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Abstract: Both seismic observations of dense low shear velocity regions and models of magma ocean
crystallization and mantle dynamics support enrichment of iron in Earth’s lowermost mantle. Physi-
cal properties of iron-rich lower mantle heterogeneities in the modern Earth depend on distribution of
iron between coexisting lower mantle phases (Mg,Fe)O magnesiowüstite, (Mg,Fe)SiO3 bridgmanite,
and (Mg,Fe)SiO3 post-perovskite. The partitioning of iron between these phases was investigated
in synthetic ferrous-iron-rich olivine compositions (Mg0.55Fe0.45)2SiO4 and (Mg0.28Fe0.72)2SiO4 at
lower mantle conditions ranging from 33–128 GPa and 1900–3000 K in the laser-heated diamond
anvil cell. The resulting phase assemblages were characterized by a combination of in situ X-ray
diffraction and ex situ transmission electron microscopy. The exchange coefficient between bridg-
manite and magnesiowüstite decreases with pressure and bulk Fe# and increases with temperature.
Thermodynamic modeling determines that incorporation and partitioning of iron in bridgmanite
are explained well by excess volume associated with Mg-Fe exchange. Partitioning results are used
to model compositions and densities of mantle phase assemblages as a function of pressure, FeO-
content and SiO2-content. Unlike average mantle compositions, iron-rich compositions in the mantle
exhibit negative dependence of density on SiO2-content at all mantle depths, an important finding
for interpretation of deep lower mantle structures.

Keywords: iron partitioning; lower mantle; mantle heterogeneities; laser-heated diamond anvil cell;
experimental petrology

1. Introduction

Iron-enrichment has been suggested to explain seismic observations of dense regions
in the deep lower mantle such as large low shear velocity provinces (LLSVPs) (e.g., [1]) and
ultra-low velocity zones (ULVZs) (e.g., [2,3]). For LLSVPs, the difference in Fe/(Mg + Fe), or
Fe#, relative to the surrounding mantle is inferred to be as much as 7% based on estimated
chemical density differences up to 2% [4]. ULVZs may be more dramatically enriched in Fe
to generate density differences of 10% or more. The origin of these regions is unknown,
but possibilities include segregation of dense material in a basal magma ocean beneath the
crystallizing early mantle [5], accumulation of dense material from subducted slabs [6],
or partial melt due to less refractory composition and/or high local temperatures [7].
Understanding these geophysical observations requires dependence of physical properties
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such as elasticity, rheology, and electrical and thermal conductivities on composition. The
distribution of elements in minerals in the modern mantle is moderated by subsolidus
chemical partitioning.

Iron in Earth’s lower mantle is distributed between (Mg,Fe,Al)(Fe,Al,Si)O3 bridg-
manite (Bdg), its polymorph (Mg,Fe,Al)(Fe,Al,Si)O3 post-perovskite (pPv), and (Mg,Fe)O
ferropericlase—magnesiowüstite (Mws). Partitioning of Fe between these phases is charac-
terized by the exchange coefficient, KD, between coexisting silicate and oxide, related to
their compositions, X, in equilibrium, where values less than one indicate that iron favors
the oxide, and values greater than one the reverse:

KD =
(

XSilicate
Fe /XSilicate

Mg

)
/
(

XMws
Fe /XMws

Mg

)
, (1)

This exchange coefficient is used to describe the amounts of Fe in silicate vs. oxide
for variable bulk compositions corresponding to hypothesized mantle rocks. Previous
experiments have explored silicate-oxide partitioning behavior primarily using San Carlos
olivine and pyrolite compositions as analogues for the mantle [8–15]. Due to challenges
entailed in modeling iron, computational studies using density functional theory have
only recently begun to address partitioning in the lower mantle [16,17]. Previous studies
have converged around KD of ~0.2 to 0.3 in San Carlos olivine near 660 km depth, but
substantially higher in pyrolite. The higher KD in pyrolite is due to incorporation of Al
and ferric iron in Bdg [18]. In ferrous-iron-bearing olivine compositions, KD decreases or
remains constant with pressure and increases with temperature and oxygen fugacity.

The dependence of the exchange coefficient on bulk iron content is key to the modern
composition of dense mantle heterogeneities. Studies of silicate-oxide iron partitioning
in iron-rich compositions with Fe#>16 have found that the exchange coefficient decreases
with increasing amounts of ferrous iron, but these studies have been limited to <50 GPa
(e.g., [10]). Effects of ferrous iron enrichment on partitioning have been examined to deep
lower mantle conditions only along experimental thermal gradients [13] or in relatively
iron-poor compositions [11,12,14]. However, partitioning in lower mantle minerals may
change at pressures >50 GPa and high ferrous iron content due to composition-dependent
structural and electronic changes in bridgmanite.

At the boundary between the transition zone and lower mantle, bridgmanite is stable
with no more than 12 mol% FeSiO3, but in the deep lower mantle the solubility limit
increases to at least 75% FeSiO3 (e.g., [19]). An increase in solubility may be linked to
structural distortion in Bdg and corresponding bonding changes for ferrous iron predicted
by density functional theory [20] and confirmed by X-ray diffraction of single crystals [21].
The increase in solubility of iron in Bdg in the deep mantle may also be due to composition-
dependence of a high-to-low electronic spin transition in ferrous iron [22]. Since the discov-
ery of pressure-induced spin transitions in ferropericlase [23] and bridgmanite [24], these
electronic changes have been explored for their potential effects on partitioning (e.g., [8])
as well as other mantle properties. Differences in Fe-content and Fe3+/ΣFe control the
conditions at which spin transitions and partitioning changes occur in the mantle [25,26].
In San Carlos olivine, low Fe3+/ΣFe promotes ferrous iron in Mws, which will undergo a
high-to-low spin transition, and Fe2+ in Bdg would be predicted to remain in the high-spin
state throughout the lower mantle pressure range [20]. However, in more iron-rich compo-
sitions, recent studies have suggested that the spin transition in Fe2+ in Bdg may occur at
~70 GPa, in the middle of the lower mantle [22,27].

At conditions corresponding to the base of the lower mantle, post-perovskite has also
been observed to incorporate at least 80% FeSiO3 [28]. Most studies found that Fe-rich
pPv is stable at lower pressures than Fe-poor pPv, e.g., [19,28], suggesting that iron prefers
pPv to Bdg. Partitioning of iron from Bdg into pPv is supported by observations of higher
KD for pPv-Mws than for Bdg-Mws when olivine is used as a starting material (e.g., [8]).
Conversely, diffraction and microscopy studies of coexisting Bdg and pPv have observed
the reverse in pyrolitic starting materials: a preference of iron for Bdg over pPv [29,30].
The conflict between these studies has been attributed to differences in oxidation state
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of iron. Partitioning of iron in bridgmanite and post-perovskite at these higher pressures
determines whether Fe-enriched silicate phases can explain dense heterogeneities in a
potentially SiO2-rich deep lower mantle (e.g., [2]).

Constraints on chemistry at extreme conditions are best obtained by a combination of
in situ phase identification and ex situ composition measurements. In situ X-ray diffraction
(XRD) is required to determine the high-pressure phase assemblage, as mantle silicates
including Fe-rich Bdg and pPv become amorphous upon quench to ambient conditions.
Compositions of all phases can be measured to percent-level under best conditions using a
combination of focused ion beam (FIB) and analytical transmission electron microscopy
(TEM). The FIB allows extraction and polishing of samples synthesized in the diamond
anvil cell for nm-scale compositional measurements in the TEM. In this study, we apply
XRD, FIB, and TEM techniques to the partitioning of Fe in Fe-rich mantle phase assemblages
synthesized in the laser-heated diamond anvil cell at deep lower mantle conditions. The
results are combined with self-consistent thermodynamic modeling to predict physical
properties of Fe-rich heterogeneities in Earth’s mantle.

2. Materials and Methods

Synthetic fayalite-rich olivines with compositions (Mg0.55Fe0.45)2SiO4 (Fa45) and
(Mg0.28Fe0.72)2SiO4 (Fa72) were used as starting materials. Olivines were synthesized
from stoichometric mixtures of MgO, SiO2, FeO, and a small amount of Fe2O3 to com-
pensate for nonstoichiometry in FeO. Oxide powder mixtures were reacted in a reducing
graphite capsule in a piston-cylinder press (IPGP, Paris) at 1 GPa and 1200 ◦C for 15 h
to produce ~300 µm olivine crystals. Olivine compositions were determined with the
JEOL 8200 Superprobe at the University of Lausanne (Table S1), and are consistent with
all Fe2+ in the starting materials. An additional Fa50 sample synthesized with 57Fe un-
der similarly reducing conditions exhibited 100% Fe2+ based on Mössbauer spectroscopy
(Supplementary Figure S1).

Single olivine crystals were crushed into 3–10 µm-thick platelets and sandwiched
between insulating platelets of NaCl or MgO (the latter medium used for 1 sample which is
presented for comparison but not used in partitioning analysis). Materials were dried in a
120 ◦C oven overnight to remove moisture before loading. Sample assemblages were loaded
in symmetric diamond anvil cells with 300 µm-diameter flat anvil culets or 100–150 µm-
diameter beveled anvil culets. Gaskets were Re sheets indented to ~25 µm thickness.

Samples were compressed to 33–128 GPa in the diamond anvil cell and laser-heated
from both sides to 1900–3000 K. Pressures were determined at 300 K from the diamond anvil
Raman peak at the sample position [31] or the equation of state of the NaCl medium [32]
before heating. Pressures measured after heating differed from before heating by up to
~2 GPa due to transformation and annealing of the sample and medium. Reported uncer-
tainty for these pressure scales is ~1% under quasihydrostatic loading below 1 Mbar [31],
and nonhydrostatic stresses and relaxation may increase uncertainty in pressure to ~3 to
5% [32]. Laser heating was performed for 15–60 min at beamline 13-ID-D of the GSECARS
sector of the Advanced Photon Source or at the Earth and Planetary Science Laboratory at
Ecole polytechnique fédérale de Lausanne (EPFL). The laser heating system at GSECARS
provides a flat-top beam profile for minimal temperature gradients at the sample center [33]
and was co-aligned with the ~3 to 4 micron focused synchrotron X-ray beam (0.3344 Å) by
visually observing X-ray-induced fluorescence on each sample. The MAR-CCD imaging
detector was used to record high-resolution X-ray diffraction in situ at high-pressure and
high-temperature conditions. In situ X-ray diffraction is not available during experiments
at EPFL. The EPFL system uses a single 1070 nm wavelength, 200 W fiber laser in Gaussian
mode divided for double-sided heating using a polarizing beamsplitter. The two sides are
independently controlled with rotating wave-plates and focused with 60 mm achromatic
lenses. For both GSECARS and EPFL systems the hot spot has a diameter of ~20 µm. Based
on tests of the flat-top optics [33], the large (defocused) Gaussian beam spot will produce a
similar temperature distribution in the heating spot center as a flat-top spot. Temperature
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was determined throughout heating by spectroradiometry over 620–900 nm spectral range.
For each sample, a single spot was heated (no scanning of the laser across the sample), and
quenched directly from lower mantle temperature conditions by zeroing the laser power.

Chemical analyses of the quench products of these experiments were obtained by
electron microscopy. After recovery to ambient conditions, each sample was prepared
for ex situ imaging and sectioning. The NaCl medium was dissolved from the surface
of each silicate sample with a droplet of deionized water. Each sample was then coated
with 10–20 nm of carbon. Heated spots were identified by color (black and opaque vs.
transparent unheated olivine) and radially-symmetric topography. Although the diameter
of the entire laser-heated area is ~20 µm, the diameter of the hottest part of the sample
is ~4 µm (Supplementary Figures S2 and S3). The hottest region exhibits voids at grain
boundaries, due possibly to water or release of strain, and larger grain sizes and higher
modal abundance of bridgmanite relative to cooler regions.

Thin sections of each heated spot were extracted and polished to electron transparency
using a Zeiss NVision 40 (Carl Zeiss AG, Oberkochen, Germany) dual-beam scanning
electron microscope and focused Ga+ ion beam. To prevent damage by the ion beam, a
protective layer of carbon 1–2 µm thick was deposited over a ~2 × 20 µm2 area across
the center of each heating spot. Additional carbon patches were deposited to support
particularly thin (~1 µm-thick samples recovered from ~1 Mbar pressure) or fragile samples
(with cracks or holes). Slices were milled to 1–2 µm thick at 30 kV and 1.5–27 nA before
transfer to TEM grid. The center of each slice was then polished to 100–200 nm thickness
at 30 kV and 300 pA. Final cleaning and polishing was performed at 5 kV and 80 pA
at a 5◦ angle to the surface. As in previous work [8], a few slices were lost during the
lift-out procedure.

Sections were transferred to a FEI Tecnai Osiris analytical TEM for composition analy-
sis. Accelerating voltage for these measurements was 200 kV. To avoid selective migration
of elements from measurement spots [34], chemical measurements were obtained in scan-
ning mode from maps. EDX maps were acquired at 10,000–50,000 (typically ~40,000)
counts/second with pixel dwell time of 50 microseconds scanned over 1024 × 1024 pixels
for total scanning time ~10 min. Compositions of individual grains were summed over
selected ~100 nm regions within maps. In the hot spot centers, two samples had grain
sizes smaller than the 100–200 nm thickness of the polished thin section and due to grain
overlap were not suitable for composition analysis. Grain sizes decreased significantly at
higher pressures, requiring longer heating times. We evaluated the quality of chemical
measurements and magnitude of potential Soret diffusion [35] from the Si-content mea-
sured in oxide grains due to overlap with silicate grains. All measurements included in this
study have less than 4% Si/(Mg + Fe + Si) measured in magnesiowüstite. Compositions
measured for samples obtained via EDX are listed in Table 1 and Supplementary Table S2.
Reported uncertainties are standard deviations of composition measurements for selected
grains used for composition measurements in each sample. Measurements of unheated
olivine regions of samples agree with compositions measured by microprobe to 1–2%,
supporting accuracy of EDX.

Table 1. Composition measurements by XRD and EDX and corresponding experimental conditions pressure (P), temperature

(T), and duration (t). KD is defined as
(

XSilicate
Fe /XSilicate

Mg

)
/
(

XMws
Fe /XMws

Mg

)
, where X is concentration of the subscript element

in the superscript phase. Uncertainties are taken from statistical error in EDX quantification. * = Laser heating and X-ray
diffraction conducted at APS beamline 13-ID-D. Missing data: NR = Lattice parameters not resolvable from diffraction
data, NA = No diffraction available, TS = grain sizes too small for EDX measurements. Phases: Bdg = bridgmanite,
pPv = post-perovskite, Mws = magnesiowüstite, and Sti = stishovite.

Sample P (GPa) T (K) t (min) Phases XBdg
Fe

(XRD) XBdg
Fe XMws

Fe KD

Fa45 * 40 2000 10 Mws, Bdg, Sti (1 grain) 25 ± 5 17.9 ± 1.9 74.7 ± 1.8 0.074 ± 0.018
Fa45 * 46 2050 20 Mws, Bdg 14 ± 5 Recovery failed
Fa45 * 62 2000 15 Mws, Bdg 27 ± 5 16 ± 3 73.6 ± 1.1 0.07 ± 0.03
Fa45 * 66 2250 15 Mws, Bdg 21 ± 5 Recovery failed
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Table 1. Cont.

Sample P (GPa) T (K) t (min) Phases XBdg
Fe

(XRD) XBdg
Fe XMws

Fe KD

Fa45 * 71 2440 20 Mws, Bdg 18 ± 5 TS -
Fa45 * 89 2600 15 Mws, Bdg 4 ± 5 18 ± 4 64 ± 2 0.12 ± 0.05
Fa72 * 33 1980 15 Mws, Bdg, Sti 56 ± 5 37 ± 3 86.8 ± 0.3 0.089 ± 0.016
Fa72 39 2000 30 Mws, Bdg, Sti 69 ±5 47 ± 7 92.4 ± 1.2 0.07 ± 0.04

Fa72 * 48 1900 15 Mws, Bdg NR 43 ± 5 92.2 ± 0.6 0.06 ± 0.02
Fa72 52 2000 30 Mws, Bdg NA 46.5 ± 1.3 95.3 ± 0.8 0.043 ± 0.011

Fa72 * 61 1850 20 Mws, Bdg 55 ± 5 TS -
Fa72 82 2000 20 Mws, Bdg, Fe NA 51 ± 2 98.2 ± 0.5 0.019 ± 0.009

Fa72 * 89 2200 35 Mws, Bdg, pPv 31 ± 5 49 ± 2 96.8 ± 1.1 0.032 ± 0.014
Fa72 128 2700 60 Mw, pPv NA pPv: 59.1 ± 0.8 97 ± 3 0.05 ± 0.07

Fa72 in MgO 83 2200 45 Fp, Mws, Bdg NA 4.2 ± 0.7 21.9 ± 0.9,
96.4 ± 0.5 -

3. Results
3.1. Phase Identification

Phases and compositions were identified ex situ for all experiments as well as in
situ for experiments conducted at GSECARS with X-ray diffraction. Diffraction patterns
recorded at heating spot centers after temperature quench exhibited peaks corresponding
to bridgmanite, magnesiowüstite, stishovite, and a single peak attributed to CaIrO3-type
post-perovskite (Figure 1, Supplementary Figure S4). In the Fa45 composition from 40 to
89 GPa (all pressures studied with X-ray diffraction), all observed diffraction peaks match
Bdg or Mws (Supplementary Figure S4). In Fa72 at 33 GPa, corresponding to the shallow
lower mantle, stishovite is also observed (Figure 1). The exsolution of stishovite indicates
that bridgmanite cannot accommodate all available iron and breaks down to a mixture of
bridgmanite, stishovite, and magnesiowüstite. At higher pressures, the solubility of Fe in
Bdg increases [19,29,36], and the stishovite phase disappears. Identification of stishovite
and magnesiowüstite by EDX in recovered samples concurs with observations by X-ray
diffraction. Pure SiO2 regions were identified in composition maps of samples synthesized
at and below 40 GPa, but not in samples synthesized at higher pressures (Figure 2, Table 1).

Although Fe metal droplets have been observed in multiple previous studies of lower
mantle phase assemblages (e.g., [8,37]), they were not typically present in samples analyzed
in this work. Metallic iron is detectable in recovered samples as oxygen-depleted regions in
EDX maps. In one sample Fe metal droplets ~10 to 50 nm were embedded in a large grain
of nearly pure FeO (Supplementary Figure S5). Unlike these droplets, Fe-rich inclusions in
Bdg grains were not typically depleted in oxygen (Supplementary Figure S6). In contrast
to previous experiments on less Fe-rich compositions, we do not observe Fe metal grains
within Bdg due to disproportionation. This lack of metallic Fe is evidence that iron remains
ferrous after synthesis of the lower mantle phase assemblage.

Silicates bridgmanite and post-perovskite in recovered samples could not be distin-
guished due to amorphization. With one exception, Bdg was amorphous (e.g., Supplemen-
tary Figure S7); Bdg with high Fe-content (Fe#≥ 38) is not quenchable [19]. The amorphous
silicate is the interconnected phase, as Bdg has been in previous studies [8]. Iron-depleted
Fe#4 Bdg in the sample loaded in MgO (final sample listed in Table 1) was successfully
quenched, and crystalline Bdg was observed before composition mapping. Bridgmanite
lattice planes subsequently disappeared after composition mapping due to damage by the
electron beam. Crystalline (Mg,Fe)SiO3 pPv is also not quenchable to ambient conditions,
and we were thus unable to conclusively identify a pPv phase in recovered samples. A
single amorphous silicate phase quenched from synthesis at 128 GPa is assumed to have
been post-perovskite.
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Figure 1. Diffraction patterns for phase assemblages synthesized from Fa72 at 33–89 GPa.
Bdg = bridgmanite, pPv = post-perovskite, Wus = wüstite/magnesiowüstite, Sti = stishovite,
N = NaCl medium. Due to overlap between oxide and NaCl peaks, we cannot resolve whether
the structure is B1 cubic or rhombohedral, though EDX results indicate 92–98% FeO. Reference stick
patterns for Bdg and Sti are provided below. For these experiments, λ = 0.3344 Å.

3.2. Compositions of Coexisting Phases and Partitioning

The compositions determined from EDX mapping for bridgmanite and magnesiowüstite
are listed in Table 1 and Supplementary Table S2. Listed uncertainties in measured composi-
tions and partitioning coefficients were obtained from a standard deviation of compositions
of multiple grains at the sample center, and may be an underestimate due to sample to-
pography and matrix effects. The total Fe# of the phase assemblage in the center of the
heating spot is ±3 Fe# of the starting materials (note that for phase assemblages that
include substantial stishovite, the bulk Fe# is not the average Fe# of Bdg and Mws, but
an average over the entire measured region), confirming that the sample center did not
lose or gain a significant amount Fe by Soret diffusion [35]. The outer portion of the laser
heating spot, where thermal gradient was significant, does exhibit compositional differ-
ences due to Soret diffusion, and data from these regions were not used in further analysis.
Due to reaction between the sample and the MgO medium, the sample with the MgO
medium is not included in further analysis of compositions and partitioning. Bridgmanite
compositions are Fe#16–18 for Fa45 and Fe#37–51 for Fa72 (Figure 3a). Measured compo-
sitions of Bdg formed from Fa72 are slightly more Fe-rich than the maximum solubility
of FeSiO3 in Bdg measured at ~2000 K in multianvil press experiments to 50 GPa [36]
(Figure 3b). The consistently higher maximum Fe-content in Bdg in these experiments
relative to Tange et al. [36] may be due to underestimation of temperature during laser
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heating, overestimation of Fe-content by EDX, or other experimental differences in run time
and/or redox state. Magnesiowüstites formed from Fe-rich olivines are extremely Fe-rich:
Fe#64–75 in Fa45 samples and Fe#87–98 in Fa72 (Figure 3b). Compositions measured by
EDX for Bdg and Mws determine values for KD that are lower than previous studies of less
Fe-rich San Carlos olivine, decrease with pressure, and increase with temperature (Figure 4).
This is consistent with previous observations at lower pressures of stronger preference
of ferrous iron for Mws in Fe-enriched bulk compositions (e.g., [10,36]). The exchange
coefficient decreases with pressure for the Fa72 composition. While partitioning appears
flat with increasing pressure in the Fa45 composition, this is likely an effect of higher
temperatures during the higher pressure runs for this composition, and we may expect the
exchange coefficient to decrease with pressure at a constant temperature. Post-perovskite
at 128 GPa was measured to have Fe#59, higher than any Fe# measured for bridgmanite.
This results in a higher post-perovskite—magnesiowüstite exchange coefficient relative
to bridgmanite—magnesiowüstite (Figure 4), in agreement with previous studies of San
Carlos olivine by Auzende et al. [8] and Sakai et al. [11].
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corresponding spectra obtained from selected grains for (a) Fa72 heated to 1980 K at 33 GPa and (b) Fa72 from 48 GPa.
Bdg = bridgmanite, Mws = magnesiowüstite, Sti = stishovite. Cu signal is from the TEM grid, and minor Ga remains from
ion milling.

Lattice spacings of bridgmanite, magnesiowüstite and post-perovskite, when resolv-
able, also provide estimates of the partitioning of iron. This analysis has previously been
attempted for high-pressure diffraction data [38], but more recent studies offer improved
constraints on the equation of state of lower mantle phases, including effects of iron on the
compressibility of bridgmanite and effects of the spin transition on ferropericlase. Lattice
parameters of Bdg in olivine compositions in this work at pressures determined by the
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NaCl medium are consistent with Fe#0–20 in Fa45 and Fe#40–70 in Fa72 (for more details
see Appendix A, Supplementary Figure S8; Table 1). These values are consistent with EDX
observations (Supplementary Figure S8) to ~20 Fe#. At all pressures, observed unit cell
volumes for magnesiowüstite support Fe-enrichment relative to the starting composition
(Supplementary Figure S9), also consistent with EDX observations (Figure 3b).
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Figure 3. Composition data obtained from partitioning studies in olivine compositions plotted
with relevant phase stability data. Data from this study and those from Auzende et al. [8] and
Nakajima et al. [10] were obtained by EDX in the TEM. Data from Mao et al. [39] are based on X-ray
diffraction at ambient conditions. (a) Compositions for bridgmanite synthesized from olivine starting
materials. Gray shaded region marks solubility of Fe in bridgmanite at ~2000 K from previous studies
in the multianvil press [36] and laser-heated diamond anvil cell [19]. (b) Compositions of (Mg,Fe)O
synthesized from olivine starting materials. Shaded regions show change in the pressure of the high-
to-low spin transition with composition [40,41]. The rectangle indicates the pressure/composition
range of previous observations of B8 FeO [42,43]. Although two of our data indicate Fe/(Mg+Fe)
for (Mg,Fe)O and synthesis conditions that could correspond to B8 structure, our XRD observations
could not confirm a structural difference during or after heating.
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Figure 4. (a) Exchange coefficient between silicate and oxide phases at lower mantle conditions from experiments in this
and previous studies [8,10–12] compared to thermodynamic models. Filled/open symbols indicate a bridgmanite/post-
perovskite silicate phase. For most data, temperatures were in the range 1850–2200 K (temperatures for all data in this study
listed in Table 1). Light gray region indicates composition/pressure space with coexisting bridgmanite and post-perovskite.
Values chosen for fit to compositions Fa10, Fa30, Fa45, and Fa72 at selected pressures 40, 60, 80, 100, and 125 GPa are shown
in ‘x’ symbols and lines. (b) Modeled pressure- and composition-dependence of partitioning behavior between bridgmanite
and ferropericlase in olivine bulk compositions assuming ideal mixing (black dashed curve) and nonideal mixing (solid
curves) using updated thermodynamic parameters based on thermal equation of state of FeO by [42] and inversion of
experimental partitioning data in this study.

At 89 GPa in Fa72, lattice parameters of bridgmanite indicate only Fe# ~30, likely
due to partitioning of Fe into incipient pPv. The most prominent diffraction line of pPv,
(022) is observed in this diffraction pattern. The lattice spacing indicated by this peak is
large relative to that observed for Fe#40 pPv at similar pressures, supporting very high
Fe-content [44]. The initiation of the post-perovskite transition at only 89 GPa is compatible
with the shallow, broad post-perovskite transition in Fe-rich (Mg, Fe)SiO3 observed in
previous studies [2,19,28].

3.3. Thermodynamic Modeling

Variation of partitioning behavior as a function of bulk iron content in the olivine
system implies non-ideal mixing behavior. To determine the thermodynamic properties
consistent with observed partitioning behavior, we carried out thermodynamic modeling
of partitioning in olivine bulk compositions at lower mantle conditions. Iron partition-
ing between Mws and Bdg when SiO2 stishovite is not present refers to the following
chemical reaction,

MgSiO3 + FeO ↔ FeSiO3 + MgO, (2)
which can be rewritten in terms of chemical potential,

µMgSiO3 + µFeO ↔ µFeSiO3 + µMgO (3)

where µi is the Gibbs free energy of species i. The chemical potential will vary as a function
of temperature:
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µi = µ0
i + RT log(xiγi), (4)

where xi and γi are the mole fraction and coefficient of activity of species i, respectively. We
assume that mixing is ideal in the Bdg phase (i.e., γMgSiO3

= γFeSiO3). However, non-ideal
mixing has been documented in the Mws phase [45], and can be described by a Margules
interaction parameter W.

RT log
(
γMgO

)
= W

(
1− xMgO

)
, (5)

RT log(γFeO) = W(1− xFeO),
Using Equations (1)–(5), we obtain

RT log(KD) = µ0
MgSiO3

− µ0
FeSiO3

+ µ0
MgO − µ0

FeO −W(2xFeO − 1), (6)

In Equation (6), xFeO is constrained by the bulk Fe/(Fe + Mg) ratio of the system and
the relative amount of Mws relative to Bdg,

xFeO(1−Y) + xFeSiO3Y = Z, (7)

where Y is the relative proportion of Bdg (i.e., Bdg/(Bdg+Mws) and Z is the bulk Fe/(Fe + Mg)
ratio of the system. It should be noted that in the ideal mixing case (i.e., W = 0), KD is
insensitive to the bulk iron content of the system that controls xFeO; as the experimental
observations described above demonstrate a dependence of KD with bulk iron content,
non-ideality in either the Mws or Bdg phase is required to describe iron partitioning in
iron-rich olivine systems.

Thermodynamic parameters for Mws and Bdg phases have been constrained by
previous studies, for example summarized in a database by [46]. The equation of state of
iron-bearing Bdg and free energies consistent with observed phase equilibria in the MgSiO3-
FeSiO3 sytem were updated by [47]. However, an initial attempt to model iron partitioning
between Mws and Bdg according to the above framework yielded KD inconsistent with
experimental observations (Supplementary Figure S10). While experimental data indicate
KD decreasing with pressure, the modeled KD increases with pressure for all compositions.

To correct this discrepancy, we first updated the equation of state parameters for FeO
using the values from [42]. Next, we adjusted the reference chemical potential (F0 in the [46]
thermodynamic database) to fit the mean value of KD at 40 GPa. These changes produce a
reasonable pressure-dependence for KD (Figure 4b) self-consistently using Equation (6),
whether mixing in the Mws system is assumed to be ideal or non-ideal. The interaction
parameter W is then inverted from the experimental data presented in this study (Figure 4)
using the forward model for KD in Equation (6). The resulting thermodynamic parameters
for FeO are shown in Table 2. This model successfully reproduces the partitioning obser-
vations in ferrous-iron-bearing systems in this and previous studies [8,10,12], as well as
previous observations of the stability of iron-rich bridgmanite [19] (Figure 5).

Table 2. Thermodynamic parameters for FeO employed in partitioning and phase equilibrium
modeling: 1 bar volume V0, 1 bar bulk modulus K0, pressure-derivative of the bulk modulus K0′ ,
Grüneisen parameter γ0, second-order Grüneisen parameter q, Debye temperature θ0, reference
chemical potential F0, and Margules parameter for ferropericlase W. Values for these parameters
from [46] were updated per measurements by [42] and further modified to produce partitioning
behavior in agreement with experimental data.

Previous Parameters Revised Parameters

V0 (cm3/mol) 12.26 a 12.26
K0 (GPa) 179 a 149 b

K0′ 4.9 a 3.6 b

γ0 1.53 a 1.53
q 1.7 a 1.7

θ0 (K) 454 a 454
F0 (×103 J/mol) −242 a −235 c

W (×103 J/mol) 13 a 14.746 c

a Ref [46]. b Ref [42]. c This study.
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Figure 5. Phase diagram of MgSiO3-FeSiO3 system at ~2000 K based on experimental observations
(blue: [19]) and thermodynamic calculations in previous work (red: [46], green: [47]) and this study
(bold black lines). Thermodynamic calculations using excess mixing volume term in this study
successfully reproduce experimental observations of very high solubility of FeSiO3 in bridgmanite at
deep lower mantle pressures >80 GPa. Regions in pressure-composition space where single phase
bridgmanite are stable are highlighted for each phase diagram.

4. Discussion
4.1. Multivariable Effects on Partitioning

The experiments presented here examine substantially more Fe2+-rich compositions
than those explored in previous studies of partitioning in Earth’s deep lower mantle, and
thus provide systematic constraints on effects of compositional differences on partitioning
in iron-rich heterogeneities. Previous studies have observed two major trends of partition-
ing with increasing pressure/depth for different compositions [18]: in San Carlos olivine,
with no Fe3+, silicate-oxide KD is flat or decreases between 50 and 100 GPa and increases
across the post-perovskite transition [8,11–13,16], while pyrolite, with high Fe3+/ΣFe, KD
exhibits a more complex behavior in the Bdg stability field, and decreases across the pPv
transition [9,15,48]. Below 50 GPa in other olivines, presumably with low Fe3+/ΣFe, KD
decreases with total Fe# [10,36,49], and this work demonstrates that the trend for iron-rich
compositions at higher pressures continues to be shifted to lower KD values relative to San
Carlos olivine.

Differences in partitioning behavior between Fe-rich and Fe-poor compositions may
be due to differences in the conditions at which high-to-low spin transitions occur in
Fe-bearing mantle phases. The decrease in KD in low Fe3+/ΣFe olivine was linked to the
spin transition of Fe2+ in magnesiowüstite [23]. In more Fe-rich olivine, any decrease in
KD can be expected to occur at higher pressures due to the increase in high-to-low spin
transition pressure with Fe# in magnesiowüstite [40,41]. The spin transition in Fe#~70 mag-
nesiowüstite in Fa45 can be estimated to begin at ~80 GPa based on observations of similar
compositions [40,41,50]. The spin transition in FeO does not occur until ~120 GPa, par-
ticularly at high temperatures corresponding to conditions during partitioning, e.g., [43]
(Figure 3a). We can assume that in Fa72 samples, with magnesiowüstite compositions close
to pure FeO, the spin transition does not occur in magnesiowüstite in the bridgmanite sta-
bility field. However, a gradual decrease is observed in KD in Fa72 in this study (Figure 4).
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This suggests that at high Fe-contents, a decrease in KD may arise from pressure effects
alone on thermoelastic properties of Bdg and Mws.

Spin transitions in bridgmanite may increase the partition coefficient, but this has
been less clear due to multiple possible crystallographic sites and valence states for Fe [26].
Increases in KD due to spin transitions in Bdg have been proposed due to a high-to-low spin
transition in Fe3+ at <30 GPa [25]. Since olivine starting materials for these experiments
are nominally Fe3+-free, a spin transition in Fe3+ will only have a significant effect on KD if
during Bdg/Mws synthesis a substantial amount of Fe2+ is oxidized to Fe3+. Oxidization of
Fe2+ was limited in Bdg and Bdg-Mws mixtures synthesized from ~100% ferrous starting
materials under identical loading and heating protocols to experiments in this study,
resulting in Fe3+/ΣFe of less than 13–25% [51]. In addition, substantial disproportionation
of Fe2+ to Fe3+ and Fe0 metal is not supported by TEM observations detailed above. A
high-to-low spin transition in Fe3+ is thus unlikely to significantly affect partitioning in
these experiments. Although a high-to-low spin transition does not occur in Fe2+ at mantle-
relevant pressures in bridgmanite with low Fe# [20], higher Fe-content may promote this
transition in bridgmanite at lower pressures [22,27,52,53]. For Fe#75, a fraction of Fe2+ in
Bdg may adopt the low spin state by 80 GPa [22]. Although Bdg in Fa72 samples reaches
Fe# > 40, this is not sufficiently Fe-rich to promote a spin transition in Fe2+. The lack of
effects of any spin transition in bridgmanite on partitioning is consistent with the strictly
decreasing trend of KD in Fa72 in the bridgmanite stability field (Figure 4).

Observations of the partitioning of Fe between bridgmanite and magnesiowüstite
versus post-perovskite and magnesiowüstite provide important constraints on the post-
perovskite transition in Fe-bearing compositions in the mantle and the D” discontinuity.
Most measurements of phase equilibria by X-ray diffraction support a lower-pressure,
broader pPv transition in Fe-rich compositions [2,19,28,54], which implies that Fe partitions
from Bdg into the pPv phase. Partitioning of Fe from Bdg to pPv is also supported by
observations of higher silicate-oxide KD for pPv than for Bdg [8,11,12]. However, a few
studies have suggested that Fe partitions in the opposite direction, based on a higher
pPv transition pressure in the presence of Fe [29] and direct partitioning measurements
between coexisting silicates [14,30,55]. The conflict has been attributed to differences in
the Fe3+/ΣFe content of starting materials and synthesized silicates [14,18,26], which is
not well-known for all experiments and challenging to determine both in situ and ex situ.
The experiments in this study support a higher KD for post-perovskite–magnesiowüstite
relative to bridgmanite–magnesiowüstite, suggesting a shallower, broader depth for the
post-perovskite transition in iron-rich lower mantle heterogeneities.

4.2. Physical Properties of Mantle Heterogeneities
Dense mantle heterogeneities may have formed through the crystallization of a basal

magma ocean, subduction of dense material, or a combination of multiple mechanisms.
Although some models have proposed that such regions could remain relatively chemically
isolated over Earth’s history, preserving primordial material rich in incompatible elements
(e.g., [56]), depending on the amount of mixing the compositions of heterogeneous regions
must be a time-integrated result of chemical behavior during their segregation and since.
For example, the basal magma ocean hypothesis may imply that the final dense residue is
depleted in Si and enriched in Fe relative to a dominantly bridgmanite lower mantle [5]. The
density of large low shear velocity provinces could be consistent with iron-enrichment [56],
but whether subducting slabs mix into these regions is not known. To test all models
of modern compositions of dense heterogeneities using modern observations of seismic
properties, we need to be able to model chemical partitioning between arbitrary mixtures
of bridgmanite and oxide phases.

Based on our modeled composition- and pressure dependence of iron partitioning,
we obtain compositions and physical properties of the major phases in the deep lower
mantle for a heterogeneous lower mantle containing iron-rich regions. We examine compo-
sitions with total Fe# 10, 30, 45, and 72 at selected pressures 40, 60, 80, 100, and 125 GPa
(corresponding to depths of roughly 1050, 1470, 1870, 2250, and 2700 km, respectively).
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Note again that the partitioning values from this work represent low ferric iron and fixed
~peridotitic SiO2-content. We assume that KD is independent of mol% SiO2, expressed as
mol% bridgmanite in a bridgmanite–magnesiowüstite phase assemblage.

Model compositions for variable Fe#, mol% SiO2 and pressure are combined with mea-
surements of physical properties of bridgmanite and magnesiowüstite to determine the ob-
servable seismic properties of mantle heterogeneities. Recent experimental equation of state
measurements over a wide range of compositions have confirmed that the densities of bridg-
manite and post-perovskite vary linearly with Fe2+-content (Supplementary Figure S11) [4].
The Fe#- and pressure-dependence of density of ferropericlase/magnesiowüstite requires
a more complex model due to the composition-dependent spin transition. Below the
onset of the spin transition, oxide density varies linearly with Fe-content, but at higher
pressures the spin transition results in systematically higher densities for ferropericlase
relative to FeO. Densities of mantle phase assemblages at lower mantle pressures and
room temperature (Figures 6 and 7) were modeled as weighted means between the silicate
and oxide densities (see Appendix A). A room-temperature density calculation ignores
any difference in thermoelastic properties between Fe-poor and Fe-rich systems, but re-
quires minimal extrapolation from existing experimental data. This model also does not
consider Fe3+-rich mantle compositions, in which KD is substantially different both above
and below the post-perovskite transition [26] and a spin transition in bridgmanite affects
density (e.g., [57]). Another source of uncertainty in the model is limited experimental
constraints on temperature-dependence of partitioning at deep mantle conditions, with
100s K differences in temperature between the experimental data (Figure 4). However,
modeled densities are not highly sensitive to uncertainty in partitioning: 50% error bars on
KD result in uncertainty in modeled density of the resulting assemblage of ~0.2 to 1% in
the deep mantle.
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Figure 6. Density of a lower mantle phase assemblage comprising ferrous-iron-bearing bridgmanite, ferropericlase, and
post-perovskite as a function of mol% silicate and pressure. The % bridgmanite marked “pyrolite” corresponds to the
pyrolite Mg/Si ratio, but does not address other elemental abundances in pyrolite (e.g., Al and Ca). Densities are calculated
based on partitioning data in this study and equation of state data for bridgmanite, ferropericlase, and post-perovskite as
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detailed in Supporting Text. Filled symbols = bridgmanite and ferropericlase phase assemblage, open symbols = post-
perovskite and ferropericlase. Compositions are modeled at pressures 40, 60, 80, 100, and 125 GPa (dotted lines = isobars)
for fixed bulk Fe# (a) Fe#10, representing average mantle, and (b) Fe#30, representing dense mantle heterogeneity.
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bearing bridgmanite and ferropericlase. Model compositions (symbols) vary in mol% bridgmanite
and bulk iron content. The % bridgmanite marked “pyrolite” corresponds to the pyrolite Mg/Si
ratio, but does not address other elemental abundances in pyrolite (e.g., Al and Ca). Dotted lines for
constant bulk Fe# are provided as guides to the eye.

While it is well-known that increasing Fe# of the mantle phase assemblage increases
its density, the effect of variable SiO2-content on mantle dynamics is perhaps less intuitive.
In average lower mantle rock with Fe#10, the change in density due to difference in mol%
SiO2, ∂ρ/∂SiO2, is nearly zero (Figure 6). Increasing the fraction of bridgmanite in the
mantle slightly increases net density in the shallow lower mantle (40 GPa and lower pres-
sures). With increasing pressure, differences in compressibility between bridgmanite and
ferropericlase result in a slightly negative change in density with increasing bridgmanite
fraction. The post-perovskite transition increases the density of the silicate and ∂ρ/∂SiO2
becomes slightly positive again at 125 GPa. Adding iron to the mantle not only increases the
density, it also modifies ∂ρ/∂SiO2 (Figures 6 and 7). An Fe#30 dense mantle heterogeneity
exhibits negative ∂ρ/∂SiO2 at all modeled pressures (Figure 6). For very Fe-rich composi-
tions at deep mantle pressures, ∂ρ/∂SiO2 becomes comparable in magnitude to ∂ρ/∂Fe#
(figfig:minerals-1160514-f007). The depth- and composition-dependence of ∂ρ/∂SiO2 may
provide a mechanism for compositional stratification in the mantle, leading to Fe-bearing,
Si-depleted LLSVPs, and ULVZs.

Heterogeneous mantle SiO2-content may also explain enigmatic differences in seismic
velocities VS and VP in LLSVPs [56]. The deep lower mantle has been noted for anticorrela-
tion of VS and VP, which neither thermal differences nor iron content alone can explain [4].
However, differences in Fe-content in combination with SiO2-content produce complex
effects on density and compressibility. Further studies on composition, pressure, and tem-
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perature dependence of thermoelastic properties will test whether dense heterogeneities
such as LLSVPs are enriched or depleted in SiO2.

5. Conclusions

In order to systematically investigate the effects of iron enrichment on the properties
of dense LLSVPs and ULVZs, partitioning of iron between magnesiowüstite, bridgmanite,
and post-perovskite was examined in Fe2+-rich olivine compositions, Fa72 and Fa45, at
pressure and temperature conditions spanning the entire range for Earth’s lower mantle,
33–128 GPa and 1900–3000 K. Both in situ X-ray diffraction and ex situ transmission electron
microscopy were used to determine synthesized phase assemblages and compositions of
each phase. Experimental equations of state for bridgmanite can be used to determine
composition within ~20 Fe# of the composition measured by EDX over a compositional
range up to at least Fe#50. In all samples, magnesiowüstite composition was enriched in Fe
relative to the starting material, demonstrating that Fe favors the oxide over the silicate
phase throughout the lower mantle. In Fa72 samples, both EDX and XRD indicate that
magnesiowüstite was within 5% Fe/(Mg + Fe) of pure FeO (i.e., Fe#95–100) between 50
and 100 GPa. Fe-content in bridgmanite increases with pressure up to ~80 GPa, reaching a
maximum Fe# of 51 in Fa72 at 82 GPa. At 128 GPa, the Fe-content of the silicate phase is
higher than that measured at lower pressures due to the higher silicate-oxide partitioning
coefficient of Fe into post-perovskite relative to bridgmanite. The observations show no
evidence of increase in partition coefficient due to a spin transition in bridgmanite. Decrease
of the partition coefficient from 60 to 100 GPa in Fa72 is unlikely to be related to a spin
transition in magnesiowüstite as the spin transition pressure in Fe#95–100 magnesiowüstite
is greater than 100 GPa. Observed partitioning behaviors are successfully reproduced by
self-consistent thermodynamic modeling with updated equation of state parameters for
iron-rich bridgmanite and FeO. These results provide important constraints on the effect
of Fe-content on partitioning of iron and resulting physical properties of iron-rich lower
mantle heterogeneities. In iron-rich low shear velocity provinces, different effects of iron
on densities of magnesiowüstite and bridgmanite result in increased effect of SiO2-content
to reduce the density of the bulk phase assemblage. Dynamics of iron-rich regions over
Earth’s history may have resulted in Si-depletion at the base of the mantle in LLSVPs
and ULVZs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11050512/s1. Figure S1: Mössbauer spectroscopy of a synthetic Fa50 olivine sample
(A. Magrez, EPFL) demonstrates all iron adopts 2+ oxidation state, typical of synthetic [58] and
natural olivine [59]. Figure S2: Scanning electron micrograph of thin section extracted by focused
ion beam (FIB) from Fa45 sample heated to 2000 K at 40 GPa at APS GSECARS. Figure S3: Scanning
electron micrograph of thin section extracted by focused ion beam (FIB) from Fa72 sample heated to
2000 K at 52 GPa at EPFL. Figure S4: Diffraction patterns for phase assemblages synthesized from
Fa45 at 40–89 GPa. Bdg = bridgmanite, Mws = magnesiowüstite, N = NaCl medium. Reference
stick pattern for Bdg is plotted below. For these experiments, λ = 0.3344 Å. Figure S5: Analytical
TEM images of Mws grain in Fa72 sample heated to 2000 K at 82 GPa at EPFL. (a) STEM high-angle
annular dark field (b) Energy-dispersive X-ray map with Mg, Fe, and Si concentrations coded in
red, green, and blue respectively (c) Energy-dispersive X-ray map with O concentration coded in
white. Figure S6: Analytical TEM images of Fa72 sample heated to 2000 K at 52 GPa at EPFL.
(a) STEM high-angle annular dark field (b) Energy-dispersive X-ray map with Mg, Fe, and Si
concentrations coded in red, green, and blue respectively (c) Energy-dispersive X-ray map with
O concentration coded in white. Figure S7: TEM, STEM and EDX images of Fa45 sample heated
to 2000 K at 40 GPa at APS GSECARS. (a) STEM bright field low magnification (b) STEM high-
angle annular dark field low magnification (c) Energy-dispersive X-ray map with Mg, Fe, and Si
concentrations coded in red, green, and blue respectively (d) TEM high magnification of sample
center with euhedral grains (e) TEM high magnification of sample center showing disordered lattice
planes in Mws grains and amorphized Bdg grains. Figure S8: (a) Lattice parameter a of bridgmanite
at 300 K after laser heating with values from previously-measured 300 K compression of (Mg,Fe)SiO3
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bridgmanite [19,39,60]. Curves are fits to a linearized Birch-Murnaghan equation of state [61] with

K0’ fixed at 4: P = 3
2 K0(XFe)

[(
a0(XFe)

a

)7
−

(
a0(XFe)

a

)5
]

, where P is pressure, XFe = Fe#, and a is the

measured lattice parameter. The zero-pressure lattice parameter a0 = 4.787 + 0.123XFe and linear zero-
pressure bulk modulus K0 = 212.2 + 8.5XFe. (b) Difference between Fe# determined by the P(a, XFe)
equation of state and Fe# of starting materials (standard deviation ~Fe#5). Figure S9: Unit cell volumes
of ferropericlase—magnesiowüstite (Fp-Mws) phase at 300 K after quench of laser heated olivine
samples with analogous measurements from San Carlos olivine composition by [38]. Open symbols
are previously-measured 300 K volumes of (Mg,Fe)O [41,42,62,63]. Curves are fits to the Birch-
Murnaghan equation of state [61]. Figure S10: Modeled pressure- and composition-dependence of
partitioning behavior between bridgmanite and ferropericlase in olivine bulk compositions assuming
ideal mixing (black curves) and nonideal mixing (for 10 in blue, 30 in green, 45 in orange, and 72%
fayalite compositions in red). (a) models carried out using thermodynamic parameters for FeO as
specified by [46], and (b) models carried out using updated thermodynamic parameters based on
thermal equation of state of FeO by [42] and inversion of experimental partitioning data in this study,
Figure S11: Densities at 300 K and selected lower mantle pressures 40, 60, 80, 100 and 125 GPa as a
function of variable XFe = Fe/(Fe + Mg) for (a) bridgmanite [19,60] and post-perovskite [44,64,65]
and (b) ferropericlase-magnesiowüstite [41,42,50,62,63,66–72]. Curves are linear or quadratic least-
squares fits at each pressure. Table S1: Microprobe results for compositions of synthetic olivine
starting materials, Table S2: Composition measurements and calculated partition coefficient obtained
from energy-dispersive X-ray spectroscopic maps for each sample. Atomic percents of each element
are averaged over pixels obtained from multiple grains. Bdg = bridgmanite, Mws = magnesiowüstite.
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Appendix A

Physical Properties of Iron-Rich Mantle Phases

Interpretation of in situ X-ray diffraction data and inferred physical properties of
mantle phase assemblages require pressure-volume-composition equation of state data for
bridgmanite (Bdg), ferropericlase–magnesiowüstite (Mws), and post-perovskite (pPv).
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For quantitative analysis of Bdg composition at high pressures, recent compression
measurements of single-phase Bdg with a wide range of Fe# synthesized in the laser-
heated diamond anvil cell [19] were used to fit a pressure-lattice spacing-composition
equation of state. The equation of state calibrates composition as a function of pressure
and the a lattice parameter of bridgmanite, the direction most sensitive to Fe-content. For
lattice parameter data from three studies of Fe-bearing Bdg by powder diffraction in quasi-
hydrostatic media [19,39,60], compositions indicated by this calibration scatter around
known compositions of starting materials with a standard deviation of ~5% (Supplementary
Figure S7b). Note that data used for equation of state fits in these studies include only data
obtained for Bdg observed without accessory SiO2 or (Mg,Fe)O, and thus the compositions
of the starting materials are assumed to be identical to the synthesized Bdg. Precision of
composition estimates by XRD for this study and other typical partitioning studies will
be lower due to the need to avoid internal pressure calibrants, which may complicate
chemistry and/or result in Soret diffusion [35].

The composition of Mws is more difficult to model based on to unit cell volume than
ferrous-iron-bearing Bdg due to the composition-dependent spin transition. For cubic
Mws, unit cell volumes of B1-structure (Mg,Fe)O and B8 FeO were used to determine the
pressure-volume-composition-spin state equation of state [41,42,50,62,63,66–73]. Magne-
siowüstite with Fe# ≥ 95 may adopt the B8 structure at the pressure conditions of these
experiments [74], but the diffraction peaks observed from this phase are not resolved
well enough to determine its structure (Figure 1). Qualitatively, Mws volumes in Fa45
samples fall between previous measurements of Fe#58 and Fe#100 (FeO) compositions
(Supplementary Figure S8). The measured volume of magnesiowüstite formed from Fa72
is consistent with nearly pure FeO.

These equation of state data for Bdg and Mws and composition-dependent equation
of state of post-perovskite [44,64,65] were used to compute densities of mantle phases
based on compositions set by partitioning constraints at model pressures of 40, 60, 80, 100,
and 125 GPa. Mws pressure-volume-composition data were interpolated at each model
pressure using quadratic trends (Supplementary Figure S9).
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