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ABSTRACT

Iron is the most abundant element by weight in our planet, the dominant component of the core and the only
major transition metal in the mantle. Its speciation in the present-day lower mantle remains one of the most
controversial aspects to deal with in modelling the deep interiors of the Earth. Here, we present an unconven-
tional approach that relies upon quantum mechanics and the bonding Bader theory to predict the iron oxidation
state at lower mantle conditions (24/1900-90/2700 GPa/K) in bridgmanite, the major mineral phase. This
approach provides insights into the lower mantle geochemistry on a global scale and a unified viewpoint. The
chemical species that on account of their electronic/steric features and mobility expectably induce redox effects
on iron in bridgmanite are Al, N, C and H. Hydrogen causes reduction, whereas the other species promote
oxidation. The combination of the probability of occurrence of the Al-N-C-H driven reactions with the avail-
ability of the involved species points to iron never achieving full oxidation; instead, it reaches a maximum
average oxidation number of ~ 2.4. This is equivalent to a Fe3+/Fetm ratio that varies with depth from 15.9 to
12.1 % (if Al-N-C-H are accounted for), and from 19.3 to 29.0 % (if only Al is considered). Iron in the lower
mantle is therefore more reduced than previously expected, in terms of ferric fraction, because of the important
reducing action of H. If we assume that Fe>" is always associated with iron disproportionation
(3Fe?*-2Fe3 +Fe®), then the AI-N-C-H atom exchange reactions yield an estimate of metallic iron fraction in
the lower mantle as large as ~ 0.4 wt%. This figure increases up to ~ 0.8 wt% when neglecting N-C-H effects on
ferric iron formation and is fully comparable to the latest experimental result (0.7 wt%) using aluminium only.

1. Introduction

but only retrograde minerals (generally ortho- and clino-enstatite)
originated from its decomposition (McCammon et al., 2004; Kamisky

The Fe3*/Feq ratio in the Earth’s lower mantle affects physical (i.e.,
radiative heat transfer, mantle temperature profile, subduction slab
penetration rate) and chemical (i.e., mantle mineral stability) processes
that take place in the deep interiors of our planet and influence the in-
ternal structure of the Earth (Frost and McCammon, 2008; Ismailova
et al., 2016; Mashino et al., 2020). Despite the crucial role of the Fe3t/
Feyot ratio, the geochemical cycle of ferric iron (Fe3*) is still a matter of
debate, mostly pivoting around the key-questions “which reactions are
responsible for Fe?*>Fe3* and what is the Fe>t/Fey fraction in the
lower mantle?”. Although literature provides a wealth of experimental
data on the oxidation state of iron at lower mantle conditions, an overall
vision is hampered by the fact that controversial Fe3* /Feor figures are
reported, and superdeep diamond inclusions do not bear bridgmanite

* Corresponding author.
E-mail address: bdc@unife.it (C. Bonadiman).

https://doi.org/10.1016/j.gca.2025.01.035
Received 16 January 2024; Accepted 24 January 2025
Available online 27 January 2025

et al.,, 2015; Walter et al., 2022 and reference therein). The back-
transformation reactions likely perturbed the Fe oxidation state as a
result of decompression and breakdown mechanisms (Kubo et al., 2022;
Zedgenizov et al., 2020), so that any direct evidence of lower mantle Fe
oxidation state is prevented.

Mashino et al. (2020) claim that their seismic model agrees with
bridgmanite (Bdm: IMA-CNMNC, Warr, 2021) bearing a high ferric
content that decreases in the middle/deep portion of the lower mantle to
Fe3* /Fepgm ~ 0.2, so that such a value is compatible with a “Fe?*
dominant, silica-enriched Earth’s lower mantle model”. The most recent
ultra-high pressure experiments conducted in laser-heated diamond
anvil cells (Zhang et al., 2024) confirm this picture of a lower mantle
under hydrous conditions, reporting ferric iron-rich bridgmanite (Fe>*/
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Feggm ~ 0.6-0.2) at a depth < 2000 km (80-100 GPa) and dominant
Fe?! in bridgmanite above 105 GPa.

Conversely, Andrault et al. (2018) and Huang et al. (2021), observe
an increase in Fe>" /Fepgm with pressure and Al-content, up to ~ 40-50
%. Kurnosov et al. (2017) suggest an Fe®*_rich lower mantle, on account
of Fe3+/FeBdm ranging from ~ 0.66 (800 km depth) to ~ 0.33 (1300 km
depth). On a crystal-chemical scale, Kaminsky and Lin (2017), investi-
gating the association of Bdm and Fe-periclase (Fp) in natural juvenile
diamond inclusions, conclude that Fp hosts ferrous iron (Fe?h) only,
whereas Fe3" occupies the high coordination (12/8) site of the perov-
skite structure. Otsuka et al. (2013) claim, instead, a potential role of Fp
in hosting Fe3*, although in terms of very low concentrations that un-
likely can affect the Fe>*/Fey, balance in comparison with Bdm. Sinmyo
etal. (2017), in turn, state that Fe?" prefers the twelve-fold coordination
site of the perovskite structure, whereas Fe>* can be hosted by both
cuboctahedral/dodecahedral and octahedral sites. As to the electronic
configuration of ferrous and ferric iron in a perovskite structure at high
pressure and temperature, Kupenko et al. (2015) point out that Fe>*
preserves a high-spin (HS) configuration and predominantly occupies
high coordination sites, whereas Fe?" takes an intermediate spin state
as.

Several  authors claim iron  disproportionation  (ie.,
3Fe2t2Fe3t 1 Fe?) as the main mechanism to account for Fe>* in Al-
bearing systems, because of the occurrence of metallic iron among the
observed products of the Bdm forming reactions (Mao and Bell, 1977;
Frost et al., 2004). Dorfman et al. (2021) underline the absence of Fe-
disproportionation in their Al-free experiments, which give Fe?"-Bdm
and Fp (33-128 GPa and 1900-3000 K range). All this suggests that
aluminium is a key species in controlling Fe redox reactions.

It is worth recalling the HP-HT experimental and theoretical studies
that led to the discovery of iron oxides with unconventional oxidation
states, such as FeOy (Hu et al., 2019) and FesOg (Lavina and Meng,
2016), thus pointing to unusual chemical valence and bonding in-
teractions that hint at a new picture of the redox equilibria inside the
Earth.

The present work aims to be a contribution to the debate by:

e introducing an unconventional calculation scheme, which relies
upon the bonding Bader theory (Bader, 1990; 2007) and the for-
ward-backward reactions formalism, to model the oxidation number
of iron as a function of pressure and temperature, along a geotherm.
We assume all of the crystal sites of bridgmanite are occupied either
by cations or by anions, so that the Fe’s redox state is controlled by
atomic replacements involving cations with an oxidation number
smaller than silicon’s, anions with an absolute oxidation number
larger than oxygen’s and excess species that potentially affect the
electronic basin of iron. Consequently, we shall see that the redox
state of iron is the result of a complex balance involving the elec-
tronic basins of all of the atoms involved, rather than an electronic
exchange restricted to oxygen;

estimating the Fe>*/Fepgm and Fe3+/FeBdm+Fp fractions to frame the
lower mantle oxidation state related to iron on a global scale.

Quantum mechanics is employed to develop calculations, assuming
that Bdm is the sole mineral among the major lower mantle phases that
can accommodate ferric iron along with the species involved in Fe-
oxidizing reactions, even at the lowest plausible level of oxygen
fugacity (Frost and Myhill, 2016). The pressure range 24-90 GPa is
chosen to definitely exclude the occurrence of majorite/ringwoodite and
post-perovskite phases in the uppermost and lowermost portions of the
lower mantle, respectively (Murakami et al., 2004; Frost and Myhill,
2016).
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2. Materials and methods
2.1. Oxidation state modelling

Changes of the conventional oxidation state (or oxidation number) of
various chemical species are observed to occur at extreme P-T conditions
(Qian et al., 2016; Wang et al., 2020), as also predicted by ab-initio
evolutionary techniques (Oganov and Glass, 2006). The process of
moving electrons from one atom to another in a substance is more
complex than what the conventional notion of oxidation number de-
scribes. In fact, in 2016 the International Union of Pure and Applied
Chemistry (IUPAC) recognized that “oxidation state” must be associated
with the atomic “electronic basin” that allows calculation of the related
electronic charge (Karen et al., 2016). This implies a link between the
oxidation state of an atom and its electron density p(r). The key-point is
to determine a region around an atom, “atomic basin”, where the elec-
trons lying within are ascribable to that atom. The electronic charges of
individual atoms in crystals can be calculated on the basis of the Bader
Theory (Bader 1990; 2007) that exploits the properties of p(r). Atoms
are separated from each other by surfaces (Q-surface), called “zero flux
surfaces”, which fulfil the following constraint:

/Q Vp(r) en(r)dS =0

where n(r) = versor normal to the Q —surface at r; dS = infinitesimal
surface element.

The volume confined by a Q-surface defines the region of space
whose electronic charge does not vary with time, that is

/0Q p(r)dV = No

Therefore, N, is the net charge attributable to the basin of a given atom,
and allows calculation of its actual oxidation state. It is worth stressing
that using such an approach, the oxidation state is expressed by a real
number, which depends on P-T and is not necessarily an integer.

In the present work, the focus is on how charge-coupled cation/anion
replacements affect the iron basin charge with respect to the reference
Bdm, whose formula unit is Mgj xFe,SiO3 (x = 0.1), in which we assume
Fe to occur as Fe?*,

We shall use the term “redox reaction” to address any reaction that
modifies the Fe basin, changing iron’s net charge and thereby its
oxidation number. It then follows that Fe oxidation/reduction is seen as
a process, which reflects a complex readjustment through charge
transfers between the atomic basins of all the species forming the system.
We adopt the difference between iron basin charges of wiistite (FeO) and
hematite (Fe,O3) as a reference for full iron oxidation, Fe?tFe®*. Both
wiistite and hematite are modelled using their ideal compositions, which
allows them to be used as reference Bader basins related to Fe®™, in the
case of the former, and to Fe3*, in the case of the latter. In doing so, we
neglect the occurrence of defects in the real wiistite Fe(; _)O (Hidayat
et al., 2015; Zakeri et al., 2023).

2.2. Assumptions and driving reactions

2.2.1. Fundamental reactions

The bridgmanite reference composition (Mgo.9Fep.1)SiO3 [Bdm.ref]
is calculated on the basis of estimates of the bridgmanite/Fe-periclase
Fe?t partitioning coefficients (Sakai et al., 2009; Sinmyo and Hirose,
2013; Merli et al., 2017), in keeping with both homogenous and layered
reference bulk mantle models (Javoy et al., 2010; Kurnosov et al., 2017;
McDonough et al., 2016).

This leads to the following general question: which atomic exchange
reactions (also referred to as atomic replacement reactions) lead Bdm.ref to

a new bridgmanite [Bdm(Mg,Fe,A)] wherein part of Fe?" is turned into
Fe3*?



M. Merli et al.

This is formalized through the general exchange reaction:

A+ Bdm.ref(Mg,Fe2+,B) = Bdm(Mg,Fe3+,Fe2+,A) +B (1a)

where “A” (chemical species not present in Bdm.ref and incorporated
by Bdm) replaces “B” (chemical species present in Bdm.ref, i.e., Mg-Si-
0). The A and B species are exchanged with an ideal (virtual) thermo-
dynamic particles reservoir (hereafter “reservoir”), via a forward/
backward reaction (as in equ.1.a) turning Bdm.ref into Bdm, and vice-
versa, which continues until the system reaches dynamic equilibrium
(Denbigh, 1981; Merli et al., 2020). Dynamic equilibrium is achieved at
the Gibbs energy minimum, implying the invariance of the composition
and abundance of the system’s components. The fundamentals of the
particle reservoir are summarized in Supplementary Material A.

To better visualize mass and charge balance of chemical reactions
involving atomic substitutions, we use the Kroger-Vink notation
(Kroger, 1972) to write the conventional charge-coupled cation/anion
replacement equation. A species can be incorporated in a crystal either
as an interstitial or as a substitutional defect at one site, both of which
naturally require fulfilment of electron-neutrality. The superscripts - and
/ indicate one positive and one negative charge, respectively, in a
crystal. Subscripts refer to the chemical species replaced in a given site.
Using the Kroger-Vink notation equ. (1.a) is then rewritten as:

A(reservoir) < BImrefAl | Fe? | (1.b)
Therefore, “A” can be incorporated into the Bdm.ref lattice as substi-
tutional defect of species B. Charge compensation is obtained with Fe?*
— Fe*, in the Fe site.

Possible charge-coupled cation/anion exchange equations of the
type (1.b) can be categorized into two main classes:

cation substitution : Z(reservoir) < Bz, 1 Fey, (2.2)

anion substitution : X(reservoir) < Bmrfx | Fep (2.b)

where Z and X have conventional oxidation state >+ and " respectively.

2.2.2. Choice of the “Z” and “X” chemical species

Given that experiments (Irifune et al., 2010; Andrault et al., 2018)
and calculations (Zhang and Oganov, 2006) point to a central role for
aluminium in the iron oxidation processes, we focus on the charge-
coupled cation substitution of equ.(2.a) with Z = Al, in keeping with
Al being a major lithophile element of the silicate Earth. Preliminary
calculations carried out on the cation site exchange [*Fe + [121A] « [61A]
+ H2IFe yielded that the probability of the left-hand side configuration
is < 1/3 of the probability of the occurrence of the right-hand side
member; therefore, Al and Fe are assumed in six-fold and twelve-fold
coordination respectively (Mohn and Trgnnes, 2016; Huang et al.,
2021). Please, note that the site occupied by Mg in the perovskite-type
structure is characterised by two classes of cation-oxygen lengths: one
has eight bond lengths < 2.2 A, whereas the other has four bond lengths
>244 (Fu et al., 2014). This leads to a coordination either eight-fold
(dodecahedral) or twelve-fold (cuboctahedral), as a function of a tilt-
ing of the octahedron, which is facilitated by undersized cations (Fei
et al., 2020);. The perovskite-type structure here used for Bdm exhibits a
twelve-fold coordination site. We also neglect vacancy assisted charge-
coupled cation exchange, such that Fe>™ + Mg?"+ Mg?" is replaced
by Fe3" + Fe3'+ [, given that: i) vacancies are supposed to mainly
affect anions, ie., oxygen, without immediate implications upon
Fe?*>Fe3t (Mohn and Trgnnes, 2016; Griininger et al., 2019; Fei et al.,
2020); ii) preliminary calculations indicate that this is the unlikeliest
mechanism among those investigated in the case of a composition like
the Bdm.ref’s.

Among the charge-coupled anion substitutions, we identify as the
best “candidates” for “X” in equ.(2.b) C and N, owing to their electronic
(possible reduction state higher than O: N> »N3*; ¢*-C*") and steric

95

Geochimica et Cosmochimica Acta 394 (2025) 93-105

(atomic number comparable to O) properties (Hazen et al., 2013;
Yoshioka et al., 2018), and their relevance in the geochemical cycle of
the Earth’s mantle.

Despite the intrinsic high capacity of N and C to modify their elec-
tronic basins, their solubility in bridgmanite is comparatively low (N =
1-23 ppm; Yoshioka et al., 2018; Fukuyama et al., 2023) or very low (C
= < 1 ppm; Shcheka et al., 2006). This implies that most of the nitrogen
and carbon is expected to be stored in other phases, such as carbide and
nitride (Armstrong et al.; 2015; Li et al., 2017), or carbonate (Davis
et al., 2024). For completeness, we include in the present calculations,
the contributions of C and N, whose probability to be incorporated is
duly accounted for.

In our modelling we allowed the Bdm’s structure to relax at the
explored pressure values and observed that C and N invariably changed
their initial position tending towards the site left vacant by oxygen. In
the case of C, we also tested its capacity to replace Si, obtaining results,
in terms of defect-like formation energy, i.e., E[Bdm(Mg,Fe3*/2",C)]-E
[Bdm.ref(Mg,FeH)] + E(0)-E(C), that definitely make such a configu-
ration highly unlikely. This is in keeping with the observations of
Shcheka et al. (2006), who do report a substitution of Si with C, but at an
extent not above the detection limits of the employed analytical
techniques.

Eventually, we add to equ.(2.a) and (2.b) a third reaction, charac-
terised by the occurrence of an excess of hydrogen as a free, potentially
oxidizing species. The high mobility of H (Hu and Mao, 2021), even
under extreme P-T conditions, and its multi-varied reactivity (i.e., Ho,
instead of OH, in HP CaTiOs-pervoskite, and H-Fe in a metal alloy in
combination with effects related to the Grotthuss mechanism) make the
redox behaviour of hydrogen not straightforwardly predictable (Hou
etal., 2021; Hu and Mao, 2021; Tsuchiya and Thompson, 2022; He et al.,
2023).

Whereupon we introduce:

H(reservoir) < 3™ | Fep, (2.0
supposing H to be an interstitial free hydrogen atom in bridgmanite and
H' its anion resulting from a charge transfer from iron. This hypothesis
must be tested, and the effects induced by hydrogen will be determined
by calculations and accounted for accordingly.

The redox reactions (2.a-c) are modelled by quantum-mechanics
methods to reconstruct the Bdm’s electron density and determine the
Fe basin, from which the oxidation number is calculated via the Bader
theory (Merli and Pavese, 2018). We use the following atomic replace-
ment reactions, written in the notation of their net chemical equations
with respect to bridgmanite according to (1.a):

(Mg1.4Fe3 )Si03 + x Hreservoir = (Mg1.1Fex *")SiOsx H (3.a)

(Mgl-xFe)zc+)Si03 + X Nreservoir = (Mgl-xFe)z(+’3+)Si(O3-xNx) + X Oreservoir(3-
b)

(Mg1.xFe3 Si03 + x Alreservoir = (Mg1xFex "3 )(Si1 xAl)O3 + x Siy.
(3.0)

eservoir

(Mgl-xFe)zc+)Si03 +x Creservoif = (Mgl-xFe)2(+’3+)Si(03-xcx) +Xx Oreservoir(g'
d

where x = 0.1. Equ.(3.a-d) indicate exchanges of atomic species between
two Bdm compositions and a virtual particle reservoir until the condi-
tions of dynamic chemical equilibrium are achieved (please, see Sup-
plementary Material B). In this context we estimate the “probability of
occurrence” (g) that corresponds to the chance of a substitution of type
(3.a-d) to take place in Bdm; g, in turn, quantifies the intrinsic tendency
of Bdm to host the jth—substitution and depends on x-P-T only.

In the next part, we shall use unconventional statements like, for
instance, “Al oxidizes Fe”, “Al acts as an oxidizing agent” or “Al
oxidizing capacity”, meaning that the cation replacement reaction (3.c)
yields an iron with a basin giving an oxidation number larger than 2+, i.
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e., the one we assume in the reference bridgmanite. However, an anal-
ysis of all the atomic basins (Bader model) shows that oxygen actually
reduces, whereas Si, Al, Mg and Fe undergo oxidation, though according
to charge transfers that lead to oxidation numbers even diverting from
their conventional values.

2.3. Iron’s oxidation state determination

The quantities related to the electronic reservoir of iron are
addressed using the notation

(Fe) j
/ p(r)dV = Qg (4.2)
0

where Qg j is the Fe basin charge induced by the jth-reaction of (3.a-d).
The related “Bader oxidation state” of Fe (oxFe;) is then provided by:

AQFe._i

4.b
AQFe—ref ( )

oxFe; = 2+

where:

1) AQrej = Qpe,j-QreBdm.ref; Qredm.ref = basin charge of Fe’" in
reference Bdm, that is (Mgg.9Fe(.1)SiO3;

2) AQreref = Qrez+,wii.ref-Qre3+,hem.ref; QFe2+,wiiref = basin charge of
Fe?" in reference wiistite, that is FeO; QFe3+,hem.ref = basin charge of
Fe* in reference hematite, that is FeoO3; AQpe.ref = reference difference
between basin charges ascribed to Fe?* and Fe3*.

The “average (< >) Fe basin charge” associated with a given reaction
(equ. 3.a-d) is introduced as follows:

< QFe‘j >= W(_]) X QFe_j + (1 - fﬁ(,])) X QFe,Bdm,ref (Sb)
where ¢(j) indicates the abovementioned probability of occurrence of
the jth-reaction and depends on pressure and temperature (see equ. A.4),
where P and T are related to one another through the geothermal model
of the layered mantle of Katsura et al. (2010) and Merli et al. (2016). The
“average Fe oxidation state” induced by the jth—reaction (3.a-d), <oxFe;>,
is provided by:

A< Qrej >

< oxFe; >=2+———,
! AQFe—ref

(5.b)

where A < QFe,j>:<QFe,j > -Qpe,Bdm.ref-

Eventually, we define the “total average Fe oxidation state” in Bdm by
summing up the < oxFe; > s determined by equ.(5.b):
< oxFe >= Z;Hj x < oxFej; > (6)
where “II;” is the available abundance of the jh-oxidizing species (j=H,
Al, C, N), entering Bdm.

The fractions associated with the conventional oxidation states of Fe,
i.e., ferric (xpe3.) and ferrous (xpez) iron, are calculated from either the
total average oxidation state (i.e., <oxFe > ) or the average oxidation
state of each reaction (i.e., <oxFej > ):

(< oxFe >, < oxFe; >) = 2 X Xpez+ + 3 X Xpes )
where Xpea =1- Xpe3- It is worth noticing that in equ.(6) the effects due
to Al, N, C and H add up linearly. In this view, correlations between the
redox agents are neglected, though they are likely to play a role in
natural processes. Therefore, equ.(6) represents a “first order approxi-
mation” of the general problem of how redox reactions affect the Fe
oxidation state. Calculations were carried out as described in Supple-
mentary Material C, using lower mantle elementary abundances and the
electron basis set reported in Supplementary Material D (Table D.1 and
Table D.2, respectively).
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2.4. Iron speciation estimate

We assume that iron in the lower mantle occurs as Fe®, Felzsg s FeZBIm
and Fedjm, which represents an approximation that accounts for most of
the observations in terms of experiments and findings, though it neglects
Fegg . Merli et al. (2017) provide the average composition of Fp,
(Mg1.4Fe,)O x = 0.175-0.379 (see Fig. 6 by the quoted authors in the
above mentioned paper), and the partitioning constant Kd = [x(Fe)/x
(Mg)limrpp/[x(Fe)/x(Mg)lgp, as a function of P-T, so that Kd
0.64-0.00824 x P(GPa) (LM-Fp represents the Fe and Mg bearing
mineral assemblage of the lower mantle, not including Fe-periclase).
Equating LM-Fp to an ideal bridgmanite, it is possible to estimate
Fepam/Ferp, under the condition that iron occurs as ferrous, only. Such
an approximation has little effect on the estimate of Fepqm/Fegp, if the
Fe3, /FeZ ratio that will be determined and discussed below is taken
into account. In fact, the average xp. in the bridgmanite formula unit of
Merli et al.(2017) would change from 0.12, total Fez+, to 0.107, if the
following partitioning 0.75Fe®+0.25Fe3" is used (see the ensuing
sections for the Fe3"/Fepam calculation).

As to Fe®, conceptually, charge-coupled cation replacements of equ.
(1.a-b) are consistent with a class of complex reactions occurring
simultaneously and that can be either Fe-disproportioning or not Fe-
disproportioning. A case of Fe-disproportioning reaction is:

3(Mg1.xFey)SiO3+(Mg1.xAly)(Si1.xAlx)O3 + 3xMgO = 2(Mg1.xFey)(Si.
xAl)O03+(2 + x)MgSiO3 + xFe (8.a)

whereas two examples of non Fe-disproportioning transformations
are provided by:

2(Mg; xFex)SiO3+(Mg1.xAl)(Si; xAll)O3 + 2xMgO + 1/2x042 = 2(Mg;-
xFex)(Si1xAly)O3+(1 + x)MgSiO3 (8.b)

and:

Z(Mgl-xFex)Si03+(Mgl-xAlx)(Sil-xAlx)OB + 3/2XMgO = Z(Mgl-xFex)(Sil-
xAlY)O03+(1 + 1/2x)MgSiO3 + 1/2xSi (8.0c)

Equ.(8.a) and (8.c) suggest the potential co-existence of a Fe-Si alloy
with ferric iron bearing Bdm in the lower mantle. Concurrently, on the
basis of equ.(8.b) a contribution to the Fe®*content in Bdm is still
envisaged through the charge-coupled exchange involving
Si*"+Fe?*and AI**+Fe®*, leaving iron disproportionation aside and
supposing instead a reaction driven by f(O2), as also suggested by pre-
vious experimental/thermodynamic modelling (Huang et al., 2021).

All this depicts a complex geochemical scenario, in which the ferric
iron content in the lower mantle is modelled following a general
description by juxtaposing different potential chemical reactions to be
weighted with each other. Yet, a prevalence of the reactions’ type (8.a)
is supposed, because iron metal is commonly recorded as a reaction
product in experiments (Mergner et al., 2021) and observed in natural
findings (Li et al., 2012; Bindi et al., 2020), in keeping with previous
calculations (Zhang and Oganov, 2006). Therefore, assume that Fe®t is
always associated with iron disproportionation, 3Fe?" - 2Fe®* 4 Fe?,
implying Fe>*/Fe® = 2.

We can now lay down the set of equations that follow

Feyr = Fe + (Fef:; + Feéd*m) +Feji = Fe® +Fe?" +Fe*" (9.2)
Fe3+

¢~ Fer 1 Fer ©b)

Fe*" =2 x Fe® (CXV)

2+ 3+
where Fe’, Fe?* = Fep, + Felj , Fe** = Fey,, and Feo are the frac-

Bdm?
tions of metal iron, ferrous iron and ferric (in bridgmanite only) iron,

total iron in the lower mantle; ¢ is calculated using the Fepym/Fer, ratio
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estimated as stated above, and the FeJ! /Feli ratio here predicted.
Therefore, we have three variables and three constraints, those provided
by equ.(9.a-c), which makes this system univocally solvable, setting Feot
equal either to a normalized or to an estimated value.

3. Results

We recall here that Al-C-N-H will be unconventionally addressed as
“redox agents”, meaning that such species yield iron’s basin change with
respect to Fe in reference Bdm.

The Bader model (Bader, 1990; 2007) allows us to determine the
intrinsic behaviour of iron in Bdm, independently of the natural abun-
dancies of the redox species under investigation.

Fig. 1 reports the Bader Fe-oxidation state calculated by equ.(4.b),
oxFe;j, where j= H, N, Al, C. In general, aluminium, nitrogen and carbon
lead to an iron oxidation state that shifts towards Fe>*’s with P. As ex-
pected, this is related to an increase in the charge transfer between
atoms, favoured by a decrease in the interatomic distances. Carbon is the
weakest oxidant and does not induce the complete charge transfer
Fe?*— Fe3* in the explored P-T interval (Fig. 1.a), yielding an iron
oxidation number between ~ 2.6 (24 GPa) and ~ 2.8 (90 GPa). Nitro-
gen, also, does not allow a full charge transfer, and iron achieves its
highest oxidation number (oxFey = 2.95) at 90 GPa. Only aluminium
makes Fe reach its full oxidation at ~ 40 GPa (Fig. 1.a), thus showing
that the replacement of Si with Al is the most effective mechanism,
among those investigated, in terms of potential oxidizing capacity.
Although room condition-electronegativity values (y) point to hydrogen
as a possible candidate in promoting the oxidation of iron (y(H)-y(Fe)~
0.3), H, by contrast, causes a remarkable.

increase in the electron population of the iron basin with respect to
Fe2+, regardless of pressure (oxFey: 0.87-0.92, from 24 to 90 GPa;
Fig. 1b). Therefore, hydrogen comparatively promotes Fe-reduction. A
concern in modelling H is that its high mobility and thermal motion are
neglected in the context of static calculations. For this reason, we tested
a variety of random starting positions for hydrogen, sited about 1.5 A Fe
apart. We invariably observed that under structure relaxation the H-
atom tended to approach oxygen atoms and stabilize at a O-H distance
of about 1 A. This, on the one hand, suggests a propensity to hydroxyl-
like group formation, and on the other hand, provides an explanation
about the reducing mechanism that H exerts on Fe. Should hydrogen
abandon an oxygen atom under the effect of thermal motion, we expect
that it will jump to another site still providing a hydroxyl-like bond,
remaining in the cuboctahedral cage of Bdm that hosts Fe and thus
leaving the iron electron basin unaffected.

The intrinsic redox capacity of C, N, Al, and H expressed through the
Bader oxidation state is tuned by the probability of
occurrence,0 < g(reaction) < 1, of the reactions (3.a-d) that model the
incorporation of these species into Bdm, regardless of the natural
abundances of the redox species.

The aluminium oxidizing reaction has the highest probability of
occurrence, [g(Al) > 0.41], with a slight tendency to reduce its effects at
higher pressure (Fig. 2): Ag(Al) -6.7 % [Agp=(g(ADgoGpa-
g (AD206pa)/ <g2(AD20.90GPa > 1.

Hydrogen triggers the second most probable reaction between 24
and 40 GPa [g(H): from 0.36 to 0.34], characterised by a rapid decrease
in go(H) with increasing P (Ago(H) ~ —-68 %). The N-driven reaction, in
turn, shows: i) a probability of occurrence comparable to H’s in the
shallow portion of the lower mantle [¢(N): ~0.33; P < 30 GPa]; ii) a
modest increase, on average, in go(N) with P up to 80 GPa [Agp(N) ~ 7.6
%]; iii) a remarkable increase in go(N) at 90 GPa, where it reaches the
figure of Al. The carbon reaction probability of occurrence remains low
[¢(C): 0.08-0.15] throughout the explored P-T interval (Fig. 2).

The average Fe oxidation state, <oxFe;>, calculated by equ.(5.b),
links the Bader Fe oxidation state to the probability of having the related
exchange jth—reaction. < oxFej > does not exceed 2.44 (Fig. 3), meaning

~
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that none of the species under study is able to fully oxidize iron from
ferrous to ferric. Aluminium and nitrogen, as expected, provide the most
efficient oxidizing action, whereas C modestly affects the ferrous state of
Fe. Conversely, H induces a strong reducing effect, leading iron towards
an unconventional Fe! " (Fi g. 3). Note that < oxFej> < oxFe; (i.e., “Bader
Fe oxidation number”) because of the depressing effect due to the
probability of occurrence of the oxidizing reactions, save the case of <
oxFey>, in which g(H) decreases with P-T, thus making the occurrence
of the H-triggered reduction reaction progressively more unlikely
(Figs. 2 and 3).

The average oxidation numbers of iron in Bdm as a function of P-T
(Fig. 3) are recast into the conventional way to represent Fe in stoi-
chiometric reactions (i.e., Fe’Tand Fe®"). The fractions of ferric iron
(Xpe3+) in Bdm (Fig. 4), ascribable to each of the reactions under
investigation, are obtained by equ.(7). As expected, the trends of xpe3.
mimic those of Fig. 3, and the resulting negative Fe*' fraction due to H
(not reported in Fig. 4) reflects its reducing action on iron. Over the P
range 24-90 GPa we estimate that C causes oxidation, < leading iron to a
maximum of 11 % Fe>" at 80 GPa (Fig. 4). The nitrogen oxidizing re-
action yields a Bdm with 28-33 % Fe>' over the P range 24-80 GPa,
achieving the highest ferric iron content of 39 % at 90 GPa. Bridgmanite
originated from the Si/Al substitution reaction bears 41-44 % Fe>™.

4. Discussion

The actual iron oxidation number, as determined by the intrinsic
contributions of the redox species, provides a source of information to
model the reducing-oxidizing behaviour at the global scale of the lower
mantle. First of all, we have to take the chemical species’ abundances in
the lower mantle into account.

4.1. Earth’s lower mantle abundances of iron and redox species

Abundance estimates of the Earth mantle’s chemical species poten-
tially partitioned in Bdm and involved in the reactions (3.a-d) are
summarized in Table D.1 of Supplementary Material D. The Fe content
in the lower mantle is well constrained through the Earth’s density es-
timates and amounts to as much as ~ 6.2-7.0 wt% (Zhang and Oganov
et al., 2006; Irifune et al., 2010; Javoy et al., 2010; McDonough, 2016).
This range is shared by homogeneous and layered geochemical models
(Javoy et al., 2010; McDonough, 2016) of the Earth’s mantle. We chose
to use the value of 6.26 wt% Fe, coherently with Bdm and Ca-perovskite
phase proportions of 81 and 6 %, respectively; the remainder is provided
by Fp (Javoy et al., 2010; Frost and Myhill, 2016; McDonough, 2016;
Merli et al., 2017).

The aluminium abundance, which agrees with homogeneous and
layered primitive mantle geochemical models, lies in the range ~
1.11-2.38 wt%; we used for our calculations a bulk Al-content as large
as 2.01 wt% (Table D.1 of Supplementary Material D), taking the
mentioned proportions of Bdm and Ca-perovskite into account.

Present mantle nitrogen estimates, which are provided by measure-
ments Yoshioka et al., 2018, Fukuyama et al., 2023) and thermodynamic
calculations (Marty, 2012; Johnson and Goldblatt, 2015; Hirschmann,
2018), exhibit variable values and are affected by large uncertainties,
because of a high sensitivity to the employed model. This approach
provides as large a nitrogen content as possible (~ 1 ppm) neglecting its
primary fractionation between the forming atmosphere and the Earth’s
interior (Hirschmann, 2018; Kurokawa et al., 2022; Fukuyama et al.,
2023).

The H,0 storage capacity of the lower mantle is still under debate,
since studies do not converge on its solubility in Bdm. As summarized by
Ohtani, (2022) and Lu and Li (2023), experimental results show a H,O
content in Bdm spanning over three orders of magnitude. The solubility
of Ho0 in Bdm is potentially influenced by a combination of variables
including chemical composition, pressure, temperature, and oxygen
fugacity (Merli et al., 2016; Muir & Brodholt, 2018; Yang et al., 2023).
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Fig. 1. Bader oxidation state of Fe in bridgmanite (Bdm) as function of P. oxFe, calculated using the atomic basin charges and equ.(4.b), as a function of each species
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In this view, g (H, N, Al, C) can be likened to a measure of the occurrence of the H/N/Al/C-uptake in Bdm. Symbols: values by calculations.

Taking all these factors into account, the maximum H,O storage in the
lower mantle may be estimated ~ 1000 ppm (H ~ 112 ppm), if the total
H budget in the Earth’s lower mantle is determined only on the basis of
the extant figures of the HyO content in Bdm (Fu et al., 2019; Yang et al.,
2023; Purevjav et al., 2024).

Yet, owing to the possible incorporation of H in nominally anhydrous
minerals, the H total budget calculated only on the basis of the solubility
of hydroxyl in minerals may be underestimated. Therefore, we chose the
bulk HyO estimates determined from cosmochemical constraints and
numerical calculation on accretion (~680-3800 ppm; Ohtani, 2021).
On the basis of the mean value of ~ 2000 ppm H»0, we calculated that a
maximum of 225 ppm of H is potentially available for the redox reaction
as in equ. (3.2).

In comparison with nitrogen and hydrogen, carbon exhibits a
different behaviour, because of i) its lower solubility in the main mantle
minerals (Shcheka et al., 2006) and ii) its metal/silicate partitioning
coefficient that is much higher than the ones of N and H (Hirschmann,
2016; Dalou et al., 2017). Given that the lower mantle is supposed to
host a total of ~ 1 wt% of metals (Frost et al., 2004; Huang et al., 2021),
the available carbon partitioning coefficients lead to an average amount
of C ranging from 100 to 450 ppm (Marty, 2012; Hirschmann, 2018); in
the light of this, we use the value of 400 ppm, around which most es-
timates cluster (Sun and Dasgupta, 2023). Although carbon solubility in
Bdm (~ 0.1-0.5 ppm) is at least one order of magnitude lower than those
of N and H (Shcheka et al., 2006), the intrinsic effects of C in modifying
the electronic basin of iron are taken into account (equ 3.d).

Both Feggm/(Al + N + C + H) mole and Fepgn,/(Al) mole are < 1. This
guarantees that the set of chosen oxidizing species is always sufficient to
provide their saturation of the Fe redox reactions in Bdm.

4.2. Iron speciation I: ferric iron fraction in bridgmanite

Aluminium is expected to be the most effective oxidizing species,
among those explored, as suggested by the Bader oxidation state (Fig. 1)
and the probability of occurrence of the oxidizing Al-reaction (Fig. 2).
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Fe3* fractions in bridgmanite (xres.) ascribable to Al do not remarkably
change with pressure; only above 70 GPa the efficacy of Al is slightly
reduced (Fig. 4). This tendency is counterbalanced by the aluminium
solubility in bridgmanite that instead significantly increases with
increasing pressure (Liu et al., 2016; Merli et al., 2020). The aluminium
contents in bridgmanite, estimated by the degree of substitution Si/Al
and Mg/Al, at fixed Fe = 0.1 a.p.f.u (eq 3.c), in equilibrium reactions of a
closed system (Merli et al., 2020), vary with pressure from 0.17 a.p.f.u
(24 GPa) to 0.25 a.p.f.u (90 GPa). These values agree with previous
results obtained by theoretical modelling and experiments on Mg-Al
bridgmanites (Merli et al., 2020; references therein).

In contrast with aluminium, hydrogen exhibits a negative correlation
with Fe3", as displayed by Figs. 1 and 3, promoting a partial reduction of
iron. This agrees with the recent findings of Zhang et al. (2024), who
observe a negative slope of the Fe>*/Fepyy, ratio in a hydrous sample
with composition (Mgg gsFeg.15)SiO3, thus concluding that HoO helps
the stabilisation of ferrous iron in Bdm, at least in the lower mantle
regions approaching the core-mantle boundary.

The collective contribution from H, Al, N and C to the formation of
the Fe oxidation number in Bdm is determined by taking their relative
abundances in the lower mantle into account (see equ.(6) and Table D.1
of Supplementary Material D. Aluminium and hydrogen account for
about 82.5 and 16.7 % of the Fe oxidation number on average, respec-
tively, in the explored P-T range, whereas N and C provide a very modest
total contribution (0.68 %). It is worth noticing that H induces a
reduction effect partly counterbalancing the oxidation due to the other
species. Should we take the maximum H,O content compatible with
solubility in bridgmanite (1000 ppm; Fu et al., 2019; Yang et al., 2023;
Purevjav 2024), the contribution of hydrogen to the Fe-oxidation
number would decrease to 9.13 %.

The fraction of ferric iron in Bdm, resulting from the summation of
the positive (Al, N, C) and negative (H) contributions, ranges from 22.5
to 26.3 %, and follows a weakly positive trend with P (Fig. 5). Our es-
timates are compared with the extant experimental data so far obtained
using Bdm compositions similar to those of this study. In general, a
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comparison between theoretical results and measurements is difficult
because of the scattering of the latter, which depends on a complexity of
aspects, such as experimental setup, starting materials used for synthe-
ses, and resulting Bdm compositions. Yet, the tendency of Fe3+/FeBdm to
slightly increase with pressure is qualitatively shared by our results and
the experimental observations of Huang et al. (2021), who predicts a
flattening of the increasing trend at P > 40 GPa; our calculations yield
figures ranging below those of Huang et al. (2021) (Fe>*/Fepgm ~
38-42 %); Fig. 5a). If we set the H abundance of the lower mantle as large
as the maximum HO-content soluble in Bdm, the fraction of ferric iron
in bridgmanite increases in the explored P-range from ~ 22-26 to ~
31-32 %, nearing the experimental data of Huang et al. (2021).

Instead, Andrault et al. (2018) report on average Fe®" /Fepam values
closer to those in this paper, but with a steeper positive trend with P
(from ~ 13 % at 24 GPa to ~ 35 % at 90 GPa). The mentioned authors
relate this slope and the comparatively “small” Fe>*/Feggy, ratio at low
pressure to the occurrence of Al-bearing phases that host aluminium in
competition with Bdm; at higher pressure Bdm is the sole phase ac-
commodating Al (up to 0.17 a.f.u).

The Fe®t/Fepqy, intervals from earlier determinations (Sinmyo et al.,
2011; Prescher et al., 2014; Kupenko et al., 2015; Piet et al., 2016; Shim
etal., 2017) are displayed in the inset of Fig. 5, but no single comparison
is performed on our results, because of the irregularity of the P —T range
explored and the high variability of the resulting Bdm compositions, in
terms of Al and Fe contents.

If we restrict ferric iron formation to the Al-driven reaction only, thus
mimicking anhydrous conditions, the Fe3*/Fegyy ratio drastically in-
creases (42.8 % on average); the Fe®" /Fepam versus P profile peaks at
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44.5 % at ~ 50 GPa, and beyond it changes into a downward-sloping,
convex curve that flattens at ~ 80 GPa (Fig. 5). Therefore, values and
profiles from modelling reveal the role of H in affecting the ferric iron
content in Bdm. In fact, taking an Al-only bearing model into account,
our predictions of Fe*'/Fepgm agree with the results of Huang et al.
(2021) and approach those of Andrault et al. (2018) at P > 70 GPa
(Fig. 5). All this is in keeping with the fact that, as far as we know, H, C
and N were not added to the starting materials in the Bdm syntheses for
Fe3" /Fepgm determination; therefore, the resulting ferric iron depends
only on the Al contents introduced into the system.

4.3. Iron speciation II: implications for the lower mantle

Solving equ.(9.a-c), we are able to determine the speciation of iron in
the lower mantle. Calculations have been performed taking the H esti-
mates by cosmochemical /numerical modelling (Marty et al., 2012;
Ohtani, 2024) that account for the potential contributions other than
that related to the H solubility degree in Bdm (Hy and superionic phases;
Yang et al., 2016; Hu and Mao, 2021). In fact, solubility is taken into
account by the occurrence probability of each reaction.

Considering Bdm as a part of the Earth’s lower mantle Fe-bearing
assemblage (Bdm + Fp), the total ferric fraction, i.e., Fe3+/Fe(Bdm+Fp),
changes trend with respect to the Fe>*/Fepgy’s. The resulting Fe3*/
FeBam.+Fp) values range between 15.3 % (24 GPa) and 12.2 % (90 GPa),
with a gentle deflection downwards at ~ 60 GPa (Al-N-C-H profile;
Fig. 6). This behaviour is mainly justified by the partitioning of iron and
hydrogen between Bdm and Fp: (Mg,Fe)O tends to progressively modify
its composition by incorporating more and more Fe and H with pressure
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(Prescher et al., 2014; Merli et al., 2016; 2017). A significant change
occurs, if Al only is taken into account: the Fe3+/Fe(Bdm+Fp) values lie
within the interval 29.9-19.3 %, with a sharp decrease in ferric iron that
starts at ~ 40 GPa (Fig. 6; Al-only). The difference between the cases of
Al-N-C-H and Al-only is related to accounting for or not accounting for
hydrogen, which combines with and counterbalances aluminium as a
function of P. Note that both curves definitively flatten at P > 80 GPa
(Fig. 6).

Our modelling based on the general exchange reactions given by equ.
(3.a-d) led us to estimate ferric and ferrous contents without explicitly
resorting to disproportionation that, in turn, is ubiquitously invoked in
association with the charge-coupled cation substitution Fe?™+8i*" —
Fe>"+AI** (1.b) in Bdm, by previous experimental investigations (Frost
et al., 2004; Kurnosov et al., 2017; Andrault et al., 2018).

If bulk lower mantle Fe amounts to ~ 6.3 wt% (Table D.1 of Sup-
plementary Material D) and the inferred Fe3+/Femt ratio (Fepr =
Fe?"+Fe3"+Fe®) weakly depend on P, then the Fe>" estimate yields an
average figure as large as ~ 0.8 wt% (Fig. 6; Al-N-C-H involved). This, in
turn, leads, via a disproportionation reaction, to a flat Fe curve, with an
average of ~ 0.4 wt%, corresponding to ~ 6-7 % of Fe, in the lower
mantle. Such a figure is lower than the latest estimate of 0.7 wt% (~12
% Feyor), experimentally obtained using lower mantle bulk iron and Al-
in-Bdm contents similar to ours (Huang et al., 2021). This comparatively
small Fe® content from modelling agrees with the quasi-overlapping (in
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the range of the degree of confidence) of the Fe3*/Feir and Fedt/
Fedm+rp) curves displayed in Fig. 6, when Al-N-C-H are involved. To
balance the experimental 0.7 wt% Fe® by the sole disproportion mech-
anism, the quoted authors calculate that Fe3t/Fepam and Fe3*/Feyy, ra-
tios of 0.50 and 0.28, respectively, are required in the lower mantle
region 24-50 GPa (Fig. 6). Our modelling predicts Fe>*/Fe and Fe®/
Fetot values in agreement with those of Huang et al., (2021), in the same
Prange, if we neglect the effects of H in determining Fe3*/Fepgm, and by
consequence F633+/Fe301m+1:P (Fig. 6).

It is established that a large fraction of Earth’s hydrogen, the most
abundant element in the solar system, is still stored in the lower mantle
(Marty, 2012), supposedly as hydroxyl (OH) in hydrous and nominally
anhydrous minerals (Merli et al., 2016; Ohtani, 2021), and in the Core
Mantle Boundary region, probably associated with iron alloys (Piet
et al., 2023). Therefore, it is unlikely that hydrogen does not take part in
the redox mechanisms occurring in the Earth’s interior; nevertheless,
experiments have not been designed so far, to our knowledge, to explore
the simultaneous effects of Al and H.

One of the relevant results of the present paper is the potential
important role of H as a reducing agent, capable of mitigating the Fe-
oxidation induced by the aluminium-silicon substitution, leading from
an average Fe3*/(Fepam + Fep,) ratio of 23.8 (Al only) tol4.1 %
(including Al-N-C-H). In such a view, we expect, on a global scale, that
the higher the content of the H-excess, the less Fe>* undergoes oxidation
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to Fe®*, and the lower mantle is Fe’-poorer. Altogether, we foresee Fe>*
and Fe® contents in the lower mantle to range between two extremes: the
maximum ferric iron contents, in which Al is the only effective oxidizing
agent and the minimum ferric iron contents, in which H is called into
play. Nitrogen and carbon contributions are small, but not negligible, to
the lower mantle oxidation state on a global scale.

A very general chemical frame accounting for both disproportioning
and not disproportioning reactions pivots around the system Fe-Si-O,
summarized by equ.(8.a-c). The Fe-Si-O, system describes how lith-
ophile mantle’s major elements can stabilize metal phases in the various
portions of the Earth’s mantle at highly reduced conditions (Foley, 2011;
Mao et al., 2017). The FeSi-phase can form in a “pure” silicate system at
very low oxygen fugacity [logfOo(IW ~ -2): Andrault et al., 2018; Huang
et al., 2021] and remains solid with B2-structure at the P-T conditions of
the lowermost portion of the Earth’s mantle (Lord et al., 2010). High P-T
nuclear inelastic scattering experiments on FeSi phase revealed sound
velocity values significantly lower than those of other mineral phases
under the same conditions, coherent with the occurrence of high-
density/ultralow-velocity zones (ULVZs) at the Earth’s core-mantle
boundary (CMB) (Fischer et al., 2013). Hence, FeSi is expected to
settle at the CMB as a component of the discontinuous ULVZs. This view
is in keeping with the hypothesis that considers FeSi as a product of the
silicate Earth, rather than a core/mantle chemical reaction.

5. Conclusions

In this study we investigated the speciation of iron in bridgmanite
(Bdm), providing insights into the redox state of the lower mantle on a
global scale, employing a unified viewpoint. The oxidation number of
iron as a function of pressure and temperature, was determined by an
unconventional approach that relies upon quantum mechanics and the
bonding Bader theory. Charge-coupled cation (Al — Si)/anion(N,C — O)
replacements and excess H-content affect the iron basin charge inducing
redox reactions that change the oxidation state of Fe with respect to
ferrous iron assumed in a reference Bdm of composition Mg; xFe,SiO3 (x
= 0.1). On the basis of our results (pure Bader Fe-oxidation state), car-
bon is the weakest oxidant and does not induce the complete charge
transfer Fe2*— Fe3" in the explored P-T interval, yielding an iron
oxidation number between ~ 2.6 (24 GPa) and ~ 2.8 (90 GPa). Only
aluminium makes Fe reach its full oxidation at ~ 40 GPa, thus pointing
to the replacement of Si with Al as the most effective mechanism, among
those investigated, in terms of oxidizing capacity. Hydrogen, conversely,
causes an increase in the electron population of the iron basin with
respect to Fe?", regardless of pressure (oxFey: 0.87—0.92, from 24 to
90 GPa), promoting Fe-reduction thereby. The average oxidation state of
iron induced by each of the involved chemical species is modelled by
combining the Bader Fe-oxidation state and the probability of occur-
rence (g) of every exchange reaction. This yields flat trends for all of the
species investigated, and a maximum average oxidation state for iron of
2.44, due to aluminium and corresponding to the largest Fe>* fraction
of ~ 44 %. If the redox reactions associated with Al, C, N and H are
weighted as a function of the element abundance in the lower mantle
and considered all together, then the calculated Fe3+/FeBdm ratio is
affected foremost by aluminium and hydrogen, ranging from ~ 22 to ~
42 % and in agreement with the experimental results obtained using
lower mantle bulk iron and Al-in-Bdm contents comparable to ours.
Considering Bdm as a part of the Fe-bearing lower mantle assemblage
(bridgminite + Fe-periclase), the ferric fraction, i.e., Fe3+/Fe(Bdm+Fp),
ranges between 15.3 % (24 GPa) and 12.2 % (90 GPa). If we couple
disproportionation (ubiquitously invoked in association with the
charge-coupled cation substitution Fe?"+Si** — Fe3*+AI*" in Bdm)
with our forecast of Fe®* /(Fe? +Fe3") and assuming ferric iron to enter
Bdm only, then we obtain Fe®" /Fe,or and Fe®/Fe values in agreement
with those measured (Huang et al., 2021) in the same P range,
neglecting the effects of H. Experiments have not been designed so far, to
our knowledge, for exploring the effects due to the combination of Al
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and H, therefore divergent values are expected between experiments
and modelling. However, it is unlikely that hydrogen does not take part
in the redox mechanisms occurring in Earth’s interior. In general, the
larger the content of the H-excess, the less Fe?™ undergoes oxidation to
Fe3*, and the poorer of Fe® is the lower mantle. Although nitrogen and
carbon can replace oxygen, their contributions to Fe>* are small, but not
negligible, on account of a very low abundance estimated in the lower
mantle.

In this light, we foresee Fe3+/Fetot and FeO/Femt ratios in the lower
mantle to lie in the ranges (20-29 %) and (9-13 %), when Al is the only
effective oxidizing agent, and (13-15 %) and (6-7 %) if H-C-N are called
into play. Fe®/Fey, estimates accounts for a possible presence of FeSi
phase as a component of the discontinuous ULVZs. This view is in
keeping with the hypothesis that considers FeSi as a product of the sil-
icate Earth, rather than a core/mantle chemical reaction.
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the thermodynamic fundamentals of this model; (B) “Reaction model”,
about the solutions of equ.(3.a-d); (C) “Calculations”, about the
computing strategy that has been chosen; (D). Table D.1: Estimates of
the contents in the lower mantle of iron and the other redox species (Al,
C, N, H) explored in this study; Table D.2: Basis sets used in the present
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