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Iron is the most abundant transition metal in the Earth’s interior, yet considerable uncertainties remain
as to why mantle-derived rocks have diverse iron isotopic compositions. In particular, the isotopic
fractionation behavior of iron in the lower-mantle minerals bridgmanite and ferropericlase are largely
unexplored. The reason is that it is challenging to study isotopic fractionation at the high pressures
relevant to the deep mantle. Here we report in situ measurements of the mean force constants of iron
bonds in these minerals pressurized in diamond anvil cells using the technique of nuclear resonant
inelastic X-ray scattering (NRIXS). We find that the transition from high- to low-spin iron in ferropericlase
((Mgo75Fep25)0) at approximately 60 GPa drastically stiffens its iron bonds in the low-spin state.
The mean force constant of iron bonds in both Fe-bearing and (Fe,Al)-bearing bridgmanite exhibits
softening by 21% at approximately 40-60 GPa, which seems to be associated with changes in the iron
local environment during the transition from low to high quadrupole splitting states. These results
indicate that in the lower mantle, low-spin ferropericlase is enriched in heavy iron isotopes relative
to bridgmanite and metallic iron by +0.15%0 and +0.12%o, respectively. Based on these results, we
investigate whether terrestrial magma ocean crystallization could have fractionated iron isotopes. We
conclude that this process cannot be responsible for the heavy iron isotope enrichment measured in
terrestrial basalts.
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1. Introduction chondrites (Teng et al., 2013) distinguishes the Earth from other
planetary bodies, such as Mars and Vesta, whose crustal rocks ex-
hibit a similar iron isotopic signature to chondrites (Poitrasson et
al., 2004; Wang et al., 2012). Core formation, as the most signif-
icant differentiation event in Earth’s history, shaped the chem-
istry of the mantle, most obviously by scavenging Fe, Ni and
siderophile elements into the core. Whether a similar imprint was

left in the stable isotopic composition of mantle rocks, in par-

The +0.1%o heavy iron isotope enrichment (expressed in §°6Fe,
the deviation in permil of >®Fe/>*Fe ratios relative to reference ma-
terial IRMM-014) of mid-ocean ridge basalts (MORBs) relative to
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ticular for iron, is much more uncertain and is a topic of active
research (e.g. Polyakov, 2009; Shahar et al,, 2016; Liu et al., 2017;
Elardo and Shahar, 2017; Bourdon et al., 2018). The most recent
results suggest that due to the comparable strengths of the iron
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bonds in FeZt-bearing silicate glasses and metal alloys at high
pressure, and the high temperatures involved (~3000-4000 K),
core formation likely played a minor role in fractionating iron iso-
topes (Liu et al., 2017). Other hypotheses for the superchondritic
iron isotopic composition of terrestrial basalts include mantle par-
tial melting (Dauphas et al., 2009) and early evaporation processes
(Poitrasson et al., 2004). Magma ocean crystallization could also
have fractionated the stable isotopic composition of elements such
as silicon (Huang et al., 2014) but iron isotopic fractionation in this
process has been largely unexplored.

The most abundant iron-bearing phases in the lower man-
tle are bridgmanite (Bm) and ferropericlase (Fp). As such, they
control how iron isotopes will be fractionated at the interface
between the core and mantle or during magma ocean crystal-
lization. Pressure-induced spin transitions of iron in both miner-
als have been documented to significantly influence their elastic,
transport, rheological, and geochemical properties (e.g., Lin et al.,
2005, 2013; Wentzcovitch et al., 2009; Wu et al., 2013). The spin
transition of Fe?* in Fp with a composition (Mgg.75Feg 25)0 oc-
curs at 80-110 GPa along a mantle geotherm (Mao et al., 2011a),
which is associated with a ~2% volume decrease and presumably
a shortening of the iron bonds by at least 0.7% (Lin et al., 2013).
The spin transition is thus expected to influence iron isotopic frac-
tionation significantly. On the other hand, Bm contains both Fe2*
and Fe3t ions in the large pseudo-dodecahedral (8/12-fold) A-
site as well as Fe>* in the small 6-fold, octahedral B-site (Hsu
et al, 2011; Lin et al, 2013). In a pyrolitic lower-mantle com-
position, most Fe3™ will be distributed in the A-site due to the
charge-coupled substitution of approximately 5-7% AI** in the oc-
tahedral B-site (Hsu et al., 2012; Lin et al.,, 2013). Recent studies
have shown that the B-site Fe3* undergoes a spin transition at
approximately 15-50 GPa (Catalli et al., 2010; Hsu et al., 2011;
Lin et al.,, 2012; Mao et al,, 2015; Liu et al,, 2018) while the A-site
iron ions experience local site distortions at ~45 GPa associated
with an increase in the quadrupole splitting (Mao et al., 2017;
Hsu and Wentzcovitch, 2014). The site distortion of A-site iron
can affect the local electronic bonding characters resulting in
distinct equation of state parameters and thermal conductivity
of Bm (Mao et al, 2017; Hsieh et al, 2017). Spin transitions
in Fp and Bm can also significantly change the partitioning of
iron and magnesium between these minerals (Lin et al., 2013;
Irifune et al., 2010; Xu et al., 2017). The partitioning coefficient K4
= (Fe/Mg)gm/(Fe/Mg)p in a pyrolitic mantle composition is ~0.8
at 30 GPa and drops to ~0.4 at 136 GPa corresponding to the
core-mantle boundary (CMB) conditions (Irifune et al., 2010). This
means that at the CMB, the proportion of iron atoms in Fp and
Bm is about 3:2 and ferropericlase becomes the major iron carrier
in the deeper lower mantle. Of particular interest to geochemistry
are the potential effects of the spin transition and local site dis-
tortions on the vibrational properties and mean force constant (F)
of the iron bonds. Indeed, equilibrium iron isotopic fractionation
between phases is directly related to the difference in stiffness of
iron bonds of coexisting minerals.

To explore the possible fractionation induced by the spin tran-
sition and lattice distortion under compression and quantify the
magnitude of iron isotopic fractionation in the lower mantle, we
measured the mean force constant (F) of the iron bonds in Fp and
Bm samples with compositions relevant to the lower mantle. For
this purpose, we pressurized the samples using diamond anvil cells
(DACs) and measured their lattice vibrations using nuclear reso-
nant inelastic X-ray scattering (NRIXS) spectroscopy. Synchrotron
Mossbauer spectra were also collected to characterize the spin and
valence states of iron in the samples.

2. Methods
2.1. Sample synthesis

Polycrystalline >Fe-enriched ferropericlase ((Mgg 75Feq 25)0)
was synthesized using the inter-diffusion of a mixture of MgO
and metallic >’ Fe powder (>98% enrichment; Cambridge Isotopes)
at approximately 1450 K for 8 h under a controlled CO,-CO
atmosphere near the Fe-FeO redox buffer (Lin et al, 2006a).
(Fe,Al)-bearing Bm single crystals (MgosoFest, Fed hosAlo.11
Sig.go03) (Fe3T/Ferr = 0.8) were synthesized from a mixture
of MgSiO3, Mg(OH),, Al,O3, and °’FeO powder (>98% enrich-
ment; Cambridge Isotopes) in a Kawai-type apparatus at 24
GPa and 2023 K for 7 h at the Institute for Planetary Materi-
als, Okayama University at Misasa, Japan (Okuchi et al., 2015;
Mao et al., 2017). Poly-crystalline Bm (Mgo.o2Fedt,Fe)t,Sio.0903)
(Fe3t[Feror = 0.25-0.30) was synthesized from °’Fe-enriched en-
statite powder (MggpgFe( 1SiO3) in a multi-anvil press at 24 GPa
and 1673 K for an hour at the Geodynamic Research Center (GRC),
Ehime University (Lin et al., 2006a). Another poly-crystalline Bm
(Mgo 74Fedt  Fe)t,Sios03) (Fe**[Feor = 0.50) was synthesized
from laser heating >’Fe-enriched enstatite powder (Mgo.75Feg 25
SiO3) sandwiched between NaCl pellets in a panoramic DAC. The
sample was pressurized and heated at approximately 35 GPa and
1500 K for about 2 h at the GSECARS of the Advanced Pho-
ton Source, Argonne National Laboratory (Mao et al., 2011b). The
chemical compositions, lattice parameters, and iron valence states
of these samples were previously characterized using an electron
micro-probe, X-ray diffraction, and Md&ssbauer spectroscopy (Mao
et al, 2011b, 2017; Lin et al., 2012). Additional XRD measurements
of the samples were performed at beamline 13-IDD of GSECARS to
confirm their crystal structures at high pressures.

2.2. DAC preparation and synchrotron NRIXS measurements

We conducted in situ high pressure NRIXS experiments on
>7Fe-enriched ferropericlase ((Mgg 75Fep25)0) and bridgmanite
(Mgo'ngeészegB%Alo‘] 1Si0.8903, Mgo 92 FeéE7Fe(3)£25io_99 O3,
MgOA74Fe§'*{2Fe3_‘;ZSiOA9303) in diamond anvil cells (DACs) up to
104 GPa at sector 3ID-B of the Advanced Photon Source, Argonne
National Laboratory. Each starting sample of about 10-20 pm in
thickness and 20-30 pm in diameter was separately loaded into a
sample chamber. The chamber was a hole drilled in a Be gasket
embedded with a cubic BN gasket insert and squeezed between a
pair of diamond anvils. We used panoramic diamond anvil cells as
compression devices and the anvil culet size ranged from 400 pm
flat to 150-300 pm beveled. For most of the experiments, we used
a mini anvil (culet size 150 pm) or a partially perforated anvil
(culet size 400 pm) facing the incident X-ray beam to reduce the
intensity loss of the X-ray when it penetrated through the anvil;
this also allowed us to collect the energy spectra with enhanced
signal-to-noise ratio within a reasonable data collection time. Fp
powder was loaded into a DAC using mineral oil as the pressure
medium and a ruby sphere as the pressure calibrant. For Bm, two
sets of NRIXS experiments were performed:

(1) A single-crystal (Fe,Al)-bearing Bm sample was polished to
approximately 10-15 pm thick and then loaded into a DAC us-
ing mineral oil as the pressure medium and a ruby sphere as the
pressure calibrant. The sample was measured at room temperature
without laser annealing.

(2) The poly-crystalline Fe-bearing Bm samples were also
polished and compressed between two NaCl pellets and laser-
annealed to ~2000 K to release potential stress at each given pres-
sure before the spectra were collected. The pressure was calibrated
using ruby fluorescence spectra below 80 GPa. Above 80 GPa, XRD
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Fig. 1. NRIXS spectra of ferropericlase and bridgmanite at high pressures. The central peaks located near 0 meV correspond to the nuclear elastic scattering of the incident
X-rays, while the other spectral features correspond to inelastically-scattered phonons either due to phonon creation (E > 0) or phonon annihilation (E < 0).

patterns of NaCl were collected and used as the pressure gauge,
while the diamond Raman spectra were used as a secondary refer-
ence.

NRIXS spectra were scanned around the nuclear transition en-
ergy of °’Fe (14.4125 keV) with a step size of 0.25-0.33 meV for
the 1 meV energy resolution of the incident X-ray or 0.5-0.6 meV
for the 2 meV energy resolution. The acquisition time was 3-5 s
per energy step. The energy spectra of Fp below 70 GPa and
(Fe,Al)-bearing Bm at ambient conditions were measured using the
1 meV energy resolution of the incident X-ray source, whereas the
2 meV energy resolution X-ray was used for the Fp sample above
70 GPa and all the Bm samples at high pressure. The incident X-
ray source with a 2 meV resolution has a photon flux of 1 x 1010
photons/s, double of that of the X-ray source with a 1 meV resolu-
tion. The 2 meV monochromator was used for the high-pressure
Bm measurements as (i) the samples had a relatively dilute Fe
content and (ii) the high pressure increases the Lamb-Madssbauer
factor, which means a decrease in the inelastic scattering probabil-
ity, making the data collection even more challenging. Each NRIXS
scan took about 1 to 1.5 h to complete, and 17-44 NRIXS scans
(about 1-2 days of beamtime) were collected and combined in or-
der to achieve good statistics for the inelastic signals. The energy
spectra were collected over a broad energy scan range (for exam-
ple from —160 to +180 meV for ferropericlase), which is crucial to
capture the multi-phonon contributions and possible high-energy
vibration modes that can influence the calculated (F) values.

2.3. Quality assessment and reliability of the force constant derivation

High-quality NRIXS data (Figs. 1, 2) with high signal/noise ratios
were collected with sufficient numbers of energy scans (17-44)

over an extended range (£120 to 200 meV). It is necessary to scan
over wider energies at high pressure as the phonon modes shift to
higher energies (Fig. 3).

Equilibrium iron isotopic fractionation is governed by the bond-
ing strengths of the iron-bearing phases. The strength of the iron
bonds is quantified using the mean force constant (F), which can
be derived under the harmonic approximation from the analysis
of the moments of the NRIXS energy spectra S(E) using SciPhon
(Dauphas et al., 2012, 2014, 2018; Blanchard et al., 2015). This
method gives a better assessment of the experimental uncertain-
ties and systematic errors than using the moments of the phonon
density of states (Dauphas et al., 2012). In the quasi-harmonic lat-
tice model, the mean force constant of iron (F) (in N/m) is related
to the third moment of the NRIXS spectrum S(E) through:

400
_ M 3
(Fr=pr f (E — Er)*S(E)E, (1)

where M is the mass of the nuclear resonant isotope (>’Fe in
this study), E is the energy difference between incident X-ray
and the nuclear resonant energy Eg (in meV), and Ez = E2 /ZMc
is the nuclear recoil energy (that is, 1.956 meV for 57Fe, where
Eo = 14.4125 keV is the nuclear resonant energy of °’Fe, and ¢
is the speed of light). Within the harmonic approximation (in-
teratomic potentials are quadratically related to atomic displace-
ments), the (F) value of iron is independent of temperature. The
B-factors can be calculated from (F) using the following relation-
ship (Dauphas et al., 2012):
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Fig. 2. Representative energy spectra of (Fe,Al)-bearing bridgmanite (Mgg‘ggFeé‘J{mFengGAlm1510‘3903) and ferropericlase ((Mgo.75Fep.25)0) at high pressure. The central peaks
located near 0 meV (partially truncated in the plots) correspond to the nuclear elastic scattering of the incident X-rays, while the other spectral features correspond to
inelastically-scattered photons either due to phonon creation (E > 0) or phonon annihilation (E < 0). The red curves are interpolations of the energy spectra used to remove
the elastic peak. The yellow horizontal lines are averages in the close-up views of the spectrum tails at low and high energy ends of the scans, which were interpolated
for the subtraction of the baseline. Elastic peak removal and baseline subtraction were conducted using SciPhon (Dauphas et al., 2018). The extended energy range reaching
+200 meV, together with the extremely low baseline level, were critical for an accurate evaluation of the force constants of iron in the samples at high pressure (see Fig. 3
for details). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

10001n g™F/**Fe — 1000 —— — ! nop
Mssge M6 8k2T2

(F)

= 2904ﬁ, (2)
where k is the Boltzmann’s constant, f is the reduced Planck con-
stant, M represents the mass of an **Fe or *°Fe nucleus and T is
the absolute temperature in K. The g-factor, also known as the re-
duced partition function ratio, represents the ratio of (*®Fe/>*Fe) in
the investigated iron-bearing phase, to the (°®Fe/>*Fe) in the ideal
dissociated iron gas at equilibrium. Accordingly, by subtracting the
In B of phase A from that of phase B, we obtained the predicted
equilibrium fractionation between two coexisting phases A and B
(Urey, 1947),

A°Fe! , = (8°°Fep — 856FeA)eq
=10001n 8, /"' — 10001n g, *¢/"'F¢
—(F
:2904( )BT2< )A’ 3)

where 8°6Fe4 and §°6Fep are the iron isotopic compositions of
phases A and B, respectively, and ASGFeZq_A is the permil differ-
ence in the isotopic ratio (°®Fe/>*Fe) between phases A and B at
thermodynamic equilibrium. The uncertainties of the derived mean
force constant (F) in this study using SciPhon (Dauphas et al.,
2018) include both statistical and systematic errors and are typ-
ically about 10-15% (Table 1).

3. Results

The iron force constant of Fp increases with pressure up to
60 GPa at a rate of 3.0 Nm~!'GPa~!. Starting at 60 GPa, the
force constant increases more rapidly at a rate of 8.6 Nm~! GPa™!
(Figs. 4 and 5). The spin transition of Fe?* in Fp ((Mgg 75Feg.25)0)

Table 1
Mean force constant (F) of iron bonds in ferropericlase and bridgmanite at high
pressures (uncertainties include both statistical and systematic errors).

Composition P Force constant
(GPa) (Nm™1)
Ferropericlase Fp25 0.0001 191.0 (£8.0)
Ferropericlase Fp25 12 219.0 (+£12.9)
Ferropericlase Fp25 23 262.3 (+£15.8)
Ferropericlase Fp25 36 278.5 (+15.9)
Ferropericlase Fp25 49 339.2 (£20.7)
Ferropericlase Fp25 54 333.1 (£17.6)
Ferropericlase Fp25 59 361.8 (+41.6)
Ferropericlase Fp25 77 475.1 (£52.9)
Ferropericlase Fp25 83 532.6 (+£28.4)
Ferropericlase Fp25 88 586.6 (+30.0)
Ferropericlase Fp25 94 626.0 (+£31.4)
Bridgmanite Al-Bm11 0.0001 193.2 (£18.9)
Bridgmanite Al-Bm11 27 297.8 (£22.3)
Bridgmanite Al-Bm11 35 353.4 (+36.3)
Bridgmanite Al-Bm11 46 448.6 (+46.0)
Bridgmanite Al-Bm11 58 382.4 (+42.6)
Bridgmanite Al-Bm11 67 330.2 (+38.6)
Bridgmanite Al-Bm11 81 375.9 (+42.1)
Bridgmanite Bm9 16 224.7 (£20.0)
Bridgmanite Bm9 50 322.7 (£28.0)
Bridgmanite Bm9 90 336.4 (£32.7)
Bridgmanite Bm9 104 351.5 (£32.1)
Bridgmanite Bm24 99 318.1 (£50.0)
For composition abbreviations, Fp25 = (Mgp7s5Fep25)0, Al-Bmll =

Mgo,gg FESBM Fegf)% Alo_] 1 Sio_sg 03 , Bm9 = Mgo_gz FegE Feg};z Sio,ggO; and Bm24
= Mgo_74Fe(2)_J§2 Fegﬁz Sio_gg 03 .

takes place around 60 GPa (Lin et al., 2005, 2013), as confirmed by
synchrotron Mgssbauer spectroscopy (SMS), which showed a tran-
sition from several quantum beats to a natural decay line implying
the disappearance of quadrupole splitting in iron (Fig. 6). Across
the spin transition, the unit cell volume collapses by ~2% and the
Fe-O bond length decreases by at least 0.7% (Lin et al., 2013), re-
spectively. The spin transition is visible in our experiments as a
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Fig. 3. Derived force constants (F) of iron bonds in ferropericlase (Fp) and bridg-
manite (Bm) at representative pressures. The results were calculated using various
maximum energy ranges of the energy spectra from £60 meV to +140 meV. At am-
bient conditions, the derived (F) of both ferropericlase and bridgmanite converge to
a constant value at approximately 80 meV. The derived value converges at approxi-
mately 110 meV for the representative high pressure results of Fp at 94 GPa and Bm
at 46 GPa, respectively. These analyses demonstrate the necessity for deriving reli-
able force constant values using a broader energy scan range in the high-pressure
NRIXS energy spectra because phonon energies are expected to be elevated due to
applied pressures. Results from Lin et al. (2006b) with +90 meV energy scan range
are shown for comparison; the derived (F) of Fp using the energy spectra with a
maximum energy range of 90 meV at 92 GPa is 477 N/m, which is significantly
smaller than the value of 621 N/m derived in this study using an extended energy
range of £110 meV.

700

550 0 Fe»/Fe, forBm 1 Ferropericlase
£
2 Basaltic glass
=
=
S
g 400 o
(3 T [ Feg;NigSis
§ T 1 Bridgmanite
o
'8

250

100 . L L

0 30 60 90 120
Pressure (GPa)

Fig. 4. Force constants (F) of iron bonds in ferropericlase, bridgmanite, basaltic
glass and FegyNigSis alloy as functions of pressure. Colored symbols represent ex-
perimentally derived force constants, while colored lines show simple fits to the
experimental data to help guide the eyes. Ferropericlase ((Mgo.75Fep.25)0)) under-
goes an iron spin transition at approximately 60 GPa, which significantly stiffens the
force constant of the iron bonds (Fig. 5). The decrease in the force constant of iron
in bridgmanite at approximately 45 GPa can be correlated with the iron local site
change reported in previous studies (Hsu et al., 2010; Mao et al., 2017). Three differ-
ent compositions of bridgmanite [Mgo‘ngeé_TmFegB%Alo,l1Sio‘8903 (blue squares),
Mgo oz Felf Fept Sio9903 (blue diamonds), Mgo 74Fe2 !, Fej’, Sio0505 (blue circles);
note that these are mostly A-site iron] were measured at high pressure. Data
for the basaltic glass (Nag.036Cao.220Mg0.493Feo.115Al0.307Tio.012K0.002Si0.83403) and
Feg7NigSis alloy are taken from Liu et al. (2017).

rd - 1.0
—— Force Constant 300K / 7/
900 -—— Force Constant Geotherm ] /
= == L8 Fraction 300K /
_ 1 0.8
E == w= LS Fraction Geotherm I
E c
< 700 2
= 106 §
S o
2 '8
(=
0 500 =
(&) 104 0
(] i
o 2
° o
S 4
300 102
100 4 0.0

Pressure (GPa)

Fig. 5. Model of the iron force constant of iron bonds in ferropericlase along an ex-
pected geotherm. Blue squares represent experimental results measured at 300 K
in this study. The blue dashed line represents the low-spin iron fraction (Mao et
al., 2011a) at 300 K whereas the red dashed line represents the low-spin iron frac-
tion along a representative geotherm (Brown and Shankland, 1981). The low-spin
fractions were used to fit the experimental data at 300 K (blue solid line) and to
model the force constant of the iron bonds along an expected geotherm (Brown and
Shankland, 1981) (red solid line).

change of the dependence of the (F) value with pressure. The
(F) value of Bm increases with increasing pressure up to about
45 GPa at a rate of ~5.5 Nm~! GPa~!. It slightly drops down to
~350 N/m and remains almost unchanged up to 100 GPa (Figs. 4
and S1). The (F) values of all Bm samples fall on the same trend,
regardless of their Fe3*/Fey: ratios that range between 0.25 and
0.8 (Fig. 4). Finally we also included here the iron force constants
(F) of silicate a basaltic glass previously determined to a maximum
pressure of 64 GPa (Liu et al., 2017). Since there is no observ-
able spin transition of iron in silicate glasses (Mao et al, 2014;
Gu et al,, 2012), we modeled the pressure dependence of (F) with
a linear trend and extrapolated it to around 100 GPa. At pressures
above 60 GPa, the LS Fp has a much larger (F) value than the Bm,
basaltic glass (Liu et al, 2017) and iron alloys (Liu et al., 2017;
Shahar et al, 2016) (Fig. 4), implying that heavy iron isotopes
would be concentrated in LS Fp beneath the middle part of the
lower mantle (Fig. 5).

4. Discussion

4.1. Determining the evolution of (F) in Bm and Fp as a function of P
and T

The effect of the spin transition on (F) and the fractionation
of isotopes in Fp has been demonstrated at 300 K. To address the
fractionation of iron isotopes in the lower mantle, the measured
mean force constant of the iron bonds (F) in Fp at high pressure
and 300 K can be used to derive the pressure and temperature de-
pendence of the force constant based on our prior knowledge on
how iron partitions between low and high spins. We shall assume
that the low-spin and high-spin iron atoms can be treated as inde-
pendent components so that the mean force constant of iron can
be calculated from the weighted average of the force constants of
iron in the different spin states,

(F) = (F)1s x ngs + (F)ps x (1 — nps), (4)

where ngs is the fraction of the low-spin iron, and (F)ys and (F)s
are the force constants of iron in the high-spin (HS) and low-spin
(LS) states. The LS iron fractions for Fp at different pressures and
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Fig. 6. Representative synchrotron Mdossbauer spectra (SMS) of ferropericlase and bridgmanite at high pressures. The SMS data were fitted using the CONUSS software
(Sturhahn, 2000). The quadrupole splitting (QS) of iron and its relative abundance obtained from fitting results can be used to reveal the pressure-induced evolution of spin
states and local site environment of iron. a The low-spin iron in ferropericlase has a QS of 0 mm/s. Its abundance is 0% at 23 GPa, 48% at 59 GPa and 100% at 92 GPa, which
demonstrates a gradual transition from the high-spin to the mixed-spin and eventually to the low-spin state. b Iron in bridgmanite with a very high QS up to 4 mm/s means
strongly non-spherical distribution of electrons and is consistent with the distorted A-site (Hsu and Wentzcovitch, 2014; Lin et al., 2016; Mao et al., 2017). The bridgmanite
at 23 GPa has 3 iron sites with QSs smaller than 2 mm/s. At 90 GPa, there are one site hosting 26% of iron with a QS of 4.1 mm/s and another site hosting 31% of iron with
a QS of 2.7 mm/s. After further pressurized to 104 GPa, 53% population of iron has a QS of 4.1 mm/s and 32% of iron has a QS of 2.7 mm/s. This reveals a gradual transition
from low-QS to high-QS in iron and an enhanced distortion of the A-site in bridgmanite at high pressure.

temperatures are reported in Mao et al. (2011a). The force con-
stants of iron in different spin states can be expressed as a linear
function of pressure:

(F)is =ais x P +bys, (F)Hs = ays x P + bys, (5)

where a and b are empirical fitting coefficients obtained by re-
gressing the mean force constant (F) against P:

bys =186 +6Nm™,
bis=—1824+52Nm~!.

aps =3.00+£0.18 Nm~ ! GPa~ !,
a5 =8.624+0.61 Nm~' GPa~!,

Note that LS iron is not stable below 60 GPa so it is inconsequen-
tial that b;s is negative.

The force constant along an expected geotherm of the lower
mantle (Brown and Shankland, 1981) was calculated using the
pressure-temperature-dependent n;s given in Mao et al. (2011a)
and the results above (Fig. 5). With this new set of force constants,
the B-factors of various phases along the expected geotherm
(Brown and Shankland, 1981) were calculated from Eq. (2) and the
isotopic fractionation between Fp and Bm is determined by Eq. (3).
To estimate the isotopic composition of each phase, we also need
to know how iron partitions between Fp and Bm, which allows us
to write the following mass-balance relationship,

SSSFemantle = 356Fer X Npp + 856FeBm X NBm, (6)

where ngp and npp, are the mass fraction of iron in ferropericlase
and bridgmanite, respectively, ngp 4 ngm = 1. Combining equation
(3) and (6), we calculated §°°Fe, and §°°Fep, (Fig. 7). In the cal-
culation, we assumed that the lower mantle has a chondritic iron
isotopic composition (8°6Fepante = 0%o). The values of ng, and
ngm are calculated from the previously determined iron partition
coefficients by taking into account the effects of the spin transition
in Fp and the Al-substitution in Bm for a pyrolitic mantle (Irifune
et al, 2010). In a pyrolitic mantle, the presence of Al in the B-
site of Bm tends to prevent ferric iron from partitioning into that

site so only the A-site iron needs to be considered. Furthermore,
based on our data, the force constant of the iron cations in the
A-site defines a single trend regardless of the proportions of ferric
and ferrous iron. To the first order, our experimental determina-
tion of the (F) for the Bm is therefore appropriate to model iron
isotopic fractionation in natural settings. Finally, there is a negligi-
ble amount of iron in CaSiOj silicate perovskite (Irifune, 1994) so
we did not consider its partitioning into this phase.

Within this framework, our model indicates that little fraction-
ation between Bm and Fp would be expected in the middle part of
the lower mantle at depths between 1200 to 1800 km because of
the counter effects between the iron local site change that induced
softening in Bm and the pressure-enhanced (F) in Fp. The spin
transition of iron in Fp starts at about 80 GPa along an expected
geotherm (Brown and Shankland, 1981) such that Fp is expected
to increasingly concentrate the heavy isotopes of iron compared
with Bm at depths higher than 1800 km. Using the Feg7NigSis al-
loy as an analogue for iron in the outer core (Liu et al., 2017), our
modeling further shows that the equilibrium iron isotopic fraction-
ation between Fp and metallic iron at CMB conditions (3570 K)
(Nomura et al., 2014) is as large as 0.12%o, while the equilib-
rium isotopic fractionation between Bm and metallic iron is only
—0.02%0 (Fig. 7). A similarly negligible fractionation is expected
between a molten silicate and metallic iron (Liu et al., 2017). Tak-
ing into account the partitioning of iron between Fp and Bm under
CMB conditions, we estimate an equilibrium core-mantle iron iso-
topic fractionation factor of ~0.08%.

4.2. Bonding environment and force constant of iron in Bm at high
pressure

The iron bonding environment and thus its force constants in
Bm can be influenced by several factors including the site occu-
pancy (A and B sites), spin and valence states, and lattice changes
at high pressure. Our current understanding of the site occupancy
in Bm is that the A-site hosts Fe?t and Fe3* while the B-site
only accommodates Fe3t (Catalli et al., 2010; Hsu et al, 2011;
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Fe). The blue and red lines in a represent apparent *Fe isotopic profiles of bridgmanite and ferropericlase across their respective spin and site

Hernlund and Jellinek, 2010).

Lin et al,, 2013). The addition of AI*t to Bm makes the B-site ener-
getically unfavorable for Fe3* such that (Fe,Al)-bearing Bm would
contain A-site Fe3* and B-site AI>* via charge-coupled substitution
(Hsu et al., 2012; Hummer and Fei, 2012). The current under-
standing of the spin states in Bm is that the B-site Fe>* under-
goes the HS-LS transition around 15-50 GPa (Catalli et al., 2010;
Hsu et al, 2011; Mao et al., 2015; Liu et al., 2018) while FeZt
and Fe3t in A-site remain in the HS state throughout the lower
mantle pressure range (Lin et al., 2016; Hsu et al., 2010, 2011).
We should also note that an intermediate spin state of Fe2* with
very high QS at high pressure was also reported to occur (Lin et
al., 2008) but not confirmed computationally (Hsu et al.,, 2010;
Hsu and Wentzcovitch, 2014). Instead, what was found computa-
tionally (Hsu et al., 2010) was a change in iron d-orbital occupancy
along with a lateral displacement of iron in the perovskite “A-site”.
This change in Mossbauer quadrupole splitting (QS) corresponds
to the theoretically identified displacement of iron in the A-site
occurs between 30-60 GPa (Hsu et al, 2010). Beyond 60 GPa,
the two states cannot be distinguished in the Mdssbauer spectra,
which suggested a double-well-like energetic structure for the low-
QS and high-QS pair of states, with a final merging of both states
into a single well at high pressures. Such a double-well structure
was verified computationally (Hsu et al., 2010). State changes such
as the low-QS to high-QS in a double-well type energetic structure
should be very anharmonic.

To understand the effects of spin, valence, and lattice on the
Fe-O force constants of our Bm samples at high pressure, we
assume the charge-couple substitution mechanisms of [Fe3T]a
—[AP*]g for the (Al,Fe)-bearing samples and [Fe3*]4—[Fe3*]5 for
the Al-free samples. For example, based on the chemical for-
mulae of our samples, their B site Fe3t content should be
[Mgo.s9Fed b4Feg bog 1alAlo.11Si0.891503, [Mgo 92Fe o Feg b, lalFeg by

Sip99]p03 and [Mg0A74Feéj2Feg_‘;o]A[Fe(?’,f,zSioAgg]303. The latter
might be an incomplete picture since charge balance in this Al-free
sample implies in considerable amount of A-site vacancies. This
reasonable assumption implies that there is very limited amount of
B-site Fe3t (up to few percent) in our (AlFe)-bearing and Al-free
Bm samples. That is, the B-site spin transition in (AlFe)-bearing
Bm would likely play a very minor role on the (F) results here.
Therefore, the measured (F) values should predominantly repre-
sent a weight-averaged contribution from Fe?* and Fe3* bonding
strengths in the A-site. We should note that Bm in the relevant
lower-mantle composition is likely to contain significant amounts
of Fe and Al such that the B-site Fe3* should be very limited
(Irifune et al., 2010; Hsu et al., 2012).

Both experimental and theoretical studies have documented
significant change in the local iron environment in A-site Fe2* at
around 45 GPa associated with the low-QS to high-QS state change
(Mao et al., 2017; Hsu at al,, 2010; Boffa Ballaran et al., 2012)
shown in the Mdssbauer spectra in Fig. 6. The change in local envi-
ronment and QS is also reflected in the lattice parameters indicat-
ing an increase in Si-Og octahedron tilting angle (Mao et al., 2017;
Hirose et al., 2017). Our high-pressure Bm results show that the
(F) value increases with increasing pressure up to approximately
40 GPa, which should be caused by the pressure-enhanced short-
ening of the interatomic distance of Fe2* in the relatively low-QS
state. At higher pressures, the lower value of (F) and the weak
pressure dependence of the (F) value, an almost flat feature with
increasing pressure, could be reflecting a balance between a neg-
ative effect on the (F) values from the enhanced site distortion
and a positive effect from shortened inter-atomic distance. How-
ever, the “average” Fe2* -0 interatomic distance in the low-QS and
high-QS states are quite similar (Fig. 2 in Hsu et al., 2010) with
the low-QS site displaying a wider range of bond-lengths. Alterna-
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Fig. 8. Equilibrium >°Fe/>*Fe isotope fractionation as a result of fractional crystal-
lization in a deep magma ocean at 130 GPa. The magma ocean has an initial §°6Fe
value of 0%o and the Fp and Bm crystals begin to solidify from the melt following a
thermodynamic description of the crystallization sequence by Boukaré et al. (2015).
The limited fractionation between the solids and melts is due to the extremely high
temperature during the magma ocean stage.

tively, the dynamics of Fe2* throughout the low-QS to the high-QS
state change, a double-well like energetic structure changing into
a single well at high pressures could be highly anharmonic. In this
case, the harmonic expression for (F) and the harmonic calcu-
lation of phonon frequencies might not be appropriate. The dy-
namics of Fe?t during the co-existence of these states during the
co-existence of these states could be highly anharmonic and non-
adiabatic. It is associated with a possibly small barrier between
these states and different electronic occupancy of d orbitals in each
side of the double well. At the moment, neither experimental nor
theoretical methods are prepared to address this complex situa-
tion.

As shown in previous studies of silicate glasses (Dauphas et
al,, 2014) and spinels (Roskosz et al., 2015), the valence state of
iron is also expected to influence the force constant of the host
materials. These studies have found the iron force constant differ-
ences between ferrous and ferric end-members, A (F)fe(in)-re(m), t0
be 152 £33 N/m, 145 4+ 27 N/m and 104 £ 17 N/m, for basaltic
glasses, rhyolitic glasses and spinels respectively. Our three Bm
samples contained different Fe3*|Fey ranging between 0.25 and
0.8, primarily in the A-site, and showed indistinguishable (F) re-
sults from each other.

Results of previous ab initio calculations can shed light on this
indistinguishable force constants of Fe?* and Fe3*t in the A-site.
First, the average bond-lengths of Fe?* in low QS and high QS
states (Hsu et al,, 2010), and Fe3* in the HS state in the A-site (Hsu
et al, 2011) are very similar. Only Fe3* in the B-site, which is not
abundant in our samples has a much shorter average bond-length.
The similarity of average Fe-O bond-lengths of Fe3* and Fe?* in

the A-site can be reasoned on the basis of orbital occupancies.
The bond-lengths depend strongly on the occupancy of e; type
orbitals which point toward the nearest neighbor oxygen atoms in
an octahedral-like environment or nearly so. For both Fe?t and
Fe3t in the HS state, as expected here, the d-electrons configura-
tions are: tggeé and tggeé, respectively, with the same occupancy
of ey states, therefore, resulting in similar Fe-O bond lengths. This
symmetry classification of d-orbitals is not completely adequate
because the symmetry is not octahedral but it is sufficient to say
that the spin up electrons completely fill the spin up d-sub-shell
with similar radii in both cases. The different ionization state of
these ions plays a secondary role to electronic configuration (HS
or LS) in determining the Fe-O bond-lengths. Not even the possi-
ble presence of “A-site” vacancies in one of our samples seems to
affect this behavior.

4.3. Modeling the evolution of iron isotopic fractionation during
magma ocean crystallization

The Earth is thought to have formed from collisions between
large planetary embryos, which must have induced the formation
of magma oceans (Ito et al., 2004; Walter et al., 2004). In particu-
lar, the Moon-forming giant impact may have induced widespread
melting in the Earth. From a largely molten body to the present-
day solid Earth, crystallization of the magma ocean would have
shaped the Earth’s chemical structure and potentially fractionated
iron isotopes in a manner analogous to what has been advocated
for the Moon (Weyer et al., 2005; Poitrasson et al., 2004). Mean-
while, this large-scale melting event drastically redistributed iron
within the different planetary reservoirs and it is possible that
some Fe-rich regions became geodynamically isolated and even-
tually became a hidden iron isotope reservoir.

Here we use the fractionation factors of solid Fp and Bm to-
gether with a previously reported fractionation factor of a basaltic
glass as an analogue to basaltic melts (Liu et al., 2017) to explore
the possible consequences of a crystallization process happening
in the deep lower mantle (Fig. 7). The (F) value for melts in the
magma ocean is taken by extrapolating the (F) values of basaltic
glass (Liu et al.,, 2017) to the relevant pressure assuming that the
spin state of iron in silicate glass is unchanged at lower mantle
conditions (Mao et al., 2014; Gu et al.,, 2012). The (F) value for the
solid fraction was calculated as the weighted average of the force
constants of Fp and Bm,

(F)sum = (F)Fp - NFp + (F)Bm - NBm, (7)
where ngp and ngy are the proportions of iron in Fp and Bm in the
solid fraction respectively, and ngp 4 ngm = 1.

We simulated the iron isotopic composition of melts and solid
aggregates during the whole crystallization process (Fig. 8). Frac-
tional crystallization and a mass-balance relationship were used in
the model. The compositions of the solid and melt were calculated
after each 1 wt% increment of crystallization. For the ith separa-
tion of crystals, the isotopic composition of crystals equilibrated
with the remaining melts can be calculated by 8°°Fecrystarit1 =
8%Femelri + A>®Fecrystal-melr, and based on the isotopic mass-
balance we have:

8°%Femelt-i+1
= [356Feme1t-i - (356Femelt-i + ASGFecrystal—melt) MNerystal )/
(1 — nerystan), (8)
8°CFecrystals-it1 = =8 Femelt-it+1 - Mmele/ (1 — Mmelt), (9)

where 8°Feeri and 8°°Feperiy1 are the iron isotopic compo-
sition of the melt before and after the ith increment of crystal
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removal, ASGFecrySml_melt is the equilibrium iron isotopic fractiona-
tion between Fp and Bm aggregates and melts, neysar is the frac-
tion of iron taken up by crystals at each step, 856Fecrym]5_1+1 is the
iron isotopic composition for accumulated Fp and Bm crystals af-
ter the ith increment and npej¢ is the fraction of total iron in the
remaining melt.

The compositional evolution of minerals crystallizing from the
magma ocean was adapted from a previously reported thermody-
namic model by Boukaré et al. (2015) (see Fig. 8). The crystalliza-
tion starts from the liquidus phase Mg-Bm containing almost no
iron. After about 20 wt% of the melt solidifying, Fe begins to be in-
corporated in the iron-bearing Fp. When ~27 wt% of the melt has
crystallized, iron-bearing Bm appears. There is very limited iron
isotopic fractionation in melts during most of the crystallization
process because (i) iron is moderately incompatible and prefers
to stay in the melt rather than in crystals (Andrault et al., 2012;
Boukaré et al., 2015) and, (ii) the extreme high temperature sup-
presses the isotopic fractionation (Urey, 1947).

Over the whole crystallization process, melts are isotopically
heavier than solids but the fractionation between solids and melts
does not exceed +0.025%o. Much of that small fractionation would
have presumably been erased by mantle mixing over Earth’s his-
tory and would be hardly resolved given present analytical uncer-
tainties. Our results thus suggest that crystallization of the magma
ocean and associated equilibrium iron isotopic fractionation be-
tween melt and crystals is unlikely to have caused significant iron
isotopic fractionation in any mantle reservoir.

5. Conclusion

We have measured the thermochemical and lattice dynamical
properties of Fp and Bm at high pressure by applying the syn-
chrotron technique of nuclear resonant inelastic X-ray scattering to
samples loaded in diamond anvil cells. The results reveal a sub-
stantial change in the increase rate of the mean force constant
of iron bonds at 60 GPa in Fp, corresponding to a spin transition
of iron around that pressure. The mean force constant of Bm in-
creases up to 45 GPa and then drops and remains constant above
this pressure. This behavior is not easily understood but it could
result from combined effects of strong anharmonicity in the dy-
namics of iron in the perovskite A-site and by a lattice distortion
rather than a strengthening of the Fe-O bonds. The indistinguish-
able force constants of Fe2t and Fe3t in the A-site can be reasoned
on the basis of the d-orbital occupancies and resulting comparable
bond-lengths of these ions. The derived force constants are used
to calculate the extent of the iron isotopic fractionation associated
with magma ocean crystallization and the fractionation during this
process was found to be minimal. Because of the significant dif-
ferences in the iron force constants of the coexisting high pressure
phases, strong iron isotopic heterogeneity is expected between co-
existing minerals at high pressure but this heterogeneity may not
be expressed in the isotopic geochemistry of the igneous rocks
available at Earth’s surface. Test of the iron isotope heterogene-
ity profile would be enabled by future isotopic analysis of Fp and
Bm from the lower mantle.
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