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Phase relations of bridgmanite, the most
abundant mineral in the Earth’s

lower mantle

M| Check for updates

Tomoo Katsura®

The knowledge of phase relations of constitutive minerals is essential to investigate the structure,
dynamics and evolution of the Earth and planetary interiors. This paper reviews the phase relations of
bridgmanite, the most abundant mineral in the Earth’s lower mantle, with an ideal composition of
MgSiOs. Bridgmanite has an orthorhombic structure with larger dodecahedral A and smaller
octahedral B cation sites. The A-sites can incorporate Mg?*, Fe?*, Fe*", and AI**, while the B-sites
accommodate Si*", AI** and Fe®". The incorporation of hydrogen and large cations like Ca is likely
limited, although these issues are still debated. AI*" and Fe®", respectively, can form the charge-
coupled components, AIAIO; and Fe*"Fe®* O3 occupying both A- and B-sites. When both AI*" and Fe®*
are present, AI*" occupies B-sites, and Fe*" occupies A-sites, forming Fe*"AlOs. In systems with
excess MgO, Al and Fe*" also form the oxygen vacancy components MgAI**O, s0q.5 and
MgFe®*" O, 500 5. The phase relationships of bridgmanite with coexisting phases are discussed as a
function of pressure, temperature, and oxygen fugacity from the simple MgSiO3 system to the

complex MgO-Fe?"O-Fe®f,03-Al,03-Si0, system.

Bridgmanite (Mg, Fe)SiO;-Al,O3, Bdm) is the Earth’s lower mantle’s most
abundant mineral. The lower mantle extends from 660 Km to 2890 Km
depth, corresponding to 23-136 GPa, and comprises 56% of Earth’s volume.
The mantle’s composition is primarily peridotitic, containing 45.0% SiO,,
37.8% MgO, 8.1% Fe, 0, 3.6% CaO, and 4.45% Al,O; by weight'. The lower
mantle’s mineralogy consists of 80% Bdm, 15% ferropericlase ((Mg, Fe)O,
Fper), and 10% of davemaoite (CaSiO3, Dvm) by volume (Fig. 1A)’. Below
the D” discontinuity in high-velocity regions, postperovskite ((Mg, Fe)SiO5-
AlLO;) likely replaces Bdm’. The differentiation under mid-oceanic ridges
creates oceanic plates with 18% basalt and 82% harzburgite’, which subduct
into the lower mantle. The resulting basaltic domain contains 32% Bdm,
25% Dvm, 26% postspinel phase (MgAL Oy, PS), and 18% stishovite (SiO,,
Sti) (Fig. 1B), while the harzburgite domain comprises 74% Bdm, 22% Fper,
and 3% Dvm (Fig. 1C)’. As the predominant mineral in all lithologies of the
lower mantle, Bdm’s phase relations with secondary minerals, i.e., Fper,
Dvm, PS, and Sti, are crucial for understanding mantle dynamics and
evolution. Bdm is named after Percy Williams Bridgman, a pioneering
American high-pressure physicist.

This review examines Bdm’s phase relations with secondary phases
under pressure (P)—temperature (T) conditions relevant to Earth’s mantle.
It focuses on major mantle elements (O, Si, Mg, Fe, Al, and Ca) and H,
which, although not a major constituent, could significantly alter mineral
properties’. This study excludes phase relations in natural systems. Figure 1

illustrates Bdm’s predominance in the lower mantle but does not specify
exact mineral proportions.

Bdm phase relations are primarily studied using laser-heated diamond
anvil cells (LH-DAC) and multi-anvil presses (MAP). LH-DAC covers
Bdm’s entire stability field but has significant temperature uncertainties
(100-400 K)>"' and pressure uncertainties (1-5 GPa or up to 7%)**"'. It
also risks chemical heterogeneity due to the Soret effect’”. Sample analysis
techniques have evolved from unit cell volume estimates to transmission
electron microscopy (TEM) with focused ion beam (FIB), though spatial
resolution remains a challenge for very small grain sizes. Notably, silicate
samples prepared using FIB are typically more than 100 nm, and the spatial
resolution of TEM analysis is comparable to the sample thickness'. On the
other hand, MAP offers more precise P-T conditions, with temperature
fluctuations of typically 5 K" and pressure uncertainties of
0.05-1 GPa"*™". Tt avoids Soret effect issues. The size of recovered samples is
several hundred pm, allowing various post-analysis using multiple techni-
ques. The phases present can be identified using a microfocused powder
X-ray diffractometer (MF-XRD). Sample textures can be observed using
scanning electron microscopy (SEM) with backscattered electron ima-
ging (BEI). The grain sizes are larger than 2-3 um below 27 GPa and above
1700 K, allowing for reliable compositional analysis using an electron
microprobe (EPMA), whose precision is better than 0.1 wt.%**°. The grain
size becomes smaller with increasing pressure but usually above several
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Fig. 1 | Mineral constitution of mantle rocks. A Pyrolite, B basalt, C harzburgite.
Mineral abbreviation: Bdm (red), bridgmanite; Fper (cyan), ferropericlase; Dvim
(light green), davemaoite: pPv (pink), postperovskite; Ol (blue), olivine (Mg,
Fe),Si0,4); Wds (blue-violet), wadsleyite ((Mg, Fe),SiO,); Rwd (magenta), ring-
woodite (Mg, Fe),Si0,); Gnt (orange), garnet ((Mg, Fe, Ca)SiO;-AL0;); Px, pyr-
oxenes (dark green); Pl (yellow), plagioclase; PS (dark red): postspinel phase
(CaFe,04-type MgALLOy), Qz (very light grey): quartz (SiO,), Coe (light grey):
coesite (Si0,), Sti (gray): stishovite (Si0,), pSti (dark gray): post-stishovite (CaCl,-
type SiO,), Sft (very dark gray): seifertite (a-PbO, type SiO,). Modified from
Strixrude and Lithgow-Bertelloni’.

100 nm, which allows reliable analysis using an analytical TEM with an
energy-dispersive X-ray spectrometer (EDS). The determination of Fe’*/
ZFe is also possible using Mossbauer spectroscopy with a precision of
0.02 ~ 0.05”7°. MAP’s pressure range was historically limited to 26 GPa but

recently extended to 52 GPa”. This paper reviews the experimental data
obtained using MAP and LH-DAC, supplemented by ab initio calculations.

Crystal chemistry of bridgmanite

Bdm has an orthorhombic perovskite structure (Fig. 2A)*>* with MgSiO; as
its principal component. In this structure, Mg** and Si** occupy the A- and
B-sites, respectively, surrounded by eight~twelve and six O~ **, expressed as
[Mg*]A[Si*]g05>". Dvm also has a perovskite structure, but in cubic form™
(Fig. 2B). This difference between Bdm and Dvm is due to the ionic radii of
their A-site cations: 8-coordinated Mg’ (89 pm) and Ca** (112 pm),
respectively’>”. The smaller Mg>* in Bdm causes A-site distortion and SiOs
octahedron rotation, resulting in the orthorhombic structure. In contrast,
the larger Ca** in Dvm allows for the cubic perovskite structure.

Tonic radii of cations provide insights into Bdm chemistry. The A-site,
typically occupied by 8-coordinated Mg**, can accommodate similarly sized
cations like Fe** (92 pm) and Fe’" (78 pm) in high-spin states. It doesn’t
primarily accommodate larger cations like Ca’". A" (estimated 61 pm) can
occupy the A-site”, but its smaller size may explain why high pressure is
needed for incorporation. The B-site, occupied by 6-coordinated Si**
(40 pm), can only accommodate small cations. AI’* (54 pm) fits well, while
Fe’* (66 pm) is accommodated in limited amounts™, possibly due to its
larger size. The 6-coordinated ionic radius of high-spin Fe** (78 pm) is likely
too large for the B-site. Note: Effective ionic radii were extrapolated from
Shannon’s™ data when not explicitly given.

The valence differences between Mg™* and Si** (24 and 4+ valence)
and A" and Fe** (3+ valence) lead to various substitution mechanisms in
Bdm. When Al or Fe’* occupies the A- or B-site, it is favourable for the other
site to also be occupied by a trivalent cation, forming charge-coupled (CC)
components like [AI**],[AI’"]p0°; and [Fe**] 5 [Fe’]s0° 5**”. However,
as the ionic radii of Al and Fe’" are more similar to those of Si and Mg,
respectively, the Fe’" and Al cations are preferably accommodated in the A-
and B-sites, respectively, forming [Fe’*] ,[AI’"]30° 5. Aland Fe’* can also
occupy the B-site even when divalent cations (Mg’" and Fe**) are in the
A-site. This creates oxygen vacancies ([]]) to balance charges, forming
oxygen vacancy (OV) components like [Mg " ]A[AP"]gO* 5[ Jos and
[Fe*]A[AP*]g0° 55 os”". Conversely, when Al or Fe*™ occupies the A site
with Si*' in the B site, cation vacancies form to compensate for excess
positive charge, resulting in A-site vacancy (AV) components like [[];,
3APY 5] A8 150 5 and [3Fe* /5] S 107 57

Molar volume is crucial for understanding chemical changes with P.
Table 1 shows molar volumes of various Bdm components at ambient
conditions. All secondary components have larger molar volumes than
MgSiO; (24.447(4) cm’/mol), including OV, despite their lack of oxygen.

The incorporation mechanism of H' in Bdm is not yet fully under-
stood until recently due to the limited H,O content. Drawing parallels from
Mg,SiO, wadsleyite, an upper mantle mineral, where H" occupies the Mg
site forming the [Mg*"2H"],[Si*"]0°",”, it was hypothesised that H" might
similarly occupy the Mg (A-) site in Bdm*, creating [2H"] 4 [Si*"]s0* 5. An
alternative mechanism proposed that H' could couple with AI’* to sub-
stitute Si*" in the B-site”, forming [Mg**],[AI’"'H*]30" 3 A recent neutron
scattering study has provided evidence supporting this latter substitution
mechanism in Bdm*.

The variety of components in Bdm underscores the importance of
coexisting phases in determining its chemistry. The species of coexisting
phases should vary with the bulk composition. The content of different
components in Bdm varies with the coexisting phases, which in turn depend
on the bulk composition. In (Mg, Fe*")O excess or SiO,-deficient systems,
OV likely forms, while in SiO, excess systems, AV forms®®. To define a
unique defect structure at a given P and T, the Gibbs phase rule must be
considered. For a system with # components, n-1 additional phases must
coexist with Bdm. For instance, in a three-component system (MgO-AL,O;-
Si0,), two additional phases besides Bdm are necessary. Many studies have
not fully considered the implication of the phase rule, often having an
insufficient number of coexisting phases. While the following sections will
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Fig. 2 | Perovskite structures. A orthorhombic
perovskite structure, B cubic perovskite structure.
The A and B site cations and oxygen, respectively,
are expressed using green, blue, and red spheres.
Modified from Akaogi”.

interpret Bdm phase relations, it is important to note that this review is not
exhaustive.

Phase relations of bridgmanite in various systems

MgSiO3. The MgSiO; system is fundamental for understanding Bdm
stability. Figure 3 summarises Bdm’s stability field, bounded by transi-
tions to akimotoite (Aki) at low P and T ¥, to postperovskite (pPv) at
high P>, and MgSiO; melt at high T°***. A small region of tetragonal
garnet (Gnt), often referred to as majorite, exists between Aki and
melt”*°. Recent studies define these boundaries with more precision.
Figure 3 shows the most recently determined boundaries with Aki*, pPv’,
and melt”. The Bdm- Aki boundary has a negative slope (dP/dT), —3.2 to
—8.1 MPaK ™" as T decreases from 2100 to 1250 K* with transition P at
24.0 GPa at 2100 K and 20.5 GPa at 1250 K. The Bdm-pPv boundary
exhibits a steep positive dP/dT of 13.3 MPaK ™', with transition P at
107 GPa at 1500 K and 150 GPa at 4500 K*. The melting curve starts at
2700 ~ 2800 K at 22 GPa>*%, rapidly increases to 4300 K at 60 GPa, then
gradually reaches 5200 K at 140 GPa*. Extrapolation suggests a triple
point (Bdm-pPv-melt) at 5200 K and 160 GPa. The Bdm-Gnt boundary
remains less studied.

Table 1 | Molar volumes of mineral components at ambient
conditions

Mineral Components Molar volume (cm®mol )
Bridgmanite MgSiO; 24.47(1)
Fe?*SiOs 25.35(2)°
AIAIO; 25.84(3)°
MgAIO, 500 5 26.64(10)°
Fe*'Fe® Oy 29.55(3)°
MgFe*Os 5005 27.65(1)°
Fe**AlO; 27.09(6)°
Corundum AIAIO3 25.64(1)°
MgSiO; 26.06(9)°
Akimotoite MgSiOs 26.46(1)°
Ferropericlase MgO 11.25°
FeO 12.26°
Post-spinel phase MgAl,04 36.14(1)
Mg,SiO, 36.49(2)'

There are no data about pPv or Dvm due to their unquenchability.
Horiuch et al.**; °Kudo et al.”®; °Liu et al."*; “Liu et al.”"%; *Huang et al.'®*, 'Kojitani et al."™.

MgO-SiO,. In the MgO-rich region of the MgO-SiO, system, Bdm
coexists with periclase (MgO, Per). The Bdm+Per field is bounded by
ringwoodite (Mg,SiO,, Rwd) at low-P, as shown in Fig. 4A. This phase
boundary, extensively studied for its geophysical importance in relation
to the 660-km seismic discontinuity, occurs at 23-24 GPa'>*****%7 The
Rwd to Bdm + Per transition exhibits a near-zero dP/dT below 1700 K,
becoming increasingly negative at higher T, reaching —0.9 MPaK ™'
2000 K*. Above 2500 K, Rwd transforms into wadsleyite (Mg,SiOy,
W(ds) following a boundary 11.0 (GPa) + 4.5 (MPaK ") x T'(K)*, leading
to a transition from Bdm + Per to Wds rather than Rwd. Both Bdm + Per
and Wds become melt + Per above 2500 K at 19 to 27 GPa®.

On the SiO,-rich region of the MgO-SiO, system, Bdm coexists with
SiO, stishovite (Sti) at a relatively lower P. At 68-78 GPa, Sti transforms
to CaCl,-type SiO,, known as post-stishovite (pSt)°. At even higher P, pSt
may transform to a-PbO,-type SiO,, called seifertite (Sft), although it is
unclear if this transformation occurs within the Bdm stability field.
Thus, above 68-78 GPa, Bdm primarily coexists with pSt. No inter-
mediate phases between Bdm and silica phases have been reported in the
literature.

The melting relations of Bdm + Per and Bdm -+ Sti, though not
extensively studied, exhibit congruent melting”. Figure 4B illustrates the
melting relations in the MgO-SiO, system proposed by Yao et al.”’ based on
multi-anvil experiments and first-principle calculations. At 24 GPa, the
eutectic T for Bdm + Per and Bdm + Sti, respectively, are 2650 K’ and
2700 K*. Per and Sti have significantly higher melting T (4800 and 4200 K)
than Bdm (2750 K) at this P. Consequently, the compositions of Bdm + Per
and Bdm + Sti melts are similar to pure Bdm with MgO/(MgO+SiO,) of
0.43 and 0.53, respectively, compared to 0.5 for Bdm. As P increases, the
melting T in the MgO-SiO, system rises while maintaining similar geo-
metrical relations. At 136 GPa, the eutectic T for Bdm + Per and Bdm + Sti
reaches 5500 and 5400 K, respectively. As the melting temperature differ-
ences between Bdm (5550 K) and Per (7500 K) and Sti (5900 K) decrease,
the eutectic compositions of Bdm + Per and Bdm + Sti, MgO/(MgO
+Si0,) =0.35 and 0.67, respectively, deviate more significantly from the
MgSiO3 composition.

MgO-Fe*'0-SiO,. Following the MgO-SiO, system, the MgO-
Fe**O-Si0, system was initially anticipated to be the second most
important system in geophysics due to Fe’s abundance as the fourth
element in Earth’s mantle'. While the majority of Earth’s Fe is stored in
the liquid outer core, the deep mantle’s reducing conditions™ led to the
expectations that Fe would primarily exist in its 2+ state. However, recent
studies have revealed that Fe** plays an even more crucial role in mantle
chemistry than Fe** 7!, a topic that will be explored in later sections. The
investigation of Bdm’s phase relations in this system began shortly after
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Fig. 3 | Stability of Bdm in pure MgSiO;. A at 1000 to 7000 K and 0 to 200 GPa, and
B at 1000-3000 K and 19-26 GPa. Colour code: Red-Bdm, Green - Aki, Purple -
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Tateno etal.’, Squares - Ito and Katsura™
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its discovery”, reflecting its perceived importance in understanding
Earth’s lower mantle composition and dynamics.

Maximum Fe?*SiO3 content. Fe’* can substitute for Mg®" in the A-site,
forming Fe**SiO;”’. However, there is a limit to the maximum Fe**SiO;
content in Bdm, denoted as ‘PES;ES@ . When the Fe**SiO; content in Bdm,
ng{i‘s@g, exceeds this limit, Fper 4 Sti forms. In planets with mantles
richer in Fe’"O than Earth’s, Fper + Sti could be the major mantle phase
rather than Bdm. Due to its geophysical significance, (p_lF;SZTSiO has been
extensively studied as a function of T “*7 and P **7*. While Fe**
undergoes a spin transition in certain minerals like Fper, at high P”’, Fe**
in the Bdm A-site remains in the high-spin state throughout its stability
field”. Consequently, the chemistry of Fe*"-bearing Bdm should change
gradually or remain unaltered with P.

Figure 5A illustrates the variation of ‘ngszm at ca. 26 GPa as a
function of T determined using a MAP*”*””, The data can be divided into
two groups based on the anvil material: tungsten carbide (WC)*”*”* and
sintered diamond (SD)"*”. Studies using WC anvils found (p?ﬁ{i‘sm’ to be
7 mol.% at 1400 K, increasing to 12 mol.% at 2000 K. In contrast, studies
using SD anvils reported 16 mol.% at 1800 K, rising to to 18 mol.% at
2300 K. The SD anvils results are 1.3-2.0 times higher than WC anvil results
at comparable T. The reason for this discrepancy is not fully understood.

One possible explanation is that the actual T in the WC anvil experiments

>

N
~N

N
an
T

Mg2SiOa|

Bdm + Per

N N
» w
T T

Pressure (GPa)
N
w
L 24

Rw

N
N
T

N
-
T

Melt + Per

N
o
T

Wd

19 L L 1
1000 1500 2000 2500
B Temperature (K)

3000

8000

7000 136 GPa

MgO-5i02|
P

6000

Temperature (K)
wv
o
o
o

4000

Per + Melt Bdm + Melt Sti + Melt

3000

Bdm + Per Bdm + Sti
2000 : . . : . 1 . .

00 01 02 03 04 05 06 07 08 09 10
Si0,/(MgO+Si0,)
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B Melting relations in Mg,SiO, at 24 and 136 GPa and 2000-8000 K. Modified from
Yao et al.”.

may have been higher than that in the SD anvil experiments, though this
would require a difference of over 1000 K to account for this difference in
(PIES;?SiQ' Another possibility is that extremely small grain sizes in the SD
anvil experiments may have led to microprobe analyses of bridgmanite
inadvertently including more Fe-rich ferropericlase grains.

Figure 5B illustrates the variation in (p?szSio as a function of P at
various T using data from LH-DAC experiments*”* and MAP with SD
anvils™*”. Both data indicate that %% _ - increases with Pat similar rates of
0.42 to 0.60 mol.%GPa " with no apparent effect from the Fe** spin tran-
sition in Fper””. LH-DAC results show lower gB4_ %7 compared to MAP
with SD anvils’*”’, but are consistent with MAP ilsing WC anvils**”*”,
MAP with SD anvils'”” yielded a gfd . of 38 mol.% at 2000 K near
60 GPa. Dorfman et al.'s LH-DAC study on the MgSiO;-Fe**SiO5 system®
showed a rapid increase in (pl}?fz’fﬁoz from 60 to 70 GPa, implying a
possible formation of pure Fe**SiO; Bdm. However, this drastic change is
challenging to interpret thermodynamically without assuming significant
changes in partial molar volumes with increasing P. The Sti-pSti transition
occurring between 58 and 78 GPa has minimal effect on phase relations due
to similar volumes of these minerals’.

Given the inconsistencies in the reported ﬁ”ggﬁl&o; a comprehensive
reinvestigation is necessary. This study should cover a wide P-T range and
employ reliable experimental and analytical techniques to establish more
dm

definitive conclusions about gP4? .
3
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Table 2 | Thermodynamic parameters to obtain
Krez+ _mgBdm-Fper at 25 GPa

Paremter Value
AH® + PAV® 27.2+6.6 KJmol
AS? ~4.0+1.9Jmol K"
Bdm B 0
Weg! 2+ S0, —MgSiO, 4.9+7.6 KImol
Fper . T
Wegio- Mgo 13.2(3) KJ mol

aNakajima et al.®®, °Frost et al.?®.

Fe?*"-Mg exchange coefficient with ferropericlase. The Fe-Mg exchange
between Bdm and Fper is geophysically important, as Fper is the only
ferromagnesian mineral coexisting with Bdm in Earth’s mantle. The sub-
stitution of Mg by Fe*™ notably affects the physical properties of these
minerals, altering their density and electrical conductivity*”. The exchange

coefficient of Fe’™ and Mg of Bdm with Fper, Fdﬂff\i’gﬂ, is defined as:

Bdm
cain e _ (%0, /1880, ) "

Fe2* —Mg Fper / Fper
Xpert+ SiO; XMg&Os

where x“; is the fraction of the component 7 in phase a. While the apparent
Fe-Mg exchange coefficient is significantly altered by Al incorporation®,

Bdm Fper
Fe?+ —Mg in the

MgO-Fe’"O-Si0, system remains important as a foundatioin for under-
standing Fe distribution in these minerals.

Numerous studies have attempted to determine K];S;fj}f;r at
23-25 GPa using MAP*”**"*°. However, achieving equilibrium has been
challenging. Many workers used olivine as a starting material, but this
approach led to issues with low-T compositions persisting due to slow
kinetics* and Fe** oxidation to Fe’* during the dissociation®.

Nakajima et al.” provided the best understanding of K g:z'f I;Eer for the
topmost lower mantle conditions. They measured compositions of Bdmand
Fper coexisting with metallic iron at significantly high T' (2400-2600 K)
using various bulk compositions. This approach minimised Fe’* content
and allowed for chemical equilibrium and grain growth suitable for
microprobe analysis While data from Katsura and Ito* and Frost and
Langenhorst generally align with Nakajima et al.’s* findings, Katsura and
Ito’s™ K?e;f i}[);r was higher, especially for low-Fe samples. This discrepancy
may be due to significant Fe** in Bdm’s B-site, caused by oxidation
from B,0; flux. The consistency improves for higher Fe samples because the
B site’s Fe’* capac1ty is limited, reducing its impact on K ijf N[[’er

The Fe**-Mg exchange coefficient is directly related to the chemical
potential change of the Fe**-Mg exchange reaction between Bdm and Fper.
This reaction can be expressed as:

making direct application to Earth’s mantle challenging, K

MgSiO,
Bdm

Fe?*Si0,

N Fe’tO .
"~ Bdm

Fper

MgO
+ @
Fper

The conditions for equilibrium of Eq. (1) can be written as:

Bd) Bd
—RTIn <YFe "s0,/ YMg?iOz)

Bdm—Fper __ ( )
- Fper Fper
YFez‘Sro; / YMgSiO3

Fe+—Mg

RTInK —(AH® + PAV'—TAS")

where AH®, AV, and AS°, respectively, are the enthalpy, volume, and
entropy changes associated with the exchange reaction in the standard state,
y"; is the activity coefficient of the component i in phase a, R is the gas
constant, and T is the absolute temperature. Using the regular solution
model, the term of the acitivty coefficient can be expressed as:

<YB<12m JyBm

Fe?*Si0;/ YMgSiO, Bdm Bdm
—RTIn Fper Fper =Wréisio, - MgSiO3(1_2XFeZ+SiO3) 4
<YF62+3103 / YMgSi03> ©)

__ypsFper 5, Fper

Weeto-mgo1 2o 0)
Fper . .
where WFeHslo _MgSiO, and W5 o ..o tespectively, are the symmetric

interaction parameters (Margules parameters) for Bdm and Fper. The
parameters for this model, as determined by Nakajima et al.”, are given in
Table 2.

Figure 6A shows ng;f_if[’ger for various XF 50, 382 function of T at
25 GPa calculated using the above thermodynamic parameters The graph
also includes experimental data by Katsura and Ito”, Frost and

Bdm—Fper . .
Fezt Mg INCTEASES with

Moo, Of 8mol.%, KiZT (" is 019 at
1800 K, whereas it is 0.30 at 2600 K. More notably, K K Bdm—Eper
compositional dependent, decreasing with increasing Fe**/(Fe*™ + Mg)

Fe* —Mg
ratio in the system. For instance, at 2000 K, K ngf f\,ﬂ’er of

Langenhorst™, and Nakajima et al.”’. As expected, K
increasing T. For instance, at yod

is strongly

is 0.32 at XFe2+ s,

4 mol.%. but drops to 0.16 at 16 mol.%. This compositional effect is sig-

nificantly larger than the T effect, primarily due to the large WFe2+ 0-MgO’

because W54 can be assumed to be zero®.

Feer S$i0; —MgSiO,
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Fig. 6 | Fe*'-Mg exchange coefficient between Bdm and Fper, g:zT ;I';er A With
T at 25 GPa. The symbols denote the experimental data. Circles: Nakajima et al.*,
square: Frost and Langenhorst”, diamond: Katsura and Ito". The curves are
KESZT ifer of XESZTS o, calculated using the thermodynamic parameters given by
Naka)lma et al.. The numbers denote XFe2+ 0. in mol.%. The colors indicate
XFez* sio, : red: 4 mol.%, green: 8 mol. %, blue: 12 mol.%, and violet: 16 mol.%. The
colours of the symbols also denote Xpe2+ si0,° . B With P at relatively similar T'and bulk
compositions. Violet: 1500-1600 K using ‘San Carlos olivine by Kobayashi et al.’,
cyan: 2000-2450 K using San Carlos olivine by Auzende et al.*’, 1800-2200 K using
(Mg s9Feq.11),5i04 gel by Sinmyo et al.*, green: 1900-2100 K using San Carlos
olivine by Sakai et al."’. The cyan and green broken lines showing a negative

P dependence are fitting to the data given by Auzende et al.* and Sakai et al."’.

KES;? IFVI;er has been studied at higher P using LH-DAC»**>*%,
Additionally, Ko™~ iﬁ’gﬂ can also be derived from data determining o247 %0,
8,76-78 Bdm—Fper

with P. However, understanding the P dependence of K Fezt Mg is

challenging due to its complex relationship with T and compositions. Fig-

Bdm—Fper
ure 6A shows K., _ Mg

bulk compositions”*****, Two of the studies, Auzende et al.* and Sakai

Fdznl i‘fr, which they attributed

to the spin transition of Fper. However, Nakajima et al.*’ suggested that this
P dependence could be interpreted without the spin transition. Given these

conflicting interpretations, a comprehensive study is required to determine
Bdm—Fper
I<FeZ+ —Mg

from four studies with minimal variations in T and

etal.”’, showed a negative P dependence of K,

as a function of P, T, f, , and composition precisely.

MgO-Ca0-SiO,. Calcium is the sixth most abundant element in Earth’s
mantle'. In the lower mantle, CaO forms Dvm®*. Bdm and Dvm are the
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Fig. 7 | Phase relations in MgSiO;-CaSiO;, i.e., ‘PCaslo and ‘PMgSuo , with T at
25 GPa™*>**'"%, The red and violet circles indicate T and P, of coexisting Bdm
and Dvm, respectively, taken from Irifune et al.” and Irifune et al”. The yellow and
cyan circles, respectively, indicate T and q)g‘;gzoa of Bdm and Dvm coexisting with
eutectic melt, from Nomura et al.”’. The open red and violet diamonds indicate T and

(pg‘gg‘}OS of coexisting Bdm and Dvm, respectively, from Nomura et al.”.

two main phases in the MgO-CaO-SiO, system. Since non-stoichiometry
is not Known in Dvm, the coexistence of Sti, Per, or other Ca-bearing
phases should not affect the phase relations between Bdm and Dvm.
Consequently, the binary MgSiO5-CaSiO; system is crucial for under-
standing the ternary MgO-CaO-SiO, system. As Bdm and Dvm melt
congruently”, the eutectic melting T limits the stability of Bdm at high T
in this system. Furthermore, no phase transition of Dvm is known within
Bdm’s stability field at mantle temperatures.

The maximum CaSiO; content in Bdm, ‘ngrs?os , below the eutectic
point is geochemically significant due to Ca’s large ionic radius. This
property allows Dvm to incorporate much larger amounts of trace elements,
such as REE, U, and Th, than Bdm®". Consequently, the presence of Dvm
significantly impacts trace element profiles in the mantle. Given that CaSiO;
is relatively small compared to MgSiOs in Earth’s mantle, it is crucial to
determine whether ‘/’Caslo exceeds the mantle’s CaSiO; content. If (pCa&O
surpasses 8 mol.%, it would imply that all Ca is contained in Bdm, and Dvm
does not exist in the lower mantle. This determination is essential for
understanding the distribution of calcium and associated trace elements in
the lower mantle.

The phase relations of Bdm and Dvm in the MgSiO5-CaSiO; system
under topmost lower-mantle conditions (24 GPa) have been studied using
MAP***”_ Eutectic melting occurs between 2620 and 2700 K at this P *°
(Fig. 7). <pg‘§‘§i‘03 is very low, limited to 2 mol.% even at the eutectic T,
suggesting Dvm’s presence in the top of the lower mantle.

It remains unknown whether (;Jgg‘s“}()} reaches 8 mol.% at higher P. As
the eutectic T should increase with pressure, the maximum T of Bdm
stability may increase, potentially resulting in higher @Bd™ . The mis-
cibilitytygap l})’etween Bdr}rjl and Dv)r,n could I%arrow g\Alrli'[h iqr)l(éarsé(;;ing P if the
partial molar volume of CaSiO; in Bdm is smaller than Dvm’s molar
volume. In situ X-ray studies with MAP observed metastable Ca-rich Bdm
formation at various P and T, but it transformed to Bdm + Dvm at higher
T '*”. The volumes of Ca-rich Bdm were reported to be larger than Bdm +
Dvm"”, suggesting the miscibility gap is unlikely to narrow with increasing
P. Recent laser-heated diamond anvil cells (LH-DAC) studies reported the
formation of Ca-rich Bdm at high P and T in Fe- and Al-bearing
systems'"”*. Reference 12 suggested that the secondary components of Fe
and Al promoted <pg‘j‘§}03 . It is noted that, however, Raoult’s law implies
that the presence of minor components does not significantly alter the
thermodynamic properties of the major component. Further investigation
is necessary to reach conclusive results about <pg§g;0§ at higher P.
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MgO-Al,03-SiO,. Al is the sixth most abundant element in the Earth’s
mantle'. Significant quantities of AL,O; can be present in Bdm,
depending on prevailing conditions. Extensive research has been con-
ducted on the phase relations in the MgO-Al,05-SiO, system'®*>***~17,
Figure 8A illustrates the phase assemblage in this system at 27 GPa and
2000 K*. As the Mg/Si ratio decreases from infinite to zero, the phases
coexisting with Bdm change from Per, Per + PS''"''?, PS, PS + corundum
(Crn), Crn, Crn + Sti, and Sti. This PS has a CaFe,O,-structure'"!, with
MgALO, as its primary component, but can contain Mg,SiO,'".

A

Bdm#+R.S+Clin

Bdm+Crn+Sti

Bdm+Per+PS]

Similarly, Crn’s primary component is Al,O;, but it can contain
MgSiO5™**!%!!, At these conditions, the Mg,SiO4 and MgSiO; contents
in CaFe,O4-type PS and Crn coexisting with Bdm are 29-34 and 19-
21 mol.%, respectively’’. The Al,O5 contents in Per and Sti coexisting
with Bdm are limited to 0.5 and 5 mol.%, respectively. Notably, the AL,O3
content in Sti may be attributed to H,O potential incorporation through
the substitution Si*" < AI’" + H* *,

Al is primarily incorporated into Bdm as CC, Al,Os, especially when
the Mg/Si ratio is unity, where the coexisting phase is Crn*>7*%10105106114115
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Table 3 | Thermodynamic parameters to describe Bdm and
Fper chemistry in MgO-Al,0;-SiO, at 27 GPa and 2000 K from
Huang et al.*'

Parameter Value

WEId—rgi,B —30(2) KJ mol™
WII\;/I%TA\ A 0

WorD o1 0

AG) —19.5(15)KJmol ™

The maximum ALO; CC content in Bdm, (pg‘é"‘l, increases with P
IIBINIILLE (Big 8B). For example, (pCC increases from 12 to 22 mol.% as
P rises from 27 to 42 GPa at 2000 K'** Notably, when the goBdm is high (at
least 25 mol.%), Bdm cannot be recovered to ambient conditions but
transforms to the LiNbO; structure upon decompression'”"*. The increase
in ‘Pcc with P is associated with a decrease in the maximum MgSiO;
contentin Crn, (ngle .Forinstance, (ngSlO decreases from 321022 mol.%
as P rises from 27 to 35 GPa at 2300 K. Similarly, ‘Pcc increases with
T %7114 For instance, (dem increases from 16 to 30 mol.% as T rises from
1700 to 3000 K at 27 GPa. This increase is accompanied by a corresponding
increase in %, 50,

The stab111ty field of Bdm + Crn in the MgSiO3-Al, 05 system is
constrained on the lower P side by the formation of pyrope
Gnt'***1"%1% at 26 GPa (Fig. 8C). The boundary in the P-T space is
curved. The dP/dT is negative, with a value of —1.5 MPaK™!
1400-1800 K. At higher T up to 1900-2100K, dP/dT becomes
positive, reaching a value of +2.5 MPaK™. At high P, ca. 100 GPa,
Crn first transforms to the Rh,O3(II) structure'®. The melting rela-
tions in the Bdm + Crn system have not yet been investigated.

In MgO-rich or SiO,-poor systems, Bdm contains OV, MgAlOZ 5, in
addition to CC'*'7!'*!7"1¥ The maximum OV content, " , is con-
siderably more limited than ggim '!!*!*1 g8n rapidly decreases with
P'"°, as shown in Fig. 8D. For instance, (pod\l,m decreases from 6 to 1 mol.% as
P rises from 27 to 40 GPa at 2000 K when coexisting with Per. The T
dependence of (dem] varies based on the coexisting phases (Fig. 8E)'".
When Bdm coexists with Per and Per + PS, respectively, (pBO‘{,m increases
from 3 to 6 mol.% and from 3 to 4 mol.%, respectively, as T rises from 1700
t0 2300 K. However, when coexisting with PS + Crn, (pgd\l,m decreases from 4
to 3 mol.% as T rises from 2000 to 2300 K*. Generally, the T dependence of
(pOVAl decreases with increasing the Al,O; content, i.e., in the order of Per —
Per + PS — PS + Crn.

The local chemical environment of AI’" in OV is complex.
Nuclear magnetic resonance (NMR) studies have indicated that AI**
in Bdm can have coordination numbers of 4, 5, 6, and 8*'*"!%!,
Among these, 6-coordinated AI’* are predominant, suggesting a
random distribution of AI’* and O? vacancies. However, the pre-
sence of 4-coordinated Al’" indicates the formation of clusters
comprising both AI'" and O*" vacancies

The variation in the OV content, ‘Pov , is more complex than (dem
When the bulk Al,O; content in Bdm, y2 Al 0, = Xg%‘: +0. 5)(?)‘2,’“ ,increases
to approximately 10mol.% in the presence of Per, the ybor 1n1t1ally
increases and then decreases at XBdm In contrast, X(‘%: increases mono-
tonically (Fig. 8F).

Huang et al.”’ employed a thermodynamic approach to express the
equilibrium of Bdm and Per in the MgO-Al,O3-SiO, system. To address
the complexity of OV, they introduced the MgSLAerrs 1 O, component
instead of MgAlO, 5. This equilibrium was represente(i By the following
equation:

l3+

MgSIzz;Al%O% O %Oz
Brg

1 AlAIO 7 MgSiO 1 MgO
_ L 347 &o1Y; 4z g (5)
16 Brg 8 Brg 8 Per

The standard Gibbs energy of reaction (5) at equilibrium, AG(s)’, was
expressed using the following equation:

1

(e, (i)' ()
RTIn- O &0, ¢ (6)

aBdm
MgSi; Al; O35 01, O,
§ 8 6 16

0 _
AGe = -

where a; is the activity of component i in phase A. To consider the fraction
of MgSigAlé 00,0, Xﬁ/rdgmsq AlL,Oy;, 0, they assumed that O* vacancies

occur on the O1 site (multiplicity of unity) and not on the O2 site (multi-
plicity of two). This results in:

1 15
Bdm _ Bdm ( Bdm Bdm Bdm ¥ [ Bdm )
XMgsiz AL, 01,0, = 1.841xy, (xAl ) (x&B ) (xDm) (xom) (7)

where xfﬁg‘", xij““, and dem are the fractions of Mg on the A site, Al and Si

Bdm Bdm are the fractions of vacancies

on the B site, respectlvely, and x_*" and x
and oxygen on the Ol site, respectlvely. The coefficient 1.841 ensures that
the activity of the endmember MgSi;sAl;/5015/16[ 11/1602 equals unity and
1 7 L 15
is driven from 1/(3)* (3)* (%)™ (£2)*.
The MgSiO; fraction in Bdm, Xl%fgrgioy was expressed as follows:

Bdm  _ Bdm  Bdm_Bdm
XMgsio, = *Mg,a¥XsiB X0,01 (®)

The regular symmetric solution model was used to express the activity
. : Bd .
coefficient of MgSI7/8All/8015/16D1/16021 yMgnSjlgAl%O% Dl—1602 :

2
Bdm __1A7Bdm Bdm Bdm
RT]“)’r/rgsm-mo_5 0,0, —WMg—Al,A<1 Xng, A) + WAI—SLB( xAlB)
8 16 16
2
Bdm Bdm
+Woloo (1 _xD,Ol>

)

where W™, , are the interaction parameters between components i and j
in the « site in Bdm. Similar expressions were provided for the activity
coefficients of MgSiO;3 and AIAlOs:

2
RT]nYMg&O = Wi‘lim&B( - xg m) (10)

RTlnYAl 0, = Wi(lijlB(]‘ xi(lim)

The parameters evaluated by Huang et al.*" are presented in Table 3.
This formulation and the estimated parameters provide a comprehensive
description of XBdm and XBdm in relation to x2 Al 0,m> as illustrated in Fig. 8F.

(11)

MgO-Fe®503-Si0,. Despite Fe being the fourth most abundant element
in Earth’s mantle', Fe’* was previously thought to play a minor role in the
lower mantle. This assumption was based on the presumed reducing
conditions of the lower mantle, inferred from its contact with the outer
core. As a result, phase relations in the MgO-Fe**,05-SiO, system have
not been extensively studied. Another factor contributing to the limited
study on this system is the difficulty in maintaining and accurately
measuring Fe valence during and after high P-T experiments, making it
challenging to obtain reliable data on Fe** behaviour under lower-mantle
conditions.

The phase relations in the MgO-Fe’*,0;-SiO, system are similar to
those in the MgO-Al,05-SiO, system®>*"**'*, Fe** can occupy the A- and
B-sites, like AI**. However, the coexisting phases with Bdm have not been
precisely determined as a function of the Mg/Fe’*/Si ratio. As the Mg/Fe’"
ratio decreases at Mg/Si ratios less than 1:1, the coexisting phases change
from Per, Per + PS, and PS*"**'* (Fig. 9). This PS has a MgFe,O,
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composition and a CaMn,O, structure. At Mg/Si ratios greater than 1:1,
Bdm coexists with Sti and an unidentified phase with a LINbOj; structure
after recovery™’. This phase has a composition of approximately Mg/Si = 1:1
and MgSiOs/Fe,O3 = 1:2 at 27 GPa and 1700 to 2000 K. It is possible that
this LINbO;-structured phase may also have a perovskite structure at high
pressure, suggesting a potential miscibility gap in perovskite phases within
the MgSiO;-Fe, O3 system. At Mg/Si = 1, Bdm or the LiNbO;-structured
phase should coexist with a Fe,O; polymorph. Although numerous Fe,O;
polymorphs exist'*, it is unclear which one coexists with Bdm under specific
P-T conditions. Bykova et al.”** proposed a series of phase transitions for
Fe, O3 with P: a-phase (hematite, Hem) — t-phase (Rh,O5(II) structure) at
25-45 GPa — (phase (distorted perovskite structure) at 45-55 GPa — -
phase (CalrOj; structure).

The incorporation of Fe’* is more limited than that of AI’*. While the
maximum Fe’" CC content in Bdm, ‘Pcc , coexisting with Fe,O; phases
has not been studied, research on (pg%‘“3 in other systems suggests its
comparable significance at top lower ‘mantle P. For instance, (p('é‘é':m3+
increases from 2 to 8 mol.% as T rises from 1700 to 2300 K when coexisting
with Per and PS at 27 GPa™, which is a similar increases in (dem from 4 to
7 mol.% under the same conditions'’ (Fig. 9B).

P appears to have contrasting effects on (dem and (pg‘é“A‘]. As P rises

from 27 to 40 GPa at 2300 K, (p%%‘?ﬂ decreases from 8 to 5 mol.% when

coexisting with Per and PS'”. Conversely, (PCB%Z increases from 12 to
22 mol.% as P increases from 27 to 42 GPa at 2000 K when coexisting with

Table 4 | Thermodynamic parameters to describe Bdm and
Fper chemistry in MgO-Fe®"-SiO, at 27 GPa and 2000 K

Parameter Value
WESH—SLB —28(2) Kdmol ™'
WaZTFe3+ A 11

W o 0

AGuz) —21KJmol™”

From Huang et al.”"

Crn'™. Tt should be noted, however, that these two data sets cannot be
directly compared due to the difference in the coexisting phase.

Unlike Fe’* CC, the Fe’* OV component, MgFe’* O, s[os, is
more limited compared to its Al counterpart, MgAlO, s[]o5. When
coexisting with Per and PS, (pBO‘i,mH remains around 2 mol.% between
1700 and 2300K at 27 GPa” (Fig. 9B). Contrastly, POy increases
from 3 to 4 mol.% under similar conditions'"’. The formation of both

e’* and Al OV is inhibited by P, which is more profound for Fe*.
As P rises from 27 to 40 GPa at 2300 K, ¢B3™  decreases from 3 to
0mol.%, showing a more significant re(iuction compared to
o\, (Fig. 8D).

Huang et al.”" extended their thermodynamic approach from the Mg-
Al-Si-O system to investigate the phase equilibrium of Bdm coexisting with
Fper in the Mg-Fe’*-Si-O system. They proposed a reaction similar to Eq.

(5):

MgSi-Fel*Os.0, 1 Fe**Fe’tO,
8 3 16 16 —
Bdm

7 MgSiO,
Bdm 16

8 Bdm

1 MgO
8 Per
(12)

Thermodynamic parameters for this model were suggested (as listed in
Table 4). However, the model’s accuracy in reproducing experimental data
is unsatisfactory. This imprecision likely stems from the limited number of
experiments conducted on this system and the potential for Fe’" to be
reduced to Fe*" during experiments.

MgO-FeAlO;-SiO,. Due to the similarity in ionic radii between Fe’" and
Al and between Mg and Si, it is expected that the Fe*' and Al would
predominantly occupy the A- and B-sites, respectively'””. This expecta-
tion has been confirmed by single-crystal X-ray diffraction'”. Notably,
even under reduced conditions, Fe in Fe, Al-bearing Bdm remains pre-
dominantly Fe’* through coupling with AI"”"

This coupling is thought to promote the formation of CC of
FeAlO; while inhibiting OV. Consequently, the maximum CC frac-
tion of FeAlOs, 9™ , is much larger than ¢&¢” and (p}é‘é’“3+ 6T
At 27 GPa and 2000 K (dem " reaches 67 mol. %, when Bdm coexists
with Crn and Hem. Notably, Bdm with XBdm exceeding 40 mol.%
transforms to the LiNbO3 structure upon decompression“’“, similar
to Al,Os-rich Bdm'*'"*. When the Fe and Al contents are equal, the
OV content is virtually zero™'”. A small quantity of MgAlO, s[Jo 5 is
observed when the Al content exceeds the Fe content'”.

While the phase relations in the MgO-FeAlO;-SiO, remain largely
unexplored, those in the MgO-FeAlO;-MgSiO; system were studied at
1700-2300 K at 27 GPa*. Under these conditions, Bdm coexisted with PS,
primarily composed of MgAl,O, and MgFe,O, (likely with a CaTi,O,-type
structure), and minor Crn. Bdm’s main composition was 28-32 mol.%
MgSiO;, 65-68 mol.% FeAlO; with minor Fe,Os. The formation of Crn and
the incorporation of Fe,O; in Bdm suggest that Bdm favours Fe,O; over
AL Os. Despite a slight increase in FeAlO; with rising T, no significant
compositional changes were observed across the T range.
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Table 5 | Parameters for calculating the Gibbs free energy of the end members of Bdm and Fper

Fo (kJ mol ™) Vo (cm®mol ) K (GPa) K Qo Yo Qo
MgSiO3 (Bdm) —1362.443 24.45 251 41 880 1.54 0.84
FeSiO3 (Bdm) —1002.663 25.32 271 4.01 746 1.54 0.84
FeFeOs (Bdm) _537(5) 29.55 157 4 444(13) 1.54 0.84
AIAIO; (Bdm) —-1517.729 24.94 242 41 858 1.54 0.84
FeAlO; (Bdm) —1107(3) 26.90 220 4.1 697(8) 1.54 0.84
MgAIO, 5 (Bdm) ~1379(5) 26.65 155 4.1 799(3) 1.54 0.84
MgO (Fper) —569.527 11.25 161 3.9 771 1.45 1.55
Fe? O (Fper) —243.652 12.26 161 4 454 1.45 1.55
From Wang et al.*®
Table 6 | Interaction parameters for the excess enthalpy in the sim
solution mixing model LE Xfe‘”f”os Ao,
, KB = B, a6
Parameter Value (kJ mol ) Ve Ko
WE/I(:;@\OB—A\AIOG 35 Xﬁf{;&
W igsio, —re2+sio, —11.4 Unlike the previous definition of I;E%T;zger, Eq. (15) includes
WESo o, 222(2) i(MgAIOZSD’L),S,Bdm to account. for .all Mg. K?F67M§ is 2referred toj as th?
apparent” exchange coefficient, incorporating both Fe*" and Fe’**7*:%4%,
Wiko e 18.7 This value is obtained by electron microprobe analysis without distin-

From Wang et al.?®

MgO-FeO-Fe,03-Al;03-SiO,. This system is most relevant for under-
standing Bdm chemistry in the lower mantle. However, its complexity,
with five components, makes comprehending phase relations extremely
challenging. The difficulty in directly controlling the Fe**/ZFe ratio
further complicates investigations. Some studies assume that the initial
Fe’*/ZFe in starting materials remains unchanged during a high P-T
experiment in LH-DAC experiments'. This assumption is quite ques-
tionable, especially at high T due to diffusion"’. Indeed, measurements of
Fe’*/SFe in Bdm have yielded inconsistent results across various
studies'™"*'**"", suggesting that bulk Fe**/SFe likely changes during high
P-T experiments.

In contrast to the conventional approach of maintaining constant bulk
Fe’*/ZPe, some studies have estimated f, based on the equilibrium
between Fe-bearing phases with different valence states in the run
products™*. Specifically, f, is estimated using the reaction between Fe-
bearing alloy and ferropericlase:

FeO

2 +0,=2 13
alloy g Fper (13)

To produce an alloy, a platinum group metal, typically Ir, is added, as it
is not incorporated into the silicate or oxide phase. Using reaction (13),f; is
calculated with the following equation:

Fi all 0
o~ e . AGp 113

2upos
logfo, =] = 21og (V2 iR )
ngoz In10RT In10RT + 2log Vrer+0Xrer+0 (14)
alloy allo
- 210g< Fe yXFe Y)

The phase relations of Bdm and Fper in the MgO-FeO-Fe,0;-AL,0;-
SiO, are described based on Wang et al.”.
The two exchange coefficients are defined as follows:

Bdm

X2+ Si03
Bdm Bdm
KBdm—Fper _ Xagsiog T Xnigalo, s g5 (15)
Ft—Mg Fper
Xp2+o
Fper
XMgo

guishing Fe’" and Fe™*.
Wang et al.” described the equilibrium of Bdm and Fper in the current
system using the following reactions in addition to reaction (2):

5 MgAl[O, 5,50, _ AlAl[0]o, 5 MgO )
Bdm Bdm FPer
2Fe”O 050, — Fe*TFe*T0, (18)
FPer T Bdm
Fe**Fe**0, AIAIO, _AlFe™*O,
+ = (19)
Bdm Bdm Bdm

The thermodynamics framework, based on the work of Stixrude and
Lithgow-Bertelloni'*>'”, begins with the following expression for the
Helmholtz energy, F, of the endmembers:

. 2 VK (K/TO - 4)
_F(V07T0)+ fE+ 2

rona[ro(2) ~rin(2)

+ [Fmg(vo,Tl) —Fmag(VO,TO)]

F(V.T))

9%K T0 3
a fi

(20)

where K7y and Ky’ are the bulk modulus and its pressure derivative, fi is the
Murnaghan’s finite stran'*, kg is the Boltzmann constant, 6 is the Debye
temperature, D is the Debye function'”, and Fy,,, is the magnetic con-
tribution of iron to F. Wang et al.* applied a symmetric regular solution
model to determine Bdm and Fper compositions. The parameters provided
are presented in Tables 5 and 6.

We can obtain various insights about Brm and Fper’s chemistry from
the above formula and parameters. To show some examples, I have simu-
lated the various contents in Bdm and Fper and the exchange coefficients in
a bulk composition similar to pyrolite by varying, f  , T, P, Fe/Mg, and Al/
Si, whose rI::sults are given inpge supgiemzlltagr){ ?rzlformation‘ %he most
important insight from these investigations is that Bdm Fe**/ZFe is non-
zero but is several-tenths even at f, below the IW butfer (Fig. S1A). Bdm
Fe’*/ZPe particularly increases from less than 0.1 to about 0.6 as rising Al/Si
from 0 to 0.3, indicating that the Fe*" content is due to the coupling of Fe’*
and Al especially the high stability of [Fe**],[AI**]30°" 5 (Fig. S11).
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From an Earth science perspective, this property of Bdm results in the
disproportionation of Fe’" into Fe® and Fe***.

3FeO = Fe + Fe, O, (21)
In peridotite systems, this disproportionation involves Fper:
Fe*O  AlAIO, AlFe*tO,
3 + =TFe+2 (22)
Fper Bdm Bdm

While Fe’*/ZFe observed in upper-mantle rocks is only about 0.04'”,
Bdm constitutes 80% of pyrolite with Bdm Fe**/SFe of several tenths at
various P, T'and fo, (Fig. S1A, C, E). Consequently, free metallic iron is likely
present in the lower mantle"**'”,

H,0 bearing systems. Many studies have been conducted to determine
the maximum H,O content in Bdm, (pﬁ‘i‘gw 714, As excess H,O coexisting
with silicate forms a hydrous melt under mantle conditions, the coex-
istence with hydrous melt is essential for determining (dem A challenge

in determining (/)Bdm

Bdm

is the potential presence of hydrous mineral

140

inclusions ™. As ¢7’G is typically minimal, such inclusions can lead to

erroneous 1nterpretat10n of (dem

(pHZO in MgSiO; Bdm was ﬁrst reported by Meade et al."** as 60-70 wt.
ppm, using a 200 um single crystal synthesised by Ito and Weidner'®.
Litasov et al.'*' later reported 100 wt. ppm H,O, but their smaller crystal size
(100 pm) may have led to the broadband signals from the grain boundary
rather than the crystal interior. The sharp peaks in their study indicated only
40wt. ppm H,O. In contrast, Bolfan-Casanova et al.' detected only
1 ~2wt. ppm H,O, suggesting that higher reported (Pg% might be due to
inclusions. Recently, Liu et al."** measured (dem using a large (300 um)
single crystal and reported that it is less than 50 wt. ppm. Considering these
studies, <pH 3§ in MgSiO; Bdm is likely low, at most 50 wt. ppm.

Several studies showed <de'3 in Fe, Al-bearing Bdm is significantly
higher than in pure MgSiO; Bdm'*'*"'**'%_ This is attributed to the cou-
pling of H" with AP* to substitute Si*" in the B-site, forming
Mg A[AP"H"]50* . The majority of studies™'""**'* reported rela-
tively high values, such as 1000 wt. ppm H,O in Fe, Al-bearing Bdm,
although Liu et al. reported only 10~30 wt. ppm H,O.

Outlook

Determining Bdm chemistry with high reliability is crucial, as it is the most
abundant mineral in Earth’s interior. Two high P-T apparatuses are com-
monly used for studying Bdm chemistry: LH-DAC and MAP. Each has its
limitations: LH-DAC can cover the entire P-T range of the lower mantle but
produces less reliable results, while MAP yields more reliable results but has
limited P-T coverage. To address these issues, efforts should focus on
improving the reliability of LH-DAC experiments and extending the P-T
range of MAP experiments. It is recommended that future studies investi-
gate the compositions of Bdm coexisting with Fper in the MgO-FeO-Fe,05-
AL O5-Si0, system as a function of pressure at Known f, o, using these
advanced experimental techniques.
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