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Abstract The production of metal via the iron disproportionation reaction in the deep Earth has been a long
debated topic with important implications for the geochemistry of the lower mantle. To explore the occurrence
of the iron disproportionation reaction from 25 to 65 GPa, a natural almandine-pyrope-grossular garnet was
studied with in situ X-ray diffraction (XRD) in the laser-heated diamond anvil cell and ex situ scanning electron
microscopy (SEM) techniques. Upon heating the natural almandine-pyrope-grossular garnet up to 3000 K

up to 65 GPa, the formation of phase assemblage consisting of bridgmanite, stishovite, and davemaoite was
confirmed by XRD, but because of the low abundance of Fe metal and small grain size, XRD was determined
not to be effective in detecting the disproportionation reaction. Examination of the samples recovered between
39 and 64 GPa by SEM analysis revealed the presence of nm-scale disproportionated iron metal grains as an
additional product of this reaction that was not detectable in the XRD patterns. Volume compression data of
bridgmanite synthesized in the experiments were fit to the Birch-Murnaghan equation of state and compared

to similar compositions. Bridgmanite was found to decompress to the LiNbO,-type structure, indicating a

high FeAlO, content, in accordance with the occurrence of a disproportionation reaction. The experimental
confirmation of disproportionated metallic Fe has significant implications for the distribution of siderophile and
volatile elements in the lower mantle.

Plain Language Summary An Fe- and Al-rich garnet was studied with X-ray diffraction (XRD) in
a laser-heated diamond anvil cell and scanning electron microscopy (SEM) techniques to explore the behavior
of Fe in mineral assemblages at conditions relevant to Earth's lower mantle. We experimentally investigate

the iron disproportionation reaction, during which Fe?* is both oxidized into Fe** and reduced into Fe®.

This study confirms the formation of a mineral phase assemblage consisting of bridgmanite, stishovite, and
davemaoite through XRD, but because of the low abundance of Fe metal and small grain size, XRD was not
sufficient to detect the disproportionation reaction. Examination of the recovered product by SEM revealed
disproportionated iron metal in several samples. Volume compression data were also collected, and, notably,
bridgmanite was found to decompress to a different structure at ambient pressure, indicating a high FeAlO,
content, in accordance with the occurrence of a disproportionation reaction. The experimental confirmation of
disproportionated metallic Fe has significant implications for the siderophile element geochemistry of the lower
mantle.

1. Introduction

It is well established that bridgmanite is likely the most abundant mineral in the lower mantle and adopts the
perovskite Pbnm structure (Knittle & Jeanloz, 1987; L. G. Liu, 1976; O’Neill & Jeanloz, 1990). Bridgman-
ite (Mg,Fe) (Si,A1)O;) can accommodate several different cation substitutions into its perovskite structure
(ABO,). Specifically, it has been extensively shown that the trivalent cations Fe** and Al** can be incorporated
through a charge-coupled substitution, with Al** entering the B site and stabilizing Fe3* in the A site (Frost &
Langenhorst, 2002; Lauterbach et al., 2000; Z. Liu et al., 2020; McCammon, 1997; Richmond & Brodholt, 1998;
Vanpeteghem et al., 2006). Because Al has a chemical preference for the bridgmanite structure, when Al is
present along with Fe in the phase assemblage, the disproportionation reaction will be promoted. In an Fe?*-rich
starting composition, the incorporation of an FeAlO, component into bridgmanite can occur through the dispro-
portionation of Fe according to the following reaction: 3Fe?* — 2Fe*++Fe’. Although this reaction produces a
small volume of metallic iron, it has been suggested that this disproportionation reaction plays a critical role in
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the geochemistry of the lower mantle (Frost et al., 2004). Studies have also suggested that the disproportionation
reaction may proceed to different degrees as a function of depth (Shim et al., 2017; Tsujino et al., 2023). The
occurrence of this reaction and the creation of small amounts of metallic Fe can have significant implications for
the siderophile element geochemistry of the lower mantle, notably through its impact on isotopic tracers such as
Re and Os and on platinum group element distributions. Metallic Fe could also serve as a likely host for volatile
elements in the lower mantle, such as C, S, and H, which are known to easily alloy with iron at relevant pressures
and temperatures. The presence of metallic iron in the lower mantle presents a reservoir to store these elements
and would notably impact the distribution of volatile elements in the Earth's deep interior.

It has been shown that garnets along the pyrope-almandine join form bridgmanite assemblages at high pres-
sure and temperature conditions (Dorfman et al., 2012; Irifune et al., 1996; Kesson et al., 1995). Because
pyrope-almandine garnets have both ferrous Fe and Al, the Fe disproportionation reaction is likely to occur
during the formation of bridgmanite, resulting in the incorporation of the FeAlO, component in bridgmanite and
the production of accompanying metallic Fe. However, there has been no consistent identification of Fe dispro-
portionation occurring in pyrope-almandine garnet samples in existing experimental studies. Kesson et al. (1995)
performed transmission electron microscopy (TEM) analyses on garnet samples recovered from high pressure
and temperature in the diamond anvil cell (DAC) and noted the existence of “blebs and runnels of an Fe-rich
phase” at grain boundaries, accompanied by minor amounts of stishovite, but they did not identify disproportion-
ated metallic Fe. Similarly, Dorfman et al. (2012) found no evidence of Fe disproportionation in garnet samples
analyzed with synchrotron X-ray diffraction (XRD).

In this work, we investigate the disproportionation of Fe in a natural almandine-pyrope-grossular garnet to
65 GPa and 3500 K with in situ XRD in the laser-heated DAC and ex situ scanning electron microscopy (SEM)
analysis on recovered samples. The results will inform our understanding of Fe disproportionation reactions in
the Earth's mantle.

2. Materials and Methods

A natural almandine-pyrope-grossular garnet was selected for this study. The composition was determined by
wavelength-dispersive X-ray spectroscopy (WDS) at the University of Maryland to be Alm,,Pyr,,Grs,,Sps,And,.
Measurements are given in Table S1 in Supporting Information S1. The Fe3*/ZFe ratio of the starting material
was determined to be 0.016 based on the stoichiometry of the WDS analyses. This garnet was selected for its
high Fe?* and Al content, which should increase the amount of Fe disproportionation that will occur. For all
experiments, the natural garnet was broken into small fragments, which were loaded either with an Ir foil to act
as an internal pressure calibrant and laser absorber, or with no foil. Samples were loaded in 50-100 pm-sized
holes drilled through pre-indented Re or Ni gaskets. Symmetric diamond anvil cells with 250-300 pm culets were
used to achieve pressures up to 65 GPa. Pressures were determined using the Ir equation of state (Cerenius &
Dubrovinsky, 2000) or Raman spectroscopy on the diamond anvil culets before and after laser-heating (Akahama
& Kawamura, 2004). Pressures at high temperatures were calculated with the approximation of a 1% increase in
pre-heat pressure per 250 K increase, after Fischer et al. (2015) and Chidester et al. (2017). Table 1 gives a list of
experimental conditions and analysis details.

XRD was performed at the GSECARS beamline 13-ID-D (APS, Argonne National Laboratory). Diffraction
patterns were collected using a CdTe 1M Pilatus detector. The position and orientation of the detector was
calibrated using a LaB, NIST standard. The X-ray energy was tuned to either 37 keV (0.3344 A) or 42 keV
(0.2952 A) and focused to full width, half max dimensions of 2 X 3 pm. Double-sided laser-heating of the samples
was carried out with in situ XRD measurements (Prakapenka et al., 2008). 1,064 nm fiber lasers were shaped
to ~10 pm radius flat tops and aligned with the X-ray beam. Temperatures were measured on both sides using
spectroradiometry and fitting to a gray body approximation (Heinz & Jeanloz, 1987). Diffraction images were
integrated to produce 1-D diffraction patterns using the Dioptas software (Prescher & Prakapenka, 2015).

One sample (K11) was heated with a 1,064 nm fiber laser at the University of Chicago. In this experiment, the
laser spot size was approximately 15 pm and temperatures were measured on both sides by multispectral imaging
radiometry (Campbell, 2008). XRD was performed at GSECARS on a recovered thin section from this sample.

The transition to bridgmanite in Fe-rich silicates is accompanied by a color change from transparent to dark
brown (Kesson et al., 1995; O'Neill & Jeanloz, 1994). In most samples, the transformation from garnet to a
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Sample Details
Pre-heat Post-heat Estimated pressure Heating
pressure pressure at high temperature time Analysis High P,T
Sample  Foil (GPa) (GPa) (GPa) Temperature history (min) method phases detected
K7_1 Ir 25 21 26.8 Flash then held ~2100 K 14 XRD Sti
K8 Ir 28 27 30.3 Max 2380 K 5 XRD Bdm, Sti
- 5 - Decompressed sample K8 - XRD Bdm, Sti
K7_2 Ir 39 35 43.7 Flash to 3000 K then held ~2000 K 20 XRD Bdm, Sti, Dvm
K44_2 None 39 37 41.8 Heated on pre-heated (melted) spot; held ~2100 K 30 XRD + SEM  Bdm, Sti, Dvm,
Fe?
K44_1 None 47 39 52.1 Unknown max T; melted 15 XRD + SEM Bdm, Sti, Dvm,
Fe?
K52_1 None 48 44 51.8 Flash to 2280 K then held ~2100 K 20 XRD Bdm, Sti, Dvm
K47 None 51 51 54.5 Flash to unknown T then held ~2000 K XRD Bdm, Sti, Dvm
K11 None 52 No record 57.6 Melted and slowly cooled XRD + SEM  Bdm, Sti, Dm,
Crn, Fe®
K52_2 None 54 55 60.0 Flash to 3100 K then held ~2300 K 30 XRD Bdm, Sti, Dvm
K7_3 Ir 53 55 58.7 No flash; gradual increase to ~3000 K 8 XRD Bdm
K54 None 64 59 68.9 No flash; held ~2200 K 30 XRD + SEM Bdm, Sti, Dvm,
Crn, Fe’

Note. Pressure was recorded either form Ir foil or Diamond Raman spectroscopy. Bdm = bridgmanite, Sti = stishovite, Dvm = davemaoite, Crn = corundum, and
Fe® = metallic Fe. Sample K8 was decompressed to 5 GPa and measured at 300 K with no laser heating.

bridgmanite assemblage was accompanied by a sudden increase in laser coupling, observed as a flash accompa-
nied by a sudden spike in temperature. Similar heating experiences are detailed in Dorfman et al. (2012). Laser
power was adjusted during these intervals to attempt to maintain stable temperatures. All samples were quenched
from high temperatures with the exception of K11, which was slowly cooled.

Several samples were recovered from high pressure and temperature conditions and prepared for SEM analysis
using the focused ion beam (FIB) in the Tescan Lyra3 field-emission SEM in the Department of the Geophysical
Sciences at the University of Chicago. A 30 kV Ga* beam operating at 1-5 nA was used to mill a section from the
center of the laser-heated spot, and sections measuring approximately 15 X 10 X 2 pm were lifted out and attached
to a copper TEM grid. Sections were further thinned to ~1 pm using lower operating currents (50-500 pA).
Backscattered electron (BSE) images were collected at an acceleration voltage of 5-10 kV. Chemical analyses
were performed with the same range of acceleration voltages using energy dispersive X-ray spectroscopy (EDS)
on the same Tescan instrument, and compositions were obtained using Oxford Instruments Aztec software. The
spatial resolution of the measurements was ~1 pm.

3. Results
3.1. XRD Results

The synchrotron XRD experiments were used to establish which phases are detectable at high pressures and tempera-
tures in almandine-pyrope-grossular garnet using in situ techniques. The sample pressure ranged from 5 to 55 GPa in
these experiments. To allow for comparison of high pressure and ambient pressure diffraction patterns, sample K8 was
compressed to 28 GPa, heated for 10 min up to 2300 K, quenched, and then decompressed to 5 GPa (Figure 1). The
high pressure and temperature diffraction pattern shows bridgmanite and stishovite in addition to untransformed garnet,
and the decompressed pattern shows the same phases. Neither pattern had evidence for fcc, hep, or bee iron. Garnet
persists in these patterns because the X-ray beam passes through a thin layer of unheated sample material adjacent to
the diamonds. Dorfman et al. (2012) also notes that peaks corresponding to untransformed garnet persist in several
samples at high pressures even after heating at 2000 K for 30 or more minutes. They attribute this to the sluggish
transformation from metastable crystalline garnet to perovskite. In this pattern and all other patterns, stishovite can be
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Figure 1. X-ray diffraction patterns collected at 37 keV on a sample with an
Ir foil (K8). From bottom to top, patterns correspond to unheated garnet at
29 GPa, the quench pattern, and a decompressed 5 GPa pattern. The tops of
the most intense peaks have been truncated.
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Figure 2. X-ray diffraction patterns collected at 37 keV on a sample with an
Ir foil (K7_1, K7_2, and K7_3). Quench patterns at 21, 35, and 55 GPa.

identified through the strong 110 peak. Generally, the 020, 112, and 200 triplet
is diagnostic for the bridgmanite phase, and the low-angle 002, 110, and 111
peaks can be used to identify bridgmanite if there is a high level of peak overlap
at higher angles.

To further explore the detectable phase assemblage at higher pressures,
another sample loaded with Ir foil was heated at three different pressures
(K7_1, K7_2, and K7_3) (Figure 2). At 21 GPa, the pattern quenched from
2100 K contains only stishovite and untransformed garnet. At 35 GPa, the
pattern quenched from 2000 K contains stishovite, bridgmanite, davemao-
ite, and untransformed garnet. The pattern quenched from 3000 K at 55 GPa
contains bridgmanite and untransformed garnet. Several additional samples
were prepared without Ir foil and heated with in situ XRD monitoring to
assess any differences in heating progression and resultant phases if Ir is not
present. Quenched XRD patterns for samples with no Ir foil were collected
at 42 keV and are shown in Figure S1 in Supporting Information S1. These
patterns, ranging from quench pressures of 37-59 GPa, show evidence of
stishovite, bridgmanite, davemaoite, and untransformed garnet. The dave-
maoite is identified primarily through the 200 and 211 peaks, and the
lattice parameters appear to be slightly larger than would be expected for
pure CaSiO,. Shim et al. (2000) note that the 200 lines of CaSiO, perovskite
yield larger unit cell parameters than other lines as a result of non-hydrostatic
stresses in the sample. The composition of the davemaoite will be discussed
further below. Corundum or ilmenite structured (ALFe),0O, cannot be
uniquely identified in each pattern because of the peak overlap, but it may
exist in the heated samples. Ferropericlase similarly cannot be uniquely iden-
tified in each pattern because of the peak overlap but may exist in the heated
samples. Synchrotron XRD measurements were also performed on a thin
section of sample K11, which was recovered and thinned using the FIB to
a thickness of 1 pm. While the patterns are dominated by the Cu grid and
Pt coating deposited during the FIB recovery process, we can also identify
untransformed garnet, stishovite, the LiNbO,-type structure, and FeO (Figure
S2 in Supporting Information S1).

3.2. SEM Results

SEM analyses were conducted on several recovered samples to determine
what phases could be detected using ex situ techniques (Table 1); two exam-
ples are presented here. Sample K11 was compressed to 52 GPa, melted
(maximum temperature ~3300 K), and cooled slowly to allow the growth
of large observable crystals. The BSE image of the recovered section clearly
reveals textures related to the temperature gradient that was generated during
the heating and cooling of the sample (Figure 3). One can identify the
boundary separating the untransformed starting material from the rest of the
sample (red dashed line in Figure 3). Outside this boundary, temperatures
were not high enough to promote any transformation of the garnet, while
immediately inside the boundary, temperatures were high enough to promote
sub-solidus phase transitions but not high enough for melting to occur. Grains
in this region reach a maximum of ~100 nm in size. Further inward, textural
changes reveal the solidus (orange dashed line in Figure 3) beyond which
melt coexisted with solid phases. The outermost portion of this region is
dominated by micron-sized Al-rich grains, followed by micron-sized grains
of stishovite embedded in a bridgmanite matrix. The matrix is scattered with
100 nm-sized grains of metallic Fe, indicating that the disproportionation
reaction did occur. We provide details below on how a metallic Fe grain is
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(b)

Figure 3. (a) Backscattered electron image collected at 5 kV of a section recovered from 52 GPa that was melted (3300 K) and slowly cooled (K11). Red, orange, and
yellow lines indicate the edge of the laser-heated spot, solidus, and liquidus, respectively. The dashed box indicates the region of interest mapped in Figure 4. (b) EDS
maps collected at 7 kV (Si, Al, and Mg) and 10 kV (Ca).

identified. The 100-nm sized grains are identified as metallic Fe based upon the standard BSE albedo that we
find for the metallic Fe grains. It is improbable that the Fe metal was produced through only reduction because
we find Fe in the silicate and only see a small amount of Fe metal on the scale expected for disproportionation
rather than a reduction from an external reactant. Inward from the solidus, we identify the liquidus, beyond which
the sample texture is characterized by the gradual cooling history of the liquidus melt composition. Several large
grains of davemaoite grew from the melt along with small grains of metallic Fe. As cooling progressed, the melt
became enriched in Fe and depleted in Mg, as seen in the EDS maps.

Table 2 shows averages of EDS measurements collected at 5 kV on the largest selected grains in K11. Because
of small grain sizes and potential beam overlap, these measurements may not represent the true composition of
the phases present. A composition for bridgmanite is not provided as these grains were too small to measure.
The subsolidus region should contain the same phases present in larger sizes between the solidus and liqui-
dus: bridgmanite, metallic Fe, davemaoite, stishovite, and Al-rich phase. An EDS map of a region between the
solidus and liquidus shows grains smaller than 250 nm in diameter (Figure 4). The Mg and Fe maps reveal the
background bridgmanite matrix, while the Si map highlights the stishovite grains, and the Al map highlights
the Al-rich grains. Hotspots in the Fe map reveal the metallic iron grains. The Ca map reveals an even distribution

::l:)rl:gze Elemental Quantities in Atomic % for Different Phases and Regions Collected at 5 kV on Sample K11

Phase (6] Mg Al Si Ca Fe
Stishovite (n = 3) 61.9 (0.5) 2.67 (0.05) 4.54 (0.08) 24.9 (0.1) 1.5 (0.6) 4.5(0.2)
Davemaoite (n = 4) 59.0 (0.3) 1.63 (0.15) 2.00 (0.14) 18.5 (0.4) 15.0 (0.6) 3.91 (0.16)
Garnet (n = 1) 57.32 5.17 9.94 14.38 2.57 10.62
Center (n = 3) 48.6 (0.4) 0.75 (0.06) 1.53 (0.02) 0.4 (0.3) 0.05 (0.09) 48.7 (0.8)
Subsolidus (n = 8) 57.2 (1.0 5.2(0.3) 10.2 (0.3) 14.8 (0.5) 2.0 (0.4) 10.6 (1.4)
Fe grain (n = 1) 48.45 5.25 9.88 10.45 0.68 25.28

Note. The number of point analyses used for measurement is given by n in parentheses. Standard deviations are given
in parentheses below atomic % values. Instrumental uncertainty is typically 5% relative accuracy (Chidester et al., 2017).
Measurements on small grains include overlap with adjacent grains. Center refers to the brightest region (melt) at the center
of the laser-heated spot. Subsolidus refers to measurements taken over the subsolidus region between the orange and red
lines in Figure 3.
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Figure 4. EDS maps collected on sample K11 at 5 kV as well as SE and Backscattered electron images of the region of
interest (shown on larger image in Figure 3a). A layered map including the Fe, Si, and Mg measurements is shown in the
bottom right (Fe = red, Si = blue, and Mg = green). Blue arrows indicate the largest metallic iron grains in the region.

of davemaoite. Because the disproportionated metallic Fe grains are so small, EDS spectra pick up signals from
the grain as well as the surrounding material. Point measurements taken in a line across such grains, however,
show a spike in Fe content at the expense of all other elements, including O, indicating that these grains are likely
metallic Fe (Figure 5). Disproportionation is evident in both the subsolidus and partially melted regions of this
garnet at 52 GPa, as revealed in this recovered section with BSE imaging.

To establish the occurrence of Fe disproportionation at higher pressure, we also performed recovery, imaging,
and EDS mapping on sample K54, which was compressed to 64 GPa, heated at ~2200 K for 30 min with in situ
XRD collection, and quenched. Both the SE and BSE images of the recovered section reveal the new assemblage
created within the laser-heated spot and the untransformed garnet outside the hot region (Figure 6). Similar to
the previous thin section, there is a subsolidus region adjacent to the untransformed garnet defined by nm-sized
grains. Further inwards toward the center of the spot, we can observe a ring of Al enrichment and a ring of Si
enrichment, similar to what was seen in the previous sample. EDS maps of the laser-heated region (Figure S3 in
Supporting Information S1) and point analyses along a line through the laser-heated spot (Figure S4 in Supporting
Information S1) show that the center of the heated region is depleted in Si and slightly enriched in Al. EDS spectra
reconstructed from the EDS maps show that the region with a mixture of bright and dark grains has the same
bulk composition as the garnet starting material. The bright grains in this ring are identified as disproportionated
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Figure 5. Line scan across a metallic iron grain in sample K11 collected at 5 kV.

metallic Fe, similar to those seen in the previous section, while the dark
grains are identified as stishovite. Overall, textures seen in the 64 GPa section
(Figure 6) are similar to those seen in the 52 GPa section (Figure 3).

4. Discussion

No metallic Fe was detectable in any of the XRD patterns from 5 to 64 GPa,

but metallic Fe was clearly found in each of the recovered sections between
39 and 64 GPa. These findings demonstrate the possibility for Fe dispropor-
tionation to go undetected in samples that are probed only with XRD tech-
niques. The size of the disproportionated Fe grains as well as the presence
of accompanying bridgmanite with its myriad and overlapping peaks prevent
the metallic Fe phase from being identified in XRD patterns. The presence
of metallic Fe in the recovered sections, however, demonstrates that the Fe
disproportionation reaction has occurred, indicating that Fe** was created
alongside the metallic Fe according to the following reaction:

Fel*AL;Si;01, — 2Fe’*AlO; + 3Si0; + Fe’. 0

This reaction is simplified here to the decomposition of pure endmember
almandine only, neglecting the pyrope, grossular, and spessartine compo-
nents of the studied composition. In this reaction, Fe* enters the A site of
| the bridgmanite phase, shown as an FeAlO, component. Stishovite is also

' 1 created along with metallic Fe. While the XRD results confirm the creation

FE S g — of only bridgmanite and stishovite, the SEM results reveal all three phases
0.4 0.8 1.2 present in reaction 1. At lower pressure and temperature conditions where
Distance (pm) bridgmanite is not stable, almandine will decompose according to the follow-

ing reaction:
Fei*ALSi;012 — ALOs + 3Si0; + 3Fe’ 0. )

This decomposition reaction has been observed in experiments on pure

almandine (Akaogi et al., 1998; Conrad et al., 1996; Dorfman et al., 2012).
The results of reaction 2 can be seen in K7_1, which had a starting pressure of 25 GPa and showed only stishovite
without bridgmanite in the XRD pattern (Figure 2). The untransformed garnet and Ir peaks likely obscured the
wiistite and corundum peaks in this pattern. This sample was not recovered and imaged with the SEM, so we do
not have conclusive proof of the existence or absence of metallic Fe, but the absence of bridgmanite suggests that
reaction 1 did not occur at 25 GPa in this garnet composition.

While our XRD results can confirm the presence of stishovite and bridgmanite in accordance with Equation 1,
we note that corundum (or an ilmenite-structured Al-rich phase) cannot be ruled out as a phase present in the
patterns as the peaks could be obscured by the other phases present, and we do detect Al-rich grains in the recov-
ered thin sections in areas of partial melt (see Figures 3 and 4, Figure S3 in Supporting Information S1). Z. Liu
et al. (2017) demonstrated that for a pyrope composition, bridgmanite and corundum can coexist at 42 GPa and
2000 K, with Al entering the bridgmanite phase and Mg entering the corundum phase. When Fe is present, we
can also expect Fe* to be incorporated into the corundum phase. The incorporation of Fe3* into the Al phase in
addition to its incorporation into bridgmanite further serves to drive the disproportionation reaction. Additionally,
we note that ferropericlase ((Mg,Fe)O) cannot be ruled out as a phase present in the patterns in addition to the
metallic Fe. Both reactions 1 and 2 could thus take place at the same time to produce both FeO and Fe metal as
reaction products. Because we do not find conclusive evidence for the existence of FeO in the SEM results, in the
following discussion, we will neglect the potential production of FeO. Finally, the coexistence of davemaoite with
the above phases is expected from the grossular and andradite components of our starting material. An Al- and
Fe-rich phase can be created in conjunction with bridgmanite, davemaoite, stishovite, and metallic Fe through
the following general reaction:

(Mg, Fe’*, Ca,Mn), ALSi3012 — v(Mg, Fe’*, Al)(Si, ADO; + wCaSiOs + x(Fe’*, Al) 0 + ySiO; + zFe’, (3)
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Figure 6. (a) SE and (b) Backscattered electron (BSE) images of a section recovered from 64 GPa that was heated at

~2200 K for 30 min (K54). The small white dots in the BSE image are metallic iron and are abundant around the edges of the
laser-heated spot. The white dotted box and the arrow show the map region and line scan of Figures S3 and S4 in Supporting
Information S1, respectively.

where v, w, x, y, and z represent coefficients that vary according to how the components partition between phases.
The reaction corresponding to the composition in this study (Almg,Pyr,,Grs;,Sps,And,) is as follows:

(Feg;zMgo.MCao_]zMno_oz ) 3 (Alg_ggFCo_(]] )ZSi3 012 - 14 (FeggoMg0'47Mno_o3 ) (Si()_50A10_50)O3
+0.36CaSiO; + 0.46AL0; + 1.56Si0; + 0.52F¢’, C))

with the following assumptions: all Fe?* is disproportionated, all FeAlO, component enters bridgmanite (not corun-
dum), all Al,O, component enters corundum (not bridgmanite), and davemaoite is endmember CaSiO;. In the samples
in this study, the occurrence of a ring of stishovite grains closer to the center of the laser-heated spot surrounded by
aring of Al-rich grains can be explained by the existence of a temperature gradient in this partial melt region. While
the temperature gradient indicates nonequilibrium across the entire laser-heated spot, we assume local equilibrium at
each point along the temperature gradient. This will be further explored in the discussion section below.

The PerpleX thermodynamic calculation package (Connolly, 2005) can be used with the thermodynamic data-
base provided by Stixrude and Lithgow-Bertelloni (2022) to predict the phase assemblage at our experimental
conditions for our specific composition, and the results match well with our observations from the XRD and SEM
results. Details are given in Supporting Information S1 regarding the modification of the PerpleX input files to
allow for the Fe disproportionation reaction to occur (Table S2 in Supporting Information S1). Figure 7a shows
the PerpleX phase assemblage predictions in 2100, 2300, and 2500 K from 20 to 80 GPa. In the lower mantle
pressure region, we predict the occurrence of garnet, bridgmanite, stishovite, davemaoite, corundum, and fcc/hep
Fe, and the presence of each of these phases is confirmed in our XRD and SEM results. Based on the PerpleX
prediction, one expects to see ~3 mol% metallic Fe, which aligns with our SEM images (Figures 3 and 6).
Because the starting material has such high Fe?+ and Al contents, the amount of disproportionated metallic Fe is
larger than that expected from a pyrolitic composition representing the lower mantle, which has been predicted to
be ~1 wt% (Frost et al., 2004). With increasing temperature, Al,O, increasingly enters bridgmanite, resulting in
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Figure 7. PerpleX predictions for our garnet composition. (a) Phase assemblage prediction at 2100, 2300, and 2500 K. (b)
Prediction of bridgmanite composition by endmember components for 2100 K.

the disappearance of corundum at lower pressures as temperature increases. The occurrence of corundum in rings
in our SEM samples can thus be confirmed as a consequence of the temperature gradient within the laser-heated
spot as suggested above. The amount of stishovite present decreases with increasing temperature but does not
vanish.

Our XRD results confirming the transformation of majority almandine-pyrope-grossular garnet into bridgmanite
and stishovite are also in alignment with previous work. Dorfman et al. (2012) noted that for their Alm38 compo-
sition, heating at 38 GPa produced a mixture of bridgmanite and oxides, and with increasing pressure, the ratio
of bridgmanite to oxides increased, leading bridgmanite to be the dominant phase by 45 GPa. Additionally, all
compositions showed stishovite diffraction peaks on decompression and heating between 59 and 71 GPa. It is
possible that the presence of stishovite indicates that disproportionation occurred following reaction 1. However,
in an Alm54 sample compressed to 74 GPa and then decompressed to 23 GPa and re-heated for 10 min at 1100 K,
they observed a reversion to only the garnet phase, which they take to indicate that a high-pressure single phase
bridgmanite existed with no major compositional gradients. They also suggest that the recovery of garnet with no
other detectable phases suggests that the synthesis of bridgmanite was not accompanied by significant oxidation
of Fe?* to ferric iron because this would have made it more difficult to re-synthesize a single phase garnet compo-
sition. Our SEM results on a sample recovered from 64 GPa show multiphase assemblage inside the laser-heated
spot rather than a single bridgmanite phase with the same composition as the starting material. It can be observed,
however, that in the subsolidus rim at the edge of the spot, bright metallic Fe grains are visible closest to the
partial melt region and must also exist throughout the subsolidus rim in sizes too small to be seen. The PerpleX
results for our composition also likewise suggest that bridgmanite will not exist as a single phase at high pressures
and temperatures for our composition.

In the experiments of Kesson et al. (1995) on AIm50-Py50, Si-poor, Al-rich bridgmanite was found to coexist
with stishovite at 50 GPa, and the same assemblage was observed at 60 GPa in addition to Fe in “hot spots.” In the
present study, all of the samples except one exhibited the bridgmanite phase coexisting with stishovite, which is
consistent with the observations of Dorfman et al. (2012) and Kesson et al. (1995), even though the composition
in this study is more complex than the almandine-pyrope-grossular compositions studied by either; specifically
the garnet in this study contains Ca and small amounts of Mn (Table S1 in Supporting Information S1). The
presence of Ca stabilizes davemaoite, as seen in the XRD and SEM results as well as the PerpleX results, which
may influence the composition and stability of bridgmanite. It has been shown that from 40 to 110 GPa above
2300 K, davemaoite will dissolve into bridgmanite in a pyrolitic composition, but we observe davemaoite in all
but one of our samples above 39 GPa, regardless of temperature, likely due to the high Ca content of our starting
material (Ko et al., 2022). The composition of the davemaoite in this study, as given in Table 2, indicates that
there are minor amounts of Mg, Fe, and Al in the phase. Studies have shown a solubility of Mg in davemaoite

SWADBA ET AL.

9 of 14

85U8017 SUOWIWOD dAIIERID 3|qedl|dde au Aq psuAob ake eIl YO 8SN JO S3|NJ Joj AeIqITaUIIUO /8|1 UO (SUOTIPUOD-pUE-SUIBIAL0D" A3 | 1M AReIq1[pul [UO//Stny) SUORIPUOD puUe SWLB | 84} 89S *[£202/0T/LT] Uo ARiqiTauliuo A8 ‘Areiqi] 0BeaiyD JO A1seAlun Aq T80TTOODEZ0Z/620T OT/10p/wod A8 1M Areiqipuljuo'sgndnfe//sdny woly pepeojumod ‘0T ‘€202 '£20252ST



A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011081

between 5 and 10 mol% at 55 GPa and 2000 K (Armstrong et al., 2012). Fujino et al. (2004) demonstrated that
the addition of Fe increases the solubility of MgSiO, in Ca-rich cubic perovskite coexisting with bridgmanite,
with a (Mg,Fe) solubility of nearly 0.34 cations per formula unit at 78 GPa. It has also been shown that Al,O,
partitions preferentially into bridgmanite coexisting with davemaoite (Ricolleau et al., 2008). Given the shape of
the davemaoite grain and thickness of the sample, however, it is also possible that the measurement encompasses
small amounts of other phases as well. As noted earlier, the measured lattice parameters for the davemaoite in
this study are larger than expected. We conclude that the overestimation could be a result of nonhydrostatic stress
conditions.

While we were unable to make EDS measurements on the bridgmanite in this study because of its small grain
size, we were able to put some constraints on its composition. In XRD measurements on a recovered thin section,
we detected the LiNbO, structure, which corresponds to decompressed bridgmanite. Dorfman et al. (2012) also
decompressed an Alm54 sample directly from 84 GPa to ambient pressure, and some of its diffraction peaks are
consistent with a LiNbO,-type rhombohedral structure as previously reported for pyrope-almandine composi-
tions (Funamori et al., 1997; Kesson et al., 1995). Alm100 synthesized at 90 GPa and decompressed to 5 GPa
retained the orthorhombic structure but had LiNbO, peaks at ambient pressure. Z. Liu et al. (2020) determined
that bridgmanite with more than 33 mol% FeAlO, transforms into the LiNbO,-type phase upon decompression.
We identified several diffraction peaks corresponding to the LiNbO; structure in the XRD patterns collected on
the recovered K11 thin section (Figure S2 in Supporting Information S1), indicating that the FeAlO, content of
the high pressure bridgmanite was greater than 33 mol%. The LiNbO, in our sample has lattice parameters of
a=4.863 A andc=12.749 A, resulting in a molar volume of 26.207 cm?/mol. Using the linear fit for LINbO,
volumes along the MgSiO,-FeAlO, join from Z. Liu et al. (2020), we estimate that the bridgmanite in this sample
contains 32 mol% FeAlO,, which is within 1% of the 33 mol% bound referenced above. This estimate falls within
the range where Z. Liu et al. (2020) saw bridgmanite at 0 GPa rather than LiNbO,, but it is likely that the LiNbO,
in our study has additional components besides just FeAlO,, such as AlAlO,, which would act to decrease the
volume. PerpleX calculations suggest that our garnet composition should create a bridgmanite with majority
MgSiO, and FeAlO, components (Figure 7b). At the conditions of K11 (52 GPa) in the subsolidus region, one
expects ~41 mol% MgSiO,, 39 mol% FeAlO,, 14 mol% AIAIO,, and 6 mol% FeSiO,.

Previous studies have documented the effects of Fe3* and Al substitutions into the bridgmanite structure and
shown that the FeAlO, component increases the molar volume of bridgmanite (Huang et al., 2021; Z. Liu
et al., 2020; Vanpeteghem et al., 2006). To investigate this in the present study, bridgmanite lattice parameters
and volumes (Figure 8) were obtained as a function of pressure for samples where more than three bridgmanite
peaks could be distinctively identified upon quenching after laser heating. Unit cell volumes were calculated from
bridgmanite lattice parameters and fitted to a second-order Birch-Murnaghan equation of state. Fitted parameters
are listed in Table 3. These are compared to the results of Dorfman et al. (2012), which include Alm100 and
Alm54 (Alm,,Pyr,,Grs,Sps,), as well as AlImO (pure pyrope, which forms (Mg, ;sAl) ,5) (Si;sAl,5)O; bridg-
manite) from Walter et al. (2004), MgSiO, from Lundin et al. (2008), (Mg, (,Fe, 1) (Sij,Al;,)O0; from Boffa
Ballaran et al. (2012), and (Mg, ;Fe, 5) (Si, sAl, )O3 from Z. Liu et al. (2020). While the almandine component
of our sample is most similar to Alm54, slight differences in the proportions of components of our sample
(Almg,Py,,Gr,,Sp,And,) versus the Alm54 sample may cause the higher lattice parameter values seen in our
samples, which overlap with Alm100 (Dorfman et al., 2012). Differences in lattice parameters can be attributed
to inclusion of the AlAlO, component as well as small amounts of Ca into the bridgmanite structure (Huang
etal., 2021; Ko et al., 2022). Because our samples were not loaded in a pressure medium (other than five samples
with Ir foil) and were not mixed with gold or platinum (like the samples of Dorfman et al. (2012) and Walter
et al. (2004)), this may also affect the stress state, pressure reading, and bridgmanite composition.

For further context, we also calculated phase proportions and bridgmanite component proportions for pure alman-
dine using our modified input files as well as the original Stixrude and Lithgow-Bertelloni (2022) data (Figure 9).
We demonstrate that the inclusion of hcp and fcc iron in addition to the FeAlO, endmember of bridgmanite
results in a notably different P-T phase space and bridgmanite composition. At 2100 K, the FeAlO, component
is predicted to reach a maximum of 18 mol% at 43 GPa. Dorfman et al. (2020) found that an almandine with
an initial Fe3*/ZFe of 18% created a bridgmanite with 12% Fe3*/SFe at 99 GPa, which, if correct, indicates that
the Fe was somehow reduced. No accompanying phases were detected in the XRD patterns. The observation of
a single bridgmanite phase does not align with our PerpleX predictions, but the quantity of Fe3* roughly aligns
with our prediction of FeAlO, content. Huang et al. (2021) suggest that an increasing amount of the FeAlO,

SWADBA ET AL.

10 of 14

85U8017 SUOWIWOD dAIIERID 3|qedl|dde au Aq psuAob ake eIl YO 8SN JO S3|NJ Joj AeIqITaUIIUO /8|1 UO (SUOTIPUOD-pUE-SUIBIAL0D" A3 | 1M AReIq1[pul [UO//Stny) SUORIPUOD puUe SWLB | 84} 89S *[£202/0T/LT] Uo ARiqiTauliuo A8 ‘Areiqi] 0BeaiyD JO A1seAlun Aq T80TTOODEZ0Z/620T OT/10p/wod A8 1M Areiqipuljuo'sgndnfe//sdny woly pepeojumod ‘0T ‘€202 '£20252ST



At : :
A\IV Geochemistry, Geophysics, Geosystems 10.1029/2023GC011081
ADVANCING EARTH , i
AND SPACE SCIENCES

S ! "4 This study
A Dorfman Alm 100
4.80 < A Dorfman Aim54
9. & Walter Aim0
4.75 | Lundin MgSiO; 4
Ballaran FA36
<
© 465
4.60 -
4.55 -
4.50 |-
0 20 40 60 80
P (GPa)
170
4.95¢
4.90 160
< 485 <
< <
= S 150
4.80
4.75 140
4.70 I | |
0 20 40 60 80 0 20 40 60 80
P (GPa) P (GPa)
Figure 8. Lattice parameters of bridgmanite from this study (black triangles) compared with Dorfman et al. (2012)
almandine100 (red triangles) and almandine54 (green triangles), Walter et al. (2004) almandineO (blue diamonds), Lundin
et al. (2008) MgSiO, (orange squares), Ballaran et al. (2012) (pink squares), and Z. Liu et al. (2020) cyan squares).
component in bridgmanite should result in the ¢ lattice parameter increasing the most and the b lattice parameter
increasing more than the a lattice parameter, which is reflected in our results as well as those of other studies
plotted in Figure 7, including Alm100, confirming the PerpleX results.
5. Conclusions
Fe metal was positively identified in an Alm,,Py,,Gr ,Sp,And, composition from 39 to 64 GPa using SEM anal-
yses, and from 28 GPa upward, bridgmanite is detected with XRD, which suggests that Fe metal was formed at
these conditions as well through a disproportionation reaction. Thus, at lower mantle conditions (28-65 GPa),
Fe metal is a stable part of the phase assemblage, having been produced by disproportionation of Fe, as has been
observed in other mafic compositions. The lower mantle will not have the same quantity of disproportionated
metallic Fe as was observed in this study, but the results nonetheless provide compelling experimental evidence
across a significant range of lower mantle-relevant conditions that the incor-
poration of an FeAlO, component into bridgmanite will promote the dispro-
Table 3 portionation reaction. The PerpleX results also suggest that the amount of
Third-Order Birch-Murnaghan Fit Parameters for Bridgmanite the FeAlO, component in bridgmanite decreases at higher pressures, which
Composition Vv, (A) K, (GPa) K, corresponds to a decrease in the amount of disproportionated metallic Fe

Alm,,Pyr,,Grs,,Sps,And,
Alm,,Pyr,,Grs,Sps,°
Alm100°

AlmO°

with increasing pressure. The FeAlO, component may affect the elastic prop-

1705 2576 4 erties of bridgmanite, and the metallic Fe can alloy with siderophile and vola-

165.6 261 4 tile elements in the lower mantle, affecting their distribution.

170.6 252 4 o ) ) o
The phase assemblage in this study also consists of bridgmanite, stisho-

164.85 2534 42

vite, corundum, and davemaoite, as determined by X-ray diffraction, and

“Parameter fixed during the fit. "Dorfman et al. (2012). “Walter et al. (2004). s consistent with prior work (Dorfman et al., 2012; Kesson et al., 1995).
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Figure 9. PerpleX phase assemblage and bridgmanite composition predictions for pure almandine with the original Stixrude
and Lithgow-Bertelloni (2022) input files (left panels) and our modified files (right panels).
However, because of the low abundance of Fe metal and small grain size, XRD was not sufficient to detect the
disproportionation reaction, and examination of the recovered product by FIB/SEM was required. The bridg-
manite was found to decompress to the LiNbO,-type structure, indicating a high FeAlO, content, which was
confirmed with PerpleX predictions.
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