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Equilibrium Iron Isotope Fractionation
at Core-Mantle Boundary Conditions

Veniamin B. Polyakov

The equilibrium iron isotope fractionation between lower mantle minerals and metallic iron at
core-mantle boundary conditions can be evaluated from the high-pressure *’Fe partial vibrational
density of states determined by synchrotron inelastic nuclear resonant x-ray scattering spectroscopy
using a diamond anvil. Ferropericlase [(Mg,Fe)O] and (Fe,Mg)SiOs—post-perovskite are enriched in
heavy iron isotopes relative to metallic iron at ultrahigh pressures, as opposed to the equilibrium
iron isotope fractionation between these compounds at low pressure. The enrichment of Earth and
Moon basalts in heavy iron isotopes relative to those from Mars and asteroid Vesta can be
explained by the equilibrium iron isotope fractionation during the segregation of Earth’s core and
the assumption that Earth was already differentiated before the Moon-forming “giant impact.”

mation for understanding the mechanisms of

planetary differentiation and core formation.
Basalts from Earth and the Moon are enriched in
heavy Fe isotopes relative to those from Mars
and asteroid Vesta and from chondrites, which
are primitive undifferentiated meteorites (/—3)
[supporting online material (SOM) text and fig.
S1]. In addition, possible differences in the Fe
isotope compositions between lunar and terres-
trial basalts (7, 2, 4-6) (SOM text and fig. S2) are
currently under debate. The mechanism for the
heavy Fe isotope compositions of Earth and Moon
basalts is unclear (4-6). The heavier Fe in Earth
and Moon basalts has been suggested to result
from evaporation and condensation during the
“glant impact” that is thought to have created the
Moon (I, 4, 7) or from Fe isotope fractionation
caused by partial melting and magmatic differen-
tiation (3, 8). Core-mantle differentiation has not
been considered to explain the enrichment of the
bulk silicate Earth (BSE) in heavy Fe isotopes,
because the Fe isotope composition of Fe metal in
pallasites (differentiated stony-Fe meteorites) is
heavy relative to that of the silicate fraction
(olivine) (2, 7, 9) (fig. S3). This implies that the

Iron isotopes may provide important infor-

Institute of Experimental Mineralogy, Russian Academy of
Sciences, Chernogolovka, Moscow Region, Russia. E-mail:
polyakov@iem.ac.ru

13 FEBRUARY 2009

silicate-metallic Fe differentiation depleted the
silicate fraction in heavy Fe isotopes and cannot
be responsible for the heavier Fe isotope compo-

20I00 4l|)0 200 100

sition of terrestrial and lunar basalts. The pal-
lasite data agree with equilibrium Fe isotope
fractionation factors (SOM text) between Fe-metal
and ferrous silicates at low pressures (/0-12).
Georg et al. (13) calculated small equilibrium Fe
isotope fractionation between Earth’s core and
mantle [0.02 per mil (%o) at 2000 K] from low-
pressure B factors (SOM text) derived from
Mossbauer spectroscopy data (/0). Here I present
a method for determining the equilibrium Fe
isotope fractionation at higher pressures (up to
~150 GPa) and use this method to estimate
equilibrium Fe isotope fractionation between low-
er mantle minerals and Fe-metal at core-mantle
boundary (CMB) conditions and show that core
separation on Earth can explain the observed
differences in the Fe isotope data from the
Earth, Moon, and meteorites.

I determined the equilibrium Fe isotope frac-
tionation between Fe-bearing minerals using their

T°C Fig. 1. Temperature
and pressure depen-

1 1
25I T T T

20

—
wn

5TFe/>*Fe

10°Inf

—_
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dence of the >Fe/>%Fe
factor for metallic Fe.
The >’Fe/>*Fe P factor
of Fe metal is computed
from the >’Fe PVDOS ob-
tained by Mao et al. (14)
using the high-pressure
synchrotron INRXS. The
mathematical algorithm
is described in the text
and justified in (11, 17).
Error bars for Inp are
calculated from the ex-
perimental uncertainties
in the °’Fe PVDOS (14)
for ambient pressures and
at 36, 70, and 133 GPa
using the Monte-Carlo
technique (17) (SOM text).
The significant increase
of the Fe B factor with
increasing pressure to ul-

153 GPa
133 GPa
112 GPa

70 GPa
50 GPa

trahigh pressures is not a
unique feature of Fe metal
(see text and Figs. 2 and 3)
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57Fe partial vibrational densities of states (PVDOSs)
derived from high-pressure synchrotron inelastic
nuclear resonance x-ray scattering (INRXS) spec-
troscopy (/4—16) and a calculation method allow-
ing computation of the B factor from the PVDOS
11, 17).

The synchrotron INRXS spectroscopy, in
conjunction with a diamond anvil, allows an
estimate of the *’Fe PVDOS at different pres-
sures (/4—16), which are input data for com-
puting Fe B factors. The kinetic energy of the
thermal vibrations of the >’Fe isotope can be
calculated from the *’Fe PVDOS with the fol-
lowing equation

Ky, (T) = [g(e)E(e,T)de 1)

where Ksi is the kinetic energy of the TFe
isotope per nucleus, g(e) is the *’Fe PVDOS at
given pressure, and £(e,T) is the Einstein function
for energy of the single harmonic oscillator at
temperature 7'

E(e) = + 05 (2

e
exp(e/kT) — 1

where £ is the Boltzmann constant.

Starting from the >’Fe kinetic energy, one can
calculate the Fe B factor with the following
equation (/8)

Ks7 3\ Am
1 — Fe _ )27
np ( kT 2) m 3)

where m is the mass of an iron isotope (the mass
of the **Fe for "Fe/**Fe isotope substitution);
Am = m —msy, (19). This technique does not
require any additional assumptions except the har-
monic approximation used in Eq. 1 for calculating
the kinetic energy of the >’Fe isotope (10, I1).

Fig. 2. Temperature and 2000 400

Anharmonic effects may be substantial at high tem-
peratures, which decrease the Inf (20). One can
show that high pressure reduces the effect of an-
harmonicty: for instance, the anharmonic correction
to iron Inf at 130 GPa is about 2.5 times smaller
than that at ambient pressure (SOM text). The
method for determination of the Fe B factor at high
pressure can be directly applied to the problem of
equilibrium Fe isotope fractionation at CMB
conditions.

Two main Fe-bearing minerals are thought to
be present in the lower mantle at CMB pressure:
ferropericlase [(Mg,Fe)O] and (Fe,Mg)SiOs;—
post-perovskite. Because the equation relating
the equilibrium isotopic shift (A) between phases
A and B and appropriate isotope fractionation
factors (o) and B factors (SOM text) is

Aa-(%0) = 10> In 05
=10° By —10° n By (4)

three Fe B factors for metallic Fe, ferropericlase, and
(Fe,Mg)SiOs—post-perovskite at CMB conditions—
are needed for evaluating the equilibrium Fe
isotope fractionation factors between the lower
mantle minerals and the core.

For metallic Fe, *’Fe/**Fe Inp determined
from the °"Fe PVDOS (/4) at pressures correspond-
ing to CMB conditions (>100 GPa) exceed those
at ambient pressures by a factor of 3 (Fig. 1).
STFef*Fe B factors for ferropericlase (Fep2sMgp 750)
calculated from the 3’Fe PVDOS obtained from
synchrotron INRXS experiments at different pres-
sures (/6) reveal an analogous pressure depen-
dence (Fig. 2). >"Fe PVDOS data are also available
for (Fey 4Mgy ¢)Si0O5—post-perovskite at 130 GPa
(15), and the calculated *"Fe/**Fe Inp is higher
than those of many other minerals at high pres-
sures (Fig. 3).

200 100 25
] 1 1

pressure dependence of 25 f
the >’Fe/**Fe B factor for
(Fe.25Mg75)0-ferropericlase. L
The >’Fe**Fe B factors for
(Feg.25Mgg 75)0-ferropericlase
are computed using the
>’Fe PVDOS at different
pressures from Lin et al.
(16). The *"Fe**Fe B factors
for metallic Fe (dashed
lines) are also presented at
CMB and ambient pressures
for comparisons. The Fe B
factor for ferropericlase 10
increases significantly with
increasing pressure, simi- B
lar to that found for the
>"Fe/**Fe B factors for me-
tallic Fe.

[
9]
|

10°In B57Fe/54pe
T

109 GPa
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Equilibrium 3’Fe/**Fe isotope fiactionation fac-
tors between the lower mantle Fe-bearing minerals
and metallic Fe have opposite signs at ambient
and CMB pressures (Fig. 4). The equilibrium
Fe isotope fractionation at CMB pressures be-
tween ferropericlase and Fe varies from 0.012 +
0.029%o at 2000 K to 0.0010 + 0.0053%. at 4000 K
(which is very small), whereas that between
(Fep.4Mgo )SiOs—post-perovskite and Fe is sig-
nificant and varies from 0.24 + 0.043%o at 2000 K
0 0.062 + 0.012%o at 4000 K. Following (/3) and
assuming that the total amount of Fe is equally
distributed between post-perovskite and periclase
phases at the CMB, the calculated equilibrium
>TFe/**Fe isotopic shift between the silicate
mantle and the core of Earth is 0.13 + 0.053%o
at 2000 K and 0.04 + 0.014%o at 4000 K. This
estimate of the equilibrium *"Fe/>*Fe isotope frac-
tionation at the CMB, which significantly exceeds
the previous estimate of ~0.02%o at 2000 K (/3),
is in good agreement with the enrichment of ter-
restrial basalts in heavy Fe isotopes of ~0.1%o for
STFel*Fe (1, 2).

The equilibrium Fe isotope fractionation fac-
tor between silicate and Fe metal is negative at
low pressures (Fig. 4) (10-12) but changes its
sign and becomes positive at ultrahigh pressures
of ~100 GPa (Fig. 4). The sign of the equilibrium
Fe isotope fractionation factor between metallic
Fe and ferrous silicates may thus be considered as
the indicator of ultrahigh pressure in silicate-
metal differentiation processes.

The estimated Fe isotope fractionation at
CMB conditions implies that the enrichment of
terrestrial basalts in heavy Fe isotopes relative to
those from Mars, Vesta, and chondrites was caused
by core-mantle differentiation in Earth occurring
mainly at high pressure. Core formation in Mars
and Vesta at low-pressure conditions would have
resulted in small isotope enrichments of silicates
in light Fe isotopes. The BSE is also enriched in
the heavy isotopes of Si. These data can be ex-
plained by the preferable accumulation of the light
Si isotopes in Earth’s core (/3). Thus, analogous
isotope fractionation of Fe and Si might have
occurred during the core segregation. In contrast,
no measurable differences among planets and
meteorites in isotope compositions were detected
for light elements such as Mg and Li (27, 22),
which are not likely to be present in Earth's core.
The absence of such differences for Mg and Li
isotopes, which have volatilities higher than (Li) or
comparable to (Mg) that of Fe, also renders evap-
oration unlikely as an explanation of the interplan-
etary differences in Fe isotope composition (13).

One can explain the enrichment of lunar
basalts in heavy Fe isotopes, similar in magnitude
to those of terrestrial basalts, in terms of the equi-
librium Fe isotope fractionation during Earth's
core-mantle differentiation, if Earth was already
differentiated before the Moon-forming giant
impact. However, the putative enrichment of lunar
basalts in heavy Fe isotopes relative to those from
the Earth (/, 4) (SOM text and fig. S2) requires
other mechanisms.
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Fig. 3. The Fe B factor 700 400

for the post-perovskite t t
and perovskite phases at 30
CMB and ambient pressures,
respectively. The Fe 3 factor
for (Feg4Mgq ¢)SiOz—post-
perovskite at 130 GPa
was calculated from the
>’Fe PVDOS obtained by
the synchrotron INRXS
(15). Error bars are cal-
culated from experimental
uncertainties using the
Monte-Carlo technique
(17) (SOM text). The 3 factor
for (Feo.0sMgo.95)5i03- 10
perovskite was calculated

from the Mdssbauer second-

order Doppler shift (27)

by a method described else-

where (10, 18). The B fac-

tors for metallic Fe (Fig. 1)

and hematite (10, 11) are 0

[
>

3
10 lnB57Fe/54Fe

also shown for comparisons.
The B factor for hematite at
ambient pressure from (10)

109/T2 (K2)

was used as an analog for the perovskite phase by Georg et al. (13).

Fig. 4. Equilibrium Fe 4000

3000 2000
I 1

isotope fractionations 0.4 }
between lower mantle
minerals and metallic -
Fe at CMB and ambient
pressures. The equilib-
rium Fe isotope fraction-
ations are calculated N
from B factors presented
in Figs. 1 to 3 using Eq. 4.

One can see the differ- ‘mz 02
ent directions of the & i
equilibrium Fe isotope =
fractionation between = o1

ferrous (Fe>*) lower man-
tle minerals and metallic
Fe (Fe% at ambient and B
CMB pressures.
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0 |
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The Fe isotope fractionation between core
and mantle estimated in this study reflects equi-
librium Fe isotope fractionation between lower-
mantle Fe?'-bearing minerals and Fe’-metal at
the CMB, not an isotope fractionation between
Fe** and Fe® (23). If only 2 to 3% of the lower
mantle Fe is ferric (24), one can conclude, from
isotope mass balance, that >’Fe/>*Fe isotope frac-
tionation between ferric and ferrous Fe would
have to range from 3 to 5%o to provide the iso-
tope shift of as much as 0.1%o in the total Fe. Such
a large >’Fe/**Fe isotope fractionation seems to be
unrealistic at temperatures in the lower mantle.

105/T2 (K2)

Teng et al. (25) provided evidence that Fe
isotopes fractionate during low-pressure magmatic
differentiation, accompanied by a change of the
Fe oxidation state. This process is considered as a
possible explanation of the differences in Fe iso-
tope composition of basalts from different planetary
bodies (26). However, it would require that the
high-temperature magmatic differentiation pro-
cesses leading to basalt formation on Earth and
the Moon be different from those on Mars and
Vesta. It is more likely that the magmatic differ-
entiation is responsible for the range of variations
of Fe isotope compositions within a single

planetary body and that the primary interplane-
tary differences reflect the influence of pressure
on core formation.

The method developed in the present study
for determining Fe B factors at ultrahigh pressures
can be directly applied to any chemical elements
that have at least one Mdssbauer-sensitive isotope,
if the synchrotron INRXS technique is available
for them.
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