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The constant oxidation state of Earth’s
mantle since the Hadean

Fangyi Zhang 1 , Vincenzo Stagno 2, Lipeng Zhang 1,3, Chen Chen1,
Haiyang Liu 1, Congying Li1,3 & Weidong Sun 1,3,4

Determining the evolutionary history ofmantle oxygen fugacity (fo2) is crucial,
as it controls the fo2 of mantle-derived melts and regulates atmospheric
composition through volcanic outgassing. However, the evolution of mantle
fo2 remains controversial. Here,we present a comprehensive dataset of plume-
derived komatiites, picrites, and ambient mantle-derived (meta)basalts,
spanning from ~3.8 Ga to the present, to investigatemantle thermal and redox
states evolution. Our results indicate that fo2 of both mantle plume-derived
and ambientmantle-derivedmelts was lower during the Archean compared to
the post-Archean period. This increase in the fo2 of mantle-derivedmelts over
time correlates with decreases in mantle potential temperature and melting
depth. By normalizing fo2 to a constant reference pressure (potential oxygen
fugacity), we show that the fo2 of both the mantle plume and ambient upper
mantle has remained constant since the Hadean. These findings suggest that
secular mantle cooling reduced melting depth, increasing the fo2 of mantle-
derived melts and contributing to atmospheric oxygenation.

Themantle constitutes themost significant volatile reservoir on Earth,
and the release of volatiles (e.g. H, C, O, and S) through volcanic
degassing governs the composition of the atmosphere1,2. During the
migration of volatiles from the mantle to the atmosphere, tempera-
ture, and oxygen fugacity (fo2) have emerged as critical parameters
controlling the speciation and concentration of volatiles in volcanic
gases3,4. Temperature plays a pivotal role in determining the depth and
extent of partial melting within the mantle, thereby influencing the
chemical composition and volatile content of magma5,6. Concurrently,
fo2 directly affects the composition of volcanic gases by governing the
valence states of volatile elements7. Therefore, to elucidate the com-
position of the atmosphere, conducting a comprehensive examination
of the thermal and redox state evolution of the mantle over time is
critical1,8.

Petrological and theoretical investigations of the thermal state of
the mantle have established a consensus that the mantle has been
cooling since the Archean9–12. The prevalence of komatiites and high-
MgO basalts during the Archean era points to substantially higher

potential temperatures (TP) and greater melting degrees in the mantle
compared to present-day conditions. However, the evolutionary his-
tory of themantle redox state remains controversial, given the scarcity
of both preserved effusive rocks and accurately dated mantle peri-
dotites and eclogites13,14. The consistent V/Sc ratios observed in the
Archean and modern basalts suggest that the mantle fo2 has been
constant since the earlyArchean15. This perspective is reinforcedby the
cerium anomalies in Hadean zircons, which indicate that mantle fo2
reached modern levels around 4.3 billion years ago16. However, this
finding is subject to significant uncertainty, which may obscure
potential oxidative trends. In contrast, recent studies on Archean
eclogites as proxies for basalts17, Archeanbasalts18, andultramafic lavas
(komatiites andpicrites19) suggest an increase inmantle fo2 of over one
log unit from approximately 3.8 Ga. Nonetheless, these studies infer
mantle redox evolution based on the fo2 of mantle-derived magmas,
whichdepends not only on fo2 bufferedbymantleminerals but also on
the depth and degree of melting20,21. The petrological and experi-
mental results suggest that the mantle redox state is expected to
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decrease with depth7,22,23. Therefore, variations in the redox state of
mantle-derived melts may not necessarily reflect changes in mantle
fo2, but rather the depth at which the melts were extracted from the
mantle source. Given that the melt extraction depth is significantly
influenced by the mantle potential temperature24, it is imperative
to correct for the temperature and pressure effects on the fo2 of
mantle-derived melts when exploring the intrinsic redox state of the
mantle.

In this study, we present a comprehensive compilation of two
distinct databases. The first database encompasses global whole-rock
compositions of primitive non-arc basalts, as well as mantle and oro-
genic eclogite suites, covering a period from 3.8 to 0 Ga17,18,25. Utilizing
geochemical criteria, such as less fractionated mafic samples, high
Nb/La ratios, low loss on ignition and high CaO content, we selectively
analyzed primitive basalts fromperidotite sources to gain insights into
the evolution of fo2 within the shallow ambient mantle (refer to
Methods for details). The second database includes a global collection
of whole-rock and olivine compositions from ultramafic lavas (koma-
tiites and picrites) ranging from 3.6 to 0 Ga. These rocks, identified as
being derived from high-temperature mantle plumes11,26, facilitate the
investigation of fo2 evolution of deep mantle plumes. By applying a
combination of thermobarometers24,27,28 and oxybarometers29–31 to
samples from diverse reservoirs, we systematically investigated the
temporal variations in the mantle’s thermal state, melting depth, and
redox state.

Results and discussion
Evolution of thermal and redox states of mantle-derived
magmas
There is consensus that the mantle has undergone gradual cooling
since the Archaean10–12. In this study, we investigated the melting
temperatures and pressures inferred from mid-ocean ridge basalt
(MORB)-like basalts. Our results reveal that the TP of the ambient
mantle rose from approximately 3.8 Ga, reaching peak values of
around 1510 ± 80 °C (1σ) during 2.7–3.3 Ga, before a steady decline to
the current value of 1350 °C (Fig. 1a). This concave thermal evolution
curve is consistent with the low-Urey-ratio model (present-day Urey
ratio 0.23–0.34), implying an initial heating phase followed by cooling,
with peak TP occurring around 2.7–3.3 Ga9,11.

The reconstructed primary Archean komatiites exhibited high
MgO content, ranging from 25 to 31 wt.%, while the primary Phaner-
ozoic plume-derived magmas contained 12–25 wt.% MgO. This indi-
cates a significantly elevated mantle potential temperature during the
Archean period32. Thermobarometric results revealed that Archean
komatiites recorded TP between 1700 and 1800 °C (Fig. 1a), exceeding
the potential temperature of the Archean ambient mantle by over
100 °C, thereby corroborating their plume origin11. Moreover, the
potential temperature of mantle plumes shows a slight increase from
around 3.6 to 3.3 Ga, followed by a gradual decrease from approxi-
mately 2.7 Ga to the present (Fig. 1a). Both ambient mantle and man-
tle plumes exhibit concave thermal evolution curves peaking at 2.7−3.3
Ga, which aligns with current Urey ratios of 0.08 to 0.34,
respectively9,11. The consistent cooling paths for both the ambient
mantle and mantle plumes suggest parallel cooling histories for the
shallow and deep mantles. From the Hadean to the Archean, the
internal heating of the mantle surpassed surface heat loss, resulting in
mantle warming. After the Archean, increased surface heat loss led to
gradual mantle cooling33. Additionally, our pressure-temperature
estimates indicate a direct correlation between the melting pressures
ofmantle-derivedmagmas and themantle potential temperature, with
peak melting pressures occurring around 2.7−3.3 Ga. These findings
indicate a secular cooling trend of the mantle and a decrease in the
melt extraction depth from the Archean to the present.

We employed diverse methods to calculate fo2 for different rock
types. For plume-derivedmagmas, we utilized DOl/melt

V oxybarometers,

whereas for ambient mantle-derived magmas lacking preserved oli-
vine, we used awhole-rockV/Ti redoxproxy. Thesemethods arehighly
regarded for their precision in determining fo219,29,30. The results of the
DOl/melt

V oxybarometer reveal that the fo2 of mantle plume-derived
melts from the Archean was significantly lower, at ΔFMQ −1.11 ± 0.45
(1σ; ΔFMQ indicating the fo2 after subtracting the fo2 for the
fayalite–magnetite–quartz buffer), compared to post-Archean sam-
ples, which exhibited fo2 values of ΔFMQ+0.17 ± 0.64 (Fig. 1b). This
trend is consistent with previous studies on the fo2 of mantle plumes-
derived melts19. To statistically analyze the differences in fo2 between

Fig. 1 | Secular thermal and redox states evolution of mantle-derived melts.
a The mantle potential temperatures (TP) of mantle plume and ambient mantle
estimated from thermometer24. Blue solid lines represent the thermal evolution of
themantlewithdifferent present-dayUrey ratio (Ur(0), andbluedashed anddotted
lines represent the switch from stagnant lid convection to plate tectonics at 2 Ga
and 1 Ga33, respectively. b Calculated fo2 of mantle plume- and ambient mantle-
derived melts relative to the fayalite–magnetite–quartz (ΔFMQ) buffer. The fo2 of
mantle plume-derived melts was determined using the partition of V between oli-
vine and melts29 (Dol/melt

V), the fo2 of ambient mantle-derived melts was estimated
by V-Ti redox proxy18. The fo2 of modern MORB is shown63,64. Blue solid lines
represent the fo2 evolution trend estimated from the thermal evolutionmodel with
different Ur(0) (see Methods). c The fo2P of a mantle plume and ambient mantle
remain constant since the Hadean. The timing of the Great Oxidation Event (GOE)
and the fo2 of Hadean mantle-derived zircons16 are shown for comparison. The fo2
of the mantle in equilibrating with the core was estimated to ΔFMQ −67. All the
results are presented as mean values ± standard deviation (1σ).
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the Archean and post-Archean samples, we conducted a Student’s
t-test. The average P-value of the two-sample t-tests was less than 0.01,
indicating that the null hypothesis of consistent fo2 values between the
Archean and post-Archean mantle plume-derived melts can be rejec-
ted. A similar evolutionary trend was observed in ambient mantle-
derivedmagmas,with Archean samples showing significantly lower fo2
at ΔFMQ −1.21 ± 0.59 compared toΔFMQ −0.66 ±0.67 in post-Archean
samples (P <0.01). Our findings demonstrate that the fo2 of both the
mantle plume and ambient mantle-derived magmas increased by
approximately 1 log unit from the Archean to the Phanerozoic17,19.
Notably, since the Archean, the increase in magma fo2 has been
accompanied by a reduction in the mantle potential temperature,
suggesting a potential correlation betweenmagma fo2 and the thermal
state of the mantle.

The constant oxidation state of the mantle over time
Numerous studies have demonstrated that the fo2 of the uppermantle
decreases with depth, which is attributed to the increased stability of
Fe3+ in garnet and then in majorite at high pressure7,20,34. During adia-
batically upwelling, the mantle fo2 will increase with decreasing depth
even if the bulk rock Fe3+/ΣFe ratio is constant20. Therefore, the fo2 of
themantle-derivedmagma is not only controlled by the intrinsic redox
state of the mantle source rock (Fe3+/ΣFe ratio of the mantle), but also
by the melt extraction depth21. By comparing the secular evolution of
the redox and thermal states ofmantle-derivedmagmas,we found that
the fo2 of these magmas was negatively correlated with both TP and
melting pressure (Fig. 2). This negative correlation suggests that the
fo2 of mantle-derived magma may be significantly influenced by the
depth of melt extraction.

Komatiites are ultramafic rocks that formed under exceptionally
high temperature (>1600 °C) and pressure conditions (>4GPa), pre-
dominantly during the Archean era when TP was elevated26,35. These
magmas, originating from deep within the mantle, are characterized
by low fo236,37. As shown in Fig. 3, the mantle sources of komatiites
display low fo2 when corrected to the pressure and temperature of
melt extraction, ranging from FMQ −2 to 0. However, considering the
link between mantle fo2 and depth, the bulk mantle Fe3+/ΣFe ratios
for komatiite sources were deduced to be 5–10% (Fig. 3b). These
ratios align with those proposed for mantle plumes during the
Phanerozoic38,39, indicating the intrinsic redox state of mantle plumes
has remained relatively unchanged since the Archean.

To mitigate the effect of melting depth on magma fo2 and eluci-
date the intrinsic redox evolution of the mantle, we introduced the
concept of potential oxygen fugacity (fo2P). This concept is analogous
to the canonical definition of TP40 and represents the fo2 that the
mantle would exhibit if it were to rise adiabatically to the depth of
MORB extraction (1 GPa) along a solid adiabat without undergoing
melting (Fig. 3b). The knowledge of fo2P requires calculating the fo2 of
themantle source and estimating the variation of fo2 from themelting
depth to 1 GPa along an adiabat20 (Methods).

Through the correction of the fo2 of variousmantle-derivedmelts
to fo2P, we observe that both the fo2Pof the ambientmantle andmantle
plumes have the same fo2 (−1 <ΔFMQ<+1), and this value has
remained constant since the early Archean (Fig. 1c). These findings are
identical to the fo2 record in Hadean zircons16. In addition, experi-
mental studies and first principles simulations shed light on the
behavior of Fe2+ in the Earth’s deep magma ocean, demonstrating its
disproportionation to Fe3+ and Fe metal. The non-equilibrium perco-
lation of disproportionation-derived metallic iron into the core, led to
upper mantle oxidation, removing the core and mantle from redox
equilibrium, as observed in the present day41–44. For large-volume
planets, such as the Earth, with deep magma oceans, fo2 at the surface
of the magma ocean likely reached present-day mantle levels (Fig. 1c).
These insights, combined with petrological evidence45, confirm
that the mantle achieved modern oxidation levels and has maintained
a redox gradient since the Hadean period. The thermal state of
the mantle evolved continuously, affecting the depth and extent of
partial melting and consequently altering the fo2 of mantle-derived
magmas.

Estimating the fo2 of Hadean crust
The strong correlation between the fo2 of mantle-derived magma and
mantle TP provides an opportunity to model the fo2 of the crust in the
Hadean eon when the petrologic record is sparse16. It has been sug-
gested that radiogenic heat production in the mantle exceeded
surface heat loss; thus, the mantle warmed from the Hadean to the
Archean9,11,33. Based on the possible TP during theHadean (Urey ratio of
0.08 to 0.34), we predict oxidized conditions formantle-derivedmelts
in the Hadean, corresponding to fo2 values of ΔFMQ −1 to +1 (Fig. 1b).

Hadean zircons constitute the primary geological record of the
Hadean. Although these zircons crystallized from differentiated felsic
melts rather than directly from mantle-derived magmas, the relative
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changes in fo2 along the magmatic liquid lines of descent are typically
on the order of 1–2 log unit16. Therefore, the fo2 values recorded in
these zircons can provide valuable insights into the fo2 of Hadean
mantle-derived magmas. Systematic studies of zircons reveal that
those older than 4.0 Ga have recorded an fo2 of −0.33 ± 0.8646. Nota-
bly, zircons with mantle oxygen isotope characteristics display rela-
tively high fo2 values (ΔFMQ+ 1.4 ± 2.0)16. These observations support
our predictions and suggest a colder, more oxidized crust during the
Hadean eon. The oxidized Hadean crust likely played a vital role in the
formation of oxidized fluids within early terrestrial hydrothermal sys-
tems by facilitating prebiotic molecular synthesis and supplying
essential nutrients for early life.

Secular cooling of the mantle prompts atmospheric
oxygenation
It has been hypothesized that secular oxidization of the mantle since
the Archean facilitated the oxygenation of the atmosphere, leading to
the Great Oxidation Event at 2.4–2.2 Ga8,17,19. However, our study
reveals a more nuanced perspective, indicating that the fo2 of mantle-
derivedmagmas, which facilitates volatile transfer between themantle
and atmosphere, experienced a gradual increase. This increase, how-
ever, is not due to mantle oxidation but is largely influenced by
changes in the thermal state of the mantle, which affected the average

melting depth and extent (Fig. 4). This insight highlights the complex
interplay among the mantle thermal state, magma evolution, and the
redox evolution of the Earth’s atmosphere.

Methods
Data collection and filtration
To obtain the thermal and redox evolution trend of the mantle, we
collected olivine and corresponding whole-rock trace element com-
positions of well-preserved picrites and komatiites. The ultramafic
lavas have been demonstrated to be related to hot mantle plumes
and to preserve fresh olivines11,26,32,47, including Reykjanes Peninsula
picrites from Iceland (0 Ga), Kilauea picrites from Hawaii (0 Ga),
Padloping picrites from Baffin Island (0.062 Ga), Gorgona komatiites
from Gorgona Island (0.089 Ga), Dali and Lijiang picrites from
Emeishan (0.26 Ga), Winnipegosis komatiites from the Superior
Craton (1.87 Ga), Lapland komatiites (2.06 Ga) and Vetreny koma-
tiites (2.41 Ga) from the Fennoscandian Shield, Belingwe komatiites
from the Rhodesian Craton (2.69 Ga), Pyke Hill and Alexo komatiites
from Abitibi greenstone belt in Canadian Shield (2.72 Ga), Weltev-
reden komatiites (3.26 Ga), Komati komatiites (3.48 Ga) and Scha-
penburg komatiite (3.55 Ga) from Barberton Greenstone Belt in
Kaapvaal Craton. Details for the sample descriptions and references
are provided in Supplementary data 1.
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Given the scarcity of olivine trace element data for Archean
basalts, we compiled a whole-rock composition dataset of 3.8-0 Ga
modernMORB-like basalts to investigate the fo2 of the ambientmantle
by V/Ti redox proxy. The whole-rock geochemical data of the basalts
were assembled from the EarthChem rock database, the database
collected by ref. 25 and the Archean basalt database18. To filter MORB-
like basalts, we used several criteria as follows: (1) we screened basalts
with SiO2 contents ranging from 45 to 54 wt.%. (2) Samples with MgO
content of <8 wt.% were excluded because of the potential clinopyr-
oxene andmagnetite fractionation. Komatiites with MgO > 18 wt.% are
also filtered out. (3) Highly altered samples with a loss on ignition
higher than 6wt% or exhibiting significant Ce anomalies (Ce/Ce* <0.9
or > 1.1)18 were excluded. (4) Subduction-related and crustally con-
taminated rocks are generally characterized by negative Nb anomaly,
therefore, we selected the samples with (Nb/La)PM ≥0.75 to represent
ambientmantle-derivedmelts18,48. (5) Available thermobarometers and
V/Ti oxybarometer are designed for peridotite-derived melts24,27,30,
therefore, we only considered lavas with geochemical criteria such as
CaO > 13.81 – 0.274 MgO49 to consider formation from peridotite
sources. To obtain meaningful magma compositions, we used the
PRIMELT3 software to exclude melts that have undergone fractiona-
tion of clinopyroxene and melts derived from CO2-rich peridotite or
pyroxenite sources49. Using these filtering criteria, we obtained
76 samples that could represent the primitivemelts of ambientmantle
ranging in age from 3.8 Ga to 0Ga. In addition, we also used a database
of mantle and orogenic eclogite suites which were carefully filtered by
the above criteria17. Those samples, along with plume-derived melts
were used to decipher the redox and thermal state evolution of the
mantle.

Determining the fo2 of mantle-derived magmas
The fo2 of ambientmantle-derivedmelts is estimatedby the V/Ti redox
proxy, which is advantageous as it is more sensitive to mantle redox
conditions and is not affected by residual garnet or volatiles
degassing30. Because the partition coefficients of both V and Ti in
silicate minerals are temperature-dependent, we calculated the melt-
ing temperature and pressure of non-arc basalts using a published
thermobarometer27 before fo2 determination. We assumed that the
composition of the mantle peridotite represented a depleted mantle
source50, and the initial mineral assemblage and melting reactions
were adopted from ref. 51. The partition coefficients of V, Sc, and Ti for
olivine, orthopyroxene, clinopyroxene, and spinel were sourced from
ref. 30. Considering the susceptibility of Na content to alteration
effects, we utilized the Ti content as a proxy to constrain the degree of

partial melting. The detailed fo2 calculation followed the approach
reported in ref. 18. During the calculation process, a partial melting
model for spinel peridotite (model A) was employed to determine the
oxygen fugacity of samples with melting pressures within the stability
range of spinel peridotite. For samples with melting pressures
exceeding 2.7 GPa52, the melting model of garnet peridotite (model B)
was employed.

The fo2 of the plume-derived ultramafic lavas was determined by
three updated olivine oxybarometers which calibrate the effects of
temperature and melt composition on DOl/melt

V
29,30. During the calcu-

lation, crystallization temperatures of olivine were estimated by the
Sc/Y exchange coefficient between olivine and the melt29.

Recent studies revealed that pervasive degassing and fractional
crystallization processes significantly affect the fo2 of magmas39,53,54.
Our calculations also show that fo2 was not constant during the evo-
lutionary process ofmostmantle-derivedmagmas. Hence, we selected
the most primitive olivine with the highest Fo value as an indicator of
the fo2 of the primarymagma (Supplementary Fig. 1). The resulting fo2
during olivine crystallization calculated by different oxybarometers
was in good agreement within the method uncertainties (Supple-
mentary Fig. 2).

Primary melt reconstruction and melting conditions
Reconstructing the composition of the primary melt is a prerequisite
for estimating melting conditions24,27. The canonical reconstruction
method involves adding or subtracting olivine from the whole rock
composition until the melt reaches equilibrium with mantle olivine,
which is highly effective for systems closed to oxygen such as
MORBs24. This method was applied to the ambient mantle-derived
basalts to determine the melting temperature and pressure of the
ambient mantle. During the calculation, we reconstructed the primary
melt composition of the MORB-like basalts by adding equilibrium
olivine until the melt is in equilibrium with residual olivine (Fo=9027).
The Fe3+/ΣFe ratios of MORB-like basalts are assumed to be 0.1 and
there are only very subtle differences when calculating Fe3+/ΣFe by
Fe2O3/TiO2 = 0.549, which do not affect the conclusions made in
this study.

recent studies have revealed that plume-derived magmas are
volatile-enriched and that their fo2 has been significantly modified
by degassing39,55. Melt inclusions in komatiites reveal that primary
komatiites are somewhat enriched in H2O, and the majority of the
H2O was degassed for Fo <9026. Our oxybarometer results also
suggest that some Phanerozoic plume-derived magmas were not
closed for oxygen (Supplementary Fig. 1). Therefore, an alternative
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Fig. 4 | Redox state of mantle-derivedmelts controlled by the thermal state of
themantle. Cartoon illustrating the higher TP in Archean caused deeper andmore
extensive melting of the mantle, resulting in lower fo2 of Archean magmas (a). In
contrast, the lower TP during the Phanerozoic led to shallower melts with higher
oxidation due to the mantle’s redox structure20,31 (b). The concurrent cooling and

oxidation of mantle-derivedmelts at the end of the Archean played a crucial role in
transforming volcanic gases from an anoxic to an oxic state, potentially triggering
atmospheric oxygenation. The stagnant-lid tectonic regime in Archean was
from ref. 65.
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method for modelling the primary magmas of mantle plume-
derived melts is necessary. In this study, we computed the primary
melt composition of plume-derived melts by adding olivine step-
wise and recalculating the Fe3+/ΣFe ratios of melt according to the
oxybarometer result during every step. Specific steps are as
follows:
(1) Tentatively predict fo2 and olivine-melt equilibration tempera-

tures: Supposing that olivines are in equilibrium with a candidate
melt composition (whole-rock or melt inclusions) and calculate
fo2 and temperature, using Dol/melt

V for fo2 and Dol/melt
Sc/Y thermo-

meter for temperature29.
(2) Equilibrium test: Calculate Fe3+/ΣFe ratio in melt using the para-

meterization of ref. 56 and predict KD(Fe-Mg)Ol-melt by Equation 8b
from ref. 12. Once the Fe3+/ΣFe ratio is determined, the KD(Fe-
Mg)Ol-melt canbe obtained. The equilibratedmelt could yieldKD(Fe-
Mg)Ol-melt consistent with the predicted value (within 1σ range,
±0.03). The preferred values of fo2 and temperature are obtained
from this equilibrated melt.

(3) Equilibrated melt composition calculation: If the observed KD(Fe-
Mg)Ol-melt does not match the predicted value, the melt is dis-
equilibrated with olivine and the candidate melt composition
fails. Next, we calculated the melt in equilibrium with the
observed olivine. For natural melts along olivine control lines, the
equilibrated melt can be calculated by incrementally adding or
subtracting olivine and repeating step1–3, until the melt achieves
equilibrium with the olivine. The estimated fo2 is reliable only
when the melt is in equilibrium with the observed olivine. It
should be noted that the V and Sc concentrations in the melt can
be calculated bymass-balance or alternatively by regression19,26,37.

(4) This iterative calculation ends when the magma is in equilibrium
with the most primitive olivine.

After the reconstruction of the primary melt, the melting
temperature, melting pressure, and the TP were estimated by
different thermobarometers24,27,28. The H2O contents of the
ambient mantle- and plume-derived melts are set to 0.2 wt.% and
0.6 wt.%, respectively26,57. All the methods yielded identical
results and the estimated TP was highly correlated with the olivine
crystallization temperatures (Supplementary Fig. 3), which proves
the rationality of our calculation.

Determining the fo2 of the mantle source
Similar to the solid mantle, the fo2 of mantle-derived melts exhibits
continuous variations during decompression42. Consequently, to
accurately determine the fo2 of the mantle source region, it is
imperative to correct the fo2 of the primary magma to match the
thermodynamic conditions of the mantle source region. Here, we
initiated the process by calculating the Fe3+/ΣFe in the primary melt
using its established correlation with fo2

56. Subsequently, assuming
that the composition of the melt has not changed since its separa-
tion from the peridotite residue, we determined the fo2 of mantle-
derived melts at the thermodynamic conditions prevailing in the
source region based on thermobarometer results27. The comparison
of the results from different methods is shown in Supplemen-
tary Fig. 4.

Calculation of potential fo2

In the adiabatic ascent of mantle peridotite with a given composition,
its fo2 gradually increased with decreasing pressure20. During this
process, the rate of fo2 increase is primarily controlled by TP. There-
fore, to calculate the mantle potential fo2, it is essential to determine
the fo2 characteristics of the mantle peridotite under different tem-
peratures and pressures.

In this study, the oxygen fugacity of the mantle under different
temperature and pressure conditions was calculated through the

following equilibria:

2Ca3Fe2Si3O12 + 2Mg3Al2Si3O12 + 4FeSiO3

= 2Ca3Al2Si3O12 + 4Fe2SiO4 + 6MgSiO3 +O2
ð1Þ

logðfo2Þ= � ΔG°

lnð10ÞRT +2 logðαGt
Ca3Fe2Si3O12

Þ+ 2 logðαGt
Mg3Al2Si3O12

Þ

+4 logðαOpx
FeSiO3

Þ � 2 logðαGt
Ca3Al2Si3O12

Þ
� 4 logðαOl

Fe2SiO4
Þ � 6 logðαOpx

MgSiO3
Þ

ð2Þ

Where R is the gas constant, T is the temperature in K, ΔG° is the
standard-state change in free energy of the reaction. ΔG° and
component activities in Eq. 1 were derived from a previous
study20.

The determination of mantle fo2 along various adiabats is
achieved through the application of Eq. (2). The mineral modes of
the garnet peridotite at different pressures are sourced from
ref. 58. The compositions of minerals are established by con-
ducting a mass balance, taking into account the aluminum con-
tents of orthopyroxene and clinopyroxene, which are determined
from a combination of experimental and natural data59,60. Addi-
tionally, the experimental Fe-Mg partitioning data60,61 was utilized
to determine the mineral compositions. The distribution of Fe3+

among garnet, orthopyroxene, and clinopyroxene was ascertained
through Fe3+ partitioning models derived from analyses of natural
xenoliths59.

Thermodynamic calculations revealed that the rate of fo2 increase
during adiabatic ascent (K(fo2)) varied with TP. For instance, as pres-
sure decreases along an adiabat of 1300 °C, the fo2 for a given bulk
rock composition will increase with a rate of 0.51 log unit/GPa. In
contrast, at a TP of 1800 °C, the K(fo2) value is 0.35 log unit/GPa
(Supplementary Fig. 5). For computational convenience, we estab-
lished a functional relationship between K(fo2) and mantle potential
temperature:

K fo2

� �
= 2:48× 10�7 TP

� �2 � 1:09× 10�3TP + 1:51 ð3Þ

Where, TP is in °C.
Eventually, the formula for calculating mantle potential oxygen

fugacity is:

fo2P = fo2ðsourceÞ+Kðfo2ÞðP� 1Þ ð4Þ

Where fo2 (source) is the oxygen fugacity of the mantle source with
respect to the FMQ buffer and P is the melting pressure in GPa.

The uncertainty in calculating mantle potential fo2 primarily
arises from errors in magmatic fo2 calculations (~0.3 log units) and
uncertainties in calculating melting pressure (20%). To determine
the total error associated with calculating the mantle potential fo2,
we employed aMonte Carlo simulation (N = 10000) to constrain the
uncertainties at each step of the calculation and assessed their
cumulative impact on the final results. The procedural steps
include:

(1) fo2 calculation errors of DOl/melt
V oxybarometers and V/Ti redox

proxy: 0.37 and 0.51 log units, respectively.
(2) TP error of 42 °C and partial melting pressure error of 20%27.
(3) Errors in correcting melt fo2 at 1 atm to the source region

conditions: 0.12 log unit62.
(4) The uncertainty associated with K(fo2) estimation is 0.04 log

unit/GPa.
Monte Carlo simulation results indicate that, owing to the sig-

nificant error in the melting pressure of Archean komatiite rocks
(~1 GPa), the final error in calculating the mantle potential fo2 propa-
gates to ~0.7 log units. In contrast, despite a larger error in the V/Ti
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redox proxy (~0.5 log units), the final error in mantle potential oxygen
fugacity was slightly less at ~0.6 log units. This discrepancy is attrib-
uted to the fact that melts derived from the ambient mantle exhibit
shallow melting pressures.

Estimating the fo2 of Hadean crust
To estimate the fo2 of the Hadean crust, we established a functional
relationship between the fo2 of the mantle-derived magmas and TP
(Fig. 2).

Plume : fo2 ðΔFMQÞ= 7:48 ð±0:70Þ � 0:00491 ð±0:00046Þ×TP ð5Þ

Ambient mantle : fo2 ðΔFMQÞ =6:68ð ±0:97Þ � 0:0052ð±0:00065Þ×TP ð6Þ

Here, fo2 is the fo2 ofmantle-derivedmelts expressed inΔFMQ, TP
is the mantle potential temperature in °C. The possible mantle
potential temperature in the Hadean was inferred from the low-Urey-
ratio model with Urey ratios of 0.08 to 0.3411,33.

Data availability
The calculated oxygen fugacity data generated in this study are avail-
able as Supplementary Data 1 and have been deposited in the Figshare
repository (https://doi.org/10.6084/m9.figshare.25181621).
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