Iron Force Constants of Bridgmanite at High Pressure: Implications for Iron Isotope
Fractionation in the Deep Mantle
Wenzhong Wang'*, Jiachao Liu**, Hong Yang®', Susannah M. Dorfman**, Mingda
Lv*, Jie Li®, Feng Zhu®, Jiyong Zhao’, Michael Y. Hu’, Wenli Bi’#, Ercan E. Alp’,
Yuming Xiao?, Zhongging Wu'"*, Jung-Fu Lin*"

"Laboratory of Seismology and Physics of Earth’s Interior, School of Earth and Space
Sciences, University of Science and Technology of China, Hefei, China;

2Department of Earth Sciences, University College London, Gower Street, London
WCIE 6BT, UK;

3Department of Geological Sciences, Jackson School of Geosciences, The University
of Texas at Austin, Austin, Texas 78712, USA;

*Department of Earth and Environmental Sciences, Michigan State University, MI
48824, USA

Center for High Pressure Science and Technology Advanced Research (HPSTAR),
Pudong, Shanghai 201203, China;

Department of Earth and Environmental Sciences, University of Michigan, MI 48109,
USA;

"Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439,
USA;

$Department of Geology, University of Illinois at Urbana-Champaign, Urbana, Illinois
61801, USA;

High Pressure Collaborative Access Team (HPCAT), X-Ray Science Division,
Argonne National Lab, Argonne, Illinois 60439, USA;

"Now at Department of Geological Sciences, Stanford University, Stanford, CA 94305,
USA.

*J.C. Liu and W.Z. Wang contributed equally to this work.

Corresponding authors: W. Wang (wenzhong.wang@ucl.ac.uk), S. M. Dorfman
(dorfman3@msu.edu), J.F. Lin (afu@jsg.utexas.edu), or Zhongqing Wu
(wuzql0@ustc.edu.cn)



O© o0 39 O B B~ W N =

(VS R N N B N R S S N R N \" I \S T O B S e e e e e e e
— O O 0 N9 N U kWD =, O 0NN Y R W N = O

Abstract

The isotopic compositions of iron in major mantle minerals may record chemical
exchange between deep-Earth reservoirs as a result of early differentiation and ongoing
plate tectonics processes. Bridgmanite (Bdg), the most abundant mineral in the Earth’s
lower mantle, can incorporate not only Al but also Fe with different oxidation states
and spin states, which in turn can influence the distribution of Fe isotopes between Bdg
and ferropericlase (Fp) and between the lower mantle and the core. In this study, we
combined first-principles calculations with high-pressure nuclear resonant inelastic X-
ray scattering measurements to evaluate the effects of Fe site occupancy, valence, and
spin states at lower-mantle conditions on the reduced Fe partition function ratio (/-
factor) of Bdg. Our results show that the spin transition of octahedral-site (B-site) Fe**
in Bdg under mid-lower-mantle conditions generates a +0.09%o increase in its f-factor,
which is the most significant effect compared to Fe site occupancy and valence. Fe?*-
bearing Bdg varieties have smaller S-factor relative to Fe**-bearing varieties, especially
those containing B-site Fe**. Our models suggest that Fe isotopic fractionation between
Bdg and Fp is only significant in the lowermost mantle due to the occurrence of low-
spin Fe*" in Fp. Assuming early segregation of an iron core from a deep magma ocean,
we find that neither core formation nor magma ocean crystallization would have
resulted in resolvable Fe isotope fractionation. In contrast, Fe isotopic fractionation
between low-spin Fe**-bearing Bdg/Fe*"-bearing Fp and metallic iron at the core-
mantle boundary may have enriched the lowermost mantle in heavy Fe isotopes by up
to +0.20%eo.
Keywords: Fe isotopic fractionation, bridgmanite, spin transition, nuclear resonant

spectroscopy, first-principles calculations

1. Introduction

Iron, the most abundant element in the Earth by weight, is the dominant component
of the core and the only major transition metal in the mantle. Signatures of planetary
accretion and differentiation may be recorded in the Fe isotopic compositions
(8'Fe=(("Fe/**Fe)sample/(Fe/**Fe)sandard - 1)*1000 %o, i=56 or 57) in the Earth’s crust,

mantle, and core (Poitrasson et al., 2009; Polyakov, 2009; Poitrasson et al., 2013; Rubie
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et al., 2015; Sossi et al., 2016; Elardo and Shahar, 2017; Teng et al., 2017). Terrestrial
mid-ocean ridge basalts (MORBs) exhibit strikingly high §’°Fe of 0.105 + 0.006%o
(Teng et al., 2013) relative to chondritic values, suggesting the enrichment of heavy Fe
isotopes in the Earth’s upper mantle. Several hypotheses have been proposed to explain
the Fe isotope signatures in the mantle, including evaporation loss of light iron isotopes
during Earth's accretion (Poitrasson et al., 2004; Poitrasson, 2007), Fe isotopic
fractionation during core formation (Polyakov, 2009; Elardo and Shahar, 2017), and
mantle partial melting (Teng et al., 2008; Dauphas et al., 2014). Evaluation of the effects
of these processes on the Fe isotope composition requires Fe equilibrium isotopic
fractionation factors (A%°Fe) between major Fe-bearing mantle and core minerals/melts
under pressure-temperature (P-T) conditions relevant to the early and current Earth's
interior.

Bridgmanite (Bdg) and ferropericlase (Fp) are the most abundant Fe-bearing
minerals in the lower mantle. As such, the reduced Fe partition function ratios (f-factors)
for Bdg, Fp, and iron-light element alloys are key parameters for modelling Fe isotopic
fractionation between different minerals/melts in the lower mantle or between the
mantle and the core. Generally, f-factors are directly controlled by bond stiffnesses in
structures, which in turn depend on structural response to pressure, temperature, and
composition (Schauble, 2011; Huang et al., 2013; Huang et al., 2014; Wu et al., 2015a;
Shahar et al., 2016; Liu et al., 2017; Yang et al., 2019). In addition, Fe in both Bdg and
Fp have been found to undergo spin transitions under mid-lower-mantle conditions (e.g.,
Lin et al., 2013; Liu et al., 2018), which can significantly change their electronic
structures (Hsu et al., 2011), Fe bond stiffnesses (Polyakov, 2009; Rustad and Yin, 2009;
Lin et al., 2013), and hence presumably influence Fe isotope fractionation. A recent
work conducted by Yang et al. (2019) observed a significant increase in the f-factor of
Fp across its Fe** spin transition in the octahedral site at ~ 60 GPa and 300 K, whereas
the f-factor of Bdg remains unchanged with increasing pressure likely due to lattice
distortion. Additionally, the effects of light elements on the S-factor of metallic Fe alloy
at high P-T conditions will also affect our understanding of deep-Earth iron isotope
distribution (Chen et al., 2014; Shahar et al., 2016; Liu et al., 2017; Chen et al., 2018).

The pressure-dependence of the f-factor of Bdg can be very complex when
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considering the two possible crystallographic sites can accommodate Fe with different
valences and spin states as well as other minor cations like Al. The individual
contribution of each lattice site to the mean force constant of the phase cannot be
uniquely determined in high-pressure nuclear resonant inelastic X-ray scattering
measurements (e.g., Yang et al. 2019) which yields only the total average inelastic
scattering behavior of the sample. The Bdg structure accommodates Fe in both the
larger pseudo-dodecahedral (8-fold) A-site and the smaller octahedral (6-fold) B-site
(Lin et al., 2013). While Fe?" can only reside in the large A-site, Fe** can enter both
sites through different proposed substitution mechanisms such as Mg®"a+Si*'p —
Fe’"a+Fe’'p and Mg?* a+Si*'p — Fe*"a+Al*" (Frost et al., 2004; Liu et al., 2015). Only
Fe** in the Bdg B-site is expected to undergo a high-spin (HS) to low-spin (LS)
transition at pressures corresponding to mid-mantle depths, while A-site Fe*" and Fe**
experience lattice distortion but both valence states maintain HS state throughout the
lower mantle (Catalli et al., 2010; Hsu et al., 2011; Mao et al., 2015; Shukla and
Wentzcovitch, 2016; Fu et al., 2018b; Liu et al., 2018).

Many previous studies have argued that iron exists predominantly as Fe** in Bdg,
on the basis of increased stability of Fe*" in Bdg structure at lower-mantle-relevant
oxygen fugacity conditions (Catalli et al., 2010; Frost et al., 2004; Frost and
McCammon, 2008; Li et al., 2006; Marquardt et al., 2009; McCammon, 1997).
Furthermore, a recent work (Armstrong et al., 2019) also found that Fe?" in a deep
magma ocean would disproportionate to Fe*" plus metallic iron at high pressures. As
such, consequent segregation of precipitated iron metal from the lower mantle into the
core could leave the Bdg enriched in Fe** after magma ocean crystallization. In addition,
experimental studies (Frost et al., 2004; Shim et al., 2017; Andrault et al., 2018) also
reporeted Fe**-rich Bdg in equilibrium with iron metal due to the disproportionation of
Fe?". Although recent experimental and theoretical studies have reported the S-factors
of several Bdg compositions (Shahar et al., 2016; Yang et al., 2019), none of the studies
have examined the effect of Fe*" in the B-site, precluding the evaluation of the influence
of the B-site Fe*" spin transition on the S-factors of Bdg. In addition to Fe**, AI** can
also enter A and B sites in Bdg through the coupled substitution mechanism Mg?‘a +

Si*'p = (Fe**, AI*)a + (Fe**, AI’")s (Frost et al., 2004; Liu et al., 2015; Shim et al.,
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2017; Yang et al., 2019). As the radius of AI** is smaller than both A-site and B-site
Fe*', it prefers to substitute into the smaller B-site and the content of B-site Fe** is
influenced by the Fe**/Al ratio (Frost et al., 2004; Liu et al., 2015; Shim et al., 2017).
Thus, comparison of the f-factors between Al-bearing and Al-free Bdg is needed to
reveal the effect of Al on the S-factor of Bdg.

In this study, we determine the S-factors of (MgosFe**0.5)(SiosFe*0.5)0; Bdg at
mantle-relevant pressures by both nuclear resonant inelastic X-ray scattering (NRIXS)
and the density functional theory (DFT) augmented by a Hubbard U correction method.
The spin transition of the B-site Fe** in (Mgo.sFe*"05)(SiosFe**0.5)O3 Bdg at 43-50 GPa
has been inferred from X-ray diffraction, X-ray emission and electrical conductivity
measurements (Liu et al., 2018). This sample thus offers the possibility to
unambiguously determine the influence of the B-site Fe** spin transition on its S-factor.
In addition, the pressure- and temperature-dependent f-factors of Fe in four other
bridgmanite compositions were calculated by the DFT+U method, including Fe**- and
Al**-bearing Bdg, (Mgo.9375F€**0.0625)(S10.9375Al0.0625)03, (Mgo.7sFe*0.25)(Si0.75A10.25)O3,
and Fe*-bearing Bdg, (Mgo.7sFe*7025)SiOs and (MgosFe?*05)SiOs. The calculated
results are used to constrain the effects of valence, spin states, and site occupancies of
Fe in Bdg on its f-factor at high pressure and temperature. To assess how Fe isotopes
distribute between Bdg and Fp in the lower mantle, our results are further used to model
the depth-dependence of A>°Fepe-rp for various bulk mantle compositions. Finally, we
estimate the effect of Fe species in Bdg, Fp, and metallic iron-light element alloys on

the scale of Fe isotopic fractionation between the lower mantle and the core.

2. Materials and Methods
2.1. Bridgmanite sample synthesis and DAC preparation

3"Fe-enriched (Mgo.46Fe*"0.53)(Sio4oFe**0.51)03 Bdg sample was synthesized as in
Liu et al. (2018). Briefly, fine-powdered 94.45% °’Fe-enriched Fe,Os (Cambridge
Isotope Laboratories) was homogeneously mixed with MgO and SiOz in 1:1:1 molar
ratios. (Mgo.46Fe**0.53)(Sio490Fe* 0.51)03 akimotoite was recovered from the multi-anvil
synthesis at 24 GPa and 1873 K for ~ 9 hours. The sample used in this study is from

the same multi-anvil press synthesis used in Liu et al. (2018) and (Dorfman et al. (2020).
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Multiple experimental runs confirmed via refinement of X-ray diffraction data that this
akimotoite reproducibly and reversibly transforms to Bdg at ~24 GPa and 300 K
(Dorfman et al. 2018), therefore the NRIXS measurements collected at 32.5 GPa and
above are within the stability field of Bdg. Synchrotron Mdssbauer spectroscopy (Liu
et al., 2018) and conventional Mossbauer spectroscopy (Dorfman et al., 2020) confirm
that all Fe in this sample is Fe**, which enters Bdg structure through coupled
substitution (Mg*“a + Si*'s = Fe*"s + Fe*'p).

A panoramic diamond anvil cell (DAC) equipped with a pair of 300-pm culet
diamonds was used for NRIXS measurements up to 60.9 GPa. NRIXS signals at higher
pressures were measured from a three-opening panoramic DAC equipped with a pair
of 150-um culet diamonds and three APD detectors at Argonne National Laboratory. To
increase the signal-to-background ratio, the upstream diamond was partially perforated
to reduce scattering of the incoming X-ray beam. X-ray transparent, high-purity Be
gaskets 3 mm in diameter with cubic boron nitride (c-BN) inserts were used to support
sample chamber and provide windows for NRIXS signal collection. The c-BN insert
was preindented to ~30-um thickness before a ~70-um-diameter sample chamber was
drilled on its center. In the sample chamber, ~15x15x10 um® sample was sandwiched
between two layers of ~5-um-thick NaCl pressure medium. 5-um ruby spheres next to
the samples were used as pressure gauge (Mao et al., 1986) below ~ 70 GPa. For higher
pressure experiments, pressures were determined from the edge of the diamond Raman

peak measured at the sample position (Akahama and Kawamura, 2010).

2.2. NRIXS measurements and data analysis

NRIXS measurements for >’Fe-enriched (Mgo4sFe* 0.53)(Sio4oFe*051)03 Bdg
sample (Fig. 1) at 32.5-60.9 GPa and 71.4-101.4 GPa were conducted at beamlines 16-
ID-D and 3-ID-B of the Advanced Photon Source, Argonne National Laboratory,
respectively. At both beamlines the incident X-ray beam was focused to ~10 um in
diameter on the sample in a DAC. NRIXS spectra were collected by avalanche photo
diode (APD) detectors attached to DACs, respectively. Each NRIXS spectrum was
generated by scanning energy near the >’Fe nuclear transition energy of 14.4125 keV

by tuning a high-resolution monochromator. The energy resolution was 1 meV with a
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step size of 0.334 meV at beamline 3-IDB and 2 meV with a step size of 0.67 meV at
beamline 16-ID-D. Collection times were 3-5 s/step, for a total of ~1 hour per NRIXS
spectrum. At each pressure, 15-40 NRIXS spectra were collected and summed to make
sufficient signal-to-noise ratio (Fig. 1). The spectra at pressure below 60.9 GPa were
collected at 16 IDD while others were collected at 3-ID-B. The ranges of scanned
energy for each spectrum can be found in Fig. 1. These wide energy ranges are critical
for capturing the multi-phonon contributions to PDOS and reliable background removal
(Dauphas et al., 2018).

NRIXS data were processed using the software package SciPhon (Dauphas et al.,
2018). First the energy resolution function of the incident X-ray was used to
deconvolute the NRIXS spectrum and a linear background based on high-energy
(beyond £100 meV) part of the spectrum was subtracted. The NRIXS spectrum was
then used to derive the phonon density of states (PDOS) of iron atoms in the lattice.
This derivation uses the harmonic approximation, which assumes the lattice potentials

are proportional to atomic displacement squared.

(Mgg 46F€”53)(Sig 49F€" 51)O; Bridgmanite @ 300 K
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Figure 1. NRIXS spectra of >’Fe-enriched (Mgo sFe*"5)(SiosFe**0.5)O; bridgmanite sample at

300 K and high pressures. The peak at 0 meV corresponds to the recoilless elastic scattering,

while the other inelastic peaks origin from either phonon creation (E > 0) or annihilation (E <
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2.3. First-principles calculations

All calculations were performed using the Quantum Espresso package (Giannozzi
etal., 2009) based on density functional theory (DFT), plane wave, and pseudopotential.
The local density approximation (LDA) was adopted for the exchange correlation
function. The energy cutoff for plane waves was 70 Ry. The pseudopotentials for Mg,
Si, O, and Al were well described in our previous studies (Huang et al., 2013; Huang et
al., 2014; Wu et al., 2015a; Wang and Wu, 2018). The pseudopotential for Fe was
generated using the Vanderbilt method (Vanderbilt, 1990) with a valence configuration
of 3523p®3d®34s'4p° and a cutoff radius of 1.8 Bohr. These pseudopotentials have been
successfully applied to predict the structures, vibrational properties, elasticity, and
equilibrium isotope fractionation of mantle silicate minerals including bridgmanite in
our previous studies (Nunez Valdez et al., 2012; Nufiez-Valdez et al., 2013; Huang et
al., 2013; Huang et al., 2014; Feng et al., 2014; Wu et al., 2015b; Shukla et al., 2015;
Wang et al., 2017a; Wang et al., 2017b; Qian et al., 2018; Wang et al., 2019a). To
address the large on-site Coulomb interactions among the localized electrons (Fe 3d
electrons) (Anisimov et al., 1991), we introduced a Hubbard U correction to the LDA
(LDA+U) for all DFT calculations. U values for Fe*" and Fe** on A- and/or B- sites in
bridgmanite are obtained from previous work (Hsu et al., 2010; Hsu et al., 2011), in
which values were non-empirically determined using linear response method
(Cococcioni and de Gironcoli, 2005). The U values for A-site Fe?", A-site HS Fe*", B-
site HS Fe**, B-site LS Fe*" are 3.1 eV, 3.7 eV, 3.3 eV, and 4.9 eV, respectively. The
LDA+U method has been widely and successfully applied to predict the physical and
chemical properties of Fe-bearing Bdg and Fp (Hsu et al., 2011; Wu et al., 2013; Shukla
and Wentzcovitch, 2016). For (MgosFe*o.5)(SiosFe’05)0s
(Mgo.0375Fe>*0.0625)(Si0.0375Al0.0625)03, and (Mgo7sFe**0.25)(Sio7sAlo25)0; Bdg, we
consider only configurations with the nearest neighbor [Fe**]mg-[Fe**/Al*]si since they
are the lowest energy configurations (Hsu et al., 2011; Shukla and Wentzcovitch, 2016).
Crystal structures at variable pressures were optimized on a 6x6x4 k-point mesh, and

vibrational density of states (VDOS) were calculated using the finite displacement
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method as implemented in the code PHONOPYT (Togo and Tanaka, 2015). At static
conditions, the B-site Fe*>" undergoes a HS-LS transition at ~52 GPa, consistent with
previous LDA+U calculations (Shukla and Wentzcovitch, 2016). This value is ~8 GPa
larger than the spin-transition pressure in (Mgo.s75Fe*"0.125)(Sio.s75Fe**0.125)03 Bdg due
to the difference in Fe** content.

Reduced partition function ratios were computed from phonon frequencies
obtained from DFT calculations. The reduced partition function ratio Sa of the element
X in phase A, which represents the equilibrium isotope fractionation factor between the
phase A and an ideal gas of X atoms, can be expressed within the quasi-harmonic

approximation as:

1
Bs = Qn _ y73NUin e Zth 1-e7Mil (1)
=—=\li ——=—=
47 Pow 1-eTHR L —duy

where /4 and / refer to the heavy and light isotopes respectively; i is a running index for
the vibrational frequency, and N is the number of atoms in the unit cell. O, and O
represent the vibrational partition function for the heavy and light isotopes, respectively.
Parameters u;, and u; are defined as:
Uinor it = NWinori/kgT (2

Parameters i and kp are the reduced Planck and Boltzmann constants, respectively;
T is temperature in Kelvin, and w;, o, ;; is the vibrational frequency of the i mode.

Notably, fin Eq. (1) is volume-dependent as phonon frequencies from the DFT+U
calculations are a function of volume. In order to express f as a function of pressure (P)
and temperature (7), we calculated the equation of state V(P T) from the Helmholtz

free energy, which can be written within the quasi-harmonic approximation as:

hwgm(V)
F(V,T) = UWV) + 5 Zqm hwgm(V) + kT Zqmin (1 - exp (-—12)  (3)

where ¢ is a wave vector in the Brillouin zone and m is a running index of phonon mode.
The first, second, and third terms in Eq. (3) correspond to the static, zero-point, and
vibrational energy contributions, respectively. The calculated Helmholtz free energy
versus volume was fitted by the third-order Birch—-Murnaghan finite strain equation of
state. Consequently, the pressure- and temperature-dependent S can be derived and the
equilibrium isotope fractionation factor between two Phases A and B can be obtained

in per mil (%o) as:
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Figure 2. Representative partial phonon density of states (PDOS) of Fe** in
(Mgo.sFe*".5)(SiosFe**0.5)Os bridgmanite derived from both NRIXS measurements and DFT+U
calculations. The open circles are the averaged PDOS of all Fe ions in the Bdg measured by
NRIXS; (a): 32.5 GPa, (b): 101.4 GPa. The blue dotted, red dashed, and green dashed curves
are the PDOS of A-site HS Fe*", B-site HS Fe*" and B-site LS Fe*" from DFT+U calculations,
respectively. The black curves represent best-fit linear mixing model between DFT+U
calculated PDOS of the A-site and B-site Fe*". The best-fit ratio of the weights is 50:50 for A-
site and B-site HS Fe** PDOS in (a); the ratio changes to 70:30 for A-site HS and B-site LS

Fe** PODS in (b).

3. Results
3.1 Partial phonon density of state of Fe in bridgmanite

For all pressures investigated, the calculated PDOS of Fe agree well with
experimental PDOS (Fig. 2 and S1). Theoretical calculations provide the PDOS of the

A-site and B-site Fe** individually, while the PDOS of Fe in

(MgosFe*05)(SiosFe*’05)0; Bdg derived from NRIXS measurements is a sum of
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contributions from both A-site and B-site Fe**. Comparisons between experimental
observations of the PDOS, predictions for individual sites, and best-fit weighted
average of calculated PDOS are shown for two representative pressures (Fig. 2). In
theory, the ratio of A-site and B-site Fe*" contributions to the final PDOS is the
concentration ratio, 50:50. At ~30 GPa, the dominant peaks in the predicted PDOS of
the A-site and B-site HS Fe** are located at ~17-31 meV and 17-43 meV, respectively
(Fig. 2a). A 50-50 average of these calculated PDOS for A-site HS Fe*" and B-site HS
Fe** by DFT+U matches well with the experimental PDOS (Fig. 2a). This is in good
agreement with the X-ray emission spectroscopy analysis that Bdg is 100% HS at this
pressure (Liu et al., 2018). At ~100 GPa, DFT+U calculations indicate that the transition
of B-site HS Fe** to LS state significantly change the PDOS: compared with the B-site
HS Fe?*, the predicted PDOS of the B-site LS Fe*" is narrower and the dominant peaks
are located at higher energies by ~11.7 meV (Fig. 2b). Accordingly, NRIXS
observations demonstrate a shift of the major peak to higher energy, from ~25 meV at
30 GPa to ~30 meV at 100 GPa, and an increase in intensity at ~45 meV due to this B-
site LS Fe*" component. In order to match experimentally derived PDOS, the best
weights of the calculated PDOS of A-site HS Fe?" and B-site LS Fe*" are 70:30 (Fig.
2b). This difference in weight ratio implies that the inelastic component of B-site LS
Fe** from NRIXS measurements is significantly reduced across the spin transition. This
is also consistent with the pressure dependence of the Lamb-Mdossbauer factor (f)
derived from NRIXS spectra (Fig. S2), which is directly controlled by the inelastic
component (Sineiasic) in the NRIXS spectra (Dauphas et al., 2018):

C:lx Sinelastic (E)dE (5)

mi

Em

fLMZl_fE

Across the spin transition of B-site Fe*" in (Mgo.sFe**0.5)(Sio.sFe**0.5)03 Bdg, the linear
slope of fim with respect to pressure increases from 6.7¢* GPa™! at 25-60 GPa to 1.6¢>
GPa'! at ~60-70 GPa and changes to 3.7¢* GPa™! above ~70 GPa. Accounting for the
change in the inelastic scattering profile of LS Fe*", NRIXS experiments and DFT+U
calculation agree with complementary X-ray diffraction and X-ray emission

spectroscopy observations about the conditions of the spin transition in Bdg.

3.2 Force constant of Fe and g-factors of >’Fe/>*Fe for bridgmanite
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From experimental and theoretical PDOS, the force constant of iron <F> and the
P-factors of 3Fe/>*Fe for (MgosFe* 05)(SiosFe’ 05)O3 Bdg can be obtained within the

harmonic approximation by following Eq. (6) and Eq. (7) (Dauphas et al., 2012):

_ M o
<F>=— [ E*g(E)dE (6)
1 1 h?
103f = 1000 (s — =) =< F > (7)

Here g(E)is PDOS, M is the mass of a **Fe or *°Fe nucleus, k is Boltzmann’s constant
and T is temperature in Kelvin. We find that <F™> obtained from calculated PDOS are
significantly larger than those calculated from experimental PDOS (Fig. 3), especially
at pressures > 60 GPa, although the calculated PDOS match well with experimental
PDOS (Fig. 2 and S1). To find out the factors that result in the <F> differences, we
calculated the evolution of <F> by changing the upper limit of energy (x) for the
integration by following Eq. (8):

M .
< F >= ﬁf;‘ E? g(E)dE, (xincreases from 0 to + o) (3)

As shown in Fig. 4, the integral values of <F> from calculated PDOS agree well with
those from experimental PDOS until energy for the integration reaches a threshold,
above which the predicted <F> still increases with x but the experimental one
maintains a constant value (Fig. 4). This is mainly because the experimental PDOS
intensity becomes indistinguishably close to zero due to the low signal noise ratio when
energy is larger than 85 meV at 32.5 GPa and 110 meV at 101.4 GPa, while the
predicted PDOS from DFT+U still have small non-zero values at these high-energy
parts (Fig. 2). Amplified by the integral E?g(E), the small discrepancies in PDOS lead
to significant differences in the final <F> by ~ 60 N/m at ~ 30 GPa and ~ 154 N/m at
100 GPa. Similarly, the predicted PDOS of A-site Fe** and Fe** in Bdg also agree well
with experimental measurements (Yang et al., 2019), but the <F> from DFT+U are
larger than experimental values, especially at high pressures (Fig. S3 and S4). In
contrast, both of the calculated PDOS and <F> of LS Fe in Fp agree well with
experimental results (Fig. S5). As a consequence, we use theoretical results of Bdg in
this study and experimental data of HS and LS Fp from Yang et al. (2019) for further
modelling and discussion.

Blanchard et al. (2015) found that compared to NRIXS, the DFT calculations
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within GGA/GGA+U underestimate the <F> of iron in goethite. However, in their DFT
calculations, the cell parameters of goethite were fixed to their experimental values and
only atomic positions were relaxed. Because the GGA usually overestimates the volume,
this incorrect strategy would put artificial stress on the structure and the true pressure
from the GGA calculations should be higher than ambient pressure (Wang et al., 2017a;
Wang et al., 2019b). This indicates that the iron <F> in Blanchard et al. (2015) was
overestimated by their GGA/GGA+U calculations, and thus the <F> difference
between NRIXS and DFT was underestimated. The discrepancy between NRIXS and
GGA/GGA+U is mainly because the GGA underestimates the vibrational frequencies
(Schauble, 2011), shifting the PDOS to lower values.

The changes of PDOS by different cation sites and spin states of Fe*" result in
variations in the corresponding <F> and f-factors. For instance, as the PDOS of B-site
HS Fe** concentrates at higher energy range compared with the corresponding A-site
HS Fe** (Fig. 2 and S1), <F> and p-factors are thus higher for HS Fe** in the B-site
than that in the A-site (Fig. 3 and Fig. 5). Notably, across the spin transition of the B-
site Fe*" in (MgosFe"0.5)(SiosFe’*0.5)O3 Bdg at ~ 60 GPa, the <F> and f-factors of B-

site Fe** increases by ~65%.
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Figure 3. Force constant <F> of iron in Bdg from DFT+U calculations. (a) <F> of A-site Fe*",
A-site Fe*', and B-site Fe*" in Bdg. Compared with the <F> of A-site Fe**, those of both A-site
and B-site Fe’" in Bdg are higher at the same pressure. Across the spin transition of the B-site
Fe*" in (MgosFe*"o.5)(Sio.sFe* 0.5)O3 Bdg at ~ 60 GPa, the <F> of B-site Fe** increases by ~65%.

(b) comparisons of in <F> Bdg between theoretical and experimental results (Yang et al., 2019).



339  Although PDOS of Fe in Bdg from DFT+U agree well with experimental measurements (Fig.
340 2, Fig. S1, and Fig. S3-S4), the predicted <F> are significantly larger than those from

341  experimental PDOS, especially at high pressures.
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343  Figure 4. Evolution of <F> of Fe*" in (MgosFe*"¢.5)(Sio.sFe**0.5)O3 Bdg with the upper limit of
344  energy (x) for the integration < F >= :—2 f;c E? g(E)dE. The integral values of <F> from
345  DFT+U calculations agree well with experimental results when x reaches a threshold, above
346  which the predicted <F> still increases with x but the experimental one maintains a constant
347  value.

348

349 On the other hand, the f-factors can be also calculated from Eq. (1) within the
350  quasi-harmonic approximation (Urey equation). Following Bigeleisen and Mayer
351  (1947) and Kowalski et al. (2013), when the f-factor is expressed by the Taylor
352 expansions and the higher order terms are not taken into account, the Urey equation can
353  be then approximated by Eq. (7). The validity criteria restricts the usage of Eq. (6) to
354  frequencies v[cm™1] < 1.39T [K] (Bigeleisen and Mayer, 1947; Kowalski et al.,

355  2013). Here we calculated the f-factors of Bdg with different chemical compositions
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from their full phonon vibrational spectra using Eq. (1). Our calculated results show
that the 10°Inp of Bdg decreases in the order of LS-(Mgo sFe**0.5)(Sio.sFe*0.5)03 > HS-
(Mgo sFe*5)(SiosFe*05)03 > (Mgo.9375Fe**0.0625)(Si0.9375A1**0.0625)O3 ~
(Mgo.7sFe**025)(Sio.75Alo25)03 > (Mgo7sFe?925)Si0s = (MgosFe?'o5)SiOs within
calculated pressure range. At 60 GPa and 1000 K, it varies from 1.58%o for LS-
(Mgo.sFe*5)(SiosFe*0.5)03 to 0.98%o for (Mgo sFe**05)SiOs Bdg (Fig. 5a). Rustad and
Yin (2009) also calculated the B factor of Fe?"-bearing Bdg using molecular clusters
and the 10°Inp of °Fe/**Fe is ~1.44 %o at 120 GPa and 1000 K, similar to our predictions
(1.42 %0). However, it should be noted that the modelling of crystals using molecular

clusters breaks the intrinsic periodic boundary of crystals.
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Figure 5. Comparisons between the °Fe/**Fe S-factors and the Fe-O bond length of bdg at 30-
100 GPa and 1000 K for different compositions in DFT+U calculations. (a) Compared with the
[-factors of Fe?" in the A-site of Bdg, those of both A-site and B-site Fe** in Bdg are higher at
the same P-T condition. Across the spin transition of the B-site Fe** in
(Mgo.sFe*"5)(SiosFe**.5)0Os Bdg at ~ 60 GPa, the Fe/**Fe B-factor of B-site Fe** at 1000 K
increases by 0.835%o. (b) The average Fe-O bond lengths in Bdg with different compositions
at static conditions. Across the spin transition of B-site Fe*" in (Mgo sFe*5)(SiosFe**0.5)O; Bdg
at ~ 60 GPa, the lengths of A-site and B-site Fe** decrease by 0.014 A and 0. 0.072 A,
respectively. In contrast, the concentration effect on both A-site Fe**-O and A-site Fe**-O bond

lengths in Bdg is negligible.
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4. Discussion
4.1 Effects of site occupancy, spin transition, chemical composition, and valence
state on f-factors of Bdg

The pressure dependences of f-factors of Bdg are controlled by multiple factors
as shown in Fig. 2a. Here we show the S-factors anchored at 1000 K as a representative
temperature to address these effects since the factors are almost linearly proportional to
1/T? at different pressures (Fig. S6). In (Mgo.sFe*05)(Sio.sFe*0.5)O3 Bdg, compared to
the A-site HS Fe*", B-site HS Fe’" has a higher f-factor and the difference between two
sites is ~0.17%o at 40 GPa and 1000 K (Fig. 5a). This is also consistent with the much
shorter bond lengths, and correspondingly higher bond strength, of Fe**-O in the 6-
coordinated B-site relative to the 8-coordinated A-site (Fig. 5b). B-site Fe** in Bdg is
expected to undergo a HS to LS transition at middle-mantle depths (Catalli et al., 2010;
Hsu et al., 2011; Mao et al., 2015; Shukla and Wentzcovitch, 2016; Fu et al., 2018b;
Liu et al., 2018). The spin transition of the B-site Fe*" in (Mgo sFe*"o.5)(Sio.sFe* 0.5)03
Bdg occurs at ~ 50 GPa (Liu et al., 2018), which leads to shortening of the average B-
site Fe**-O bonds by 0.072 A, equal to 3.8% relative change (Fig. 5b). Such a change
in the average Fe-O bond induces an increase of 0.83%o in the S-factor of B-site Fe at
1000 K and 0.21%o at 2000 K (Fig. S6). However, the spin transition of the B-site Fe**
does not significantly change the A-site Fe*"-O bonds and the S-factor of A-site Fe*".
Thus, the contrast between the S-factors of B-site and A-site Fe*" is also strongly
enhanced by the Fe spin transition in the B-site from 0.19%o to 1.01%0 at 1000 K and
60 GPa (Fig. 5a).

The presence of Al in Bdg will weaken the effect of B-site Fe*" spin transition on
its p-factor by preventing Fe*" from occupying the B-site. Depending on the bulk
Al/Fe*" molar ratio, AI** can either occupy the B-site only with Fe*" filling in the A-site
or it occupies both the B-site and the available A-site left by A-site Fe*" (Lin etal., 2013;
Liu et al., 2015). For Al/Fe** molar ratio equal to 1, all Fe** would occupy the A-site
and all Al stays in the B-site. Here we calculated the S-factors of three Fe**- and Al-
bearing Bdg with different FeAlOs; concentration at 1000 K to illustrate the
compositional dependence of both Fe*"-O bond length and the B-factor of *Fe/**Fe (Fig.
5a). Our results show that the incorporation of 6.25-50 mol% FeAlO; into Bdg only



410  changes the A-site Fe*"-O bond length by 0-0.007 A under lower-mantle pressures (Fig.
411  5b). As the Fe-O bond length controls the magnitude of the corresponding f-factor (Fig.
412 S7), the effect of FeAlO; concentration on the S-factors of the A-site Fe’* is
413  insignificant. For example, the largest difference in the f-factor of AI**- and Fe*'-
414  bearing Bdg (Mgo.o37sFe* 0.0625)(Si0.0375A13%0.0625)03, (Mgo.75Fe**0.25)(Sio.75Al025)03,
415  and (MgosFe* 05)(SiosAl**05)Os is smaller than 0.06%o at 1000 K and all pressures (Fig.
416  5a).In contrast, the S-factor of A-site Fe*" in (MgosFe**05)(SiosAl**95)O3 Bdg is ~ 0.14%o
417  larger than that of A-site Fe’" in (MgosFe*"05)(SiosFe’"05)O3 Bdg, consistent with
418  relatively shorter Fe**-O bonds in the A site of (MgosFe*05)(SiosAl**5)O3 Bdg (Fig.
419  5b). This reveals that the speciation of B-site ion (Fe** or A1**) also has a mild effect on
420  the A-site Fe**-O bond strength and its S-factor. However, such an effect of Al on A-
421  site Fe** B-factor is much weaker than the influence of spin transition and can be further
422  diminished by mantle high temperatures, which results in only 0-0.01%o difference in
423 pB-factor along the normal lower-mantle geotherm (Fig. 6). As long as some Fe’*
424 occupies the Bdg B-site, the change in f-factor due to the spin transition is independent
425  of the identity of other ions on A- and B-site. Therefore, although AI** incorporation
426  itself does not change the Bdg structure enough to impact isotopic fractionation, it
427  prevents Fe’" from occupying the B-site and thus reduces the significant impact of B-
428  site Fe*" spin transition on the S-factor of Bdg.

429 In addition to Fe**, the A site in Bdg is also large enough to accommodate Fe?",
430  which maintains a HS state in Bdg throughout the lower mantle. The Fe?*-bearing Bdg
431  compositions in our DFT+U calculations, (Mgo.sFe*"0.5)SiO3 and (Mgo 75Fe**0.25)SiOs,
432 have the smallest S-factors that are also insensitive to the Fe** content (Fig. 5a). This
433  difference in S-factor between A-site Fe** and Fe?" ranges from 0.04%o to 0.15%o at
434 1000 K (Fig. 5a) but will be diminished along an expected geotherm of the lower mantle
435  (Fig. 6). In particular, the B-factor increases with pressure along the adiabat, because
436  the increase due to compression outweighs the decrease from the 1/T? dependence. The
437  enrichment of light Fe isotopes in Fe?'-bearing Bdg relative to other Fe**-bearing
438  species is mainly caused by the longer Fe’"-O bond lengths than those Fe**-O bonds
439  (Fig. 5b and S7). Moreover, the valence state also partially contributes to the smaller f-
440  factors of Fe**-bearing Bdg as revealed by the longer Fe-O bond length of HS A-site
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Fe?* than that of HS A-site Fe*" (Fig. S7). In summary, the pressure- and temperature
dependent S-factor of *Fe/>*Fe for Bdg is controlled by the Fe*"/Fe?*, Al/Fe**, and spin

transition if there is some Fe*" accommodated in B site.
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Figure 6. *°Fe/**Fe S-factors of various Bdg compositions computed by DFT+U along an
adiabat representative of the average lower mantle. As the B-site Fe** undergoes high-spin to
low-spin transition, the **Fe/>*Fe B-factor of (MgosFe* o5)(SiosFe*'05)Os Bdg increases by
~0.09%o across the spin transition of the B-site Fe**. The expected geotherm (dot dash line) was

taken from Brown and McQueen (1986).

4.2 Fe isotopic fractionation in the deep mantle
4.2.1 Inter-mineral iron isotope fractionation

The *$Fe/**Fe B-factor of Bdg and Fp as a function of depth in likely bulk mantle
compositions can be used to estimate fractionation of Fe isotopes in the deep Earth. The
depth-dependence of Fe isotopic fractionation between Bdg and Fp in the lower mantle

i1s modelled based on the following equations:



458 A>°Fepqgrp = 8°°Fendg - 8°°Ferp 9)

459 5%Ferm = npdg x 8°°Fepdg + nrp x 8°°Fer (10)

460  where 8°°Fepdg, 5°°Ferp, and 5°°Fepm are the Fe isotopic compositions of Bdg, Fp, and
461  the bulk lower mantle, respectively. 5°°Fepwm is set to 0 as the representative chondritic
462  value (Craddock and Dauphas, 2011). npge and nr, are the Fe fractions in Bdg and Fp
463  (Table S1), respectively, based on a pyrolitic lower mantle composition (Irifune et al.,
464  2010). The pressure effect, including the pressure-induced spin transition, is taken into
465  account on the evaluation of f-factors of Bdg and Fp.

466 Previous studies (Wang et al., 2015; Zhang et al., 2016; Wu, 2016) suggested that
467  the lower mantle may be represented by a pyrolitic composition with ~ 8 wt% FeO and
468  aAl/Fe ratio ~0.8 (McDonough and Sun, 1995). The lower-mantle Fe**/>Fe ratio range
469  was thought to be higher than 0.5 (Frost and McCammon, 2008), and the Fe**/ZFe ratio
470  of Bdg could be 0.5-1 for most part of the lower mantle (Wang et al., 2015). Because
471  the site occupancy of Fe*" is controlled by AI**/Fe’* ratios (Frost et al., 2004; Lin et al.,
472 2013; Liu et al., 2015; Liu et al., 2018), we consider three different endmembers for
473 Bdg compositions: (1) Fe**- and Al**-free, Fe’"-bearing; (2) Fe*'- and Al**-bearing (3)
474  Fe*'-bearing but Al**-free (Fig. 7). These three endmembers demonstrate the range of

475  possible compositional effects on Fe isotopic compositions of Bdg and Fp in the lower

476  mantle:

477 1) For a simplified Fe**- and AI*"-free, Fe’"-bearing system, the major factor that
478 impacts Fe-O bonds and Fe isotopic fractionation is the spin transition of Fe**
479 in Fp at mid-lower-mantle depths. In this system, there is no significant iron
480 fractionation between Bdg and Fp (A*°Fepdg-rp = 0-0.02%0) below 60 GPa. The
481 spin transition occurs only in Fp at ~60-120 GPa, and increases the f-factor of
482 Fp. This effect significantly decreases A**Fepdg-rp from 0%o at ~ 60 GPa to -0.17%o
483 at ~ 120 GPa (Fig. 7a). As a result, Fp would be enriched in *Fe with §°°Fer,
484 up to 0-0.08%o below mid-lower mantle and 8°°Fegqz would be as low as -0.07%o
485 (Fig. 7b).

486 2) For a more realistic Fe**- and AI**-bearing system with the Fe**/Al ratio of < 1,
487 our computational results suggest that the presence of Fe’" in the Bdg A-site

488 increases the f-factor of Bdg by 0.03-0.04%o along an expected geotherm (Fig.
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6). No significant difference across the spin transition of B-site Fe*" in Bdg is
expected in this composition relative to the Fe*"- and Al**-free, but Fe**-bearing
system. Therefore, A>°Fepge-Fp of the Fe*'- and Al**-bearing system is ~0.03-
0.04%o higher than that of the simplified Fe**- and Al**-free, Fe**-bearing
system (Fig. 7a). In this case, A>°Fepdq-Fp decreases from +0.05%o in the upper
part of the lower mantle to -0.15%o in the deeper part (Fig. 7b). This results in
5°®Fepag of +0.02%o in the uppermost lower mantle but the number decreases to
~ -0.07%o in the lowermost lower mantle (Fig. 7b).

3) In a Fe*'- bearing but AI**-free system, the spin transitions of both Fe** in Fp
and B-site Fe** in Bdg are expected to occur at the middle mantle depths and
extend to the deeper part (Fig. 7a). Consequently, A*®Fepgq.rp in Fe*'- bearing
and AI**-free system is significantly higher than the other two systems beneath
the middle mantle depths (Fig. 7a). The spin transition in B-site Fe*" of Bdg
results in §°°Fepqe as high as +0.04%o in the middle mantle depth, which
decreases to -0.03%o in the lowermost lower mantle (Fig. 4b).

In a pyrolitic lower mantle, Fe*" is generally not expected to occupy the B-site of
Bdg as the Al/Fe’" ratios of synthesized Bdg samples from pyrolitic starting materials
are consistently higher than 1 (summarized in Shim et al., 2017). Harzburgite has a
similar iron content but less AlO3; content (~0.6%) compared to pyrolite (Irifune and
Ringwood, 1987) and its Fe**/SFe ratio is usually < 5% (Canil and O’Nell, 1996;
Woodland et al., 2006). As such, the Fe>*/Al ratio in harzburgite is typically < 0.5 and
no Fe** would occupy the B-site of Bdg when Bdg crystallizes from a harzburgitic
composition. Therefore, the A*°Fepdq-rp in a pyrolitic or harzburgitic composition is
similar to the results in scenarios (1) and (2). On the other hand, Fe**-rich materials
(such as banded iron formation and goethite) could be carried to the lower mantle by
subducted slabs, resulting in local chemical heterogeneous regions enriched in Fe’".
Under such a scenario, Bdg may have much lower Al content and higher Fe*" content,
and therefore more Fe** could occupy both the A-site and B-site by the coupled
substitution mechanism (Frost et al., 2004; Liu et al., 2015; Shim et al., 2017; Liu et al.,
2018). Compared with Fe**- and Al**-bearing Bdg forming in a pyrolitic composition,

the spin transition of the B-site Fe** in Bdg would increase A3®Fepge.rp by as much as
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0.08%o (Fig. 7b), which slightly exceeds the highest precision measurements of 3°°Fe
(~ 0.03%o, Sossi et al., 2015). Overall, Fe isotopic fractionation between Bdg and Fp is
insignificant in most parts of the lower mantle, except the lowermost parts (Fig. 7). In
the upper and middle part of the lower mantle, the stronger Fe-O bond strength in Fe**-
enriched Bdg would only enrich Bdg in *°Fe with §°°Fepgg as high as +0.02%o, with
correspondingly indistinguishable A*Fepaorp in these depths based on the highest
precision of MC-ICP-MS measurements (~ 0.03%o, Sossi et al., 2015). In the lowermost
lower mantle, the spin transition of Fe** in Fp would lead to the enrichment of heavy
Fe in Fp with A>°Fepqgrp as low as -0.15%o in a pyrolitic composition. For the Fe**-rich
but Al-poor system, the spin transition of B-site Fe*" in Al-poor Bdg would diminish
A>°Fegdg-rp, making the Fe isotopic compositions of the coexisting oxidized Bdg and Fp
indistinguishable (Fig. 7b). Therefore, the magnitude of A>Fepae.rp in a pyrolitic
composition would probably exceed the technical resolution for Fe isotope
measurements in the lowermost lower mantle, whereas no significant A>°Fepg-rp would

be found in the Fe*"-rich but Al-poor system.

_Fe®- and Al-free system

Fe?"-Bdg (b)
[ - - -Fe*-Fp .
L .
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I Fe?-Fp

i Fe®-bearing and Al-free system

Fe®- and Al-free system

015 F Fe®*- and Al-bearing system Fe}'Fe3'-Bdg
Fe®-bearing and Al-free system [ - - -Fe**-Fp
-0.20 L 1 1 1 1 -0.10 1 1 1 1
20 40 60 80 100 120 20 40 60 80 100 120
Pressure (GPa) Pressure (GPa)

Figure 7. Equilibrium **Fe/>*Fe isotopic fractionation between coexisting Bdg and Fp (a) and
the corresponding Fe isotopic compositions of these two phases (b) along an expected geotherm
(Brown and McQueen, 1986). Solid and dash lines in (b) represent Fe isotopic compositions of
Bdg and Fp, respectively. Three compositional assemblages are considered: Fe**-bearing but
Al-free system (red curves); Fe*"- but Al-bearing system (green curves) and Fe**- and Al-free
system (blue curves). The light yellow areas represent the best resolution of MC-ICP-MS

measurements (~ 0.03%o, Sossi et al., 2015). The spin transition (ST) of Fe*" in Fp would occur
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at the middle depth of the lower mantle, where only the B-site Fe*" in Bdg would undergo a HS

to LS transition at ~60 GPa.

4.2.2 Iron isotope fractionation during magma ocean crystallization

In addition to the possible Fe isotope fractionation between solid phases, how Fe
isotopes would be fractionated between silicate melts and minerals during magma
ocean crystallization (Boukaré et al., 2015) is also important for understanding the
variability in iron isotopic composition in deep mantle (Yang et al., 2019). Based on the
<F> of solid phases and basaltic glass, Yang et al. (2019) investigated the evolution of
Fe isotopic fractionation during terrestrial magma ocean crystallization and found no
significant Fe fractionation between minerals and silicate melts. Here, following the
model proposed in Yang et al. (2019), we also revaluated the Fe isotope fractionation
between Bdg+Fp and silicate melts during magma ocean crystallization using the </>
of Bdg from DFT+U calculations in this study. The <F> of solid phase was calculated
from the <F> of Fp and Bdg using <F>sum=ngp*<F>py+npdg* <F>Bdg, where nrp and npgg
are the fractions of iron in Fp and Bdg in the solid phase, respectively, and ngptnpag=1.
The <F> of basaltic glass extrapolated to 130 GPa was used as an analogue to basaltic
melts (Liu et al., 2017). The chemical compositions of solid aggregates and the residual
melt were calculated after each 1 wt% increment of crystallization and can be found in
Yang et al. (2019). Fractional crystallization and a mass-balance relationship were used

in the model. For the i

separation of solids, the isotopic composition of solids
equilibrated with the residual melt can be calculated by §>°Fesoridsi+1=0°Femels-
i+A3Fegolids-melts. Based on the isotopic mass balance, we have:

8 Femelts-i+1=[8° Femelts-i-(8° Femelts-iTA> Fesolids-melts ) *Nsotid }/( 1 -Nsotias) (11)

8> Fesolids-i+1=-0" F emelts-i+1 *Nmelts/( 1 -Nimelts) (12)

where nsoligs 1S the fraction of iron taken up by solids at each step and nmeiss 1s the fraction
of total iron in the remaining melt. We note that the chemical composition of residual
melt would be dominated by FeO (Fe/(Fe+tMg) > 60%) when the fraction of melt is
lower than 10% with temperature decreasing to 4200 K (Figure 7 in Boukar¢ et al.,

2015). At this stage, the <F> of basaltic glass may not be used as an analogue to silicate

melts due to the large difference in chemical compositions, and we stopped the
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simulations.

Our results show that silicate melts are isotopically lighter than Bdg+Fp but the
AFesolids-melts are smaller than +0.03%o for Fe**-bearing and Fe*'-free systems and
Fe’*- and Al**-bearing system. As Fe** is generally not expected to occupy the Bdg B-
site in a pyrolitic lower mantle with the Al/Fe*" ratios of higher than 1, it can be
concluded that no significant Fe isotope fractionation between Bdg+Fp and silicate melt
has been produced during the crystallization process. For the Fe**-bearing but Al-poor
system, A’°Fesolids-melts could be up +0.06%o, if we also used the <F> of basaltic melts
as an analogue to Fe*'-rich melts. However, Fe*"-rich melts should be expected to be
enriched in heavy Fe isotopes relative to the Fe**-rich one (Dauphas et al., 2014),
because the <F> of Fe**-bearing silicate glass is ~150 N/m larger than that of Fe®'-
bearing silicate glass (Dauphas et al., 2014). As a result, the <F> of Fe**-rich melts
were underestimated in this case and the A*Fesojids-mels (up +0.06%o0) could have been
overestimated by 0.025%o, if the <F"> difference between Fe**-rich and Fe**-rich melts
at 130 GPa is modeled by the value for silicate glasses at ambient pressure (Dauphas et
al., 2014). Although the <F> of Fe**-rich melts at 130 GPa are still unknown, the
crystallization process of Fe**-rich melts in some local regions also cannot produce
resolvable Fe isotope fractionation between solids and melts. Therefore, we suggest that
crystallization of the magma ocean is unlikely to have resulted in significant iron

isotopic fractionation in deep mantle.
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Figure 8. Equilibrium Fe isotope fractionation between solids and melts during magma ocean
crystallization at 130 GPa. The modelling details were described in details in Yang et al. (2019).
Similarly, the initial 3°Fe of magma ocean is set as 0%o0 and the solid crystallization sequence
was obtained from Boukaré et al. (2015). Red and blue lines represent 8°°Fe of solids (Bdg+Fp)
and melts, respectively. Solid, short dash, and dash lines refer to Fe**-bearing and Fe*'-free,
Fe*'- and AI**-bearing, and Fe**-bearing and Al**-free systems, respectively. The <F> of solids
and melts at 130 GPa are used for modelling. Data sources: Bdg, DFT+U calculations in this
study; Fp, extrapolated to 130 GPa, Yang et al. (2019); melts, imitated by basaltic glass,
extrapolated to 130 GPa (Liu et al., 2017). The case for a pyrolitic composition, in which both
Fe? and Fe** could be present but Fe*" is not expected to occupy the Bdg B-site, can be

represented by shade areas enclosed by solid and short dash lines.

4.3 Fe isotope fractionation between core and mantle
Mid-ocean ridge basalts (MORB) in the Earth were found to be enriched in heavy
Fe isotopes (*°Fe/**Fe) by ~+0.1%o relative to the chondrites (Teng et al., 2013), while

basalts from Mars and Vesta have Fe isotope compositions similar to the chondrites
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(Sossi et al., 2016; Elardo and Shahar, 2017). The elevated *Fe/**Fe ratio in MORB
was thought to be caused by mantle partial melting (Teng et al., 2008; Dauphas et al.,
2014), but this process can only induce an iron isotopic shift of +0.023%. (Dauphas et
al., 2014). Some other interpretations, including loss of light Fe isotopes during
vaporization and condensation (Poitrasson et al., 2004; Poitrasson, 2007), core
formation (Polyakov, 2009; Elardo and Shahar, 2017), have been proposed to enrich
Earth's mantle in heavy Fe isotopes. Some studies suggested that the Fe isotope
composition of mantle peridotites is close to that of chondrites (Poitrasson, 2007;
Craddock et al., 2013), while it has been argued that mantle peridotites may be slightly
heavier (~+0.05 %o) than chondrites (Poitrasson et al., 2013; Sossi et al., 2016). It is not
well-known whether the Fe isotope composition of the primitive mantle has been
modified by core formation.

In order to check the effect of core formation on the Fe isotope composition of
bulk silicate Earth, previous studies have widely investigated the <F> of metallic alloys
(Chen et al., 2014; Shahar et al., 2016; Liu et al., 2017; Chen et al., 2018) and basaltic
glass (Liu et al., 2017), which were used as analogues to metallic and silicate melts,
respectively. In addition, Fe?"-bearing Bdg was also used as the analogue to silicate
melt (Shahar et al., 2016). Here we also assume that the <F™> of silicate melts could be
represented by those of Bdg, as we find that Fe**-bearing and Fe**-free Bdg has similar
<F> to the Fe?"-bearing basaltic glass at 40-60 GPa (Fig. 9). Our results show that Bdg
has relatively larger <F™> than metallic alloys and the <F™> difference between Bdg and
metallic alloys depends on their chemical compositions (Fig. 9). Using the high-
temperature approximation, we conclude that the equilibrium Fe isotope fractionation
between silicate and metallic melts is ~0-0.04%o0 under core-formation conditions for
the Earth (~40-60 GPa and 3500 K) (Li and Agee, 1996; Siebert et al., 2012; Fischer et
al., 2015). This implies that core formation can only shift the Fe isotope composition
of Earth's mantle by 0-0.04%o, which is not sufficient to account for the enrichment of
heavy Fe isotopes in MORB with the consideration of partial melting.

In contrast, heavy Fe isotopes might be enriched in the lowermost lower mantle
with respect to the adjacent liquid outer core, as low-spin Fe species likely to be present

in phases at the base of the mantle are expected to have high p-factors and
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corresponding force constants <> (Fig. 9). At P-T conditions near the CMB, Fe?* is
expected to adopt LS state in both solid and liquid FeO-MgO system (Mao et al., 2011;
Fu et al., 2018a; Yang et al., 2019); while Fe** in the octahedral site of both Bdg and
Ppv is expected to adopt LS state (Catalli et al., 2010; Yu et al., 2012; Liu et al., 2018).
At a representative P-T condition near the CMB (130 GPa and 3000 K), the calculated
A>°Fegdg-core from the corresponding <F> with LS Fe*" in the B-site of Bdg could range
from +0.09%o to +0.12%o for various outer core compositions, such as Si, S and C (Fig.
9), if there is a chemical exchange and equilibration of solid mantle with outer
core. (Fe**, Mg)SiOs—Ppv was found to be enriched in heavy iron isotopes relative to
metallic iron with A%Feppy-core 0f ~0.1%0 at the CMB (Polyakov, 2009), and Fe*'-
bearing Ppv should be more enriched in heavy iron isotopes. Meanwhile, A**Ferp-core
ranges from +0.17%o to +0.20%o for CMB regions with high concentrations of LS FeO,
such as some ultra-low velocity zones (Wicks et al., 2010; Fu et al., 2018a). These
fractionation factors suggest that Fe isotopes might be redistributed during the mantle-
core interaction and some local regions above the CMB could be enriched in heavy Fe
isotopes. However, whether such a Fe isotopic signature could be produced and
preserved or not also depends on the interaction pattern and the geodynamic mantle

convention (Lesher et al., 2020).
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Figure 9. Comparison of force constants <F> of Bdg computed in this work with previous
studies of Fp and Fe/Fe alloys. At a given P-T condition, Fe equilibrium isotopic fractionation
factor can be obtained by following A*Fea p=2940 (<F>s-<F>g)/T?. Experimental data sources:
Bdg, this study; (MgossFeo2s)O  Fp, Yang et al.  (2019); Basaltic
glass (Nao.036Cao.2200Mgo.493F€0.115A10.307T10.012K0.002S10.83403), Fe, Fegs sNis6Sigs, FegsSiis, FesS:
Liuetal. (2017); Fe;Cs: Chen et al. (2014); FesC: Chen et al. (2018); FeHx: Shahar et al. (2016).

5. Conclusion

We have investigated the effects of site occupancies, chemical composition, spin
transition, and valence state on the reduced Fe partition function ratio (f-factor) of (Mg,
Fe?*, Fe’*, AP")(Fe**, AI*", Si)Os Bdg under lower-mantle pressure-temperature
conditions by performing first-principles calculations and synergistic nuclear resonant
inelastic X-ray scattering measurements. The computational partial phonon density of
states of Fe** in (Mgo.sFe**0.5)(Sio.sFe*"0.5)O3 bridgmanite agree well with experimental
measurements at high pressures. Our results reveal that Fe’"-bearing Bdg has the

smallest S-factor relative to other Fe**-bearing species. Site occupancies for Fe*" can
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have a significant effect on the S-factor of Bdg. Compared to the A-site HS Fe**, the B-
site HS Fe®* has a higher f-factor by ~0.17%o at 40 GPa and 1000 K. The spin transition
of B-site Fe** in Bdg influences its S-factor more significantly than variations in valence
state and chemical composition, with an increase of ~ +0.83%o across the spin transition
at 1000 K. This change would be diminished to +0.09%o along an expected geotherm
of the lower mantle. The variation of S-factors is mainly controlled by the Fe-O bond
lengths, and the shorter bond lengths correspond to higher bond strength and S-factors.
In addition, although the incorporation of AI** into the Bdg B-site results in a mild effect
on the S-factor of A-site Fe** when compared to (Mgo sFe**05)(SiosFe**.5)O3 Bdg, the
presence of Al in Earth’s lower mantle would decrease the impact of B-site Fe** spin
transition on the B-factor of Bdg by preventing Fe** from occupying the B-site.
Combined with previous data, our models demonstrate that Fe isotopic fractionation
between Fp and Bdg in most parts of the lower mantle would not be significant, except
the lowermost parts. The crystallization of the magma ocean is also unlikely to have
resulted in significant iron isotopic fractionation in any deep-mantle reservoir. In
contrast, under the conditions of the core-mantle boundary, low-spin Fe-bearing mantle
minerals could concentrate heavy Fe isotopes by up to +0.20%o through core-mantle

interaction.
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