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Abstract

We present high-precision measurements of Mg and Fe isotopic compositions of olivine, orthopyroxene (opx), and clinopy-
roxene (cpx) for 18 lherzolite xenoliths from east central China and provide the first combined Fe and Mg isotopic study of the
upper mantle. d56Fe in olivines varies from 0.18& to�0.22& with an average of�0.01 ± 0.18& (2SD, n = 18), opx from 0.24&

to�0.22& with an average of 0.04 ± 0.20&, and cpx from 0.24& to�0.16& with an average of 0.10 ± 0.19&. d26Mg of olivines
varies from�0.25& to�0.42& with an average of�0.34 ± 0.10& (2SD, n = 18), opx from�0.19& to�0.34& with an average
of�0.25 ± 0.10&, and cpx from�0.09& to�0.43& with an average of�0.24 ± 0.18&. Although current precision (�±0.06&

for d56Fe; ±0.10& for d26Mg, 2SD) limits the ability to analytically distinguish inter-mineral isotopic fractionations, systematic
behavior of inter-mineral fractionation for both Fe and Mg is statistically observed: D56Feol–cpx = �0.10 ± 0.12& (2SD, n = 18);
D56Feol–opx = �0.05 ± 0.11&; D26Mgol–opx = �0.09 ± 0.12&; D26Mgol–cpx = �0.10 ± 0.15&. Fe and Mg isotopic composition
of bulk rocks were calculated based on the modes of olivine, opx, and cpx. The average d56Fe of peridotites in this study is
0.01 ± 0.17& (2SD, n = 18), similar to the values of chondrites but slightly lower than mid-ocean ridge basalts (MORB) and
oceanic island basalts (OIB). The average d26Mg is �0.30 ± 0.09&, indistinguishable from chondrites, MORB, and OIB.
Our data support the conclusion that the bulk silicate Earth (BSE) has chondritic d56Fe and d26Mg.

The origin of inter-mineral fractionations of Fe and Mg isotopic ratios remains debated. d56Fe between the main peridotite
minerals shows positive linear correlations with slopes within error of unity, strongly suggesting intra-sample mineral–mineral
Fe and Mg isotopic equilibrium. Because inter-mineral isotopic equilibrium should be reached earlier than major element equi-
librium via chemical diffusion at mantle temperatures, Fe and Mg isotope ratios of coexisting minerals could be useful tools for
justifying mineral thermometry and barometry on the basis of chemical equilibrium between minerals. Although most perido-
tites in this study exhibit a narrow range in d56Fe, the larger deviations from average d56Fe for three samples likely indicate
changes due to metasomatic processes. Two samples show heavy d56Fe relative to the average and they also have high La/Yb
and total Fe content, consistent with metasomatic reaction between peridotite and Fe-rich and isotopically heavy melt. The other
sample has light d56Fe and slightly heavy d26Mg, which may reflect Fe–Mg inter-diffusion between peridotite and percolating
melt.
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1. INTRODUCTION

Iron and magnesium are two of the major constituent
elements of the mantle, being primary metal cations in
the most common upper mantle minerals such as olivine,
orthopyroxene (opx), clinopyroxene (cpx), garnet, and
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spinel. Iron has two common valences (2+ and 3+) in man-
tle minerals and melts, with Fe3+ being more incompatible
than Fe2+ during partial melting. Several recent studies
have revealed small but analytically significant variation
in the Fe isotopic composition of mantle rocks and minerals
(Zhu et al., 2002; Beard and Johnson, 2004; Williams et al.,
2004, 2005; Weyer et al., 2005, 2007; Weyer and Ionov,
2007; Zhao et al., 2010). Because light Fe isotopes should
preferentially partition into Fe2+ sites in minerals, melting
of the upper mantle has been suggested to produce melts
enriched with heavy Fe isotopes, leaving an isotopically
lighter residue behind (Weyer and Ionov, 2007; Dauphas
et al., 2009a). In addition, metasomatism and kinetic pro-
cesses (chemical or thermal diffusion) also have the poten-
tial to cause Fe isotope fractionation in mantle peridotites
(Weyer and Ionov, 2007; Huang et al., 2009a, 2010a; Rich-
ter et al., 2008, 2009; Zhao et al., 2010). Therefore Fe iso-
topes provide a new tracer for studying the evolution of a
heterogeneous upper mantle.

The mantle is the Earth’s largest reservoir of Mg. While
Mg isotope data for igneous rocks and mantle minerals
have been increasingly reported in the last few years (Pear-
son et al., 2006; Teng et al., 2007, 2010a; Wiechert and
Halliday, 2007; Handler et al., 2009; Huang et al., 2009b;
Yang et al., 2009; Young et al., 2009; Bourdon et al.,
2010; Chakrabarti and Jacobsen, 2010; Li et al., 2010; Liu
et al., 2010), the magnesium isotopic composition of the
bulk silicate Earth (BSE) remains poorly constrained and
application of Mg isotopes to studying mantle geochemistry
is still at an early stage. There remain debates about the
average Mg isotopic composition of the upper mantle and
whether the BSE has a chondritic or non-chondritic Mg iso-
topic composition (Wiechert and Halliday, 2007; Handler
et al., 2009; Yang et al., 2009; Young et al., 2009; Chakrab-
arti and Jacobsen, 2010; Teng et al., 2010a). Knowledge of
the Mg isotopic variation in the upper mantle is critical to
understanding the cycling of Mg during magmatism, chem-
ical weathering, diagenesis, and crustal recycling. Finally,
because high precision Mg isotopic data for mantle miner-
als are still few in number, it is unclear whether there is in-
ter-mineral Mg isotope fractionation in mantle peridotites.
For instance, Yang et al. (2009) suggest identical Mg isoto-
pic compositions of mantle minerals within an external pre-
cision of ±0.1& (2SD), while other studies (Handler et al.,
2009; Young et al., 2009; Chakrabarti and Jacobsen, 2010)
arguably show pyroxenes to be slightly heavier in Mg isoto-
pic composition than coexisting olivines.

The geochemical behaviors of Mg and Fe are intrinsi-
cally linked by their inter substitution within solid solution
minerals in the mantle. A primary difference between their
isotopic behavior is that Mg isotope ratios should not be
fractionated by the partitioning of different valence states
between phases like Fe. Therefore, combined analyses of
the Fe and Mg isotope systems could provide new insight
towards sorting out the behavior of these elements in the
mantle. Indeed, a recent experimental study shows the com-
plex inter-diffusion behavior within olivine during diffusive
reaction with melt (Lundstrom et al., 2011). Here we
present the first combined Fe and Mg isotopic study of
mantle minerals from a set of well-characterized peridotite
xenoliths from the Subei Basin in the Yangtze Craton, Chi-
na. These peridotites experienced significant melt extraction
at �1.8 Ga and extensive melt percolation during Cenozoic
magmatism (Reisberg et al., 2005). Thus, they provide a
good opportunity to study Fe and Mg isotopic variations
during upper mantle evolution. Our goals are to constrain
the Fe and Mg isotopic composition of the upper mantle
relative to chondritic compositions in the literature. Addi-
tionally, we investigate inter-mineral isotopic fractionation
at mantle temperatures. Our results show that while most
peridotites in this study display a narrow range in d56Fe
and d26Mg, metasomatic processes and Fe–Mg inter-diffu-
sion between peridotite and percolating melt likely play a
role in fractionating Fe–Mg isotopes in the upper mantle.

2. GEOLOGIC BACKGROUND AND SAMPLE

DESCRIPTION

Eastern China consists of the North China Craton
(NCC) and the Yangtze Craton (YC) with the Qinling-Da-
bie-Sulu ultrahigh pressure metamorphic zone as the
boundary between them (Fig. 1). The NCC is the largest
craton in China and has an early Archean to Paleoprotero-
zoic basement (e.g., Jahn et al., 1987). The YC is mainly
Proterozoic, although Archean crust and old zircons have
been increasingly observed in its northwestern part suggest-
ing multi-stage reworking of this craton since the Archean
(Zhang et al., 2006). Eastern China was marked by two
important geologic events during the Phanerozoic: litho-
spheric thinning from the Ordovician to the Cenozoic and
continental collision between the NCC and the YC in the
Triassic. Observation of Ordovician diamond-bearing kim-
berlites and mantle xenoliths suggests that a thick
(�200 km) cold lithosphere existed in the NCC in the
Paleozoic (e.g., Griffin et al., 1998; Menzies and Xu,
1998), dramatically different from the current thin litho-
sphere indicated by seismologic studies (e.g., Chen et al.,
2008, 2009b). This suggests that the lithosphere has been
significantly thinned by �100 km since the Paleozoic. Con-
tinental collision occurred along the Qinling-Dabie-Sulu
zone in the Triassic (e.g., Li et al., 1993), forming the east-
ern part of the central orogenic belt in China. The Sulu belt
was displaced northward �500 km relative to the Dabie
orogen by the Tanlu strike-slip fault in the early Cretaceous
(Zhu et al., 2005).

Cenozoic basaltic volcanism occurred widely in eastern
China, probably due to further extensional lithospheric
thinning. These basalts mainly follow the major regional
faults and bear abundant peridotite xenoliths (e.g., Reisberg
et al., 2005; Chen et al., 2009a; Yang et al., 2009). Eighteen
samples (LHLS1 to LHLS18) in this study were collected
from Neogene alkali basalts in the Lianshan area in the Sub-
ei basin (Fig. 1) (see Fig. 1 in Reisberg et al. (2005) for more
specific sample location). These xenoliths were well docu-
mented for whole rock major and trace elements and
Re–Os isotopic compositions, which suggested a model
age of about 1.8 Ga (Reisberg et al., 2005). Most samples
(except LHLS12) are fresh coarse-grained spinel-facies per-
idotites, while LHLS12 is slightly serpentinized. The xeno-
liths have protogranular or protogranular/porphyroclastic



Fig. 1. A simplified geological map for Eastern China with sample location. The North China Block consists of the Western block (WB) the
Trans-North China orogen (TNCO), and the Eastern block (EB).
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textures with sizes ranging from a few centimeters up to one
meter. Most xenoliths do not have preferential mineral ori-
entations except LHLS2 which has parallel elongated oli-
vines. More sample description details can be found in
Reisberg et al. (2005).

3. ANALYTICAL METHODS

Major element compositions of olivine, opx, and cpx
were determined by electron microprobe analysis (JEOL,
JXA-8200) at the Institute of Geochemistry and Petrology
at the ETH Zurich and spinels by Cameca CAMEBAX at
the Nicholas School of Environment and Earth Sciences
of Duke University. Analytical conditions included an
accelerating voltage of 15 kV, a beam current of 20 nA,
and a beam size of 1–10 lm. A variety of silicates and oxi-
des were used as standards. External errors were calculated
based on 3–6 analyses of different spots. Data are available
in Supplementary materials online S-Table 1.

Fe and Mg isotopic ratios were measured at the Depart-
ment of Geology at the University of Illinois at Urbana-
Champaign (UIUC). Fresh single mineral grains (�2–
4 mg) were handpicked under binocular microscope and
cleaned three times in an ultra-sonic bath for 10 min with
ethanol. These were then digested in a 7 ml capped Teflon
beaker with a mixture of concentrated HF and HNO3

(3:1) on a hotplate for 2–4 days. After repeated evaporation
using aqua regia and concentrated HNO3 to remove resid-
ual fluorides and obtain full digestion, the samples were dis-
solved in 8 N HCl to provide a stock bulk solution ready
for chromatographic separation of Fe.

Fe was purified using anion resin (Bio-Rad AG1-X8)
conditioned with 8 N HCl. Matrix elements were removed
by washing with 8 N HCl (washes were collected to assess
the loss of Fe for yield check). Fe was eluted using 0.5 N
HCl and H2O followed by 8 N HNO3 and H2O. This pro-
cedure does not separate Zn from Fe. However, because the
Zn content in the xenolith samples ranges from 47 to
63 ppm (Reisberg et al., 2005), the matrix effect of Zn on
Fe isotope analysis is negligible. Mg purification followed
the established procedure of Huang et al. (2009b). Approx-
imately 0.5 ml aliquots of the stock bulk solution were dried
down, evaporated with concentrated HNO3, and then dis-
solved in 0.5 ml 1 N HNO3 for chromatographic separa-
tion. Mg was separated in pre-cleaned Bio-Rad cation
resin (AG50-X12) columns using 1 N HNO3. Solutions
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before and after the Mg cut were collected to check the
recovery of Mg by comparing the amount of Mg in the dif-
ferent cuts. A pure Mg solution with high yield was ob-
tained by two passes through the column for cpx and one
pass for opx and olivine. Procedural blanks for Fe and
Mg were measured by comparison with the signal intensity
of standard solutions with known concentration; both were
<10 ng, which are insignificant relative to the amount of Fe
and Mg put through chemical purification (>20 lg). This
procedure does not completely remove Ni from Mg. How-
ever, the Ni content is below the level that can cause signif-
icant matrix effects during Mg isotope analysis (Huang
et al., 2009b).

Fe isotopic ratios were reported relative to IRMM-14 and
Mg to DSM-3 in delta notation: d56Fe = 1000 �
[(56Fe/54Fe)sample/(

56Fe/54Fe)IRMM-14 � 1] (&), and d26Mg =
1000 � [(26Mg/24Mg)sample/(

26Mg/24Mg)DSM-3 � 1] (&).
IRMM-14 is a pure Fe metal reference material with a Fe
isotopic composition about 0.1& lighter than that of the
mean mafic Earth (Beard and Johnson, 2004). Fe and Mg iso-
topes were measured by standard bracketing methods using a
Nu-Plasma MC-ICP-MS equipped with a Cetac ASX-110
automatic sampler and a DSN-100 Desolvating Nebulizer
System. Before the isotopic measurement, the DSN was
washed with 0.8 N HNO3 twice followed by 0.3 N HNO3

twice. Backgrounds were measured and subtracted using
electrostatic analyzer (ESA) deflection. Prior to isotope anal-
ysis, yields and matrix elements were carefully checked to in-
sure that the chemical procedure achieved high recovery rates
(>99.5%) and excellent separation from matrix elements
(e.g., signal intensity ratios of the total matrix relative to Fe
or Mg always <5%). Iron solutions were diluted to 1.5 ppm
for analysis and bracketed with IRMM-14 at the same
concentration. 54Fe, 56Fe, and 57Fe (along with 53Cr for cor-
recting any 54Cr interference) were measured in static mode
on L3, H4, and H6 Faraday cups, respectively. Contributions
from isobaric interferences (40Ar14N on 54Fe and 40Ar16O on
56Fe) were eliminated by measuring in pseudo-high resolu-
tion mode with M/DM of �8000. The long-term (6 month)
average d56Fe of 28 analyses of ETH hematite was
0.59 ± 0.05& (2SD), in agreement with the recommended
value (Table 1) (Williams et al., 2004, 2005; Dideriksen
et al., 2006). The average d56Fe of 55 analyses of our in-house
standard (UIFe) was 0.71 ± 0.09&. d56Fe of three USGS
whole rock standards, BIR-1, AGV-1, and BCR-2, were
0.06 ± 0.03& (n = 4), 0.15 ± 0.03& (n = 4), and
0.09 ± 0.04& (n = 4) (Table 1), respectively, in good agree-
ment with the literature values (e.g., Beard et al., 2003;
Poitrasson et al., 2004; Williams et al., 2005; Dauphas and
Rouxel, 2006; Dideriksen et al., 2006; Dauphas et al.,
2009a,b; Wombacher et al., 2009; Craddock and Dauphas,
2011). Fe three-isotope plot of all mantle mineral samples
defines a line with a slope of 1.497 ± 0.036 (Fig. 2), consistent
with the theoretical kinetic and equilibrium fractionation val-
ues for Fe isotopes (1.487 and 1.474, respectively) (Young
et al., 2002). The average external precision of d56Fe of man-
tle minerals is �0.06& (2SD) (Table 2). Most duplicated
analyses show excellent reproducibility at better than 0.04&.

Mg isotope analyses were performed in low resolution
(M/DM of �400). 24Mg, 25Mg, and 26Mg signals were
measured in static mode on L5, axial, and H6 Faraday
cups. Each measurement of a sample or standard represents
10 ratio determinations of 10 s integration time. Purified
Mg solutions (�0.2 ppm) were repeatedly bracketed by
DSM-3 for four times in a session, producing a 24Mg signal
of �16 V at an uptake rate of 0.1 ml/min. The concentra-
tions of the bracketing standards and samples were care-
fully adjusted to be within 5% of each other. Because our
recent study showed that d26Mg of weak standard solutions
consistently shifted to lighter values by �0.2& during stor-
age in fluorinated plastic (PTFE or Teflon�) bottles (Huang
et al., 2009b), all running solutions of samples and stan-
dards were freshly diluted from concentrated bulk solutions
(>5 ppm) to avoid errors possibly caused by solution stor-
age. Three standard solutions (CAM-1, UIMg-1, and
BCR-1) were regularly measured to monitor instrumental
stability and reproducibility.

The accuracy and precision of Mg isotope analyses in
the UIUC laboratory can be assessed by measurements of
well-characterized standards and duplicated analyses of
mineral samples. Huang et al. (2009b) reported high preci-
sion data for d26Mg of three mono-element solutions
(DSM-3, CAM-1, and UIMg-1) and 11 whole rock stan-
dards (including peridotite, basalt, andesite, and granite).
A detailed comparison of d26Mg in standards reported from
different laboratories is given in Table 1 and discussed in
Section 5.1. Overall, the long-term precision of d26Mg is
about 0.11& (2SD) based on repeated analyses of the
whole rock and in-house mono-element standards (Huang
et al., 2009b). Repeated analyses (new digestion) of xenolith
minerals indicate that the reproducibility of our Mg isotope
data is �0.10& (Table 3). Finally, a magnesium three-iso-
tope plot of mineral samples in this study produces a line
with a slope of 0.506 ± 0.020 (Fig. 2), in good agreement
with the theoretical mass-dependent kinetic and equilibrium
fractionation values (0.510 and 0.521, respectively) (Young
et al., 2002).

4. RESULTS

Mineral element abundances are presented in the supple-
mental information (S-Table 1). The Mg# of olivines varies
slightly from 88.9 to 91.3, consistent with the whole rock
data in Reisberg et al. (2005). Mg# for cpx and opx ranges
from 90.0 to 94.1 and from 89.3 to 91.6, respectively. Min-
eral modes calculated from bulk rock and mineral major
element compositions using the least-squares method differ
slightly from the values determined by point counting in
thin sections, which may reflect a heterogeneous distribu-
tion of mineral modes at thin section scale. The calculated
olivine modes vary from 52.5 to 73.5 wt.%, contributing 65–
84% to the bulk Mg and 68–83% to the bulk Fe budget of a
given peridotite sample. Modes of spinel vary from 0.1 to
2.3 wt.%, which only contributes <2.5% for Fe and <1%
for Mg. Therefore, the effect of spinel on Fe and Mg isoto-
pic compositions of the whole rock is minor.

Fe isotope compositions of olivines, opx, and cpx from
18 peridotite xenoliths are listed in Tables 2 and 4, respec-
tively. Except for three outliers (LHLS5, 6, and 16), d56Fe
of most minerals show narrow variations with olivines



Table 1
Comparison of d26Mg (&) and d56Fe (&) of standards measured in UIUC with literature data.

d56Fe BIR-1 AGV-1 BCR-2 ETH hematite

Data measured in UIUC 0.06 ± 0.03 0.15 ± 0.03 0.09 ± 0.04 0.59 ± 0.05
Beard et al. (2003) 0.13 ± 0.10
Poitrasson et al. (2004)* 0.07 ± 0.04 0.09 ± 0.05 0.53 ± 0.02
Weyer et al. (2005) 0.06 ± 0.04 0.08 ± 0.05
Williams et al. (2005)* 0.06 ± 0.09 0.55 ± 0.09
Schoenberg and Blanckenburg (2006) 0.05 ± 0.05
Dauphas et al. (2009b) 0.09 ± 0.03
Dideriksen et al. (2006) 0.12 ± 0.06 0.58 ± 0.05
Wombacher et al. (2009) 0.03 ± 0.03 0.09 ± 0.06
Heimann et al. (2008) 0.11 ± 0.05

d26Mg CAM-1 BCR-1 BCR-2 BHVO-1 BHVO-2 DTS-1 DTS-2 PCC-1 GA GSN-1

Data measured in UIUC �2.63 ± 0.11 �0.30 ± 0.11 �0.34 ± 0.12 �0.30 ± 0.08 �0.33 ± 0.14 �0.22 ± 0.10 �0.34 ± 0.15 �0.24 ± 0.23
Galy et al. (2003) �2.58 ± 0.14
Young and Galy (2004) �0.37 ± 0.11
Bizzarro et al. (2005) �0.17 ± 0.35 �0.12 ± 0.15 �0.16 ± 0.10
Wiecher and Halliday (2007) �0.09 ± 0.27 �0.14 ± 0.23
Teng et al. (2007) �0.34 ± 0.06 �0.30 ± 0.08
Tipper et al. (2008a) �2.59 ± 0.09 �0.16 ± 0.11
Pogge von Strandmann et al.
(2008)

�2.78 ± 0.15 �0.25 ± 0.11

Yang et al. (2009) �2.63 ± 0.09 �0.30 ± 0.05 �0.38 ± 0.14
�0.32 ± 0.07

Young et al. (2009) �2.52, �2.72,
�2.71

Bolou-Bi et al. (2009) �2.62 ± 0.13 �0.75 ± 0.14
Wombacher et al. (2009) �2.64 ± 0.23 �0.14 ± 0.11 �0.25 ± 0.08
Chakrabarti and Jacobsen
(2010)

�2.58 ± 0.16 �0.58 ± 0.29 �0.59 ± 0.27 �1.03 ± 0.28 �0.51 ± 0.32

Teng et al. (2010a) �2.63 ± 0.06 �0.31 ± 0.05
Li et al. (2010) �0.26 ± 0.07 �0.22 ± 0.07

�0.29 ± 0.09 �0.21 ± 0.09
Bourdon et al. (2010) �2.60 ± 0.10 �0.16 ± 0.12 �0.16 ± 0.11
Teng et al. (2010b) �2.61 ± 0.08 �0.30 ± 0.09 �0.33 ± 0.05

Errors stand for 2 standard deviation. �, d56Fe and error are calculated by assuming d56Fe = d57Fe � 2/3 and error of d56Fe = error of d57Fe � 2/3.
The USGS whole rock standard data measured in UIUC laboratory is from Huang et al. (2009b).
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dependent isotope fractionation lines (Young et al., 2002).
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ranging from �0.09& to 0.11&, opx from �0.09& to
0.10&, and cpx from 0.00& to 0.17&, respectively. d56Fe
of minerals from LHLS5 and LHLS16 were replicated by
digestion of different mineral grain aliquots showing good
reproducibility. LHLS6 olivine is isotopically light with a
d56Fe of �0.22 ± 0.10&, while LHLS5 and LHLS16 oli-
vines are heavier with d56Fe of 0.14 ± 0.05& and
0.18 ± 0.07&, respectively. Following the behavior of oliv-
ine, opx and cpx of LHLS6 are also light (d56Fe of
�0.22 ± 0.08& and �0.16 ± 0.08&, respectively) while
opx and cpx of LHLS5 and LHLS16 are heavy (d56Fe rang-
ing from 0.21& to 0.24&). The average d56Fe of all olivines
is �0.01 ± 0.18& (2SD, n = 18), opx is 0.04 ± 0.20&, and
cpx is 0.10 ± 0.19&. Calculated whole rock isotopic com-
positions display a range of d56Fe from �0.21& to 0.19&

with an average of 0.01 ± 0.17&, consistent with d56Fe of
mantle peridotite xenoliths in previous studies (Williams
et al., 2005, �0.38& to 0.10&; Schoenberg and Blancken-
burg, 2006, �0.09& to 0.05&; Weyer et al., 2005, 2007,
�0.02& to 0.07&; Weyer and Ionov, 2007, �0.43& to
0.09&; Zhao et al., 2010, �0.12& to 0.06&). Our results
also support the inference that the average of mantle peri-
dotites may be slightly lighter in Fe isotopic composition
relative to the average of mid-ocean ridge basalt (MORB)
and oceanic-island basalt (OIB) (�0.1&), but similar to
or lighter than many island arc basalts (IAB) (�0.04& to
0.14&) (e.g., Poitrasson and Freydier, 2005; Poitrasson,
2006; Teng et al., 2008; Dauphas et al., 2009a; Schoenberg
et al., 2009; Schuessler et al., 2009).

Currently fewer studies of d26Mg in high temperature
samples exist than those of d56Fe; they show greater incon-
sistency of results for different rock or mineral standards
than the Fe isotope studies. Our Mg isotope data for mantle
minerals (Table 3) further reinforce this inconsistency be-
tween laboratories. d26Mg of olivines from the Lianshan
lherzolites vary from �0.25& to �0.42&, orthopyroxene
from �0.17& to �0.38&, and clinopyroxene from
�0.09& to �0.39& (Table 3), and therefore do not display
the 4& range of d26Mg observed by laser ablation MC-
ICP-MS (Pearson et al., 2006). The average d26Mg of oliv-
ine is �0.34 ± 0.10& (2SD, n = 18), of opx is
�0.25 ± 0.10&, and of cpx is �0.24 ± 0.18&. The averages
and ranges of d26Mg of mantle minerals in this study agree
within error with data recently reported in Yang et al.
(2009) (olivine, �0.29 ± 0.19&; opx, �0.21 ± 0.09&; cpx,
�0.22 ± 0.14&), Handler et al. (2009) (�0.27 ± 0.14&

for olivine), and Young et al. (2009) (�0.25 ± 0.16& for
olivine), but are systematically heavier than the values in
Chakrabarti and Jacobsen (2010) by �0.2& and lighter
than those reported in Wiechert and Halliday (2007).
Calculated d26Mg of bulk peridotites varies from �0.22&

to �0.38& with an average of �0.30 ± 0.09& (2SD,
n = 18) (Table 3), also in agreement with the values re-
ported in Yang et al. (2009) (�0.26 ± 0.16&), Teng et al.
(2010a) (�0.25 ± 0.04&), and Bourdon et al. (2010)
(�0.22 ± 0.05&), and indistinguishable from the values of
terrestrial komatiites, basalts, andesites, granodiorites,
and chondrites (Norman et al., 2006; Teng et al., 2007,
2010a; Tipper et al., 2008a; Huang et al., 2009b; Dauphas
et al., 2010; Bourdon et al., 2010).

5. DISCUSSION

5.1. Inter-laboratory comparison of Fe and Mg isotope data

Because variations of Fe and Mg isotopic composition
in high temperature rock and mineral samples are small,
it is critical to examine the inter-laboratory offsets of iso-
tope data from different groups. Comparison of widely-
studied whole rock and mono-element solution standard



Table 2
Fe isotopic data for mantle minerals.

Sample Olivine Orthopyroxene Clinopyroxene D56Feol–opx 2SD D56Feol–cpx 2SD

d56Fe 2SD d57Fe 2SD n d56Fe 2SD d57Fe 2SD n d56Fe 2SD d57Fe 2SD n

LHLS1 0.12 0.05 0.15 0.07 4 0.11 0.04 0.21 0.04 4 0.20 0.09 0.28 0.08 4 0.01 0.09 �0.06 0.11
Repeated1 0.10 0.06 0.12 0.11 8 0.12 0.04 0.20 0.04 4 0.14 0.07 0.21 0.08 4
Repeated1 0.08 0.04 0.11 0.06 4
Average 0.11 0.07 0.13 0.10 12 0.10 0.05 0.17 0.10 12 0.17 0.09 0.24 0.11 8
LHLS2 �0.01 0.07 �0.01 0.14 4 �0.03 0.06 �0.10 0.17 4 0.01 0.06 0.04 0.15 6 0.07 0.09 0.00 0.08
Repeated1 0.03 0.04 0.07 0.11 8 �0.09 0.03 �0.16 0.16 4
Average 0.01 0.06 0.03 0.13 12 �0.06 0.07 �0.13 0.17 8
LHLS3 �0.01 0.09 �0.03 0.16 4 0.03 0.01 0.05 0.10 2 0.08 0.05 0.11 0.08 4 �0.04 0.09 �0.09 0.10
LHLS4 0.03 0.05 0.09 0.18 4 0.09 0.06 0.16 0.16 2 0.08 0.10 0.13 0.13 3 �0.06 0.08 �0.05 0.11
LHLS5 0.12 0.03 0.22 0.08 4 0.23 0.01 0.28 0.08 3 0.21 0.02 0.33 0.08 3 �0.10 0.05 �0.07 0.05
Repeated2 0.16 0.03 0.22 0.05 4 0.24 0.03 0.39 0.15 4
Average 0.14 0.05 0.22 0.06 8 0.24 0.02 0.34 0.16 7
LHLS6 �0.22 0.10 �0.32 0.17 4 �0.22 0.08 �0.32 0.11 4 �0.16 0.08 �0.19 0.12 4 0.00 0.13 �0.06 0.13
LHLS7 �0.07 0.05 �0.07 0.13 4 �0.03 0.01 �0.01 0.06 3 0.00 0.09 �0.02 0.10 3 �0.04 0.05 �0.07 0.10
LHLS8 0.02 0.10 0.03 0.13 4 0.01 0.03 �0.01 0.08 3 0.15 0.02 0.26 0.14 3 0.02 0.11 �0.13 0.10
Repeated2 �0.02 0.04 �0.03 0.08 3
Average 0.00 0.04 �0.02 0.07 6
LHLS9 �0.05 0.08 �0.09 0.10 4 0.01 0.09 0.01 0.03 3 0.00 0.08 0.01 0.06 2 �0.06 0.12 �0.05 0.11
LHLS10 �0.07 0.06 �0.13 0.06 4 0.01 0.09 0.05 0.08 4 0.10 0.09 0.15 0.08 4 �0.07 0.11 �0.17 0.08
Repeated2 �0.05 0.05 �0.06 0.14 4 0.11 0.01 0.14 0.07 4
Average �0.06 0.06 �0.09 0.13 8 0.11 0.06 0.15 0.07 8
LHLS11 �0.04 0.07 �0.06 0.05 4 0.04 0.11 0.08 0.14 4 0.14 0.08 0.21 0.20 4 �0.08 0.13 �0.18 0.11
LHLS12 �0.01 0.07 0.03 0.06 4 0.09 0.06 0.18 0.11 4 0.14 0.04 0.23 0.09 4 �0.10 0.09 �0.15 0.08
LHLS13 �0.03 0.05 �0.05 0.09 4 0.10 0.05 0.14 0.14 4 0.13 0.04 0.29 0.13 4 �0.13 0.07 �0.16 0.06
LHLS14 �0.09 0.05 �0.15 0.02 4 0.04 0.14 0.03 0.19 4 0.07 0.04 0.09 0.08 4 �0.13 0.15 �0.16 0.06
LHLS15 �0.04 0.06 �0.10 0.07 4 0.03 0.07 0.02 0.03 4 0.16 0.05 0.24 0.18 4 �0.07 0.09 �0.20 0.08
LHLS16 0.18 0.07 0.26 0.11 4 0.22 0.09 0.32 0.17 4 0.24 0.06 0.38 0.10 4 �0.03 0.10 �0.06 0.09
Repeated2 0.21 0.07 0.30 0.08 4
Average 0.21 0.07 0.31 0.13 8
LHLS17 �0.03 0.06 0.01 0.04 4 0.06 0.03 0.07 0.07 4 0.08 0.08 0.13 0.17 4 �0.09 0.07 �0.11 0.10
LHLS18 0.00 0.08 �0.02 0.23 4 0.03 0.06 0.00 0.09 4 0.16 0.09 0.26 0.15 4 �0.03 0.1 �0.16 0.12
Repeated2 �0.07 0.08 �0.11 0.07 4 0.00 0.05 0.03 0.19 4
Average �0.04 0.10 �0.06 0.18 8 0.01 0.06 0.01 0.11 8

Mineral mean �0.01 0.18 �0.01 0.27 18 0.04 0.20 0.06 0.30 18 0.10 0.19 0.16 0.28 18 �0.05 0.11 �0.10 0.12

Note. Repeated measurements include (1) re-analysis of same purified Fe solution in different days and (2) new digestion of the same sample. n stands for the number of repeated analyses by MC-
ICP-MS.
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Table 3
Mg isotopic data for mantle minerals.

Sample Olivine Orthopyroxene Clinopyroxene D26Mgol–opx 2SD D26Mgol–cpx 2SD

d26Mg 2SD d25Mg 2SD n d26Mg 2SD d25Mg 2SD n d26Mg 2SD d25Mg 2SD n

LHLS1 �0.37 0.02 �0.20 0.02 4 �0.32 0.04 �0.19 0.04 4 �0.30 0.07 �0.13 0.04 5 �0.07 0.12 �0.06 0.13
Repeated �0.45 0.06 �0.24 0.05 4 �0.37 0.08 �0.19 0.08 4 �0.34 0.07 �0.14 0.10 4
Repeated �0.39 0.07 �0.19 0.05 4
Average �0.41 0.10 �0.21 0.07 8 �0.34 0.08 �0.19 0.07 8 �0.35 0.10 �0.16 0.11 13
LHLS2 �0.32 0.09 �0.17 0.09 4 �0.29 0.07 �0.17 0.06 4 �0.26 0.03 �0.14 0.04 4 �0.01 0.17 �0.06 0.18
Repeated �0.40 0.07 �0.18 0.01 4 �0.38 0.09 �0.18 0.02 6 �0.33 0.07 �0.17 0.05 6
Average �0.34 0.12 �0.17 0.08 8 �0.33 0.12 �0.17 0.04 10 �0.32 0.13 �0.16 0.07 10
LHLS3 �0.30 0.12 �0.16 0.08 6 �0.29 0.12 �0.15 0.07 6 �0.09 0.07 �0.04 0.05 4 �0.01 0.17 �0.21 0.14
LHLS4 �0.37 0.12 �0.17 0.06 4 �0.26 0.07 �0.15 0.02 4 �0.43 0.04 �0.24 0.04 4 �0.11 0.14 0.06 0.13
LHLS5 �0.39 0.09 �0.21 0.07 4 �0.28 0.11 �0.12 0.04 4 �0.29 0.13 �0.14 0.07 4 �0.14 0.15 �0.13 0.16
Repeated �0.45 0.04 �0.24 0.02 4
Average �0.42 0.10 �0.23 0.06 8
LHLS6 �0.26 0.11 �0.12 0.12 5 �0.25 0.16 �0.13 0.27 3 �0.09 0.10 �0.05 0.05 4 0.00 0.21 �0.15 0.14
Repeated �0.22 0.09 �0.10 0.05 4
Average �0.25 0.10 �0.10 0.08 9
LHLS7 �0.31 0.06 �0.15 0.02 4 �0.20 0.14 �0.08 0.10 4 �0.16 0.09 �0.08 0.07 4 �0.11 0.15 �0.15 0.11
LHLS8 �0.29 0.07 �0.13 0.03 4 �0.18 0.07 �0.10 0.06 4 �0.14 0.10 �0.07 0.06 4 �0.11 0.11 �0.15 0.12
Repeated �0.19 0.10 �0.10 0.06 4
Average �0.18 0.08 �0.10 0.06 8
LHLS9 �0.34 0.07 �0.15 0.03 4 �0.19 0.10 �0.12 0.04 4 �0.16 0.18 �0.09 0.07 4 �0.15 0.12 �0.18 0.19
LHLS10 �0.41 0.08 �0.21 0.06 4 �0.17 0.17 �0.08 0.08 3 �0.20 0.12 �0.10 0.05 3 �0.22 0.14 �0.23 0.14
Repeated �0.21 0.07 �0.10 0.08 3 �0.16 0.12 �0.09 0.05 3
Average �0.19 0.12 �0.09 0.08 6 �0.18 0.11 �0.10 0.04 6
LHLS11 �0.37 0.07 �0.17 0.04 4 �0.27 0.09 �0.13 0.06 4 �0.27 0.05 �0.14 0.02 4 �0.10 0.11 �0.1 0.09
LHLS12 �0.33 0.05 �0.17 0.03 4 �0.23 0.09 �0.10 0.08 4 �0.20 0.13 �0.11 0.06 5 �0.10 0.10 �0.13 0.14
LHLS13 �0.33 0.05 �0.17 0.05 4 �0.25 0.08 �0.12 0.06 4 �0.24 0.05 �0.10 0.03 4 �0.08 0.09 �0.09 0.07
LHLS14 �0.30 0.09 �0.15 0.06 4 �0.19 0.07 �0.09 0.04 4 �0.27 �0.11 1 �0.11 0.11 �0.03 0.09
LHLS15 �0.36 0.06 �0.18 0.04 4 �0.24 0.10 �0.13 0.03 4 �0.23 0.11 �0.11 0.05 4 �0.12 0.12 �0.13 0.13
LHLS16 �0.44 0.09 �0.22 0.05 4 �0.22 0.14 �0.11 0.08 4 �0.29 0.11 �0.15 0.05 4 �0.10 0.16 �0.03 0.13
Repeated �0.37 0.07 �0.19 0.09 4 �0.26 0.09 �0.15 0.05 4
Repeated �0.32 0.07 �0.17 0.02 4
Average �0.37 0.12 �0.19 0.06 12 �0.28 0.10 �0.15 0.05 8
LHLS17 �0.28 0.02 �0.14 0.06 4 �0.27 0.06 �0.13 0.04 4 �0.27 0.07 �0.13 0.07 4 �0.01 0.06 �0.01 0.07
LHLS18 �0.31 0.14 �0.16 0.08 4 �0.29 0.14 �0.14 0.05 4 �0.26 0.07 �0.13 0.04 4 �0.02 0.20 �0.05 0.16

Mineral mean �0.34 0.10 �0.17 0.06 18 �0.25 0.10 �0.12 0.06 18 �0.24 0.18 �0.12 0.09 18 �0.09 0.12 �0.10 0.15

Note. Repeated measurements are new digestion of the same sample.
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Table 4
Magnesium and iron isotope composition of peridotite xenoliths from east central China.

Sample Mg# T (�C) P (kbar) Mineral mode (wt.%) d26Mg d25Mg d56Fe d57Fe

ol opx cpx sp

LHLS1 90.1 916 10.7 56.3 27.0 14.4 1.8 �0.38 �0.20 0.11 0.15
LHLS2 90.8 918 3.5 71.4 19.1 8.9 1.0 �0.34 �0.16 0.00 0.00
LHLS3 89.0 880 12.2 59.4 23.2 14.9 2.3 �0.26 �0.14 0.01 0.01
LHLS4 90.1 966 9.6 62.7 24.5 12.5 1.2 �0.35 �0.17 0.05 0.11
LHLS5 89.3 1021 12.1 73.5 17.1 8.9 0.6 �0.38 �0.20 0.15 0.24
LHLS6 89.7 973 10.9 59.7 23.1 15.0 1.9 �0.22 �0.10 �0.21 �0.29
LHLS7 89.7 957 11.5 65.6 17.7 14.1 2.1 �0.26 �0.12 �0.05 �0.05
LHLS8 89.8 887 12.1 59.5 23.8 14.8 1.7 �0.24 �0.11 0.00 0.00
LHLS9 90.4 993 10.8 57.9 24.8 16.1 1.5 �0.27 �0.13 �0.03 �0.05
LHLS10 89.6 964 11.8 53.2 27.9 16.3 2.0 �0.30 �0.15 �0.01 �0.01
LHLS11 91.0 960 10.3 64.3 27.3 7.0 0.8 �0.33 �0.15 0.00 0.00
LHLS12 91.2 877 7.6 73.3 18.3 7.5 0.5 �0.30 �0.15 0.02 0.07
LHLS13 91.2 971 12.2 67.1 24.5 6.9 0.8 �0.30 �0.15 0.01 0.02
LHLS14 90.0 908 10.9 60.3 27.7 11.0 1.7 �0.26 �0.13 �0.04 �0.07
LHLS15 89.6 980 12.2 54.2 29.6 15.0 1.1 �0.30 �0.15 0.01 �0.01
LHLS16 89.2 1027 12.3 70.2 22.2 7.5 0.1 �0.33 �0.17 0.19 0.28
LHLS17 90.3 980 11.5 57.4 28.6 12.6 1.7 �0.27 �0.13 0.01 0.04
LHLS18 89.7 970 11.3 54.7 27.7 17.1 – �0.29 �0.15 0.01 0.01

Average �0.30 �0.15 0.01 0.03
2r 0.09 0.05 0.17 0.25

Mg# is from Reisberg et al. (2005). Temperature and pressure were calculated using two pyroxene barometers and thermometers in Putirka
(2008).
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data provides a good way to reveal inter-laboratory analyt-
ical discrepancies. Three USGS whole rock standards (BIR-
1, AGV-1, and BCR-2) and one in-house pure Fe solution
standard (ETH hematite) were measured in the UIUC lab-
oratory for d56Fe (Table 1). These data show excellent
agreement with literature values, suggesting that inter-labo-
ratory biases for Fe isotopes are negligible.

In contrast, considerable discrepancies in Mg isotope
data exist for whole rock standards reported in the literature
(Table 1). For the pure Mg solution CAM-1, average d26Mg
of 44 measurements from the UIUC laboratory is
�2.63 ± 0.11&, consistent with other literature values
(e.g., Galy et al., 2001, 2003; Tipper et al., 2006a,b,
2008a,b; Yang et al., 2009; Young et al., 2009; Bourdon
et al., 2010). Data for whole rock standards show more vari-
ations. For example, our two analyses of DTS-1 (a dunite
standard) yielded d26Mg of �0.30 ± 0.16& and
�0.37 ± 0.06&, respectively (Huang et al., 2009b), in agree-
ment with the values reported in Yang et al. (2009)
(�0.30 ± 0.05&), Wombacher et al. (2009) (�0.25 ±
0.08&), and Teng et al. (2010b) (0.30 ± 0.09), but quite dif-
ferent from that (�1.03 ± 0.28&) in Chakrabarti and
Jacobsen (2010). d26Mg of BCR-1, BHVO-1, and PCC-1 re-
ported in Chakrabarti and Jacobsen (2010) are also system-
atically lighter than the values in other studies by 0.2&

(Table 1). Two granite standards from the UIUC laboratory
(GA, �0.34 ± 0.15&; and GSN, �0.24 ± 0.23&) are close
to the values reported in Li et al. (2010) but our GA data
are different from the d26Mg reported in Bolou-Bi et al.
(2009) (�0.75 ± 0.14&). Our BCR-1 and BCR-2 data are
consistent with the values in Young and Galy (2004) and
Teng et al. (2007), but slightly lighter than those reported
in Bizzarro et al. (2005), Tipper et al. (2008a), Wombacher
et al. (2009), and Bourdon et al. (2010), although all the re-
ported data are still consistent within error (2SD).

Because the d26Mg of San Carlos olivine reported in the
literature showed large variations from �0.06& to �0.73&

(Pearson et al., 2006, �0.58& and �0.64&; Wiechert and
Halliday, 2007, �0.06&; Teng et al., 2007, �0.62& and
�0.73&; Handler et al., 2009, �0.17&; Huang et al.,
2009b, �0.27&), a homogenized standard was recently
made by handpicking and powdering �50 g of San Carlos
olivine to eliminate possible isotopic heterogeneity (Chak-
rabarti and Jacobsen, 2010). This standard was measured
in three laboratories and the reported d26Mg still ranged
from �0.19& to �0.55& (Young et al., 2009, �0.19&;
Chakrabarti and Jacobsen, 2010, �0.55&; Liu et al.,
2010, �0.27&). This indicates that the inter-laboratory dis-
crepancies for the whole rock and olivine standards do not
reflect Mg isotopic heterogeneity but analytical artifacts,
resulting from standard solution storage issues, matrix ef-
fects, low yields of chemical procedures, or a combination
of the above. This makes inter-laboratory comparisons
for Mg isotope data currently difficult. More analyses of
whole rock and mineral standards and inter-laboratory cal-
ibration are needed in order to advance this tool.

5.2. Inter-mineral Fe and Mg isotope fractionation

Recent advances in analytical methods for high preci-
sion Mg and Fe isotopic measurements and theoretical cal-
culations of equilibrium fractionation at high temperatures
allow better understanding of inter-mineral isotopic frac-
tionation in mantle peridotites. D56Feol–opx of 18 samples



Fe–Mg isotopic compositions of peridotite xenoliths 3327
varies from 0.07& to �0.13& with an average of
�0.05 ± 0.11& (2SD) while D56Feol–cpx in this study varies
from 0.00& to �0.20& with an average of �0.10 ± 0.12&

(2SD, n = 18) (Table 2 and Fig. 3). The histogram of d56Fe
indicates that olivine has a slightly lighter d56Fe (or d57Fe)
than clinopyroxene, but similar d56Fe (or d57Fe) to orthopy-
roxene (Fig. 4), consistent with previous studies (e.g., Beard
and Johnson, 2004; Williams et al., 2005; Weyer and Ionov,
2007; Zhao et al., 2010). Although these isotopic differences
generally agree with theoretical prediction of inter-mineral
equilibrium fractionation factors (e.g., D56Feol–cpx =
�0.09& and D56Feol–opx = 0.03& at 1000 �C, Polyakov
and Mineev, 2000), it is still unclear whether these isotopic
offsets reflect inter-mineral equilibrium or disequilibrium
as a consequence of open system processes (Beard and
Johnson, 2004; Williams et al., 2005; Zhao et al., 2010).

Because equilibrium isotope fractionation factor be-
tween mantle mineral pairs is generally small at high tem-
perature, mantle minerals in equilibrium should match in
isotopic variations. Therefore, isotopic equilibrium between
mineral pairs can be assessed using plots of d56Fe vs. d56Fe,
where minerals in equilibrium should fall on a line with a
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for inter-mineral equilibrium fractionations at high temper-
atures (Young et al., 2009; Schauble, 2011) (Fig. 5). It is
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Fig. 5. Variation of Fe and Mg isotope fractionation between
mantle minerals with equilibrium temperatures calculated using the
two-pyroxene thermometer from Putirka (2008). The equilibrium
isotope fractionation curves for Fe and Mg isotopes are from
Polyakov and Mineev (2000) and Young et al. (2009), respectively.
likely that such slight but systematic fractionations suggest
Mg isotopic equilibrium between minerals for most samples
of this study, consistent with the implications of Fe isotope
observations.

The conclusion that mantle minerals are commonly in
Fe and Mg isotopic equilibrium is not surprising given
the fact that most mantle minerals are in oxygen isotope
equilibrium and span a narrow range in d18O (Mattey
et al., 1994; Hoefs, 1997; Eiler, 2001) and that the diffusion
coefficient of oxygen is slower than that of iron and magne-
sium in mantle minerals (e.g., Gérard and Jaoul, 1989).
Although a few studies presented variable oxygen isotope
data showing inter-mineral isotopic disequilibrium, these
peridotite samples are rare and normally exhibit elemental
disequilibrium and intra-crystal zoning probably reflecting
strong fluid–rock interaction (such as the polymict perido-
tite xenoliths from the Kaapvaal Craton, South Africa;
Zhang et al., 2000). However, this is not the case for the
xenoliths studied for Fe–Mg–Ca isotopes (such as those
from East China and San Carlos). Isotopic equilibrium
can be obtained by diffusion in a few million years or by dis-
solution and re-precipitation in considerably less time (e.g.,
Williams et al., 2005).

5.3. Implications for mineral thermometers and barometers

Inter-mineral isotopic fractionation provides important
constraints on the applications of mineral thermometers
and barometers. Complete chemical equilibrium between
mineral pairs is the prerequisite of mineral thermometers
and barometers. If elemental and isotopic equilibrium be-
tween mantle minerals is disturbed by partial melting or
metasomatism, isotopic equilibrium should be approached
via kinetic processes (e.g., chemical diffusion) much faster
than elemental equilibrium (Lesher, 1990, 1994; Laan
et al., 1994). Therefore, theoretically, any disequilibrium
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indicated by non-equilibrium partitioning of major element
isotopes (such as O, Mg, and Fe) between minerals would
provide a demonstration of elemental disequilibrium, which
in turn strongly suggests that the calculated equilibrium
temperatures and pressures would not be reliable. There-
fore, if Fe isotopic disequilibrium exists among mantle min-
erals, equilibrium pressures and temperatures cannot be
expected to be extracted from mineral thermometers and
barometers (e.g., Zhao et al., 2010).

Density functional calculations, based on differences in
metal–O bonding environments in mantle minerals, have
been used to provide quantitative estimates of equilibrium
fractionation factors for Mg and Ca isotopes between min-
erals from San Carlos peridotite xenoliths (Young et al.,
2009; Huang et al., 2010b). This has led to the proposal that
Mg isotope inter-mineral fractionations could be used as a
new geo-thermometer (Young et al., 2009). Similarly, San
Carlos minerals exhibit slight Fe isotopic fractionation
(D56Feol–cpx = �0.08&; D56Feol–opx = 0.01&) (Weyer
et al., 2007), which agrees well with the data in our study
and theoretical prediction of equilibrium fractionation
(Polyakov and Mineev, 2000). However, measured Ca
and Mg isotopic offsets between San Carlos opx and cpx
is significantly larger than predictions based on density
functional calculations at normal upper mantle tempera-
tures (Young et al., 2009; Huang et al., 2010b). Geochemi-
cal studies of the San Carlos peridotites show complete
chemical equilibrium with a reasonable two-pyroxene tem-
perature around 1000 �C (Galer and O’Nions, 1989), which
is significantly higher than the equilibrium temperature cal-
culated from olivine–opx and olivine–cpx Mg isotope ther-
mometers (300–400 �C) (Young et al., 2009). Furthermore,
at 1000 �C, D26Mgcpx–opx predicted from density functional
calculation is 0.027& (Young et al., 2009), close to the aver-
age of D26Mgcpx–opx in LHLS samples (0.015&) (Fig. 5),
but much smaller than the D26Mgcpx–opx (0.28&) of San
Carlos peridotites measured in Young et al. (2009). This
indicates a clear discrepancy between elemental and isoto-
pic thermometers for mantle peridotites and raises ques-
tions about the results of isotopic thermometers.

There are three explanations for the temperature dis-
crepancy. First, it could reflect the fact that the density
functional calculations only provide qualitative or semi-
quantitative estimates of partitioning of stable isotopes be-
tween mantle minerals (Young et al., 2009; Huang et al.,
2010b), and thus may not be accurate enough to quantify
equilibrium fractionation factors of Mg isotopes. Second,
it is possible that San Carlos peridotites measured in Young
et al. (2009) are indeed in isotopic disequilibrium, and they
are different from the San Carlos samples studied by Galer
and O’Nions (1989) and Weyer et al. (2007). Measurement
of major element and Mg isotopic compositions for miner-
als from the same San Carlos peridotite is necessary to ad-
dress this possibility. And third, the d26Mg of San Carlos
cpx in Young et al. (2009) may not be representative or
accurate. d26Mg of cpx in the most recent studies range
from �0.06& to �0.39& (Handler et al., 2009; Yang
et al., 2009; and this study), while two San Carlos cpx deter-
mined in Young et al. (2009) exhibit significantly higher
d26Mg (0.16& and 0.13&). Clearly, successful application
of Mg isotope thermometry requires more accurate and
precise Mg isotope data for mantle minerals in future
studies.

5.4. Fe and Mg isotope compositions of the upper mantle

Investigation of peridotite xenoliths provides a direct
characterization of the lithospheric mantle avoiding the is-
sue of isotopic fractionation produced during magma gen-
eration, evolution or even weathering processes. Fig. 6
shows Fe and Mg isotopic compositions of mantle minerals
and bulk peridotites calculated based on mineral modes.
We estimate the d26Mg of the BSE to be �0.30 ± 0.09&

(2SD), based on the average of 18 peridotites measured
here. Although there remain inter-laboratory discrepancies
of Mg isotope data as shown by standard analyses (Table 1),
there is generally good agreement between laboratories for
the 26Mg of the BSE, with our value being within error of
those of Handler et al. (2009) (�0.27 ± 0.14&), Yang
et al. (2009) (�0.26 ± 0.16&), Dauphas et al. (2010)
(�0.28 ± 0.04&), Teng et al. (2010a) (�0.25 ± 0.07&),
and Bourdon et al. (2010) (�0.23 ± 0.11&). However,
our value is significantly heavier than that of Chakrabarti
and Jacobsen (2010) (�0.54&). Our results do not exhibit
any resolvable difference with the d26Mg of chondrites
(�0.14& to �0.36&) recently reported in Young et al.
(2009), Teng et al. (2010a), and Bourdon et al. (2010), likely
implying a chondritic Mg isotopic composition of the BSE.

d56Fe values of whole rocks range from 0.19& to
�0.21&. Excluding the few samples which may be affected
by metasomatism (see discussion below), the average d56Fe
is 0.01 ± 0.08& (2SD, n = 15). This value agrees well with
those of previous studies of mantle peridotites and
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chondrites (Poitrasson et al., 2004; Williams et al., 2004,
2005; Weyer et al., 2005, 2007; Schoenberg and Blancken-
burg, 2006; Weyer and Ionov, 2007), supporting the pre-
mise that the BSE has a chondritic Fe isotopic
composition (Weyer and Ionov, 2007; Weyer et al., 2007).

5.5. Variation of Fe and Mg isotopic composition in mantle

peridotites

Substantial variations of d56Fe between different perido-
tite xenoliths (up to 0.4&) are observed in this study. We
assess the two mechanisms suggested in previous studies,
partial melting and metasomatism to explain this variation.
Two high d56Fe samples (LHLS5 and LHLS16) have high
total FeO contents, La/Yb, and high equilibration temper-
atures relative to other samples (Figs. 7 and 8). Although
these two samples also have lower Mg# than most other
xenoliths, d56Fe of the bulk Lianshan samples overall does
not show a systematic variation with Mg# (Fig. 7). This
suggests that partial melting of fertile mantle does not cause
significant Fe isotopic fractionation in the Lianshan
peridotites.

Instead, the heavy d56Fe in LHLS5 and LHLS16 prob-
ably result from reaction between peridotites and evolved,
silica-undersaturated Fe-rich melts providing the observed
coupling of high d56Fe with high FeO content and La/
Yb. This process has been proposed to produce low Mg#,
high FeO content, and high La/Yb (Ionov et al., 2005)
and was referred to as E-1 type metasomatism in Weyer
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Fig. 7. Variations of d56Fe of the Lianshan peridotites with Mg#, 187Os/1

olivine, and (opx mode)/(cpx mode). Data source is Reisberg et al. (2005)
errors for all mineral analyses.
and Ionov (2007). Our data further show that its influence
on Mg isotope ratios cannot be clearly resolved with cur-
rent analytical precision (±0.1&) (Fig. 8), either because
the metasomatic melt has similar Mg isotopic composition
to that of the peridotites or because isotopic variation
caused by metasomatism is diluted by the high Mg content
of peridotites. As discussed in Weyer and Ionov (2007),
melts with high FeO content and heavy Fe isotopes can
be produced by partial melting of fertile mantle and magma
evolution in the mantle via fractional crystallization and
melt–peridotite interaction. However, unlike the samples
that experienced the E-1 type metasomatism in Weyer
and Ionov (2007), LHLS5 and LHLS16 do not have very
high CaO/Al2O3 and cpx/opx (Fig. 7).

The coupling of high d56Fe and high La/Yb in LHLS5
and LHLS16 contrasts with the negative correlation be-
tween d57Fe and La/Yb in cpx recently observed in Ceno-
zoic xenoliths from Hannuoba and Hebi in the NCC
(Fig. 1) (Zhao et al., 2010). This may reflect a different role
of metasomatism in modifying geochemistry of peridotites
from these two locations. The lack of sulfides and low Re
(0.016–0.15 ppb) and Os contents (0.14–3.78 ppb) in LHLS
xenoliths suggests extensive melt percolation (Reisberg
et al., 2005), while Hannuoba samples have abundant sul-
fides and high Re (0.04–0.29 ppb) and Os contents (1.88–
4.65 ppb) (Gao et al., 2002), arguing that metasomatism
was a less pervasive process than in the Lianshan samples.

LHLS6 has lower bulk d56Fe (�0.21&) than the other
samples. Notably 187Os/188Os, CaO/Al2O3, Mg#, La/Yb,
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total FeO content, equilibrium temperature, olivine mode,
and opx/cpx of LHLS6 are not clearly different from the
values of other samples having normal d56Fe (Fig. 7), sug-
gesting that the low d56Fe may not be due to partial melting
of the fertile mantle leaving depleted and isotopically light
residue behind. Based on mass-balance calculation,
Williams et al. (2005) also argue that such light isotopic sig-
natures are unlikely to be due to metasomatism by recycled
crustal components or fluids from subducted slabs. There-
fore, we propose that the low d56Fe in LHLS6 could result
from diffusion of light Fe isotopes from Fe-rich melt into
the peridotite during melt percolation, a process similar to
the E-2 type metasomatism proposed by Weyer and Ionov
(2007) to explain a few samples with light Fe isotope com-
positions. The LHLS6 olivine also has a heavier Mg isoto-
pic composition than other samples as confirmed by
repeated analyses (Fig. 8 and Table 3). This is similar to
the recent observation by Dauphas et al. (2010) in which
olivine minerals from Alexo komatiites have lighter Fe iso-
topic composition but slightly heavier Mg isotopic compo-
sition than the average bulk komatiites.

The bulk d56Fe of LHLS lherzolites is roughly negatively
correlated with d26Mg (Fig. 6). This correlation may not be
produced by partial melting because the Lianshan lherzo-
lites have normal Mg# ranging from 89.0 to 91.2 with an
average of 90.0. Instead, it is consistent with the prediction
from theoretical modeling of isotope fractionation in oliv-
ine due to Fe�Mg inter-diffusion (Dauphas et al., 2010).
During percolation of Fe-rich melt in the upper mantle, it
is likely that light Fe isotopes preferentially diffuse into
mantle minerals, while light Mg isotopes preferentially dif-
fuse into the melt. The slope defined by the correlation be-
tween d56Fe and d26Mg is sensitive to the mass dependent
isotope fractionation factor (b) and relative abundances
of Fe and Mg (or Mg#) in the peridotites. Variation of
Fe and Mg isotopes of peridotite can be expressed as:
d56Fe
d26Mg

� � bFeð56=54�1ÞMg#
bMgð26=24�1Þð100�MgÞ. This equation is slightly modi-

fied from the one originally used in Dauphas et al. (2010)
to simulate Fe�Mg isotope diffusive fractionation in an
olivine with low d56Fe and slightly high d26Mg from Alexo
komatiites, Canada. bFe and bMg for diffusion in silicate
minerals are not experimentally determined yet. If bFe/

bMg = 1 and Mg# = 89.7 (from LHLS6), Fe–Mg inter-
diffusion can produce a line with slope of �0.258 (Fig. 6).
If bFe/bMg = 0.63, the slope of inter-diffusion trend is same
as the slope of the LHLS trend (�0.413) (Fig. 6). The great-
er variation in d56Fe compared with d26Mg indicates that
metasomatism and kinetic processes may have a greater
effect on Fe isotopes than on Mg isotopes for mantle peri-
dotites. This could also be due to a greater dilution effect on
Mg isotopes relative to Fe isotopes. However, the current
analytical uncertainties (0.1&, 2SD) and the small varia-
tion of d26Mg in peridotite in this study (�0.22& to
�0.38&) do not allow us to further address the hypothesis
of diffusion-driven Mg isotope fractionation in mantle per-
idotites. More studies with higher precision Mg isotopic
data are needed to improve our understanding of Mg isoto-
pic variation in the upper mantle.
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6. CONCLUSIONS

This study presents the first study combining high preci-
sion Fe and Mg isotopic data for coexisting mantle miner-
als in peridotite xenoliths. The following conclusions can be
drawn:

(1) Although the Mg isotopic compositions of coexisting
olivine, opx, and cpx are indistinguishable within cur-
rent analytical uncertainties, pyroxenes statistically
have slightly heavier d26Mg than olivine. Olivine
has slightly lighter d56Fe than cpx but has identical
d56Fe to opx, consistent with previous studies (Wil-
liams et al., 2005; Zhao et al., 2010) and theoretical
calculations for inter-mineral equilibrium isotopic
fractionation (Polyakov and Mineev, 2000). These
observations and a positive linear correlation with a
slope of unity in the d56Fe�d56Fe plot for coexisting
minerals suggest inter-mineral isotopic equilibrium
for both the Fe and Mg systems in most samples.
Given that inter-mineral isotopic equilibrium should
be reached faster than elemental equilibrium at high
temperature, mineral barometers and thermometers
cannot be applied to samples which show inter-min-
eral Fe and Mg isotope disequilibrium.

(2) d56Fe and d26Mg of bulk LHLS samples calculated
using the modes of olivine, opx, and cpx range from
0.19& to �0.21& and �0.22 to �0.38&, respec-
tively. The average d56Fe of the peridotites studied
here is 0.01 ± 0.17& (n = 18, 2SD) in agreement with
previous studies (e.g., Weyer and Ionov, 2007); Sim-
ilarly, the average d26Mg is �0.30 ± 0.09&, identical
with the values of the BSE estimated in several recent
studies (�0.23& to �0.28&) (Yang et al., 2009; Han-
dler et al., 2009; Dauphas et al., 2010; Teng et al.,
2010a; Bourdon et al., 2010). Our results suggest a
chondritic Fe and Mg isotopic composition for the
BSE.

(3) Although most LHLS lherzolites generally show lim-
ited variation in d56Fe, a few outliers provide evi-
dence for metasomatic resetting and fractionation
during Fe�Mg diffusive exchange. Two samples have
significantly higher d56Fe than average mantle. Nota-
bly these samples have higher La/Yb, total FeO con-
tent, and equilibration temperature relative to the
other peridotites in this study, likely reflecting meta-
somatic reaction between peridotite and Fe-rich sili-
cate melt. One sample has lighter d56Fe and slightly
heavy d26Mg relative to the average, suggesting that
diffusion-driven kinetic processes may play a role in
fractionating Fe and Mg isotopes in mantle perido-
tites. The data of this study indicate that metasoma-
tism and kinetic processes may have greater effects on
d56Fe than on d26Mg for mantle peridotites.
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