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Abstract Recent studies have revealed that Earth's deep mantle may have a wider range of oxygen
fugacities than previously thought. Such a large heterogeneity might be caused by material subducted into
the deep mantle. However, high-pressure phase relations are poorly known in systems including Fe**
the top of the lower mantle, where the subducted slab may be stagnant. We therefore conducted high-
pressure and high-temperature experiments using a multi-anvil apparatus to study the phase relations in a
*.bearing system at 26 GPa and 1573-2073 K, at conditions prevailing at the top of the lower mantle. At
temperatures below 1923 K, MgSiOs-rich bridgmanite, an Fe**-rich oxide phase, and SiO, coexist in the
recovered sample. Quenched partial melt was observed above 1973 K, which is significantly lower than the
solidus temperature of an equivalent Fe**-free bulk composition. The partial melt obtained from the Fe**-
rich bulk composition has a higher iron content than coexisting bridgmanite, similar to the Fe**-dominant
system. The results suggest that strong mantle oxygen fugacity anomalies might alter the subsolidus and
melting phase relations under lower mantle conditions. We conclude that (1) a small amount of melt may be
generated from an Al-depleted region of a stagnant slab, such as subducted former banded-iron-formation,
and (2) Fe** is not transported into the deep part of the lower mantle because of its incompatibility
during melting.

1. Introduction

1.1. Phase Relations in the Lower Mantle

The Earth's lower mantle is mainly composed of (Mg,Fe)SiOs-rich bridgmanite and (Mg,Fe)O ferropericlase
(Frost & Myhill, 2016; Ito & Takahashi, 1989). Because the lower mantle is the most voluminous reservoir on
Earth, it is important to understand the phase relations and physical properties of lower mantle minerals in
order to constrain the structure and the evolution of Earth's interior. The subsolidus phase relations (Fei
et al., 1991, 2004; Ishii, Huang, et al., 2018; Ito & Takahashi, 1989) and melting phase relations under lower
mantle conditions have been widely studied, mostly in the simple MgO-Fe**0-Si0, system, to understand
the chemical evolution during geological events such as the solidification of the magma ocean (Boukare
et al., 2015; Ito et al., 2004; Liebske & Frost, 2012; Nomura et al., 2011). However, phase relations in systems
including Fe** under lower mantle conditions are poorly known, although as detailed below a high valence
state of iron has been reported in recent observations and laboratory experiments.

1.2. Oxidation State of Natural Samples From the Deep Mantle

Recent analyses of natural samples have revealed that the Earth's deep mantle may have a wide range of oxy-
gen fugacities (Kagi et al., 2016; Kaminsky et al., 2015; Kiseeva et al., 2018; Smith et al., 2016; Stagno et al.,
2013; Wirth et al., 2014). Studies of peridotites have shown that the oxygen fugacity generally decreases with
increasing depth to ~200 km, from the QFM (quartz-fayalite-magnetite) buffer to three log units below QFM
(Stagno et al., 2013). In contrast, inclusions in diamonds from depths of >200 km contain considerable
amounts of Fe** (Kaminsky et al., 2015; Kiseeva et al., 2018; Wirth et al., 2014), Fe” (Kagi et al., 2016;
Smith et al., 2016), and Fe>*. This may reflect the wide range of oxygen fugacities and the disproportionation
reaction of iron in high-pressure minerals such as garnet and bridgmanite (Frost et al., 2004; Rohrbach et al.,
2007; Smith et al., 2016). Kaminsky et al. (2015) estimated that diamond inclusions derived from the lower
mantle have a high oxygen fugacity around the QFM buffer. This oxygen fugacity is as high as that of Mid-
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ocean ridge basalt glass samples (Frost & McCammon, 2008), in contrast to relatively reduced (around three
log units below QFM) peridotite at ~200-km depth (Stagno et al., 2013). Because the formation of such ultra-
deep diamonds is likely related to subducted material at the top of the lower mantle (Smith et al., 2016), the
high redox state of the inclusions strongly suggests that the oxygen fugacity of stagnant slabs at the top of the
lower mantle varies widely. Recently, Kiseeva et al. (2018) suggested that highly oxidized minerals in dia-
mond inclusions may be influenced by carbonaceous melt or fluid. Indeed, fluid inclusions with a wide vari-
ety of redox states, containing compounds such as H,, H,0, and CH,, have been found in diamond from the
deep mantle (Smith et al., 2016; Tschauner et al., 2018). It is suggested that sedimentary banded-iron-
formations (BIF) may be transported into the deep mantle by subduction (Dobson & Brodholt, 2005; Kang
& Schmidt, 2017). The subducted BIFs, which are Fe** rich and almost Al free, may supply highly oxidized
material to the deep mantle (Kang & Schmidt, 2017).

1.3. Fe** in Lower Mantle Minerals

In contrast to other mantle minerals, bridgmanite can accommodate a large amount of Fe** (Frost &
McCammon, 2008). It is known that Fe** has a strong effect on the elasticity, element partitioning, and
transport properties of bridgmanite (Gu et al., 2016; Kurnosov et al., 2017; Piet et al., 2016; Shim et al.,
2017; Sinmyo, Pesce, et al., 2014). For instance, recent experimental studies have shown that the seismic
wave velocity of the upper part of the lower mantle can be explained by the strong effect of Fe** on the sound
wave velocity of bridgmanite (Kurnosov et al., 2017). It is known that Fe>* is quite stable in Al-bearing bridg-
manite; metallic iron is formed via the following disproportionation reaction: 2Fe** = Fe** + Fe° (Frost
et al., 2004). Although this can be interpreted by a stable coupled substitution mechanism of APt + Rt
= Mg”* + Si** in bridgmanite, several studies have reported that bridgmanite can also contain a moderate
amount of Fe*¥, even in the Al-free system (Andrault & Bolfan-Casanova, 2001; Hummer & Fei, 2012).
Based on its large unit cell volume, natural bridgmanite in the Tenham meteorite likely contains a large
amount of Fe** without aluminum (Tschauner et al., 2014).

The phase relations of deep mantle minerals in the Fe? *_bearing system are not well understood because of
measurement challenges in determination of Fe**/total Fe ratio. Pioneering work using a laser-heated dia-
mond anvil cell at ~20 GPa and 2500 K revealed the stability of a distorted spinel-like phase with chemical
composition between MgFe,0,4 and Mg,SiO, (Andrault & Bolfan-Casanova, 2001). The effect of Fe** on
subsolidus phase relations has been studied under conditions of the transition zone and lower mantle,
mostly using multi-anvil experiments (Frost & McCammon, 2009). On the other hand, several new phases
with a wide stoichiometry range were found in the Fe-O system under high-pressure conditions, including
FeO,, Fe,Os, FesOg, Fe;0q, FeqO11, FesO,, Fe130,9, and Fe,s03, (Bykova et al., 2016; Hu et al., 2016; Ishii,
Uenver-Thiele, et al., 2018; Lavina et al., 2011; Lavina & Meng, 2015; Merlini et al., 2015; Sinmyo et al.,
2016), in addition to common FeO, Fe;0,, and Fe,03. Accordingly, the phase relations are being intensively
studied to understand the effect of such newly identified iron oxides on mantle phase relations (Myhill et al.,
2016; Uenver-Thiele et al., 2017).

1.4. Melting at the Top of the Lower Mantle?

Observations and theory indicate that partial melt may be present above and below the transition zone
(Hirschmann, 2006). For instance, a low-velocity seismic wave anomaly was observed beneath North
America (Schmandt et al., 2014), where the Farallon slab may be stagnant at ~660-km depth (Schmid
et al., 2002). Schmandt et al. (2014) suggested that such a low-velocity zone can be attributed to partial melt-
ing due to the dehydration of hydrous ringwoodite (Pearson et al., 2014), although the hydrous transition
zone model remains controversial (Kelbert et al., 2009; Yoshino et al., 2008). Liu et al. (2018) reported a
low-velocity zone atop the 410-km discontinuity and in the upper part of the lower mantle (~800-km depth)
beneath the European Alps. Freitas et al. (2017) showed that the global low-velocity layer atop the 410-km
discontinuity can be explained by the reduction of velocity due to partial melting. The solidus of mantle
rocks has been repeatedly studied under such deep-mantle conditions, in both an anhydrous system (Ito
et al., 2004; Tronnes & Frost, 2002) and in H,O- and CO,-present systems (Dasgupta & Hirschmann,
2006; Litasov et al., 2014). However, the effect of oxygen fugacity on melting temperature under lower man-
tle conditions remains poorly understood.
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We conducted high-pressure and high-temperature experiments using a multi-anvil apparatus to study the
effect of Fe** on phase relations under lower mantle conditions. The results show that the solidus tempera-
ture of the Fe’*-bearing system is significantly lower than that of the Fe**-free bulk composition. This
implies that strong anomalies in mantle oxygen fugacity affect the melting and subsolidus phase relations
of the lower mantle.

2. Experiments
2.1. Starting Material and High-P-T Experiments

MgO, SiO,, and Fe,0j3 (95% enriched in >’Fe) were ground together for 1 h in a silicon nitride mortar with
acetone and then dehydrated at 1273 K for several hours in air before use. MgO was dried at 1273 K for sev-
eral hours just before weighing. After mixing by mortar, the obtained oxide mixture was dried again at 1273
K. *’Fe was enriched for Mossbauer spectroscopy measurements. The purities of the starting materials are
reagent grade (purity >99.9%). Starting material with the following stoichiometry was prepared:
Mgy 95Fep 10Si0.9503 and Mg 7sFeq 50Sip 7503, which simulates the addition of an Fe,O; component in
MgSiO;. A Kawai-type multi-anvil press was used to generate high pressures and temperatures (Keppler
& Frost, 2005). All experimental runs were conducted at ~26 GPa, corresponding to the pressure at the
top of the lower mantle. The high-pressure experiments were performed using a pressure medium of MgO
+ 5 wt % Cr,03 octahedron with edge length of 7 mm and tungsten carbide anvils with a truncated edge
length of 3 mm. Pressure calibrations are shown in Keppler and Frost (2005). A LaCrO; heater was used,
and the temperatures were monitored with a W3%Re-W25%Re thermocouple. All ceramics used in the pres-
sure cell assembly were dried at 1273 K before sample loading. The sample was loaded into gold or platinum
capsules and inserted into an MgO container. The multichamber capsule method was used for run #17
(Liebske & Frost, 2012). A cylindrical platinum rod with holes was used as a capsule, which helps to ensure
similar sample conditions. After inserting the sample container into the pressure medium, the cell assembly
was kept in an oven at 393 K until the experiment. After compression to the desired pressure, we increased
the temperature at about +100 K/min. The experimental conditions are summarized in Table 1.

2.2. Analysis of Recovered Samples

The recovered samples were examined using an electron microprobe (JEOL JXA-8200) at Bayerisches
Geoinstitut (BGI) and a field emission scanning electron microscope, also at BGI (Field-Emission-Type
Scanning Electron Microscope; Leo Gemini 1530). Typical Field-Emission-Type Scanning Electron
Microscope images are shown in Figure 1. The chemical composition of the samples was determined using
an electron microprobe operated at 15 kV and 15 nA with standards of pure iron metal for Fe, and forsterite
for Si and Mg. The acquisition times for the peak and background of each element were 20-30 and 10-15s,
respectively. A focused beam was used for the analysis of crystalline samples, whereas a broad defocused
beam with a diameter of 10-20 um was used to obtain the average composition of quenched melt portions.

Selected samples were removed from the capsule and crushed into several pieces for powder X-ray diffrac-
tion (XRD) measurements using a FR-D high-brilliance Rigaku diffractometer at BGI with Mo Ka radiation
operated at 55 kV and 60 mA (Figure 2). Fine pure silicon powder was used as a calibration standard. In addi-
tion, we conducted Mossbauer spectroscopy with a nominal *’Co high specific activity source in a rhodium
matrix at BGI (Figure 3). For Mossbauer spectroscopy, the bridgmanite crystals were removed from the thin
section prepared for scanning electron microscope analysis and compacted into a flat pellet. The Mdssbauer
spectra were analyzed using the MossA software package (Prescher et al., 2012). To better constrain the
redox state of the liquid, we extracted a thin section from the quenched liquid texture in sample #16 using
a focused ion beam system (FEI Scios DualBeam) at BGI and thinned it for electron transparency down to
~50 nm. The lamella was then further analyzed using a transmission electron microscope (PHILIPS CM20
FEG) operated at 200 kV and equipped with electron energy loss spectroscopy (EELS; Gatan PEELS 666).
A typical image is shown in Figure 4. Our full suite of measurements show that the Fe>*/total Fe ratio
remains high in the recovered sample as expected. Mossbauer spectroscopy is a well-established method
in the determination of the Fe**/total Fe ratio and complements EELS and the flank method by microprobe
analysis (Lauterbach et al., 2000; Longo et al., 2011). Fourier-transform infrared spectroscopy measurements
on a recovered sample showed that the sample was almost anhydrous (Figure S1 in the supporting
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Table 1

Experimental Conditions

Run # Temperature (K) Starting material Duration (min) Capsule materials Phases®

#04 (S5198) 1673° Mg 95Fe(.10Si0.9503 45 Gold Bdg, Fe-rich oxide phase
#07 (85644) 1973 Mgo_gsFeo,wSio,9503 45 Gold Bdg, hquld

#08 (S5644) 1973 Mgy 75Feq.50Si9.7503 45 Gold Bdg, St, liquid

#09 (S5649)° 1573 Mgy 75Fe(.505i9.7503 1 Gold Bdg, St, Fe-rich oxide phase
#14 (S5789) 1873 Mg.75Feq.50510.7503 60 Gold Bdg, St, Fe-rich oxide phase
#16 (S5960) 2073 Mgy 75Fe(.505i9.7503 20 Platinum Bdg, St, liquid

#17-1 (S5967) 1923 Mgy 75Feq.50Si0.7503 30 Platinum Bdg, St, Fe-rich oxide phase
#17-2 (55967) 1923 Mg0_95Fe0.1oSi0,9503 30 Platinum Bdg

#17-3 (S5967) 1923 Mgy 75Fe(.50Si0.7503 30 Platinum Bdg, St, Fe-rich oxide phase

*Bdg, MgSiO5-rich bridgmanite; St, SiO, stishovite. PEstimated from electrical power. “The sample may not be in equilibrium because of the short heating

duration.

information), as the multi-anvil experiments have been prepared in the same manner with previous studies
on silicate melting relations in anhydrous system (e.g., Liebske & Frost, 2012; Trennes & Frost, 2002).

3. Results

3.1. Sample Characterization

Bridgmanite, stishovite, and an Fe**-rich phase were observed in the samples recovered from temperatures
below 1923 K (Tables 1 and 2). The results of Mossbauer spectroscopy show that iron in bridgmanite is
mostly Fe** (Fe**/total Fe = 0.6-0.8). The hyperfine parameters of bridgmanite are consistent with those
of previous studies (Sinmyo et al., 2017). Unfortunately, we could not obtain the Fe**/total Fe ratio of iron
oxide by Mossbauer spectroscopy because of the limited sample amount (Figure 1). On the other hand, we
observed crystals of Fe,Os in the quenched melt of run #16 by sample characterization using transmission
electron microscope (Figure 4). The obtained electron diffraction pattern is consistent with that of a previous
study (Myhill et al., 2016). The EELS spectra show a broad Fe L, ;-edge, which may be due to electron charge
transfer between Fe** and Fe** (Ovsyannikov et al., 2016). Although it is not straightforward to obtain the
Fe**/total Fe ratio because of the broadness, the sample spectra indicate a high Fe**/total Fe ratio (van
Aken et al., 1998). The Fe3*/total Fe ratio of the iron oxides was estimated based on the stoichiometry
(Table 1). Based on the results of run #17 and that of a previous study using the same cell assemblage, we
estimated the bulk Fe**/total Fe ratios of the run products of Mgo.05Fe0.10510.0503 and Mgg 75Feq 50Si0.7505
to be 0.6 and 0.8, respectively (Sinmyo et al., 2016). The Fe>*/total Fe ratios and hyperfine parameters of
bridgmanite are summarized in Tables 2 and 3. The unit cell parameters of our bridgmanite sample were
obtained from XRD measurements (Table 2) and gave much higher values compared to those of (Mg,Fe”
*)Si0; bridgmanite (Figure 5).

3.2. Chemical Analysis and Phase Relations

The results of the chemical analysis are summarized in Table 2. At temperatures below 1923 K, we observed
MgSiOs-rich bridgmanite, an iron-rich oxide phase, and stishovite in the recovered sample using XRD mea-
surements and microprobe analysis. Bridgmanite and iron oxide contain 4-6 and 73-84 wt % FeO* (total iron
as Fe**0), respectively. Although we observed high-pressure minerals in the recovered sample from run
#09, the sample may not be in equilibrium due to the short heating duration. At temperatures above 1973
K, quenched melt, bridgmanite, and stishovite were observed in the sample (Figure 1). The microprobe ana-
lysis results show that bridgmanite and melt contain 4-17 and 33-44 wt % FeO*, respectively. Table 2 and
Figure 6 summarize the chemical compositions of the phases. While Fe**/total Fe ratios of bridgmanite
were estimated by Mdssbauer spectroscopy (Table 2), the chemical compositions of melt were calculated
assuming Fe**/total Fe ratio = 0.5-1 (Figure 6). This is because it is not straightforward to determine the
Fe>* ratio in the melt, unfortunately. F e>¥/total Fe ratios of the iron oxides were estimated based on the stoi-
chiometry as discussed below. Stishovite is almost pure SiO, in all recovered samples. The total values of the
iron oxide and liquid phases are significantly lower than 100% (Table 2) because of the assumed valence state
of iron and the surface roughness. The low values in iron oxide can be explained by the Fe** content, as
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Figure 1. Backscattered electron images of the recovered samples synthesized at 26 GPa and (a) 1673 K and (b) 1973 K.

discussed below. The low total value in liquid may be due to the rough surface including submicron quench
crystals. The chemical composition of the liquid was normalized to 100%.

The obtained results indicate that Fe>*-rich iron oxide, bridgmanite, and stishovite are stable below 1923 K
(Table 2 and Figure 6a). No chemical zoning was observed in the backscattered electron images of the phases
(Figure 1). Although bridgmanite and stishovite are almost stoichiometric, Fe**-rich iron oxide is not. For
example, the composition of iron oxide in run #04 is 73.3 wt% FeO* and 16.2 wt% MgO (Table 2), which
can be written as (Mg ssFe" o 10)Fe**] 6,0, and (Mgy seFe* o 36),Fe> ™5 0505 if we assume that Fe**/total
Fe of iron oxides are 0.91 and 0.68, respectively. Although these chemical formulae do not perfectly match
(Mg, Fe**)Fe**,0, and (Mg,Fe**),Fe**,05 stoichiometry, the iron oxide in run #04 is most likely (Mg,Fe*
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+),Fe**t,05 because the bulk Fe**/total Fe ratio is ~ 0.6, as discussed
above. Similarly, the Fe¥*/total Fe values of runs #09, #14, and #17
were estimated assuming (Mg,Fe**)Fe**,0, stoichiometry to reconcile
the bulk Fe**/total Fe ratio of ~ 0.8 (Table 2). While the Fe**/total Fe
ratio of iron oxide is somewhat uncertain, the iron oxide is not likely to
occur as (Mg, Fe)O magnesiowlistite because the exchange partition

Bdg/Fp
FeO*

Mc;-Ka '
0.07108 nm

coefficient of iron between bridgmanite and magnesiowiistite, K
Bdg

Bd F
= <XFeg*/ XMgO)/ (XFepO*
0.1-0.4) (Nakajima et al., 2012) compared to the current case (Kl‘iﬁgio’“de
~0.02).

/Xypo). is reported to be moderate (Kpgh™ ~

(LA [N (1] | [
It is known that iron in the sample can be partly lost into platinum (Rubie

15 20

2-theta angle (degree)

Figure 2. Powder XRD pattern of run #07. The vertical lines are the 2-theta
values expected for diffraction peaks of bridgmanite. Mirror indexes are

shown for major peaks.

et al., 1993). However, the solubility of iron in platinum is limited at high
oxygen fugacity and diffusion is very slow. According to a previous study
(Rubie et al., 1993), 1 wt % of iron diffuses into platinum about 10 pm from
a silicate sample heated at 1673 K for 360 min, which are comparable
heating conditions to our experiments (Table 1). Since the sample is larger
than the diffusion length (Figure 1), we expect that only a negligible
amount of iron should be lost into the platinum capsule under the experi-
mental conditions used. Indeed, a mass balance calculation showed that the bulk iron content in the recov-
ered sample is consistent with the starting material.

25 30 35

4. Discussion
4.1. The Possible Effect of the Water in the Sample

Generally, the solidus is much lower in the H,0O-bearing system compared to the equivalent anhydrous sys-
tem. While our results showed that the solidus was significantly lower than that of previous studies in the
anhydrous Fe?*-dominant system, lower solidus may not be because of water. Because the experiments have
been prepared in the same manner as previous studies on the melting relationsin the anhydrous silicate sys-
tem (e.g., (Liebske & Frost, 2012; Trennes & Frost, 2002)). The samples wereconfirmed to be anhydrous in
those previous studies. Moreover, we did not observe any additional phase other than bridgmanite in run
#17-2 (Table 1). If the sample was hydrous, the recovered sample in run #17-2 should contain hydrous
minerals, since the bridgmanite can hardly accommodate water (Bolfan-Casanova et al., 2000; Bolfan-
Casanova et al., 2003; Inoue et al., 2010). Also, obtained Fourier-transform infrared spectroscopy spectra
showed that the recovered sample was almost anhydrous (Figure S1), although it may not prove that the

1.00 T T T T T samples were anhydrous during experiments.
095
4.2. Mineral Chemistry of Fe**-Bearing Bridgmanite
& 090 The lattice volume of Fe*'-bearing bridgmanite is significantly larger
é . than that of pure MgSiO; and (Mg,Fe2+)SiO3 (Figure 5). This is consistent
g with previous studies on Al-free, Fe**-bearing bridgmanite (Hummer &
Z 0.80 - Fei, 2012; Sinmyo, Bykova, et al., 2014). In addition, the obtained volume
Joos is similar to that of natural Al-free bridgmanite found in a shock vein
0.75 z within natural meteorites (Tschauner et al., 2014). Because the shock vein
{0 & also contains (Mg,Fe)SiO; glass likely former liquid, bridgmanite may be
c

070} #17-1 34 i
bridgmanite in M, ,.Fe, .Si, .0, ] 0.05“_’ able to accommodate a large amount of Fe’™, even under high

6 -4 2

Velocity (mm/s)

Figure 3. Typical Mdssbauer spectrum, measured at room temperature on

the sample recovered from run #17-1.

0

temperature conditions close to the melting point. It is shown that the unit
cell volume of bridgmanite increases with increasing amount of Fe** and
is likely independent of Al content (Figure 5). This may be related to tilt-
ing of octahedra in the Pbnm perovskite-type crystal structure (Sinmyo,
Bykova, et al., 2014).

2
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L L
720 725

Energy-loss AE (eV)

Figure 4. TEM image of the recovered sample and selected area electron diffraction pattern of Fe4Os (lower left) in
quenched melt of run #16. The inset (upper right) is the Fe L, s-energy loss near edge structure (ELNES) of the Fe,O5
phase. Green areas are integrated window for the determination of the Fe3+/ Fe total ratio (van Aken et al., 1998).

We compared the Si and Fe** concentrations to identify the Fe** substitution mechanism in bridgmanite
(Figure 5). Four possible substitution mechanisms are considered:

Fe,05 + MMg* + BIsi*-MgO + Si0, 4+ e 4+ FlFe’ (1)

Fe,0; + 2Bsi* + [00% 2810, + 2B Fe’ + Oy~ )

Fe,0; + 3WMg* + 38X 3MgO + 2 Fe + v 4 3Blgi (3)
2Fe,0; + 44 Mg* 4 4BSi* 4MgO + Si0, + 44 Fe + Bly” 4 3Bgix 4

where the superscript symbols *, ", and ’ indicate neutral, positive, and negative charges, respectively (Kroger
& Vink, 1956), and V indicates a vacancy. The brackets [A], [B], and [O] show the crystallographic site of the
ABOj; perovskite-type structure. The number of the symbols in superscript indicates the number of charges.
The substitution mechanism changes with increasing Fe** concentration (Figure 7). The coupled substitu-
tion mechanism shown in equation 1 may be dominant below ~0.08 Fe** per formula unit (pfu). This is con-
sistent with a previous study by Hummer and Fei (2012), although they found the value to be below <0.07
pfu. At ~0.2 Fe** pfu, Fe** is substituted into the A site, creating a vacancy at the B site, as shown in equation
4. This is consistent with our previous studies using single-crystal XRD measurements and Mssbauer spec-
troscopy (Sinmyo, Bykova, et al., 2014; Sinmyo et al., 2017). However, we cannot exclude the possible occur-
rence of other substitution mechanism, such as (1) and (2) based on the limited XRD data. The maximum
solubility of Fe** in bridgmanite increases with increasing temperature (Figure 6). This may explain why
the substitution of a large amount of Fe*" is associated with the formation of vacancies in the crystals. In
general, the number of defects in the crystal structure increases with increasing temperature (Siegel,
1978). Indeed, it was recently shown that the oxygen vacancy content in the bridgmanite structure increases
with temperature (Liu et al., 2019). Our experimental results suggest that incorporation of Fe** may
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Table 2
Results of Chemical Analysis
Unit cell
N Si0, (Wt %) FeO™ MgO Total Proportionsb Fe>*/total Fe volume (A3)
#04 (85198), 1673 K, Mg0_95F60V105i0.9503
Bridgmanite 22 58.7(8) 4.2(5) 38.2(6) 101.1(8) 0.96 -
Fe>*-rich phase 11 0.80(8) 73.3(73) 16.2(16) 90.3(90) 0.04 0.68°
#07 (85644), 1973 K, Mgo_gsFe().losi().gsog
Bridgmanite 20 57.8(7) 4.7(3) 38.8(5) 101.3(9) 0.95 0.57(5)d 163.4(3)
Liquid 2 17.3(7) 44.0(4) 38.7(2) 100(4) 0.05 -
#08 (55644), 1973 K, Mg0_75Fe0.505i0.7503
Bridgmanite 22 50.0(13) 16.1(11) 32.7(9) 98.8(13) 0.04 - 167.0(4)
Liquid 20 40.1(7) 32.9(8) 27.0(8) 100(4) 0.96 -
St 2 100.5(5) 0.5(1) 0.0(0) 101.0(5) 0.00 -
#09 (S5649), 1573 K, Mgq 75Feg 50Si0.7503
Bridgmanite 7 57.4(7) 6.3(6) 38.7(3) 102.4(4) 0.62 -
Fe>"rich phase 10 1.6(9) 79.8(1.9) 10.9(9) 92.3(7) 0.33 0.80f
St 3 95.5(4) 2.5(17) 0.3(4) 98.3(17) 0.06 -
#14 (S5789), 1873 K, Mgy 75Feq 50Si0.7503
Bridgmanite 20 53.5(7) 13.1(3) 32.9(8) 99.5(13) 0.75 -
Fe"rich phase 14 2.1(1) 82.6(7) 7.6(2) 92.3(7) 0.25 0.74F
St (trace)® 20 89.8(26) 1.4(4) 3.0(20) 94.2(5) 0.00 -
#16 (85960), 2073 K, Mg0_75Feovsosi0.7503
Bridgmanite 19 47.7(16) 16.8(9) 29.2(15) 93.7(13) 0.13 0.74(5)d 165.7(3)
Liquid 20 46.2(30) 32.9(18) 20.9(21) 100(13) 0.87 -
#17-1 (55967), 1923 K, Mg0.75Feo_5osio_7503
Bridgmanite 15 52.1(7) 14.6(10) 32.7(7) 99.8(11) 0.76 0.80(52d 164.4(6)
Fe>*-rich phase 14 2.4(6) 83.6(6) 7.9(6) 93.9(9) 0.24 0.73
St (trace)® 2 96.6(14) 0.0(0) 0.0(0) 96.6(14) 0.00 -
#17-2 (85967), 1923 K, Mg0.95Feo.1OSi0.9503
Bridgmanite 15 58.1(7) 4.2(5) 39.2(9) 101.4(8) 0.60(5)d 163.3(4)
#17-3 (55967>, 1923 K, Mg0,75Fe0_5OSio_7503
Bridgmanite 13 52.5(6) 14.1(7) 33.1(6) 99.7(15) 0.76 -
Fe>*-rich phase 16 1.6(3) 81.3(8) 8.8(4) 91.7(11) 0.24 0.76"
St (trace)® 2 91.2(4) 0.9(0) 0.6(5) 92.7(6) 0.00 -

Total iron as Fe>*0. PBased on mass balance calculations. C°Estimated value based on an assumption of (Mg,Fe2+)2Fe3+205 stoichiometry. 9Based on
Mossbauer spectroscopy. Relatively logv tota}l values are likely due to the detections of other elements during measurements in tiny grain size. Estimated
value based on an assumption of (Mg,Fe +)Fe +204 stoichiometry.

accompany the formation of defects in Fe**-rich bridgmanite (Figure 7). Although the substitution
mechanism does not have a strong effect on the elastic properties, it can affect the electrical/thermal
conductivity (Okuda et al., 2017; Yoshino et al., 2016). Conduction of charge carriers (electron, ion, and

Table 3

Hyperfine Parameters of Fe’*-Rich Bridgmanite Determined From Mossbauer Spectra

Component CS (mm/s) FWHM (mm/s) Area (%) QS (mm/s) Fe>V/total Fe (%)?
#07
Fez+ (Bdg) 1.15(1) 0.65(4) 43.5(16) 1.74(2) 56.5(50)
Fe** (Bdg) 0.44(1) 0.73(3) 56.5(16) 0.88(2)
#16
Fe2+ (Bdg) 1.37(6) 0.70(25) 26.3(70) 1.81(11) 73.7(50)
Fe** (Bdg) 0.45(4) 0.92(13) 73.7(70) 0.97(7)
#17-1
Fe2+ (Bdg) 1.23(3) 0.74(12) 20.5(32) 1.77(6) 79.5(50)
Fe** (Bdg) 0.49(2) 1.29(9) 79.5(32) 1.04(4)
#17-2
Fe2+ (Bdg) 1.09(2) 0.60(5) 40.1(24) 1.74(3) 59.9(50)
Fe’* (Bdg) 0.43(2) 0.78(6) 59.9(24) 0.86(3)

#Uncertainty includes uncertainty of the model itself.
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(a) ' . This' Study ' ' ' ' polaron) is controlled by the impurities and substitution mechanisms in
199981 5 MgSiO3,(Mg,Fe?)SiO3 A A | minerals (Yoshino et al., 2016). Similarly, the thermal conductivity is also
ASAZ\'NT;“F':') ((s":f\tl‘)eg:te) strongly affected by the substitution of impurities, which serve as an addi-
f‘j; 168.01- (Mg,Fe)SiOs 7 tional source of phonon scattering (Okuda et al., 2017).
= with 100% Fe®*/sFe A
: &
3 166.51- é 7 4.3. Phase Relations
% » The results of microprobe analysis are summarized in Table 2 and
- 165.01 A Figure 6. Although the starting materials were initially prepared with
5 Fe**/total Fe = 100%, the recovered samples are partially reduced.
163.5- Al (cation per 3 0) Based on the results of run #17, the bulk Fe’*/total Fe of the
<01 0.1-0.2 02 Mgo.05Fep 10S10.0503 and Mgg 7sFeq 505107505 bulk compositions is ~0.6
162.0F . . . ) 1:* . and 0.8, respectively. Although the samples were sealed in chemically
0.0 0.1 0.2 0.3 0.4 inert capsules (Figure 1), the oxygen fugacity may not have been main-
Fe (cation per 3 oxygen) tained in the sample chamber. Alternatively, oxygen may have been
(b) T " ' T " T " ' released from minerals by decomposition of iron oxide during the high-
16951 ° I,,rgzisct,l;dy A a 7  pressure and high-temperature experiments, as reported in a recent study
 [aaa(MgFe)(SiANO; (Bykova et al., 2016).
(Mg,Fe)SiO3
o~ 1680F |~ with 100% Fe®*/xFe ] Below 1923 K (Figure 6), bridgmanite and ferropericlase are stable in a
% A; ‘ pyrolitic bulk composition with less than 3% Fe,O3; (Hummer & Fei,
g 166.5 7 2012; McCammon et al., 1998). Similarly, bridgmanite and stishovite are
S #j stable in a basaltic bulk composition with ~3% Fe,Os. In both cases, Fe?
@ 165.01- 5 A g *.rich iron oxides become stable when the bulk composition is enriched
= L + by more than 3% Fe,O5 (Figure 6a). Above 1973 K, melt appears over a
= 635l & g e} i wide compositional space instead of iron oxides (Figure 6b). This indicates
| A Q)l gcaéifirjop;r 3002) that the solidus of the Fe**-rich system is significantly lower than that of
162.0- ? . . . . . :_. i the Fe?*-dominant bulk composition, which is 2800 K and 26 GPa
0.0 o1 02 03 04 (Boukare et al., 2015). This result can be partly explained by the lower

Figure 5. Relationship between the unit cell volume and (a) total iron or (b)
Fe " concentration of bridgmanite. Red filled circles: Al-free bridgmanite of
this study; red open circles: Al-free bridgmanite (Hummer & Fei, 2012);
open black circle: bridgmanite in the Tenham meteorite (Tschauner et al.,
2014); open squares: (Mg,Fe2+)SiO3; filled triangles: Al- and Fe-bearing
bridgmanite. Literatures for (Mg,Fe2+)SiO3 and Al- and Fe-bridgmanite are
summarized in Sinmyo, Bykova, et al. (2014). The Al concentrations are

Fe3* (cation per 3 oxygen)

indicated by the gray scale.

melting temperature of the iron oxides compared with that of silicate
minerals (Myhill et al., 2016).

Since our samples were not buffered in oxygen fugacity (fO,), the samples
may be heterogeneous. Nevertheless, we can constrain the effect of Fe3t
on the phase relations under lower mantle conditions, since we have
determined the chemical compositions and Fe**/total Fe ratios of coexist-
ing phases. We note that multi-anvil experiments are widely used without
buffering fO, to study phase relationships in oxidized/reduced systems
(Pamato et al., 2015; Sakamaki et al., 2009).

4.4. Detectability of Fe**-Rich Oxide and Melt

The Fe**-rich oxides, such as Fe,Os, are stable at relatively low temperatures (<1923 K) in a bulk composi-
tion with a high amount of Fe,05 (Figure 6a) (Myhill et al., 2016). Although the elastic parameters of the Fe®
*_rich oxide are not well known, seismological observations may not be able to detect such a limited amount
of Fe>*-rich oxide. Pioneering works reported that the bulk modulus of Fe*-rich oxides are moderate; 185.7
GPa for Fe,Os and 173 GPa for FesO¢ (Lavina et al., 2011; Lavina & Meng, 2015). However, Fe>*-rich oxides
might induce an electrical conductivity anomaly in the deep mantle because they have an electrical conduc-
tivity several orders of magnitude higher than that of silicate (Ovsyannikov et al., 2016). In addition, the
melting temperature of materials decreases significantly with increasing Fe>* concentration, as described
above. A small degree of melting may be detected by seismology and electromagnetic measurements.

Although the transport of water has long been argued based on knowledge in Fe**-poor systems (Inoue
et al., 2010; Ohtani, 2005), recent studies have shown that the presence of Fe*" can increase the H,O0 capacity
of minerals under deep mantle conditions (Hu et al., 2016; McCammon et al., 2004; Nishi et al., 2017). The
present results suggest that novel Fe**-rich minerals (e.g., Fe,Os) can be stable in stagnant slabs. Although
the current study was conducted as an anhydrous system, the Fe**-rich phase may nevertheless be a
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(a) <1923K
(subsolidus) 0.

0.0
1.0 MgO+FeO

(b) 1973 - 2073 K
0.4,

BIF

1.
SiO2 0_,()

Bdgl“'\
— — 7 e .
02\ 04 06 0.8
MORB Pyrolite

>-0.0
1.0 MgO+FeO

Figure 6. (a) Chemical compositions of the phases coexisting below 1923 K.
Results of Mgo_gsFeoiloSi0A9503 and Mg0_75Feo_5()Si0_7503 bulk composi—
tions are shown in green and blue symbols, respectively. Hatched circle:
starting material; blue square: 1573 K in Mgy 75Fe( 50Sig.7503; blue triangle:
1923 K in Mg 75Feq 50S10.7503; green circle: 1673 K in
Mg.95Feq.10Si0.9503. The bulk Fe>*/total Fe ratios are assumed to be 0.6
and 0.8 for Mgo'gsFEO'losiO'gsog and Mg0A75Feo_5()Si0.7503 bulk COmpOSi-
tions, respectivelgf (see text). (b) Schematic phase diagram of the MgO + Fe?
*o- SiO, — Fe +01,5 system at 26 GPa and 1973-2073 K. Chemical com-
positions of melt were calculated assuming Fe* /total Fe ratio = 0.5-1. Red
star: pyrolite (Tronnes et al., 2018); blue star: Mid-ocean ridge basalt
(Tronnes et al., 2018); and light blue region, BIF (Kang & Schmidt, 2017;
Spier et al., 2007).

hydrogen host in the deep mantle. In addition, hydrogen can change the
defect abundance and arrangement in the crystal structures of lower man-
tle minerals, and thus, hydrogen may alter conclusions regarding the crys-
tal chemistry and stability of lower mantle phases. However, the phase
relations for such compounds remain poorly understood (Bykova et al.,
2016), and the role of Fe** in the transport of water should be
investigated further.

4.5. Partitioning of Iron Between Melt and Solid

Although the maximum solubility of total iron (Fe** + Fe**) in bridgma-
nite in our study is much higher than the one measured in reduced bulk
compositions, the coexisting liquids are still more iron rich than bridgma-
nite. The present microprobe analysis shows that the partition coefficient
of iron between bridgmanite and melt (D?Sg{ﬁmeh =X gsg* /X0 ) ranges
from approximately 0.1 to 0.5 depending on the bulk chemistry (Table 2
)- This is consistent with previous experimental studies (Hirose et al.,
2004). In addition, the partitioning coefficient increases with increasing
degree of melting (Figure S2), as similar with previous study (Corgne et al.,
2005). The partition coefficient of Fe** between melt and solid was esti-
mated to be 0.1 in the upper mantle based on the chemistry of basalt

and peridotite (Canil et al., 1994; Frost & McCammon, 2008). This value

e Bdg/melt
is similar to Dy,

= 0.11 in the Mgy g9sFeq 1Sip.95s05 bulk composition
with ~5% melting (run 07). It suggests that the incompatibility of Fe** is
not strongly altered by pressure up to 26 GPa, although it has not been
investigated for pressures higher than 26 GPa. Notably, the partitioning
coefficient may be also changed by the concentration of Al in the system

(Boujibar et al., 2016; Corgne et al., 2005).

The density of partial melt can influence (1) the fate of deep magma
(Sakamaki et al., 2006; Sanloup et al., 2013) and (2) the solidification pro-
cess of the early magma ocean (Labrosse et al., 2007). The latter work pro-
posed the basal magma ocean hypothesis based on the enrichment of iron
into melt. Although our results support iron enrichment in the melt (

DPSE/™e _ 0.1) at 26 GPa, this value can be altered by spin crossover at

higher pressure (Kono et al., 2018; Lin et al., 2013; Murakami et al.,
2014; Nomura et al., 2011; Petitgirard et al., 2015; Piet et al., 2016). In
the future, the structure and iron spin state in silicate melt should be
investigated in situ.

4.6. Redox Melting at the Top of the Lower Mantle?

The present results suggest that oxygen fugacity anomalies in the mantle
might dramatically alter the melting and subsolidus phase relations of the
lower mantle. As discussed above, the Fe**-bearing system has a lower

solidus temperature than the Fe**-dominant MgO-FeO-SiO, system (Figure 6). The obtained solidus tem-
perature is close to the normal adiabatic geotherm of the lower mantle, which is estimated to be ~2000 K
(Katsura et al., 2010) or 1931-2010 K (Stacey & Davis, 2008) at 660 km depth. This suggests that a subducted
slab will undergo partial melting if it contains a substantial amount of Fe>* and attains thermal equilibrium
with the surrounding mantle. This may be true for the Al-poor system only, because aluminum greatly sta-
bilizes Fe**-bearing bridgmanite via the Al-Fe*" coupled substitution mechanism (Frost et al., 2004).
Indeed, the solidus is reportedly to be ~2500 K at 25 GPa for KLB-1 peridotite (Tronnes & Frost, 2002)
and > 2800 K at 25 GPa for Al- and Fe3+-bearing bridgmanite (Andrault et al., 2017). Thus, pyrolite or sub-
ducted Al-rich basalt may not melt, even after reaching thermal equilibrium with the surrounding mantle.
On the other hand, it is suggested that sedimentary BIFs may be transported into the deep mantle by subduc-
tion (Dobson & Brodholt, 2005; Kang & Schmidt, 2017). When the BIF reaches the stagnant slab, small-scale
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102 L ' ' ' A ' partial melt may be generated from the BIF (Figure 6). Schmandt et al.
100 T (3) AIFe + Ay | & E?Aﬁ@tﬂm. 2014 || (2014) reported a low-velocity seismic wave anomaly beneath North

— © Hummer and Fei 2012 | America, where the Farallon slab may be in thermal equilibrium with
g;.) 098k oO &l M//:e e i the surrounding mantle (Schmid et al., 2002; Severinghaus et al., 1990).
g‘ 5 Yy Although such a low-velocity anomaly can be explained by dehydration
© 0.96 D A melting of hydrous ringwoodite (Schmandt et al., 2014), the water content
L 1 of the transition zone remains debated (Kelbert et al., 2009; Yoshino et al.,
s 0.941 /7//4% 3 2008). The seismic anomaly can alternatively be explained by partial melt-
g 092k € *@{Q | ing induced by Fe**-rich material subducted below a depth of 660 km, in
5 e addition to dehydration melting. While relatively small amount of melt (<
090k (2) BlFe + [0y i 1%) could account for the reduced seismic wave velocity (Schmandt et al.,

L 2014), it is not likely that all seismic anomaly is attributed to the Fe**-rich

0.88 : ! : ! L . ! . melt, since BIF should be a minor thin layer. It is generally accepted that

0.00 0.05 0.10 0.15 0.20 0.25

Fe3* (cation per 3 oxygen)

Figure 7. Concentrations of Si and Fe** in Al-free bridgmanite. The lines
indicate four possible substitution mechanisms (see text). Filled squares:
this study; open circles: Hummer and Fei (2012); and open square: Sinmyo,

Bykova, et al. (2014).
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volatile elements, such as hydrogen and carbon, dominantly control the
melting temperature (Dasgupta & Hirschmann, 2006; Hirschmann,
2006). However, since these volatile elements are highly incompatible,
hydrogen and carbon may be exhausted by partial melting at relatively
shallow parts of the subduction zone (Dasgupta & Hirschmann, 2006;
Kang & Schmidt, 2017). Indeed, dehydration efficiency during the sub-
duction process is estimated to be as high as >92% (Dixon et al., 2002).
On the other hand, as a major element, the bulk oxygen content (i.e., amount of Fe**) should be as impor-
tant as the concentration of water and carbon dioxide, although the effect of oxygen content on the melting
phase relationships is not yet well understood. In this study, we provide the first results on the effect of bulk
oxygen content on melting phase relationships in the lower mantle.

Fe**-rich melt generated from former BIFs will either ascend or descend from the top of the lower mantle. In
general, the fate of silicate melt largely depends on the partitioning of iron between melt and solid (Nomura
et al., 2011; Petitgirard et al., 2015). Based on the moderate partition coefficient obtained in this study (

DRIE™e = 0,1-0.5), Fe**-rich melt is likely to be less dense than the surrounding solid at the top of the lower

mantle according to recent estimates (Petitgirard et al., 2015), meaning that melt would ascend toward
Earth's surface. Although the melting point of Fe**-rich material is not well known at pressures <25 GPa,
the melt should subsequently flow up through the transition zone until it reaches its freezing point. In con-
trast, residual Fe*"-dominant material will eventually subduct to deeper parts of the lower mantle without
further fractionating. This means that the subducted Fe**-rich component selectively returns from the lower
to the upper mantle, which may function as a barrier against oxidizing material at the top of the lower man-
tle. This process may have a strong effect on the redox state of the mantle and its evolution, similar to redox
melting of carbonate-bearing rocks in the upper mantle (Dasgupta & Hirschmann, 2006; Stagno et al., 2013)
and the oxygen pump process during core formation (Wood et al., 2006). Modeling of mantle dynamics indi-
cates that oxidized material accumulates in the upper mantle because of the density contrast (Gu et al.,
2016). It is important to study the effect of Fe** on the melting phase relationships at higher pressure for
understanding the dynamics of the oxidized material.

5. Conclusions

We have studied the effect of Fe>* on phase relations under lower mantle conditions using a multi-anvil
apparatus. Obtained solidus temperature of the Fe**-bearing system is significantly lower than previously
reported ones in the Fe**-free bulk composition. Strong anomalies in mantle oxygen fugacity affect the melt-
ing and subsolidus phase relations of the lower mantle. Further studies are required for better understanding
the dynamics of the oxidized materials in deep mantle.
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