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Abstract

Komatiites from Alexo, Canada, are well preserved and represent high-degree partial mantle melts (�50%). They are thus
well suited for investigating the Mg and Fe isotopic compositions of the Archean mantle and the conditions of magmatic dif-
ferentiation in komatiitic lavas. High precision Mg and Fe isotopic analyses of 22 samples taken along a 15-m depth profile in
a komatiite flow are reported. The d25Mg and d26Mg values of the bulk flow are �0.138 ± 0.021& and �0.275 ± 0.042&,
respectively. These values are indistinguishable from those measured in mantle peridotites and chondrites, and represent
the best estimate of the composition of the silicate Earth from analysis of volcanic rocks. Excluding the samples affected
by secondary Fe mobilization, the d56Fe and d57Fe values of the bulk flow are +0.044 ± 0.030&, and +0.059 ± 0.044&,
respectively. These values are consistent with a near-chondritic Fe isotopic composition of the silicate Earth and minor frac-
tionation during komatiite magma genesis. In order to explain the early crystallization of pigeonite relative to augite in slowly
cooled spinifex lavas, it was suggested that magmas trapped in the crystal mush during spinifex growth differentiated by Soret
effect, which should be associated with large and coupled variations in the isotopic compositions of Mg and Fe. The lack of
variations in Mg and Fe isotopic ratios either rules out the Soret effect in the komatiite flow or the effect is effaced as the solid-
ification front migrates downward through the flow crust. Olivine separated from a cumulate sample has light d56Fe and
slightly heavy d26Mg values relative to the bulk flow, which modeling shows can be explained by kinetic isotope fractionation
associated with Fe–Mg inter-diffusion in olivine. Such variations can be used to identify diffusive processes involved in the
formation of zoned minerals.
� 2010 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Initial studies of magnesium and iron isotopic variations
in natural materials focused on processes occurring in low-
temperature aqueous environments, or involving high tem-
perature chemistry between gas and condensed phases in
the protosolar nebula (Young and Galy, 2004; Dauphas
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and Rouxel, 2006, and references therein). Improvements
in precision revealed that Fe isotopes could also be frac-
tionated during high temperature igneous processes like
mantle metasomatism, partial melting, fractional crystalli-
zation, and fluid exsolution (Beard and Johnson, 2004,
2007; Williams et al., 2004, 2005; Poitrasson and Freydier,
2005; Weyer et al., 2005; Schoenberg and von Blancken-
burg, 2006; Weyer and Ionov, 2007; Heimann et al. 2008;
Teng et al., 2008; Schoenberg et al., 2009; Schuessler
et al., 2009; Dauphas et al., 2009a). Although not docu-
mented in nature, chemical and thermal diffusion in silicate

http://dx.doi.org/10.1016/j.gca.2010.02.031
mailto:dauphas@uchicago.edu


Mg and Fe isotopes in the Alexo komatiite 3275
melts can also fractionate Mg and Fe isotopes (Richter
et al., 2008, 2009a,b; Huang et al., 2009). The Mg and Fe
isotopic compositions of the bulk silicate Earth (BSE) and
the mechanism governing Fe isotopic fractionation during
partial melting are not fully resolved (Weyer et al., 2005,
2007; Schoenberg and von Blanckenburg, 2006; Weyer
and Ionov, 2007; Beard and Johnson, 2007; Poitrasson,
2007; Wiechert and Halliday, 2007; Teng et al., 2007; Dau-
phas et al., 2009a; Handler et al., 2009). Several studies
have shown that on average, fertile peridotites have chon-
dritic Mg and Fe isotopic compositions (Weyer et al.,
2005; Schoenberg and von Blanckenburg, 2006; Weyer
and Ionov, 2007; Handler et al., 2009). Terrestrial basalts
also have chondritic Mg isotopic composition (Teng
et al., 2007, 2010). A source of contention has been the sig-
nificance of the heavy Fe isotopic compositions measured in
mid-ocean ridge and oceanic island basalts (MORB and
OIB, respectively). The finding that boninites and some is-
land arc basalts (IAB) have near-chondritic Fe isotopic
compositions supports the view that the BSE has chondritic
composition and that the heavy composition of oceanic
basalts relative to the mantle reflects redox-controlled Fe
isotopic fractionation during partial melting (Dauphas
et al., 2009a).

Komatiites have several characteristics that make them
particularly useful for addressing questions relevant to
mantle melting and non-traditional stable isotope geochem-
istry. These ultramafic magmas represent very high degree
partial melts (Herzberg, 1992; Arndt, 2003). Even if isoto-
pic fractionation was present between melt and solid, the
composition of the melt approaches that of the initial solid
as the degree of partial melting increases. Komatiites are
thought to form in a plume that was hotter than the sur-
rounding mantle (e.g., Arndt et al., 1998), which was itself
hotter than the modern mantle due to secular cooling of the
Earth (Nisbet et al., 1993; Herzberg et al., 2007). Any equi-
librium isotopic fractionation should be reduced at these
high temperatures (/1/T2). When they formed, komatiites
had near-neutral buoyancy (Ohtani, 1984; Miller et al.,
1991). This, together with fast diffusion at high temperature
should eliminate kinetic isotope effects. All these aspects
concur to mitigate isotopic fractionation between mantle
and komatiite melts, making these samples ideal for study-
ing the Mg and Fe isotopic compositions of deep-seated
mantle sources.

Komatiites flows at Alexo, Ontario, Canada, show clear
evidence for magmatic evolution driven by olivine accumu-
lation (Arndt, 1986). This is similar to the Kilauea Iki lava
lake, where Teng et al. (2008) reported significant Fe isoto-
pic fractionation. The underlying mechanism for such frac-
tionation is poorly understood. If it is associated with
different partitioning of ferrous and ferric iron in olivine
(Teng et al., 2008; Dauphas et al., 2009a), this could poten-
tially be used to estimate the oxygen fugacity of komatiite
magmas during their crystallization. Kinetic isotope effects
associated with diffusion-limited growth of spinifex crystals
may also be present, in which case Fe and Mg isotopic frac-
tionation could be used as crystal growth speedometers
(Dauphas, 2007; Watson and Müller, 2009). In deeper parts
of the flow, the expected timescale for cooling would have
been sufficiently long that Fe and Mg could have diffused
in and out of olivine (Arndt, 1986), which could have frac-
tionated isotopes (Richter et al., 2008, 2009a,b). Identifying
such kinetic isotope fractionation would be important for
identifying diffusive processes that may have modified mag-
matic zoning in olivine, which would in turn provide cool-
ing rate estimates. Large temperature gradients in the flow
may have induced vertical migration of elements following
Soret diffusion (Bouquain et al., 2009). This process is nor-
mally associated with large Mg and Fe isotopic fraction-
ation (Richter et al., 2008, 2009a,b; Huang et al., 2009)
and thus isotopic analyses could help us recognize the pres-
ence of such effects in komatiite magmas. To summarize,
Mg and Fe isotopic compositions could help us understand
important processes involved in komatiite petrogenesis.

A complication is that most komatiite samples have
experienced extensive alteration and the rocks may not
have behaved as closed system for Mg and Fe (Lahaye
and Arndt, 1996). Identifying the effects of secondary alter-
ation and distinguishing these effects from those due to
magmatic processes is an important element of our study.

2. SAMPLES AND METHODS

The petrology and geochemistry of the Alexo flow has
been described by Barnes et al. (1983), Arndt (1986), La-
haye and Arndt (1996), and Bouquain et al. (2009) and
the broader geological context was given by Naldrett and
Mason (1968), Naldrett (1979), and Muir and Comba
(1979). Samples of volcanic rocks from the Alexo region
have been dated at 2.7 Ga (Corfu, 1993, and references
therein). The Alexo komatiites belong to the Al–undepleted
group of komatiites (i.e., they have chondritic Al2O3/TiO2

and Gd/Yb ratios; Lahaye et al., 1995; Arndt and Lesher,
2004). Light rare earth element (REE) depletion (La/
Sm)N = 0.47 and radiogenic initial eNd(T) = +3.8 indicate
that Alexo komatiites formed from a mantle that had expe-
rienced long-term depletion (Barnes et al., 1983; Lahaye
et al., 1995; Lahaye and Arndt, 1996). Trace and major ele-
ment compositions are consistent with 50% partial melting
of a mantle that was �300 �C hotter than the modern
MORB mantle (Arndt, 2003; Herzberg et al., 2007). The
very high temperatures inferred for the Alexo komatiites
are consistent with an origin in a plume within a mantle
that was hotter than present, which provides a unique con-
straint on secular cooling of the Earth since the Archean
(Richter, 1985; Nisbet et al., 1993). Although all rocks have
been subject to low-temperature metamorphism and have
been altered by hydrothermal fluids, they are relatively well
preserved compared to komatiites from other localities. For
instance, up to 80% of cumulus and spinifex olivine has es-
caped serpentinization (Barnes et al., 1983) and fluid inclu-
sions preserved in these olivine crystals record 3He/4He
ratios up to �73 Ra (after correction for radiogenic 4He re-
leased by crushing; Richard et al., 1996; Matsumoto et al.,
2002). All samples have experienced prehnite–pumpellyite
facies metamorphism (Jolly, 1982) and retain most of their
original textures. Alteration took several forms (Table 1)
including sulfidization, hydration, serpentinization, and
rodingitization (i.e., Ca metasomatism associated with



Table 1
Chemical compositions of komatiites from Alexo.

Sample Layer Depth
(m)

Alteration Major elements (wt%), renormalized to 100% volatile-free basis

SiO2 Al2O3 Cr2O3 Fe2O3* FeO* NiO MnO MgO CaO Na2O K2O TiO2 P2O5 Al/
Fe2+*

Mn/
Fe2+*

Mg/
Fe2+

Fe3+/
Fe2+

M667 X Breccia 1 Hyd!! 45.56 6.67 0.44 0.79 10.19 0.21 0.18 30.71 4.85 0.03 0.03 0.33 n.d. 0.922 0.0181
M666 Chill margin 2 Hyd, S 45.75 7.05 0.43 0.89 10.08 0.21 0.17 28.12 6.55 0.29 0.10 0.35 n.d. 0.986 0.0172 5.99 0.32
M662 Random 2.2 Hyd, S 45.40 6.36 0.41 0.79 9.73 0.26 0.16 29.86 6.15 0.44 0.10 0.32 n.d. 0.921 0.0168
M663 Random 3.2 Hyd, S 45.67 6.86 0.43 0.86 10.02 0.24 0.16 28.63 6.25 0.42 0.11 0.34 n.d. 0.964 0.0163 6.66 0.40
M651 Random 3.4 Hyd 45.92 6.56 0.38 0.79 9.55 0.21 0.16 29.47 6.26 0.28 0.08 0.34 n.d. 0.968 0.0171
M652 X Chevron 4.1 Hyd 45.06 5.66 0.34 0.64 9.25 0.25 0.14 33.04 5.05 0.23 0.06 0.30 n.d. 0.862 0.0155
M653 X Chevron 5.5 Hyd 45.02 5.35 0.33 0.59 9.10 0.25 0.13 34.02 4.64 0.20 0.06 0.29 n.d. 0.829 0.0146
M654 X Chevron 6.3 Hyd 44.18 5.04 0.39 0.59 9.64 0.30 0.12 35.00 4.44 0.03 0.01 0.26 n.d. 0.737 0.0127
M655 Plate 7.1 Rod 44.84 6.77 0.38 0.76 9.04 0.21 0.15 29.18 8.28 0.03 0.01 0.35 n.d. 1.055 0.0170
M665 Plate 7.8 Hyd 45.17 6.77 0.43 0.87 9.95 0.20 0.16 28.50 7.48 0.07 0.04 0.37 n.d. 0.959 0.0165
M656 X Plate 8.2 Rod 44.98 7.95 0.46 1.08 10.17 0.16 0.21 23.75 10.67 0.12 0.04 0.41 n.d. 1.102 0.0211
M668 X Plate 8.7 Hyd 46.48 8.73 0.44 1.13 10.58 0.13 0.16 23.85 7.92 0.09 0.04 0.45 n.d. 1.162 0.0155
M668
ol

Plate (olivine-
rich)

8.7 Hyd 46.52 7.24 n.d. 0.85 9.99 n.d. 0.17 29.07 5.74 0.05 0.00 0.37 n.d. 1.022 0.0175

AX105 X Plate 8.7 Hyd 46.80 7.36 n.d. 0.94 9.56 n.d. 0.17 28.24 6.42 0.09 0.00 0.37 0.05 1.085 0.0183 6.07 0.25
AX107 X Plate 8.7 Hyd 46.57 8.14 n.d. 1.08 10.18 n.d. 0.21 25.81 7.27 0.19 0.08 0.43 0.05 1.127 0.0208 4.69 0.14
M657 Plate 9.5 Rod 43.73 9.51 0.50 1.34 11.00 0.09 0.18 20.14 12.96 0.03 0.01 0.51 n.d. 1.219 0.0168 3.50 0.17
M658 X Plate 10.2 Rod 43.83 6.06 0.43 0.80 10.00 0.24 0.18 30.10 7.98 0.04 0.01 0.32 n.d. 0.854 0.0184
M710 X B1 11.5 Hyd 43.98 6.52 n.d. 0.90 9.70 n.d. 0.20 29.99 8.34 0.00 0.00 0.34 0.05 0.948 0.0204 8.85 0.74
M661 X Cumulate 13 Hyd! 44.03 3.22 0.32 0.26 8.02 0.38 0.12 42.42 1.01 0.01 0.01 0.19 n.d. 0.567 0.0153 20.36 1.30
M713 X Cumulate 14.5 Hyd- 44.78 3.81 0.29 0.20 6.95 0.33 0.14 43.07 0.20 n.d. n.d. 0.21 0.01 0.773 0.0205 20.07 1.15
M712 X Cumulate 15.5 Hyd- 44.64 3.72 0.29 0.32 7.67 0.32 0.16 39.82 2.82 n.d. 0.01 0.21 0.02 0.683 0.0212 17.06 1.05
M712
olivine

Cumulate (olivine
separate)

15.5 40.79 0.08 0.27 7.58 0.42 0.11 50.46 0.23 0.01 0.00 0.04 n.d. 0.016 0.0146

Initial
liquid

45.61 6.76 0.42 0.85 9.94 0.24 0.16 28.87 6.32 0.39 0.10 0.34 n.d. 0.957 0.0168

Average
olivine

40.88 0.07 0.21 7.97 0.41 0.12 50.13 0.21 0.012 0.0159

Bulk major and minor element concentrations are from Arndt (1986), Lahaye and Arndt (1996), and new data reported here for M668-ol, AX105, AX107, M710, and M712 olivine. The Mg/Fe2+

and Fe3+/Fe2+ ratios given in the last two columns were calculated from actual MgO, FeO and Fe2O3 concentration measurements at Service d’Analyse des Roches et des Mineraux, Nancy-
France (total Fe2O3 by atomic absorption and FeO by volumetric titration). The initial liquid composition is the average of M666, M662, and M663 (Lahaye and Arndt, 1996). The average olivine
composition is from Sobolev et al. (2007). FeO* and Fe2O3* concentrations were calculated from bulk Fe2O3 by assuming Fe3+/Fetot = 0.07 at 29.1 wt% MgO (initial liquid), Fe3+/Fetot = 0 at 51
wt% MgO (olivine), and using linear interpolation/extrapolation. Al/Fe2+ and Mn/Fe2+ ratios were calculated using FeO*. The samples marked with an X do not follow a trend of magmatic
differentiation in Al/Fe2+* vs Mn/Fe2+* diagram (Fig. 6). Hyd, S, and Rod stand for hydration, sulfide-addition, and rodingitization, respectively. Hyd-, !, !! stand for low, high, and very high
hydration.
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serpentinization reactions; Schandl et al., 1989). This alter-
ation affected to various extents the chemical compositions
of the lavas (Lahaye and Arndt, 1996), but a combination
of petrographic and geochemical data usually allows the ef-
fects of alteration to be monitored. Komatiites from Alexo
show clear evidence for olivine-controlled magmatic differ-
entiation (Arndt, 1986; Lahaye and Arndt, 1996) and com-
parison between predicted olivine-control lines with actual
data allows one to quantify net loss or gain of a particular
element during alteration (Lahaye and Arndt, 1996). Even
elements like the REE, which are relatively insoluble in
usual metamorphic and hydrothermal fluids, show evidence
of metasomatic alteration in certain samples (Lahaye et al.,
1995).

The 17-m thick lava flow can be subdivided into several
units from top to bottom (Fig. 1). At the top, a flow breccia
is underlain by a chilled margin. Samples from these two
units are thought to be representative of the lava before dif-
ferentiation. The average composition of 3 such samples
(recalculated on a water-free basis) is given in Table 1 (also,
see Lahaye and Arndt, 1996). The initial lava had a MgO of
29.1 wt%, corresponding to an anhydrous olivine liquidus
temperature at 1 atmosphere of �1580 �C (Beattie, 1993).
The most forsteritic olivines have an Mg# [Mg/
(Mg + Fe)at] of 94.1, consistent with a starting MgO con-
tent of 29.1 wt% (Arndt, 1986). Below the chill margin
are random spinifex, chevron spinifex, and plate spinifex
samples.

The texture and crystallization sequence of this spinifex
unit have been the focus of much discussion. In particular,
phase relationships (Kinzler and Grove, 1985) would pre-
dict that olivine should crystallize first and that augite
should crystallize before pigeonite while the opposite is ob-
served in the lower part of the spinifex zone (Bouquain
et al., 2009). Bouquain et al. suggested that Soret differen-
tiation of the liquid trapped in the crystal mush could ex-
plain the early crystallization of pigeonite. Crystallization
Flow top breccia

Chill margin

Random spinifex

Chevron spinifex

Plate spinifex

B1 layer

Cumulate
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Fig. 1. Depth profiles of d56Fe and d26Mg values in Alexo flow (bulk
Bouquain et al. (2009) provided details on the petrography and chemistr
in temperature gradients produces the spinifex texture
(Faure et al., 2006).

Below the spinifex layer is the B1 horizon, which con-
tains equant to elongate hopper olivine crystals showing a
preferred orientation parallel to the top of the flow (Pyke
et al., 1973; Arndt, 1986). Further down is an olivine cumu-
late containing relatively large (�0.5 mm) olivine grains.
Studying a profile within a flow can help understand the
relationships between the different units, but one should
bear in mind that some lateral magma transfer could have
taken place (Barnes et al., 1983; Arndt, 1986).

The nature and alteration type of all 22 samples ana-
lyzed in this study are presented in Table 1 and Fig. 1. They
comprise 1 flow top breccia (M667), 1 chill margin (M666),
3 random spinifex (M662, M663, M651), 3 chevron spinifex
(M652, M653, M654), 8 plate spinifex (M655, M665, M656,
M668, AX105, AX107, M657, M658), 1 B1 unit (M710),
and 3 cumulate samples (M661, M713, M712). Sample
M668-ol is the olivine-rich portion of M668 that was ob-
tained after sawing out the non-olivine rich parts between
spinifex crystals. Sample M712 olivine is an olivine separate
from M712, which was obtained by crushing the sample
and concentrating olivine grains using heavy liquids and
Frantz magnetic separation.

Iron isotopic analyses were carried out following the
method presented by Dauphas et al. (2004, 2009b). Most
samples were ground in alumina or agate mills at the
Max–Planck-Institute in Mainz; others were ground in an
agate mortar in Chicago. Approximately 10–20 mg aliquots
from several grams of homogenized powder were digested
in acid. Iron was then separated from matrix elements
and isobaric interferences using AG1-X8 anion exchange
resin in hydrochloric acid medium. The chemical separation
procedure was repeated twice. After purification, Fe iso-
topes were analyzed using a Thermo Scientific Neptune

MC-ICPMS (Multi-Collector Inductively Coupled Plasma
Mass Spectrometer) at the Origins Laboratory of the
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University of Chicago. Instrumental mass fractionation was
corrected for using sample-standard bracketing and Fe iso-
tope variations are reported in permil deviation relative to
the composition of reference material IRMM-014, which
has a composition very similar to chondrites: diFe =
[(iFe/54Fe)sample/(

iFe/iFe)IRMM-014 � 1] � 1000, where i =
56 or 57. Iron isotope variations in igneous rocks span a
narrow range of �0.3&. Dauphas et al. (2009b) demon-
strated that the isotopic analyses were accurate within the
quoted uncertainty of approximately ±0.03&. Here and
throughout the text, uncertainties are quoted at the 95%
confidence level. The chemical compositions of all samples
are compiled in Table 1 (also, see Arndt, 1986; Lahaye and
Arndt, 1996).

Magnesium isotopic analyses were performed at the Iso-
tope Laboratory of the University of Arkansas, Fayetteville
following the method described by Yang et al. (2009). All
chemical procedures were carried out in a clean laboratory
environment. Approximately 1 mg aliquots from several
grams of homogenized powder were dissolved in Savillex
screw-top beakers in mixtures of concentrated HF–HNO3

(�3:1), followed by HNO3–HCl (�3:1) and the residues
were finally dissolved in 1 N HNO3 in preparation for chro-
matographic separation. Separation of Mg was achieved by
cation exchange chromatography with Bio-Rad 200–400
mesh AG50W-X8 pre-cleaned resin in 1 N HNO3 following
an established procedure described by Teng et al. (2007)
and Yang et al. (2009). Samples containing �50 lg of Mg
were loaded onto the resin and Mg was eluted with 1 N
HNO3. This procedure was repeated in order to obtain pure
Mg solutions for mass spectrometry. Magnesium isotopic
compositions were analyzed by the standard bracketing
method using a Nu Plasma MC-ICPMS at the University
of Arkansas. Magnesium isotope variations are reported
in permil deviation relative to the composition of reference
material DSM-3, a solution made from pure Mg
metal (Galy et al., 2003): diMg = [(iMg/24Mg)sample/
(iMg/24Mg)DSM-3 � 1] � 1000, where i = 25 or 26. Multiple
analyses of synthetic solution, rock and mineral standards
over 1 year demonstrate that accurate measurements at a
precision better than 0.1& can be routinely achieved.

3. RESULTS

Except for 2 outliers (d26Mg = �0.073 ± 0.049& for the
coarse olivine spinifex lava AX105 and d26Mg = �0.514 ±
0.036& for M710 from the B1 layer), the Mg isotopic com-
positions of samples from the Alexo flow are homogeneous
(Table 2 and Fig. 1). The d26Mg values of the two outliers
were replicated (from chemical separation to isotopic anal-
ysis, starting from the same solution of digested powder)
and the results are reproducible (d26Mg = �0.081 ±
0.062& vs. �0.060 ± 0.080& for AX105; d26Mg =
�0.517 ± 0.041& vs. �0.500 ± 0.080& for M710). The
average d25Mg and d26Mg values of the remaining 19 sam-
ples are �0.140 ± 0.011& and �0.275 ± 0.022&, respec-
tively. These are, to our knowledge, the first
measurements of the Mg isotopic composition of komatiitic
magmas. The value we obtained is indistinguishable from
the average composition of terrestrial mantle peridotites,
which was taken by Handler et al. (2009), Yang et al.
(2009) and Teng et al. (2010) to represent the Mg isotopic
composition of the BSE. It is also indistinguishable from
Mg isotopic measurements of basalts reported by several
groups (e.g., Young and Galy, 2004; Baker et al., 2005;
Teng et al., 2007, 2010; Tipper et al., 2008). The olivine-rich
portion of komatiite M668 has a slightly heavier Mg isoto-
pic composition than the bulk sample (d26Mg =
�0.236 ± 0.058& vs. �0.389 ± 0.058&).

Bulk komatiite samples from Alexo have Fe isotopic
compositions that range from �0.06& to +0.15& (Table 2
and Fig. 1). The 0.2& dispersion that is observed is signif-
icantly higher than the analytical uncertainty and must be
real. Many samples were replicated (from dissolution to
MC-ICPMS measurement) and all these analyses yield
reproducible iron isotopic compositions (i.e.,
d56Fe = +0.062, +0.051& for M666; +0.006, +0.004 for
M663; +0.097, +0.099 for AX105; +0.034, +0.002 for
AX107; +0.008, �0.017, �0.017, �0.007 for M657;
+0.023, +0.052 for M710; �0.048, �0.024 for M661;
�0.063, �0.059 for M713; +0.145, +0.148 for M712). A
potential concern is the fact that some powders were pre-
pared in Chicago from small hand specimens and that these
might not be representative of the bulk samples analyzed
previously by Arndt (1986) and Lahaye and Arndt (1996)
if significant heterogeneity was present at the bulk sample
scale. This was addressed by measuring the Fe isotopic
composition of M657 from a large batch of homogenized
powder used in previous publications (Arndt, 1986; Lahaye
and Arndt, 1996). There is no difference between that value
(d56Fe = +0.008 ± 0.031&) and the two values measured
from powder prepared in Chicago (d56Fe = �0.017 ±
0.029& and �0.007 ± 0.037&). Major element composi-
tions of some powders prepared in Chicago were also ana-
lyzed at Service d’Analyse des Roches et des Minéraux in
Nancy, France and very good agreement was found with
previously published data.

The widest dispersion is found in three cumulate sam-
ples; two have negative values (d56Fe = �0.04& and
�0.06&, for M661 and M713, respectively) and the third
has a positive value (d56Fe = +0.15& for M712). There is
no relationship between the isotopic compositions and the
localities of these samples – M661 comes from the eastern
outcrop and M712 and M713 from the western outcrop –
nor with their composition and degree of alteration –
M661 and M713 are completely serpentinized whereas
M712 retains a large proportion of fresh olivine.

To our knowledge, the Fe isotopic compositions of only
2 bulk komatiites were measured at high precision prior to
the present work. Poitrasson et al. (2004) reported a d56Fe
value of +0.038 ± 0.016& for WITS-1, a 3.5 Ga komatiite
from Barberton, South Africa. Weyer and Ionov (2007)
measured a value of +0.071 ± 0.022 for KAL-1, a komati-
ite from Alexo, Ontario. Sample M666 was taken at the
same location as KAL-1 and has identical Fe isotopic com-
position within uncertainties (+0.058 ± 0.022&).

The Fe3+/Fe2+ ratio was analyzed at SARM in a subset
of samples (M666, M663, AX105, AX107, M657, M710,
M661, M713, M712, Table 1) and was found to be variable
and elevated (from 0.24 for plate spinifex AX-107 to 1.40



Table 2
Mg and Fe isotopic compositions of komatiites from Alexo.

Sample Layer
(mineral)

Depth
(m)

Alteration Individual analyzes Averages of replicate analyzes

d25Mg (&) d26Mg (&) d56Fe (&) d57Fe (&) d25Mg (&) d26Mg (&) d56Fe (&) d57Fe (&)

M667 X Breccia 1 Hyd!! �0.150 ± 0.040 �0.305 ± 0.041 0.058 ± 0.029 0.061 ± 0.032 �0.150 ± 0.040 �0.305 ± 0.041 0.058 ± 0.029 0.061 ± 0.032
M666 Chill margin 2 Hyd, S �0.136 ± 0.040 �0.260 ± 0.041 0.062 ± 0.027 0.076 ± 0.040 �0.136 ± 0.040 �0.260 ± 0.041 0.058 ± 0.022 0.082 ± 0.030

0.051 ± 0.037 0.090 ± 0.045
M662 Random 2.2 Hyd, S �0.122 ± 0.040 �0.206 ± 0.041 0.037 ± 0.027 0.056 ± 0.026 �0.122 ± 0.040 �0.206 ± 0.041 0.037 ± 0.027 0.056 ± 0.026
M663 Random 3.2 Hyd, S �0.123 ± 0.040 �0.263 ± 0.041 0.006 ± 0.029 0.006 ± 0.043 �0.123 ± 0.040 �0.263 ± 0.041 0.005 ± 0.023 �0.001 ± 0.031

0.004 ± 0.037 �0.008 ± 0.045
M651 Random 3.4 Hyd �0.155 ± 0.049 �0.307 ± 0.058 0.086 ± 0.027 0.123 ± 0.026 �0.155 ± 0.049 �0.307 ± 0.058 0.086 ± 0.027 0.123 ± 0.026
M652 X Chevron 4.1 Hyd �0.169 ± 0.049 �0.314 ± 0.058 0.086 ± 0.027 0.123 ± 0.026 �0.169 ± 0.049 �0.314 ± 0.058 0.086 ± 0.027 0.123 ± 0.026
M653 X Chevron 5.5 Hyd �0.159 ± 0.040 �0.295 ± 0.062 0.126 ± 0.029 0.164 ± 0.032 �0.159 ± 0.040 �0.295 ± 0.062 0.126 ± 0.029 0.164 ± 0.032
M654 X Chevron 6.3 Hyd �0.110 ± 0.049 �0.211 ± 0.058 0.094 ± 0.029 0.137 ± 0.032 �0.110 ± 0.049 �0.211 ± 0.058 0.094 ± 0.029 0.137 ± 0.032
M655 Plate 7.1 Rod �0.151 ± 0.040 �0.326 ± 0.062 0.053 ± 0.027 0.055 ± 0.026 �0.151 ± 0.040 �0.326 ± 0.062 0.053 ± 0.027 0.055 ± 0.026
M665 Plate 7.8 Hyd �0.118 ± 0.040 �0.256 ± 0.041 0.015 ± 0.031 0.027 ± 0.036 �0.118 ± 0.040 �0.256 ± 0.041 0.015 ± 0.031 0.027 ± 0.036
M656 X Plate 8.2 Rod �0.097 ± 0.049 �0.180 ± 0.058 �0.028 ± 0.031 �0.021 ± 0.036 �0.097 ± 0.049 �0.180 ± 0.058 �0.028 ± 0.031 �0.021 ± 0.036
M668 X Plate 8.7 Hyd �0.204 ± 0.049 �0.389 ± 0.058 0.086 ± 0.031 0.161 ± 0.036 �0.204 ± 0.049 �0.389 ± 0.058 0.086 ± 0.031 0.161 ± 0.036
M668-
ol

Plate (olivine-
rich)

8.7 Hyd �0.113 ± 0.049 �0.236 ± 0.058 0.028 ± 0.039 0.031 ± 0.058 �0.113 ± 0.049 �0.236 ± 0.058 0.028 ± 0.039 0.031 ± 0.058

AX105 X Plate 8.7 Hyd �0.024 ± 0.040 �0.081 ± 0.062 0.097 ± 0.027 0.164 ± 0.040 �0.027 ± 0.031 �0.073 ± 0.049 0.098 ± 0.021 0.158 ± 0.029
�0.030 ± 0.050 �0.060 ± 0.080 0.099 ± 0.031 0.152 ± 0.042

AX107 X Plate 8.7 Hyd �0.138 ± 0.040 �0.269 ± 0.062 0.034 ± 0.029 0.057 ± 0.043 �0.138 ± 0.040 �0.269 ± 0.062 0.020 ± 0.021 0.026 ± 0.029
0.002 ± 0.031 0.000 ± 0.039

M657 Plate 9.5 Rod �0.136 ± 0.049 �0.304 ± 0.058 0.008 ± 0.031 0.006 ± 0.036 �0.139 ± 0.031 �0.305 ± 0.033 �0.006 ± 0.018 0.000 ± 0.024
�0.141 ± 0.040 �0.306 ± 0.041 �0.017 ± 0.029 �0.007 ± 0.043

�0.007 ± 0.037 0.000 ± 0.049
M658 X Plate 10.2 Rod �0.144 ± 0.049 �0.265 ± 0.058 �0.003 ± 0.029 �0.005 ± 0.032 �0.144 ± 0.049 �0.265 ± 0.058 �0.003 ± 0.029 �0.005 ± 0.032
M710 X B1 11.5 Hyd �0.251 ± 0.040 �0.517 ± 0.041 0.023 ± 0.027 0.039 ± 0.040 �0.254 ± 0.031 �0.514 ± 0.036 0.035 ± 0.021 0.058 ± 0.029

�0.260 ± 0.050 �0.500 ± 0.080 0.052 ± 0.031 0.078 ± 0.042
M661 X Cumulate 13 Hyd! �0.146 ± 0.040 �0.274 ± 0.041 �0.048 ± 0.027 �0.059 ± 0.040 �0.146 ± 0.040 �0.274 ± 0.041 �0.039 ± 0.022 �0.048 ± 0.031

�0.024 ± 0.037 �0.033 ± 0.049
M713 X Cumulate 14.5 Hyd- �0.149 ± 0.040 �0.309 ± 0.041 �0.063 ± 0.030 �0.084 ± 0.045 �0.149 ± 0.040 �0.309 ± 0.041 �0.061 ± 0.023 �0.092 ± 0.032

�0.059 ± 0.037 �0.100 ± 0.045
M712 X Cumulate 15.5 Hyd- �0.133 ± 0.040 �0.253 ± 0.062 0.145 ± 0.030 0.197 ± 0.045 �0.133 ± 0.040 �0.253 ± 0.062 0.146 ± 0.023 0.213 ± 0.032

0.148 ± 0.037 0.227 ± 0.045
M712
olivine

Cumulate
(olivine
separate)

15.5 �0.109 ± 0.048 �0.234 ± 0.087 �0.323 ± 0.060 �0.560 ± 0.072 �0.109 ± 0.048 �0.234 ± 0.087 �0.316 ± 0.034 �0.502 ± 0.047

�0.313 ± 0.041 �0.457 ± 0.063

Uncertainties are 95% confidence intervals. diFe = [(iFe/54Fe)sample/(
iFe/54Fe)IRMM-014 � 1]�103, diMg = [(iMg/24Mg)sample/(

iMg/24Mg)DSM-3 � 1] � 103.
The samples marked with an X do not follow the trend of magmatic differentiation in Al/Fe2+* vs Mn/Fe2+* diagram (Fig. 6) and may have been affected by secondary Fe mobilization. Hyd, S,
and Rod stand for hydration, sulfide-addition, and rodingitization, respectively. Hyd-, !, !! stand for low, high, and very high hydration.
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Fig. 3. Magmatic differentiation trends for Mg (A) and Fe (B).
Olivine data on the left are from Sobolev et al. (2007). Bulk rock
data are from Table 1, and references therein. FeO* was calculated
from total iron by assuming Fe3+/(Fe3++Fe2+) = 0.07 at 29.1 wt%
MgO (initial liquid), Fe3+/(Fe3++Fe2+) = 0 at 51 wt% MgO
(olivine), and using linear interpolation/extrapolation. The grey
line represents evolution of the liquid by fractional crystallization
of olivine. Olivine composition in equilibrium with liquid was
calculated using the parameterization for the exchange coefficient
ðFe2þ=MgÞol=ðFe2þ=MgÞLiq of Toplis (2005). The dashed lines
connect predicted olivine and liquid compositions. The thin solid
lines connect the bulk and olivine-rich portions of samples M668
and M712. The Fo content of olivine is the ratio Mg/(Fe + Mg).
See text for discussion.
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for highly hydrated cumulate M661). The Fe3+/Fe2+ ratio
correlates positively with MgO content (Fig. 2), reflecting
the sensitivity of olivine-rich samples to serpentinization
and Fe oxidation. Assuming that Mg is bound to olivine
and that olivine is entirely serpentinized into magnetite
and other phases, one would expect a correlation between
Fe3+/Fe2+ and Mg2+/Fe2+ with a slope approximately
equal to 2/3 � (Fe/Mg)olivine. The 2/3 factor arises from
the fact that during formation of magnetite, only 2 atoms
of Fe2+ out of 3 are converted into Fe3+. For a Fe/Mg ratio
in olivine of 8/92, the predicted slope is �0.06. The mea-
sured slope of 0.065 ± 0.015 is identical within uncertainty
to that value. This is analogous to correlations between
H2O and MgO content found in most komatiite suites,
which reflect the fact that olivine alters to H2O-rich miner-
als whereas pyroxene and plagioclase alter to H2O-poor
minerals (Smith and Erlank, 1982; Nisbet et al., 1993).

For the purpose of understanding magmatic differentia-
tion, it is important to distinguish ferrous from ferric iron.
Because directly measured Fe3+/Fe2+ ratios cannot be used
for this purpose, pre-alteration FeO* and Fe2O3* (marked
with �, Table 1) were calculated from bulk Fe2O3 by assum-
ing Fe3+/Fetotal = 0.07 at 29.1 wt% MgO (initial liquid),
Fe3+/Fetotal = 0 at 51 wt% MgO (pure olivine), and using
simple linear interpolation/extrapolation. The initial liquid
Fe3+/Fe2+ ratio corresponds to 50% partial melting of a
source with Fe3+/Fe2+ = 0.037 using liquid/solid partition
coefficients for Fe2+ and Fe3+ of 1 and 10, respectively (Ca-
nil et al., 1994).

While there are correlations between FeO* and MgO
content with Al2O3 that reflect magmatic differentiation
(Fig. 3), there is no clear correlation between d56Fe and
MgO (Fig. 4). There is a crude positive correlation for sam-
ples with MgO contents between 24 and 34 wt% but this is
opposite to the magmatic differentiation trend observed in
Kilauea Iki lava lake (Teng et al., 2008). The three samples
that were used by Lahaye and Arndt to define the initial
composition of the liquid (M666, M662, and M663) have
similar, yet resolvable d56Fe values of +0.058 ± 0.022,
+0.037 ± 0.027, and +0.005 ± 0.023&.
Fig. 2. Correlation between iron oxidation state and magnesium
content. The positive correlation between Fe3+/Fe2+ and Mg/Fe2+

reflects the fact that Mg-rich samples are rich in olivine, which is
prone to serpentinization, a process that converts Fe2+ into Fe3+

(data from Table 1).

Fig. 4. Magmatic differentiation and Fe isotopic fractionation in
Alexo komatiite flow. The MgO content of the primary liquid is
�29.1 wt% (average of M666, M662, and M663, Lahaye and
Arndt, 1996). The magmatic differentiation trend observed at
Kilauea Iki lava lake is shown for comparison (Teng et al., 2008).
The thin dashed lines correspond to mixing between the bulk and
olivine-rich portions of M668 and M712.
The olivine separate from cumulate sample M712 gave
d26Mg = �0.234 ± 0.087& and d56Fe = �0.316 ± 0.034&,
a Fe isotopic composition that is much lighter than that of



Fig. 5. Magmatic evolution of Cr2O3. The fact that most samples
plot near the olivine control lines indicates that chromite fraction-
ation did not affect the composition of the flow.
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the whole rocks. The olivine-rich portion of plate spinifex
sample M668 is also slightly isotopically lighter (d56Fe =
+0.028 ± 0.039&) than the bulk sample (d56Fe =
+0.086 ± 0.031&). In chemical composition diagrams
(Fig. 3), the two samples (M668 and M668-ol) define seg-
ments that are parallel to the trend of magmatic differenti-
ation. In a diagram d56Fe vs MgO (Fig. 4), the two samples
are parallel to the trend of magmatic differentiation ob-
served in Kilauea Iki lava lake (Teng et al., 2008). Assum-
ing that M668-ol is a mixture between bulk M668 and an
olivine end-member at 51 wt.% MgO, one can calculate
the iron isotopic composition of olivine. This is not a simple
linear extrapolation as the bulk sample and olivine have dif-
ferent Fe concentrations so that mixing in d56Fe vs. MgO
diagram should show some curvature,

dolivine ¼ dM668-ol þ ðdM668 � dM668-olÞ

� ½Fe�M668

½Fe�olivine

½Mg�M668-ol � ½Mg�olivine

½Mg�M668-ol � ½Mg�M668

� �

Using appropriate compositions, one estimates d56Fe of
olivine in M668 to be �0.34 ± 0.35& (Fig. 4), a value iden-
tical within error with that of olivine separated from sample
M712.

As part of a study of komatiite-hosted Fe–Ni sulfide
deposits, Bekker et al. (2009) analyzed 5 olivine separates
from komatiites from the Agnew–Wiluna greenstone belt,
Western Australia. The d56Fe values were all lower than
MORB and close to chondritic (i.e., �0.05&, �0.02&,
�0.04&, �0.02&, and +0.02&).

4. DISCUSSION

4.1. Isotopic effects of alteration

Komatiites from Alexo are relatively well preserved
compared to samples from other localities. For example,
volcanic textures (e.g., breccia, spinifex, cumulate) are
essentially unaltered and primary magmatic phases (e.g.,
olivine, pyroxene, chromite, melt inclusions) are partially
retained. However, it is well documented that alteration
(e.g., serpentinization, rodingitization, and sulfide addition)
can mobilize even the most fluid immobile elements like
high field strength elements and REE (Lahaye et al.,
1995; Lahaye and Arndt, 1996). In that respect, studying
samples from a single flow is particularly powerful as one
can distinguish chemical variations due to magmatic differ-
entiation from those that are due to secondary alteration.
At Alexo, the main control on the evolution of the flow is
olivine crystallization. In a plot of Cr2O3 vs. Al2O3, a posi-
tive correlation is found, which is consistent with fractional
crystallization of olivine (Fig. 5), indicating that chromite
did not play an important role in the chemical evolution
of the flow (Arndt, 1986). Similarly, substantial fraction-
ation of an immiscible sulfide liquid can be ruled out on
the basis of the behavior of platinum group elements
(e.g., Pd and Pt) during differentiation (Puchtel et al.,
2004). To assess element mobility, one can therefore com-
pare measured chemical compositions with predicted liquid
lines of descent and cumulate compositions for fractional
crystallization of olivine. Assuming that Al2O3 was immo-
bile, Lahaye and Arndt (1996) concluded that most samples
did not experience significant gain or loss of Mg and Fe
(±5% relative), the exceptions being a completely altered
sample of flow top breccia (M667) and two completely ser-
pentinized olivine cumulates (M661 and M713). These sam-
ples plot slightly above the magmatic trends in Fig. 3 and
sample M713 has an unusually low FeO content.

Alteration of oceanic crust is known to induce iron iso-
topic fractionation. Rouxel et al. (2003) found a negative
correlation between d56Fe and Fe/Ti ratios that they inter-
preted to reflect removal of a fluid containing isotopically
light Fe. Similar fractionation was found during pedogene-
sis in Hawaii (Thompson et al., 2007). These observations
are consistent with laboratory experiments, which show
that Fe released by mineral dissolution tends to be enriched
in the light isotopes (Beard et al., 2003; Brantley et al., 2004;
Icopini et al., 2004; Wiederhold et al., 2006). In detail, the
magnitude of the fractionation depends on the presence
and nature of ligands in the fluid, the chemical pathway
(proton-promoted, ligand-controlled, and reductive disso-
lution), and bacterial activity. In light of these studies,
one must scrutinize whether alteration could have affected
the Fe isotopic compositions of the komatiites measured
in this study.

The average of samples M666, M662, and M663 was
used as the starting composition to calculate trends of mag-
matic differentiation. Fe3+/Fe2+ ratios measured in these
samples reflect oxidative alteration (Fig. 2). For that rea-
son, FeO* calculated from bulk FeO + Fe2O3 contents,
assuming Fe3+/Fetot = 0.07 at 29 wt.% MgO (initial liquid)
and Fe3+/Fetot = 0 at 51 wt.% MgO (olivine), was used (Ta-
ble 1). The parameterization of Toplis (2005) was adopted
for the Fe/Mg exchange coefficient KD = (Fe2+/Mg)Ol/
(Fe2+/Mg)Liq. Partitioning of minor elements in olivine
was not treated explicitly. Instead, the concentrations of
these elements in olivine at each increment were calculated
using correlations between Al2O3, Cr2O3, NiO, MnO, CaO
and Mg# measured in olivine from Alexo by Sobolev et al.
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(2007). For MgO, most samples plot near the trend of frac-
tional crystallization (Fig. 3A), indicating that little Mg was
gained by or lost from the samples, except possibly for
M713 and M667. For FeO*, the liquid line of descent dis-
plays some curvature and olivine FeO content ranges from
5 to 11 wt% (Fig. 3B). Mixing lines between evolved mag-
mas and olivine cover a significant space in the Al2O3–
FeO diagram. The forsterite content of olivine in various
parts of the flow varies from Fo94 to Fo86, with an average
composition around Fo92 that probably represents the
composition of accumulated olivine. Low FeO* in samples
M712 and M713 is consistent with significant Fe-loss from
the cumulate part of the flow (Lahaye and Arndt, 1996).
For other samples, assessing the effect of secondary alter-
ation is less straightforward.

Because of these caveats, use of Mn/Fe2+
* vs. Al/Fe2+

*

diagram was explored to diagnose alteration of Fe isotopes
after emplacement. In magmatic systems, Mn and Fe2+

have similar crystal chemistry (similar ionic radii and iden-
tical charges) and are difficult to decouple. This is shown in
Fig. 6, where the Mn/Fe2+ ratio (used as a tracer of alter-
ation) is plotted as a function of Al/ Fe2+

* (used as a tracer
of fractional crystallization of olivine). Olivine has Mn/
Fe2+

* ratios close to the initial liquid, so that fractional
crystallization cannot change much the Mn/Fe2+ ratio of
the melt. In contrast, in aqueous fluids, Fe2+ and Mn2+

have different behaviors and can easily be decoupled. An-
other virtue of that diagram is that mixing is represented
by straight line. A third of the bulk samples (7 of 20,
M666, M662, M663, M651, M655, M665, M657) plot on
the magmatic evolution line. The remaining 13 bulk sam-
ples (M667, M652, M653, M654, M656, M668, AX105,
Fig. 6. Indicators of komatiite alteration and differentiation. Mn2+

and Fe2+
* (calculated from FeO*, Table 1) have very similar

chemical behaviors during magmatic differentiation. Olivine has
Mn2+/Fe2+ similar to the initial melt composition. Thus, fractional
crystallization of olivine in Alexo flow cannot fractionate signif-
icantly Mn2+/Fe2+

* ratios. Mixing relationships in this diagram are
represented by straight lines. The 13 samples that plot off of the
magmatic differentiation trend (filled gray circles, M667, M652,
M653, M654, M656, M668, AX105, AX107, M658, M661, M713,
M712) must have been affected by Fe and Mn mobilization and
their d56Fe values may have been modified by secondary alteration
after emplacement.
AX107, M658, M710, M661, M713, M712) plot off this line
and must have been affected by alteration and mobilization
of Mn and Fe after emplacement of the flow. In some cases
the aberrant samples are more altered than average: M652,
M653, M654 and M658 are rodingitized, and samples
M661, M667 and M713 are completely hydrated. However,
M712 retains abundant fresh olivine yet it too plots well
above the magmatic line.

Taking the data of all 20 analyzed bulk samples to-
gether, the d56Fe value has a standard deviation of
0.056&. If one restricts the data set to the 7 bulk samples
that are on the trend of magmatic differentiation in Mn/
Fe2+

* vs. Al/Fe2+
* diagram, the standard deviation de-

creases to 0.033. Thus, alteration is responsible for most
of the isotopic fractionation documented for Fe in the flow.
The Mg and Fe isotopic compositions of the bulk magma
prior to alteration are calculated in Fig. 7. In the case of
Mg, all bulk data are considered as nothing distinguishes
chemically the two outliers AX105 and M710 from other
samples. For Fe, only the bulk samples that plot on or near
the magmatic evolution curve in Fig. 6 are considered.
Regressions interpolated at 29.1 wt% MgO (Fig. 7) yield
d25Mg = �0.138 ± 0.021&, d26Mg = �0.275 ± 0.042&,
d56Fe = +0.044 ± 0.030&, and d57Fe = +0.059 ± 0.044&.
These represent the best estimates of the isotopic composi-
tion of the erupted magma, prior to alteration. The light Fe
isotopic composition of the separated olivine is discussed
later.

4.2. Constraints on Soret diffusion

The petrography and crystal chemistry of pyroxenes in
komatiite lavas are complex and can potentially provide
useful constraints on the conditions of crystallization
(e.g., Fleet and MacRae, 1975; Kinzler and Grove, 1985;
Parman et al., 1997; Bouquain et al., 2009). Crystallization
sequences in different parts of the flow at Alexo are difficult
to explain based on phase diagrams. In olivine–quartz–
clinopyroxene pseudo-ternary diagram, the bulk composi-
tion of the flow plots in a field that should crystallize olivine
as the liquidus phase. The second phase to crystallize
should be augite, followed by pigeonite. In the rapidly
cooled uppermost part of the flow, this sequence is ob-
served. However, in the deeper part of the spinifex layer,
the crystallization sequence is instead olivine followed by
pigeonite and augite. Furthermore, spinifex samples con-
taining only pyroxene and no olivine plot in the primary
phase field of olivine. Bouquain et al. (2009) examined sev-
eral scenarios that could explain the inversion in the crystal-
lization sequence of augite and pigeonite and concluded
that none was satisfactory. They argued instead that pyrox-
ene crystallized from silicate liquid that differentiated inter-
nally following thermal gradients. Komatiites from Alexo
are thought to have erupted as submarine lava flows that
cooled and solidified due to heat loss at the top. In the crys-
tal mush developed during magma crystallization, thermal
gradients could have been sufficiently long-lived for Soret
steady state to be established. Under such conditions,
Mg, Fe, Al, and Ca would have migrated towards the cold
end (top) while Si, Na, and K would have migrated towards
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Fig. 7. Estimation of pre-alteration, pre-differentiation d26Mg (A)
and d56Fe (B) values. Variations in MgO content reflect fractional
crystallization of olivine. There are no correlations between this
proxy and d26Mg and d56Fe. For d26Mg, all bulk samples are
plotted, as there is no clear indication that komatiite alteration
affected Mg isotopic ratios. For d56Fe, only the 7 bulk samples that
plot on a trend of magmatic differentiation in Mn/Fe2+ vs Al/Fe2+

diagram (Fig. 6) are plotted. Interpolation at MgO = 29.1 wt%
gives for the composition of the bulk komatiite lava at emplace-
ment d25Mg = �0.138 ± 0.021&, d26Mg = �0.275 ± 0.042&,
d56Fe = +0.044 ± 0.030&, and d57Fe = +0.059 ± 0.044&.
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the hot end (bottom) (Walker et al., 1988; Lesher and
Walker, 1988). At the hot end, the liquid composition could
have crossed the tie line that separates augite and pigeonite
stability fields to first crystallize pigeonite. A long-standing
difficulty with Soret diffusion, recognized early on by Bo-
wen (1921, 1928), is that the timescale for heat conduction
is almost always much faster than chemical diffusion so that
temperature gradients are expected to be dissipated before
elements can diffuse. The crust of a thick komatiite flow
is potentially well suited for Soret diffusion to develop,
however, because a strong and near-constant temperature
gradient can be established in the crystal mush (Bouquain
et al., 2009) and maintained for significant time as the solid-
ification front migrates downwards towards the flow inte-
rior. For Soret effect to play a role, the presence of water
at the level of �0.3 wt% would be required to increase
the rate of chemical diffusion.

It was recognized recently that Soret effect in magmatic
systems is associated with large isotopic fractionation,
which could therefore be used to test for the presence of
such effects in natural systems (Richter et al., 2008,
2009a,b). Richter et al. (2009b) carried out laboratory
experiments in which they placed molten basalt in a temper-
ature gradient of 160 �C/cm. After the system reached Soret
steady-state, the isotopic compositions of Mg, Ca, Fe, Si,
and O were measured along a profile parallel to the temper-
ature gradient. All elements showed large isotopic fractio-
nations corresponding to enrichments in the heavy
isotopes at the cold end. From the cold end to the hot
end of the experimental charge, the d26Mg and d56Fe values
varied over �8.6& and �2.6&, respectively. There was a
very well defined linear correlation in these experiments be-
tween d56Fe (y) and d26Mg (x) characterized by a slope of
0.298. In magmatic rocks, equilibrium processes like partial
melting and fractional crystallization can induce variations
of at most a few tenths of permil (Beard and Johnson, 2004,
2007; Williams et al., 2004, 2005; Poitrasson and Freydier,
2005; Weyer et al., 2005; Schoenberg and von Blancken-
burg, 2006; Weyer and Ionov, 2007; Heimann et al. 2008;
Teng et al., 2008; Schoenberg et al., 2009; Schuessler
et al., 2009; Dauphas et al., 2009a). By comparison, the
Richter effect (isotopic fractionation associated with Soret
effect in silicate liquids) is more than an order of magnitude
larger and provides a useful proxy for recognizing such dif-
fusion driven by thermal gradients in nature. In the mush
zone of a thick komatiitic basaltic flow, Bouquain et al.,
2009 estimated that the temperature gradient should be
approximately 3.2 �C/cm over a distance of 22 cm, corre-
sponding to a difference in temperature between the cold
end and hot end of 70 �C. If Soret steady state were estab-
lished over such a temperature difference, one would expect
to find a 1.5& difference in d56Fe between the hot and cold
ends. For Mg, the difference in d26Mg would be �5.0&. As
illustrated in Fig. 8, the isotopic compositions of Mg and
Fe show a limited range of variations. All samples with
no obvious evidence for secondary Fe mobilization (i.e.,
with magmatic Mn/Fe2+ ratio) have d56Fe values within
0.09& (if one includes all bulk data, the range increases
to 0.21&). Similarly, all samples have d26Mg values within
0.21& (0.44& if one includes two outliers).

We propose two alternative interpretations of these re-
sults: the first is that they indicate that Soret steady state
was not established in any portion of the Alexo komatiite
flow. In this case, another explanation must be found for
the early crystallization of pigeonite relative to augite in spi-
nifex samples. The other explanation is that Soret diffusion
might have operated to fractionate both major element and
isotopes, but the effects were not preserved in the solidified
samples. Fig. 9 shows the situation within the partially crys-
tallized spinifex-textured crust of the flow. Large, vertically
oriented olivine crystals separated by thin panels of liquid
are growing downward towards the interior of the flow.
Soret diffusion is established within the liquid panels and
it enriches the hot end in Si (eventually to promote the crys-
tallization of pyroxene) and in the light isotopes of Mg and
Fe. The liquid at the cold end of the liquid panels has heavy
isotopic compositions. The tips of the olivine become en-
riched in light Mg and Fe but the border of these grains,
and the interstitial liquid, acquires a heavy isotopic compo-
sition. As the crystallization front migrates downwards, it



Fig. 8. Test for the presence of Soret effect in komatiites from
Alexo. If Soret steady state was established for a gradient of 3.2 �C/
cm over 22 cm (DT = 70 �C; Bouquain et al., 2009), then Mg and
Fe isotopic variations of several permil would be expected between
the cold and hot ends (Richter et al., 2008, 2009a,b). These
variations are not observed, demonstrating the absence of Soret
effect in the komatiite flow.
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produces a rock containing olivine crystals that are zoned
with light cores and heavy margins, but if no liquid is re-
jected from the mush zone, the bulk composition of individ-
ual samples will be unfractionated. We plan to test these
ideas using in-situ analyses of well-preserved samples.

4.3. A new tool to identify diffusive transport in zoned

minerals

The low d56Fe value (�0.316 ± 0.034&) measured in
olivine from cumulate sample M712 is unlikely to reflect
equilibrium fractionation. Indeed, there is no evidence in
bulk rock data that isotopically light olivine was removed
from the system during fractional crystallization (Fig. 4).
Very negative and variable d56Fe values were also found
in olivine from the Kilauea Iki lava lake (down to �1.1&,
Teng et al., 2008).

Arndt (1986) documented the presence of zoned olivine in
komatiites at Alexo. The typical profile is a decrease of the
Fo content from core to rim (see Fig. 4 of Arndt, 1986).
Arndt (1986) calculated the diffusion length scale for samples
at different depths in the flow and concluded that significant
diffusive Fe–Mg exchange could have taken place in deeply
buried olivine. In silicate liquids (Richter et al., 2009a,b)
and presumably in olivine as well, the light isotopes of Mg
and Fe tend to diffuse faster than heavier ones. If some Mg
diffused out and Fe diffused in olivine, the expectation is that
olivine should have heavy Mg and light Fe isotopic compo-
sitions. The fluxes of Fe and Mg are identical in magnitude
but opposite in directions. Because olivine contains more
Mg than Fe (by a factor of �10), the diffusing atoms of
Mg are mixed with a larger background of normal Mg than
for Fe and the expected isotopic effect is smaller. However,
this is partially compensated by the fact that the relative mass
difference between 24Mg and 26Mg (8.3%) is a factor of 2 lar-
ger than that between 54Fe and 56Fe (3.7%). This is analo-
gous to what was discussed in the context of Fe–Ni
interdiffusion during formation of the Widmanstätten pat-
tern in iron meteorites (Dauphas, 2007; Cook et al., 2007).
The isotopic measurements made on olivine separated from
M712 are qualitatively consistent with isotopic fractionation
due to diffusive exchange of Mg and Fe in olivine (Fe shows
large fractionation and is isotopically light while Mg shows
no significant fractionation). To explore that possibility
quantitatively, the isotopic effect of Fe–Mg interdiffusion
in olivine was modeled using Mathematica (the program is
given in Electronic annex). Because Fe–Mg diffusion coeffi-
cient is not constant, the partial differential equation that
governs Fe–Mg interdiffusion in olivine has to be solved
using numerical methods. The partial differential equation
and the relevant initial and boundary conditions for spheri-
cal diffusion are:

@C
@t ¼ 1

r2
@
@r ðr2 D @C

@rÞ
Cð0; rÞ ¼ C0

Cðt; aÞ ¼ C1

@Cðt;rÞ
@r

�
r¼0
¼ 0

8>>>><
>>>>:

;

where a is the grain radius, C0 is the initial concentration in
olivine, C1 is the surface concentration (fixed), and the last
equation corresponds to a no flux boundary condition at
the center. The diffusion coefficient varies with temperature,
pressure, oxygen fugacity, and the forsterite content of oliv-
ine following the parameterization of Dohmen and Chakr-
aborty (2007). Temperature varies with time following a
linear model (e.g., Arndt, 1986), the pressure is taken to
be 105 Pa (1 atm), the oxygen fugacity is assumed to be at
the nickel-nickel oxide buffer (Canil et al., 1994) corre-
sponding an absolute fO2 that varies with temperature
(Huebner and Sato, 1970; Chou 1987; Herd 2008) and
hence time, the forsterite content of olivine is obtained by
solving the partial differential equation. The diffusion coef-
ficients of two isotopes are related by D2=D1 ¼ ðm1=m2Þb
with b � 0.05 for both Mg and Fe (Richter et al., 2009b).
This value for b was measured experimentally for diffusion
in silicate melts and it remains to be determined for diffu-
sion in olivine. In order to assess the accuracy of the numer-
ical solution, an isothermal calculation with constant
diffusion coefficient was performed. This problem has a
simple series solution (Crank, 1970),

C ¼ C0 þ ðC1 � C0Þ � ½1þ
2a
p r

X1
n¼1

ð�1Þn

n

� sin
np r

a
e�Dn2p2t=a2 �:

The results of the two calculations (i.e., numerical and ana-
lytic) are strictly identical (a comparison is provided in
Electronic annex).
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Fig. 9. Sketch illustrating how the liquid in between spinifex olivine grains may become fractionated due to the Soret effect and how
downward migration of the crystallization front might eliminate the effect of this fractionation in the solidified rock. The thickness of the mush
zone in the Alexo flow was probably between 20 and 50 cm.
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For the purpose of evaluating the potential effect of Fe–
Mg interdiffusion in olivine, we used the characteristics of
an olivine grain from M676 (11 m depth) studied by Arndt
(1986). It has a radius of �300 lm with initial and surface
Fo contents of 94 and 89, respectively (Fig. 4c of Arndt,
1986). The cooling rate was adjusted to �30 K/d in order
to reproduce the Fo profile measured by Arndt (1986).
Based on a model of conductive cooling of a lava flow,
Arndt (1986) estimated a minimum cooling-rate for that
sample of 2 K/d.

The computed isotopic profiles are presented in Fig. 10.
As expected, Mg and Fe have heavy and light isotopic com-
positions relative to the bulk, respectively. Because of lower
Fe concentration relative to Mg in olivine, the diffusive ef-
fects are more pronounced for Fe than for Mg. However,
this is partially offset by the smaller relative mass difference
of Fe isotopes relative to Mg. The d56Fe:d26Mg ratio in the
model output ranges from �7:1 to �4:1, which corresponds
to the expected ratio for binary diffusion:

d56Fe

d26Mg
� � bFe

bMg

ð56=54� 1Þ
ð26=24� 1Þ

X Fo

1� X Fo
� �5:

As the temperature decreases, the interdiffusion coeffi-
cient decreases and the system stops evolving. The final
olivine is expected to have d56Fe�d56Febulk � 0.23& and
d26Mg�d26Mgbulk + 0.05&, which is approximately consis-
tent with the measured composition in olivine from M712.
Thus, it is likely that some of the zoning documented in
olivine from Alexo komatiite was created by diffusive trans-
port of Fe and Mg.
Mineral zoning can arise from crystallization and atten-
dant magmatic evolution, in which case the zoning profile
does not provide any constraint on cooling rates. Such zon-
ing should be associated with little isotopic fractionation as
it is controlled by equilibrium isotopic fractionation at the
interface between olivine and melt. Mineral zoning can also
be produced by diffusive spread of sharp chemical inter-
faces, which should be associated with large kinetic isotope
fractionation for Mg and Fe with a correlation between
d56Fe and d26Mg of slope �5:1. Thus, isotopes allow us
to unambiguously identify diffusive transport in zoned min-
erals, which is key to constraining magmatic timescales
(Fig. 11, Dauphas, 2007; Watson and Baxter, 2007; Costa
et al., 2008, and references therein).

4.4. Clues from komatiites on the Mg and Fe isotopic

compositions of the silicate Earth

The Mg and Fe isotopic compositions of the silicate
Earth have been debated. Wiechert and Halliday (2007)
proposed a d26Mg value of �0.06 ± 0.03& for the Earth,
which is significantly heavier than the chondritic value of
approximately �0.3&. They interpreted the non-chondritic
Mg isotopic composition of the Earth as due to sorting of
chondrule-size material in the solar nebula. However, sub-
sequent high precision analyses of mantle peridotites and
basalts revealed that the Earth most likely has chondritic
Mg isotopic composition (Teng et al., 2007, 2010; Handler
et al., 2009; Yang et al., 2009). Given that most Mg resides
in the mantle, the BSE Mg isotopic composition is represen-



Fig. 10. Modeling of isotopic fractionation associated with Fe–Mg interdiffusion in olivine (the Mathematica code and an animated gif
version of this figure are available in Electronic annex). An early-formed crystal of olivine of 300 lm radius and Fo94 is placed in a more
evolved liquid corresponding to olivine Fo89. The system evolves towards equilibrium by outward diffusion of Mg and inward diffusion of Fe,
resulting in heavy Mg and light Fe isotopic compositions in the crystal (lighter isotopes tend to diffuse faster than heavier ones; Richter et al.,
2009a,b). The fluxes of Mg and Fe are identical in magnitude but opposite in directions. Because olivine contains more Mg than Fe, the
isotopic fractionation for Mg is smaller than for Fe due to dilution effects (in a ratio �5:1, also see, Dauphas, 2007). During cooling (at 30 K/
d), the Fe–Mg interdiffusion coefficient decreases and the system freezes at around 1,500 �C. The left column shows evolution of the Fo
content versus radial distance, the middle column shows d26Mg (solid red) and d56Fe (dashed blue) versus radial distance, and the right
column shows d26Mg versus d56Fe (the red dot and the two numbers in parentheses are the bulk compositions of olivine calculated using
dbulk ¼

R a
0

dðrÞCðrÞ r2dr=
R a

0
CðrÞ r2dr]). Time (in days) and temperature (in K) are given above each panel. DMg,Fe was calculated using the

parameterization of Dohmen and Chakraborty (2007). It depends to temperature (variable), pressure (P = 105 Pa), Fo content of olivine
(output from the computation) and oxygen fugacity (NNO oxygen buffer, Huebner and Sato, 1970; Chou, 1987; Canil et al., 1994; Herd,
2008). For diffusive fractionation of isotopes, bMg,Fe = 0.05 was used (no data is available for solid silicates, so the value measured in liquid
silicates by Richter et al. (2009b) was used instead). See text for details. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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Fig. 11. Illustration of how isotopes can be used to identify diffusive transport in zoned minerals. In the top panel (a), olivine starts with
homogenous Fo content. A change in condition at the surface induces inward diffusion of Fe and outward diffusion of Mg. As discussed in the
text, such diffusive transport is associated with kinetic fractionation characterized by d56Fe/d26Mg � �5. In the bottom panel (b), olivine
grows from an evolving liquid. No diffusive transport is associated with mineral zoning and olivine should show little Mg and Fe isotopic
fractionation. In both cases, the chemical zoning are similar but only (a) will show large isotopic fractionation associated with diffusion.
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tative of the bulk Earth composition. The iron isotopic
composition of the BSE has also been the subject to some
controversy. It was recognized early on that chondrites
have a homogeneous Fe isotopic composition (d56Fe
�0&; Poitrasson et al., 2005; Schoenberg and von Blanck-
enburg, 2006; Dauphas and Rouxel, 2006; Dauphas et al.,
2009a) and that MORBs and OIBs are isotopically heavy
relative to chondrites (d56Fe �+0.1&) (Beard et al., 2003;
Poitrasson et al., 2004; Schoenberg and von Blanckenburg,
2006; Weyer and Ionov, 2007; Teng et al., 2008; Schuessler
et al., 2009). If these elevated d56Fe values are representa-
tive of the BSE, two interpretations can be envisioned. Poi-
trasson et al. (2004) proposed that Fe was vaporized during
the Moon-forming impact, which enriched the residue in
the heavy isotopes. More recently, Polyakov (2009) argued
that this was the imprint of high-pressure, high-temperature
equilibrium isotopic fractionation between mantle and core.
However, peridotite data show that iron isotopes can be
fractionated during partial melting (Williams et al., 2004,
2005; Weyer et al., 2005; Weyer and Ionov, 2007). Weyer
and Ionov (2007) found a statistically significant correlation
between d56Fe and Mg#, a proxy of degree of melt extrac-
tion. When interpolated to the Mg# of the fertile mantle
(89.4), the d56Fe value of the BSE is estimated to be
+0.02 ± 0.03&. They thus proposed that the heavy iron
isotopic composition of basalts could result from isotopic
fractionation during partial melting. Beard and Johnson
(2007) and Poitrasson (2007) disputed this interpretation
on the basis that basalts from Mars and Vesta do not show
such fractionation and that mantle peridotites sample the
lithosphere whereas basalts largely record the composition
of the asthenosphere (however see Weyer et al., 2007).
More recently, Dauphas et al. (2009a) reported the discov-
ery of IABs and boninites with near-chondritic Fe isotopic
compositions. In particular, Eoarchean and modern boni-
nites, which formed by large degree partial melting of de-
pleted mantle sources, show a very narrow range of d56Fe
values centered at +0.028 ± 0.008&. The observed varia-
tions are best explained by the BSE having a near-chon-
dritic iron isotopic composition with �+0.3& equilibrium
isotope fractionation between Fe3+ and Fe2+ during mantle
melting, and preferential extraction of isotopically heavier,
incompatible Fe3+.

Komatiites are particularly well suited for characterizing
the Mg and Fe isotopic compositions of the mantle because
they correspond to high degree partial melts (�50% in the
case of Alexo; Arndt, 2003), as opposed to �10% partial
melting for MORBs (Klein and Langmuir, 1987). As a re-
sult, their isotopic compositions should be closer to the
source composition than for MORBs. How close is a mat-
ter of uncertainty as it depends on the mechanism that gov-
erns iron isotopic fractionation during partial melting (i.e.,
fractionation between Fe2+ and Fe3+ or fractionation be-
tween Fe in solid and melt; Weyer and Ionov, 2007; Dau-
phas et al., 2009a). They formed at near neutral
buoyancy, which should promote equilibration with the
mantle. Finally, they formed at high temperatures, which
should reduce any equilibrium isotopic fractionation (/1/
T2) and should have promoted equilibration between the
melt and the residue by accelerating diffusion and dissolu-
tion/precipitation kinetics. In the case of Mg, using komat-
iites to estimate the composition of the silicate Earth is
relatively straightforward because fractional crystallization
does not fractionate Mg isotopes and basalts have d26Mg
values very similar to mantle peridotites (Teng et al.,
2007, 2010; Handler et al., 2009; Yang et al., 2009). The
Mg isotope values of d25Mg = �0.138 ± 0.020& and
d26Mg = �0.274 ± 0.040& for the flow unaffected by alter-
ation and differentiation (Fig. 7A) therefore represents an
excellent proxy for the composition of the source of Alexo
komatiites, possibly the Archean lower mantle. It is identi-
cal to the average value of mantle peridotites of



Fig. 13. Iron isotopic composition of magmas as a function of
degree of partial melting for buffered (constant Fe3+/Fe2+ ratio)
and non-buffered (decreasing Fe3+/Fe2+ ratio) melting. The d56Fe
value of the mantle source is �+0.02& (Weyer and Ionov, 2007).
The curves for fractional melting were calculated following the
model proposed by Dauphas et al. (2009a) for redox-controlled Fe
isotopic fractionation during melting. The parameters are
ðFe3þ=Fe2þÞ0 ¼ 0:037, Kl=s

Fe2þ ¼ 1, Kl=s
Fe3þ ¼ 10 (Canil et al., 1994),

and DFe3+ � Fe2+ = 0.2& (see text for details). The box labeled
“Alexo Komatiite” represents the locus of the primary magma
(50% partial melting and d56Fe = +0.044 ± 0.030&) (Fig. 7B).
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d25Mg = �0.14& and d26Mg = �0.27& (Fig. 12, Handler
et al., 2009; Teng et al., 2010). It is also very close to the
chondritic composition (Fig. 12, Young and Galy, 2004;
Baker et al., 2005; Wiechert and Halliday, 2007; Teng
et al., 2007, 2010).

Because partial melting can fractionate iron isotopes, the
d56Fe value of the komatiite flow of +0.044 ± 0.030&

(Fig. 7B) may not represent the mantle composition. Dau-
phas et al. (2009a) proposed a quantitative model that re-
lates the Fe isotopic compositions of mantle magmas to
the d56Fe value of the source. The ingredients in this model
are: (i) the equilibrium isotopic fractionation factor be-
tween Fe2+ and Fe3+, (ii) the liquid/solid partition coeffi-
cients of Fe2+ and Fe3+, (iii) the Fe3+/Fe2+ ratio of the
mantle source, (iv) its oxygen buffer capacity, (v) the degree
of partial melting, and (vi) the mode of melting. For
explaining the Fe isotopic variations measured in MORBs,
OIBs, IABs, and boninites, an equilibrium fractionation be-
tween Fe3+ and Fe2+ of �+0.3& is needed, which is consis-
tent with predictions based on Mössbauer spectroscopy
(Polyakov and Mineev, 2000). The fractionation between
Fe3+ and Fe2+ in silicate melts is not known but as a first
approach we shall assume that it is similar to silicate miner-
als. Komatiites probably formed in hot plumes within a
mantle that was hotter than the present one. In order to ac-
count for the >300 �C higher temperature of melting of
komatiites relative to MORBs, the equilibrium fraction-
ation between Fe3+ and Fe2+ is reduced to +0.2& (Polya-
kov and Mineev, 2000). The liquid/solid partition
coefficients of Fe2+ and Fe3+ are taken to be 1 and 10,
respectively (Canil et al., 1994). The Fe3+/Fe2+ ratio mea-
Fig. 12. Comparison between bulk komatiite (yellow star,
d25Mg = �0.138 ± 0.021& and d26Mg = �0.275 ± 0.042&,
Fig. 7A), mantle peridotite (green dot, Handler et al., 2009; Teng
et al., 2010), and chondrite (blue density plot, Young and Galy,
2004; Baker et al., 2005; Wiechert and Halliday, 2007; Teng et al.,
2007; Teng et al., 2010) Mg isotopic compositions. Komatiite
values represent good estimates of the BSE composition. MFL
stands for Mass Fractionation Line. The question mark corre-
sponds to 3 outlier data from Young and Galy (2004) and Baker
et al. (2005). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
paper.)
sured in melt inclusions from 2.7 Ga komatiite from Beling-
we is consistent with near-anhydrous melting of a source
with similar iron oxidation state as MORBs (Berry et al.,
2008). It is therefore assumed that komatiites formed from
a source with a Fe3+/Fe2+ ratio identical to that of the fer-
tile mantle (0.037; Canil et al., 1994). It is difficult to deter-
mine to what extent the oxygen fugacity was buffered
during melting. Trace element data indicate that Munro-
type komatiites formed by 50% partial melting under frac-
tional melting conditions (Arndt, 2003). Using the equa-
tions derived by Dauphas et al. (2009a), the Fe isotopic
composition of komatiite magma was calculated as a func-
tion of degree of partial melting for conditions of buffered
and non-buffered oxygen fugacity. At 50% partial melting
of a source with d56Fe = +0.02&, one would expect the
iron isotopic composition of the magmas to be between
+0.027& (non-buffered) and +0.050& (buffered)
(Fig. 13). This is in very good agreement with the measured
composition of +0.044 ± 0.030&. Such a composition
would be impossible to produce from a mantle with a
d56Fe of +0.1&. These results therefore support the view
of Weyer and Ionov (2007) and Dauphas et al. (2009a) that
the BSE has near-chondritic d56Fe (i.e., +0.044 ± 0.030&).

5. CONCLUSIONS

Komatiites from Alexo are relatively well preserved and
represent high degree partial melts (�50%). They are thus
well suited for investigating the Mg and Fe isotopic compo-
sitions of the Archean mantle and the conditions of mag-
matic differentiation of ultramafic lavas. High precision
Mg and Fe isotopic analyses of 22 samples taken along a
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15-m depth profile in a komatiite flow (Table 2 and Fig. 1)
are reported, from which the following conclusions can be
reached:

1. Iron isotopic composition varies beyond the range of
analytical uncertainty. Several samples do not plot on
a trend of olivine-controlled magmatic differentiation
in a Mn/Fe2+ vs. Al/Fe2+ diagram, reflecting secondary
mobilization of iron (Fig. 6). If these samples are
excluded, the remaining 7 bulk samples give pre-alter-
ation, pre-differentiation d56Fe and d57Fe values for the
bulk flow of +0.044 ± 0.030&, and +0.059 ± 0.044&,
respectively (Fig. 7B). These values are lower than those
measured in MORBs and OIBs, which is consistent with
the idea that komatiites represent high degree partial
melts. These results also support the view that the silicate
Earth has near-chondritic Fe isotopic composition (i.e.,
d56Fe = +0.044 ± 0.030&; also see Weyer and Ionov,
2007; Dauphas et al., 2009a).

2. Except for two outliers, the magnesium isotopic compo-
sitions of all komatiites from Alexo are homogeneous
(Fig. 1). The d25Mg and d26Mg values of the bulk flow
are �0.138 ± 0.021& and �0.275 ± 0.042&, respec-
tively (Fig. 7A). These values are indistinguishable from
average mantle peridotite values and represent the best
estimates of the composition of the silicate Earth from
analysis of volcanic rocks. These values are also identical
to chondrites (Fig. 12) and support the view that the sil-
icate Earth has chondritic Mg isotopic composition
(Teng et al., 2007, 2010; Handler et al., 2009; Yang
et al., 2009).

3. In order to explain the early crystallization of pigeonite
relative to augite in slowly cooled spinifex lava, Bou-
quain et al. (2009) suggested that magma trapped in
the crystal mush during spinifex growth differentiated
by Soret diffusion. Soret steady-state should be associ-
ated with several permil correlated variations in the iso-
topic compositions of Mg and Fe. Such variations are
not found in the Alexo komatiite (Fig. 8), demonstrating
that Soret effect was not present during the differentia-
tion of this flow.

4. The low d56Fe and near-normal d26Mg of olivine in sam-
ple M712 can be explained by diffusive exchange of Mg
and Fe during cooling (Fig. 10). Isotopes thus represent
a new tool to identify diffusion transport in zoned min-
erals (Fig. 11), which is important for estimating cooling
rates and for understanding crystal growth in magmas.
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