
LLNL-JRNL-806201

The Role of Redox on Bridgmanite
Crystal Chemistry and Calcium
Speciation in the Lower Mantle

N. Creasy, J. Girard, K. K. M. Lee

March 3, 2020

Journal of Geophysical Research, Solid Earth



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



Confidential manuscript submitted to Journal Geophysical Research: Solid Earth 

1 
 

The Role of Redox on Bridgmanite Crystal Chemistry and Calcium Speciation in the 1 

Lower Mantle 2 

  3 

Neala Creasy1,2*, Jennifer Girard1, James O. Eckert, Jr.,1 and Kanani K. M. Lee1,3  4 

1Department of Earth and Planetary Sciences, Yale University, New Haven, CT, USA, 5 
2Department of Geophysics, Colorado School of Mines, Golden, CO, USA, 3Lawrence 6 
Livermore National Laboratory, Livermore, CA, USA 7 
 8 
Corresponding author: Neala Creasy (nmcreasy@mines.edu)  9 
 10 

Key Points: 11 

● Al-rich pyroxenite mineralogy, density, and seismic velocity are tied to ferric iron content 12 

at lower mantle conditions 13 

● Ferric iron and aluminum content may affect the formation of calcium-bearing 14 

bridgmanite 15 

  16 



Confidential manuscript submitted to Journal Geophysical Research: Solid Earth 

2 
 

Abstract: Words – 235, Max is 250.  17 

The amount of ferric iron Fe3+ in the lower mantle is largely unknown and may be influenced by 18 

the disproportionation reaction of ferrous iron Fe2+ into metallic Fe and Fe3+ triggered by the 19 

formation of bridgmanite. Recent work has shown that Fe3+ has a strong effect on the density and 20 

seismic wave speeds of bridgmanite and the incorporation of impurities such as aluminum. In order 21 

to further investigate the effects of ferric iron on mineral behavior at lower mantle conditions, we 22 

conducted laser-heated diamond-anvil cell (LHDAC) experiments on two sets of samples nearly 23 

identical in composition (an aluminum-rich pyroxenite glass) except for the Fe3+ content; with one 24 

sample with more Fe3+ (“oxidized”: Fe3+/ΣFe ~ 55%) and the other with less Fe3+ (“reduced”: 25 

Fe3+/ΣFe ~11%). We heated the samples to lower mantle conditions, and the resulting assemblages 26 

were drastically different between the two sets of samples. For the reduced composition, we 27 

observed a multiphase assemblage dominated by bridgmanite and calcium perovskite.  In contrast, 28 

the oxidized material yielded a single phase of Ca-bearing bridgmanite.  These Al-rich pyroxenite 29 

samples show a difference in density and seismic velocities for these two redox states, where the 30 

reduced assemblage is denser than the oxidized assemblage by ~1.5 % at the bottom of the lower 31 

mantle and slower (bulk sound speed) by ~2%. Thus, heterogeneities of Fe3+ content may lead to 32 

density and seismic wave speed heterogeneities in the Earth’s lower mantle.  33 

  34 
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Plain Language Summary: Words – 197, Max is 200 35 

Iron primarily exists in three oxidation states within the mantle: metallic iron (Fe0), ferrous iron 36 

Fe2+ (more reduced form) and ferric iron Fe3+ (more oxidized form), however, the amount of Fe3+ 37 

in the lower mantle is largely unknown. Recent work has shown that Fe3+ has a strong effect on 38 

rock density and speed at which seismic waves travel through lower mantle minerals. In order to 39 

further investigate these effects, we conducted experiments on samples nearly identical in 40 

composition except for the Fe3+ content. We compressed the samples between two diamonds and 41 

heated the sample to the conditions of Earth’s lower mantle. For the reduced sample (low Fe3+ 42 

content), we observed a complex assemblage of minerals, primarily composed of bridgmanite (the 43 

most abundant mineral in the Earth) and calcium silicate perovskite (a common secondary phase 44 

in the lower mantle). In contrast, the oxidized sample (high Fe3+ content) yielded a single phase of 45 

these two minerals combined together as one mineral – a Ca-bearing bridgmanite. The resulting 46 

oxidized sample is lighter and seismic waves travel faster through it than the reduced sample. Thus, 47 

changes in Fe3+ content may lead to density and seismic wave speed variations in Earth’s lower 48 

mantle.  49 



Confidential manuscript submitted to Journal Geophysical Research: Solid Earth 

4 
 

1 Introduction 50 

In all compositional models of the lower mantle, the most abundant mineral is expected to 51 

be a magnesium-rich silicate perovskite (nominally, (Mg,Fe)SiO3) known as bridgmanite 52 

(Tschauner et al., 2014). As such, the crystal chemistry of bridgmanite largely determines the 53 

physical properties of the lower mantle such as density, seismic velocities, and rheology.  Recently, 54 

the ferric iron Fe3+ content in bridgmanite has been found to affect bridgmanite and secondary 55 

minerals (Gu et al., 2016; Shim et al., 2017; Kurnosov et al., 2017). However, the relative amount 56 

of ferric iron Fe3+ (i.e., a measure of oxidation state) present in the lower mantle is unknown, with 57 

estimates that vary between 13 and 60% (Kurnosov et al., 2017; Frost and McCammon, 2008). 58 

Diamond inclusions suggest that the oxygen fugacity may vary by up to ten log units in the lower 59 

mantle (Kaminsky et al., 2015).  It is well known that Fe3+, in addition to aluminum Al3+, is soluble 60 

in bridgmanite; thus, Fe3+ must play a role in the chemistry and dynamics of the lower mantle (e.g., 61 

Andrault et al., 2018). While there is abundant information on bridgmanite and the incorporation 62 

of Fe3+ into its structure (e.g., McCammon, 1997; Catalli et al., 2011; Frost and McCammon, 63 

2008), there is relatively little understanding on the effects of Fe3+ on the overall mineralogy and 64 

properties of the resulting assemblage (Gu et al., 2016). 65 

While the mantle is heterogeneous (e.g., van Keken et al., 2002), it is often assumed to be 66 

pyrolitic in composition (Irifune & Tsuchiya, 2015). The lower mantle, if pyrolite-like in 67 

composition, would result in bridgmanite (Mg,Fe)SiO3 (~76 mol%), ferropericlase (Mg,Fe)O 68 

(~17%), and calcium perovskite CaSiO3 (~7%) phases (e.g., Lee et al., 2004). Multiple studies on 69 

the bridgmanite structure have shown a high solubility of Fe3+, much more than bridgmanite’s low-70 

pressure predecessors: olivine, wadsleyite, and ringwoodite (as summarized in Frost and 71 

McCammon, 2008). However, there are few constraints on actual Fe3+ content in the Earth’s lower 72 
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mantle (Frost and McCammon, 2008; Shim et al., 2017). Therefore, regions with varying Fe3+ 73 

content may show other characteristics that could be imaged seismically, such as a difference in 74 

density and seismic velocities (Gu et al., 2016).  75 

Recent work by Kurnosov et al., (2017) shows that a decrease of Fe3+ content (66% to 76 

33%) in the bridgmanite structure in a pyrolite model agrees with the Preliminary Reference Earth 77 

Model (PREM) (Dziewonski & Anderson, 1981) from a depth of 800 to 1,200 km, whereas a 78 

pyrolite model with only Fe2+ does not agree as well with PREM. In addition, we expect a 79 

mineralogical effect to be observed with changing Fe3+ based on recent results (Gu et al., 2016). 80 

In that study, under conditions with low Fe3+ abundance (Fe3+/ΣFe ~30%), Al2O3 exsolved as a 81 

separate phase, whereas with greater amounts of Fe3+ (Fe3+/ΣFe ~35%), all of the alumina was 82 

incorporated into the bridgmanite phase (Gu et al., 2016). Due to the coupled substitution of Fe3+ 83 

and Al3+ into the bridgmanite structure, more Fe3+ in the material leads to an increase in Al3+ 84 

solubility by bridgmanite (Frost et al., 2004). However, it is unknown how Fe3+ content affects 85 

other mantle assemblages, such as basalt, peridotite, pyroxenite, and pyrolite (Ko et al., 2017), 86 

when many of the resulting lower mantle assemblages assume iron exists only in the Fe2+ state. 87 

Ferric iron may have other impacts as well on bridgmanite crystal chemistry. The large 88 

miscibility gap between MgSiO3-bridgmanite and CaSiO3-perovskite has been well documented 89 

through experiments (Armstrong et al., 2012; Irifune et al., 1989; Tamai and Yagi, 1989) and ab 90 

initio computations (Jung and Schmidt, 2011), yielding at most ~1 mol% Ca incorporation into 91 

MgSiO3. However, the combined effect of Al and Fe3+ effects on the solubility of bridgmanite and 92 

calcium perovskite were beyond the scope of those studies. While many studies have used samples 93 

that included Al and Fe3+ to investigate lower mantle mineralogy for MORB and pyrolite (e.g., 94 

Dorfman et al., 2013; Gu et al., 2016; Lee et al., 2004; Nishiyama and Yagi, 2003; Ono et al., 95 



Confidential manuscript submitted to Journal Geophysical Research: Solid Earth 

6 
 

2001; Ricolleau et al., 2010), nearly every study that has included calcium has found calcium 96 

perovskite to form as an independent phase or if calcium is present in small amounts can take up 97 

~1 mol% within the bridgmanite unit cell and ~3 mol% of Mg into the calcium perovskite unit 98 

cell. One exception is recent work by Ko et al. (2017), where they attempt to constrain pyrolite 99 

mineralogy under different redox conditions and is strongly dependent on Fe and Al content of 100 

bridgmanite. Miyajima et al. (1999) placed natural garnets into a multi-anvil press and found one 101 

garnet series produced a Mg-perovskite with 6-7 mol% Ca with a calculated Fe3+/ΣFe greater than 102 

80%. Fujino et al. (2004) observed a calcium perovskite with 9 Mg and 8 mol% Fe when 103 

compressing a diopside to mid-mantle pressures (i.e., 78 GPa). Therefore, there appears to be an 104 

unknown relationship between the combined effects of Al, Fe2+, Fe3+, Ca, and the miscibility gap 105 

between bridgmanite and calcium perovskite when Fe3+ is abundant, where under rare 106 

circumstances Mg- and Ca-perovskites appear to be soluble.  107 

In this study, we investigated the effect of Fe3+ on the density and mineralogy of a plausible 108 

mantle rock composition, an Al-rich pyroxenite. Pyroxenites encompass a wide class of rocks that 109 

consists of pyroxenes and garnets that are possible parent bodies that melt at shallow depths to 110 

form ocean island basalts (e.g., MIX1G: Hirschmann et al., 2003; Kogiso & Hirschmann, 2006) 111 

(see Table 1, Figure S3).  Additionally, there is evidence that hot spots (e.g., Hawaii) have their 112 

origins at much greater depths (e.g., Jackson et al., 2018). Pyroxenites are typically higher in Al 113 

and Ca and lower in Mg content compared to pyrolite but      vary widely      in composition and 114 

ferric iron content (Hirschmann et al., 2003). Incidentally, pyrolite falls within the high end of 115 

MgO content pyroxenites (Figure S3). Therefore, pyroxenite is a plausible lower mantle 116 

assemblage that is present within the mantle, at least at some concentration (Mallik et al., 2020). 117 

It is important to test a range of plausible chemistries in the mantle since the mantle is not 118 
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homogenous as is evident in seismic tomography studies (e.g., Deschamps et al., 2015 & Kaminski 119 

and Javoy, 2015). The mantle is chemically heterogeneous and an average pyrolitic model does 120 

not convey its complexity. Additionally, oxidation state appears to play a large role in mineralogy 121 

and the crystal structure of bridgmanite (e.g., Gu et al., 2016 Catalli et al., 2010; Kurnosov et al., 122 

2017). As the disproportionation of iron in the lower mantle may occur during the transition of 123 

olivine into bridgmanite and ferropericlase (Frost et al., 2004), the ferric iron content within 124 

bridgmanite appears to change with depth (Shim et al., 2017). Additionally, subduction processes 125 

may also affect the local oxidation state of the mantle. This study attempts to explore mantle 126 

complexity by investigating how ferric iron affects mineralogy beyond the canonical pyrolitic 127 

mantle composition.   128 

Following Gu et al. (2016), we considered a material that has a larger contrast in Fe3+ 129 

content (Fe3+/ΣFe ~ 55% vs. ~11%) and with more Al3+ and Fe in order to amplify any potential 130 

differences in density and mineralogy observed previously (Gu et al., 2016) (Table 1). While the 131 

compositions we study are not likely to comprise the majority of the mantle (i.e., quite different 132 

from the canonical pyrolite model), pyroxenites may yield ocean island basalts when partially 133 

melted (Hirschmann et al., 2003) which are expected to come from deep within the mantle.  Based 134 

on our measurements and Monte Carlo modeling     , we used Burnman (Cottaar et al., 2014), a 135 

Python toolkit, to calculate the density and bulk sound speed profiles of the resulting mineral 136 

assemblages.   137 

 138 

2 Materials and Methods 139 

We use the LHDAC to simulate the high pressures and temperatures of the lower mantle. 140 

We conducted multiple experiments on two separate sets of glass samples which differed in Fe3+ 141 
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content with one reducing (MIX_RED, Fe+3/∑ "#	~ 11%) and one more oxidizing (MIX_OX, 142 

Fe+3/∑ "#	~ 55%) (Table 1) as determined by Mössbauer spectroscopy (Figure S1, Supporting 143 

Information: Section I). Both glass samples (see Figure S2) were synthesized by laser levitation 144 

while in a controlled gas environment to vary oxygen fugacity and thus ferric iron content (Gu et 145 

al., 2016). As there was some volatile loss during the laser levitation process, the samples are not 146 

identical to MIX1G reported in Hirschmann et al. (2003); however, the samples’ bulk 147 

compositions are within the class of natural pyroxenites (Table 1 and Figure S3). As a result of 148 

volatile loss, our samples are relatively enriched in Al2O3, compared to other pyroxenites, thus we 149 

refer to our samples as Al-rich pyroxenites. 150 

Each glass bead sample was cut in half, polished, and the composition was determined by 151 

electron probe microanalysis (EPMA) (Tables 1, S1, S2, see Supporting Information: Section II) 152 

prior to being powdered and sample prepared with stepped anvils (Du et al., 2015). The stepped 153 

samples are then transferred to a diamond-anvil cell equipped with opposing flat culet anvils, 154 

which is then loaded with neon to provide thermal insulation and in situ pressure calibration 155 

(Zhuravlev et al., 2013). Stepped anvil cells allow for simple loading of gases with even thermal 156 

insulation layers and give the ability to recover the sample more easily for EPMA analyses as the 157 

samples are pressed into the gasket. Prior to the initial laser heating of the glass samples for 158 

assemblage synthesis, the presence of Ne in each sample is confirmed by XRD. In the collected 159 

high-pressure XRD patterns after laser heating (Figures 1, S5-S6), neon is not always easy to 160 

identify due to overlap with other synthesized phases present; therefore, we also use Raman 161 

spectroscopy of the diamond anvils to determine pressure before and after heating (Akahama & 162 

Kawamura, 2006). We report both measurements of pressures but use the pressures determined by 163 

diamond Raman with uncertainties defined by the difference between the pressures determined by 164 
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each method (Tables S6 and S7).  At the highest pressures reached in our study, the pressures differ 165 

by up to 6 GPa, with pressures determined by Raman greater than those determined by neon.  166 

We collected in situ x-ray diffraction (XRD) (Figure 1) to reveal the mineralogy and 167 

compressibility of the samples at the HPCAT-IDB beamline (λ=0.406626 Å) at the Advanced 168 

Photon Source (APS) at Argonne National Laboratory (Meng et al., 2015) (Supporting 169 

Information, Section VII). Two samples each of the MIX_RED and MIX_OX compositions were 170 

synthesized between 35-40 GPa with a double-sided LHDAC by rastering for ~20 minutes at a 171 

temperature between 2,000-2,300 K to minimize Soret diffusion to attain, at least, local 172 

equilibrium.  The heating was steady throughout, both spatially and temporally, as is possible when 173 

using even thermal insulation layers (Du et al., 2015) and the use of homogeneous glass starting 174 

samples (i.e., no hot spots or flashing). The spot size of the laser (~30 μm) was smaller than the 175 

sample (~100 μm); therefore, we rastered the laser across the sample in order to convert the sample 176 

and to reduce horizontal temperature gradients. To maintain gasket stability, we avoided laser 177 

heating the edge of the gasket hole.  The incident x-ray beam, ~5 x 7 μm in size, was centered on 178 

the converted samples. At each increase in pressure, up to 70-75 GPa, we additionally heated the 179 

sample for approximately 5 minutes to anneal the sample prior to room-temperature XRD.  180 

Additionally, we collected XRD upon samples quenched from both high pressures and high 181 

temperatures (Figure 2). Quenched samples were hand polished and compositions investigated in 182 

cross section by electron probe microanalysis (EPMA, Tables S3-S4). Compared with starting 183 

compositions (Tables S1, S2), the resulting compositions were found to agree (Table S5), in part 184 

due to the small grain sizes of the phases synthesized as compared to the electron beam size, thus 185 

averaging over phase(s) present (see Supporting Information: Section II).  186 
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 Additionally, we used      Monte Carlo modeling      in order to fully explore the uncertainties 187 

from our measurements and deduce mineralogy and phase compositions of the assemblages 188 

synthesized under lower mantle conditions (Supporting Information: Section VI). 189 

 190 

3 Results 191 

3.1 X-ray Diffraction 192 

3.1.1 MIX_RED Assemblage 193 

X-ray diffraction of the more reduced composition MIX_RED shows a consistent 194 

mineralogy over every pressure step (Figure 1a). At lower mantle pressures, we observe 195 

bridgmanite (bm: (Mg, Fe, Al, Si)O3), calcium silicate perovskite (capv: CaSiO3), silica as 196 

stishovite (stv: SiO2) or in the CaCl2 structure, a calcium ferrite structured phase (cf:  20:80 solid 197 

solution between MgAl2O4 and FeAl2O4 calculated from Stixrude and Lithgow-Bertollini (2011)), 198 

possibly alumina (al: Al2O3), and possibly metallic iron (Fe). The first three phases: bridgmanite, 199 

calcium silicate perovskite, and silica have clear, distinct XRD peaks at all pressures, as marked 200 

in Figure 1a, whereas the remaining three phases are harder to identify by only XRD (see below).  201 

Common mantle phase ferropericlase (Mg,Fe)O was not observed in our experiments because the 202 

starting material has a molar (Mg+Fe)/Si < 1 (Table 1). 203 

Bridgmanite, as expected, shows the most dominant XRD peaks (Figure 1a).  The bm 204 

volumes are expanded from the Mg-endmember MgSiO3, consistent with the expected inclusion 205 

of Fe and Al into the crystal structure (Andrault et al., 2001) (Figure 3). Al3+ and Fe3+ can be 206 

present on the A or B site of MgSiO3, but Al3+ prefers the B site (Brodholt, 2000; Vanpeteghem et 207 

al., 2006). Therefore, when more Fe3+ is present, more Al3+ can be absorbed into bm. Since Al3+ 208 

and Fe3+ are present together in this sample, both expand the unit-cell volume, along with Fe2+ 209 



Figure 3. Pressure versus volume of bridgmanite
at room temperature, with corresponding Birch–
Murnaghan equation of state curves. MIX_RED
(open squares, dotted curve) and MIX_OX (filled
diamonds, dashed curve) samples are shown with
pressures and their uncertainties are given by error
bars (see Tables S6, S7). A solid curve is shown
for pure endmember MgSiO3 bm (Ballaran et al.,
2012).



Confidential manuscript submitted to Journal Geophysical Research: Solid Earth 

11 
 

(Frost et al., 2004; Walter et al., 2006; Lundin et al., 2008; Hummer and Fei, 2012) (Figure S12).  210 

At room temperature, calcium silicate perovskite shows the predicted tetragonal structure 211 

beginning at 50 GPa and above (Shim et al., 2000), shown as the capv peak splitting around the d-212 

spacing for the (200) plane in Figure 1a. At high temperatures, we observe the capv structure 213 

reduces to the typical cubic structure and the peak splitting disappears. The volume of cubic capv 214 

follows closely to that measured previously, suggesting the composition is at or near the 215 

composition of pure CaSiO3 (Mao et al., 1989) (Figure S4a). Calcium silicate perovskite becomes 216 

amorphous once quenched to room pressures and temperatures (Figure 2a) consistent with 217 

previous measurements (e.g., Mao et al., 1989; Tamai and Yagi, 1989; Shim et al., 2000; 218 

Ringwood and Major, 1971).   219 

Because of the relatively high abundance of silicon in the starting composition (Table 1), 220 

silica is expected to be present, at least at a few percent, in the synthesized sample. Indeed, 221 

stishovite XRD peaks are readily visible due to the high symmetry of the phase and several of the 222 

peak positions situated away from the more dominant bridgmanite XRD peaks.  The onset of the 223 

phase transition of stishovite (stv) to the CaCl2 structure in silica (Dubrovinsky et al., 1997) 224 

appears to be present at pressures greater than 65 GPa, as we observe a slight volume contraction 225 

(Figure S4b). 226 

The remaining phases (calcium ferrite, alumina, metallic iron) are much harder to identify 227 

at high pressures through XRD due to the combined effects of low abundance, symmetry, and 228 

overlap with the dominant bridgmanite and the higher symmetry phases (calcium perovskite and 229 

stishovite). The calcium-ferrite structured phase overlaps significantly with other phases at high 230 

pressures, but the (201) and (121) peaks are distinct from the other phases (Figure 1a), thus it is 231 

possible to determine volumes with a few more peaks (Figure S4c, Table S11).  In addition, we 232 
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find that cf is required in the MIX_RED assemblage for charge balance of all elements. In the 233 

EPMA maps, we also find regions that are enriched with Fe and Al – indicative of Fe-rich cf phase 234 

(see Figure S8b in Supporting Information).  235 

Similarly, alumina is not obviously apparent in the XRD patterns at high pressures due to 236 

the significant overlap with bridgmanite. However, the bridgmanite (200) peak appears to broaden 237 

at 60 GPa becoming two distinct peaks at 65 and 70 GPa, which we identify as the (110) peak of 238 

alumina, thus we are able to determine alumina volumes at the highest pressures conducted in this 239 

study (Figure S4d). In addition, alumina is possibly      visible upon quenching to room conditions 240 

in XRD (Figure 2a) and EPMA (Figure 4, S11). However, we could not measure a reliable equation 241 

of state for alumina although the volumes measured are consistent with Jephcoat et al. (1988). We 242 

also consider      the effect of no alumina forming in our Monte Carlo models      (see section 3.3) 243 

and find that the formation of alumina is not completely necessary for charge balance to be 244 

maintained. Therefore, we model two variations on our possible assemblage: one model with the 245 

assumption of the formation of alumina (Model A in Supporting Information: Section VI) and the 246 

other without (Model B in Supporting Information: Section VI).  247 

For metallic iron, the (100) plane of the hexagonal-close packed ε-Fe (Jephcoat et al., 1986) 248 

possibly shows itself in the XRD patterns at high pressure; however, its proximity to the strongest 249 

neon peak makes its presence ambiguous. However, upon quench to room conditions where Ne is 250 

no longer present due to evaporation, the low-pressure α-Fe phase shows strong diffraction 251 

intensity (Figure 2a). The volume of iron could only be reliably measured at room pressure: V0 252 

(23.64 ± 0.06 Å3), which is within literature uncertainties (23.54 ± 0.05 Å3 [Wilburn and Bassett, 253 

1978]). Therefore, we also explore the formation of metallic iron in the Monte Carlo modeling as 254 

iron disproportionation, which occurs when Fe2+ self reduces to Fe3+ and metallic iron. 255 



5 μm 

Mg

Ca

Al

Si

Fe BSE

Figure 4. Backscattered secondary electron (BSE) image and elemental WDS mapping of Mg, Si,
Fe, Al, and Ca of the quenched MIX_RED assemblage, hand-polished in cross-section. The
reduced assemblage is quenched from 40 GPa and 2000 K. Note that the map has several areas
showing elevated Fe and Al consistent with grains of metallic iron and alumina. The blacked-out
regions denote dust on the surface of the sample and are removed from composition analyses. The
dashed curve denotes the edge of the converted region within the sample. Everything to the right of
the dashed curve is unconverted starting material (glass powder) that is adjacent to the edge of the
gasket and unheated, while to the left of the dashed curve is the heated and converted sample. The
yellow dotted box represents chemical analysis conducted in Supporting Information (Figure S8,
S9, and S11).
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To confirm our analysis of the phases present in the MIX_RED sample, we conducted a 256 

Rietveld refinement with GSAS-II (Toby & Dreele, 2013) on an XRD pattern shown in Figure 1a 257 

at 60 GPa (Supporting Information: Figure S6). The resulting refined volumes are nearly identical 258 

to values picked by hand, giving additional confidence to our determined phases and volumes 259 

(Figure 3; see Supporting Information: Tables S6, S8-S12, Figure S4).  260 

 261 

3.1.2 MIX_OX Assemblage 262 

In the oxidized sample, we observe only bridgmanite. No other phases were detected using 263 

XRD. Notably, the MIX_OX bridgmanite XRD peaks yield significantly expanded volumes from 264 

the Mg-endmember as well as the MIX_RED bm (Figures 3, S12), suggesting significant 265 

enrichment in cations other than Mg and Si (e.g., Catalli et al., 2011; Andrault, 2003). The 266 

quenched XRD pattern shows rhenium diffraction from the gasket and bridgmanite (Figure 2b). 267 

Bridgmanite appears to fit the traditional Pnma structure as reported in Tschauner et al. (2014). 268 

To confirm our analysis of the phases present in the MIX_OX sample, we conducted a 269 

Rietveld refinement with GSAS-II (Toby & Dreele, 2013) on an XRD pattern shown in Figure 1b 270 

at 52 GPa (Supporting Information: Figure S7). The results of the refinement are nearly identical 271 

to our values picked by hand (Figure 3; see Supporting Information: Tables S7, S13).  272 

 273 

3.1.3 Equations of State 274 

We calculate the Birch-Murghangan 2nd-order equation of state (Birch, 1952) for 275 

bridgmanite for both sets of samples (Figure 3, Table 2), as well as compare unit-cell volumes of 276 

calcium perovskite, stishovite, calcium-ferrite structure, and alumina from the MIX_RED samples 277 

to equations of state from the literature (Figure S4). The MIX_OX bridgmanite volume is ~3% 278 
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larger than the MIX_RED bridgmanite. Since no capv is present, the expanded unit cell is likely 279 

to be due to the incorporation of Ca into the MIX_OX bridgmanite structure (Figure S12) (see 280 

natural bridgmanites in Tschauner et al., 2014). Additionally, the bulk moduli of the two 281 

bridgmanites are nearly identical, where both are ~12% stiffer than a pure MgSiO3 bridgmanite 282 

(Table 2). All unit-cell parameters and volumes determined for Figures 3, 6 and S4 are listed in 283 

the Supporting Information (MIX_RED: Tables S8 – S12; MIX_OX: Table S13). 284 

 285 

3.2. Electron Probe Microanalyses   286 

Recovered samples were also examined by EPMA (see Supporting Information: Section 287 

II). The MIX_RED assemblage (Figure 4) generally agrees with the XRD results, showing areas 288 

possibly enriched in iron and aluminum, consistent with metallic iron and alumina XRD 289 

observations. Stishovite and calcium perovskite do not appear to show obvious regions enriched 290 

in silicon or calcium in the EPMA maps, which may be due to the relatively low abundance of 291 

stishovite and calcium perovskite becoming amorphous when quenched to room pressure and 292 

temperature. 293 

The EPMA results of the oxidized recovered samples (Figure 5) reveal a nearly 294 

homogenous material with little variation in the distribution of elements. This is consistent with 295 

the XRD which suggests an assemblage that is dominated by a single phase, bridgmanite.  There 296 

appears to be no variation in grain size or heterogeneity in the distribution of iron, indicating that 297 

the sample was well insulated from the anvils (Du et al., 2015; Sinmyo & Hirose, 2010). All EPMA 298 

results are listed in Tables S1-S5 in the Supporting Information. The maps in Figures 4 and 5 299 

reflect WDS (wavelength-dispersive spectroscopy) measurements, while the raw data in Tables 300 



Ca

Fe

Mg

Si

Al

20 μm 

BSE

Figure 5. Backscattered electron SEM image and elemental WDS mapping of Mg, Si,
Fe, Al, and Ca of the quenched MIX_OX assemblage, hand-polished in cross-section.
The oxidized assemblage is quenched from 65 GPa and 2000 K. Note that the map is
very homogenous across all elements.



Confidential manuscript submitted to Journal Geophysical Research: Solid Earth 

15 
 

S1-S5 are also WDS measurements. All data presented in Tables 1 and 3 are based on the WDS 301 

measurements.  302 

 303 

3.3 Determining phase abundance in assemblage 304 

3.3.1 MIX_RED Assemblage 305 

The mineralogy of the two samples and composition of bridgmanite (Table 3) were 306 

determined by XRD (Figures 1, S6) and analysis of EPMA point measurements and element maps 307 

via Monte Carlo modeling      and mass/charge balance. We use Monte Carlo modeling since XRD 308 

intensities are an imperfect tool to constrain composition robustly as texture and backgrounds in 309 

LHDAC experiments can be significant, thus, making it difficult to pull out phase abundance from 310 

XRD intensities alone (e.g., measurement techniques and preferred orientation: McCusker et al., 311 

1999). In order to determine the molar abundance of each phase, additional information and 312 

assumptions are necessary beyond mass balance. In the MIX_RED samples, we observe 313 

bridgmanite, calcium perovskite, stishovite, and potentially a calcium ferrite structured phase, 314 

alumina, and metallic iron (these are free parameters in the modeling); however, we could not 315 

uniquely identify the exact percentages of each mineral since the solutions are non-unique. Using 316 

image-processing on the MIX_RED sample composition maps (Figure 4 and Figure S9), we infer 317 

the bright spots on the backscattered electron image are possibly      metallic iron. Additionally, 318 

metallic iron formation cannot exceed 0.7 mol% (corresponding to ~0.18 vol%) because of 319 

limitations on how much ferric iron can form within this sample based on Monte Carlo modeling 320 

(Figure S13). Therefore, this sample may consist of six independent phases and is derived from 321 

six starting oxides: FeO, Fe2O3, MgO, SiO2, CaO, and Al2O3, hence our synthesized samples do 322 

not violate the thermodynamics phase rule.  323 
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To estimate the approximate amounts of each material, we conducted      Monte Carlo 324 

modeling      (see Supporting Information: Section VI), where we sampled each unknown variable 325 

as a uniform distribution. Our unknown variables are the following: the distribution of aluminum 326 

between alumina and bridgmanite, the distribution of silicon between stishovite and bridgmanite, 327 

the distribution of magnesium between calcium ferrite and bridgmanite, the distribution of Fe2+ 328 

between calcium ferrite and bridgmanite, and how much iron disproportionated. We performed 329 

the search with the following assumptions that performed as cutoffs for acceptable chemical 330 

compositions for the first model where we assume all of the minerals we have discussed are present 331 

(Model A): (1) each mineral is charge balanced; (2) self-reduction of iron may have occurred (the 332 

Fe3+ content changed during the experiment from the initial starting value following the reaction: 333 

3&"#!" → 2&"##" + &"#$ where 0 < & ≤ 1) for the MIX_RED samples since metallic Fe may 334 

be present at low levels in XRD (Figure 2) and EPMA measurements (Figure 4);                (3     ) 335 

calcium perovskite phase is the only calcium-bearing phase for the MIX_RED samples; (4     ) the 336 

calcium-ferrite structured phase is a solid solution between MgAl2O4 and FeAl2O4; (5     ) use the 337 

measured bridgmanite V0 and existing literature to estimate volume expansion due to cation 338 

incorporation (see Supporting Information: Section VI); and (6     ) assume all Fe3+ is incorporated 339 

into the bridgmanite structure. We also conduct a second Monte Carlo model      (Model B), which 340 

is similar to Model A with two important exceptions: we exclude the disproportionation of iron 341 

and exclude alumina formation. With these constraints, we modeled      several possible mineral 342 

assemblages and their uncertainties (Table 3).  343 

The Monte Carlo results indicate that there are many tradeoffs between the different 344 

unknown variables. The following discusses the results of Model A, which assumes all minerals 345 

present. For example, how Fe and Mg partitions between cf and bm is unknown; therefore, the cf 346 
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content in the MIX_RED assemblage can vary from 10 to 20 mol% (Table 3). With our 347 

assumptions and wide constraints, we can robustly constrain the bm content to be between 42 and 348 

53 mol%. Approximately 5 mol% of the bm structure contains other cations not present in the pure 349 

MgSiO3 unit cell; such as Al, Fe2+, and Fe3+, with their relative abundance primarily constrained 350 

from the unit-cell volume at room conditions V0 (Figure S12). Based on 6,000 successful runs out 351 

of 500 million Monte Carlo runs      using assumptions 1-7 of Model A, the mean values of the 352 

phases present in the assemblage are as follows in mol%: bm (50%), capv (18%), cf (12%), al 353 

(9%), stv (9%), and metallic Fe (0.2%). Averaging over all runs     , the cf phase likely consists of 354 

a 20:80 mixture of MgAl2O4 and FeAl2O4 but can vary from 7:93 to 50:50 (see Figure S4c). In 355 

addition, metallic iron does not necessarily need to form to fit all of our data constraints. While 356 

metallic iron could exist up to 0.7 mol%, the maximum probability is between 0 and 0.2 mol%.  357 

For Model B (no alumina or metallic iron formation), we calculate mineralogical 358 

assemblages that are more tightly constrained. The mean values of each phase present are as 359 

follows in mol%: bm (40.5%), capv (18.4%), cf (22.7%), and stv (18.4%). Averaging over all run     360 

s, the cf phase likely consists of a 50:50 mixture of MgAl2O4 and FeAl2O4. Full details on the 361 

Monte Carlo modeling      can be found in the Supporting Information: Section VI. Model B is 362 

consistent with a previous study, that performed thermodynamic calculations on a pyroxenite 363 

composition, which yielded a mineral assemblage of bridgmanite, calcium perovskite, calcium 364 

ferrite, and stishovite phases (Adam et al., 2017).  365 

 366 

 367 

3.3.2 MIX_OX Assemblage 368 
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For the MIX_OX samples, we only identified bridgmanite by XRD (Figures 1-2, S7). We 369 

do not observe the decomposition of bridgmanite in the oxidized sample at quench. It remains as 370 

a single bm phase throughout compression and decompression.  371 

To determine the composition of bridgmanite, we used the EPMA results (Table 1) and 372 

conducted a mass balance calculation with the following assumptions: (1) no change in the Fe3+ 373 

content from the initial starting material as we do not observe any metallic iron in the synthesized 374 

assemblage (however, it may be possible that Fe3+ content may have changed due to other causes 375 

that we do not consider [Lauterbach et al., 2000]); (2) use the measured V0 and existing literature 376 

to estimate volume expansion due to cation incorporation (see Supporting Information: Section 377 

VI, Figure S12); and (3) calcium is allowed to exist in solid solution with bm since capv is not 378 

observed in XRD. The resulting bridgmanite composition is given in Table 3. Because of the large 379 

V0 measured for MIX_OX bridgmanite, Ca was allowed to enter the bridgmanite structure since 380 

the iron and aluminum present in the starting material is not enough to increase V0 to the observed 381 

V0 (Figure S12).  As such, we used a linear interpolation with the volume of capv as four times its 382 

normal cubic volume (i.e., 181.48 Å3) to account for the difference in the number of atoms between 383 

capv (5 atoms) and bm (20 atoms) (Andrault, 2003). This bridgmanite composition contains a large 384 

fraction of cations (~38%) other than Mg and Si. This is in contrast to the bm in the MIX_RED 385 

samples where the cation concentration that is not Mg or Si is only ~5%.  We posit that Ca2+ 386 

replaces Mg2+, similar to the way Fe2+ replaces Mg2+ on the A-site (Tschauner et al., 2014). More 387 

research is required to investigate which site calcium prefers.   388 

We also considered other possible calcium-bearing minerals that could explain the lack of 389 

CaSiO3 calcium perovskite. If calcium perovskite is present in this sample, it would be in much 390 

smaller quantities (< 5%) compared to the MIX_RED samples, such that it would be difficult to 391 



Confidential manuscript submitted to Journal Geophysical Research: Solid Earth 

19 
 

observe in the x-ray diffraction. In addition, if there is an unknown phase hosting calcium (e.g., 392 

calcium oxide [CaO], calcium aluminate [CaAl2O4]) it would have to also be in low abundance or 393 

low symmetry compared to bridgmanite such that it is not observed with XRD or EPMA.  394 

Therefore, while we lack the precision to confirm a Ca-bearing bridgmanite, the volumes measured 395 

are consistent with such a phase and           with the lack of any other kind of Ca-bearing phases in 396 

this sample, despite the high abundance of Ca in the starting material (Table 1). Future work will 397 

require more detailed analyses of this sample to confirm Ca-bearing bridgmanite, such as single-398 

crystal x-ray diffraction or transmission electron microscopy. 399 

 400 

4 Discussion 401 

The difference in mineralogy between the two samples can be explained by the large 402 

contrast in Fe3+ content. We infer that the higher amount of Fe3+ in the oxidized sample encourages 403 

the incorporation of more Al3+ cations into the bridgmanite structure by charge-coupled 404 

substitution (Navrotsky et al., 2003), which leads to a more expanded bridgmanite volume. 405 

However, the expanded unit-cell volume for bridgmanite in the oxidized sample is larger than 406 

expected if only iron and Al3+ are incorporated (O’Neill and Jeanloz, 1994; Walter et al., 2006) 407 

(Figure S12). Therefore, since there is no XRD observation of calcium perovskite, we infer that 408 

calcium has also been incorporated into the bridgmanite structure, a likelihood made possible by 409 

an already expanded unit cell provided by the large amounts of iron and Al3+ (Jung & Schmidt, 410 

2011). We expect Ca would be present on the Mg site, due to the charge of calcium, Ca2+. The 411 

addition of Ca into the bridgmanite structure further increases the unit-cell volume, consistent with 412 

the larger volume measured for the MIX_OX samples (Figure 3). While many studies have 413 

reported a large miscibility gap between MgSiO3 bridgmanite and CaSiO3 perovskite (e.g., 414 
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Armstrong et al., 2012; Irifune et al., 1989; Jung and Schmidt, 2011; Tamai and Yagi, 1989), the 415 

combined effect of Al and Fe3+ on the solubility of bridgmanite and calcium perovskite were 416 

beyond the scope of those studies. We posit that the inclusion of high amounts of Al and Fe3+ 417 

enhances the solubility of Ca into bridgmanite, decreasing the miscibility gap. This result is 418 

consistent with a previous study which produced a bridgmanite with comparable amounts of 419 

calcium although a V0 was not reported (Miyajima et al., 1999). The bridgmanite formed in 420 

Miyajima et al. (1999) also contained large amounts of Al3+ (19%, compared to our 23%) and 421 

estimated the Fe3+ content to be approximately ~83% Fe3+/ΣFe (based on charge balance of 422 

bridgmanite), thus consistent with our high ferric iron content.  It is likely that there is a threshold 423 

of Al, Fe2+, and Fe3+ content that must be met before Ca is soluble in bridgmanite in appreciable 424 

amounts, warranting further study. As most studies do not list their ferric iron content, it is difficult 425 

to constrain      the necessary amounts of Al and Fe3+ required for the closing of the miscibility 426 

gap. Given our sample compositions, we can only constrain the threshold to between 11% and 427 

55% Fe3+/ΣFe with an assemblage with 8% FeO and 13% Al2O3. More work is needed to fully 428 

understand where the miscibility gap closes for bridgmanite and calcium perovskite given the 429 

combined effects of Al, Fe2+ and Fe3+ (e.g., Jung and Schmidt, 2011).  430 

A typical Mg-silicate bridgmanite crystallizes in the distorted orthorhombic Pnma structure 431 

with unit-cell axial ratios of a:b:c ~ 1:1:√2 (Catalli et al., 2011).  As such, we can track the axial 432 

ratios, b/a (~1) and c/a (~√2), versus pressure to observe how the distortion changes (Figure 6).  433 

As pressure increases, the b/a axial ratios increase linearly for both MIX_OX and MIX_RED 434 

samples, albeit at different rates. However, the c/a ratios behave in a more unusual way: the 435 

MIX_RED ratios increase linearly with pressure, while the MIX_OX ratios are more quadratic in 436 

shape, similar to what has been reported previously (as summarized by Catalli et al., 2011). Since 437 
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the MIX_RED bridgmanite has a mixture of Fe3+, Fe2+, and Al3+, the axial distortions fall between 438 

the expected distortions of various other bridgmanites with different compositions. The axial ratios 439 

of the MIX_OX bridgmanite shows the b and a axes are distorted much more than other 440 

compositions of bridgmanite, likely due to the incorporation of Ca2+ in the Mg-site. 441 

 442 

4.1 Implications for Lower Mantle 443 

To understand the effects on the bulk sound velocity and density of each mineral 444 

assemblage, we calculated these values with the Burnman toolkit (Cottaar et al., 2014) using our 445 

experimentally determined values of the equations of state of the respective bridgmanites (Table 446 

2), a mantle geotherm (Brown & Shankland, 1981), our computed phase abundance and 447 

composition (Table 3), and existing literature values for the other phases based on Stixrude and 448 

Lithgow-Bertelloni (2011) (Figures S4). We considered other geotherms as well, but there is no 449 

effect on the relative difference between the reduced and oxidized samples’ density and seismic 450 

velocities, just an effect on their absolute magnitude which is important when comparing to 451 

seismological models. We also do not consider the spin transition of iron, which is beyond the 452 

scope of this study.  In order to properly treat the cf composition, we explored the entire range of 453 

possible compositions of cf assuming a solid solution between MgAl2O4 and FeAl2O4 for 454 

MIX_RED (as discussed in Supporting Information: Section III). Therefore, we applied solid 455 

solution mixing using Stixrude and Lithgow-Bertollini (2011). For capv, there is some 456 

disagreement between equations of state, where our measured volumes differ from the capv 457 

equation of state of Stixrude and Lithgow-Bertelloni (2011). As such, we fit a 2nd-order Birch-458 

Murnaghan equation of state to our measured capv volumes holding V0 fixed (45.58 Å3; Shim et 459 

al., 2000) yielding a room-pressure, room-temperature bulk modulus K0 of 260 (±10) GPa. Figure 460 
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S5 illustrates the small effect the chosen capv equation of state has on density (< 0.3%) and the 461 

bulk sound speed (< 0.9%) of the MIX_RED assemblage.  462 

The resulting assemblages of the two samples yield the MIX_RED assemblage to be 463 

slightly denser than PREM by ~1% at the top of the lower mantle even when considering multiple 464 

temperature profiles of the mantle (Anderson, 1981; Brown & Shankland, 1981; Ono, 2008; Stacey 465 

& Davis, 2008) (Figure 7). At the bottom of the mantle, the MIX_RED assemblage density is 466 

similar to that of PREM.  The thickness of each line in Figure 7 encompasses the entire set (both 467 

Models A and B) of possible densities and bulk sound speeds with 95% confidence for MIX_RED. 468 

MIX_OX assemblage leads to larger seismic velocities than the reduced MIX_RED assemblage 469 

and PREM mainly due to the large differences in bulk moduli of the secondary phases in 470 

MIX_RED. Based on these results, Fe3+ has a strong effect on the whole rock mineralogy and 471 

resulting density and seismic properties of the assemblage.  472 

In addition, if pyroxenite (in a reduced or oxidized state) exists within the lower mantle, 473 

then pyroxenites would be viewed as positive seismic anomalies (bulk sound speed) on the order 474 

of 4-7% as compared to PREM. However, pyroxenites encompass a wide class of compositions 475 

(Figure S3); therefore, these seismic speed differences may differ between pyroxenite 476 

assemblages. More work is required on the various pyroxenite assemblages and how redox impacts 477 

mineralogy to fully understand potential sources      of seismic anomalies. Since our samples are 478 

aluminum rich, a more aluminum-poor pyroxenite would result in less cf and alumina and increase 479 

the bridgmanite content. We predict that seismic wave speeds of Al-poor pyroxenites would be 480 

faster since the bridgmanite content would increase.  481 

When considering bridgmanite alone, MIX_RED bm does not differ significantly from 482 

MgSiO3 when considering density (±1% difference); however, since the bulk modulus increases 483 



Figure 7. Computed assemblage density as computed by BurnMan (Cottaar et al., 2014)
using the assemblages tabulated in Table 3 and using four different temperature profiles. (a)
Density of 95% confidence of all possible MIX_RED assemblages (white squares) based on
Monte Carlo results of Models A and B and MIX_OX assemblage (black diamonds) are
plotted with PREM (thick gray curve) as reference. All possible densities are within the
thickness of each corresponding line and consider four different temperature profiles: Stacy
and Davis 2008; Ono 2008; Anderson et al., 1982; Brown and Shankland 1981. The right axis
illustrates the percent difference of each sample with PREM (gray). (b) Computed
assemblage bulk sound speed as computed by BurnMan with the same constraints as (a). (c)
Density of 95% confidence interval for each synthesized bridgmanite from MIX_RED (white
squares) and MIX_OX (black diamonds) as compared to pure bridgmanite, MgSiO3 (black
solid line). All labels are consistent with (a), but Brown and Shankland (1981) is applied
here. Percent difference illustrates the difference between the bridgmanites synthesized in
this study with pure bridgmanite (gray). (d) Computed bulk sound speed of bridgmanites
from this study and pure bridgmanite. Constraints are the same as (c).
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when bm includes impurities, the bulk sound speed of bm is greater than MgSiO3 by ~1.7-3% 484 

(Figure 7). MIX_OX bm is denser than the MIX_RED bridgmanite and MgSiO3 despite the large 485 

increase in unit-cell volume. The addition of impurities, such as Ca, dramatically increases the 486 

density by ~2-3% as compared to MgSiO3. MIX_OX bm also results in faster bulk sound speeds 487 

(2-3%) as compared with MgSiO3.  488 

Previous work on the enstatite chondrite lower mantle composition (Javoy, 1995) shows 489 

that increased ferric iron content decreases the density of the entire assemblage (Gu et al., 2016). 490 

Our study is consistent with those findings with the reduced assemblage denser than the oxidized 491 

assemblage, especially when considering the MIX_OX starting composition molar mass is greater 492 

than MIX_RED by ~1.8% (Table 1). While the samples tested here do not reflect the bulk of the 493 

lower mantle, these samples do show that when two compositions have different ferric iron 494 

concentrations in the lower mantle, the resulting mineralogy (and density) can be quite different. 495 

Other candidate lower mantle assemblages may also be affected by ferric iron content, where a 496 

change in ferric iron content (not necessarily a change in bulk composition) can lead to changes in 497 

mineralogy, thus, influencing assemblage seismic velocities and density, but other assemblages 498 

require further study under more oxidizing conditions. Therefore, Fe3+ could induce mineralogical, 499 

density, and/or velocity changes depending on the composition of the rock assemblage on the order 500 

of a percent, creating lateral heterogeneity as viewed in seismic tomography without changing bulk 501 

composition (French & Romanowicz, 2015), but more work is required to see the full effects of 502 

Fe3+ on other compositions and for other Fe3+ contents.  Of course, lateral heterogeneity apparent 503 

in seismic tomography studies may also be evidence of a change in bulk composition, the presence 504 

of volatiles and/or presence of melt as has been previously reported (e.g., Ohtani & Maeda, 2001; 505 

Ono et al., 2001). 506 
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Another potential implication of this work is the apparent solid solution of bridgmanite 507 

with calcium perovskite. If calcium perovskite and bridgmanite is miscible in some cases (i.e., 508 

high Fe3+ and Al content), then a Ca-rich bridgmanite would be negatively buoyant compared to 509 

MgSiO3 and other Fe, Al-rich bridgmanites (see Figure 7c). The effects on seismic speeds is more 510 

complicated since recent work has shown that Fe3+ can affect the shear modulus of bridgmanite 511 

(Kurnosov et al., 2017). Based on our work, bulk sound speed would be faster for a Ca-bearing 512 

bridgmanite compared to MgSiO3, but not necessarily for Fe, Al-rich bridgmanites. Fe and Al 513 

stiffen bridgmanite, increasing the bulk modulus. However, since Ca also has an effect on bulk 514 

modulus, the increased density lowers the bulk sound velocity difference (see Figure 7d). In order 515 

to understand the full impacts on Ca-bearing bridgmanite seismic speeds, measurements of the 516 

shear modulus and/or seismic wave speeds are required. Because we do not have measurements 517 

of the shear modulus for our samples nor are they well constrained for the compositions of our 518 

samples, we do not present assemblage or bridgmanite compressional or shear velocities, vp or vs, 519 

respectively. However, given what we know about the shear modulus of endmembers MgSiO3, 520 

CaSiO3 and the other phases, we find that vp and vs for MIX_RED assemblage are also slower than 521 

MIX_OX.  522 

While a Ca-rich bridgmanite may be rare in the mantle, if it exists, it may be able to 523 

incorporate other large-ion lithophile elements (LILE) such as uranium, thorium and potassium, 524 

important heat-producing elements in the deep mantle (Corgne & Wood, 2002). While Ca is rarely 525 

ever expected to form a solid solution with pure endmember MgSiO3 due to Ca’s large ionic radius, 526 

Fe3+ and Al3+ may be able to allow Ca into the bridgmanite structure. Other LILE have similar 527 

radii to Ca and may just as easily fit into the bridgmanite structure (Kesson et al., 1995). 528 

 529 
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5 Conclusion 530 

We find that the crystal chemical behavior of iron in bridgmanite varies under different 531 

redox conditions thereby influencing mineralogy, density, and seismic velocities for this given 532 

pyroxenite composition. The samples presented here suggest that redox conditions may affect 533 

mantle mineralogy in the lower mantle; therefore, lateral variations in Fe3+ in the lower mantle 534 

could cause variations in seismic velocities and density given otherwise similar Al-rich pyroxenite 535 

compositions. Our experiments illustrate that Fe3+ and possibly Al content can have a profound 536 

effect on the formation of Ca-bearing bridgmanite, secondary mineral formation, density, and 537 

changes in seismic speeds. These results along with previous work on enstatite chondrites (Gu et 538 

al., 2016) show that Fe3+ may have a similar impact on other compositions at lower mantle 539 

conditions.  In general, a more oxidized Al-rich pyroxenite sample (high Fe3+/ΣFe), yields a 540 

simpler assemblage of bridgmanite and faster seismic bulk sound speeds (6 to 7%) and a similar 541 

density (1 to -1.5%) to PREM.  In contrast, the reduced Al-rich pyroxenite sample yields a complex 542 

assemblage that is denser and slower than its oxidized counterpart. Additionally, we find that high 543 

Fe3+ content in our Al-rich pyroxenite samples stunts the formation of calcium perovskite and 544 

other oxides because a change in oxidation state of iron dramatically affects      how cations are 545 

incorporated into the bridgmanite structure. Under oxidizing conditions, the miscibility gap 546 

between calcium perovskite and bridgmanite appears to disappear, at least for high Fe3+ and Al 547 

content, allowing for a sample consisting of Ca-bearing bridgmanite.  548 

We predict that Ca-rich bridgmanite may form in regions of the mantle that are highly 549 

oxidizing and rich with Al, perhaps within subducted slabs. The implications of varying amounts 550 

of ferric iron could be far reaching, although other potential mantle lithologies should be further 551 

studied under varying redox conditions under lower mantle conditions to determine if this 552 
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phenomenon is universal. While pyroxenite may only exist in the lower mantle in low 553 

concentrations, this study highlights the importance of investigating ferric iron effects on a variety 554 

of mantle compositions, since ferric iron has been shown to have immediate implications on two 555 

compositions under lower mantle conditions: an Al-rich pyroxenite (this study) and enstatite 556 

chondrite lower mantle composition model (Gu et al., 2016).      While there are several possible 557 

compositional models of the lower mantle, bridgmanite is considered to be the dominant phase; 558 

consequently, its crystal chemical behavior has a leading role in shaping the mantle's 559 

thermochemical evolution.   560 
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Figures.  808 

Figure 1. Selected quench XRD patterns with pressures given in GPa from the (a) reduced 809 

MIX_RED samples and (b) oxidized MIX_OX samples with present phases labeled as 810 

bridgmanite (bm), calcium perovskite (capv), stishovite (stv), calcium-ferrite structured phase (cf), 811 

alumina (al), neon (ne), and iron (ε-Fe). The peaks are labeled corresponding to the phase and hkl 812 

indices. See Figures S6 and S7 for representative Rietveld refined XRD patterns.  813 

 814 

Figure 2. Room pressure and temperature XRD pattern for (a) MIX_RED and (b) MIX_OX with 815 

present phases labeled as bridgmanite (bm), stishovite (stv), calcium-ferrite structured phase (cf), 816 

alumina (al), rhenium (Re), and bcc iron (α-Fe). The peaks are labeled corresponding to the phase 817 

and hkl indices. ✦ This sample, a quenched sample held in its gasket and removed from the 818 

LHDAC, experienced blockage from the lead holder and this feature is due to the 100% line of 819 

lead which is offset from its usual d-spacing because of its different distance to the detector as 820 

compared to the sample-to-detector distance. *An anomalous peak that could not be assigned to 821 

the bridgmanite Pnma structure. The broad hump between ~2.5 – 3.5 Å and Re diffraction suggests 822 

that this pattern was collected near the edge of the gasket where the initially glass sample was 823 

unheated thus yielding an amorphous-like character.  824 

 825 

Figure 3. Pressure versus volume of bridgmanite at room temperature, with corresponding Birch–826 

Murnaghan equation of state curves. MIX_RED (open squares, dotted curve) and MIX_OX (filled 827 

diamonds, dashed curve) samples are shown with pressures and their uncertainties are given by 828 

error bars (see Tables S6, S7). A solid curve is shown for pure endmember MgSiO3 bm (Ballaran 829 

et al., 2012).   830 
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 831 

Figure 4. Backscattered secondary electron (BSE) image and elemental WDS mapping of Mg, Si, 832 

Fe, Al, and Ca of the quenched MIX_RED assemblage, hand-polished in cross-section. The 833 

reduced assemblage is quenched from 40 GPa and 2000 K. Note that the map has several areas 834 

showing elevated Fe and Al consistent with grains of metallic iron and alumina.  The blacked-out 835 

regions denote dust on the surface of the sample and are removed from composition analyses. The 836 

dashed curve denotes the edge of the converted region within the sample. Everything to the right 837 

of the dashed curve is unconverted starting material (glass powder) that is adjacent to the edge of 838 

the gasket and unheated, while to the left of the dashed curve is the heated and converted sample. 839 

The yellow dotted box represents chemical analysis conducted in Supporting Information (Figure 840 

S8, S9, and S11).  841 

 842 

Figure 5. Backscattered electron SEM image and elemental WDS mapping of Mg, Si, Fe, Al, and 843 

Ca of the quenched MIX_OX assemblage, hand-polished in cross-section. The oxidized 844 

assemblage is quenched from 65 GPa and 2000 K. Note that the map is very homogenous across 845 

all elements.  846 

 847 

Figure 6. Axial ratios of bridgmanite, (a) b/a and (b) c/a, with different compositions. Squares: 848 

MIX_RED bridgmanite (this work), diamonds: MIX_OX bridgmanite (this work), solid line: 849 

bridgmanite (Ballaran et al., 2012).  Shaded regions denote compositions listed in Table 2: blue 850 

(A): Fe2+-bearing bridgmanite; purple (B): Fe3+Al-bearing bridgmanite; orange (C): Fe3+-bearing 851 

bridgmanite; and green (D): Al-bearing bridgmanite.  852 

 853 
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Figure 7. Computed assemblage density as computed by BurnMan (Cottaar et al., 2014) using the 854 

assemblages tabulated in Table 3 and using four different temperature profiles. (a) Density of 95% 855 

confidence of all possible MIX_RED assemblages (white squares) based on Monte Carlo results 856 

of Models A and B and MIX_OX assemblage (black diamonds) are plotted with PREM (thick gray 857 

curve) as reference. All possible densities are within the thickness of each corresponding line and 858 

consider four different temperature profiles: Stacy and Davis 2008; Ono 2008; Anderson et al., 859 

1982; Brown and Shankland 1981. The right axis illustrates the percent difference of each sample 860 

with PREM (gray). (b) Computed assemblage bulk sound speed as computed by BurnMan with 861 

the same constraints as (a). (c) Density of 95% confidence interval for each synthesized 862 

bridgmanite from MIX_RED (white squares) and MIX_OX (black diamonds) as compared to pure 863 

bridgmanite, MgSiO3 (black solid line). All labels are consistent with (a), but Brown and 864 

Shankland (1981) is applied here. Percent difference illustrates the difference between the 865 

bridgmanites synthesized in this study with pure bridgmanite (gray). (d) Computed bulk sound 866 

speed of bridgmanites from this study and pure bridgmanite. Constraints are the same as (c).  867 

 868 

  869 
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Tables  870 

Table 1. Normalized chemical compositions in mol% of each oxide in the canonical pyrolite model 871 

(McDonough and Sun, 1995); pyroxenite mixture MIX1G model by Hirschmann et al., 2003; other 872 

pyroxenite assemblages P1 and P2 (Kogiso & Hirschmann, 2006); and our reduced (MIX_RED) 873 

and oxidized (MIX_OX) Al-rich pyroxenite samples based on the MIX1G pyroxenite model. To 874 

compare, see Figure S3 for a suite      of natural pyroxenite compositions compared to the 875 

assemblages illustrated here. Fe3+ content is based on Mossbauer results (Figure S1).  Note the 876 

mean molar mass of MIX_OX is ~1.8% greater than MIX_RED, due to the excess oxygens 877 

available with additional Fe3+ in the MIX_OX glass. Refer to Supporting Information for more 878 

information on how this data was collected and see Tables S1 and S2 for the raw data. Error bars 879 

denote two standard deviations. 880 

* Calculated values based on Mossbauer results (Fe3+/Total Fe) (Figure S1), where total FeO was 881 

measured from EPMA (Table S1 and S2).  882 

 883 

 Pyrolite MIX1G 
Pyroxenite P1 P2 MIX_RED MIX_OX 

MgO 49.21 25.30 23.20 11.81 27.3(0.3) 29.2(0.4) 
SiO2 39.30 46.42 42.54 53.44 41.8(0.8) 41.1(1.0) 
Al2O3 2.29 9.12 16.71 17.54 13.1(0.4) 13.2(0.6) 
CaO 3.32 12.52 11.48 10.19 10.3(0.2) 10.7(0.2) 
FeO* 5.89 6.64 6.06 7.01 7.12(0.55) 3.63(0.64) 

Fe2O3* - - - - 0.44(0.27) 2.22(0.32) 
Fe3+/Total Fe - - - - 0.11(0.06) 0.55(0.08) 
(Mg+Fe)/Si 1.40 0.69 0.69 0.35 0.84(0.20) 0.90(0.22) 
Mean Molar 
Mass (g/mol) 

51.87 59.18 62.74 65.51 61.1(1.10) 62.2(1.40) 

 884 

 885 

 886 
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Table 2. Birch-Murnaghan equations of state for bridgmanite showing errors up to 2 standard deviations 887 

from this study (MIX_RED and MIX_OX); bridgmanite (MgSiO3, Ballaran et al. [2012]); (A) iron-888 

bearing bridgmanite (0.85MgSiO3 * 0.15FeSiO3) (Lundin et al., 2008); (B) Fe3+, Al3+-bearing bridgmanite 889 

(0.90MgSiO3 * 0.10FeAlO3) (Catalli et al. 2011); (C) Fe3+-bearing bridgmanite (0.915MgSiO3 * 890 

0.085Fe2O3) (Catalli et al., 2010); and (D) Al3+-bearing bridgmanite (0.90MgSiO3 * 0.10Al2O3) (Catalli et 891 

al., 2011).  *K0’ is fixed to a value of 4, unless otherwise noted. 892 

 893 

bm composition  V0 (Å3) K0 (GPa) K0’ Reference 
MIX_RED 163.1(0.5) 281(8) 4* This study 
MIX_OX 168.2(0.5) 284(2) 4* This study 
MgSiO3 162.36(0.04) 251(2) 4* Ballaran et al. 2012 
A 163.30(0.07) 260(1) 4* Lundin et al., 2008 
B 164.81(0.04) 262(8) 3(0.3) Catalli et al., 2011 
C 165.78(0.03) 237(3) 4* Catalli et al., 2010 
D 163.83(0.05) 244(3) 4* Catalli et al., 2011 

 894 

 895 

  896 
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Table 3. (top) Normalized bridgmanite compositions and bridgmanite room-pressure and -897 

temperature density from each reduced (Models A and B based on the Monte Carlo results as shown 898 

in the Supporting Information: VI) and oxidized pyroxenite assemblage quenched to room 899 

conditions. The results are presented in both bridgmanite cation stoichiometry and oxide mol% 900 

(see Tables S3, S4 for raw data). MIX_RED errors are based on the Monte Carlo results; and, 901 

MIX_OX errors are based on the measurement error from the EPMA results. (bottom) Normalized 902 

assemblage composition for bridgmanite (bm), calcium perovskite (capv), stishovite (stv), 903 

calcium-ferrite structured phase (cf), alumina (al), iron (Fe), and total ferric iron for the entire 904 

assemblage from the quenched samples from each reduced and oxidized pyroxenite assemblage 905 

quenched to room conditions based on the Monte Carlo results as shown in the Supporting 906 

Information. Uncertainties listed represent 95% confidence intervals. *Composition of cf based on 907 

Monte Carlo modeling      can be found in the Supporting Information (Figure S4c).  908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 

 918 

 919 
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 920 

 MIX_RED, Model A MIX_RED, Model B MIX_OX 
 bm, Cations 

Mg 0.93%$.$!"$.$#	 0.94%$.$#"$.$#	 0.51%$.$!"$.$!	
Si 0.96%$.$'"$.$(	 0.96%$.$#"$.$#	 0.72%$.$!"$.$!	
Fe2+ 0.03%$.$("$.$)	 0.01%$.$("$.$!	 0.06%$.$!"$.$!	
Fe3+ 0.04%$.$("$.$(	 0.04%$.$("$.$(	 0.07%$.$!"$.$!	
Al 0.04%$.$!"$.$*	 0.05%$.$'"$.$*	 0.46%$.$!"$.$!	
Ca 0 0	 0.18%$.$!"$.$!	
Sum 2.00 2.00 2.00 
    

 bm, Oxide mol % 
MgO 47.5%$.)"$.)	 48.0%$.)"$.)	 29.6%(.$"(.$	
SiO2 49.0%$.)"$.)	 49.0%$.)"$.)	 41.3%(.!"(.!	
Al2O3 1.0%$.#"$.#	 1.3%$.)"$.)	 13.2%$.'"$.'	
CaO - - 10.7%$.'"$.'	
FeO 1.5%(.$"$.)	 0.5%$.)"$.)	 3.3%$.!"$.!	
Fe2O3 1.0%$.$"$.#	 1.0%$.)"$.)	 2.0%$.!"$.!	
Sum 100 100 100 
    
bm ρ0 (g/cm3) 4.18%$.$!"$.$!	 4.17%$.$("$.$(	 4.26%$.$("$.$(	
 Phase Abundance (mol%) 
bm 50.1%*"#	 40.5%!.$"!.$	 100 
capv, CaSiO3 18.2%("(	 18.4%(.$"(.$	 0 
cf*, (Mg,Fe)Al2O4 12.1%!"*	 22.7%(.'"(.'	 0 
al, Al2O3 10.4%+"'	 0	 0 
stv, SiO2 9.0%!",	 18.4%(.)"(.)	 0 
Fe 0.17%$.!"$.!	 0	 0 
Total 100 100 100 
Fe3+/ΣFe 14%#"'% 11%#"#% 55%'"'% 
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