4250–4263.

Ryerson, F.J., McKeegan, D.K., 1994. Determination of oxygen self-diffusion in
akermanite, anorthite, diopside, and spinel: implications for oxygen isotopic
anomalies and the thermal histories of Ca–Al-rich inclusions. Geochim. Cosmo-
chim. Acta 58, 3713–3734.

Shahar, A., Young, E.D., Manning, C.E., 2008. Equilibrium high-temperature Fe isotope
fractionation between fayalite and magnetite: an experimental calibration. Earth
Planet. Sci. Lett. 268, 330–338.
Teng, F.-Z., Wadhwa, M., Helz, R.T., 2007. Investigation of magnesium isotope
fractionation during basalt differentiation: implications for a chondritic composi-
tion of the terrestrial mantle. Earth Planet. Sci. Lett. 261, 84–92.

Teng, F.-Z., Li, W.-Y., Ke, S., Marty, B., Dauphas, N., Huang, S., Wu, F.-Y., Pourmand, A.,
2010a. Magnesium isotopic composition of the Earth and chondrites. Geochim.
Cosmochim. Acta 74, 4150–4166.

Teng, F.-Z., Li, W.-Y., Rudnick, R.L., Gardner, L.R., 2010b. Contrasting lithium and
magnesium isotope fractionation during continental weathering. Earth Planet. Sci.
Lett. 300, 63–71.

Urey, H.C., 1947. The thermodynamic properties of isotopic substances. J. Chem. Soc.
Lond. 562–581.

Velde, B., 1967. Si4+ content of natural phengites. Contrib. Mineralog. Petrol. 14,
250–258.

Wang, X.M., Liou, J.G., Mao, H.K., 1989. Coesite-bearing eclogites from the Dabie
Mountains in central China. Geology 17, 1085–1088.

Williams, H.M., Nielsen, S.G., Renac, C., Griffin, W.L., O'Reilly, S.Y., McCammon, C.A.,
Pearson, N., Viljoen, F., Alt, J.C., Halliday, A.N., 2009. Fractionation of oxygen and
iron isotopes by partial melting processes: implications for the interpretation of
stable isotope signatures in mafic rocks. Earth Planet. Sci. Lett. 283, 156–166.

Xiao, Y., Hoefs, J., van den Kerkhof, A.M., Fiebig, J., Zheng, Y.-F., 2000. Fluid history of
UHP metamorphism in Dabie Shan, China: a fluid inclusion and oxygen isotope
study on the coesite-bearing eclogite from Bixiling. Contrib. Mineralog. Petrol. 139,
1–16.

Xie, Z., Zheng, Y.-F., Jahn, B.-m., Ballevre, M., Chen, J.-F., Gautier, P., Gao, T.-S., Gong, B.,
Zhou, J.-B., 2004. Sm–Nd and Rb–Sr dating for pyroxene–garnetite from North
Dabie in east-central China: problem of isotope disequilibrium due to retrograde
metamorphism. Chem. Geol. 206, 137–158.

Xu, J., Zhu, G., Tong, W., Cui, K., Liu, Q., 1987. Formation and evolution of the Tancheng–
Lujiang wrench fault system: a major shear system to the northwest of the Pacific
Ocean. Tectonophysics 134, 273–310.

Xu, S.T., Okay, A.I., Ji, S.Y., Sengor, A.M.C., Su, W., Liu, Y.C., Jiang, L.L., 1992. Diamond from
the Dabie Shan metamorphic rocks and its implication for tectonic setting. Science
256, 80–82.

Yang, W., Teng, F.-Z., Zhang, H.-F., 2009. Chondritic magnesium isotopic composition of
the terrestrial mantle: a case study of peridotite xenoliths from the North China
craton. Earth Planet. Sci. Lett. 288, 475–482.

Young, E.D., Tonui, E., Manning, C.E., Schauble, E., Macris, C.A., 2009. Spinel–olivine
magnesium isotope thermometry in the mantle and implications for the Mg
isotopic composition of Earth. Earth Planet. Sci. Lett. 288, 524–533.

Zhang, R.Y., Liou, J.G., Cong, B.L., 1995. Talc-, magnesite- and Ti-clinohumite-bearing
ultrahigh-pressure meta-mafic and ultramafic complex in the Dabie Mountains,
China. J. Petrol. 36, 1011–1037.

Zhao, Z.-F., Zheng, Y.-F., Gao, T.-S., Wu, Y.-B., Chen, B., Chen, F.K., Wu, F.-Y., 2006.
Isotopic constraints on age and duration of fluid-assisted high-pressure eclogite-
facies recrystallization during exhumation of deeply subducted continental crust in
the Sulu orogen. J. Metamorph. Geol. 24, 687–702.

Zheng, Y.-F., 2008. A perspective view on ultrahigh-pressure metamorphism and
continental collision in the Dabie–Sulu orogenic belt. Chin. Sci. Bull. 53, 3081–3104.

Zheng, Y.-F., Fu, B., Xiao, Y., Li, Y.-L., Gong, B., 1999. Hydrogen and oxygen isotope
evidence for fluid–rock interactions in the stages of pre- and post-UHP
metamorphism in the Dabie Mountains. Lithos 46, 677–693.

Zheng, Y.-F., Wang, Z.-R., Li, S.-G., Zhao, Z.-F., 2002. Oxygen isotope equilibrium
between eclogite minerals and its constraint on mineral Sm–Nd chronometer.
Geochim. Cosmochim. Acta 66, 625–634.

Zheng, Y.-F., Fu, B., Gong, B., Li, L., 2003. Stable isotope geochemistry of ultrahigh
pressure metamorphic rocks from the Dabie–Sulu orogen in China: implications for
geodynamics and fluid regime. Earth Sci. Rev. 62, 105–161.

Zheng, Y.-F., Zhou, J.-B., Wu, Y.-B., Xie, Z., 2005. Low-grade metamorphic rocks in the
Dabie–Sulu orogenic belt: a passive-margin accretionary wedge deformed during
continental subduction. Int. Geol. Rev. 47, 851–871.

Zheng, Y.-F., Chen, R.-X., Zhao, Z.-F., 2009. Chemical geodynamics of continental
subduction-zone metamorphism: insights from studies of the Chinese Continental
Scientific Drilling (CCSD) core samples. Tectonophysics 475, 327–358.


	High-temperature inter-mineral magnesium isotope fractionation in eclogite from the Dabie orogen, China
	Introduction
	Geological setting and samples
	Analytical methods
	Mineral chemistry
	Magnesium isotope

	Results
	Discussion
	Equilibrium Mg isotope fractionation between omphacite and garnet
	Disequilibrium Mg isotope fractionation between phengite and garnet/omphacite
	Implications for large equilibrium omphacite–garnet Mg isotope fractionation

	Conclusions
	Acknowledgments
	Supplementary data
	References


