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Abstract: 1 

Seismic low-velocity zones, that are proposed to form through hydrous partial melting, have 2 

been observed at the top of the lower mantle. The buoyancy of such melts will depend 3 

significantly on their iron content, but little is known about how iron partitions into melts under 4 

these conditions. In this study, ferrous and ferric iron partitioning between bridgmanite and 5 

melt has been studied at 25 GPa and 1973 K. Increasing oxygen fugacity and the Al content of 6 

bridgmanite can both change the mineral–melt partitioning of iron from incompatible to 7 

compatible. Hydrous partial melts at the top of a pyrolitic lower mantle are calculated to have 8 

an Fe3+/∑Fe ratio of 0.26–0.5 and a total iron content of 5.9–7.8 wt.% in the fO2 range between 9 

IW + 2 and IW + 4. Such melts would be less dense than the surrounding lower mantle and 10 

would migrate upwards into the transition zone. This could facilitate the formation of 11 

superdeep diamonds and crystallize an assemblage that also contains ferropericlase as the melts 12 

lose water to the surrounding ringwoodite.   13 

Key words: Fe partitioning; bridgmanite; hydrous melt; oxygen fugacity; thermodynamic 14 

model; superdeep diamond 15 

 16 

1. Introduction 17 

Although partial melting of the mantle occurs principally in the upper mantle, there is 18 

evidence for melting within deeper layers of the interior (Garnero & McNamara, 2008; Garnero 19 

et al., 2016; Lay et al., 1998; Panero et al., 2020; Schmandt et al., 2014). Ultra-low velocity 20 

zones at the base of the lower mantle might result from partial melting within the thermal 21 

boundary layer at the core–mantle boundary (Berryman, 2000; Lay et al., 2004; Revenaugh & 22 

Meyer, 1997; Rost et al., 2005; Thorne & Garnero, 2004; Williams & Garnero, 1996) and a 23 
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number of studies have linked low shear wave velocities in the vicinity of the mantle transition 24 

zone to the presence of H2O induced melting (Bercovici & Karato, 2003; Schmandt et al., 2014; 25 

Song et al., 2004; Toffelmier & Tyburczy, 2007). Beneath the 660 km seismic discontinuity, 26 

for example, slow seismic wave velocities have been proposed based on observations of 27 

seismic P-to-S conversions that could be interpreted as melt layers formed through dehydration 28 

as material is transported downwards out of the mantle transition zone (Liu et al., 2016; Liu et 29 

al., 2018; Schmandt et al., 2014). This would be consistent with a decrease in the amount of 30 

water that can be stored in mineral structures as material leaves the transition zone (Bolfan-31 

Casanova et al., 2000; Inoue et al., 1995; Kohlstedt et al., 1996; Murakami et al., 2002; Smyth 32 

et al., 2003; Williams & Hemley, 2001). Water induced melting layers could potentially act as 33 

filters that influence the geochemical evolution of the mantle (Bercovici & Karato, 2003; 34 

Nakajima et al., 2019). An important aspect is the behavior of iron during such partial melting 35 

processes, which will largely control whether the melt could be neutrally buoyant in the mantle 36 

at a particular level and thus accumulate. Furthermore, the difference in partitioning between 37 

Fe2+ and Fe3+ can control how the redox state of the two resulting reservoirs will evolve 38 

(Amundsen & Neumann, 1992). Factors that control the partitioning of iron and the impact of 39 

redox state, however, are very poorly understood at lower mantle conditions.  40 

When determined in ultramafic systems at conditions compatible with the top of the lower 41 

mantle, the apparent Fe–Mg exchange coefficient between bridgmanite (Brg) and melt, defined 42 

as, 43 

𝐾𝐾D(app) = (𝑥𝑥Fe/𝑥𝑥Mg)Brg/(𝑥𝑥Fe/𝑥𝑥Mg)melt (1) 44 

where 𝑥𝑥Fe  is the mole fraction of all iron analyzed in the phases in question (i.e. ferric plus 45 

ferrous), has values ranging from approximately 0.5 to 0.2 (Corgne et al., 2005; Hirose & Fei, 46 

2002; Ito et al., 2004; Ito & Takahashi, 1987; Kuwahara et al., 2018; Liebske et al., 2005; 47 

McFarlane et al., 1994; Trønnes et al., 1992; Trønnes & Frost, 2002). Here iron is assumed to 48 
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mix only on the Mg-site in a three-oxygen Brg formula unit, whereas for the melt all cations 49 

are assumed to mix on a single site. The recent hydrous partial melting experiments of 50 

Nakajima et al. (2019), however, report a significantly higher value of approximately 1.1, while 51 

similar experiments by Kawamoto (2004) report a value of approximately 0.7. Although some 52 

of these differences may arise from the effects of temperature, it is quite likely that changes in 53 

the redox state of iron also influence its partitioning. Although Fe3+ behaves more incompatibly 54 

than Fe2+ during basalt petrogenesis at upper mantle conditions (Canil et al., 1994; Davis & 55 

Cottrell, 2018; Mallmann & O’Neill, 2009; Sorbadere et al., 2018), its behavior at higher 56 

pressures is completely unknown, but could have an important influence on melt density. 57 

In this study, we have investigated iron partitioning between Brg, ferropericlase (Fp) and 58 

coexisting hydrous melt at 25 GPa and 1973 K using a multi-anvil apparatus and determined 59 

the Fe3+/∑Fe ratios of coexisting Brg and melt using Mössbauer spectroscopy. Hydrous 60 

ultramafic starting materials were employed and the experimental oxygen fugacity (fO2) was 61 

monitored using an Ir–Fe alloy redox sensor (Stagno & Frost, 2010). Based on the results and 62 

subsequent thermodynamic modelling, the composition of hydrous melts beneath the 660 km 63 

discontinuity are calculated and their iron contents are determined as a function of bulk 64 

composition and fO2. We examine the consequences for the buoyancy of partial melt layers and 65 

the implications for the formation of superdeep diamonds and their inclusions. 66 

2. Experiments 67 

Glass with the nominal composition Mg0.93Fe0.07Si0.93Al0.07O3 (En93) was synthesized by 68 

melting dried reagent grade oxide mixtures of MgO, Al2O3, SiO2 and Fe2O3 at 1650 ˚C in a 1 69 

atmosphere furnace followed by rapid quenching in water. The glass was then reduced in a 70 

CO2–CO gas-mixing furnace at 1250 ˚C for 48 hours at an fO2 of 1 log unit above the iron–71 

wüstite buffer (IW). Mössbauer spectroscopy confirmed the presence of only Fe2+ in the 72 
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recovered pyroxene. The pyroxene was then mixed with 5 wt.% (Mg0.9Fe0.1)O and 15 wt.% Fe 73 

metal to buffer the fO2, and in most experiments 5 wt.% Ir (Table 1) was added to monitor the 74 

fO2. Approximately 5–20 wt.% water was also added to the starting material either using a 75 

syringe as free H2O or as Mg(OH)2 (Table 1).  76 

Table 1 Starting compositions and run products.   77 

Run No. Start composition (wt.%) Recovered assemblages 

S6813 80% En93, 15% Fe, 5% (Mg0.9Fe0.1)O, 0.1 μl H2O Brg + Fp + melt 

S6833 75% En93, 15% Fe, 5% Ir, 5% (Mg0.9Fe0.1)O, 0.4 μl H2O Brg + Fp + Fe–Ir + melt 

S6840 75% En93, 15% Fe, 5% Ir, 5% (Mg0.9Fe0.1)O, 0.4 μl H2O Brg + Fp + Fe–Ir + melt 

S6843 75% En93, 15% Fe, 5% Ir, 5% (Mg0.9Fe0.1)O, 0.2 μl H2O Brg + Fp + Fe–Ir + melt 

S6848 63.8% En93, 15% Fe, 5% Ir, 16.2% Mg(OH)2 Brg + Fp + Fe–Ir + melt 

Notes: Brg = bridgmanite; Fp = ferropericlase; Fe–Ir = Fe–Ir metal alloys. 78 

The starting compositions (Table 1) were loaded into gold foil capsules of 1.8 mm in 79 

length and 0.8 mm in diameter that were then placed inside platinum tubes of 2 mm in length 80 

and 1.0 mm in diameter, which were welded closed at each end. Each capsule was put into an 81 

MgO sleeve within a LaCrO3 furnace in a 7 mm edge length Cr2O3-doped MgO octahedra and 82 

compressed to ~25 GPa using a 1200 tonne Kawai-type multi-anvil apparatus. Tungsten 83 

carbide anvils of 3 mm truncation edge length were used. After compression to the target 84 

pressure, the assembly was heated to 1973 K for 12 h and then quenched by turning off the 85 

electrical power. The pressure was released over 20 hours. Pressure calibrations are reported 86 

by Keppler and Frost (2005) and temperature was estimated from the electrical power using 87 

previous calibrations where type D thermocouple was employed (Huang et al., 2021). 88 

Phase identification and textural observations of the run products were performed by 89 

means of microfocus X-ray diffraction and scanning electron microscopy. Chemical 90 

compositions were analyzed with an electron probe microanalyzer (EPMA) and the Fe3+/∑Fe 91 
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ratios of Brg and quenched melt regions were measured by Mössbauer spectroscopy (see Text 92 

S1 and S2 for details).  93 

3. Results 94 

3.1 Phase assemblages 95 

The recovered phase assemblages and chemical analyses are reported in Table 1 and 2, 96 

respectively. All recovered samples contained Brg, Fp and quenched microcrystals from the 97 

melt (Table 1). Brg coexists with quenched melt in the central part of the capsule (i.e. in the 98 

highest temperature region) while Fp frequently crystallized towards the colder end (Fig. S1a). 99 

Interstitial melt is also present around coexisting Brg and Fp crystals, however, indicating 100 

cotectic phase relations. Ir metal in the starting material became an alloy with Fe (Table 3).101 
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Table 2 Phase compositions in wt.% measured by EPMA and cation proportions normalized to total cations. All Fe (ΣFe) is treated as FeO. No. is 102 
the number of points measured for each phase and the number in parentheses is 1 standard deviation.  103 

. Phases No.  MgO SiO2 FeO Al2O3 Total Mg Si Fe Al ΣCations 

S6813 Brg 41 32.8(5) 52.7(5) 11.0(5) 3.4(2) 99.9(7) 0.852(8) 0.919(9) 0.160(6) 0.069(3) 2.00  

 Fp 17 33.7(7) 0.13(7) 66.7(8) 0.13(4) 100.6(9) 0.472(6) 0.001 (1) 0.525(6) 0.0012(4) 1.00  

 Melt  14 26.0(11) 23.3(20) 28.1(23) 1.5(4) 78.9(37) 0.445(26) 0.266(15) 0.269(17) 0.020(5) 1.00  

S6833 Brg 61 33.0(3) 53.2(3) 10.6(4) 3.3(2) 100.2(7) 0.854(5) 0.924(6) 0.155(6) 0.067(3) 2.00  

 Fp 7 35.8(3) 0.14(4) 65.0(11) 0.12(2) 101.0(13) 0.494(3) 0.0013(4) 0.503(4) 0.0013(2) 2.00  

 Melt  99 27.4(13) 22.9(20) 28.9(20) 1.6(4) 80.7(31) 0.455(18) 0.255(19) 0.269(15) 0.021(5) 2.00  

S6840 Brg 23 33.1(2) 52.2(4) 10.5(4) 3.2(2) 99.0(6) 0.866(4) 0.914(8) 0.154(6) 0.067(4) 2.00  

 Fp 22 33.3(4) 0.10(4) 67.5(6) 0.10(3) 101.1(6) 0.467(5) 0.0009(3) 0.531(4) 0.0011(4) 1.00  

 Melt  28 28.6(13) 21.7(14) 27.5(24) 1.6(1) 79.4(18) 0.478(23) 0.243(15) 0.257(22) 0.022(2) 1.00  

S6843 Brg 32 33.1(4) 53.1(4) 10.5(5) 3.3(2) 99.9(8) 0.858(6) 0.923(6) 0.152(6) 0.067(4) 2.00  

 Fp 18 31.3(3) 0.05(3) 69.0(9) 0.09(3) 100.4(9) 0.446(4) 0.0005(3) 0.552(4) 0.0010(4) 1.00  

 Melt  6 28.3(11) 22.4(25) 27.2(40) 1.9(2) 79.2(22) 0.471(19) 0.250(28) 0.254(37) 0.026(2) 1.00  

S6848 Brg 22 33.3(4) 54.0(4) 10.1(5) 3.3(2) 100.7(6) 0.857(8) 0.931(6) 0.145(7) 0.067(5) 2.00  

 Fp 17 40.9(3) 0.06(3) 59.6(8) 0.10(3) 100.7(9) 0.549(4) 0.0005(3) 0.449(4) 0.0011(3) 1.00  

 Melt  5 31.8(11) 21.2(16) 27.7(31) 1.5(8) 82.3(35) 0.506(17) 0.227(17) 0.248(27) 0.019(11) 1.00  

104 
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The mineral compositions are relatively homogeneous throughout the capsule and no 105 

chemical zoning was observed (Table 2), implying that compositions reached equilibrium 106 

likely due to recrystallisation in the presence of the melt layer. The fine dendritic quenched 107 

crystals of the hydrous melt (Fig. S1b) mainly consist of Fp, Phase D and ringwoodite (Rw) 108 

based on X-ray diffraction. The presence of Rw implies a drop in pressure on quenching, which 109 

has been reported previously (Armstrong et al., 2019). The low totals of the EPMA analyses 110 

of 79–82 wt.% (Table 2) can be attributed to H2O in phase D and fluid loss from the quenched 111 

melt which leaves pores.  112 

3.2 Phase compositions and element partitioning 113 

In Fig. 1a, the (Mg+Fe)/Si ratio of the resulting melt is plotted against temperature 114 

together with previous studies in hydrous (Nakajima et al., 2019) and dry peridotite systems 115 

(Corgne et al., 2005; Hirose & Fei, 2002; Kuwahara et al., 2018; Liebske et al., 2005; Trønnes 116 

& Frost, 2002) at similar pressure conditions. In these experiments, where both Brg and Fp 117 

coexist along a cotectic, the (Mg+Fe)/Si ratio of the melt follows a near linear negative 118 

relationship with temperature. Although some of the partial melts produced from chondritic 119 

compositions (Liebske et al., 2005; Trønnes, 2000; Trønnes et al., 1992) are much more Fe-120 

rich (Fe/[Mg+Fe] = 0.5 – 0.6) than peridotite compositions (Fe/[Mg+Fe] = ~0.1), their 121 

(Mg+Fe)/Si ratios are only very slightly higher (black triangles in Fig. 1a). Moreover, an 122 

experiment saturated with Fe metal (the lower black circle in Fig.1a, Liebske et al., 2005) 123 

shows a similar melt (Mg+Fe)/Si ratio to other experiments conducted in Re capsules, implying 124 

very little, if any, dependence of melt (Mg+Fe)/Si ratio on Fe content or fO2. A hydrous partial 125 

melt produced at the top of the lower mantle at a temperature < 2000 K would, therefore, be 126 

MgO-rich with a (Mg+Fe)/Si ratio > 2.5 (Fig. 1a).  127 

  128 



manuscript submitted to Earth and Planetary Science Letters 

9 

 

 129 

Fig. 1. (a) The (Mg+Fe)/Si ratio in the melt and (b) Al molar partition coefficient between Brg and melt 130 

as a function of synthesis temperature at 23.5–27 GPa in this study and previous studies of H2O-131 

saturated peridotite (Nakajima et al., 2019), dry peridotite (Corgne et al., 2005; Hirose & Fei, 2002; 132 

Kuwahara et al., 2018; Liebske et al., 2005; Trønnes & Frost, 2002) and CI chondrite analogue systems 133 

(Liebske et al., 2005; Trønnes, 2000; Trønnes et al., 1992).  134 

The Al content of Brg in this study, 0.067(1) atoms per formula unit (pfu), is close to that 135 

in the starting pyroxene. The average molar partition coefficient of Al between Brg and melt 136 

(𝐷𝐷Al
Brg/melt = 𝑥𝑥Al

Brg/𝑥𝑥Almelt) is 1.6(2) in this study, where 𝑥𝑥Al is the Al fraction of total cations in 137 

the corresponding phases, and lies between those of Nakajima et al. (2019) at lower 138 

temperatures and anhydrous peridotite studies at higher temperatures (Corgne et al., 2005; 139 

Hirose & Fei, 2002; Kuwahara et al., 2018; Liebske et al., 2005; Trønnes & Frost, 2002) (Fig. 140 

1b). The anhydrous experiments show a constant 𝐷𝐷Al
Brg/melt of 0.90(8) for Brg Al contents 141 

varying from 0.04–0.13 pfu (Fig. 1b), i.e., in agreement with Henry’s law. 𝐷𝐷Al
Brg/melt from 142 

chondritic systems are more scattered (black triangles in Fig. 1b) and more studies are needed 143 

to clarify why these differences arise for more Si and Fe rich bulk compositions.  144 

The Fe/(Mg+Fe) ratios of phases from this study are higher than those of the starting 145 

material due to the oxidation of Fe metal by reaction with H2O (Table 2). The Brg–melt KD 146 

(app) and Fp–melt KD (app) from this and previous studies are plotted against the Fe/(Mg+Fe) 147 
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ratio of Brg and Fp in Fig. 2. Even though the experimental conditions of Nakajima et al. (2019) 148 

overlap with those from the current study, the Brg–melt KD (app) values are much higher than 149 

both this study and previous anhydrous experiments (Fig. 2a) and conversely, the Fp–melt KD 150 

(app) values are much lower (Fig. 2b). This can only be attributed to the differences in redox 151 

state of the experiments. The starting material employed by Nakajima et al. (2019) contained 152 

only ferric iron and the presence of H2O and the use of Pt capsules by Nakajima et al. (2019) 153 

should have ensured that most of the iron remained  in the ferric state (McCammon et al., 2004). 154 

Using the recent model of Huang et al. (2021), it is possible to estimate the fO2 for the 155 

experiments of  Nakajima et al. (2019) as IW + 7(1), based on the reported total Fe and Al 156 

contents of Brg and the Fe content of coexisting Fp. The calculated Fe3+/∑Fe ratio of Brg for 157 

these conditions is 0.95(1). The uncertainties are estimated from the uncertainties of Fe and Al 158 

content in Brg and Fe content in Fp reported in the study of Nakajima et al. (2019).  159 

 160 

 161 

Fig. 2. The apparent Fe–Mg distribution coefficient, KD (app), for (a) Brg and (b) Fp and melt versus 162 

the Fe/(Mg+Fe) ratio at ~25 GPa. Symbols indicate experimental results from this study (red square) 163 

and from H2O-bearing peridotite (Nakajima et al., 2019, blue hexagons), dry peridotite (Corgne et al., 164 

2005; Hirose & Fei, 2002; Kuwahara et al., 2018; Liebske et al., 2005; Trønnes & Frost, 2002, black 165 

diamonds and circles) and CI chondrite analogue  compositions (Liebske et al., 2005; Trønnes, 2000; 166 

Trønnes et al., 1992, black triangles). The anhydrous experiments were performed at a higher 167 

temperature of ~ 2573 K. The red star is the actual KD value of experiment S6840. Error bars are the 1σ 168 



manuscript submitted to Earth and Planetary Science Letters 

11 

 

standard deviation. Model calculation results for KD (app) and KD as discussed in Section 4 are shown 169 

as solid and dashed curves respectively. (a) The calculation was performed with 0.07 pfu Al in Brg at 170 

fO2 of IW + 1.9 (red curves) and with 0.10 pfu Al in Brg at IW + 7 (blue curves). (b) The calculation 171 

was performed at constant fO2 of IW + 1.9 (red curves) and IW + 7 (blue curves). The black curve shows 172 

the model calculation at 2573 K.  173 

For three of our experiments, the Fe3+/∑Fe ratios of Brg were measured by Mössbauer 174 

spectroscopy and the fitting results reveal values of 0.42(7), 0.44(7) and 0.54(7) for S6840, 175 

S6843 and S6848 respectively (Table 3, Text S2, Fig. S2). The presence of Ir metal in four of 176 

our experiments (S6833, S6840, S6843 and S6848) also allowed the fO2 of the experiments to 177 

be determined (Text S3) and a consistent fO2 of IW + 1.9 (1) was obtained for all the four 178 

experiments (Table 3). Based on the similarity in experimental method, sample S6813 almost 179 

certainly experienced a very similar fO2 even though no Ir was added in the starting material. 180 

Using these fO2 values and the measured bulk Fe and Al contents of Brg, the Fe3+/∑Fe ratios of 181 

Brg can be calculated with the model of Huang et al. (2021) and are found to be in excellent 182 

agreement with the Mössbauer measurements (Table 3), even though these data were not used 183 

to parameterize this model.  184 

Table 3 Composition of the phases and the measured oxygen fugacity. 185 

Run No. XFeO Fp XFe alloy log fO2 (ΔIW) Fe3+/∑Fe Brg Fe3+/∑Fe melt Fe3+/∑Fe Brga Fe3+/∑Fe meltb 

S6813 0.525(6) - - - - 0.434 0.323 

S6833 0.503(4) 0.24 1.99(18) - - 0.439 0.332 

S6840 0.531(4) 0.29(2) 1.77(16) 0.42(7) 0.31(5) 0.435 0.310 

S6843 0.552(4) 0.27(1) 1.90(14) 0.44(7) - 0.444 0.320 

S6848 0.449(4) 0.26(2) 1.81(18) 0.47(8) - 0.459 0.302 

a Fe3+/ΣFe ratios of Brg calculated with the thermodynamic model by Huang et al. (2021) using the 186 

measured bulk Fe and Al content in Brg and the experimental fO2 for each sample. b Fe3+/ΣFe ratios of 187 

melt calculated with the thermodynamic model developed in this study using the measured bulk Fe and 188 

Al content in Brg and the experimental fO2 for each sample. The fO2 in S6813 was not measured and the 189 

average value of other experiments (IW + 1.9) was assumed. 190 
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The Fe3+/∑Fe ratio of the quenched melt was also measured by Mössbauer spectroscopy 191 

in one experiment (S6840) (Fig. S2b). Combined with the results from X-ray diffraction 192 

refinement, an Fe3+/∑Fe ratio of 0.31(5) was obtained for the quenched crystals (see Text S2 193 

for details). In the absence of an obvious redox reaction that might occur on quenching, we 194 

assume that the bulk Fe3+/∑Fe ratio determined for the quenched assemblage of phases using 195 

Mössbauer spectroscopy is the same as that of the melt. 196 

4. Thermodynamic Modelling 197 

4.1 Fe-Mg partitioning between Brg and melt 198 

To explain the variation in Fe–Mg KD (app) between Brg and melt seen in different studies 199 

we need to be able to calculate the Fe3+/Fe2+ ratio of Brg and melt and the Fe2+–Mg exchange 200 

between Brg and melt as a function of composition and fO2. We can do this by considering 201 

several mineral–melt equilibria. The exchange of Fe2+ and Mg between Brg and melt can be 202 

expressed by: 203 

FeO + MgSiO3 = MgO + FeSiO3 (2)  204 

melt        Brg         melt       Brg 205 

At equilibrium, the Fe2+–Mg Brg–melt exchange coefficient KD, i.e. considering only the 206 

determined Fe2+ content, can be described by: 207 

R𝑇𝑇ln𝐾𝐾D = R𝑇𝑇ln
𝑥𝑥MgOmelt𝑥𝑥FeSiO3

Brg

𝑥𝑥FeOmelt𝑥𝑥MgSiO3
Brg = −∆𝐺𝐺𝑃𝑃,𝑇𝑇 (2)

0 − R𝑇𝑇ln
𝛾𝛾MgOmelt𝛾𝛾FeSiO3

Brg

𝛾𝛾FeOmelt𝛾𝛾MgSiO3
Brg (3) 208 

where ∆𝐺𝐺𝑃𝑃,𝑇𝑇(2)
0  is the standard state Gibbs free energy change of Eq. (2) at the pressure and 209 

temperature of interest,  𝑥𝑥𝑖𝑖
𝑗𝑗 is the molar fraction of component i in the particular site in phase j 210 

where mixing is occurring and 𝛾𝛾FeOmelt is, for example, the activity coefficient of FeO in the 211 
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silicate melt. For the melt we consider single site mixing of all cations. The activity coefficient 212 

expressions for each component can be described using a symmetric interaction expression e.g., 213 

                                                  R𝑇𝑇ln𝛾𝛾MgOmelt = 𝑊𝑊Fe2+Mg
melt �1 − 𝑥𝑥MgOmelt�

2
    (4)214 

                                      R𝑇𝑇ln𝛾𝛾FeOmelt = 𝑊𝑊Fe2+Mg
melt �1 − 𝑥𝑥FeOmelt�

2
                          (5) 215 

where 𝑊𝑊Fe2+Mg
melt is a Margules parameter describing the interaction energy of Fe2+–Mg mixing 216 

in the melt, with similar expressions used for Brg. Substituting Eq. (4) and (5) and their Brg 217 

equivalents into Eq. (3) and rearranging gives the expression: 218 

R𝑇𝑇ln𝐾𝐾D = −∆𝐺𝐺𝑃𝑃,𝑇𝑇 (2)
0 −𝑊𝑊Fe2+Mg

melt �1 − 𝑥𝑥MgOmelt�
2

+ 𝑊𝑊Fe2+Mg
melt �1 − 𝑥𝑥FeOmelt�

2
219 

−𝑊𝑊Fe2+Mg
Brg �1 − 𝑥𝑥FeSiO3

Brg �
2

+ 𝑊𝑊Fe2+Mg
Brg �1 − 𝑥𝑥MgSiO3

Brg �
2

                           (6) 220 

The value 𝑊𝑊Fe2+Mg
Brg  =﹣4.9(76) kJ/mol can be taken directly from Nakajima et al. (2012). 221 

𝑊𝑊Fe2+Mg
melt  at such pressure conditions has not been reported but can be estimated by fitting Fe–222 

Mg partitioning data between Fp and melt in previous anhydrous experiments collected over a 223 

range of Fe contents which yields values of 12.5(7) kJ/mol (black symbol and curve in Fig. 2b, 224 

see Text S4 for details). By substituting the composition of experiment S6840, whose Fe3+/∑Fe 225 

ratios of both Brg and melt were measured, into Eq. (6), ∆𝐺𝐺25 GPa,1973 K (2)
0 = 30.1 (27) kJ/mol 226 

can be obtained, where the uncertainties mainly come from the errors on the Fe3+/∑Fe 227 

measurements.  228 

A separate relationship is then used to describe the ferrous and ferric iron content of the 229 

melt as a function of fO2 using the melt–component equilibrium: 230 

FeO + 1/4O2 = FeO1.5 (7)                     231 

The standard state Gibbs free energy change for reaction (7) is: 232 
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−∆𝐺𝐺𝑃𝑃,𝑇𝑇 (7)
0 = R𝑇𝑇ln

𝑥𝑥FeO1.5
melt

(𝑓𝑓O2)1/4𝑥𝑥FeOmelt + R𝑇𝑇ln
𝛾𝛾FeO1.5
melt

𝛾𝛾FeOmelt (8) 233 

The effects of non-ideal interactions in the silicate melt can be estimated using previously 234 

determined interaction parameters (Jayasuriya et al., 2004) and the expression, 235 

ln
𝛾𝛾FeO1.5

𝛾𝛾FeO
= 2248

𝑥𝑥MgO
𝑇𝑇

+ 6278
𝑥𝑥AlO1.5

𝑇𝑇
− 6680 �

𝑥𝑥FeO − 𝑥𝑥FeO1.5

𝑇𝑇
� (9) 236 

where xi is the mole fraction of component i in the melt. Using the measured composition 237 

(Table 2) and Fe3+/∑Fe (Table 3) of the melt in experiment S6840, together with the fO2 238 

determined for the experiment (Text S3, Table 3), ∆𝐺𝐺25 GPa,1973 K (7)
0 =14.6(53) kJ/mol can be 239 

calculated from Eq. (8) and the uncertainty is propagated from the uncertainties of the 240 

composition and  Fe3+/∑Fe measurement.  241 

The model of Huang et al. (2021) can then be used to calculate the Fe3+ and Fe2+ content 242 

of Brg for a given bulk composition and fO2. Using Eq. (3) the Fe2+ of the coexisting melt can 243 

be determined at the same conditions and with Eq. (8) the melt Fe3+ content can be determined 244 

using estimates for the other redox independent melt components from the experimental 245 

analyses. Together with the constraints of melt (Mg+Fe)/Si ratio and  𝐷𝐷Al
Brg/melt as discussed 246 

in Section 3, these data can be used to calculate the KD (app) and actual KD between Brg and 247 

melt as a function of composition and fO2 at 25 GPa and 1973 K. In Fig. 2a, the calculation 248 

results of KD (app) performed at IW + 1.9 with fixed Brg Al content of 0.07 pfu (similar to our 249 

experiments) and at IW + 7 with fixed Brg Al content of 0.10 pfu (similar to experiments of 250 

Nakajima et al., 2019) as a function of the Fe/(Fe+Mg) ratio of Brg are shown as solid curves, 251 

which are consistent not only with our experiments, on which the model is based, but also with 252 

the data of Nakajima et al. (2019), which were not used to constrain the model. The large 253 

difference of KD (app) among different studies can be well explained by the difference in Al 254 

content and fO2 of the experiments, which are the two main factors controlling the Fe3+/∑Fe 255 
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ratios in Brg. The actual KD, i.e. involving only Fe2+–Mg exchange, at corresponding conditions 256 

was also calculated and shown in Fig. 2a as dashed curves.  257 

4.2 Fe-Mg partitioning between Fp and melt 258 

Using the models described above and the experimentally determined fO2 and total Fe and 259 

Al contents of Brg, the Fe3+/∑Fe ratios of melts in this study can be calculated and are listed in 260 

Table 3, where they can be seen to be very similar to sample S6840 where the Fe3+/∑Fe ratio 261 

was actually measured. Substituting the measured compositions of Fp and melt in the 262 

experiments into Eq. (S10) (given in the supplementary information), we obtain 263 

∆𝐺𝐺25 GPa,1973 K (S5)
0 = −11.6(12) kJ/mol for the Fe2+–Mg exchange reaction between Fp and 264 

melt (Eq. (S5)).  By incorporating this into the model, the KD (app) and KD between Fp and 265 

melt can be calculated as a function of composition and fO2 at 25 GPa and 1973 K. The 266 

calculation results performed at constant fO2 of IW + 1.9 (similar to our experiments) and IW 267 

+ 7 (similar to experiments of Nakajima et al., 2019) are plotted against the Fe/(Fe+Mg) ratio 268 

of Fp as red and blue curves respectively in Fig. 2b. The model results agree with both our data 269 

and those of Nakajima et al. (2019) well and show that fO2 also plays an important role in Fe–270 

Mg KD (app) between Fp and melt.  271 

4.3 Oxygen fugacity dependence 272 

In Fig. 3, KD (app), the actual KD and the (mass) partition coefficients between Brg and 273 

melt are calculated as a function of fO2. For the Brg composition found in this study (compo. B 274 

in Fig. 3), KD (app) and the (mass) partition coefficients for total Fe (𝐷𝐷Fe
Brg/melt) and Fe3+ 275 

(𝐷𝐷Fe2O3
Brg/melt) are not predicted to change significantly with fO2. The experimentally determined 276 

𝐷𝐷Fe
Brg/melt  and 𝐷𝐷Fe2O3

Brg/melt  are 0.38(4) and 0.5(1) respectively, indicating that both are 277 

moderately incompatible in Brg.  278 
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 279 

 280 

Fig. 3. Experimental values and model calculation results for (a) Fe3+/∑Fe ratio; (b) apparent Fe–Mg 281 

distribution coefficient KD (app); (c) mass partition coefficients for Fe3+ (𝐷𝐷Fe2O3
Brg/melt) and (d) total Fe 282 

(𝐷𝐷FeO+Fe2O3
Brg/melt ) between Brg and melt as a function of fO2. Red curves indicate calculations with the same 283 

Al and Fe content of Brg and melt water content as in the current study (compo. B), which is lower and 284 

higher respectively than Brg in a pyrolitic bulk composition (compo. A), shown by blue curves. The 285 

calculation uncertainties arising from different melt fraction and H2O content assumptions are shown 286 

as shaded areas. The grey cross shows the model calculation using the same bulk composition as in 287 

Nakajima et al. (2019). Experimental data from Nakajima et al. (2019) are in good agreement with our 288 

calculations, although they were not used in the thermodynamic modelling. In (b), the actual KD between 289 

Brg and melt is also calculated and shown as dotted curves. An additional calculation with a lower Brg 290 

Al content of 0.09 pfu is also shown. In (c), the Fe3+/∑Fe ratios for the experimental data of Nakajima 291 

et al. (2019) are estimated for Brg and melt using the models of Huang et al. (2021) and this study, 292 

respectively. 293 
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Using the derived model, we can also attempt to estimate the ferric and ferrous iron 294 

content expected for a hydrous partial melt at the top of the lower mantle, as proposed in the 295 

study of Schmandt et al. (2014). Based on a pyrolitic mantle composition employed by Irifune 296 

(1994), we perform a mass balance calculation to determine the composition of the partial melt 297 

and employ the thermodynamic melt relations described above along with the model of Huang 298 

et al. (2021) to determine the Brg and Fp compositions. We perform the calculation at a typical 299 

adiabatic temperature (Katsura et al., 2010) for this depth of 1973 K and assume a melt 300 

(Mg+Fe)/Si ratio of  2.96 and  𝐷𝐷Al
Brg/melt of 1.6 determined at this temperature from Fig. 1. 301 

Small amounts of Al in Fp and CaSiO3 perovskite (Irifune, 1994) are neglected, as are the 302 

concentrations of Cr, Na and Ti. The melt CaO content (9 wt.%) from Nakajima et al. (2019) 303 

is employed. Due to the uncertainties we consider melt water contents in the range 15–30 wt.% 304 

(Fei, 2021; Novella et al., 2017) and partial melt fractions in the range 0.1–1 wt.% (Fei, 2021; 305 

Schmandt et al., 2014) (see Text S5 for more details).  306 

The predicted mineral and melt compositions for a pyrolitic bulk composition are shown 307 

in Fig. 3 (compo. A) as a function of fO2. The Fe contents of both melt and Brg that would be 308 

expected for a small degree melt in equilibrium with ultramafic lower mantle are lower than in 309 

this study and the Brg Al concentration is higher. Since the Brg Fe3+/∑Fe ratio is positively 310 

dependent on its Al content and negatively dependent on the bulk Fe content (Huang et al., 311 

2021), the Fe3+/∑Fe ratio of Brg for a pyrolitic composition (compo. A) is calculated to be 312 

much higher than the experimental composition from this study (compo. B), at a comparable 313 

fO2 (Fig. 3a). The melt Fe3+/∑Fe ratio also changes slightly due to the different activity 314 

composition relations resulting from the use of Eq. (9), the terms of which are only known at 315 

1 bar. The use of this relation, rather than ideal mixing, is justified, however, because as shown 316 

in Fig. 3b and d, this model reproduces the KD (app) and 𝐷𝐷Fe
Brg/melt  from Nakajima et al. (2019) 317 

when their bulk composition is employed (grey crosses in Fig. 3), even though these data were 318 



manuscript submitted to Earth and Planetary Science Letters 

18 

 

not employed as part of the modeling. In contrast to the compositions in this study, quite a 319 

strong variation of KD (app), 𝐷𝐷Fe
Brg/melt and 𝐷𝐷Fe2O3

Brg/melt with fO2 is predicted for a pyrolitic bulk 320 

composition (Fig. 3b–d) whose Brg Fe/(Fe+Mg) ratio is lower. The uncertainties of the 321 

calculations arising from different melt fraction (0.1–1 wt.%) and water content (15–30 wt.%) 322 

assumptions are shown as shaded areas in Fig. 3. The potential range of uncertainty in melt 323 

fraction and water content has a minor influence on the Fe3+/∑Fe ratio and KD (app) between 324 

Brg and melt but would induce some variations of 𝐷𝐷Fe
Brg/melt  and 𝐷𝐷Fe2O3

Brg/melt  because the 325 

increase of melt H2O content from 15 wt.% to 30 wt.% results in a decrease of all other melt 326 

components.  327 

5. Discussion and implications 328 

The increase in Brg Fe3+/∑Fe ratio calculated for a pyrolitic compostion (compo. A in Fig. 329 

3) compared to the experiments in this study (compo. B) is mainly a result of the higher Brg 330 

Al content. This means that although Fe3+ behaves moderately incompatibly in our experiment, 331 

with 𝐷𝐷Fe2O3
Brg/melt = 0.5(1), it becomes compatible in Brg upon partial melting of a pyrolitic 332 

composition, which also explains the differences in KD (app) and 𝐷𝐷Fe
Brg/melt observed between 333 

this study and that of Nakajima et al. (2019). In Fig. 3 we also calculate KD (app) for a slightly 334 

lower Brg Al content to show how strongly this affects KD (app). The dependence of  𝐷𝐷Fe
Brg/melt 335 

on Brg Al content probably also explains similar differences in 𝐷𝐷Fe
Brg/melt observed between 336 

experiments performed with olivine and chondritic starting materials in the laser heated 337 

diamond anvil cell at pressures up to approxiamtly 120 GPa (Andrault et al., 2012; Nomura et 338 

al., 2011). Such effects and those resulting from changing fO2 need to be understood in such 339 

experiments before more subtle effects can be ascribed to the occurrence of iron spin transitions. 340 

The Fe3+/∑Fe ratio of both Brg and melt are expected to decrease to some extent with 341 
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temperature (Armstrong et al., 2019; Huang et al., 2021), however, if values of 𝐷𝐷Fe2O3
Brg/melt>1 342 

are maintained, the crystallization of Brg from a primordial magma ocean would have removed 343 

ferric iron from the residual melt, resulting in solid lower mantle material with an initially 344 

higher ferric iron content than the residual melt.  345 

 346 

Fig. 4. The Fe content in hydrous melt versus the Al2O3 content in coexisting Brg calculated for a bulk 347 

pyrolitic composition at a fixed fO2 of IW + 3 or IW + 7 and a pressure of 25 GPa and temperature of 348 

1973 K. The uncertainties caused by different assumptions of melt fractions and water contents are 349 

shown by the shaded regions. The figure shows that the Fe content of hydrous melt is a strong function 350 

of the Al content in Brg as well as the oxygen fugacity. 351 

Using the iron content determined for partial melts at plausible fO2 for the top of the lower 352 

mantle, we can make an estimate of the corresponding melt density to examine whether they 353 

could be neutrally buoyant and accumulate at these depths. If we consider a scenario 354 

compatible with that proposed by Schmandt et al. (2014), then water that has accumulated in 355 

the transition zone due to slab dehydration causes melting as the downwelling region enters the 356 

lower mantle and the proportion of mineral hosted water drops (Palot et al., 2016; Panero et al., 357 

2020). If we assume that water is the dominant volatile component and carbon at these 358 

conditions is hosted as diamond, then the fO2 can be estimated through a simple C-O-H fluid 359 
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speciation calculation (Belonoshko & Saxena, 1991a; Belonoshko & Saxena, 1991b; Frost & 360 

McCammon, 2008) to be in the range between IW + 2 and IW + 4. Although we ignore melt 361 

as a component in this calculation it is unlikely to influence this range of fO2 significantly. For 362 

a pyrolitic mantle the partial melt iron content is approximately 7(1) wt.%. Using the equations 363 

of state given in Text S6, the melt density is determined to be in a very narrow range between 364 

3.81–3.83 g/cm3 over the range of water content (15–30 wt.%), melt fraction (0.1–1 wt.%) and 365 

fO2 (IW + 2 to + 4) employed in the calculation. This is within the range of melt densities 366 

proposed by Nakajima et al. (2019) and is much lower than the density of the surrounding 367 

lower mantle (~ 4.38 g/cm3). It is, however, close to the density at the base of the transition 368 

zone (~ 3.99 g/cm3), as constrained by the PREM model (Dziewonski & Anderson, 1981). As 369 

a consequence, the hydrous melts produced would rise out of the lower mantle, back into the 370 

transition zone and gradually crystalize as they lose water to the surrounding Rw. As proposed 371 

by Nakajima et al. (2019), if melting occurs in a region of downwelling, such as the south 372 

western USA where a downwelling rate of up to 2 cm/year is estimated (Schmandt et al., 2014), 373 

then the hydrous mantle will be continuously dragged down from the transition zone into the 374 

lower mantle. The observed low shear velocities could therefore arise due to melts continuously 375 

being formed and rising back into the transition zone, creating a melt layer that filters 376 

incompatible elements and strips them out of material entering the lower mantle. 377 

From the current analysis for a pyrolitic mantle, the melt would not be expected to be 378 

particularly iron rich. However, as shown in Fig. 3b and Fig. 4 the melt iron content is strongly 379 

dependent on the Al content of Brg. If we consider that the downwelling mantle may have Al 380 

contents that vary due to variable levels of melt depletion, either from melting at ridges or at 381 

the sub arc mantle, then it is plausible that relatively high melt iron contents could be obtained. 382 

Similarly, the Al content of Brg will be lower near the 660 km discontinuity due to the presence 383 

of garnet (Irifune, 1994; Wood, 2000) and although we do not consider the effects of garnet on 384 
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melting, it probably does not lower the melt iron content in the same way as Brg because its 385 

ferric iron content is lower (McCammon & Ross, 2003). None the less, when we determine 386 

melt densities for a range of mantle Al contents (1.00–5.31 wt.% in Brg or 0.66–4.40 wt.% for 387 

the bulk composition) at IW + 3 (Fig. 4), the resulting range, 3.81–3.90 g/cm3, is still lower 388 

than the residual lower mantle at these depths. 389 

It is also interesting to note that in addition to being more iron-rich than the mineral 390 

assemblage at the top of the lower mantle, the rising partial melt would also have an 391 

(Mg+Fe)/Si ratio > 2.5 (Fig. 1a). The melt when it crystalizes due to water loss to Rw in the 392 

transition zone could crystallize Fp-rich material with iron contents which could range to values 393 

above those expected for the bulk lower mantle, particularly if many cycles of melting and 394 

crystallization had taken place. In this scenario water is the dominant volatile in the melt and 395 

carbon should be mainly present in diamond, because in the presence of sufficient H2O, any 396 

carbon-bearing iron-metal is likely to be oxidized (Frost & McCammon, 2008; Wood et al., 397 

1990). In a water dominated melt in equilibrium with diamond, carbon should still be present 398 

in the melt in a combination of redox neutral components, CO2 and CH4. A plausible 399 

mechanism for lithospheric diamond formation is that such redox neutral components form 400 

diamond upon cooling (Stachel & Luth, 2015). A similar mechanism may operate as water 401 

within partial melts from the lower mantle is lost to Rw as they enter the transition zone (Fig. 402 

5). This would produce diamonds with a carbon isotope signature similar to that of the mantle 403 

as observed recently for proposed deep mantle diamonds (Regier et al., 2020). Furthermore, 404 

the crystallization of iron-rich Fp as these melts crystalize as a result of Rw hydration would 405 

be consistent with the nature of inclusions found in such diamonds (Kaminsky, 2012) as would 406 

the presence of H2O-rich Rw inclusions (Pearson et al., 2014). 407 
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 408 

Fig. 5. Cartoon showing the downwelling of the mantle and the upwelling of the hydrous melt near the 409 

660 discontinuity. When the downwelling region enters the lower mantle, the release of water due to 410 

the difference in water storage capacity between Brg and Rw would cause dehydration melting. From 411 

660 km to 750 km depth, the Fe content in hydrous melt decreases from ~13 wt.% to ~6 wt.% as Brg 412 

Al content increases from 1 wt.% to 5 wt.% due to the transformation of garnet. The density of the 413 

hydrous melt is lower than the surrounding lower mantle. Melts should, therefore, rise back into the 414 

transition zone and freeze as H2O from the melt partitions into Rw. Such melt may crystalize Fp due to 415 

their high (Mg+Fe)/Si ratio. The carbon components in the melt would crystalize to form diamond and 416 

may also trap hydrous Rw and Fp as inclusions. Rw: ringwoodite, Gar: garnet; Ca-Pv: calcium 417 

perovskite; Brg: bridgmanite; Fp: ferropericlase. 418 
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