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Abstract 1 

The isotopic compositions of iron in major mantle minerals may record chemical 2 

exchange between deep-Earth reservoirs as a result of early differentiation and ongoing 3 

plate tectonics processes. Bridgmanite (Bdg), the most abundant mineral in the Earth’s 4 

lower mantle, can incorporate not only Al but also Fe with different oxidation states 5 

and spin states, which in turn can influence the distribution of Fe isotopes between Bdg 6 

and ferropericlase (Fp) and between the lower mantle and the core. In this study, we 7 

combined first-principles calculations with high-pressure nuclear resonant inelastic X-8 

ray scattering measurements to evaluate the effects of Fe site occupancy, valence, and 9 

spin states at lower-mantle conditions on the reduced Fe partition function ratio (β-10 

factor) of Bdg. Our results show that the spin transition of octahedral-site (B-site) Fe3+ 11 

in Bdg under mid-lower-mantle conditions generates a +0.09‰ increase in its β-factor, 12 

which is the most significant effect compared to Fe site occupancy and valence. Fe2+-13 

bearing Bdg varieties have smaller β-factor relative to Fe3+-bearing varieties, especially 14 

those containing B-site Fe3+. Our models suggest that Fe isotopic fractionation between 15 

Bdg and Fp is only significant in the lowermost mantle due to the occurrence of low-16 

spin Fe2+ in Fp. Assuming early segregation of an iron core from a deep magma ocean, 17 

we find that neither core formation nor magma ocean crystallization would have 18 

resulted in resolvable Fe isotope fractionation. In contrast, Fe isotopic fractionation 19 

between low-spin Fe3+-bearing Bdg/Fe2+-bearing Fp and metallic iron at the core-20 

mantle boundary may have enriched the lowermost mantle in heavy Fe isotopes by up 21 

to +0.20‰.  22 

Keywords: Fe isotopic fractionation, bridgmanite, spin transition, nuclear resonant 23 

spectroscopy, first-principles calculations 24 

 25 

1. Introduction 26 

Iron, the most abundant element in the Earth by weight, is the dominant component 27 

of the core and the only major transition metal in the mantle. Signatures of planetary 28 

accretion and differentiation may be recorded in the Fe isotopic compositions 29 

(diFe=((iFe/54Fe)sample/(iFe/54Fe)standard - 1)*1000 ‰, i=56 or 57) in the Earth’s crust, 30 

mantle, and core (Poitrasson et al., 2009; Polyakov, 2009; Poitrasson et al., 2013; Rubie 31 



et al., 2015; Sossi et al., 2016; Elardo and Shahar, 2017; Teng et al., 2017). Terrestrial 32 

mid-ocean ridge basalts (MORBs) exhibit strikingly high d56Fe of 0.105 ± 0.006‰ 33 

(Teng et al., 2013) relative to chondritic values, suggesting the enrichment of heavy Fe 34 

isotopes in the Earth’s upper mantle. Several hypotheses have been proposed to explain 35 

the Fe isotope signatures in the mantle, including evaporation loss of light iron isotopes 36 

during Earth's accretion (Poitrasson et al., 2004; Poitrasson, 2007), Fe isotopic 37 

fractionation during core formation (Polyakov, 2009; Elardo and Shahar, 2017), and 38 

mantle partial melting (Teng et al., 2008; Dauphas et al., 2014). Evaluation of the effects 39 

of these processes on the Fe isotope composition requires Fe equilibrium isotopic 40 

fractionation factors (D56Fe) between major Fe-bearing mantle and core minerals/melts 41 

under pressure-temperature (P-T) conditions relevant to the early and current Earth's 42 

interior. 43 

Bridgmanite (Bdg) and ferropericlase (Fp) are the most abundant Fe-bearing 44 

minerals in the lower mantle. As such, the reduced Fe partition function ratios (β-factors) 45 

for Bdg, Fp, and iron-light element alloys are key parameters for modelling Fe isotopic 46 

fractionation between different minerals/melts in the lower mantle or between the 47 

mantle and the core. Generally, β-factors are directly controlled by bond stiffnesses in 48 

structures, which in turn depend on structural response to pressure, temperature, and 49 

composition (Schauble, 2011; Huang et al., 2013; Huang et al., 2014; Wu et al., 2015a; 50 

Shahar et al., 2016; Liu et al., 2017; Yang et al., 2019). In addition, Fe in both Bdg and 51 

Fp have been found to undergo spin transitions under mid-lower-mantle conditions (e.g., 52 

Lin et al., 2013; Liu et al., 2018), which can significantly change their electronic 53 

structures (Hsu et al., 2011), Fe bond stiffnesses (Polyakov, 2009; Rustad and Yin, 2009; 54 

Lin et al., 2013), and hence presumably influence Fe isotope fractionation. A recent 55 

work conducted by Yang et al. (2019) observed a significant increase in the β-factor of 56 

Fp across its Fe2+ spin transition in the octahedral site at ~ 60 GPa and 300 K, whereas 57 

the β-factor of Bdg remains unchanged with increasing pressure likely due to lattice 58 

distortion. Additionally, the effects of light elements on the β-factor of metallic Fe alloy 59 

at high P-T conditions will also affect our understanding of deep-Earth iron isotope 60 

distribution (Chen et al., 2014; Shahar et al., 2016; Liu et al., 2017; Chen et al., 2018). 61 

The pressure-dependence of the β-factor of Bdg can be very complex when 62 



considering the two possible crystallographic sites can accommodate Fe with different 63 

valences and spin states as well as other minor cations like Al. The individual 64 

contribution of each lattice site to the mean force constant of the phase cannot be 65 

uniquely determined in high-pressure nuclear resonant inelastic X-ray scattering 66 

measurements (e.g., Yang et al. 2019) which yields only the total average inelastic 67 

scattering behavior of the sample. The Bdg structure accommodates Fe in both the 68 

larger pseudo-dodecahedral (8-fold) A-site and the smaller octahedral (6-fold) B-site 69 

(Lin et al., 2013). While Fe2+ can only reside in the large A-site, Fe3+ can enter both 70 

sites through different proposed substitution mechanisms such as Mg2+A+Si4+B → 71 

Fe3+A+Fe3+B and Mg2+A+Si4+B → Fe3+A+Al3+B (Frost et al., 2004; Liu et al., 2015). Only 72 

Fe3+ in the Bdg B-site is expected to undergo a high-spin (HS) to low-spin (LS) 73 

transition at pressures corresponding to mid-mantle depths, while A-site Fe2+ and Fe3+ 74 

experience lattice distortion but both valence states maintain HS state throughout the 75 

lower mantle (Catalli et al., 2010; Hsu et al., 2011; Mao et al., 2015; Shukla and 76 

Wentzcovitch, 2016; Fu et al., 2018b; Liu et al., 2018). 77 

Many previous studies have argued that iron exists predominantly as Fe3+ in Bdg, 78 

on the basis of increased stability of Fe3+ in Bdg structure at lower-mantle-relevant 79 

oxygen fugacity conditions (Catalli et al., 2010; Frost et al., 2004; Frost and 80 

McCammon, 2008; Li et al., 2006; Marquardt et al., 2009; McCammon, 1997). 81 

Furthermore, a recent work (Armstrong et al., 2019) also found that Fe2+ in a deep 82 

magma ocean would disproportionate to Fe3+ plus metallic iron at high pressures. As 83 

such, consequent segregation of precipitated iron metal from the lower mantle into the 84 

core could leave the Bdg enriched in Fe3+ after magma ocean crystallization. In addition, 85 

experimental studies (Frost et al., 2004; Shim et al., 2017; Andrault et al., 2018) also 86 

reporeted Fe3+-rich Bdg in equilibrium with iron metal due to the disproportionation of 87 

Fe2+. Although recent experimental and theoretical studies have reported the β-factors 88 

of several Bdg compositions (Shahar et al., 2016; Yang et al., 2019), none of the studies 89 

have examined the effect of Fe3+ in the B-site, precluding the evaluation of the influence 90 

of the B-site Fe3+ spin transition on the β-factors of Bdg. In addition to Fe3+, Al3+ can 91 

also enter A and B sites in Bdg through the coupled substitution mechanism Mg2+A + 92 

Si4+B = (Fe3+, Al3+)A + (Fe3+, Al3+)B (Frost et al., 2004; Liu et al., 2015; Shim et al., 93 



2017; Yang et al., 2019). As the radius of Al3+ is smaller than both A-site and B-site 94 

Fe3+, it prefers to substitute into the smaller B-site and the content of B-site Fe3+ is 95 

influenced by the Fe3+/Al ratio (Frost et al., 2004; Liu et al., 2015; Shim et al., 2017). 96 

Thus, comparison of the β-factors between Al-bearing and Al-free Bdg is needed to 97 

reveal the effect of Al on the β-factor of Bdg. 98 

In this study, we determine the β-factors of (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 Bdg at 99 

mantle-relevant pressures by both nuclear resonant inelastic X-ray scattering (NRIXS) 100 

and the density functional theory (DFT) augmented by a Hubbard U correction method. 101 

The spin transition of the B-site Fe3+ in (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 Bdg at 43-50 GPa 102 

has been inferred from X-ray diffraction, X-ray emission and electrical conductivity 103 

measurements (Liu et al., 2018). This sample thus offers the possibility to 104 

unambiguously determine the influence of the B-site Fe3+ spin transition on its β-factor. 105 

In addition, the pressure- and temperature-dependent β-factors of Fe in four other 106 

bridgmanite compositions were calculated by the DFT+U method, including Fe3+- and 107 

Al3+-bearing Bdg, (Mg0.9375Fe3+0.0625)(Si0.9375Al0.0625)O3, (Mg0.75Fe3+0.25)(Si0.75Al0.25)O3, 108 

and Fe2+-bearing Bdg, (Mg0.75Fe2+0.25)SiO3 and (Mg0.5Fe2+0.5)SiO3. The calculated 109 

results are used to constrain the effects of valence, spin states, and site occupancies of 110 

Fe in Bdg on its β-factor at high pressure and temperature. To assess how Fe isotopes 111 

distribute between Bdg and Fp in the lower mantle, our results are further used to model 112 

the depth-dependence of D56FeBdg-Fp for various bulk mantle compositions. Finally, we 113 

estimate the effect of Fe species in Bdg, Fp, and metallic iron-light element alloys on 114 

the scale of Fe isotopic fractionation between the lower mantle and the core. 115 

 116 

2. Materials and Methods 117 

2.1. Bridgmanite sample synthesis and DAC preparation 118 
57Fe-enriched (Mg0.46Fe3+0.53)(Si0.49Fe3+0.51)O3 Bdg sample was synthesized as in 119 

Liu et al. (2018). Briefly, fine-powdered 94.45% 57Fe-enriched Fe2O3 (Cambridge 120 

Isotope Laboratories) was homogeneously mixed with MgO and SiO2 in 1:1:1 molar 121 

ratios. (Mg0.46Fe3+0.53)(Si0.49Fe3+0.51)O3 akimotoite was recovered from the multi-anvil 122 

synthesis at 24 GPa and 1873 K for ~ 9 hours. The sample used in this study is from 123 

the same multi-anvil press synthesis used in Liu et al. (2018) and (Dorfman et al. (2020). 124 



Multiple experimental runs confirmed via refinement of X-ray diffraction data that this 125 

akimotoite reproducibly and reversibly transforms to Bdg at ~24 GPa and 300 K 126 

(Dorfman et al. 2018), therefore the NRIXS measurements collected at 32.5 GPa and 127 

above are within the stability field of Bdg. Synchrotron Mössbauer spectroscopy (Liu 128 

et al., 2018) and conventional Mössbauer spectroscopy (Dorfman et al., 2020) confirm 129 

that all Fe in this sample is Fe3+, which enters Bdg structure through coupled 130 

substitution (Mg2+A + Si4+B = Fe3+A + Fe3+B). 131 

A panoramic diamond anvil cell (DAC) equipped with a pair of 300-µm culet 132 

diamonds was used for NRIXS measurements up to 60.9 GPa. NRIXS signals at higher 133 

pressures were measured from a three-opening panoramic DAC equipped with a pair 134 

of 150-µm culet diamonds and three APD detectors at Argonne National Laboratory. 135 

To increase the signal-to-background ratio, the upstream diamond was partially 136 

perforated to reduce scattering of the incoming X-ray beam. X-ray transparent, high-137 

purity Be gaskets 3 mm in diameter with cubic boron nitride (c-BN) inserts were used 138 

to support sample chamber and provide windows for NRIXS signal collection. The c-139 

BN insert was preindented to ~30-µm thickness before a ~70-µm-diameter sample 140 

chamber was drilled on its center. In the sample chamber, ~15×15×10 µm3 sample was 141 

sandwiched between two layers of ~5-µm-thick NaCl pressure medium. 5-µm ruby 142 

spheres next to the samples were used as pressure gauge (Mao et al., 1986) below ~ 70 143 

GPa. For higher pressure experiments, pressures were determined from the edge of the 144 

diamond Raman peak measured at the sample position (Akahama and Kawamura, 145 

2010). 146 

 147 

2.2. NRIXS measurements and data analysis 148 

NRIXS measurements for 57Fe-enriched (Mg0.46Fe3+0.53)(Si0.49Fe3+0.51)O3 Bdg 149 

sample (Fig. 1) at 32.5-60.9 GPa and 71.4-101.4 GPa were conducted at beamlines 16-150 

ID-D and 3-ID-B of the Advanced Photon Source, Argonne National Laboratory, 151 

respectively. At both beamlines the incident X-ray beam was focused to ~10 µm in 152 

diameter on the sample in a DAC. NRIXS spectra were collected by avalanche photo 153 

diode (APD) detectors attached to DACs, respectively. Each NRIXS spectrum was 154 

generated by scanning energy near the 57Fe nuclear transition energy of 14.4125 keV 155 



by tuning a high-resolution monochromator. The energy resolution was 1 meV with a 156 

step size of 0.334 meV at beamline 3-IDB and 2 meV with a step size of 0.67 meV at 157 

beamline 16-ID-D. Collection times were 3-5 s/step, for a total of ~1 hour per NRIXS 158 

spectrum. At each pressure, 15-40 NRIXS spectra were collected and summed to make 159 

sufficient signal-to-noise ratio (Fig. 1). The spectra at pressure below 60.9 GPa were 160 

collected at 16 IDD while others were collected at 3-ID-B. The ranges of scanned 161 

energy for each spectrum can be found in Fig. 1. These wide energy ranges are critical 162 

for capturing the multi-phonon contributions to PDOS and reliable background removal 163 

(Dauphas et al., 2018). 164 

NRIXS data were processed using the software package SciPhon (Dauphas et al., 165 

2018). First the energy resolution function of the incident X-ray was used to 166 

deconvolute the NRIXS spectrum and a linear background based on high-energy 167 

(beyond ±100 meV) part of the spectrum was subtracted. The NRIXS spectrum was 168 

then used to derive the phonon density of states (PDOS) of iron atoms in the lattice. 169 

This derivation uses the harmonic approximation, which assumes the lattice potentials 170 

are proportional to atomic displacement squared. 171 

 172 
Figure 1. NRIXS spectra of 57Fe-enriched (Mg0.5Fe3+

0.5)(Si0.5Fe3+
0.5)O3 bridgmanite sample at 173 

300 K and high pressures. The peak at 0 meV corresponds to the recoilless elastic scattering, 174 



while the other inelastic peaks origin from either phonon creation (E > 0) or annihilation (E < 175 

0). 176 

 177 

2.3. First-principles calculations 178 

All calculations were performed using the Quantum Espresso package (Giannozzi 179 

et al., 2009) based on density functional theory (DFT), plane wave, and pseudopotential. 180 

The local density approximation (LDA) was adopted for the exchange correlation 181 

function. The energy cutoff for plane waves was 70 Ry. The pseudopotentials for Mg, 182 

Si, O, and Al were well described in our previous studies (Huang et al., 2013; Huang et 183 

al., 2014; Wu et al., 2015a; Wang and Wu, 2018). The pseudopotential for Fe was 184 

generated using the Vanderbilt method (Vanderbilt, 1990) with a valence configuration 185 

of 3s23p63d6.54s14p0 and a cutoff radius of 1.8 Bohr. These pseudopotentials have been 186 

successfully applied to predict the structures, vibrational properties, elasticity, and 187 

equilibrium isotope fractionation of mantle silicate minerals including bridgmanite in 188 

our previous studies (Núñez Valdez et al., 2012; Núñez-Valdez et al., 2013; Huang et 189 

al., 2013; Huang et al., 2014; Feng et al., 2014; Wu et al., 2015b; Shukla et al., 2015; 190 

Wang et al., 2017a; Wang et al., 2017b; Qian et al., 2018; Wang et al., 2019a). To 191 

address the large on-site Coulomb interactions among the localized electrons (Fe 3d 192 

electrons) (Anisimov et al., 1991), we introduced a Hubbard U correction to the LDA 193 

(LDA+U) for all DFT calculations. U values for Fe2+ and Fe3+ on A- and/or B- sites in 194 

bridgmanite are obtained from previous work (Hsu et al., 2010; Hsu et al., 2011), in 195 

which values were non-empirically determined using linear response method 196 

(Cococcioni and de Gironcoli, 2005). The U values for A-site Fe2+, A-site HS Fe3+, B-197 

site HS Fe3+, B-site LS Fe3+ are 3.1 eV, 3.7 eV, 3.3 eV, and 4.9 eV, respectively. The 198 

LDA+U method has been widely and successfully applied to predict the physical and 199 

chemical properties of Fe-bearing Bdg and Fp (Hsu et al., 2011; Wu et al., 2013; Shukla 200 

and Wentzcovitch, 2016). For (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 201 

(Mg0.9375Fe3+0.0625)(Si0.9375Al0.0625)O3, and (Mg0.75Fe3+0.25)(Si0.75Al0.25)O3 Bdg, we 202 

consider only configurations with the nearest neighbor [Fe3+]Mg-[Fe3+/Al3+]Si since they 203 

are the lowest energy configurations (Hsu et al., 2011; Shukla and Wentzcovitch, 2016). 204 

Crystal structures at variable pressures were optimized on a 6×6×4 k-point mesh, and 205 



vibrational density of states (VDOS) were calculated using the finite displacement 206 

method as implemented in the code PHONOPYT (Togo and Tanaka, 2015). At static 207 

conditions, the B-site Fe3+ undergoes a HS-LS transition at ~52 GPa, consistent with 208 

previous LDA+U calculations (Shukla and Wentzcovitch, 2016). This value is ~8 GPa 209 

larger than the spin-transition pressure in (Mg0.875Fe3+0.125)(Si0.875Fe3+0.125)O3 Bdg due 210 

to the difference in Fe3+ content. 211 

Reduced partition function ratios were computed from phonon frequencies 212 

obtained from DFT calculations. The reduced partition function ratio βA of the element 213 

X in phase A, which represents the equilibrium isotope fractionation factor between the 214 

phase A and an ideal gas of X atoms, can be expressed within the quasi-harmonic 215 

approximation as: 216 
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where h and l refer to the heavy and light isotopes respectively; i is a running index for 218 

the vibrational frequency, and N is the number of atoms in the unit cell. Qh and Ql 219 

represent the vibrational partition function for the heavy and light isotopes, respectively. 220 

Parameters 𝑢35 and 𝑢36 are defined as: 221 

𝑢35	89	36 = ℏ𝜔35	89	36/𝑘>𝑇  (2) 222 

Parameters ℏ and 𝑘> are the reduced Planck and Boltzmann constants, respectively; 223 

T is temperature in Kelvin, and 𝜔35	89	36 is the vibrational frequency of the ith mode.  224 

Notably, β in Eq. (1) is volume-dependent as phonon frequencies from the DFT+U 225 

calculations are a function of volume. In order to express β as a function of pressure (P) 226 

and temperature (T), we calculated the equation of state V(P, T) from the Helmholtz 227 

free energy, which can be written within the quasi-harmonic approximation as: 228 

𝐹(𝑉, 𝑇) = 𝑈(𝑉) + /
G
∑ ℏ𝜔I,J(𝑉)I,J + 𝑘>𝑇∑ 𝑙𝑛	(1 − 𝑒𝑥𝑝	(− ℏRS,T(U)

VWXI,J )  (3) 229 

where q is a wave vector in the Brillouin zone and m is a running index of phonon mode. 230 

The first, second, and third terms in Eq. (3) correspond to the static, zero-point, and 231 

vibrational energy contributions, respectively. The calculated Helmholtz free energy 232 

versus volume was fitted by the third-order Birch–Murnaghan finite strain equation of 233 

state. Consequently, the pressure- and temperature-dependent β can be derived and the 234 

equilibrium isotope fractionation factor between two Phases A and B can be obtained 235 



in per mil (‰) as: 236 

∆"0>≈ 101𝑙𝑛𝛼"0> = 101𝑙𝑛𝛽" − 101𝑙𝑛𝛽>  (4) 237 

 238 

 239 
Figure 2. Representative partial phonon density of states (PDOS) of Fe3+ in 240 

(Mg0.5Fe3+
0.5)(Si0.5Fe3+

0.5)O3 bridgmanite derived from both NRIXS measurements and DFT+U 241 

calculations. The open circles are the averaged PDOS of all Fe ions in the Bdg measured by 242 

NRIXS; (a): 32.5 GPa, (b): 101.4 GPa. The blue dotted, red dashed, and green dashed curves 243 

are the PDOS of A-site HS Fe3+, B-site HS Fe3+ and B-site LS Fe3+ from DFT+U calculations, 244 

respectively. The black curves represent best-fit linear mixing model between DFT+U 245 

calculated PDOS of the A-site and B-site Fe3+. The best-fit ratio of the weights is 50:50 for A-246 

site and B-site HS Fe3+ PDOS in (a); the ratio changes to 70:30 for A-site HS and B-site LS 247 

Fe3+ PODS in (b). 248 

 249 

3. Results 250 

3.1 Partial phonon density of state of Fe in bridgmanite 251 

For all pressures investigated, the calculated PDOS of Fe agree well with 252 

experimental PDOS (Fig. 2 and S1). Theoretical calculations provide the PDOS of the 253 

A-site and B-site Fe3+ individually, while the PDOS of Fe in 254 



(Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 Bdg derived from NRIXS measurements is a sum of 255 

contributions from both A-site and B-site Fe3+. Comparisons between experimental 256 

observations of the PDOS, predictions for individual sites, and best-fit weighted 257 

average of calculated PDOS are shown for two representative pressures (Fig. 2). In 258 

theory, the ratio of A-site and B-site Fe3+ contributions to the final PDOS is the 259 

concentration ratio, 50:50. At ~30 GPa, the dominant peaks in the predicted PDOS of 260 

the A-site and B-site HS Fe3+ are located at ~17-31 meV and 17-43 meV, respectively 261 

(Fig. 2a). A 50-50 average of these calculated PDOS for A-site HS Fe3+ and B-site HS 262 

Fe3+ by DFT+U matches well with the experimental PDOS (Fig. 2a). This is in good 263 

agreement with the X-ray emission spectroscopy analysis that Bdg is 100% HS at this 264 

pressure (Liu et al., 2018). At ~100 GPa, DFT+U calculations indicate that the 265 

transition of B-site HS Fe3+ to LS state significantly change the PDOS: compared with 266 

the B-site HS Fe3+, the predicted PDOS of the B-site LS Fe3+ is narrower and the 267 

dominant peaks are located at higher energies by ~11.7 meV (Fig. 2b). Accordingly, 268 

NRIXS observations demonstrate a shift of the major peak to higher energy, from ~25 269 

meV at 30 GPa to ~30 meV at 100 GPa, and an increase in intensity at ~45 meV due to 270 

this B-site LS Fe3+ component. In order to match experimentally derived PDOS, the 271 

best weights of the calculated PDOS of A-site HS Fe3+ and B-site LS Fe3+ are 70:30 272 

(Fig. 2b). This difference in weight ratio implies that the inelastic component of B-site 273 

LS Fe3+ from NRIXS measurements is significantly reduced across the spin transition. 274 

This is also consistent with the pressure dependence of the Lamb-Mössbauer factor (f) 275 

derived from NRIXS spectra (Fig. S2), which is directly controlled by the inelastic 276 

component (Sinelastic) in the NRIXS spectra (Dauphas et al., 2018): 277 

𝑓 _ = 1 − ∫ 𝑆3b*6cde3f
gThi
gT)j

(𝐸)𝑑𝐸   (5) 278 

Across the spin transition of B-site Fe3+ in (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 Bdg, the linear 279 

slope of fLM with respect to pressure increases from 6.7e-4 GPa-1 at 25-60 GPa to 1.6e-3 280 

GPa-1 at ~60-70 GPa and changes to 3.7e-4 GPa-1 above ~70 GPa. Accounting for the 281 

change in the inelastic scattering profile of LS Fe3+, NRIXS experiments and DFT+U 282 

calculation agree with complementary X-ray diffraction and X-ray emission 283 

spectroscopy observations about the conditions of the spin transition in Bdg. 284 

 285 



3.2 Force constant of Fe and β-factors of 56Fe/54Fe for bridgmanite 286 

From experimental and theoretical PDOS, the force constant of iron <F> and the 287 

β-factors of 56Fe/54Fe for (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 Bdg can be obtained within the 288 

harmonic approximation by following Eq. (6) and Eq. (7) (Dauphas et al., 2012): 289 

< 𝐹 >= o
ℏ- ∫ 𝐸Gpq

r 𝑔(𝐸)𝑑𝐸      (6) 290 

101𝑙𝑛𝛽 = 1000t /
ouvwx

− /
ouywx

z ℏ-

{V-X-
< 𝐹 >    (7) 291 

Here 𝑔(E) is PDOS, M is the mass of a 54Fe or 56Fe nucleus, k is Boltzmann’s constant 292 

and T is temperature in Kelvin. We find that <F> obtained from calculated PDOS are 293 

significantly larger than those calculated from experimental PDOS (Fig. 3), especially 294 

at pressures > 60 GPa, although the calculated PDOS match well with experimental 295 

PDOS (Fig. 2 and S1). To find out the factors that result in the <F> differences, we 296 

calculated the evolution of <F> by changing the upper limit of energy (x) for the 297 

integration by following Eq. (8): 298 

< 𝐹 >= o
ℏ- ∫ 𝐸G|

r 𝑔(𝐸)𝑑𝐸, (x	increases	from	0	to	 + ∞)     (8) 299 

As shown in Fig. 4, the integral values of <F> from calculated PDOS agree well with 300 

those from experimental PDOS until energy for the integration reaches a threshold, 301 

above which the predicted <F> still increases with x but the experimental one 302 

maintains a constant value (Fig. 4). This is mainly because the experimental PDOS 303 

intensity becomes indistinguishably close to zero due to the low signal noise ratio when 304 

energy is larger than 85 meV at 32.5 GPa and 110 meV at 101.4 GPa, while the 305 

predicted PDOS from DFT+U still have small non-zero values at these high-energy 306 

parts (Fig. 2). Amplified by the integral 𝐸G𝑔(𝐸), the small discrepancies in PDOS lead 307 

to significant differences in the final <F> by ~ 60 N/m at ~ 30 GPa and ~ 154 N/m at 308 

100 GPa. Similarly, the predicted PDOS of A-site Fe3+ and Fe2+ in Bdg also agree well 309 

with experimental measurements (Yang et al., 2019), but the <F> from DFT+U are 310 

larger than experimental values, especially at high pressures (Fig. S3 and S4). In 311 

contrast, both of the calculated PDOS and <F> of LS Fe in Fp agree well with 312 

experimental results (Fig. S5). As a consequence, we use theoretical results of Bdg in 313 

this study and experimental data of HS and LS Fp from Yang et al. (2019) for further 314 

modelling and discussion. 315 



Blanchard et al. (2015) found that compared to NRIXS, the DFT calculations 316 

within GGA/GGA+U underestimate the <F> of iron in goethite. However, in their DFT 317 

calculations, the cell parameters of goethite were fixed to their experimental values and 318 

only atomic positions were relaxed. Because the GGA usually overestimates the volume, 319 

this incorrect strategy would put artificial stress on the structure and the true pressure 320 

from the GGA calculations should be higher than ambient pressure (Wang et al., 2017a; 321 

Wang et al., 2019b). This indicates that the iron <F> in Blanchard et al. (2015) was 322 

overestimated by their GGA/GGA+U calculations, and thus the <F> difference 323 

between NRIXS and DFT was underestimated. The discrepancy between NRIXS and 324 

GGA/GGA+U is mainly because the GGA underestimates the vibrational frequencies 325 

(Schauble, 2011), shifting the PDOS to lower values. 326 

The changes of PDOS by different cation sites and spin states of Fe3+ result in 327 

variations in the corresponding <F> and β-factors. For instance, as the PDOS of B-site 328 

HS Fe3+ concentrates at higher energy range compared with the corresponding A-site 329 

HS Fe3+ (Fig. 2 and S1), <F> and β-factors are thus higher for HS Fe3+ in the B-site 330 

than that in the A-site (Fig. 3 and Fig. 5). Notably, across the spin transition of the B-331 

site Fe3+ in (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 Bdg at ~ 60 GPa, the <F> and β-factors of B-332 

site Fe3+ increases by ~65%. 333 

 334 

Figure 3. Force constant <F> of iron in Bdg from DFT+U calculations. (a) <F> of A-site Fe2+, 335 

A-site Fe3+, and B-site Fe3+ in Bdg. Compared with the <F> of A-site Fe2+, those of both A-336 

site and B-site Fe3+ in Bdg are higher at the same pressure. Across the spin transition of the B-337 

site Fe3+ in (Mg0.5Fe3+
0.5)(Si0.5Fe3+

0.5)O3 Bdg at ~ 60 GPa, the <F> of B-site Fe3+ increases by 338 



~65%. (b) comparisons of in <F> Bdg between theoretical and experimental results (Yang et 339 

al., 2019). Although PDOS of Fe in Bdg from DFT+U agree well with experimental 340 

measurements (Fig. 2, Fig. S1, and Fig. S3-S4), the predicted <F> are significantly larger than 341 

those from experimental PDOS, especially at high pressures. 342 

 343 

Figure 4. Evolution of <F> of Fe3+ in (Mg0.5Fe3+
0.5)(Si0.5Fe3+

0.5)O3 Bdg with the upper limit of 344 

energy (x) for the integration < 𝐹 >= o
ℏ- ∫ 𝐸G|

r 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 β-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 β-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 ν	[𝑐𝑚0/] ≤ 1.39T	[K]  (Bigeleisen and Mayer, 1947; Kowalski et al., 355 



2013). Here we calculated the β-factors of Bdg with different chemical compositions 356 

from their full phonon vibrational spectra using Eq. (1). Our calculated results show 357 

that the 103lnβ of Bdg decreases in the order of LS-(Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 > HS-358 

(Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 > (Mg0.9375Fe3+0.0625)(Si0.9375Al3+0.0625)O3 ≈ 359 

(Mg0.75Fe3+0.25)(Si0.75Al0.25)O3 > (Mg0.75Fe2+0.25)SiO3 ≈ (Mg0.5Fe2+0.5)SiO3 within 360 

calculated pressure range. At 60 GPa and 1000 K, it varies from 1.58‰ for LS-361 

(Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 to 0.98‰ for (Mg0.5Fe2+0.5)SiO3 Bdg (Fig. 5a). Rustad and 362 

Yin (2009) also calculated the β factor of Fe2+-bearing Bdg using molecular clusters 363 

and the 103lnβ of 56Fe/54Fe is ~1.44 ‰ at 120 GPa and 1000 K, similar to our predictions 364 

(1.42 ‰). However, it should be noted that the modelling of crystals using molecular 365 

clusters breaks the intrinsic periodic boundary of crystals. 366 

 367 

 368 
Figure 5. Comparisons between the 56Fe/54Fe b-factors and the Fe-O bond length of bdg at 30-369 

100 GPa and 1000 K for different compositions in DFT+U calculations. (a) Compared with the 370 

b-factors of Fe2+ in the A-site of Bdg, those of both A-site and B-site Fe3+ in Bdg are higher at 371 

the same P-T condition. Across the spin transition of the B-site Fe3+ in 372 

(Mg0.5Fe3+
0.5)(Si0.5Fe3+

0.5)O3 Bdg at ~ 60 GPa, the 56Fe/54Fe b-factor of B-site Fe3+ at 1000 K 373 

increases by 0.835‰. (b) The average Fe-O bond lengths in Bdg with different compositions 374 

at static conditions. Across the spin transition of B-site Fe3+ in (Mg0.5Fe3+
0.5)(Si0.5Fe3+

0.5)O3 Bdg 375 

at ~ 60 GPa, the lengths of A-site and B-site Fe3+ decrease by 0.014 Å and 0. 0.072 Å, 376 

respectively. In contrast, the concentration effect on both A-site Fe2+-O and A-site Fe3+-O bond 377 

lengths in Bdg is negligible. 378 



 379 

4. Discussion 380 

4.1 Effects of site occupancy, spin transition, chemical composition, and valence 381 

state on β-factors of Bdg 382 

The pressure dependences of β-factors of Bdg are controlled by multiple factors 383 

as shown in Fig. 2a. Here we show the β-factors anchored at 1000 K as a representative 384 

temperature to address these effects since the factors are almost linearly proportional to 385 

1/T2 at different pressures (Fig. S6). In (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 Bdg, compared to 386 

the A-site HS Fe3+, B-site HS Fe3+ has a higher β-factor and the difference between two 387 

sites is ~0.17‰ at 40 GPa and 1000 K (Fig. 5a). This is also consistent with the much 388 

shorter bond lengths, and correspondingly higher bond strength, of Fe3+-O in the 6-389 

coordinated B-site relative to the 8-coordinated A-site (Fig. 5b). B-site Fe3+ in Bdg is 390 

expected to undergo a HS to LS transition at middle-mantle depths (Catalli et al., 2010; 391 

Hsu et al., 2011; Mao et al., 2015; Shukla and Wentzcovitch, 2016; Fu et al., 2018b; 392 

Liu et al., 2018). The spin transition of the B-site Fe3+ in (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 393 

Bdg occurs at ~ 50 GPa (Liu et al., 2018), which leads to shortening of the average B-394 

site Fe3+-O bonds by 0.072 Å, equal to 3.8% relative change (Fig. 5b). Such a change 395 

in the average Fe-O bond induces an increase of 0.83‰ in the β-factor of B-site Fe3+ at 396 

1000 K and 0.21‰ at 2000 K (Fig. S6). However, the spin transition of the B-site Fe3+ 397 

does not significantly change the A-site Fe3+-O bonds and the β-factor of A-site Fe3+. 398 

Thus, the contrast between the β-factors of B-site and A-site Fe3+ is also strongly 399 

enhanced by the Fe spin transition in the B-site from 0.19‰ to 1.01‰ at 1000 K and 400 

60 GPa (Fig. 5a). 401 

The presence of Al in Bdg will weaken the effect of B-site Fe3+ spin transition on 402 

its β-factor by preventing Fe3+ from occupying the B-site. Depending on the bulk 403 

Al/Fe3+ molar ratio, Al3+ can either occupy the B-site only with Fe3+ filling in the A-404 

site or it occupies both the B-site and the available A-site left by A-site Fe3+ (Lin et al., 405 

2013; Liu et al., 2015). For Al/Fe3+ molar ratio equal to 1, all Fe3+ would occupy the A-406 

site and all Al stays in the B-site. Here we calculated the β-factors of three Fe3+- and 407 

Al-bearing Bdg with different FeAlO3 concentration at 1000 K to illustrate the 408 

compositional dependence of both Fe3+-O bond length and the b-factor of 56Fe/54Fe (Fig. 409 



5a). Our results show that the incorporation of 6.25-50 mol% FeAlO3 into Bdg only 410 

changes the A-site Fe3+-O bond length by 0-0.007 Å under lower-mantle pressures (Fig. 411 

5b). As the Fe-O bond length controls the magnitude of the corresponding β-factor (Fig. 412 

S7), the effect of FeAlO3 concentration on the β-factors of the A-site Fe3+ is 413 

insignificant. For example, the largest difference in the β-factor of Al3+- and Fe3+-414 

bearing Bdg (Mg0.9375Fe3+0.0625)(Si0.9375Al3+0.0625)O3, (Mg0.75Fe3+0.25)(Si0.75Al0.25)O3, 415 

and (Mg0.5Fe3+0.5)(Si0.5Al3+0.5)O3 is smaller than 0.06‰ at 1000 K and all pressures (Fig. 416 

5a). In contrast, the β-factor of A-site Fe3+ in (Mg0.5Fe3+0.5)(Si0.5Al3+0.5)O3 Bdg is ~ 0.14‰ 417 

larger than that of A-site Fe3+ in (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 Bdg, consistent with 418 

relatively shorter Fe3+-O bonds in the A site of (Mg0.5Fe3+0.5)(Si0.5Al3+0.5)O3 Bdg (Fig. 419 

5b). This reveals that the speciation of B-site ion (Fe3+ or Al3+) also has a mild effect 420 

on the A-site Fe3+-O bond strength and its β-factor. However, such an effect of Al on 421 

A-site Fe3+ β-factor is much weaker than the influence of spin transition and can be 422 

further diminished by mantle high temperatures, which results in only 0-0.01‰ 423 

difference in β-factor along the normal lower-mantle geotherm (Fig. 6). As long as 424 

some Fe3+ occupies the Bdg B-site, the change in β-factor due to the spin transition is 425 

independent of the identity of other ions on A- and B-site. Therefore, although Al3+ 426 

incorporation itself does not change the Bdg structure enough to impact isotopic 427 

fractionation, it prevents Fe3+ from occupying the B-site and thus reduces the significant 428 

impact of B-site Fe3+ spin transition on the β-factor of Bdg. 429 

In addition to Fe3+, the A site in Bdg is also large enough to accommodate Fe2+, 430 

which maintains a HS state in Bdg throughout the lower mantle. The Fe2+-bearing Bdg 431 

compositions in our DFT+U calculations, (Mg0.5Fe2+0.5)SiO3 and (Mg0.75Fe2+0.25)SiO3, 432 

have the smallest β-factors that are also insensitive to the Fe2+ content (Fig. 5a). This 433 

difference in β-factor between A-site Fe3+ and Fe2+ ranges from 0.04‰ to 0.15‰ at 434 

1000 K (Fig. 5a) but will be diminished along an expected geotherm of the lower mantle 435 

(Fig. 6). In particular, the β-factor increases with pressure along the adiabat, because 436 

the increase due to compression outweighs the decrease from the 1/T2 dependence. The 437 

enrichment of light Fe isotopes in Fe2+-bearing Bdg relative to other Fe3+-bearing 438 

species is mainly caused by the longer Fe2+-O bond lengths than those Fe3+-O bonds 439 

(Fig. 5b and S7). Moreover, the valence state also partially contributes to the smaller β-440 



factors of Fe2+-bearing Bdg as revealed by the longer Fe-O bond length of HS A-site 441 

Fe2+ than that of HS A-site Fe3+ (Fig. S7). In summary, the pressure- and temperature 442 

dependent β-factor of 56Fe/54Fe for Bdg is controlled by the Fe3+/Fe2+, Al/Fe3+, and spin 443 

transition if there is some Fe3+ accommodated in B site. 444 

 445 

 446 

Figure 6. 56Fe/54Fe b-factors of various Bdg compositions computed by DFT+U along an 447 

adiabat representative of the average lower mantle. As the B-site Fe3+ undergoes high-spin to 448 

low-spin transition, the 56Fe/54Fe b-factor of (Mg0.5Fe3+
0.5)(Si0.5Fe3+

0.5)O3 Bdg increases by 449 

~0.09‰ across the spin transition of the B-site Fe3+. The expected geotherm (dot dash line) was 450 

taken from Brown and McQueen (1986). 451 

 452 

4.2 Fe isotopic fractionation in the deep mantle 453 

4.2.1 Inter-mineral iron isotope fractionation 454 

The 56Fe/54Fe β-factor of Bdg and Fp as a function of depth in likely bulk mantle 455 

compositions can be used to estimate fractionation of Fe isotopes in the deep Earth. The 456 

depth-dependence of Fe isotopic fractionation between Bdg and Fp in the lower mantle 457 



is modelled based on the following equations: 458 

D56FeBdg-Fp = d56FeBdg - d56FeFp  (9) 459 

d56FeLM = nBdg ´ d56FeBdg + nFp ´ d56FeFp  (10) 460 

where d56FeBdg, d56FeFp, and d56FeLM are the Fe isotopic compositions of Bdg, Fp, and 461 

the bulk lower mantle, respectively. d56FeLM is set to 0 as the representative chondritic 462 

value (Craddock and Dauphas, 2011). nBdg and nFp 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 β-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 

a Al/Fe ratio ~0.8 (McDonough and Sun, 1995). The lower-mantle Fe3+/SFe ratio range 469 

was thought to be higher than 0.5 (Frost and McCammon, 2008), and the Fe3+/SFe 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 Fe3+ is controlled by Al3+/Fe3+ 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) Fe3+- and Al3+-free, Fe2+-bearing; (2) Fe3+- and Al3+-bearing (3) 474 

Fe3+-bearing but Al3+-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 Fe3+- and Al3+-free, Fe2+-bearing system, the major factor that 478 

impacts Fe-O bonds and Fe isotopic fractionation is the spin transition of Fe2+ 479 

in Fp at mid-lower-mantle depths. In this system, there is no significant iron 480 

fractionation between Bdg and Fp (D56FeBdg-Fp = 0-0.02‰) below 60 GPa. The 481 

spin transition occurs only in Fp at ~60-120 GPa, and increases the β-factor of 482 

Fp. This effect significantly decreases D56FeBdg-Fp from 0‰ at ~ 60 GPa to -0.17‰ 483 

at ~ 120 GPa (Fig. 7a). As a result, Fp would be enriched in 56Fe with d56FeFp 484 

up to 0-0.08‰ below mid-lower mantle and d56FeBdg would be as low as -0.07‰ 485 

(Fig. 7b). 486 

2) For a more realistic Fe3+- and Al3+-bearing system with the Fe3+/Al ratio of < 1, 487 

our computational results suggest that the presence of Fe3+ in the Bdg A-site 488 



increases the β-factor of Bdg by 0.03-0.04‰ along an expected geotherm (Fig. 489 

6). No significant difference across the spin transition of B-site Fe3+ in Bdg is 490 

expected in this composition relative to the Fe3+- and Al3+-free, but Fe2+-bearing 491 

system. Therefore, D56FeBdg-Fp of the Fe3+- and Al3+-bearing system is ~0.03-492 

0.04‰ higher than that of the simplified Fe3+- and Al3+-free, Fe2+-bearing 493 

system (Fig. 7a). In this case, D56FeBdg-Fp decreases from +0.05‰ in the upper 494 

part of the lower mantle to -0.15‰ in the deeper part (Fig. 7b). This results in 495 

d56FeBdg of +0.02‰ in the uppermost lower mantle but the number decreases to 496 

~ -0.07‰ in the lowermost lower mantle (Fig. 7b).  497 

3) In a Fe3+- bearing but Al3+-free system, the spin transitions of both Fe2+ in Fp 498 

and B-site Fe3+ in Bdg are expected to occur at the middle mantle depths and 499 

extend to the deeper part (Fig. 7a). Consequently, D56FeBdg-Fp in Fe3+- bearing 500 

and Al3+-free system is significantly higher than the other two systems beneath 501 

the middle mantle depths (Fig. 7a). The spin transition in B-site Fe3+ of Bdg 502 

results in d56FeBdg as high as +0.04‰ in the middle mantle depth, which 503 

decreases to -0.03‰ in the lowermost lower mantle (Fig. 4b).  504 

In a pyrolitic lower mantle, Fe3+ is generally not expected to occupy the B-site of 505 

Bdg as the Al/Fe3+ ratios of synthesized Bdg samples from pyrolitic starting materials 506 

are consistently higher than 1 (summarized in Shim et al., 2017). Harzburgite has a 507 

similar iron content but less Al2O3 content (~0.6%) compared to pyrolite (Irifune and 508 

Ringwood, 1987) and its Fe3+/SFe ratio is usually < 5% (Canil and O’Nell, 1996; 509 

Woodland et al., 2006). As such, the Fe3+/Al ratio in harzburgite is typically < 0.5 and 510 

no Fe3+ would occupy the B-site of Bdg when Bdg crystallizes from a harzburgitic 511 

composition. Therefore, the D56FeBdg-Fp in a pyrolitic or harzburgitic composition is 512 

similar to the results in scenarios (1) and (2). On the other hand, Fe3+-rich materials 513 

(such as banded iron formation and goethite) could be carried to the lower mantle by 514 

subducted slabs, resulting in local chemical heterogeneous regions enriched in Fe3+. 515 

Under such a scenario, Bdg may have much lower Al content and higher Fe3+ content, 516 

and therefore more Fe3+ could occupy both the A-site and B-site by the coupled 517 

substitution mechanism (Frost et al., 2004; Liu et al., 2015; Shim et al., 2017; Liu et al., 518 

2018). Compared with Fe3+- and Al3+-bearing Bdg forming in a pyrolitic composition, 519 



the spin transition of the B-site Fe3+ in Bdg would increase D56FeBdg-Fp by as much as 520 

0.08‰ (Fig. 7b), which slightly exceeds the highest precision measurements of d56Fe 521 

(~ 0.03‰, Sossi et al., 2015). Overall, Fe isotopic fractionation between Bdg and Fp is 522 

insignificant in most parts of the lower mantle, except the lowermost parts (Fig. 7). In 523 

the upper and middle part of the lower mantle, the stronger Fe-O bond strength in Fe3+-524 

enriched Bdg would only enrich Bdg in 56Fe with d56FeBdg as high as +0.02‰, with 525 

correspondingly indistinguishable D56FeBdg-Fp in these depths based on the highest 526 

precision of MC-ICP-MS measurements (~ 0.03‰, Sossi et al., 2015). In the lowermost 527 

lower mantle, the spin transition of Fe2+ in Fp would lead to the enrichment of heavy 528 

Fe in Fp with D56FeBdg-Fp as low as -0.15‰ in a pyrolitic composition. For the Fe3+-rich 529 

but Al-poor system, the spin transition of B-site Fe3+ in Al-poor Bdg would diminish 530 

D56FeBdg-Fp, making the Fe isotopic compositions of the coexisting oxidized Bdg and Fp 531 

indistinguishable (Fig. 7b). Therefore, the magnitude of D56FeBdg-Fp in a pyrolitic 532 

composition would probably exceed the technical resolution for Fe isotope 533 

measurements in the lowermost lower mantle, whereas no significant D56FeBdg-Fp would 534 

be found in the Fe3+-rich but Al-poor system.  535 

 536 

 537 

Figure 7. Equilibrium 56Fe/54Fe isotopic fractionation between coexisting Bdg and Fp (a) and 538 

the corresponding Fe isotopic compositions of these two phases (b) along an expected geotherm 539 

(Brown and McQueen, 1986). Solid and dash lines in (b) represent Fe isotopic compositions of 540 

Bdg and Fp, respectively. Three compositional assemblages are considered: Fe3+-bearing but 541 

Al-free system (red curves); Fe3+- but Al-bearing system (green curves) and Fe3+- and Al-free 542 

system (blue curves). The light yellow areas represent the best resolution of MC-ICP-MS 543 



measurements (~ 0.03‰, Sossi et al., 2015). The spin transition (ST) of Fe2+ in Fp would occur 544 

at the middle depth of the lower mantle, where only the B-site Fe3+ in Bdg would undergo a HS 545 

to LS transition at ~60 GPa.  546 

 547 

4.2.2 Iron isotope fractionation during magma ocean crystallization 548 

In addition to the possible Fe isotope fractionation between solid phases, how Fe 549 

isotopes would be fractionated between silicate melts and minerals during magma 550 

ocean crystallization (Boukaré et al., 2015) is also important for understanding the 551 

variability in iron isotopic composition in deep mantle (Yang et al., 2019). Based on the 552 

<F> of solid phases and basaltic glass, Yang et al. (2019) investigated the evolution of 553 

Fe isotopic fractionation during terrestrial magma ocean crystallization and found no 554 

significant Fe fractionation between minerals and silicate melts. Here, following the 555 

model proposed in Yang et al. (2019), we also revaluated the Fe isotope fractionation 556 

between Bdg+Fp and silicate melts during magma ocean crystallization using the <F> 557 

of Bdg from DFT+U calculations in this study. The <F> of solid phase was calculated 558 

from the <F> of Fp and Bdg using <F>sum=nFp*<F>Fp+nBdg*<F>Bdg, where nFp and nBdg 559 

are the fractions of iron in Fp and Bdg in the solid phase, respectively, and nFp+nBdg=1. 560 

The <F> of basaltic glass extrapolated to 130 GPa was used as an analogue to basaltic 561 

melts (Liu et al., 2017). The chemical compositions of solid aggregates and the residual 562 

melt were calculated after each 1 wt% increment of crystallization and can be found in 563 

Yang et al. (2019). Fractional crystallization and a mass-balance relationship were used 564 

in the model. For the ith separation of solids, the isotopic composition of solids 565 

equilibrated with the residual melt can be calculated by d56Fesolids-i+1=d56Femelts-566 

i+D56Fesolids-melts. Based on the isotopic mass balance, we have: 567 

d56Femelts-i+1=[d56Femelts-i-(d56Femelts-i+D56Fesolids-melts)*nsolid]/(1-nsolids) (11) 568 

d56Fesolids-i+1=-d56Femelts-i+1*nmelts/(1-nmelts) (12) 569 

where nsolids is the fraction of iron taken up by solids at each step and nmelts is the fraction 570 

of total iron in the remaining melt. We note that the chemical composition of residual 571 

melt would be dominated by FeO (Fe/(Fe+Mg) > 60%) when the fraction of melt is 572 

lower than 10% with temperature decreasing to 4200 K (Figure 7 in Boukaré et al., 573 

2015). At this stage, the <F> of basaltic glass may not be used as an analogue to silicate 574 



melts due to the large difference in chemical compositions, and we stopped the 575 

simulations. 576 

Our results show that silicate melts are isotopically lighter than Bdg+Fp but the 577 

D56Fesolids-melts are smaller than +0.03‰ for Fe2+-bearing and Fe3+-free systems and 578 

Fe3+- and Al3+-bearing system. As Fe3+ is generally not expected to occupy the Bdg B-579 

site in a pyrolitic lower mantle with the Al/Fe3+ ratios of higher than 1, it can be 580 

concluded that no significant Fe isotope fractionation between Bdg+Fp and silicate melt 581 

has been produced during the crystallization process. For the Fe3+-bearing but Al-poor 582 

system, D56Fesolids-melts could be up +0.06‰, if we also used the <F> of basaltic melts 583 

as an analogue to Fe3+-rich melts. However, Fe3+-rich melts should be expected to be 584 

enriched in heavy Fe isotopes relative to the Fe2+-rich one (Dauphas et al., 2014), 585 

because the <F> of Fe3+-bearing silicate glass is ~150 N/m larger than that of Fe2+-586 

bearing silicate glass (Dauphas et al., 2014). As a result, the <F> of Fe3+-rich melts 587 

were underestimated in this case and the D56Fesolids-melts (up +0.06‰) could have been 588 

overestimated by 0.025‰, if the <F> difference between Fe3+-rich and Fe2+-rich melts 589 

at 130 GPa is modeled by the value for silicate glasses at ambient pressure (Dauphas et 590 

al., 2014). Although the <F> of Fe3+-rich melts at 130 GPa are still unknown, the 591 

crystallization process of Fe3+-rich melts in some local regions also cannot produce 592 

resolvable Fe isotope fractionation between solids and melts. Therefore, we suggest 593 

that crystallization of the magma ocean is unlikely to have resulted in significant iron 594 

isotopic fractionation in deep mantle. 595 

 596 



 597 

Figure 8. Equilibrium Fe isotope fractionation between solids and melts during magma ocean 598 

crystallization at 130 GPa. The modelling details were described in details in Yang et al. (2019). 599 

Similarly, the initial d56Fe of magma ocean is set as 0‰ and the solid crystallization sequence 600 

was obtained from Boukaré et al. (2015). Red and blue lines represent d56Fe of solids (Bdg+Fp) 601 

and melts, respectively. Solid, short dash, and dash lines refer to Fe2+-bearing and Fe3+-free, 602 

Fe3+- and Al3+-bearing, and Fe3+-bearing and Al3+-free systems, respectively. The <F> of solids 603 

and melts at 130 GPa are used for modelling. Data sources: Bdg, DFT+U calculations in this 604 

study; Fp, extrapolated to 130 GPa, Yang et al. (2019); melts, imitated by basaltic glass, 605 

extrapolated to 130 GPa (Liu et al., 2017). The case for a pyrolitic composition, in which both 606 

Fe2+ and Fe3+ could be present but Fe3+ is not expected to occupy the Bdg B-site, can be 607 

represented by shade areas enclosed by solid and short dash lines. 608 

 609 

4.3 Fe isotope fractionation between core and mantle 610 

Mid-ocean ridge basalts (MORB) in the Earth were found to be enriched in heavy 611 

Fe isotopes (56Fe/54Fe) by ~+0.1‰ relative to the chondrites (Teng et al., 2013), while 612 

basalts from Mars and Vesta have Fe isotope compositions similar to the chondrites 613 



(Sossi et al., 2016; Elardo and Shahar, 2017). The elevated 56Fe/54Fe ratio in MORB 614 

was thought to be caused by mantle partial melting (Teng et al., 2008; Dauphas et al., 615 

2014), but this process can only induce an iron isotopic shift of +0.023‰ (Dauphas et 616 

al., 2014). Some other interpretations, including loss of light Fe isotopes during 617 

vaporization and condensation (Poitrasson et al., 2004; Poitrasson, 2007), core 618 

formation (Polyakov, 2009; Elardo and Shahar, 2017), have been proposed to enrich 619 

Earth's mantle in heavy Fe isotopes. Some studies suggested that the Fe isotope 620 

composition of mantle peridotites is close to that of chondrites (Poitrasson, 2007; 621 

Craddock et al., 2013), while it has been argued that mantle peridotites may be slightly 622 

heavier (~+0.05 ‰) than chondrites (Poitrasson et al., 2013; Sossi et al., 2016). It is not 623 

well-known whether the Fe isotope composition of the primitive mantle has been 624 

modified by core formation. 625 

In order to check the effect of core formation on the Fe isotope composition of 626 

bulk silicate Earth, previous studies have widely investigated the <F> of metallic alloys 627 

(Chen et al., 2014; Shahar et al., 2016; Liu et al., 2017; Chen et al., 2018) and basaltic 628 

glass (Liu et al., 2017), which were used as analogues to metallic and silicate melts, 629 

respectively. In addition, Fe2+-bearing Bdg was also used as the analogue to silicate 630 

melt (Shahar et al., 2016). Here we also assume that the <F> of silicate melts could be 631 

represented by those of Bdg, as we find that Fe2+-bearing and Fe3+-free Bdg has similar 632 

<F> to the Fe2+-bearing basaltic glass at 40-60 GPa (Fig. 9). Our results show that Bdg 633 

has relatively larger <F> than metallic alloys and the <F> difference between Bdg and 634 

metallic alloys depends on their chemical compositions (Fig. 9). Using the high-635 

temperature approximation, we conclude that the equilibrium Fe isotope fractionation 636 

between silicate and metallic melts is ~0-0.04‰ under core-formation conditions for 637 

the Earth (~40-60 GPa and 3500 K) (Li and Agee, 1996; Siebert et al., 2012; Fischer et 638 

al., 2015). This implies that core formation can only shift the Fe isotope composition 639 

of Earth's mantle by 0-0.04‰, which is not sufficient to account for the enrichment of 640 

heavy Fe isotopes in MORB with the consideration of partial melting. 641 

In contrast, heavy Fe isotopes might be enriched in the lowermost lower mantle 642 

with respect to the adjacent liquid outer core, as low-spin Fe species likely to be present 643 

in phases at the base of the mantle are expected to have high β-factors and 644 



corresponding force constants <F> (Fig. 9). At P-T conditions near the CMB, Fe2+ is 645 

expected to adopt LS state in both solid and liquid FeO-MgO system (Mao et al., 2011; 646 

Fu et al., 2018a; Yang et al., 2019); while Fe3+ in the octahedral site of both Bdg and 647 

Ppv is expected to adopt LS state (Catalli et al., 2010; Yu et al., 2012; Liu et al., 2018). 648 

At a representative P-T condition near the CMB (130 GPa and 3000 K), the calculated 649 

D56FeBdg-core from the corresponding <F> with LS Fe3+ in the B-site of Bdg could range 650 

from +0.09‰ to +0.12‰ for various outer core compositions, such as Si, S and C (Fig. 651 

9), if there is a chemical exchange and equilibration of solid mantle with outer 652 

core. (Fe2+, Mg)SiO3–Ppv was found to be enriched in heavy iron isotopes relative to 653 

metallic iron with D56FePpv-core of ~0.1‰ at the CMB (Polyakov, 2009), and Fe3+-654 

bearing Ppv should be more enriched in heavy iron isotopes. Meanwhile, D56FeFp-core 655 

ranges from +0.17‰ to +0.20‰ for CMB regions with high concentrations of LS FeO, 656 

such as some ultra-low velocity zones (Wicks et al., 2010; Fu et al., 2018a). These 657 

fractionation factors suggest that Fe isotopes might be redistributed during the mantle-658 

core interaction and some local regions above the CMB could be enriched in heavy Fe 659 

isotopes. However, whether such a Fe isotopic signature could be produced and 660 

preserved or not also depends on the interaction pattern and the geodynamic mantle 661 

convention (Lesher et al., 2020). 662 

 663 



 664 

Figure 9. Comparison of force constants <F> of Bdg computed in this work with previous 665 

studies of Fp and Fe/Fe alloys. At a given P-T condition, Fe equilibrium isotopic fractionation 666 

factor can be obtained by following D56FeA-B=2940 (<F>A-<F>B)/T2. Experimental data sources: 667 

Bdg, this study; (Mg0.75Fe0.25)O Fp, Yang et al. (2019); Basaltic 668 

glass (Na0.036Ca0.220Mg0.493Fe0.115Al0.307Ti0.012K0.002Si0.834O3), Fe, Fe86.8Ni8.6Si4.6, Fe85Si15, Fe3S: 669 

Liu et al. (2017); Fe7C3: Chen et al. (2014); Fe3C: Chen et al. (2018); FeHx: Shahar et al. (2016). 670 

 671 

5. Conclusion 672 

We have investigated the effects of site occupancies, chemical composition, spin 673 

transition, and valence state on the reduced Fe partition function ratio (β-factor) of (Mg, 674 

Fe2+, Fe3+, Al3+)(Fe3+, Al3+, Si)O3 Bdg under lower-mantle pressure-temperature 675 

conditions by performing first-principles calculations and synergistic nuclear resonant 676 

inelastic X-ray scattering measurements. The computational partial phonon density of 677 

states of Fe3+ in (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 bridgmanite agree well with experimental 678 

measurements at high pressures. Our results reveal that Fe2+-bearing Bdg has the 679 

smallest β-factor relative to other Fe3+-bearing species. Site occupancies for Fe3+ can 680 



have a significant effect on the β-factor of Bdg. Compared to the A-site HS Fe3+, the B-681 

site HS Fe3+ has a higher β-factor by ~0.17‰ at 40 GPa and 1000 K. The spin transition 682 

of B-site Fe3+ in Bdg influences its β-factor more significantly than variations in valence 683 

state and chemical composition, with an increase of ~ +0.83‰ across the spin transition 684 

at 1000 K. This change would be diminished to +0.09‰ along an expected geotherm 685 

of the lower mantle. The variation of β-factors is mainly controlled by the Fe-O bond 686 

lengths, and the shorter bond lengths correspond to higher bond strength and β-factors. 687 

In addition, although the incorporation of Al3+ into the Bdg B-site results in a mild 688 

effect on the β-factor of A-site Fe3+ when compared to (Mg0.5Fe3+0.5)(Si0.5Fe3+0.5)O3 689 

Bdg, the presence of Al in Earth’s lower mantle would decrease the impact of B-site 690 

Fe3+ spin transition on the β-factor of Bdg by preventing Fe3+ from occupying the B-691 

site. Combined with previous data, our models demonstrate that Fe isotopic 692 

fractionation between Fp and Bdg in most parts of the lower mantle would not be 693 

significant, except the lowermost parts. The crystallization of the magma ocean is also 694 

unlikely to have resulted in significant iron isotopic fractionation in any deep-mantle 695 

reservoir. In contrast, under the conditions of the core-mantle boundary, low-spin Fe-696 

bearing mantle minerals could concentrate heavy Fe isotopes by up to +0.20‰ through 697 

core-mantle interaction. 698 
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