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Isotope fractionation in silicate melts by thermal
diffusion
F. Huang1{*, P. Chakraborty1*, C. C. Lundstrom1, C. Holmden2, J. J. G. Glessner1, S. W. Kieffer1 & C. E. Lesher3

The phenomenon of thermal diffusion (mass diffusion driven by a
temperature gradient, known as the Ludwig–Soret effect1,2) has
been investigated for over 150 years, but an understanding of its
underlying physical basis remains elusive. A significant hurdle in
studying thermal diffusion has been the difficulty of characterizing
it. Extensive experiments over the past century have established
that the Soret coefficient, ST (a single parameter that describes
the steady-state result of thermal diffusion), is highly sensitive to
many factors3–9. This sensitivity makes it very difficult to obtain a
robust characterization of thermal diffusion, even for a single
material. Here we show that for thermal diffusion experiments that
span a wide range in composition and temperature, the difference
in ST between isotopes of diffusing elements that are network
modifiers (iron, calcium and magnesium) is independent of the
composition and temperature. On the basis of this finding, we
propose an additive decomposition for the functional form of
ST and argue that a theoretical approach based on local thermo-
dynamic equilibrium3,5,10 holds promise for describing thermal
diffusion in silicate melts and other complex solutions. Our results
lead to a simple and robust framework for characterizing isotope
fractionation by thermal diffusion in natural and synthetic
systems.

In 1856, Carl Ludwig discovered an intriguing phenomenon1 (that
was tested in 1879 by Charles Soret2): when a homogeneous salt
solution in a column is subjected to a temperature gradient, the salt
preferentially diffuses against the temperature gradient, from the hot
end to the cold end. This phenomenon—mass diffusion driven by a
temperature gradient—is called thermal diffusion or the Ludwig–
Soret effect2. Thermal diffusion has been suggested to have a role
in a number of phenomena, including the origin of life, via migration
and concentration of DNA along temperature gradients11; the sea-
sonal temperature-driven fractionation of nitrogen and argon iso-
topes in the air trapped in polar ice12,13; and the differentiation of
igneous rocks14. Furthermore, thermal diffusion shows great poten-
tial in emerging technological applications5,8,11 from nanotechnology
to biotechnology. Despite the long history and wide importance of
this phenomenon, the physics of thermal diffusion remains poorly
understood3,7–10.

Consider a dilute, homogeneous concentration of guest particles
suspended in a host liquid (a simple binary mixture), for example salt
in water. When a temperature gradient, =T, is applied across the
mixture, thermal diffusion causes the particles to migrate (usually
from the hot to the cold end) with a mass flux 2DTC=T, where DT

is the thermal diffusion coefficient and C is the concentration. The
migration of the particles sets up a concentration gradient, which in
turn causes chemical diffusion of particles with a mass flux D=C,
where D is the chemical diffusion coefficient, in the opposite direction

to thermal diffusion. In the steady state, these two fluxes balance each
other, thereby leading to9,15

dC=C~{ST dT ð1Þ
where ST, the Soret coefficient, equals DT/D and is the single parameter
that determines the magnitude of the resultant concentration gradient
in the steady state. Extensive experimental data over the last century
show that ST is markedly sensitive to conditions. For instance, the
magnitude and sign of ST can change drastically as a function of a
variety of parameters4,6,8–10 including, but not limited to, the chemical
composition of the system, the size and charge of the particle, and the
temperature. In many cases, the functional form of ST is unknown.
The sensitive and unknown functional dependence of ST poses a sig-
nificant practical problem: similar systems may be characterized by
different values of ST, requiring that the value of ST be individually
determined for each system.

Our focus is on isotope fractionation through thermal diffusion in
silicate melts. We limit our attention to the steady state of thermal
diffusion and, furthermore, to the isotopic fractionation of iron,
calcium and magnesium (which break up the polymerization of
the silicate melt and are thus termed network modifiers), and do
not consider network formers (for example silicon and oxygen,
which form tetrahedron networks in silicate melts). Although multi-
component silicate melts are different from the simple binary
mixtures discussed above, they are analysed as a pseudo-binary
system6,16–18 in the framework of equation (1). In this system, the
silicate melt is the host liquid, albeit with a complex structure, and
the isotopes are the guest particles in the melt. Similar to previous
studies of thermal diffusion in other systems3,4,8,9,19,20, thermal
diffusion experiments on silicate melts show the marked sensitivity
of ST to the details of the system. For instance, in the case of thermal
diffusion of potassium, changing the bulk composition of the melt
from basalt to rhyolite changes the value of ST from 25.5 3 1023 to
0.89 3 1023 uC21 (refs 6, 16). Furthermore, there exists no theo-
retical framework for obtaining a functional form of ST for thermal
diffusion in silicate melts17,18,21–23. Instead, such systems are charac-
terized using empirical formulae; see, for example, refs 6, 16–18. Here
we seek to use the properties of isotopes, namely their almost ident-
ical chemical properties but distinctly different masses, to bypass the
complexities of chemical interactions and characterize isotopic frac-
tionation through thermal diffusion in a simple framework.
Ultimately, our objective is to propose a robust method for char-
acterizing isotopic thermal diffusion in silicate melts and gain insight
into the functional dependence of ST.

We measured iron, magnesium and calcium isotope ratios of micro-
drilled samples from different positions (and hence at different tem-
peratures) in elongate capsules of quenched silicate melt produced in

1Department of Geology, University of Illinois, Urbana, Illinois 61801, USA. 2Department of Geological Sciences, University of Saskatchewan, Saskatoon, Saskatchewan S7N 5E2,
Canada. 3Department of Geology, University of California, Davis, California 95616, USA. {Present address: Institute of Geochemistry and Petrology, ETH Zurich, CH-8092 Zurich,
Switzerland.
*These authors contributed equally to this work.

Vol 464 | 18 March 2010 | doi:10.1038/nature08840

396
Macmillan Publishers Limited. All rights reserved©2010

www.nature.com/nature
www.nature.com/nature
www.nature.com/doifinder/10.1038/nature08840


previously performed and characterized thermal diffusion experi-
ments6,16 (Methods). These experiments spanned a wide range of
chemical compositions of starting materials and temperatures
(Table 1).

To assess the timescale on which the steady-state distribution of
isotopes is reached, we compared the results of two experiments with
identical andesitic starting composition but different run durations:
46 h (ZM70) and 168 h (ZM71). Although the shorter run was only
60% evolved to the steady state in terms of its major-element com-
position6,16, the two experiments did not differ significantly in terms
of thermal-diffusion isotopic sensitivity, V (the magnitude of iso-
topic fractionation per temperature offset, expressed as parts per
thousand per degree Celsius per atomic mass unit12,18; Fig. 1).
Thus, the system reached the isotopic steady state within 46 h, mean-
ing that isotope fractionation induced by thermal diffusion in these
experiments is not a transient feature.

Typically, the data from thermal diffusion experiments are pre-
sented in plots of concentration versus temperature. We, however,
start discussing our data in a context more typical of isotope frac-
tionation experiments—plots of isotope ratio versus isotope ratio
(Fig. 2). In this convention, the data are reported in d notation:

dX M~
(X M=Y M)sample

(X M=Y M)starting material

{1

" #
|1,000% ð2Þ

Here XM/YM is the ratio of isotopes XM and YM (by convention,
X . Y). This approach leads to a striking observation: despite signifi-
cant differences in the compositions of the starting materials (from
45 to 70 wt% SiO2), a wide span of average experimental tempera-
tures and even the presence of coexisting mineral phases, the data, to
first order, are linearly correlated (Fig. 2). This observation suggests
that isotopic fractionation through thermal diffusion in silicate melts
can be treated in a robust framework.

To proceed, we cast our experimental observations in a theoretical
framework. First, we integrate equation (1) to determine the concen-
tration distribution of an isotope XM from temperature T0 (at the
reference location) to temperature T (at the location of interest),
obtaining

(X M)T

(X M)T0

~ exp {

ðT

T0

(ST)X M dT

� �
ð3Þ

where ST is an unknown function of X, the melt composition, the
temperatures T0 and T, and other parameters6,8–11,24. If ST were a
constant, the concentration of XM would be exponentially distributed

Table 1 | Iron, calcium and magnesium isotope data from thermal diffusion samples

d56FeIRMM-014

(%)
2s

(%)
d57FeIRMM-014

(%)
2s

(%)
N d25MgDSM-3

(%)
2s

(%)
d26MgDSM-3

(%)
2s

(%)
N d44CaSW

(%)
2s

(%)
N T

(uC)

ZM70, 46 h,
Mt Hood andesite,
DTA–C 5 164 uC, T

0
5 1,430 uC,

VFe 5 0.0125% uC21

AMU
21,

VMg 5 0.0307% uC21

AMU
21

ZM70A 22.45 0.22 23.70 0.77 2 23.40 0.02 26.59 0.13 3 — — — 1,518

ZM70B 20.18 0.04 20.24 0.15 2 21.39 0.04 22.70 0.03 3 — — — 1,485

ZM70C 1.65 0.07 2.45 0.30 2 1.76 0.06 3.46 0.13 3 — — — 1,354

Starting
material

0.06 0.05 0.09 0.05 4 20.20 0.05 20.40 0.09 4 — — — —

ZM71, 168 h,
Mt Hood andesite,
DTA–D 5 270 uC, T

0
5 1,445 uC,

VFe 5 0.0113% uC21

AMU
21,

VMg 5 0.0309% uC21

AMU
21

ZM71A 23.00 0.09 24.38 0.15 5 25.15 0.07 29.98 0.08 4 — — — 1,550

ZM71B 21.52 0.05 22.22 0.14 5 22.01 0.15 23.90 0.09 4 — — — 1,503

ZM71C 1.07 0.06 1.60 0.12 4 0.96 0.07 1.82 0.08 5 — — — 1,402

ZM71D 3.10 0.06 4.64 0.15 4 3.42 0.17 6.74 0.32 4 — — — 1,280

ZM98, 264 h,
mid-ocean-ridge basalt,
DTA–C 5 274 uC, T

0
5 1,531 uC,

VFe 5 0.0142% uC21

AMU
21,

VMg 5 0.0387% uC21

AMU
21,

VCa 5 0.0152% uC21

AMU
21

ZM98A 22.84 0.18 24.21 0.29 3 25.46 0.04 210.70 0.04 4 28.26 0.06 1 1,648

ZM98B 20.38 0.10 20.60 0.21 3 21.15 0.08 22.28 0.10 4 21.73 0.04 1 1,560

ZM98C 4.91 0.05 7.29 0.14 3 5.49 0.04 10.74 0.08 4 8.38 0.03 1 1,374

Starting
material

0.24 0.05 0.36 0.13 4 20.15 0.09 20.33 0.07 4 20.95 0.03 1 —

ZM99, 207 h,
0.46:0.8:0.46 fayalite:leucite:quartz,
DTA–C 5 247 uC, T

0
5 1,553 uC,

VFe 5 0.0104% uC21

AMU
21

ZM99A 21.82 0.05 22.70 0.09 3 — — — — — — — — 1,645

ZM99B 0.86 0.07 1.27 0.09 3 — — — — — — — — 1,537

ZM99C 3.30 0.06 4.91 0.08 3 — — — — — — — — 1,398

Starting
material

0.33 0.06 0.48 0.10 4 — — — — — — — — —

ZM100, 166 h,
pantellerite,
DTA–C 5 194 uC, T

0
5 1,536 uC,

VFe 5 0.0141% uC21

AMU
21

ZM100A 22.25 0.28 23.48 0.46 2 — — — — — — — — 1,645

ZM100B 21.67 0.04 22.51 0.18 2 — — — — — — — — 1,566

ZM100C 3.24 0.21 4.82 0.48 4 — — — — — — — — 1,451

Starting
material

0.25 0.13 0.40 0.13 4 — — — — — — — — —

The d values reported here are computed relative to a standard: IRMM-014 for iron, DSM-3 for magnesium and natural sea water (SW) for calcium. We note that d relative to starting material equals
d relative to standard minus d of starting material (relative to standard). Temperature is estimated assuming a parabolic temperature profile. T0 is the temperature of the position in the thermal
diffusion experiment where the isotope composition is identical to that of the starting material. To compute T0 for any sample, we calculate the temperature for which the best-fit straight line in the
plot of d (relative to starting material) versus temperature difference (relative to the hot end) of each isotope pair passes through d5 0 and average this temperature over the different isotope pairs in
the sample. The respective DT values indicate the temperature differences between the micro-drilled positions. N, number of repeat measurements.
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Figure 1 | Thermal-diffusion isotopic sensitivity and concentration steady
state of time-series experiments (ZM70 and ZM71)6. The error bars
(,10% relative error, 1s) were calculated on the basis of errors in iron and
magnesium isotope analyses and the temperature offset. The data labelled
‘concentration steady state’ corresponds to the fraction of the major-
element concentration relative to its steady-state value6. We note that the
approach to a steady-state isotopic distribution occurs faster than the
compositional rearrangement of major elements in the silicate melt. This
observation might be expected because isotopic diffusion is known to be
faster than chemical diffusion and homogenization of isotope ratios occurs
roughly according to the self-diffusivity of the element26–29. Assuming
magnesium self-diffusivities of 7 3 10211 m2 s21 in basaltic melt25, the
diffusion distance in 46 h is ,3.4 mm, which is similar to the length of the
sample.
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as a function of the temperature difference, DT 5 T 2T0 (the plot of
the concentration of XM versus DT on a log–linear scale would be
linear). We, however, find that the concentrations of the isotopes
(even for the same melt composition) are not distributed in this
way (Fig. 3a–c). Instead, on the log–linear plot of the concentration
of XM versus DT, the data from the different experiments are widely
scattered (with the concentration in one sample changing by an order
of magnitude) in the form of nonlinear, intersecting lines. Thus, the
concentration distribution of isotopes in silicate melts cannot be char-
acterized by a constant ST.

We now consider the concentration distribution of the ratio of two
isotopes, XM and YM. From equations (2) and (3), and using the fact
that dXM= 1, we obtain

dX M< ln
(X M=Y M)T

(X M=Y M)T0

~ ln
(X M)T

(X M)T0

{ ln
(Y M)T

(Y M)T0

~{

ðT

T0

DST dT

ð4Þ

where DST~(ST)X M{(ST)Y M (Supplementary Information).
Notably, we find that in contrast to individual isotope concentrations
(Fig. 3a–c), to first order each isotope ratio has a single exponential
distribution as a function of DT for all experiments (or, equivalently,
in d notation the data for each isotope is, to first order, linearly dis-
tributed as a function of DT; Fig. 3d–f). This finding indicates that
DST is independent of the melt composition and temperature. Thus,
DST is a constant for pairs of isotopes of the same element. With a
constantDST, equation (4) implies that dXM is linearly proportional to
DT, which in turn manifests as the linear correlation in Fig. 2
(Supplementary Information). This constancy ofDST for isotope ratios
bears some similarity with its behaviour under thermal diffusion in
simple binary liquid mixtures of benzene and cyclohexane: the differ-
ence in ST of such mixtures with and without isotopic substitution is
observed to be independent of concentration and temperature19,20.

Given the composition and temperature independence of DST, we
now turn to the problem of the functional form of ST. We postulate
the following additive decomposition of ST:

ST(m, composition, T , . . . )~

fm(m, . . . )zfc(composition, T , . . . )
ð5Þ

Here m and T are atomic mass and temperature, respectively. The
function fm depends on m and other parameters (except melt com-
position and T), and the function fc, which encapsulates the chemical
effects, depends on melt composition, T and other parameters
(except m). We now consider the significance of this equation for
isotope fractionation through thermal diffusion. Because isotopes
have nearly identical chemical properties and differ only in atomic
mass (X and Y), two isotopes of an element have different values of fm
but the same value of fc. Thus DST 5 fm(X, …) 2 fm(Y, …), wherein
the chemical effects (fc terms) have cancelled out. The functional
form of equation (5) provides a strong constraint for a general theory
of thermal diffusion in silicate melts—any theoretical prediction of
the dependence of ST on mass, composition and temperature can be
decomposed according to equation (5). We note that the functional
form of ST for thermal diffusion in other systems3,4,8,24 follows an
additive decomposition similar to equation (5). Furthermore, the
decomposition suggested in equation (5) provides guidance on seek-
ing empirical formulae for ST. For example, assuming that fm
depends on m and Z2/a (the field strength, which correlates well with
the self-diffusivity25,26; Z is the ionic charge and a is the ionic radius),
our experimental data are best described by fm / m21/4(Z2/a)9/20

(Supplementary Information).
Finally, we outline an approach for further theoretical work. Our

examination of isotope ratios during thermal diffusion in silicate melts
shows that they follow an exponential distribution that is characterized
by a constant DST. Considerable theoretical progress has been made in
understanding the thermal diffusion of particles in aqueous solu-
tions3,5,10, in which the concentration follows an equilibrium-like expo-
nential distribution. This non-equilibrium process can be described in
the framework of local thermodynamic equilibrium—a theoretical
expression for ST is obtained by relating the exponential distribution
of concentration to the local Boltzmann law3,5,10. We submit that a
similar approach, in which the variation of isotope ratio and the cor-
respondingDST are analogous to the concentration of particles and the
corresponding ST, respectively, may yield further insights into the
physics of thermal diffusion in silicate melts.
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Figure 2 | Cross-correlations of magnesium, iron and calcium isotope
ratios for both the thermal diffusion experiments of refs 6, 16 and previous
work. The data form linear relationships for experiments spanning a wide
range of melt compositions and temperatures, even in the presence of
coexisting minerals. a, d26Mg versus d57Fe for ZM70, ZM71 and ZM98.
Slopes defined by the previous studies (refs 6 and 17, 18 (thermal diffusion
experiment, SRT4) and 30 (thermal migration experiment, TM)) are the
same. b, c, d44Ca versus d57Fe (b) and d44Ca versus d26Mg (c) for ZM98 and
SRT4. Symbols as in a. Most error bars (2s; Table 1) are smaller than the
symbols. R2, coefficient of determination.
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The discovery that isotopic fractionation of iron, calcium and
magnesium is independent of melt composition and temperature
considerably simplifies the practical application of these isotope sys-
tems as tools for elucidating temperature-gradient processes in the
evolution of the Earth. In fact, workers concerned with the origin of
igneous rocks in the early 1900s seized on the newly discovered ther-
mal diffusion phenomenon driven by the Earth’s ever-present geo-
thermal gradient as a possible mechanism for producing the
compositional diversity of the continental crust. Although the idea
has since lost favour to modern concepts of fractional crystallization
and partial melting, there may yet be a role for thermal diffusion in
the origin of some granites and the continental crust14. Unlike 150
years ago, however, new investigations can be guided, and the role of
thermal diffusion possibly identified, by this definitive isotopic sig-
nature of thermal diffusion, which has thus far been documented
only in the laboratory.

METHODS SUMMARY

We micro-drilled samples from silicate glass in thermal diffusion experi-

ments6,16, using tungsten carbide drill bits. The width of the drilling bands was

,0.4–0.5 mm. Temperature offsets between the drilling areas were estimated

assuming first a linear and then a parabolic temperature profile across the ther-

mal diffusion experiment. The difference in temperature estimation from the

two methods is ,5%.

Samples were digested in a 3:1 mixture of concentrated hydrofluoric acid and

HNO3. After iron was separated by anion resin (Bio-Rad AG1-X8), magnesium

and calcium were separated from most matrix interferences using cation resin

(Bio-Rad AG50-X12). Magnesium and iron procedural blanks were negligible.

Yields and matrix in purified solution were checked before isotope measurement.

Iron isotopes were measured using high resolution multi-collector inductively-

coupled-plasma mass spectroscopy (Nu Plasma HR, Nu Instruments) in static

mode using a sample-standard bracketing method with resolutions .8,000 to

resolve isobaric inferences. IRMM-014 solutions with an iron concentration equi-

valent to that of the samples (1.5 or 0.4 p.p.m.) were used as the bracketing

standard. Magnesium isotopes were measured at a resolution of ,400 using a

sample-standard bracketing method relative to an in-house magnesium standard

with d26MgDSM-3 53.314 6 0.234% and d25MgDSM-3 5 1.700 6 0.137% (over

five months; n 5 28). Samples were diluted to approximately 0.15 p.p.m. and

introduced using a DSN-100 Desolvation Nebuliser System (Nu Instruments),

producing a 24Mg signal of ,16 V. Calcium isotopes were measured on a thermal

ionization mass spectrometer (Thermo Finnigan TRITON) in the Saskatchewan

Isotope Laboratory, University of Saskatchewan, using a 43Ca–42Ca double spike

to correct for instrumental mass fractionation.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Thermal diffusion experiments. Silicate melts of variable bulk composition

were placed at above liquidus temperatures in the temperature gradient of a

piston cylinder apparatus for the times given in Table 1. The chemical composi-

tions of the starting materials ranged from mid-ocean-ridge basalt (ZM98) and

andesite (ZM70 and ZM71) to rhyolitic pantellerite (ZM100) and synthetic melt

Fe2SiO4–KAlSiO4–SiO2 (ZM99) (Table 1). We also included data from a recent

thermal migration study on andesite, which involved coexisting silicate melt and

minerals in a temperature gradient30, and other thermal diffusion experiments

using basalt as starting material17,18. In addition to the wide range in composi-
tion, the data also span a wide range in temperature: the temperature at the hot

end ranged from 950 to 1,650 uC and that at the cold end ranged from 350 to

1,415 uC. Generally, in thermal diffusion experiments iron, calcium and mag-

nesium migrate to, and become enriched at, the cold end of the experiments,

whereas silicon behaves oppositely6,16. All experiments except ZM70 were of long

enough duration to evolve to within 95% of the steady-state condition in terms

of concentration changes of major elements.

Iron, magnesium and calcium isotope analyses. Samples were micro-drilled

from silicate glass in thermal diffusion experiments6,16. To avoid contamination

of iron by the micro-drilling process, we used tungsten carbide drill bits to drill

0.4–0.5-mm-wide bands across the silicate glass in the polished surface mount

section of the experiments reported in refs 6, 16. These widths translate into a

temperature range of ,10 uC. Temperature differences between the drilling areas

were estimated assuming both a linear and a parabolic temperature profile across

the thermal diffusion experiment. The difference in temperature estimated by

the two methods is negligible (the values are within 5% of each other).

After micro-drilling, the silicate glass powder was digested in 7-ml Teflon

beakers using a 2-ml 3:1 mixture of concentrated hydrofluoric acid and
HNO3. Iron and magnesium were separated by anion resin (Bio-Rad AG1-X8)

and cation resin (Bio-Rad AG50-X12), respectively. The iron and magnesium

blanks for the chemical separation process had masses of ,10 ng and 3 ng,

respectively. These are negligible in comparison with the amounts of iron and

magnesium in the samples (.2 mg). The iron and magnesium blanks for the

micro-drilling process had masses of ,7 ng and 1 ng, respectively. Yields and

matrix were checked before isotopic measurements to ensure excellent recovery

and purification.

Iron isotopes were measured by high-resolution multi-collector inductively-

coupled-plasma mass spectroscopy (Nu Plasma HR, Nu Instruments) in the

Department of Geology at the University of Illinois at Urbana-Champaign, in

static mode using a sample-standard bracketing method relative to IRMM-014

as the bracketing standard. Samples were diluted to 1.5 p.p.m. iron (ZM71,

ZM98 and ZM99) or to 0.4 p.p.m. iron (ZM70 and ZM100). Iron solutions were

introduced into the mass spectrometer with a desolvating nebulizer (DSN-100,

Nu Instruments) in 2% HNO3, producing a 56Fe signal sensitivity of ,10 V per

p.p.m. Interferences of ArN1 and ArO1 were adequately resolved with resolu-

tions greater than 8,000. Isotope beams of 57Fe, 56Fe and 54Fe were measured in

Faraday cups with 1011-V resistor channels. The measured 56Fe/54Fe and
57Fe/54Fe ratios were corrected for the isobaric interference of 54Cr using 53Cr

simultaneously measured on detector L5. The long-term (six-month) average

d56FeIRMM-014 values from 28 analyses of ETH hematite and 55 analyses of in-

house standard (UIFe) are 0.585 6 0.049% and 0.708 6 0.093% (2s), respect-

ively. The error in the d56FeIRMM-014 values of the samples is up to 0.28% (for the

solutions with 0.4 p.p.m. iron), which is insignificant relative to the isotopic

variation (.5%) of the thermal experiments.

Magnesium isotopes were measured using the Nu Plasma HR mass spectro-

meter at resolution of about 400, using a sample-standard bracketing method

relative to an in-house magnesium standard. The d26MgDSM-3 and d25MgDSM-3

values of the in-house bracketing standard over five months are 3.314 6 0.235%
and 1.700 6 0.137% (2s, n 5 28), respectively. Samples were diluted to approxi-

mately 0.15 p.p.m. and introduced using the DSN-100, producing a 24Mg signal

of ,16 V. Isotope beams of 26Mg, 25Mg and 24Mg were measured simulta-

neously. Matrix and yields were checked before each run, with 23Na/Mg and
27Al/Mg generally less than 5%. Details of the magnesium analytical procedure

are available in ref. 31.

Calcium isotopes were measured on a thermal ionization mass spectrometer

(Thermo-Finnigan TRITON) in the Saskatchewan Isotope Laboratory using a
43Ca–42Ca double spike to correct for instrumental mass fractionation (see

ref. 32). Before mass spectrometric analysis, calcium was purified from matrix

elements, including potentially interfering 40K, using conventional cation

exchange chromatography. The data are reported in the conventional delta

notation as d44CaSW 5 (44Ca/40Casample)/(44Ca/40CaSW) 2 1. The standard is

natural sea water. The external precision of d44Ca values is 60.07% (2s) on

the basis of repeated analyses of sea water and an internal laboratory CaF2

standard. The average d44Ca value for NIST SRM 915a measured in the

Saskatchewan Isotope Laboratory is 21.86%.

31. Huang, F. et al. Magnesium isotopic composition of igneous rock standards
measured by MC-ICP-MS. Chem. Geol. 268, 15–23 (2009).

32. Holmden, C. & Bélanger, N. Ca isotope cycling in a forested ecosystem. Geochim.
Cosmochim. Acta 74, 995–1015 (2010).
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