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What’ s new

PPV isenriched in heavy iron isotope (°/Fe/~*Fe)
relative to metallic iron at ultrahigh pressure



“Fe: stab
SFe: stab
°'Fe: stab
BEe: stab

Fe 1sotope

e 5.8% n: 28

e 91.72% n: 30
e2.2%n: 31

e 0.28% n: 32

OFe: radioactive 3 decay
Half life: 1.5 X 10 years
DP: ©Co



Unsolved problems for Fe isotope

Why are basalts from Earth and Mars enriched in heavy isotope?
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Fig. 51. Interplanetary differences in won 1sotope composittons of basalts. Honzontal bars
correspond to wo-standard-ermor ranges. Une can observe the enmichment of terrestrial
and Tunar basalts relative to those from the Mars, Vesta and chondrites samples at two

chEndard-error level Params=tero of datscesis are tolloanamae:



Some hypotheses

« Evaporation and condensation during the
“glant impact”

* Feisotopic fractionation caused by partial
melting and magmatic differentiation

e Core-mantle differentiation



Heavy Iron partitions into metal
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Inelastic Nuclear Resonance X-ray Scattering
(INRXS)

o M0ssbauer effect (nuclear resonanace)
Gamma ray: Nuclear transition from an unstable high-energy state, to a
stable low-energy state

Energy of the emitted gamma ray = Energy of the nuclear transition,
minus an amount of energy that islost as recoil to the emitting atom.
The gamma ray can be absorbed by a second atom of the same type.

Emission and subsequent absorption Re@sonanace
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In asolid, the nuclel are bound to the lattice and do not recoil in the same way as
In agas. The lattice as awhole recoils but the recoil energy is negligible because
the M in the above equation is the mass of the whole lattice. However, the energy
In adecay can be taken up (or supplied by) lattice vibrations. The energy of these
vibrations is quantised in units known as phonons. . _
Wikinedia



A difference between Mdssbauer spectraand INRXS

Energy-resolved spectroscopy (Radioactive source)

energy energy

Time-resolved spectroscopy (Synchrotron)

time fime

Figure 1. Reciprocal properties of radioactive sources (top) and synchrotron radiation (bottom) lead to
reciprocal experimental techniques. The center panels illustrate the source characteristics averaged over
a time period needed for data collection.

Sturhahn et al. 98 Hyp. Interact.



Experimental setup

QuickTimey C?
TIFFAiTOa ekA| eLiEEVECEOESEA
C™C+CAESENE EE(;%a@(;Egzc;l/zc; .COIK6vC-C AB

Undulator: High resolution monochrometer
Pulse (Bunch mode)
APD: Avaanche photodiode detector

High resolution monitor of time decay



Inelastic Nuclear Resonance X-ray Scattering
(INRXS)

monochromatic

fm:uﬁgd WRES End
x-ray APD

ig. 1. Wide-angle diamond cell optimized for NRIXS at ultrahigh pressures (left, side view; right,
nd view). Long piston-cylinder configuration assures the alignment stability critical for reaching
iltrahigh pressures. Three windows, each with a 105° equatorial and 68° azimuthal opening
resembling cells developed for neutron diffraction (36)], allow the collection of Fe fluorescence
hrough the high-strength Be gaskets (79) over a huge (40% of the 4wr?) spherical area by
ailor-fitting three APD on the side. The fourth APD at the end records the coherent nuclear forward
cattering and monitors the instrument resolution function. :

: Mao et al., 01, Science



Determination of fractionation factor

 Partial vibrational (phonon) densities of
states (PVDOSs)

_ Kinetic energy of thermal vibration
0.8 meV resolution

Ka. (T) = |g(e)E(e,T)de (1)
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Einstein function for energy of the
-l single harmonic oscillator
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Metallic 1ron
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Fig. 1. Temperaturs
and pressure depen
dence of the >"Fe/>*Fe |
factor for metallic Fe
The *"Fe/>*fe B facto
of Fe metal is computes
from the >’Fe PVDOS ob
tained by Mao et al. (14
using the high-pressur
synchrotron INRXS. Th
mathematical algorithn
is described in the tex
and justified in (11, 17)
Error bars for Inf ar
calculated from the ex
perimental uncertaintie
in the >’Fe PVDOS (14
for ambient pressures an
at 36, 70, and 133 GP:
using the Monte-Carls
technique (17) (SOM text;
The significant increas
of the Fe B factor witl
increasing pressure to ul
trahigh pressures is not
unique feature of Fe metz
(see text and Figs. 2 and 3



Ferropericlase (Mdq 75 F& )0

Fig. 2. Temperature and 2000 400 200 100 25 0 Tog
pressure dependence of :
the >’Fe/”*Fe [ factor for 109 GPa
(Fe 25 Md g5 )0-feroperidase.
The >’Fe**Fe B factors for o
(Fep2sMgg 7s)0-fermopericlase Metallic iron 92 GPa

are computed using the 62 GPa
>’Fe PVDOS at different
pressures from Lin et al.
(16). The *’Fe/**Fe B factors 52GPa
for metallic Fe (dashed 3
lines) are also presented at 42GPa
CMB and ambient pressures
for comparisons. The Fe J3 31GPa
factor for ferropericlase
increases significantly with
increasing pressure, simi-
lar to that found for the
*"Fe/**Fe B factors for me-
tallic Fe.
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Post-perovskite and perovskite

Fig. 3. The Fe p factor
for the post-perovskite
and perovskite phases at
CMB and ambient pressures,
respectively. The Fe B factor
for  (Fe.aMgo,¢)S105—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 [ factor
for {FEU_U5MgU_g5]5i03'
perovskite was calculated
from the Mossbauer 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
also shown for comparisons.
The [ factor for hematite at
ambient pressure from (10)

(Mg 6 F€y.0)SIO5

700 400 200 100 25 0 T°C

3
I ﬂ ]nﬁETFEI{SdrE

105/T2 (K-2)

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



Determination of Fe [3 factor

Equilibrium isotopic shift
Aag(%o) = 10° In aag

=10°Inp, —10° InBg (4)

oap = (' Fel/[*Fe])a/(P'Fel/[*Fel)s



Equilibrium Fe isotope fractionations
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in Figs. 1 to 3 using Eq. 4.
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Summary

e The equilibrium Fe isotope fractionation becomes positive
at ~100 GPa.

e The enrichment of terrestrial basalts in heavy Fe isotopes
relative to those from Mars, Vesta and chondrite was
caused by core-mantle differentiation in Earth occurring
mainly at high pressure.

Mars, Vesta: core formation at low pressure

Moon: Earth’s core-mantle differentiation before “ giant
Impact”



