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The basic aspects of redox geochemistry are reviewed to provide a useful compendium to appreciate the redox connection between the aqueous-hydrothermal and igneous realms of Earth. The different ways to treat and visualize the oxidation state of elements dissolved in a medium are discussed, showing how E-pH, E-pO 2-, and logfO 2 -pH diagrams are equivalent tools to readily identify redox-sensitive species and their reactions. The redox description of a system is intimately coupled to the knowledge of acid-base properties of the solvent in which redox exchanges take place. For magmas, and then silicate melts, approaches reporting the redox state have so far been centered around the sole concept of oxygen fugacity, fO 2 . Based on relevant solid-gas buffers that involve iron in its different oxidation within minerals, the fO 2 concept has provided a reference scale for all igneous processes at the planetary scale and has become one of the main variables to explain Earth's evolution. Mastering the concept of fO 2 in experimental and observational petrology was the key to constrain the processes behind the very large range of relative oxygen fugacity observed on Earth, particularly in its shallow portion. Nevertheless, current descriptions of silicate melts and magma thermodynamic properties are mainly based on oxides or mineral-like molecular components, disregarding the actual melt reactivity. This poses many limits in our understanding of the true chemical exchanges involving oxygen, iron, and the other redox-sensitive elements. Because silicate melts, unlike aqueous solutions or molten salts, lack a full acid-base description, compositional dependencies are solved by means of empirical treatments based on oxides and their combinations. These in turn can bias the interpretation of chemical exchanges that are recorded in analyzed samples and used to identify the physical and chemical gradients imposed by the several processes (e.g., batch or fractional crystallization, elemental recycling, degassing, deep fluid infiltration) that characterize magma evolution and its geodynamic environment. This short redox compendium aims at stimulating the quest for a comprehensive and unifying picture of the acid-base properties of melts from which we could extrinsic the reactivity of all compounds in magmas, in a way similar to aqueous solutions and molten salts.

GENERAL ASPECTS AND RATIONALE

1.1.

U N C O R R E C T E D P R O O F S
of participating chemical species. Oxidation state (or oxidation number) measures the degree of oxidation of an atom in a substance and it is the (hypothetical) charge of an atom if all bonds to atoms of different elements were 100% ionic, with no covalent bond fraction. The oxidation state of an atom is indicated with Roman numerals, whereas Arabic numbers are used for the charge on compound (e.g., in SiO 4 4-, silicon has oxidation number IV and oxygen has -II, whereas 4-is the formal charge of the whole silicate ion). Charge and oxidation number are the same for monoatomic ions. The oxidation number can be positive, negative, or zero, and it can have a fractional value as well, and although very similar, it does not correspond to valency, which is an atom property and represents the number of bonds the atom needs to become stable, i.e., to complete either duplet or octet rule.

Many redox reactions are familiar to us, such as fire and combustion, rusting, and dissolution of metals. Transition metals and main group elements (N, halogens, O, S, C) have multiple oxidation states and important redox chemistry, which affect element distribution within the geochemical shells on Earth but also through the boundaries between such shells (e.g., Moretti et al., 2020a). For instance, it is the redox state of metals and ligands that complex them, which then determines (i) their "unlocking" from pristine reservoirs (e.g. minerals in which they occur at trace level); (ii) their mobility on Earth through carriers such as magma, water, or vapor; and eventually (iii) their accumulation and precipitations in new phases making up ore deposits.

Redox reactions involve a coupled transfer of electrons, so for any oxidation (loss of electrons) a reciprocal reduction (gain of electrons) occurs. Moreover, redox reactions naturally occurring on Earth involve a net chemical change that can be described not only via the exchange of electrons between ions or their complexes, but also of oxygen and/or hydrogen atoms and compounds that these can form (e.g., Cicconi et al., 2020a and references therein). Here are some examples:

2Fe s ð Þ + O 2 g ð Þ , 2FeO s ð Þ (1.1) 2FeO m ð Þ + H 2 O g ð Þ , Fe 2 O 3 m ð Þ + H 2 g ð Þ (1.2) Fe 3 + aq ð Þ + ½H 2 g ð Þ , Fe 2 + aq ð Þ + H + aq ð Þ (1.3) 4Fe 2 + aq ð Þ + O 2 g ð Þ + 4H + aq ð Þ , 4Fe 3 + aq ð Þ + 2H 2 O aq ð Þ (1.4) SO 2 g ð Þ + 3H 2 g ð Þ , H 2 S g ð Þ + 2H 2 O g ð Þ
(1.5)

In which the subscripts s, m, aq, and g refer to solid, melt, aqueous, and gas (including supercritical fluids) phases, respectively. In the five examples above, O 2(g) , H 2 O (g) , Fe 3+ (aq) , O 2(g) and SO 2(g) are oxidizing agents, whereas Fe (s) , FeO (l) , H 2(g) , Fe 2+ (aq) are the reducing agents.

The word oxidation was introduced by Antoine Lavoisier (1777) and indicates the chemical mechanisms in which oxygen is consumed and added to a compound. The parallel mechanism in which some other compounds loose oxygen was called reduction. The oxidation number of reaction components in Reactions 1.1 to 1.5 shows that some elements have a greater affinity for electrons than others and that oxygen tends to appear with oxidation number -II in its compounds (including the O 2-species in its ionic compounds). In contrast, hydrogen tends to appear with oxidation number I. Besides, hydrogen and oxygen atoms and their compounds in reaction are related to ligands making up the most important matrixes on Earth, such as aqueous solutions (including highly concentrated saline solution), supercritical fluids and gases, silicate melts or oxide, and silicate minerals making up rocks. Except for rocks, these matrixes are also important transport agents and thus redox carriers within Earth geochemical reservoirs and throughout their boundaries. Therefore, nearly all redox exchanges on Earth are related to chemical transfers involving hydrogen-and/or oxygenbased half-reactions such as (Cicconi et al., 2020a,b):

O 2 + 4e -, 2O 2 - (1.6) 2H + + 2e -, H 2 (1.7)
that we will call henceforth oxygen and hydrogen electrodes (e.g., Cicconi et al., 2020a;Moretti, 2020) and in which the electron exchange is made explicit. For example, Reaction 1.1 can be written as the sum of Reaction 1.6 and: 2Fe 0 , 2Fe 2 + + 4e - (1.8) plus the formation of FeO oxides from its ions, 2Fe 2 + + 2O 2 -, 2FeO (1.9) in which oxidation numbers and then formal charges of involved atoms do not vary.

In ore geochemistry, but also in metallurgical practice, a special mention must be made to redox mechanisms involving chalcophile elements and sulfide. Most often, relevant equilibria are written without the involvement of the medium in which they actually occur. Pyrite formation can result from the hydrothermal alteration of igneous pyrrhotite, but their equilibrium can be simply written in the sole Fe-S system as [START_REF] Barton | Sulfide petrology[END_REF]: 2FeS + S 2 , 2FeS 2

(1.10)

In the Fe-S system, pyrite is not at the liquidus (pyrite does not melt), but as a conceptual exercise we can still relate its formation to the occurrence of the following fictitious half-reactions in the solid phase involving sulfide and polysulfide anions: 

S 2 g ð Þ + 2e -, 2S 2 - (1.11)
U N C O R R E C T E D P R O O F S S 2 2 -+ 2e -, 2S 2 - (1.12)
and their combination with iron, which appears in its cationic form Fe 2+ in both sides of Reaction 1.10. In the liquid state, melts in which sulfide is the main or the sole anionic ligand are very scarcely represented on Earth and segregate from reducing sulfur oversaturated magmatic silicate melts (e.g., Li and Ripley, 2013 and references therein). Instead, sulfide melts are of interest in extractive metallurgy (e.g., Sokhanwaran et al., 2016).

The Redox Potential in Solutions and the Ligand Role

In redox reactions a potential difference drives the transfer electrons from an anode (negative electrode) to a cathode (positive electrode): oxidation occurs at the anode and reduction occurs at the cathode. Reactions are spontaneous in the direction of ΔG < 0, which is also the direction in which the potential (defined as E cathode -E anode ) is positive. In a redox reaction the anode is then the half-reaction written with electrons on the right and the cathode is the halfreaction with electrons appearing on the left side.

The electric work done by a spontaneous redox reaction, like in a galvanic cell (E > 0), is the (measurable) electromotive force of the reacting systems and equals the Gibbs free energy change (e.g. [START_REF] Ottonello | Principles of Geochemistry[END_REF] via the Nernst equation:

-nFE = ΔG = ΔG 0 + RTln Y a i = -nFE 0 + 2:303RTlog Y a i = -nFE 0 + 2:303RTlogQ i (1.13)
with a i the activity of the i th component participating in the redox exchange, F as the Faraday constant (96,485 Coulomb per mole), n the number of transferred electrons, and Q the activity product. In writing redox reactions, complete electrolytes are often used because the activity coefficients are measured without extra thermodynamic assumptions, but Equation 1.13 is normally used for reactions based on individual ions. To establish a potential scale for half-reactions, we keep using the convention that electrons are reported on the left-hand side of the reaction, that is, in the sense of reduction. The potentials of half-reactions can be added and subtracted, like free energies, to give an overall value for the reaction.

It is also worth noting that by convention, it was decided to use a hydrogen-electrode-scale electric potential, by setting E 0 = 0.0 V for reaction 1.7 with the constituents in their standard state (e.g., [START_REF] Casey | Oxidation-Reduction Reactions and Eh-pH (Pourbaix) Diagrams[END_REF]. This arbitrary decision implies that (i) the Gibbs energy for H + (aq) , the electron (e -), and H 2(g) are all 0.0 kJ/mol, and (ii) potential difference of reactions involving the hydrogen electrode (Reaction 1.7) are given by the other halfreaction completing the redox exchange.

The electrode potential values (E 0 ) hold at standard conditions: by definition, standard conditions mean that any dissolved species have concentrations of 1 M, any gaseous species have partial pressures of 1 bar, and the system is 25 C. Standard potentials represent the case where no current flows and the electrode reaction is reversible. Measuring a voltage is an indication that the system is out of equilibrium. Nernstian processes are characterized by fast electron transfer and are rate-limited by the diffusion of the electron-active species into the electrolyte. The system then spontaneously approaches equilibrium because negative and positive charged species can flow in opposite directions. At equilibrium, the voltage drops to zero and the current stops, like in dead batteries. The magnitude of the cell potential, E 0 = E 0 cathode -E 0 anode , may be viewed as the driving force for current flow in the circuit.

The hydrogen-electrode-scale electric potential so defined, E (also indicated as E h in aqueous solutions), is a measure of the oxidation state of a system at equilibrium relative to a hydrogen electrode. E is not a constant (for given T and P) but depends on the system composition via activities of ions entering a half redox reaction. When coupled to a compositional parameter of the system related to the activity of the ligand making up the solvent of interest, such as a H + for aqueous solutions, E can be used to establish a kind of phase diagram that shows which species (dissolved ion species, gases, or solids) will predominate among a chosen set in the system of interest (a solution) for a given temperature.

To easily understand all this, we can look at the reaction leading to the formation of liquid water:

2H 2 g ð Þ + O 2 g ð Þ , 2H 2 O aq ð Þ (1.14)
which is given by the sum of Reaction 1.7 (H + /H 2 redox couple: the anode) and the following half-reaction (the cathode):

O 2 g ð Þ + 4H + aq ð Þ + 4e -, 2H 2 O aq ð Þ (1.15)
which is governed by the O 2 /H 2 O redox couple. The presence of protons in both Reactions 1.7 and 1.15 shows that the overall Reaction 1.14 is defined for acidic conditions (pH < 7). For neutral or basic conditions (pH ≥ 7), Reaction 1.14 can be obtained from the following two half-reactions for H 2 O/H 2 and O 2 /OH -couples, respectively:

2H 2 O aq ð Þ + 2e -, H 2 g ð Þ + 2OH - (1.16) O 2 g ð Þ + 2H 2 O + 4e -, 4OH - (1.17)
Let us now deal with Reactions 1.7 and 1.15 occurring in the acidic medium (see, for example, [START_REF] Ottonello | Principles of Geochemistry[END_REF]. The standard potential of Reaction 1.15 is E 0 16 = 1.228 V and refers to a standard state of water in equilibrium at where a and f denote activity and fugacity, respectively, pH = -loga H + and it is considered that aO 2 = fO 2 /fO 2 0 with fO 2 0 = 1 bar. Similarly, the redox potential related to Reaction 1.7 is then:

E 7 = -0:0591pH -0:0295 log f H 2 (1.19)
Equations 1.18 and 1.19, which can also be derived for Reactions 1.16 and 1.17, can be used to trace E-pH (also called Pourbaix or predominance diagrams; Casey, 2017) diagrams limiting the stability field of water (Figure 1.1) and of any other systems in which E-pH relationships can be established from the reactions of intervening species (Figure 1.2). E-pH diagrams are most used for understanding the geochemical formation, corrosion and passivation, leaching and metal recovery, water treatment precipitation, and adsorption.

For the set of species of interest, E-pH diagrams show boundaries that are given by: 1. lines of negative slope that limit the stability field of water (Equations 1.18 and 1.19) or related to solid-solid phase changes in which paired electron-proton exchanges occur because the ligand (water) participates in reaction, such as in the case of the hematite-magnetite boundary in Figure 1.2:

3Fe 2 O 3 = 2H + + 2e -, 2Fe 3 O 4 + H 2 O (1.20)
Note that boundary slope is negative because protons and electrons appear on the same side of reaction. The protons/electrons ratio determines the slope value. 2. (rare) pH-dependent lines of positive slopes, and associated with electron-proton exchanges involving, for example, reduction of dissolved cations to the oxide with a lower oxidation number, e.g. 

2Cu 2 + + H 2 O aq ð Þ + 2e -, Cu 2 O s ð Þ + 2H + -(1.
2Fe 3 + + 3H 2 O , Fe 2 O 3 s ð Þ + 6H + (1.23)
with the boundary plotted at the pH value for which Q 23 = K 23 with aFe 2 O 3(s) = (aFe 3+ ) 2 = 1 (and also aH 2 O = 1). We now see that Reactions 1.3 and 1.4 are both related to Half-reaction 1.22, but they refer to different redox conditions and then have different meanings. In Reaction 1.3 water is the oxidizing agent in acidic conditions, whereas it is the reducing agent in Reaction 1.4 (Appelo [START_REF] Appelo | Geochemistry, groundwater and pollution[END_REF], which represents a regulating mechanism of O 2 , probably the oxidative alteration of rocks containing Fe 2+ , in particular at oceanic ridges.

1.229 O 2 + 2H+ + 4e-= 2H 2 O O 2 + 2H 2 O + 4e-= 4O H -
N C O R R E C T E D P R O O F S
Basically, E-pH diagrams demonstrate that breaking of a redox reaction into half-reactions is one of the most powerful ideas in redox chemistry, which allows relating the electron transfer to the charge transfer associated with the speciation state and the acid-base behavior of the solvent. Superimposing E-pH diagrams allows a fast recognition of the existing chemical mechanism occurring in an electrolyte medium. For example, Figure 1.2 on the Fe-H-O-S system can be seen as the result of the superposition of stability diagrams for H-O-S and Fe-O-H system. The resulting diagram in Figure 1.2 shows that the pyrite-magnetite boundary has a negative slope due to half-reaction:

Fe 3 O 4 s ð Þ + 6SO 4 2 - aq ð Þ + 56H + aq ð Þ + 44e - , 3FeS 2 s ð Þ + 28H 2 O aq ð Þ (1.24)
but also a positive slope well visible in Figure 1.2b due to sulfur reduction and dissolution in water as HS -:

3FeS 2 s ð Þ + 4H 2 O aq ð Þ + 4e -, Fe 3 O 4 s ð Þ + 6HS - aq ð Þ + 2H + aq ð Þ
(1.25) Reaction 1.25 implies of course a positive slope, because H + appears on the right side and electrons on the left. We can also appreciate the reduction of sulfur from pyrite to pyrrhotite at pH > 7:

FeS 2 s ð Þ + H + + 2e -, FeS s ð Þ + HS - aq ð Þ (1.26)
which has a negative slope of -0.0295pH because the number of exchanged electrons is double than protons.

These concepts can then be transferred to other solvents in which ligand-metal exchanges lead to a different speciation state and are governed by a different notion of basicity, i.e. oxobasicity, such that (see Moretti, 2020 and references therein):

Base , Acid + O 2 - (1.27)
which can be also related to redox exchanges via the normal oxygen electrode (Equation 1.6), in the same way the normal hydrogen electrode (Reaction 1.7) can be put in relation with the Bronsted-Lowry definition of acid-base behaviour in aqueous solutions (see Moretti, 2020):

Base + H + , Acid (1.28) +1.0 (a) (b) Fe 3+ O 2 O 2 H 2 O H 2 O H 2 H 2 H 2 O H 2 O Fe 2+ (aq) -4
Fe 2+ (aq) 

U N C O R R E C T E D P R O O F S
It is then possible to define pO 2-= -logaO 2-and introduce E-pO 2-diagrams, in which acid species will be located at high pO 2-values. These diagrams were first introduced by [START_REF] Littlewood | Diagrammatic representation of the thermodynamics of metal-fused chloride systems[END_REF] to present the electrochemical behaviour of molten salt systems and provide an understanding of the stability fields of the different forms taken by metals in these systems. Reference potential for molten salt is chosen either from anion or from cation, but anion, making up the ligand, is normally selected because there may be several different cations in the system.

For molten solvent diagrams, such as carbonate and sulfate melts, the stability area of the bath depends on the salt itself and can be seen by using as examples oxyanion solvents (Figure 1.3). Limitations on the pO 2-scale of oxoacidity (Reaction 1.27) are given by the values of the Gibbs free energy of the formation reactions of alkali carbonates or sulfates at the liquid state, which depends on temperature as well as on pressure. On the basic side (low pO 2-side) the limit is imposed by the solubility threshold of the generic M ν+ O ν/2 oxide in the electrolyte medium, i.e., pO 2-min ≈ M ν+ O ν/2 solubility, whereas on the acidic side the limit is imposed by P CO2 or P SO3 = 1 bar. For example, it is 11 units in the case of the ternary eutectic Li 2 CO 3 +Na 2 CO 3 +K 2 CO 3 at 600 C and 19.7 units in the case of the ternary eutectic Li 2 SO 4 + Na 2 SO 4 + K 2 SO 4 at the same temperature [START_REF] Trémillon | Chemistry in non-aqueous solvents[END_REF]; Figure 1.4).

The upper stability limit is related to the O -II /O 2(g) redox system (Reaction 1.6), i.e., to the oxidation of CO 3 2-and SO 4 2-anions:

CO 3 2 -, ½O 2 g ð Þ + CO 2 g ð Þ + 2e - (1.29) 2SO 4 2 -, 1= 2 O 2 g ð Þ + S 2 O 7 2 -+ 2e - (1.30)
which results from acid-base exchanges of the type:

CO 3 2 -, CO 2 g ð Þ + O 2 - (1.31) 2SO 4 2 -, S 2 O 7 2 -+ O 2 - (1.32)
coupled to Half-reaction 1.6. Both Reactions 1.29 and 1.30 yield the E-pO 2- relationship:

E = E 0 O 2 + 2:3RT 4F log P O 2 + 2:3RT 2F log P O 2 -(1.33)
The lower stability limit of the solvent can be given by either the reduction of alkaline cation in the corresponding metal:

M ν + + νe -, M l ð Þ (1.34)
whose potential is independent of pO 2-, or the reduction of CO 3 2-and SO 4 2-anions given by:

CO 3 2 -+ 4e -, C s ð Þ + 3O 2 - (1.35) E, Volt E, Volt pO 2- pO 2- 10 -2 10 -4 10 -6 10 -2 10 -4 10 -6 log P CO2 log P SO3 2 2 0 0 -11 0 0 -19,7 3 4 1 M(l)+M + C ( s ) / C O 3 2 - S 2 -[ N a 2 S ( s ) ] / S O 4 2 - O 2 -/ O 2 1 a t m O 2 -/ O 2 1 a t m Figure 1
.3 Limit of equilibrium potential-p0 2-graphs in molten alkali carbonates and sulfates, at 600 C (modified from [START_REF] Trémillon | Chemistry in non-aqueous solvents[END_REF].
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U N C O R R E C T E D P R O O F S SO 4 2 -+ 8e -, S 2 -+ 4O 2 - (1.36)
and to which the following E-pO 2-relationships correspond (CO 3 2-and SO 4 2-anions having unitary activity):

E = E 0 C=CO 2 - 3 + 3 4 Á 2:3RT F log pO 2 - (1.37) E = E 0 S 2 - = SO 2 - 4 - 2:3RT 8F log S 2 - Â Ã + 2:3RT 2F log pO 2 - (1.38)
Figure 1.3 shows the results on carbonate and sulfate melts (modified from Trémillon, 1974, and references therein). The utilizable regions appear as quadrilaterals on the E-pO 2 graph. If in sulfates, the region is a parallelogram similar to the E-pH region in aqueous solution, the theoretical range of potential in molten carbonates appears more restricted in an oxoacidic medium than in an oxobasic medium, because the lower limit varies versus pO 2-with a slope greater than that of the upper limit [START_REF] Trémillon | Chemistry in non-aqueous solvents[END_REF].

Silicate melts have been so far an underestimated electrolytic medium acting as a solvent for oxides. This is mainly because E-pO 2-diagrams cannot be based on predictive thermodynamics and physical chemistry assessments such as the dilute electrolyte concept and its developments in the case of previous solvents, aqueous solutions particularly [START_REF] Allanore | Features and challenges of molten oxide electrolytes for metal extraction[END_REF]. In silicate melts, and more generally molten oxides, oxygen toutcourt cannot be identified as the solvent, despite its abundance. Silicate melts are in fact a high-temperature highly interconnected (polymerized) matrix in which solvation units cannot be easily defined and both ionic and covalent bonds rule the reactive entities that make up the melt network. Because of this, some approaches have been formalized in terms of the Lewis acid-base definition (network formers and their oxides, such as SiO 2 and Al 2 O 3 are acids; network modifiers and their oxides such as MgO, CaO, Na 2 O are bases) by using electronegativity and optical basicity that allow distinguishing and calculating three types of oxygen (bridging, non-bridging, and so-called free oxygen) whose mixing determines the polymerization and the thermodynamic properties of the melt mixture as a function of composition (Toop and Samis, 1962a,b;[START_REF] Allanore | Electrochemical engineering of anodic oxygen evolution in molten oxides[END_REF][START_REF] Allanore | Features and challenges of molten oxide electrolytes for metal extraction[END_REF] and references therein; Moretti, 2020 and references therein). Nevertheless, silicate melts still lack a fully developed acid-base framework formalizing the thermodynamic properties of reactive species formed during the solvolysis, as the solvent itself changes its polymerization properties upon introduction of other oxide components, which are highly soluble contrary to what observed for salts in aqueous solutions. The most general thermodynamic approaches postulate mineral-like molecular structures to interpolate existing data.

In molten silicates the electric charge is primarily transported by cations, whose contribution increases with concentration of network modifiers, hence basicity. The major element, oxygen in its three forms and particularly O 2-and O-based anionic complexes do not contribute substantially to the charge transport [START_REF] Dickson | The electrolysis of FeO-CaO-SiO2 melts[END_REF][START_REF] Dancy | Electrical conductivity of FeOx-CaO slags[END_REF]Cook andCooper, 1990, 2000;Cooper et al., 1996a,b;[START_REF] Magnien | Kinetics of iron redox reactions in silicate liquids: a high-temperature X-ray absorption and Raman spectroscopy study[END_REF][START_REF] Magnien | Kinetics and mechanisms of iron redox reactions in silicate melts: The effects of temperature and alkali cations[END_REF][START_REF] Cochain | Iron content, redox state and structure of sodium borosilicate glasses: A Raman, Mössbauer and boron K-edge XANES spectroscopy study[END_REF][START_REF] Cochain | Dynamics of ironbearing borosilicate melts: Effects of melt structure and composition on viscosity, electrical conductivity and kinetics of REDOX EQUILIBRIA: FROM BASIC CONCEPTS TO THE MAGMATIC REALM 15 0005111833[END_REF][START_REF] Losq | In situ XANES study of the influence of varying temperature and oxygen fugacity on iron oxidation state and coordination in a phonolitic melt[END_REF]). 

U N C O R R E C T E D P R O O F S
This is a striking difference when comparing silicate melts to previously described electrolytes, particularly with the aqueous electrolytes, in which the concentration of hydroxide ions or water is always large enough to sustain high current densities [START_REF] Allanore | Electrochemical engineering of anodic oxygen evolution in molten oxides[END_REF]. From a practical standpoint the anode reaction producing oxygen (the inverse of Reaction 1.6) is strongly impacted by the low transport of free oxide ions, that is free oxygen, which is at very low concentration. Besides, the anode design and technical performance would greatly benefit of the precise knowledge of oxygen physical chemistry in silicate melts, which for the moment is still too limited to narrow compositional ranges that have been investigated spectroscopically [START_REF] Allanore | Features and challenges of molten oxide electrolytes for metal extraction[END_REF].

Nevertheless, because of their nature, silicate melts can dissolve important amounts of metals. Besides, they exhibit a large range of thermal stability, with high temperature conditions that favor fast kinetics of redox exchanges. Upper temperature limits for electrochemical applications are given by the formation of gaseous silicon monoxide or by alkali oxide thermal decomposition in alkaline systems or by high vapor pressure for Mn-bearing systems [START_REF] Allanore | Features and challenges of molten oxide electrolytes for metal extraction[END_REF]. In terms of transport properties, silicate melts are a solvent with high viscosity, a fact that is however compensated by the high diffusivity of the metal cation [START_REF] Allanore | Electrochemical engineering of anodic oxygen evolution in molten oxides[END_REF], i.e., the cathode reactant (reaction [30]).

Many measurements have however been carried out on melts of geological interest, also fostered by the interest in silicate electrolysis to produce on site metals and particularly molecular oxygen for terraformation of extraterrestrial planets (e.g., [START_REF] Haskin | Electrolytic smelting of lunar rock for oxygen, iron, and silicon[END_REF]. Electrochemical series were then established in binary SiO 2 -MO systems (e.g., [START_REF] Schreiber | An electrochemical series of redox couples in silicate melts: a review and applications to geochemistry[END_REF] but also in ternary joins such as the diopside one [START_REF] Semkow | Concentrations and behavior of oxygen and oxide ion in melts of composition CaOÁMgOÁxSiO 2[END_REF][START_REF] Colson | Electrochemistry of cations in diopsidic melt: Determining diffusion rates and redox potentials from voltammetric curves[END_REF] for redox exchanges of the type:

4M m + ' melt ð Þ + 2nO 2 -, 4M m -n ð Þ+ melt + nO 2 gas ð Þ (1.39)
in which half-reactions of the type

M m + ' melt ð Þ + ne -, M m -n ð Þ+ melt (1.40)
combine with Half-reaction 1.7. Nevertheless, such series do not consider the effect of the solvent, the melt and its structure, in determining the speciation state (e.g., anionic or cationic) following the definition at Reaction 1.23. The effect of the solvent also includes the amphoteric behaviour of some dissolved oxides such as Fe 2 O 3 or Eu 2 O 3 , which can behave either as acids, yielding FeO 2 -(i.e., FeO 4 5-tetrahedral units) and EuO 2 -(i.e., EuO 4 5-

) or bases, yielding Fe 3+ and Eu 3+ cations [START_REF] Fraser | Activities of trace elements in silicate melts[END_REF][START_REF] Ottonello | Oxidation state of iron in silicate glasses and melts: a thermochemical model[END_REF][START_REF] Moretti | Polymerisation, basicity, oxidation state and their role in ionic modelling of silicate melts[END_REF][START_REF] Losq | In situ XANES study of the influence of varying temperature and oxygen fugacity on iron oxidation state and coordination in a phonolitic melt[END_REF]. The multiple speciation behaviours determined by pO 2-can be summarized by the following reaction mechanism (e.g., [START_REF] Moretti | Polymerisation, basicity, oxidation state and their role in ionic modelling of silicate melts[END_REF][START_REF] Pinet | Modeling the redox equilibrium of the Ce 4+ /Ce 3+ couple in silicate glass by voltammetry[END_REF]:

MO 2x -m ð Þ- x,melt , MO 2y -m + n ð Þ - y,melt + x -y - n 2 O 2 -+ n 4 O 2 (1.41)
Predominance and stability diagrams (e.g., E-pH, E-pO 2-, E-logfO 2 , or logfO 2 vs. the log-fugacity of pH or other gaseous species in the system such as SO 2 , CO 2 ) depend on the availability of good thermodynamic data and especially a well-established testament of acid-base properties of the investigated system and its solvent(s). For silicate melts and glasses, such a testament is represented by the oxobasicity scale from the Lux definition (Reaction 1.27). Electrochemical experiments should then be envisioned to complete and validate the database in order to ensure predictions about forming species and measure their activities.

OXYGEN FUGACITY: THE CENTRALITY OF AN ELUSIVE PARAMETER

Voltage E and oxygen fugacity (fO 2 ) are both measures of oxidation state. The relation between fO 2 and E for a given electrolytic medium can be established by the anode reaction where oxygen is produced. In the case of aqueous solutions, conversion is provided by Half-reaction 1.15 and Equation 1.18. We can then replace E-pH diagrams with analogous logfO 2 -pH diagrams. In this treatment, the actual speciation state of solutions is still the key to investigate the system, but half-reactions are not considered, and the equilibrium values of overall reactions are used, same as for activity plots. As for E-pH plots, boundaries will shift by varying the total amount of soluble elements in the electrolytic solution, hence the activity of dissolved ionic species or the corresponding gas fugacity (e.g. when carbonates or sulfides and sulfates are present).

Figure 1.4 shows that in logfO 2 -pH diagrams phase, boundaries that in E-pH diagrams were dependent on pH only (and not on the concentration of dissolved ions) are horizontal. Moreover, a quick comparison between figures 2 (Eh-pH diagram) and 4 (logfO 2 -pH diagram) also shows that on the logfO 2 vs. pH representation the pyrite-magnetite boundary, which appears only for pH > 7, maintains the positive slope. At the T conditions of Figure 1.4 this boundary is represented by the overall reaction:

3FeS 2 S ð Þ + 6H 2 O aq ð Þ , Fe 3 O 4 s ð Þ + 6HS - aq ð Þ + 6H + aq ð Þ + O 2 (1.42)
Besides, at 145 C (water saturated conditions) the pyrite-pyrrhotine boundary is defined at pH > 7 and is positive because: 

FeS 2 + 2H 2 O , FeS + 2HS -+ 2H + + O 2 (1.43)
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whereas for pH < 7 the boundary is horizontal, given by the proton-free reaction:

FeS 2 + H 2 O aq ð Þ , FeS + H 2 S aq ð Þ + 1 = 2 O 2 (1.44)
As we have already seen, when considering hightemperature non-aqueous (oxide) systems in the inner Geospheres, there is no acid-base framework and anchoring fO 2 or E to pH makes no sense in absence of the solvent liquid water.

To measure the chemical potential of redox exchanges in higher temperature geological systems, geoscientists turned their attention to molecular oxygen transfer among molecular components such as oxides or mineral-like macromolecular entities.

The practice between geoscientists becomes to assess criteria for fO 2 (or aO 2 ) estimations disconnected from the formal description of the acid-base character of magmas. In particular, techniques were established involving mineral phases coexisting in igneous rock to establish thermodynamic or empiric laws and trends from quenched glasses via indirect measurements, most often of spectroscopic nature (e.g., Neuville et al., 2020). This change of perspective reflects the obvious consideration that geoscientists deal with samples (solidified rocks) made accessible at Earth's surface and which represent the final snapshots at the end of a long thermal and chemical evolution, whose a posteriori reconstruction is the objective of the geochemical (latu sensu) investigation.

We may then say that for practical reasons geoscientists remained anchored to the original Lavoisier-like definition of oxidation occurring in combustion processes, related to the exchange of oxygen molecules. The fact that most of the chemical analyses were from techniques in which oxygen was not directly determined but allowed to give oxides has also further favored these approaches.

In this framework, a mutual exchange of knowledge has always characterized the field of geochemistry and petrology on one side and that of metal extraction in metallurgy in the other. Relations of the type

M ν + 2=ν O s=l ð Þ , 2=νM s=l ð Þ + 1=2O 2 g ð Þ (1.45)
with v the charge (positive) of the cation of the metal M in the corresponding oxide. Reaction 1.45 is the main target of extractive metallurgy (see also Reaction 1.34), but also summarizes the ensemble of processes that occurred since early Earth's evolution to segregate the metallic core.

Ellingham diagrams [START_REF] Ellingham | Reducibility of oxides and sulfides in metallurgical processes[END_REF]; Figure 1.5) are used in metallurgy to evaluate the ease of reduction of metal oxides, as well as chlorides, sulfides, and sulfates. The diagram shows the variation of the standard Gibbs free energy of formation, ΔG 0 , with temperature for selected oxides and is used to predict the equilibrium temperature for reactions of the type of Reaction 1.45 and particularly the oxygen fugacity under which ore will be reduced to its metal. The standard Gibbs energy change of formation of a compound (the Gibbs energy change when one mole of a compound is formed from elements at P = 1 bar) is given by:

ΔG 0 f = ΔH 0 f -TΔS f = ΔH 0 298 + ð T 298 CpdT ! -T ΔS 298 + ð T 298 ΔCp T dT $ % = A + B=T K ð Þ (1.46)
with R the universal gas constant and A and B constants.

To compare the relative stabilities of the various oxides, the Ellingham diagram is prepared for oxidation reactions involving one mole of oxygen. For the oxidation of a metal, ΔG 0 represents the chemical affinity of the metal for oxygen. When the magnitude of ΔG 0 is negative, the oxide phase is stable over the metal and oxygen gas. Furthermore, the more negative the value, the more stable the oxide is. The Ellingham diagram also indicates which element will reduce which metal oxide. The similarity between the electromotive force series (E 0 ) and the Ellingham diagram, which rates the tendency of metals to oxidize, should be easily recognized.

When both Me and Me ν+ 2/ν O in Reaction 1.45 are in their standard states, the equilibrium constant, K 40 , corresponding to this reaction can be expressed as:

K 40 = aM 2= ν s=l ð Þ =aM ν + 2=ν O s ð Þ Á 1=aO 2 = f 0 O 2 =fO 2 (1.47)
where fO 2 0 is the pure gas component gas fugacity at standard state (in this case 1 bar and T of interest). If, at any temperature, the acting oxygen fugacity is greater than the calculated value from Equation 1.47, spontaneous oxidation of metal M occurs, while oxide Me ν+ 2/ν O (s) decomposes to metal Me and gaseous oxygen at the oxygen partial pressure less than the equilibrium value. In other words, an element is unstable, and its oxide is stable at higher oxygen potentials than its ΔG f 0 -T line on the Ellingham diagram. Therefore, the larger negative value for ΔG f 0 an oxide has, the more stable it is. In the Ellingham diagram of Figure 1.4, it can be seen, for example, that the reduction of Cr 2 O 3 by carbon is possible (from the thermodynamic standpoint) at temperature above 1250 C and at each reported temperature by aluminum. It is worth noting that the Ellingham line for the formation of carbon monoxide (CO) has a negative slope, while those of all other oxides have positive slopes. As a result, at sufficiently high -T relations change at the temperature in which the phase transformations of reactants or products occur. Modified from [START_REF] Zhang | Processes for Recycling[END_REF]. (b) Full Ellingham diagram for some relevant oxides including CO 2 equilibria and normographic scales for oxygen fugacity and related quantities via CO/CO 2 and H 2 /H 2 O ratios at P tot = 1 bar. The scale of PH 2 /PH 2 O ratio is used in the same manner as that of PCO/PCO 2 ratio, except that the point Hon the ordinate at T= 0 K is used instead of point C. Modified from [START_REF] Hasegawa | Ellingham Diagram[END_REF]. All reactions' components are considered in their pure stable phase t 1 bar and T of interest.
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temperatures, carbon will reduce even the most stable oxides. Reaction 1.45 illustrates in fact how pairs of metals and their oxides, both having unitary activity, can be used as redox buffers, such that fO 2 values can be easily fixed at any temperature. Even in the presence of a third phase, such as silicate melts or any other liquid, gas-solid assemblages allow a straightforward application of Equation 1.47 to impose fO 2 , unless solid phases are not refractory, and dissolve other components exchanges with the coexisting liquid. Reaction 1.1, involving metal iron and wustite, is a typical example (so-called IW buffer) of one of these gas-solid equilibria fixing fO 2 .

In order to illustrate the effect of the fluid phase, refined versions of the Ellingham diagrams included normographic scales, which are designed so that the equilibrium oxygen partial pressure or the corresponding PH 2 /PH 2 O or PCO/PCO 2 ratios between metal and its oxide can be read off directly at a given temperature by drawing the line connecting point O for PO 2 , C for P CO /PCO 2 , or H for PH 2 /PH 2 O in Figure 1.5 and the condition of interest (Reaction 1.45 at T of interest) and then extending it to the corresponding normographic scale.

It is now quite obvious to see how both metallurgists and petrologists could then develop techniques to constrain fO 2 to investigate melting and sub-solidus conditions of oxides and silicates. After the seminal studies of Bowen andSchairer (1932, 1935) on FeO-SiO 2 and MgO-FeO-SiO 2 systems and in which the authors used iron crucibles in an inert (O 2 -free) atmosphere to equilibrate the phases with metallic iron at very low but also unknown pO 2 , early fO 2 control techniques were applied by Darken andGurry (1945, 1946), who detailed the Fe-O system based on the use of CO and CO 2 , or CO 2 and H 2 , conveyed in a gas-mixer supplying a continuous mixture in definite constant volume proportions.

Later Eugster, in his early experiments to determine the phase relations of annite had to prevent its oxidation and formation of magnetite [START_REF] Eugster | Heterogeneous reactions involving oxidation and reduction at high pressures and temperatures[END_REF][START_REF] Eugster | Reduction and oxidation in metamorphism[END_REF][START_REF] Eugster | Stability relations of the ferruginous biotite, annite[END_REF]. He then developed the double capsule technique, with a Pt capsule containing the starting material, surrounded by a larger gold capsule. A metal-oxide or oxide-oxide pair + H 2 O was then placed between the two metal containers. In these experiments, reaction involving OH-bearing minerals and H 2 O provides a fixed and known hydrogen fugacity [START_REF] Eugster | Compositions and thermodynamics of metamorphic solutions[END_REF], so through the dissociation Reaction 1.14 measurement of fH 2 allows calculating both fO 2 given the fH 2 O at the experimental pressure (aH 2 O = 1)of the internal capsule.

Since Eugster, many metal-oxide and oxide-oxide assemblages have been used in experimental petrology that have been called "redox buffers." These buffers have contributed to our understanding of the role of fO 2 on melt phase equilibria and mineral composition on Earth, also under volatile saturated conditions due to the possibility of evaluating fluid phase speciation at the experimental P and T conditions (e.g., [START_REF] Pichavant | Equilibration scales in silicic to intermediate magmas-implications for experimental studies[END_REF][START_REF] Frost | Introduction to oxygen fugacity and its petrologic importance[END_REF]McCammon, 2008. Mallmann and[START_REF] Mallmann | The crystal/melt partitioning of V during mantle melting as a function of oxygen fugacity compared with some other elements (Al, P, Ca, Sc, Ti, Cr, Fe, Ga, Y, Zr and Nb)[END_REF][START_REF] Feig | Effect of oxygen fugacity and water on phase equilibria of a hydrous tholeiitic basalt[END_REF]. The results of experimental petrology made it possible to systematically collect glasses (quenched melts) to measure ratios of metals in their different oxidation states, particularly Fe II /Fe III , and relate such ratios to experimental P, T, and fO 2 , glass composition, or other spectroscopic observations about glass/melt structure and the local coordination of targeted metals (Neuville, 2020 and references therein).

Obviously on Earth iron is the most abundant multivalent element and because of its speciation behaviour it gives rise to many reactions involving minerals and liquid (i.e., natural melts, particularly silicate ones). Reactions such as Reaction 1.1 are then useful for providing a scale with geological significance for fO 2 conditions that are recorded in rock and minerals formed in past and present Earth environments, from the core (in which Fe 0 dominates) up to shallow crust and through all igneous environments where it exists, and Fe II and Fe III . To provide systematics for the aO 2 conditions the following gas-solid reactions, other than Reaction 1.1, were then assessed (Figure 1.6):

4Fe 3 O 4 + O 2 , 6Fe 2 O 3 magnetite -hematite; MH ð Þ (1.48) 3Fe 2 SiO 4 + O 2 , 2Fe 3 O 4 + 3SiO 2 fayalite - ð magnetite -quartz; FMQÞ (1.49) 3FeO + O 2 , Fe 3 O 4 wustite -magnetite; WM ð Þ (1.50) SiO 2 + 2Fe + O 2 , Fe 2 SiO 4 iron -quartz -fayalite; IQF ð Þ (1.51)
All these equilibria have the interesting feature of displaying unitary activities for oxide component appearing as pure phases, such that their equilibrium constants simply describe the variations of O 2 activity (aO 2 ) with temperature:

log f O 2 = A=T + B : (1.52)
or, by defining fugacity, with temperature and pressure:

log f O 2 = A=T + B + C P -1 ð Þ=T (1.53)
with A, B, and C constants. The pressure term, C, allows computing directly fO 2 rather than aO 2 at the pressure of interest. Mineral assemblages making up Reactions 1.1 and 1.44 to 1.47 are not necessarily occurring in deep Earth and igneous environments, whereas the actual multi-component space of phases fix the aO 2 via multiple equilibria in which solid solutions and/or the presence of 
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relatively mobile liquid (silicate melts) and/or supercritical fluids play a fundamental role. However, when one of these mineral "buffers" is selected as a reference, the acting logfO 2 can be given as a relative value, without temperature:

Δbuffer = log f O 2 -log f O 2,buffer
(1.54)

A relative fO 2 scale embodying temperature effects bears just a practical implication (tracking fO 2 variations with respect to a reference) but not a real meaning about logfO 2 evolution in igneous systems and related environments (e.g., Moretti and Steffansson, 2020). In particular, a common misconception was that in a system a given value of Δbuffer (e.g., ΔQFM = 0.5) could represent some kind of "magic number" characteristic of the whole "rock system" throughout its thermal and chemical evolution. In natural environments oxygen activity (hence fugacity) in fact varies to accommodate the compositional variations and the speciation state of the mineral/melt/fluid phases, and also when highly mobile volatile components are involved, such that fO 2 can thus be fixed by factors that are external to the system object of the thermodynamic description.

Similarly, the rock system evolution cannot be approximated by a unique Fe II /Fe III ratio, that the system had when completely molten. Indeed, two rocks that have ideally crystallized along the QFM buffer may have different proportions of fayalite ad magnetite because of the crystallization style but different Fe II /Fe III bulk ratios [START_REF] Frost | Introduction to oxygen fugacity and its petrologic importance[END_REF]. However, in some systems, it is possible that the melt fixed the redox potential of the system via iron oxidation state, with the Fe II /Fe III ratio approaching unity (e.g. [START_REF] Moretti | Multiple magma degassing sources at an explosive volcano[END_REF].

It is also important to recall that fO 2 is just a thermodynamic parameter used to conveniently report the oxidation state of a system, particularly when O 2 is not an existing gaseous species that could be detected if the system were accessible to measurements. This is clearly proved by the very low values reported in ordinates in Figure 1.6. Because fO 2 turns out to be an unmeasurable by-product of thermodynamic calculations applied to the analyses from natural samples, in which the true redox observables are the oxidation states of iron and other elements in minerals and liquids. The common practice is then to measure the concentration ratio of redox couples of multiple valence elements in melts (Fe II /Fe III , but also S -II /S VI , V III /V V , etc.) or in gases (e.g., H 2 /H 2 O, CO/CO 2 , H 2 S/SO 2 ) and relate them to fO 2 via thermodynamic calculations using appropriate standard state thermochemical data. As fO 2 is provided, its value is then anchored via Equation 1.54 to a given gas-solid buffer of the Reaction type 1.1 or 1.48 to 1.51. This is quite easy for gases, in which governing equilibria are directly solved if the gas analysis is provided (e.g., [START_REF] Giggenbach | Geothermal gas equilibria[END_REF][START_REF] Giggenbach | Redox processes governing the chemistry of fumarolic gas discharges from White Island, New Zealand[END_REF]Aiuppa et al., 2011 and references therein) and also for solid-solid equilibria, such as in case of coexisting iron-titanium oxide solid solutions titanomagnetite (Fe 3 O 4 -Fe 2 TiO 4 ) and hemo-ilmenite (Fe 2 O 3 -FeTiO 3 ) [START_REF] Buddington | Iron-titanium oxide minerals and synthetic equivalents[END_REF] or for peridotite assemblages in the mantle (e.g., [START_REF] Mattioli | Magnetite activities across the MgAl 2 O 4 -Fe 3 O 4 spinel join, with application to thermobarometric estimates of upper mantle oxygen fugacity[END_REF][START_REF] Gudmundsson | Experimental tests of garnet peridotite oxygen barometry[END_REF], in which the good thermodynamic characterization of solid solutions allows quite accurately treating component activities, based on mineral analyses.

On the contrary, it is much less straightforward for fO 2 estimates by oxidation states of Fe and/or S measured in glasses, as the oxybarometers derived by the study of synthetic quenched melts still suffer from too many empiric approaches. Because of their polymerized nature, silicate melts do not allow a precise distinction between solute and solvent like in aqueous solutions, where complexes and solvation shells can be easily defined in which covalence forces exhaust (see also Moretti et al., 2014). In fact, melt composition largely affects the ligand constitution and then the speciation state of redox-sensitive elements. In the case of the Fe II /Fe III ratio, the most common redox indicator for melts/glasses, the choice of components in reaction:

FeO m ð Þ + 1=4O 2 , FeO 1:5 m ð Þ
(1.55) over a large compositional range (e.g., from mafic to silicic) does not offer the possibility to find accurate and internally consistent expressions for the activity coefficients of oxide components γFeO and γFeO 1.5 (with FeO 1.5 conveniently replacing Fe 2 O 3 ) that solve the reaction equilibrium constant: (1.56) in which the term within integral is the difference of partial molar volumes of iron components. Expansion of excess contribution to its Gibbs free energy of mixing is used to define γFeO and γFeO 1.5 in melt mixtures. However, when these are adopted to solve Equation 1.56 for measured Fe II / Fe III values, they show success only over limited compositional datasets (Moretti, 2020 and references therein). [START_REF] Armstrong | Deep magma ocean formation set the oxidation state of Earth's mantle[END_REF] calibrated volumes and interaction parameters of activity coefficients entering equation ( 51) for an andesitic melt (easily quenchable as a glass) with fO 2 buffered by the Ru-Ru 2 O assemblage in the T-range 1673K to 2473K and for pressures up 23 GPa. Data fitting showed that volume term in Equation 1.56 turns from negative to positive for P > 10 GPa, which yielding iron oxidation with increasing pressure. The ad hoc calibrated Equation 1.56 was then used by the authors to demonstrate how the mantle oxidized after the Earth's core started to form by a deep magma ocean with initial Fe III /Fe tot = 0.04 from which FeO disproportionated to Fe 2 O 3 plus metallic iron at high temperature. The separation of Fe 0 to the core raised the oxidation state of the upper mantle and of exsolved gases that were forming the atmosphere [START_REF] Armstrong | Deep magma ocean formation set the oxidation state of Earth's mantle[END_REF]. The search for one general formulation for all melt compositions of interest in petrology and geochemistry led to empirical expressions, in which adjustable parameters are introduced without the formal rigor requested by Equation 1.56 (e.g. [START_REF] Kress | The compressibility of silicate liquids containing Fe 2 O 3 and the effect of composition, temperature, oxygen fugacity and pressure on their redox states[END_REF]. These formulations furnish quite accurate fO 2 values from measured Fe II /Fe III ratios within the compositional domain in which they have been calibrated. Besides, they often violate reaction stoichiometry and do not ensure internal consistency: if used to calculate activities they fail the application of the Gibbs-Duhem principle relating all component activities within the same phase (e.g., [START_REF] Lewis | Thermodynamics, 2 nd Edition[END_REF]. Such expressions then treat fO 2 as a Maxwell's demon, doing what we need it to do to fit the calibration data and with the consequence that outside the calibration domain, all the unpredictable nonidealities are discharged on the fO 2 terms, resulting in biased calculations of fluid speciation, phase equilibria constraints.

As extensively treated in Moretti (2020), unpredictable non-idealities reflect counterintuitive behaviors that cannot be accounted for by activity coefficients used in the equilibrium constant of Reaction 1.55. It is well known that depending on melt composition alkali addition (i.e. decreasing pO 2-) can either oxidize or reduce iron in the melt. This occurs because of the change of speciation due to the amphoteric behavior of Fe III , which depending on composition and then pO 2-can behave as either network former or modifier (see the conceptualization provided by [START_REF] Ottonello | Oxidation state of iron in silicate glasses and melts: a thermochemical model[END_REF][START_REF] Moretti | Polymerisation, basicity, oxidation state and their role in ionic modelling of silicate melts[END_REF]Moretti, , 2020;;[START_REF] Losq | In situ XANES study of the influence of varying temperature and oxygen fugacity on iron oxidation state and coordination in a phonolitic melt[END_REF]; see also Reaction 1.41). Models that define the melt (oxo)acidity (Reaction 1.27) hence pO 2- (e.g; polymeric models based on the Toop and Samis mixing of bridging, non-bridging and free oxygens; see Moretti, 2020, and references therein) allows solving speciation and set activity-composition relations of ionic and molecular species, just as for aqueous solutions and molten salts.

The problem of unsolved compositional behaviors due to speciation, that are not accounted for by typical oxidebased approaches to mixtures, is exacerbated when dealing with the mutual exchanges involving iron and another redox-sensitive elements, such as sulfur. Sulfur-bearing melt species play a special role since the oxidation of sulfide to sulfate involves eight electrons: for any increment of the Fe III /Fe II redox ratio, there is an eight-fold increment for sulfur species (S -II /S VI ; e.g., [START_REF] Moretti | Polymerization and disproportionation of iron and sulfur in silicate melts: insights from an optical basicity-based approach[END_REF][START_REF] Nash | Compositional and temperature effects on sulfur speciation and solubility in silicate melts[END_REF][START_REF] Cicconi | Magmas are the largest repositories and carriers of Earth's redox processes[END_REF]Moretti and Stefansson, 2020). Sulfur in magmas partitions between different phases (gas, solids such as pyrrhotite and anhydrite, and liquid as well, such as immiscible Fe-O-S liquids; Baker and Moretti, 2011 and references therein). The large electron transfer makes S -II /S V a highly sensitive indicator to fO 2 changes in a narrow range (typically around QFM and NNO buffers in magmatic melts; Moretti, 2020 and references therein), whereas its effectiveness as a buffer of the redox potential is limited by the abundance of sulfur in magma, significantly lower than iron.

The modelling of joint Fe and S redox exchanges is still a major challenge which sees contrasting approaches (see Moretti, 2020). Formulations exist with various degrees of empiricism, but even those displaying better performances in exploring the fO 2 -fS 2 space of natural silicate melts [START_REF] Moretti | Modeling of the interplay of fO2 and fS2 along the FeS-Silicate Melt equilibrium[END_REF] should be carefully tested in reproducing phase diagrams involving multiple phases, including coexisting Fe-O-S melt, FeS (s) , and Fe 3 O 4(s) . Introduction of sulfur equilibria in petrogenetic grids would be a major step forward for igneous petrology and its modelling. Besides, it would provide the liaison with processes occurring in late-to post-magmatic stages, prior to further cooling down to real hydrothermal conditions dominated by condensed water (see Figure 1.4). For late-to post-magmatic stages, such as in the case of porphyry-copper ore formation, logfO 2 -logfS 2 diagrams. Figure 7 reliably summarizes phase relations in the Fe-S-O system, in a way similar to Figure 1.2 and 1.4. It is worth noting that the diagram in Figure 1.7 can also be seen as resulting from reactivity of a sub-solidus mixed 
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iron molten oxide-sulfide, in which the two main ligands are O 2-and S 2-(Half-reactions 1.6, 1.11, and 1.12). A natural assemblage of pyrite + magnetite + pyrrhotite corresponds then to the triple point marked by a star in Figure 1.7, which at a given T is invariant for fO 2 and fS 2 values given by the simultaneous occurrence of Reaction 1.10 and:

Fe 3 O 4 s ð Þ + 3FeS 2 s ð Þ , 6FeS s ð Þ + O 2 (1.57)
that allow identifying the stable phase as a function of temperature and fugacities (or activities) of reference gas species. It is worth noting that in absence of water (no H in the system represented in Figure 1.7) the boundary between FeS 2 and FeS is a function of fS 2 only (see Reaction 1.10) but not of fO 2 , as instead reported in Figure 1.4.

CONCLUDING REMARKS AND PERSPECTIVES

In this short compendium we show the redox features in aqueous-hydrothermal and igneous Earth. This allows the summarizing of the main redox features of a system, to show what we know of its equilibrium properties, but also what we do not know, especially for melts and magmas. We make a parallel between redox in magmas and redox in aqueous-hydrothermal solutions and show that what really changes is the way redox variables are reported. It is better described in aqueous solutions, via E-pH relations, because of the sound knowledge of acid-base properties, which allows good prediction of system reactivity with compositional changes and fosters applications in water-based geochemistry and industrial practice (e.g. corrosion and hydrometallurgy).

Just as the measurement of pH is the key to studies of acid-base reactions, those of reactions involving the O 2- ion in silicate melts naturally go through the measurement of pO 2-, a magnitude similar to pH and playing an identical role. Same as a pH indicator electrode, a pO 2-indicator electrode is the essential instrument to study acid-base properties of silicate melts. Technical challenges exist about this electrode as an instrument of analytical control operating directly in melts at high temperature and also as working assembly for anode reaction (inverse of Reaction 1.4). Besides, the low flux of oxide ion compared to cations is limited in melts and the lack of physical and chemical information about the molecular entities involved in the transport processes at each electrode and in the bulk of the electrolyte presents a conceptual difficulty for engineering the electrodes [START_REF] Allanore | Features and challenges of molten oxide electrolytes for metal extraction[END_REF].

Contrary to waters, in which E-pH pairs can be measured in the field by probe electrodes and then directly compared to theoretical assessments, magma-related samples do not offer the possibility to probe the conditions (temperature, pressure, gas composition, and also phase proportion) under which they equilibrated before becoming accessible to our observations. These conditions cannot be restored and must be calculated under strong assumptions, for example that glasses have preserved the same oxidation state of the melt from which they quenched. The impossibility to restore and measure the original system has surely contributed to overlooking the role played by acid-base properties and resulted in oxide-based redox descriptions of melts and magmas centred around the thermodynamic concept of fO 2 , whose sole adoption was boosted by experimental petrology and the thermodynamic approach based on Ellingham's diagrams in extractive metallurgy. The acid-base concept was progressively relegated to qualitative assessments (e.g., silicic for acidic and mafic for basic).

With the exception of volcanic gases, where fO 2 (or related quantities such as fH 2 ) can be directly measured with solid-state O 2 electrodes (Aiuppa et al., 2011 and references therein), the common practice, recently boosted by advancements in microbeam spectroscopic techniques (e.g., XANES) is to measure masses of elements in their different oxidation state and then relate such ratios to fO 2 via approaches either based on thermodynamics or having a thermodynamic flavour to solve for the role of composition. Nevertheless, such approaches are valid only in limited compositional ranges and discharges on calculated fO 2 the non-ideal behaviours that are determined by speciation, hence by pO 2-, and which cannot be reproduced by interaction parameters of oxide components (see Moretti, 2020). These unpredictable non-ideal behaviours are reflected by the shape of the excess Gibbs free energy of mixing, which is correctly reproduced only by ionic-polymeric approaches to silicate melts mixing properties (e.g., [START_REF] Mao | Thermodynamic assessment of the CaO-Al 2 O 3 -SiO 2 system[END_REF][START_REF] Hillert | A twosublattice model for molten solutions with different tendency for ionization[END_REF][START_REF] Ottonello | Lux-Flood basicity of binary silicate melts[END_REF], which formalize the role of composition in establishing the relationships between polymerization and redox state in the melt. These approaches could be in perspective used to generate pO 2-based phase diagrams, particularly logfO 2 -pO 2-diagrams analogous to logfO 2 -pH ones reported in Figure 1.4 for aqueous-hydrothermal solutions.

The joint description of acid-base properties and redox exchanges via predominance and stability diagrams would reduce ambiguities about the role of redox state and the "who controls what" dilemma: is fO 2 a rather elusive parameter, or is it the bulk composition in the system that fixes the observed redox state? Besides, they would help in providing a more complete and formal redox description of geodynamic settings, in particular of how the redox state of magmas is a reflection of the source signature or the result of subsequent modifications due to magma evolution via partial melting, fractional crystallization, assimilation, or degassing [START_REF] Carmichael | The redox states of basic and silicic magmas: a reflection of their source regions?[END_REF][START_REF] Burgisser | Redox evolution of a degassing magma rising to the surface[END_REF][START_REF] Gaillard | The redox geodynamics linking basalts and their mantle sources through space and time[END_REF]Moretti and Stefansson, 2020 and references therein) whose understanding would be beneficial at the scale of a single volcanic system to improve the forecasting of eruptions at both open-conduit (generally basaltic) and closed-conduit (generally andesitic) volcanoes via gas monitoring. Besides, this would better constrain the role of redox state on Earth's evolution since its formation and accretion. 
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 1 Figure 1.1 E-pH diagram reporting the stability of water at T = 25 C and P = 1 bar for different partial pressure of H 2 and O 2 reported as logfO 2 values.
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 12 Figure 1.2 The E-pH (Pourbaix) diagram for the Fe-S-H 2 O system at 25 C at 1 bar total pressure and for total dissolved sulfur activities of 0.1 (panel a) and 10 -6 (panel b). Superimposed are the stability fields for H 2 S, HS -, HSO 42-and SO 4 2-dissolved species (red lines, traced from data in[START_REF] Biernat | High temperature potential/ pH diagrams for the sulfur-water system[END_REF]. Note how the field of stability of pyrite, FeS 2 , shrinks and that of magnetite, Fe 3 O 4 , expands with decreasing total sulfur activity. Modifed from[START_REF] Vaughan | Minerals/Sulphides[END_REF].
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 14 Figure 1.4 Log fO 2 -Ph diagrams for 290 C (left panel) and 145 C (right panel) at saturated vapor pressure, showing predominance fields for aqueous sulfur species (dashed lines), stability fields for Fe-O-S minerals and bornitechalcopyrite (solid grey lines). The solubility contours (left panel: 1, 10, 100 ppm; right panel: 0.1, 1 ppm) are for gold in the form Au(HS) 2 -. Modified from Raymond et al. (2005).
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 1 Figure 1.5 (a) Ellingham diagram for the main components of the slag (solid lines) and possible reducing agents (dotted lines). The slopes of the lines representing ΔG f 0

Figure 1 . 6

 16 Figure 1.6 Common solid oxygen buffers used in petrology and geochemistry. The lines represent the fugacity-temperature conditions where the phases coexist stably. FMQ: fayalite, magnetite, quartz; IW: iron-wüstite; WM: wüstite-magnetite; HM magnetite-hematite. Oxygen fugacity values were computed for a total pressure of 1 bar (solid lines). Also reported is the value of logfO 2 in air (PO 2 ~0.21 bar).

Figure 1 . 7

 17 Figure 1.7 Two-redox potential fO 2 -fS 2 diagram. The conformation of stability fields in the Fe-O-S space is essentially the same also for large fO 2 and fS 2 variations with temperature (redrawn from Nadoll et al., 2011).
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