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Abstract

Oxygen is the most abundant element in Earth’s mantle. Oxygen 
fugacity (fO2), which quantifies the availability of oxygen to mediate 
oxidation–reduction reactions, affects important mantle processes, 
such as depth of melting, extraction of volatiles to the atmosphere, 
crustal composition and ore body generation. Debate continues over 
modern and past variations in mantle fO2. In this Review, we compile 
thermobarometric data from mafic and ultramafic rocks at ridges, 
back-arcs, and arcs and show that the fO2 of subduction-influenced arc 
mantle is appreciably higher than the mantle supplying ocean ridges. 
We review the timing and mechanisms that might transfer redox budget 
to the arc mantle wedge. A new proxy for the redox-sensitive element 
vanadium confirms the higher oxidation state of arc mantle and can 
be used to show there is no conclusive evidence for oxidation of the 
ambient mantle since the Archaean (2,500–4,000 million years ago). 
Earlier, in the Hadean magma ocean (>4,000 million years ago), liquid 
silicate equilibrated with liquid metal alloy while the upper mantle was 
rapidly oxidized to higher fO2. Future research should focus on how 
mantle fO2 coevolved with Earth’s primitive atmosphere during core 
formation, magma ocean crystallization and degassing.
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with fO2 values approximately five orders of magnitude more reduc-
ing than present12. Controversy centres on when and how the mantle 
evolved to its more oxidized present state. Evidence that mantle fO2 
has been constant since the Archaean (for example, refs. 20,35–37) led 
the community to develop mantle oxidation mechanisms integral to 
the process of core formation13,16,38,39. Others have suggested that the 
ambient mantle underwent oxidation (increasing its bulk fraction of 
ferric iron relative to the total iron, Fe3+/ΣFe = Fe3+/[Fe3+ + Fe2+]) during 
the Archaean, even to the extent that it triggered the Great Oxidation 
Event (GOE) recorded at Earth’s surface40–42.

In this Review, we compile and synthesize various observations 
bearing on the Earth’s present-day and ancient ambient convecting 
upper mantle fO2, from the Hadean to the present, and discuss the 
potential processes that drive changes in mantle fO2. We begin the 
Review in the modern (present-day) mantle, which is well-sampled, 
comparing mantle fO2 in different tectonic settings. We continue by 
reviewing the timing and candidate elements and lithologies that might 
transfer redox budget to the present-day arc mantle wedge. We then 
show the temporal variation of mantle fO2 since the Archaean using 
observational mantle fO2 proxies. Last, we outline the multicompo-
nent redox-sensitive processes operating in the Hadean between the 
core, magma ocean and primordial atmosphere. Related topics, such 
as redox measurement techniques43 and fO2 across the solar system44 
in the continental lithosphere11,39 and in the lower mantle39, are not 
covered here, as they have been well discussed in the previous reviews.

Oxybarometry of present-day mantle
Iron (Fe) is an abundant, multivalent, rock-forming element whose 
oxidation state can both determine and respond to the fO2 of geo-
logical systems45. The fO2 recorded by submarine pillow glass and 
olivine-hosted melt (glass) inclusions can be estimated from measure-
ments of Fe valence states. The fO2 recorded by peridotites and more 
evolved lavas can be estimated from mineral compositions. All calcula-
tions of fO2 from compositional data require an activity–composition 
model (Box 2). This section discusses the fO2 recorded by mantle- 
derived rocks from 171 localities in different present-day tectonic 
settings (Supplementary Note 1, Supplementary Table 1).

Oxybarometry of mid-ocean ridges
There is now widespread consensus that MORB records fO2 within 
approximately 1 log unit of the quartz–fayalite–magnetite (QFM) 
buffer46–48 (Box 1). However, there is great debate about the relative 
abundances of Fe3+ and Fe2+ in natural and synthesized mafic glasses 
equilibrated at the same fO2 that stems from debate about the inter-
pretation of Mössbauer spectroscopy and wet chemical analyses. For 
example, determinations for the average Fe3+/ΣFe of MORB range from 
near 0.08–0.14 (refs. 46,47,49,50).

Assuming that mantle melts are in equilibrium with their solid peri-
dotite mineral residues, the fO2 of melts and residues must be equiva-
lent at the time of solid–liquid segregation. Melts that decompress 
without reequilibration with peridotite, for example, in chemically 
isolated dunite channels51, will decompress approximately parallel to 
the QFM buffer19 (Box 1). However, the relationship between the fO2 
of the MORB-source mantle and the Fe3+/ΣFe ratio of the solid con-
vecting mantle is poorly known52,53. Values for the latter range from 
~0.03–0.04 based on measurements of xenoliths54 and MORB47, to 0.05 
from models constrained by experimental petrology52, to 0.06 based on 
thermodynamic and empirical calculations55. Ridge peridotites — which 
are the residues of melt extraction — record fO2 variations over several 

Key points

	• Oxybarometric and vanadium-based proxies reveal that the oxygen 
fugacity (fO2) of mid-ocean ridge basalts and ridge peridotites < back-arc 
basin basalts < arc basalts and peridotites. The fO2 of plume sources is 
difficult to constrain, varied and cannot be generalized.

	• The elevated fO2 of basalts and peridotites in subduction zones can 
be related to the local influence of the subducting slab within only 
1–2 Myr of subduction initiation.

	• A range of possible mechanisms might contribute to the link 
between subduction and elevated mantle fO2. Existing data suggest 
sulfur has the greatest potential to transfer the elevated redox budget 
of subducting slabs to the mantle wedge.

	• Application of trace element proxies reconfirms that Earth’s bulk 
mantle Fe3+/ΣFe has not substantially increased since the Archaean 
(4 billion years ago). Gradual or sudden changes in mantle Fe3+/ΣFe are 
unlikely to have enabled the Great Oxidation Event.

	• Evolution of mantle fO2 during and just after the Hadean magma 
ocean is key to understanding mechanisms for mantle oxidation.

Introduction
The oxygen fugacity (fO2) (Box 1) of Earth’s present-day mantle, as set 
by the activity–composition relationships (Box 2) of mantle minerals 
and melts, is important for modelling key geodynamic variables, such 
as the depth of the mantle solidus1–3, production and composition of 
Earth’s crust4–6, speciation of mantle-derived fluids and gases7, and the 
formation of ore8,9,10 and diamondiferous11 deposits. The formation 
of Earth’s core12,13 and first atmosphere14–16 also relate to Earth’s initial 
planetary redox balance, which is now anchored by Earth’s mantle and 
mantle-derived melts.

Petrologists in the latter half of the twentieth century developed 
numerous oxybarometers and proxies to assess the fO2 of igneous 
systems, inclusive of peridotites17,18, basalts19, komatiites20, and more 
evolved rocks, such as granites5 and rhyolites21. Since the turn of the 
twenty-first century, new analytical and experimental techniques, 
oxybarometers and proxies, and activity–composition models have 
come into use, leading to a proliferation of new observations and 
debate about the modern spatial variation and ancient history of 
mantle fO2. A critical assessment of the resultant wealth of data is 
timely and needed.

Subduction zones serve as a tectonic nexus for transfer of redox 
budget (Box 2) between Earth’s interior and exterior reservoirs22,23. 
Although it has long been recognized that mid-ocean ridge basalts 
(MORB) and peridotites record lower fO2 than subduction-influenced 
lavas and xenoliths24–26, vigorous debate has emerged over whether arc 
lavas are oxidized by mantle or crustal processes27–31.

However, it is clear that subduction-influenced basalts record 
higher fO2 than MORB — even shortly after subduction initiation32,33. 
Identifying the lithologies and elements that enable the redox budget 
to transfer from the subducting slab to the wedge has therefore become 
a very active area of community investigation and debate34.

How mantle fO2 might have changed over time is also debated. It 
is widely accepted that Earth’s core separated from a magma ocean 
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orders of magnitude higher and lower than QFM56–58, even at the scale 
of a single ridge segment57. Although the subsolidus processes that 
might alter ridge peridotite fO2 remain an active area of research, these 
rocks, on average, record fO2 near QFM, consistent with the basalts 
they generate57,59 (Fig. 1a).

That the MORB-source mantle is near QFM, not one or two 
orders of magnitude lower as previously inferred56,60, has important 
implications for the stability of graphite in the mantle and hence the 
depth and importance of redox melting. For any value of bulk mantle  
Fe3+/ΣFe, fO2 decreases with depth26,61. Because oxidized carbon fluxes 

mantle melting and reduced carbon does not, the possibility of redox 
melting in the mantle depends on the depth at which carbonate is 
reduced to graphite (or diamond), with commensurate oxidation 
of Fe (ref. 62). The reaction occurs at approximately constant fO2, 
independent of depth, such that higher bulk mantle Fe3+/ΣFe ratios 
increase the plausible depth of carbonated silicate melt generation1–3. 
Many geophysical properties have been attributed to the presence of 
such low-degree carbonatitic or carbonated silicate melts3; hence, 
the mantle’s redox-depth profile has relevance to the interpretation 
of geophysical observations.

Box 1 | fO2, oxybarometry and redox budget
 

Fugacity (f ) is closely related to chemical activity (a). These variables 
are used in thermodynamic calculations as proxies for concentration, 
accounting for non-ideal interactions. Oxygen fugacity (fO2) is an 
intensive variable that quantifies the extent to which elements in 
solid, liquid or vapour phases occur in different valence states.

The change in standard state Gibbs free energy (ΔGreaction
0 ) of any 

equilibria involving O2 can be related to fO2 via the equilibrium 
constant (Keq). For example, equation (1) defines the quartz–fayalite–
magnetite (QFM) buffer reaction of 3 fayalite (Fe2

2+SiO4) + O2 ⟶ 3 
quartz (SiO2) + 2 magnetite (Fe2

3+Fe2+O4). At equilibrium,

= − = −
( ) ( )
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where T is temperature, and R is the gas constant. For pure phases, 
such equilibria define, or ‘buffer’, the activity and fugacity of O2 when 
pressure and temperature are specified. Petrologists often describe 
the fO2 of systems relative to a buffer, for example, ‘1 log unit above 
QFM’ or ΔQFM + 1.

Oxybarometry combines mineral compositional information with 
thermodynamic descriptions of activity–composition relationships 
(for example, the activity of magnetite in spinel, aFe O

spl
3 4

) and expres
sions such as equation 1 to calculate fO2. The relative fO2 of common 

buffers change little with temperature but diverge with changing 
pressure. For example, along an adiabat, basalt decompresses 
approximately parallel to QFM, whereas spinel-peridotite decom
presses approximately parallel to the fayalite–ferrosilite–magnetite 
(FFM) buffer.

Redox budget is an extensive variable defined as the number of 
electrons required to bring the redox-sensitive elements in a rock 
to a reference state defined for the system of interest. Generally, 
reference states of Fe such as Fe2+, O as O2−, C as C0 and S as S2− are 
appropriate for the study of subarc mantle because these elements 
are dominantly held in these valence states within the mantle125. 
Rocks with all elements in the reference redox state have a redox 
budget of zero; more oxidized rocks are likely to have redox budgets 
greater than zero.

Redox budget changes with the amount of material whereas fO2 is 
independent of quantity. A rock consisting of 99% magnetite (Fe3O4) 
and 1% hematite (Fe2O3) has a much greater redox budget than a 
rock consisting of 50% of each, but the fO2 of both rocks lies on  
the hematite–magnetite (HM) buffer. Intensive variables change in a 
nonlinear way when oxidants or reductants are added, so it is difficult 
to use fO2 to measure fluxes of oxidizing or reducing material. The 
use of redox budget to measure the transfer of oxidants or reductants 
resolves this issue22,249.
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Xenoliths have been instrumental in establishing the redox-depth 
profile of the continents39, but ridges do not offer xenoliths that would 
help us to establish the redox-depth profile of the convecting man-
tle. Observations of peridotites54,58,59, MORB47,50,63 and experimental 
determinations of Fe3+ partitioning between basalts and peridotite 
residues52,64,65 suggest that mineral chemistries and modes might 
evolve to maintain approximately constant melt Fe3+/ΣFe during mantle 
melting on a modern adiabat, though this is not universally agreed 
upon66. These preliminary investigations, which were made possible 
by microbeam advances in the determination of Fe3+, herald continuing 
advancements.

Thermodynamic models are used to connect the chemistry of 
melts sampled at the surface to the coevolving melts and residues pre-
sent at depth. The applicability of thermodynamic model frameworks, 
such as MELTS67 or THERMOCALC68, to accurate modelling of Fe3+-
bearing peridotite and melt systems are still being explored52,55,58,69,70. 

It has become clear that thermodynamic models will require modi-
fication to accurately link melt fO2 to the Fe3+/ΣFe ratio of the solid 
mantle52,58,65. Indeed, additional observations and thermodynamic 
modelling52,55,58,69,71 provide constraints — and competing models — 
on the relationships between melt chemistry and mantle chemistry, 
temperature and pressure.

Oxybarometry of back arcs and arcs
Most back-arc basin basalts (BABB) record fO2 from ~QFM to QFM + 1 
(refs. 25,30). Arc volcanic rocks of various compositions record fO2 
from just above QFM to ~QFM + 2.5 (ref. 72) and show no systematic 
variation with major element composition or crustal thickness72. Pos-
tulated mechanisms to modify the composition of arc magmas include 
assimilation27,73,74, crystal fractionation29,73,75 and degassing28,76–78. Crys-
tal fractionation of olivine, which contains only very trace amounts of 
Fe3+, has a clear but modest potential to raise the fO2 of MORB by less 

Box 2 | fO2 and Fe3+/ΣFe
 

Oxygen fugacity (fO2) and Fe3+/ΣFe are related but not interchangeable. 
Activity–composition relationships for minerals, fluids and silicate 
melts allow us to translate between fO2 and Fe3+/ΣFe. Because Fe is 
an abundant multivalent element, Fe3+/ΣFe is a first-order control on 
system fO2.

Consider two assemblages of quartz + fayalite + magnetite, one with  
molar proportions of quartz:fayalite:magnetite of 0.2:0.7:0.1 and the  
other 0.2:0.1:0.7. Both assemblages are at log fO2 ΔQFM (quartz– 
fayalite–magnetite) of 0. The former has Fe3+/ΣFe of 0.06, whereas 
the latter has Fe3+/ΣFe of 0.44, illustrating that whole rock Fe3+/ΣFe 
cannot be equated to fO2 based on assemblage alone. Similarly, 
although thermodynamic calculations suggest that mantle peridotite 
with bulk Fe3+/ΣFe of 0.03 equilibrates with a basaltic melt with 
Fe3+/ΣFe three to five times higher, we lack experimentally constrained 
activity–composition models to relate the Fe3+/ΣFe of erupted basalts  
to the Fe3+/ΣFe of their unmelted peridotitic mantle sources52,53. This is 
true, even though the fO2 of mid-ocean ridge basalt is well known.

When comparing basalts of similar composition, Fe3+/ΣFe is a 
good, if imperfect, proxy for relative fO2. However, for melts with 
disparate compositions, Fe3+/ΣFe must always be related to fO2 via 
an activity–composition model that takes into consideration the 
major element composition of the melt, the temperature and the 
pressure (panel b constructed using refs. 19,223,224). For example, 
the Fe3+/ΣFe value of an alkali-rich melt (for example, phonolite) is 
higher than that of an alkali-poor melt under the same fO2 conditions.

The fO2-decompression path of melt-absent peridotite with 
a constant Fe3+/ΣFe is constrained by xenolith oxybarometry, 
experiments and thermodynamic models (for example, ref. 58). Large 
changes in fO2 are driven primarily by redistribution of Fe3+ as the 
mineral assemblage changes with pressure. Now, consider a liquid 
magma ocean with a uniform Fe3+/ΣFe. At upper mantle pressures, 
the fO2 of liquid silicate increases with pressure. However, at extreme 
pressures (>20 GPa), the trend reverses and melts with high Fe3+/ΣFe 
coexist with Fe0 alloys16 at low fO2 values.

In summary, neither melts nor solid phase assemblages undergo 
monotonic changes in fO2 with pressure. When reporting calculated 
fO2, the activity–composition models and buffer formulations must be 
referenced.
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than 0.5 log units47,48. Crystal fractionation of garnet, which can accom-
modate substantial amounts of Fe3+, has the potential to raise the fO2 of 
arc magmas by just under a log unit after 50% eclogite crystallization31. 
Degassing of S as SO2 can lead to reduction of >0.25 log units relative 
fO2 (refs. 76,77,79). The extent of fO2 modifications due to degassing 
depend on the initial fO2 of the source, the volatile composition of 
the primary magma and the pressure of quench (or melt inclusion 
entrapment)72. Degassing models predict arc magmas with typical 
concentrations of C–O–S–H (carbon–oxygen–sulfur–hydrogen) 
species might become slightly more or less oxidized as they ascend 
and degas but remain within ~0.2 log units of their source, especially 
if quenched above 500 bar (ref. 72). The samples less affected by 
degassing and fractionation, such as primitive (MgO >6 wt.%) and 
minimally degassed arc basalts25,30,80 and lower crustal cumulates81,82, 
suggest that the source mantle beneath arcs is oxidized, in the range of 
QFM to QFM + 2, similar to (fore)arc mantle xenoliths72,83–86 (Fig. 1a).  

Despite these robust observations, there has been substantial debate 
about whether the mantle wedge source of subduction zones is 
more oxidized or whether oxidation happens during transport to 
the surface.

Oxybarometry of plumes
The fO2 of plume-affected lavas (including compositions as diverse 
as basalt and phonolite) record a wider range of fO2 than MORB, from 
QFM − 1 to QFM + 2 (ref. 72), with Fe3+/ΣFe ranging from 0.09 to 0.4 
(ref. 87). It is difficult to extract mantle fO2 from many plume-affected 
lavas, however, because the latter are often sampled from the suba-
erial eruptions of ocean islands where degassing is much more 
extreme than in the submarine environment. For example, once fac-
tors such as S degassing are considered, the modelled fO2 of plume 
source mantle varies somewhat less, from QFM to QFM + 2 (ref. 87) 
(Supplementary Table 1).
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Fig. 1 | Maps of redox data across present-day 
tectonic settings. a, Average thermobarometric 
oxygen fugacity (fO2) recorded by present-day volcanic 
rocks (circles) and mantle rocks (stars) for localities 
calculated in ref. 228, which updates ref. 231 (disucssed 
in ref. 72) with data from refs. 33,80,87,181,232–235 
(Supplementary Note 1, Supplementary Table 1). 
A locality is defined as a ridge segment, volcano, xenolith 
locality or dredge. Each plume locality is assigned 
an oxybarometric fO2 corresponding to the most 
primitive and least degassed sample using data from 
refs. 77,79,87,236–239 (Supplementary Table 1). Plume 
localities with xenolith fO2 determinations record 
lithospheric mantle values (open stars). b, V/V* (where 
V* is Sc0.84*Yb0.54) for localities calculated in ref. 229 with 
data from refs. 240–242 (squares). The mantle rocks 
and primitive basalts in proximity to subduction zones 
record a higher fO2 to those distal to subduction zones, 
and sources proximal to the plumes record variable fO2. 
QFM, quartz–fayalite–magnetite.
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The fO2 of plume-affected xenoliths record a wider range of fO2 
than ridge peridotites, from QFM − 2 to QFM + 4 (ref. 72); however, 
uncertainties on spinel Fe3+/ΣFe — the dominant factor in the calcula-
tion of peridotite fO2 — are very high in this dataset. For example, of 
the 143 xenoliths (compiled from 13 studies), only 1 study88 applied 
Mössbauer-referenced standards for spinel Fe3+/ΣFe during analysis. 
Even with better measurements, plume xenoliths sample the oce-
anic lithosphere through which they pass, rather than the residues 
from the plume source mantle72. These various factors make precise 
determination of plume fO2 problematic.

Minor and trace elements as fO2 probes
Fe3+/ΣFe has received the most attention because in many petrological 
systems it can be used to determine absolute thermobarometric val-
ues for fO2; however, the valence states of multivalent trace elements 
change in response to fO2 (for example, as reviewed by ref. 89) and can 
provide a critical constraint, as discussed in this section.

Vanadium
The incompatible element vanadium (V) exists as V2+, V3+, V4+ and V5+ in 
terrestrial systems90 and is a useful fO2 proxy. The incompatibility of 
V3+ in mantle minerals is similar to several other trivalent elements, 
whereas V4+ and V5+ are more highly incompatible than V3+. If a trivalent 
cation, herein named Vproxy

3+ , were to behave the same as V3+ during 
peridotite melting, and all V existed as V3+ during melting, then the 
ratio V/Vproxy

3+  of the melt would be constant. Melting peridotite at rela-
tively higher fO2 should generate basalts with systematically higher 
melt V concentrations [V = V3+ + V4+ + V5+] compared with Vproxy

3+  and 
have higher V/Vproxy

3+  concentration ratios. The dependence of V valence 
state on fO2 (refs. 20,90) is the conceptual basis of all V-based fO2 
proxies20,35,41,91.

Trace element concentration-based fO2 proxies have advantages 
relative to proxies that rely on measurement of the valence state of 
an element. First, trace element concentration data are abundant 
for many lithologies lacking a phase assemblage suitable for oxyba-
rometry (Box 1). Second, if the fO2 proxies are immobile elements, 
they might be less easily perturbed by metamorphism, alteration and 
weathering, or degassing. In this way, trace element concentration 
proxies might more accurately reveal relative differences in man-
tle fO2. However, the absolute accuracy of trace element proxies is 
model-dependent — being potentially sensitive to factors such as 
composition, temperature, degree of melting, extent of fractionation 
and source lithology6,35,92,93. In other words, oxybarometry, such as cal-
culated from ilmenite–magnetite21, spinel-olivine-orthopyroxene17,18 
and glass Fe3+/ΣFe (ref. 24) (Fig. 1a), yields absolute fO2 directly based 
on experimentally calibrated activity–composition relationships, 
whereas trace element methods are most useful as measures of relative 
fO2 differences (for example, vanadium-based fO2 proxy V/V*, where 
V* is Sc0.84*Yb0.54, as plotted in Fig. 1b), with further work needed to be 
able to use them to quantify absolute fO2.

V/Sc, V/Ti and V/Yb proxies
The most popular trivalent cation to serve as Vproxy

3+  has been Sc. When 
the V/Sc proxy is applied to mantle-derived basalts, MORB mantle and 
arc mantle have the same inferred fO2 (refs. 73,94) (Supplementary 
Fig. 1). However, the use of Sc is problematic as Vproxy

3+  because Sc is more 
compatible during spinel-peridotite melting and basalt fractionation 
than V3+(ref. 93). V/Sc therefore increases as melts fractionate along a 
liquid line of descent, as can be seen in global data as well as data from 

a single mid-ocean ridge segment (Fig. 2a). Variations in V/Sc due to 
variations in extent of melting or crystallization could be misinter-
preted as fO2 variations, and for this reason, ref. 35 recommended filter-
ing data to 8 wt.% < MgO < 12 wt.% before applying V/Sc. For 
example, metabasalts from <2 billion years ago (Ga) that displayed 
elevated V/Sc compared with those >2 Ga were interpreted as record-
ing increased mantle fO2 with time40. However, all the data fall on the 
V/Sc–MgO trend defined by present-day MORB (Fig. 2a).

It has also been suggested that DV/DSc for mantle mineral–melt 
pairs, and hence the V/Sc ratio in rocks, is temperature dependent92. 
However, our analysis of 1-atm data, where fO2 is precisely measured 
to better than ±0.05 log units, reveals that D D/V

olivine/melt
Sc
olivine/melt and 

D D/V
clinopyroxene/melt

Sc
clinopyroxene/melt  are not significantly temperature 

dependent (Supplementary Fig.  2 and Supplementary Note  2), 
consistent with prior work20,95,96.

V/Yb is less sensitive to crystal fractionation than V/Sc or V/Ti (Sup-
plementary Fig. 1). The V/Yb and V/Ti redox proxies have been applied 
to lavas across tectonic settings and support conclusions drawn from 
oxybarometric work; mantle proximal to arcs is more oxidized than at 
mid-ocean ridges93,97,98.

V/V*, a new proxy
To refine the utility of V-based redox proxies, the fictive element V* is 
introduced as a Vproxy

MORB, where V* is Sc0.84*Yb0.54. V* is constructed to have 
geochemical properties intermediate between Sc and Yb such that a 
regression of V concentrations against V* for glasses dredged from the 
East Pacific Rise99 passes through the origin (Supplementary Fig. 1 and 
Supplementary Note 2). In contrast to V/Sc, V/V* shows no change with 
MgO (Fig. 2b).

The use of V* does not assume that all V is speciated as V3+ during 
MORB petrogenesis. Rather, V* behaves as V during mantle melting 
and crystallization of MORB. V/V* is higher than MORB when melting 
takes place under more oxidizing conditions than the MORB source 
and lower under conditions more reducing. Application of V* — or any 
Vproxy

3+  — is complicated when garnet and magnetite are part of the melt-
ing or crystallizing assemblage (for example, in plume-derived and 
some arc-derived basalts) because garnet and magnetite fractionate 
V from other cations. Therefore, V/V* is applied when rocks are filtered 
to have MgO >5 wt.% (before magnetite-in) and Dy/Yb <1.8 to eliminate 
samples with garnet influence100. Additional screening criteria are 
applied to the premodern rock dataset (described below and in 
Supplementary Note 3).

The sensitivity of V/V* to fO2, temperature, melt fraction (F), trace 
element enrichment and depletion in the source, source modal mineral-
ogy, melting reactions and choice of partition coefficients between melt 
and olivine (ol), clinopyroxene (cpx), orthopyroxene (opx) and spinel is 
modelled in Supplementary Fig. 3 and Supplementary Note 2. In 1-atm 
experiments, where fO2 is measured directly with a sensor, the ratios of 
partition coefficients, D D/

*V
ol/melt

V
ol/melt and D D/

*V
cpx/melt

V
cpx/melt decrease 

as fO2 increases in experimental olivine–melt and clinopyroxene–melt 
pairs, with no temperature dependence (Fig. 2d and Supplementary 
Fig. 2). For all model conditions investigated, V/V* is not sensitive to F 
outside of error from QFM − 1 to QFM + 1; however, at QFM + 2, V/V* falls 
~35% as F increases from 0.05 to 0.15, yet does not fall within error of 
values of QFM + 1 until F ≥ 0.17 (Fig. 2f). Due to the role of water, F is higher 
on average at arcs than at ridges101, making the fO2 inferred for arc basalts 
from V/V* likely minima when compared with anhydrous melts such as 
MORB. Samples with elevated V/V* relative to MORB suggest a more 
oxidized mantle source, even when the extent of melting (F) differs.
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The fO2 predicted from V/V* is not strongly sensitive to source 
mineralogy (within the range expected for spinel peridotite) or melting 
reactions; however, when 2% modal spinel is replaced with 2% garnet, 
V/V* at QFM increases by about a factor of ~2, from 8 to 15. This increase 
is owing to the strong compatibility of V, Sc and Yb in garnet102. The 
impact of garnet on the relationship between fO2 and V/V* underscores 
that V/V* cannot be applied to arc rocks or ocean island rocks where 
melting in the presence of garnet might be prevalent103,104.

Results of various additional V/V* sensitivity tests are provided in 
Supplementary Fig. 3 and Supplementary Note 2. For example, the 
relationship between fO2 and V/V* is sensitive to uncertainty in the 
experimentally determined values of D V

opx/melt and DSc,Yb
cpx/melt. Neverthe-

less, values of V/V* ≥12 yield fO2 near or above QFM + 1 for all model 
parameters tested (Supplementary Fig. 3, Supplementary Table 2, 
Supplementary Table 3). When V/V* >12 and F > 15%, as is true at arcs, 
fO2 is constrained to lie above QFM + 1 but could be equally consistent 
with fO2 that is several orders of magnitude higher (Fig. 2f). Similar to 
all trace element proxies, V/V* loses sensitivity at high melt fractions.

These various tests show that V/V* provides a useful assess-
ment of the oxidation states of global mantle-derived lavas. There is 

a progressive increase of V/V* from MORB to BABB to arc basalts (Fig. 2c, 
Supplemental Fig. 1). A t-test assuming unequal variances shows that the 
population means (Table 1) are statistically distinct (p values < 0.0001). 
The increase in V/V* correlates well with independent determinations 
of fO2 on the same samples (Supplementary Note 4, Fig. 2e). Because 
V/V* is not influenced by degassing and is minimally sensitive to other 
petrogenetic processes, this correlation confirms that these variations 
are mantle properties and not a result of magma transport. The data 
demonstrate a strong association of higher V/V* lavas with subduction 
zone settings compared with mid-ocean ridges (Fig. 1b).

C, S and Cu constraints
Several other trace elements also place constraints on fO2. For example, 
the highly incompatible behaviour of C at ridges suggests that MORB 
mantle is too oxidized ( QFM − 2≿ ) to stabilize graphite, thereby placing 
a lower bound on MORB-source fO2 owing to the incompatible behav-
iour of carbon105. Likewise, the fO2-dependent solubility of S in magmas 
requires that arc mantle fO2 must exceed QFM (and the fO2 of MORB) 
to reproduce observed arc magma S contents106–108. Some arc and 
back-arc magma S contents also require an S-enriched mantle source, 
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e, Data sources and symbols as in c for localities and individual samples where 
oxybarometric fO2 (ref. 228 and Supplementary Table 1) and V/V* are both 
determined. The uncertainty fO2 calculation is 0.53 log units72. Uncertainty in 
V/V* is a sample-to-sample variation (±1 for ridge segments and from ±0.5 to ±3 
for arc volcanoes). The large squares are average V/V* and fO2 for all samples from 
a tectonic setting with 1σ error bars (Table 1). f, One possible model relationship 
between V/V* and melt fraction for non-modal melting of a fertile spinel 
lherzolite source at fO2 from 2 log units below (red) to 4 log units above (purple) 
the quartz–fayalite–magnetite (QFM) buffer. fO2 predicted from V/V* is less 
process-dependent and model-dependent than that predicted from V/Sc due  
to the greater sensitivity of V/Sc to melting and crystal fractionation.
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which would sequester mantle copper (Cu) too efficiently to reproduce 
arc Cu contents, unless that mantle is relatively oxidized108–110.

There are therefore multiple lines of evidence that the mantle source 
of convergent margin (arc and back-arc) basalts are more oxidized than 
ocean ridges by 1–3 orders of magnitude. Oxybarometric measurements 
have long shown that arc lavas and mantle peridotites are more oxidized 
(Fig. 1a). Inferred fO2 from iron oxidation states and V/V* are broadly 
correlated across tectonic settings at the locality scale (Fig. 1b) and indi-
vidual sample scale (Fig. 2e). Arc lava Cu and S contents are not possible 
unless the arc mantle is more oxidized than MORB mantle. Mantle source 
fO2 progressively increases from MORB to BABB to arc as convergent 
margin influence increases (Fig. 3ab). This debate can now be set to rest.

Subduction-driven oxidation
Oxidation of the mantle wedge increases with increasing slab influ-
ence (Fig. 3). The oxidized mantle wedge melts to form volcanic 
and intrusive rocks at back-arcs and arcs. This section explores the 
timescales of mantle wedge oxidation and provides an overview of 
oxidation mechanisms.

Subduction rapidly oxidizes arc mantle
The geochemistry of lavas, tephras and mantle peridotites from arcs 
records the influence of subducted components, including those that 
might oxidize the subarc mantle25,33,80,83,85. Classic tracers of slab influ-
ence in arc magmas, such as Ba/La, Sr/Nd, Th/Yb and Pb/Ce111,112 cor-
relate with calculated melt fO2 (Fig. 3a) and V/V* (Fig. 3b) as well as the 
proportion of S that is isotopically constrained to be slab derived80,86.

The timescales on which subducted material oxidizes the mantle 
wedge depend on the concentration, mobility and redox budget of 
slab components (Box 1); convergence rate; and the volume of mantle 
involved23,113,114. Well-constrained ages of erupted seafloor basalts show 
that oxidation of the mantle wedge occurs within 1–2 Myr of subduction 
initiation32,33 (Fig. 3a).

Oxidation mechanisms at arcs
Once extracted from the mantle, several mechanisms could change 
the fO2 of arc magmas. Garnet fractionation could induce oxidation 

if garnet crystallizes in typical arc crust and if garnet excludes Fe3+ 
(ref. 29). However, laboratory experiments suggest that neither pro-
cess applies31,115. Further, garnet is not on the liquidus for the basaltic 
compositions considered here, and the heavy rare earth elements do 
not record garnet fractionation.

In theory, degassing can oxidize or reduce magmas, yet all obser-
vations thus far link degassing only to reduction76,77,79. Indeed, mineral 
fractionation, assimilation and degassing can all plausibly modify 
magma redox, but primitive basalts show little evidence for such 
modifications72. Modification of fO2 by these processes within the 
crust must alter the fO2 of primary magmas equilibrated with arc 
peridotites, which are 1–3 log units more oxidized than MORB-source 
mantle (Table 1 and Supplementary Table 1). Therefore, possible 
mechanisms to oxidize the subarc mantle have received a great deal 
of attention.

Melts and their magma sources might be oxidized by transport 
of redox budget22,23 (Box 1) from the subducted slab to the subarc 
mantle8,114,116,117 or indirectly by melting of a source zone modified by 
the addition of H2O followed by preferential H2 loss118,119. However, 
experiments show that H2O does not affect the melt Fe3+/ΣFe ratio (for 
example, ref. 120) and mass-balance arguments and mineral composi-
tions provide compelling evidence that H2O addition to the mantle does 
not lead to measurable oxidation121 nor lead to preferential H2 loss122. 
Therefore, direct transport of elements that carry redox budget is the 
likely oxidation mechanism.

Elements that transport redox budget
Plausible candidates for transport of redox budget include Fe3+ (ref. 117), 
Mn4+ (ref. 123), S3

− (ref. 124), S4+ and S6+ (ref. 108), and C4+ (ref. 114) 
because they are present in substantial quantities in the subducting 
slab, show elevated valence states in the subducting slab relative to 
those in typical depleted mantle and can occur in sufficient concentra-
tions in aqueous, silicate or supercritical fluids to alter the redox budget 
of subarc mantle34,125. These elements are distributed within sediments, 
mafic ocean crust and underlying mantle lithosphere23,114,117 (Fig. 4). 
Other elements in subducted crust that can have multiple redox states 
and might be transported from the slab to the subarc mantle, such as  

Table 1 | Average oxybarometric fO2 and geochemistry of localitiesa as a function of tectonic setting and rock type

Age Tectonic setting and rock type Average Relative fO2 
(ΔQFMb)

1σc Number of localities Average V/V* 1σc Number of 
localities

Present day Mid-ocean ridge basalt segments −0.17 0.13 60 7 0.7 185

Back-arc basin basalt segments 0.03 0.17 6 8.2 1 24

Arc volcanoes 1.14 0.64 47 10.5 1.6 48

Plume (hot spot) volcanoes 0.81 0.78 8 n.a. n.a. n.a.

Ridge peridotite localities 0.26 0.85 29 n.a. n.a. n.a.

Forearc peridotite localities 0.53 0.77 7 n.a. n.a. n.a.

Arc peridotite localities 0.62 0.6 10 n.a. n.a. n.a.

>2,500 million years ago Komatiite and picrite −0.55 0.37 3 n.a. n.a. n.a.

Basalt, ambient mantle n.a. n.a. n.a. 8.0 0.3 21

Basalt, arc mantle n.a. n.a. n.a. 8.7 0.9 21

Eclogite and ophiolite n.a. n.a. n.a. 7.5 1.3 8

fO2, oxygen fugacity; n.a., not applicable. V/V* represents the vanadium (V)-based fO2 proxy, where V* is Sc0.84*Yb0.54. aCalculated from and refs. 197,228–230 and summarized in Supplementary 
Table 1. blog units relative to the quartz–fayalite–magnetite (QFM) buffer of ref. 45 at 1 atmosphere pressure. cσ represents the standard deviation.
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V, As, H, O and Sb, are not considered further here, because the fluxes 
of these elements are too small to transfer substantial redox budget.

The combined redox budgets of subducted S, C and Fe are 
sufficient to oxidize arc magmas114,126–128. S is a favoured candidate 
for transfer of redox budget from the slab to the mantle because 
S concentrations are higher in relatively undegassed, oxidized, 
subduction-influenced basalts compared with those from mid-ocean 
ridges108. Indeed, S concentrations are so high in these rocks that they 
require high fO2 to stabilize substantial S6+ in the melt and thereby 
raise S solubility106,108,110. Sulfur species are also demonstrably soluble 
in silicate melts and aqueous fluids129, and addition of relatively small 
amounts of S6+-bearing fluids can increase melt fO2 by a log unit130.

Oxidized Fe and Mn have limited solubility in aqueous fluids at 
elevated temperatures131,132. However, these elements are more soluble 
in silicate-rich fluids than aqueous fluids, so a role for silicate melts, 
supercritical silicate-rich and possibly carbon-rich fluids is possible, 
though the processes are poorly understood123,133–135.

Under subduction zone conditions, carbonate minerals dissolve 
to form species such as HCO3

−, CO3
2− and H2CO3 at concentrations up 

to ~1 wt.% (refs. 126,136), and CO2 might be present as a cosolvent in 
H2O–CO2 fluids at CO2 mole fractions of up to ~0.8 (ref. 137). However, 
C in the slab is modelled to be present as C+4 at fO2 >~QFM − 1 under 
subduction zone conditions138, so C is unlikely to be reduced and does 

not provide usable redox budget to common lithologies in subduction 
systems.

Lithologies that provide redox budget
Serpentinized mantle lithosphere has been identified as the most likely 
source of redox budget transferred to subarc mantle. This lithology 
has the highest redox budget of all the subducted lithologies23,128,139 
and shows variability in Fe3+/ΣFe ratios that have been interpreted as 
a record of redox budget release139,140.

However, thermodynamic calculations suggest that only 
magnetite-rich and Fe3+-rich serpentinites, such as those produced 
at ocean–continent transitions or slow-spreading ridges, are likely 
to release oxidized S species during subduction. These serpent-
inites are represented by those found in ophiolites141. Magnetite and 
Fe3+-poor serpentinites, such as the abyssal serpentinites formed at 
fast-spreading ridges, release reduced S instead125,142, theoretically 
limiting their capacity to oxidize the mantle wedge. The Lesser Antilles 
Arc, which consumes crust formed at a slow-spreading ridge and where 
primitive arc basalts record fO2 values as high as QFM + 4 (ref. 143), is 
consistent with thermodynamic model predictions. Yet the fO2 of sub-
arc mantle is thought to be globally elevated (Fig. 1), which is difficult 
to reconcile with the model results because most subduction zones on 
Earth today consume crust produced at relatively fast-spreading ridges.
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The basalts generated by decompression melting at 
ridges (or during subduction initiation) record melting 
under more reduced conditions than basalts that 
contain demonstrable additions from the subducting 
slab (for example, high Ba/La and/or Sr/Nd), suggesting 
that material released by the subducting slab leads to 
oxidized magmas in just 1–2 Myr following subduction 
initiation. QFM, quartz–fayalite–magnetite.
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Seafloor sediments are locally rich in carbonate, oxidized Fe and 
Mn, and sulfate. Sediment lithologies can transfer redox budget to 
the wedge by melting144, mechanical mixing144 or reactive transport127 
and might make important contributions to the redox budget of 
subduction zones107,114,123,145. However, quantitative estimates of the 
redox budget of locality-specific arc inputs and outputs are rare114 and 
slab-interface lithologies record complex and highly heterogeneous 
redox conditions ranging from QFM – 1 to QFM + 12 (refs. 146–150). 
Complex interactions between lithologies within the slab interface 
might facilitate release of redox budget125,127,151 (Fig. 4).

The Ca/(Ca + Mg + Fe) content of sediments and the thermal struc-
ture of the subduction zone are first-order controls on the release 
of sulphate and a characteristic suite of sulfur-associated elements 
(for example, Cu, As, Zn and Pb) that can be recognized in individual 
arcs107. The S concentration of sediment melts formed in the presence 
of anhydrite is higher than those formed in the presence of pyrrhotite, 
which implies that oxidized systems have an enhanced capacity to 
mobilize redox budget152, which is consistent with measured basalt 
S characteristics108. However, slab-derived Si-rich melts formed in 
the presence of anhydrite might carry insufficient S6+ to explain the 
abundance of S in the subarc mantle without a contribution from 
additional mechanisms153.

Subducted mafic rocks can also provide redox budget. Inclusions 
within garnet in eclogite from Sifnos, Greece, record a shift towards 
more reducing conditions during metamorphism, attributed to release 
of oxidized sulfate-bearing fluids during lawsonite breakdown154,155. 
Slab melts of altered oceanic crust fluxed by serpentinite-derived aque-
ous fluids are another promising vector for transfer of slab-derived 
sulfate80.

The mechanisms that link subduction to the redox budget of the 
mantle wedge must be consistent with the observed production and 
oxidation of subarc mantle within 1–2 Myr of subduction initiation32,33. 
The heterogeneity in oxidation state (as documented in ref. 85) and 

typical mantle flow rates of tens of kilometres per million year require 
dominantly vertical, rather than horizontal, transfer of slab-derived 
material, if slab-derived material is to reach the arc-magma source zone.

A range of mechanisms, including diapirism144,156,157, a metasedi-
mentary redox filter127, and slab relamination158,159 might provide suit-
ably rapid transfer mechanisms (Fig. 4). Alternatively, seismicity in 
some slabs is associated with fluid production, including carbonatitic 
melts at 500–700 km depth160. Seismicity might help to drive migra-
tion of silica-rich fluids that can carry a substantial cargo of Fe3+, but 
seismicity-related fluid transfer has only been recognized at shallower 
depths of less than ~300 km (ref. 161).

All models that invoke transfer of redox budget to effect change 
in magmatic fO2 should be evaluated with caution. The results of ther-
modynamic models are limited by poorly known thermodynamic 
data, equations of state and activity–composition relationships for 
the S-bearing, C-bearing and Fe-bearing species found at high pres-
sures in subduction zones. In addition, internal rock buffers are not 
always parallel to the QFM buffer commonly used as a reference for 
calculated changes in melt redox state (Box 1). More importantly, 
even substantial transfers of redox budget might not perturb the fO2 
of a strongly buffered system (Box 1). For all of these reasons, conclu-
sions based solely on model results are less robust than those backed 
by observations.

Archaean to present-day mantle fO2
Models for mantle fO2 evolution over Earth’s history have undergone 
major revisions since the turn of the millennium and remain hotly 
debated. This section provides an overview of evidence from the rock 
record for the evolution of mantle fO2 during the Archaean.

Possible links to the GOE
Atmospheric oxygen originated near 2.35 Ga (the GOE) from 
oxygen-producing photosynthesis162, but the solid Earth’s role might 
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have been to titrate, buffer, delay or hasten, atmospheric and oceanic 
oxygenation via a myriad of mechanisms163,164. Early models for mantle 
fO2 following Earth’s global magma ocean phase presumed a reduced 
mantle during the Hadean, due to its equilibrium with the early formed 
metallic core12. Volcanism from the Archaean mantle was believed 
to have released reduced gas species that were a sink for surface O2. 
Over time, the mantle might have oxidized as an outcome of ongoing 
subduction165, with mantle-derived gases becoming less reducing and 
allowing accumulation of O2 in the atmosphere and ocean.

Evidence from V partitioning between olivines and melts 
in Archaean komatiites20 challenged the assumption of a reduced 
Archaean mantle, instead suggesting that the earliest rocks record man-
tle fO2 similar to the present day. Additional evidence from Archaean 
basalts35,36 and Hadean zircons37 also supported an oxidized Archaean 
mantle. Moreover, mantle mixing calculations indicated that oxidation 
of the entire mantle via subduction would be difficult to achieve on the 
likely timescales23. This evidence makes a causal link between oxidation 
of the mantle and the GOE unlikely.

V concentrations in Archaean komatiite olivines41, and V/Sc of 
Archaean metabasalts40 have renewed debate on a potential causal link 
between mantle fO2 and the GOE by suggesting a large increase in the 
fO2 and (or) the Fe3+ budget of the mantle during the Archaean. Other 
alternative models also emerged that link the GOE to mantle redox via 
indirect means, such as through changes in magmatic temperature166,167, 
degassing pressure168,169 (though see79) or mantle potential temperature 
and depth of melting58,71,130. Therefore, support for a causal link between 
mantle fO2 and the GOE has varied and it is timely to review evidence 
from the rock record.

Spinel Fe3+ and Cr–V systematics
The abundance of multivalent elements, such as Cr and V, in 
spinel-saturated, mafic magmas is strongly controlled by fO2 (ref. 170). 
The covariation of Cr, V and Mg in mafic volcanic rocks from the 
Archaean is similar to those from the present day, requiring they 
formed at similar fO2 (ref. 36). The chemistry of Cr-rich spinels in mafic 
mantle-derived volcanic rocks or preserved as detritus in sedimen-
tary rocks would vary with time if mantle fO2 varied, but this is not 
observed36,171.

Komatiite lava
An unchanged mantle fO2 since the Archaean has been challenged 
based on fO2 estimates using V olivine–liquid partitioning (DV

ol/liq). 
Except for one 3,550 million years ago (Ma) datum, D V

ol/liq from indi-
vidual komatiite and picrite lava flows have been used to suggest a 
steadily increasing mantle fO2 over time41,172. However, similar data 
from basalts formed over present-day ridges173 and plumes174, collected 
and interpreted using identical techniques, span the entire range of 
fO2 as the Archaean komatiites and picrites (Fig. 5a). Moreover, fO2 
estimated from D V

ol/liq measured in present-day MORB173 encompass 
and exceed, by more than a factor of 2, the narrow range of fO2 estimated 
oxybarometrically from MORB Fe3+/ΣFe (refs. 46–48). The rock record 
of D V

ol/liq might simply reflect the same heterogeneity in mantle fO2 
over time as is observed in the present day, rather than any steady 
temporal evolution.

D V
ol/liq preserved in Archaean komatiite flows contrasts with evi-

dence from olivine-hosted melt inclusions, even from the same lava 
sequence175–178. This observation also suggests heterogeneity in fO2, 
rather than any systematic temporal variation. The D V

ol/liq of the melt 
inclusions show the fO2 of komatiite was similar to MORB179 (Fig. 5a and 

Table 1). The melt inclusions can be chemically compromised180 by 
reequilibration, but this effect does not change fO2 estimates from 
D V

ol/liq (ref. 181).
The komatiite/picrite dataset (N = 15) for D V

ol/liq is far smaller than 
the dataset based on V concentration systematics applied to several 
hundred basalt35 or peridotite samples over time182. Further, komatiite 
is a minor component (<10%) of volcanic stratigraphies183 and probably 
represents plume mantle, not the greater ambient convecting 
mantle184. Using only komatiites as a probe of temporal change in 
mantle fO2 represents a sampling bias to a melt that is unrepresentative 
of average mantle over most of the geologic record, which is better 
recorded by basalts35.

A further complication is that higher temperature melts gener-
ated in the garnet field, such as komatiites, might have equilibrated 
at lower71,130 or higher58 fO2 at the same bulk mantle Fe3+/ΣFe as melts 
generated in the spinel field, depending on the depth of melting (Box 2). 
Although great debate exists about the tectonic conditions required 
to extract and erupt such deep-seated melts, there is agreement that 
komatiite lavas and residues could record lower fO2 than Archaean 
(or present-day) basalts and residues, even if derived from mantle 
peridotite with the same Fe3+/ΣFe (refs. 58,71).

Eclogite xenoliths and massifs
To obviate the bias introduced by sampling komatiites, eclogite xeno-
liths and ophiolite massifs have been used to sample the convecting 
mantle to study its fO2 over time. Precambrian (4,600–541 Ma) eclogite 
xenoliths and ophiolite massifs have been interpreted as remnants of 
ancient basalt derived from the convecting mantle — comparable with 
present-day MORB. These samples were either exhumed as massifs or 
subducted and later incorporated into the mantle lithosphere where 
they were sampled as xenoliths by kimberlite185,186. The age of eclogite 
xenoliths in the mantle can be estimated using Re–Os systematics40. 
These rocks document a protracted metasomatic history encompassing 
a billion years of storage in the lithosphere187–190.

Caveats exist for the use of eclogite xenoliths or massifs as records 
of ambient mantle fO2. There are far fewer eclogite xenoliths or mas-
sifs that can be selected to reconstruct Archaean basalts than surface 
basaltic lavas (now greenstone). Many eclogite bulk compositions 
are atypical of compositions produced by mantle melting; they might 
not be representative of basalt at all but, rather, melt-rock reaction or 
residues of melting191,192. For the Precambrian ophiolite massifs40, as is 
the case for their Phanerozoic (<541 Ma) analogues, such rocks most 
likely formed in the suprasubduction environment — having more to do 
with the subduction than ridge spreading and the convecting mantle.

Regardless of such caveats, these rocks have been used to infer 
changes in mantle fO2 over time. After geochemical filtering for the 
identification of MORB-like chemical traits and removing the effects 
of metasomatism and differentiation, the V/Sc ratios in eight xenolith, 
ophiolite and massif localities have been used to infer a temporal trend in 
fO2 and a more reduced Archaean mantle40,193,194. However, using identical 
dataset and filters193 (Supplementary Note 3), V/V* (Fig. 5 and Supple-
mentary Fig. 4), V/Sc and V/Ti (Supplementary Fig. 5) show an overlap 
with modern MORB with little-to-no temporal trend (Fig. 2a and Fig. 5d).

Basalts over time
The V/V* proxy can be applied to query temporal variation in mantle fO2 
using ancient mantle-derived basalts. Although their exact tectonic prov-
enance is less certain, such basalts are the least biased, best preserved 
and most abundant mantle-derived rock in the geologic record6,195,196.
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V/V* for ancient basalts are calculated with a conservative filter of 
6 < MgO wt.% < 12 (before magnetite-in) and Dy/Yb <1.8, to eliminate 
samples with garnet influence100. Previously published and stringently 
filtered compilation datasets are used for samples younger than 2.5 Ga 
(refs. 6,196) and older than 2.5 Ga (ref. 197). Those datasets filtered the 
samples to have loss on ignition <6 wt% and CaO >13.81 – 0.274*MgO —  
a criterion for magmas from peridotite-only sources198. Basalts from 
non-arc (or ambient) convecting mantle were distinguished from arc 
basalts using a threshold of primitive-mantle-normalized Nb/La >0.75 
(refs. 71,197 and see Supplementary Note 3 for details).

There are no statistically significant differences in the average V/V* 
between any of the groups (ambient versus arc (Table 1)). The resulting 
V/V* of all ancient basalts and the fO2 show no systematic change over 
3.5 Gyr — across any time boundary or environmental events including 
the GOE (Fig. 5b,c).

A caveat in global analyses of basalts is that the record older than 
200 Ma is biased to magma erupted and preserved on continents, rather 
than in the oceanic realm. However, even if the assumption that eclogite 
xenoliths represent subducted ocean crust older than 2 Ga (refs. 185,186) 
is adopted, they do not notably differ from modern terrestrial basalts 
and show no trend in V/V* and mantle fO2 with time (Fig. 5d).

This reassessment shows the previous use of V/Sc as a redox proxy 
in basalt73, eclogite or metabasalt35,40,193 might be affected by crystal 
fractionation (Fig. 2a and Supplementary Fig. 1). Application of the V/V* 
proxy, which is unaffected by crystal fractionation, to magmas derived 
from garnet-free mantle, captures the breadth of mantle-derived mafic 
and ultramafic magmatism over 3.5 Gyr. The V/V* proxy shows a lack of 
systematic change in fO2 with time in the convecting ambient upper 
mantle. This result is not an effect of temperature because our analysis 
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present-day rocks. a, Estimates of oxygen fugacity (fO2) (as published, without 
modification) for present-day mid-ocean ridge basalts (MORB) lavas (blue stars 
and light blue band)173, present-day ocean island basalts174 (open narrow 
diamonds) and ancient komatiite and picritic lavas41,172,244 (filled black circles), all 
modelled from the V-in-olivine approach of ref. 174. Measured D V

ol/liq between 
olivine and glass inclusion pairs in komatiites (crosses) with the mean for each 
age group (white hexagons)176–178. The grey band indicates the fO2 inferred from 
iron speciation in present-day MORB46,48. b, The V/V* (where V* is Sc0.84*Yb0.54) 
proxy for basaltic lavas over time from ambient mantle sources71 using data from 
ref. 196 for samples <2,500 million years ago (Ma) and ref. 197 for samples 
>2,500 Ma, filtered using criteria from refs. 71,197. The large filled circles are 
sample means binned for time intervals (100–200 Myr). c, The V/V* proxy for 
basaltic lavas over time from arc mantle sources71 using data from refs. 6,196  
for samples <2,500 Ma and ref. 197 for samples >2,500 Ma filtered using criteria  
from refs. 71,197. The large filled circles are means for binned time intervals 
(100–200 Myr). d, The V/V* proxy for bulk analyses of metabasalts (eclogite 
xenoliths, ophiolites and orogenic eclogite massifs) from ref. 40 calculated with 
data from refs. 40,187–189,193,245–248 and filtered with criteria from ref. 40. 
Three eclogite xenolith localities (green circle with asterisk) from ref. 40 have 
MgO >12 wt.% so do not meet the V/V* filtering criteria (or V/Sc filtering criteria). 
The inclusion or exclusion of these samples does not impact our conclusions. The 
MORB (grey) and Arc (yellow) bands are V/V* averages measured at present-day 
ridges and arcs, ±1σ (Table 1 and ref. 229). The bulk analyses in panels b–d are 
compiled from ref. 230. A second version of this figure is provided with 
alternative filters applied (Supplementary Fig. 4), as well as V/Ti and V/Sc as a 
function of time (Supplementary Fig. 5) for the same samples and localities. 
There is no statistically significant temporal trend in fO2 in mantle-derived rocks 
since the Archaean using any vanadium-based redox proxy.
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of experimental data shows D D/V
olivine/melt

V*
olivine/melt  (D V/V*

ol/melt) and 
D D/V

cpx/melt
V*
cpx/melt have no significant temperature dependence (Fig. 2d 

and Supplementary Fig. 2). The invariance of V/V* also parallels the lack 
of profound changes in basalt compositions that can be assigned to any 
major singularity in earth evolution, such as the GOE or the advent of 
subduction199. This invariance raises a central question for Earth evolu-
tion. The question of how the oxygen balance in the deep Earth deviated 
from that of an early Hadean magma ocean in equilibrium metallic core 
remains. Exploration and testing of plausible magma ocean models are 
required to address this question.

Hadean mantle fO2
In <100 Myr, metal core segregation from the Hadean magma ocean 
was nearly complete200, leaving a system in which silicate melt, silicate 
minerals, core-forming metal and Earth’s first atmosphere strove to 
equilibrate over an enormous range of pressures and temperatures. 
At constant oxygen content, a planetary mantle will span a range of 
fO2 values as gradients in pressure impose changes to the composi-
tion of solid and liquid phases. Because complex fO2-dependent 
coevolution of magma oceans and atmospheres has a defining role 
in planetary habitability14,201, research interest in planetary magma 
oceans is high, and the field is rapidly evolving. This section dis-
cusses the constraints and models that dominate conversation about 
Hadean mantle fO2.

Constraints on magma ocean fO2

The compositions of meteorites (Earth’s putative building blocks) 
and the composition of Earth’s mantle, atmosphere and crust place 
observational constraints on the fO2 of Earth’s Hadean mantle. The 
rock record is sparse and model uncertainty is high.

Segregation of molten iron metal from silicate melt at low pressure 
during Earth’s magma ocean stage would have imposed an fO2 well below 
iron–wüstite (IW, Fe–FeO) equilibria (Box 1). The concentrations of FeO 
and siderophile (iron-loving) elements (for example, Ni, Co and W)  
in Earth’s present-day mantle constrain the average polybaric fO2 of 
the magma ocean to ~IW − 2 (refs. 12,13,202,203).

The mass and composition of the first atmosphere was determined 
by Earth’s massive magma ocean15,204 (Supplementary Fig. 7). Yet, degas-
sing reactions at high temperature and low fO2 remain ill-constrained 
and the interplay between shallow and deep redox reactions that would 
have governed surficial magma ocean degassing remains elusive. 
Thermodynamic calculations give a lower bound of IW − 3 imposed 
by a magma ocean saturated in graphite in equilibrium with a dense 
CO-dominated atmosphere. An upper bound of IW + 3 is imposed 
by sulfide saturation in equilibrium with atmospheric SO2 (ref. 15). 
The chondritic deuterium/hydrogen ratio of Earth’s oceans further 
limits the amount of H2 that could have been lost from Earth’s earliest 
atmosphere to space, implying that the late-stage, shallow magma 
ocean must have equilibrated at fO2 > IW + 1 (ref. 205).

Post-dating the magma ocean stage, only a handful of zircon crys-
tals survive to represent the Hadean terrestrial rock record. These 
zircons record crustal fO2 values similar to those of present-day gra-
nitic zircons (scattered around QFM) – orders of magnitude above 
that recorded by zircons from the lunar magma ocean37,206 (scattered 
around IW).

Based on current observational constraints, the range of possible 
fO2 in the upper mantle at the end of the terrestrial magma ocean  
phase spans more than five orders of magnitude (−2 ≲ IW≲ +3). The 
preponderance of evidence points to a shallow magma ocean that was 

similar to or more oxidized than the IW buffer by the end of the Hadean. 
A myriad of models, discussed below, plausibly explain the rapid oxida-
tion of Earth’s mantle during the Hadean to reach the fO2 conditions 
recorded by Hadean zircons and Archaean rocks.

Open-system processes
Open-system processes offer plausible, albeit ad hoc, pathways for 
changing magma ocean fO2 during and just after Earth’s accretion from 
planetary embryos (Fig. 6). Progressively more oxidizing accretionary 
inputs from space, so-called heterogeneous accretion207–209, provide 
one oxidation mechanism. Reduced outputs to space, for example, 
H2 loss165,210–212, provide another oxidation mechanism, albeit one that 
might be limited205. Perhaps counterintuitively, accretion from plan-
etary embryos with H2-rich atmospheres might also be consistent with 
mantle oxidation213, as discussed below. Because open-system pro-
cesses are difficult to quantify or test, only closed-system oxidation 
mechanisms are discussed below in detail.

Magma ocean oxidation mechanisms
A large-radius planet (for example, greater than or equal to Earth’s 
radius) makes possible a range of magma ocean oxidation mechanisms 
owing to higher pressures and temperatures of equilibration (for exam-
ple, in comparison with Mars, which is smaller and has a more reduced 
mantle44) (Fig. 6).

A gaseous atmosphere, a silicate mantle and an iron-alloy core 
are key reservoirs that must be considered in any successful model 
of Hadean redox. Due to their massive redox budgets, equilibrium 
between the mantle-forming silicate liquid and core-forming metal 
alloy established an initial fO2 and Fe3+/∑Fe of the liquid at depth. The 
fO2 of the shallow magma ocean then dictates volatile speciation in 
the overlying atmosphere (Fig. 6). Equilibration of silicate melt and 
liquid metal alloy at low pressure establishes very low fO2 and, hence, 
a reduced atmosphere12. But the high pressure of metal–silicate equi-
librium in a terrestrial magma ocean requires consideration of the rela-
tionship between the Fe3+/∑Fe of silicates and fO2 at higher pressures. 
Three possible mechanisms are reviewed (Fig. 6).

In the first possible mechanism, silicon dissolution into core alloy 
at high pressure (SiO2 (mantle melt) + Fe (core alloy) → FeO (mantle 
melt) + Si (core alloy)), might have worked to increase mantle FeO 
concentration, and hence fO2, as the planet grew202,214. This mechanism 
is facilitated by high pressures and temperatures and low fO2 (the latter 
potentially facilitated by H dissolution into the magma ocean and, 
ultimately, the metal core from a primordial atmosphere213). By con-
trast, other ultrahigh-pressure experiments challenge this view, sug-
gesting that oxygen dissolution in the metal core could have resulted 
in a magma ocean that evolved from relatively oxidizing to relatively 
reducing215.

The second possible mechanism stems from experiments that 
show the presence of abundant Fe3+ in minerals in equilibrium with 
metal and under the low fO2 (<IW − 2) conditions of core formation. 
Lower mantle pressures (>24 GPa) facilitate disproportionation 
of magmatic Fe2+O and stabilize Fe3+-rich perovskite (Fe3+–pv) and 
Fe0–metal (ref. 38). If the Fe0–metal sank to the core and left Fe3+-rich 
perovskite in the mantle, this would cause net oxidation of the lower 
mantle13,38,216. Mantle overturn or convection would then cause an 
oxygen gain (an increase in redox budget) in the upper mantle — an 
oxygen pump13 (Fig. 6).

The third mechanism relies on the observation that the Fe3+/ΣFe  
ratio of a silicate liquid in fO2 equilibrium with metal at high pressure is 
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not the same as at low pressure (Box 2). At shallow upper mantle pres-
sures (⪅ 10GPa), the fO2 of liquid silicate at constant Fe3+/∑Fe increases 
with pressure217,218 (or Fe3+/∑Fe decreases with pressure at constant 
relative fO2). However, experimental observations219–221 and molecular 
dynamic calculations222 suggest that this trend reverses at yet higher 
pressures. A reversal might enable Fe3+/ΣFe ratios in excess of 0.03 
(similar to the ratio of 0.036–0.037 estimated for the present-day 
upper mantle54) to be stable at the high inferred magma ocean pres-
sures of metal–silicate equilibrium220 (28–53 GPa) (ref. 223). If such 
high Fe3+/ΣFe ratios could persist to the surface via vigorous, iso-
chemical convection, it would enforce high fO2 at the low-pressure 
magma ocean−atmosphere interface. Metal–silicate equilibrium at 
depth therefore need not preclude an oxidized H2O–CO2 atmosphere16 
(Fig. 6).

If the present-day Fe3+/ΣFe ratio of the upper mantle corresponds 
to that of the magma ocean, 1-atm high-temperature data on peridotitic 
liquids suggest that the Earth’s magma ocean fO2 was from ~IW − 0.4 to 
IW + 2 at the surface just prior to crystallization, stabilizing a CO–CO2 
dominated atmosphere220,223,224.

Magma ocean redox budgets
Relating observations of rocks and minerals to the intrinsic property 
of fO2 is essential for comparison to experiments and thermodynamic 
models but does not predict the consequences for mass transfer of 

oxidants or reductants or charge-transfer reactions as conveniently 
as redox budget (Box 1). Redox exchange between Fe3+ and Cr2+ during 
magma ocean cooling provides one example whereby Cr2+ might have 
consumed Fe3+(in other words, reduced Fe3+), implying that either 
the magma ocean was yet more oxidized or that other processes, 
such as the oxygen pump and open-system processes, boosted Fe3+ 
in the silicate melt to compensate the estimated 0.35 wt.% Fe2O3 con-
sumed by Cr2+ oxidation223. Similar consideration of S, C, H and Fe via 
closed and open-system processes and the linkage between fluxes 
and thermodynamics is necessary, but these considerations remain 
nascent225, lacking observational constraints. The planetary science 
community is working intensively to develop numerical codes that 
connect magma ocean processes to the growth of primordial out-
gassed atmospheres226,227, in the hope that these codes will be appli-
cable to exoplanets similar to the Hadean Earth. The debate on the 
fO2 of the magma ocean therefore continues and provides an area 
ripe for future research.

Summary and future perspectives
There is widespread agreement that basalts sampled at mid-ocean 
ridges record fO2 near the QFM buffer. To constrain the depth and mech-
anism of mantle melting and its relationship to geophysical observa-
bles, progress is needed to experimentally quantify the coevolution 
of fO2 and the Fe3+/ΣFe ratios in melts and minerals above and below 
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Earth-like, pressures, including increased stability of Fe3+/ΣFe (but low fO2) in 
silicate liquid, partitioning of Si0 into the core and disproportionation of Fe2+O 
to generate Fe3+-rich perovskite that remains in the mantle and Fe0-rich metal 
alloy that sinks to the core. Although the atmosphere of the small planetesimal 
is dominated by reduced volatile species, that of the larger planet is dominated 
by oxidized species (volatile abundance schematically represented by size of the 
volatile ‘sphere’ in the atmosphere).
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the solidus. Few existing experiments at known fO2 have characterized  
Fe3+/ΣFe of coexisting phases, and more are needed. Theoreticians 
must then incorporate such experimental constraints to improve 
computational thermodynamic models.

Lavas in proximity to subduction zones record fO2 values that are 
higher on average than those at ridges, and multiple lines of evidence, 
including a new V/V* proxy, support a mantle origin for the oxidized 
signature. Determining how convergent margins oxidize the man-
tle wedge requires further work. Sediments, mafic ocean crust and 
mantle lithosphere all have the potential to provide redox budget to 
the zone of arc melt production via a transport agent that has yet to 
be conclusively identified; however, S is a strong candidate. Further 
experimental and observational work are needed to better constrain 
the mass transfer mechanisms and when in Earth’s history arc mantle 
became oxidized.

Redox-sensitive trace elements such as V quantify relative fO2 in 
basalt sourced from spinel-peridotite — even if the absolute fO2 is 
model-dependent. The fO2 recorded by Archaean komatiites span the 
same range as modern plume-derived and ridge-derived basalts using 
the same D V

ol/liq technique and imply no temporal trend. The fO2 implied 
by the V/V* of hundreds of ancient basalts sourced from the depleted 
mantle do not show any statistically significant temporal trend in fO2 
either. Thus, there is no clear evidence for a change in mantle oxidation 
state since the Archaean. That said, mantle-derived melts older than 

200 Ma in the geologic record are preserved only in the continental 
realm — as lavas in Archaean greenstone belts, as flood basalts or as 
arcs built on continental crust — which makes comparisons with the 
modern Earth indirect. A comparison could be facilitated by further 
developing redox proxies, such as V/V*, so that they can be applied to 
melts from garnet-bearing mantle sources.

Oxidation processes during the Hadean are of great importance 
for the evolution of the early Earth. Plausible closed-system processes 
for oxidation on an Earth-sized planet include exchange of Si, O, C, H, 
S, P and Fe between the core and mantle, disproportionation of FeO 
followed by Fe0 loss to the core and Fe3+-perovskite gain in the mantle, 
and equilibration of alloy and melt at high pressure that stabilizes a 
liquid at low pressure with high Fe3+/ΣFe ratio. Capturing redox dynam-
ics in convective and reactive magma oceans requires new coupled 
geodynamic and thermodynamic models linking planetary interiors to 
surfaces during the magma ocean stage. Such models must also accom-
modate irreversible escape processes, including redox-sensitive light 
element incorporation in the core and outgassing to space, while abid-
ing by timing, thermodynamic and mass-balance (redox budget) con-
straints. Experimental constraints on the behaviour of redox-sensitive 
elements under these extreme pressure–temperature–fO2 conditions 
and their incorporation into thermodynamic models is an important 
next step for the community to understand the earliest events that 
shaped planet Earth.

Data availability
The oxybarometic data can be found in ref. 228 and https://doi.
org/10.60520/IEDA/113694. Geochemical data can be found in ref. 229 
and https://doi.org/10.60520/IEDA/113251. The vanadium redox proxies 
applied to mantle-derived magmas over time can be found in ref. 230 
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