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GEOPHYSICS

Strong link between Earth’s oxygen level and
geomagnetic dipole revealed since the last

540 million years

Weijia Kuang'**1, Ravi Kopparapu®>t, Joshua Krissansen-Totton*, Benjamin J. W. Mills®

Earth is the only known rocky planet to support complex life forms that use oxygen and to have a strong intrinsic
magnetic field in much of its history, prompting speculation that Earth’s magnetic field and habitability are relat-
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ed on geological timescales. We search for possible observational evidence for such a relationship by examining
evolutions of the virtual geomagnetic axial dipole moment and the atmospheric oxygen level over the past
540 million years. We find that both exhibit strong linearly increasing trends, coupled with a large surge in magni-
tude between 330 and 220 million years ago. Our time series analysis and statistical tests show that both are
highly correlated, with the maximum correlation reached when there is no time lag between the two. Our findings
suggest unexpected strong connections between the geophysical processes in Earth’s deep interior, the surface

redox budget, and biogeochemical cycling.

INTRODUCTION

Earth is the only known terrestrial planet to have life, and the earli-
est unambiguous evidence of life on Earth, in the form of micro-
organisms, is 3.5 billion years (Gyr) old (1) and potentially much
older (2, 3). How could Earth maintain its habitat through numer-
ous extreme internal geological events and external storms from
space over geological timescales? This has become one of the funda-
mental science questions in understanding evolution of life and
searching for habitable worlds. The search for the answers includes
a recent focus on whether the presence of Earth’s strong intrinsic
magnetic field (called the geomagnetic field herein) could be a
necessary condition of Earth’s habitability because the geomagnetic
field has also been present throughout much of Earth’s history, as
shown from paleomagnetic records with the ages comparable to
those of life on Earth (4, 5). Analysis of space weather shows that the
geomagnetic field can prevent or reduce Earth’s atmospheric escape
and erosion due to, e.g., ionization and ohmic heating arising from
solar winds and solar energetic particles (SEPs) from coronal mass
ejections (CMEs) (6-9), and can protect life on Earth’s surface from
x-ray and extreme ultraviolet (XUV) radiation. However, opposing
results may also occur, depending on the field properties and solar
activities (10, 11). Regardless, possible consequences of the geo-
magnetic field for Earth’s surface environment will continue to be
intensively examined, aiming at understanding life on Earth, and at
searching for habitable worlds (12, 13).

Several studies have provided important snapshots of the geo-
magnetic shielding of atmospheric escape and of XUV radiation
(6-8) over time by using various solar activities and geomagnetic
properties in simulations. The resultant atmospheric erosion or loss
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to space can be substantial over geological timescales. For example,
the simplified scaling law (8) of the oxygen loss due to the extreme
XUV fluxes that typically occur around M-dwarfs suggests that the
loss of oxygen for an Earth-like planet around such an M-dwarf
could reach ~10'® kg over 25 million years (Myr), which is compa-
rable to the oxygen mass in the modern Earth’s atmosphere. How-
ever, considering the complex evolution of the geomagnetic field
(see Fig. 1), Earth’s atmospheric properties and solar fluxes, simple
extrapolations from these snapshots may skew our understanding of
geomagnetic impacts over geological timescales. On the other hand,
research on Earth’s oxygenation history and supercontinent cycles
(14, 15) could also link Earth’s oxygen content and the geomagnetic
field over geological timescales because the supercontinent cycles—
including weathering and degassing processes that regulate surface
oxygen (16)—alter the thermal heterogeneity across the core-mantle
boundary (17) and thus affect the geodynamo process in Earth’s
fluid core (18) over several hundred million years. However, current
long-term Earth system models do not include the geomagnetic
field and have not explored these potential links between atmo-
spheric oxygen and interior processes.

Thus, we take a very different approach by testing whether obser-
vational evidence supports a link between the evolution of the geo-
magnetic field and of Earth’s habitable environment. Two completely
independent datasets are available for this purpose, one is the virtual
geomagnetic axial dipole moment (VGADM) derived from paleo-
magnetic records, and the other is the atmospheric oxygen level de-
rived from various geochemical proxies. Both cover the period over
the past half billion years. Their correlation properties over the
period may provide the first clue about potential consequences of
the geomagnetic field for Earth’s habitat.

One of the most important events in the evolutionary history of
Earth is the emergence of oxygenic photosynthesis. This mechanism
caused oxygen to be the second most dominant gas in Earth’s atmo-
sphere, after nitrogen. Several geochemical proxy records (19, 20)
have mapped out the long-term evolution of oxygen partial pressure
over the last ~3 Gyr. These proxies indicate that Earth’s atmospheric
oxygen levels started out as low as ~0.1 parts per trillion [or 107'° PAL
(present atmospheric level) of 21% by volume] and intermittently
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Fig. 1. Time variations of the oxygen (0>) content and the VGADM in the past 540 million years. (A) Time series of O, (blue) and VGADM (red). The solid lines are the
mean values, and the banded regions are the data uncertainties. The dashed lines are linear trends. (B) Scaled power spectra of the detrended mean O, and the detrended

mean VGADM. The spectra are scaled by their corresponding strongest mode.

went up to as high as ~35% (21). Notable in this evolutionary history
is the “Great Oxidation Event” (GOE) that occurred between 2.4 and
2.2 billion years ago (Ga), when the planet transitioned to an oxygen-
ated atmosphere (22). Although the cause of the oxygenation event
is debated (23, 24), further oxygenation events occurred post-GOE
in the Neoproterozoic (~1 to 0.54 Ga) (25), raising the O, level toward
the present Earth-level concentrations. Proxies of atmospheric
oxygen levels in the Phanerozoic (~540 Myr to present) indicate a
linearly increasing level that includes a surge in the late Paleozoic,
around 350 to 250 million years ago (Ma), potentially increasing up to
as much as ~35% of the atmosphere before decreasing to approxi-
mately modern levels. Although the cause of this surge is unclear, a
similar linear trend and surge is noticeable in the VGADM data in the
same time period (Fig. 1A). Such apparent common trends may have
occurred even in the Precambrian; however, we limit our analysis
to the Phanerozoic as relatively high time resolution datasets are
available for both O, and VGADM, and Precambrian oxygen levels
are highly uncertain (21).

The origin of the geomagnetic field is well described by the geo-
dynamo theory, which argues that the geomagnetic field is gener-
ated and maintained by vigorous convection in Earth’s fluid core,
which is driven by thermal and compositional buoyancy released
from Earth’s secular cooling and the solid inner core solidification
(26-29). The geodynamo has been active for more than 4 Gyr
(4, 5); as such, the dynamo-generated magnetic field intensity and
morphology, including the polarity, vary chaotically throughout
Earth’s history (30, 31) and are recorded in the magnetic minerals
at the time of their formation via several mechanisms (32). The
records, called the paleomagnetic records, are used to obtain con-
tinuous VGADM time series, which is a good proxy for the time-
varying geomagnetic field on Earth’s surface. VGADM can be
estimated based on paleointensity records, sample geolocations,
and the approximation that the geomagnetic field is mainly a dipolar
field (31). Obviously, the qualities of VGADM, including its tem-
poral resolutions, are controlled by the available samples collected
over time.
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RESULTS

The first common feature is the linearly increasing trends in the full
VGADM and O; content over the past 540 Myr (the dashed lines
in Fig. 1A). This linear trend, called the secular trend here, provides
a strong correlation on the longest timescales of the two series. As
shown in Fig. 2, the two are strongly correlated, with the maximum
correlation coefficient value of 0.72 reached at k = 0 (no time lag).
The detrended VGADM and O, are still strongly correlated, with
the maximum correlation coefficient value of 0.644 reached at
k = —1, which implies a short —1-Myr time lag. However, consider-
ing the 2-Myr high band-pass filter applied to both time series (see
the Materials and Methods), this is indifferent from no time lag. The
slightly lower correlation value for the detrended time series is obvi-
ously due to removing the linear trends in the full time series.

To assess the impacts of high-frequency signals on VGADM and
O, correlations, we examined the correlation of the VGADM and O,
filtered with a high band-pass filter with the 10-Myr period. As shown
in Fig. 2B, their correlation coefficients are very small and mostly
insignificant statistically. This is consistent with their power spectra
(Fig. 1B), which shows that the relative power of O, is two orders of
magnitude weaker than that of VGADM for the periods shorter than
20 Myr and further confirms that VGADM and O, would correlate
well only on very long timescales. Next, we evaluate the correlation
coefficients of the time series filtered by different band-pass filters. Our
findings are summarized in Fig. 3, where the maximum values of the
correlograms (see Fig. 2) and the corresponding time lags are shown
for both the full and detrended time series of VGADM and O, for dif-
ferent band-pass filter periods. We find that the correlation coefficient
increases with the filter periods, implying that VGADM and O, cor-
relation becomes stronger at longer timescales. No time lag is found
with the full time series. However, small negative time lags are found
for the detrended time series. The time lag decreases as the band-pass
filter period increases and vanishes with the periods ranging approxi-
mately between 90 and 140 Myr. As shown in Fig. 4, this time lag is
mainly because the detrended VGADM and O, peak between 250 and
350 Ma, and O, peaks slightly later than VGADM in time.
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Fig. 2. Correlation of VGADM and O, with the 10-Myr band-pass filter. (A) Correlogram of the full VGADM and O series (solid) and the detrended VGADM and O, time

series (dashed). (B) Correlogram of the residual (the difference between the full and filtered series) VGADM and O,. The dotted lines are the significance range + 2/\/N;
values outside the dotted lines are significantly different from zero. This further confirms that VGADM and O, would correlate well only on very long timescales.
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Fig. 3. Correlations of VGADM and O, series with different band-pass filters.
Maximum correlation coefficients (solid lines) and the corresponding time lags
(dashed lines) for the full series (blue) and the detrended (red) series. There is no
time lag for the full time series. However, small time lags (less than 4 Myr) appear in
the correlation of the detrended time series.

Considering that both VGADM and O, time series have large
uncertainties and are autocorrelated (see Fig. 1), we want to evaluate
the significance of our results given the tendency of autocorrelated
time series data to correlate by chance, i.e., the effective sample size
of autocorrelated data is smaller than the number of samples. Spe-
cifically, we adopted a Monte Carlo approach where we generated
synthetic O, time series with the same autocorrelation properties as
the true proxy data and compared the Monte Carlo distribution of
correlations to the correlation coefficient between the two real data-
sets. The results, which are summarized in Fig. 5, show the same
outcome for both the full and the detrended O, data: The true cor-
relation (shown by the vertical dashed line) is statistically unlikely
given the level of autocorrelation in the data; the true correlation
coefficient is in the 99.9th percentile of the correlation coefficient
distribution in both cases. This adds weight to the argument that
this correlation is unlikely to be due to chance. In addition, we
performed sensitivity tests where we repeated this calculation and
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resampled the VGADM dataset, included random error in both datasets,
and exaggerated the autocorrelation of both datasets—in all three
cases, the correlation between O, and geomagnetic field remained
statistically significant (see fig. S2 in the Supplementary Materials).

DISCUSSION

The VGADM and O, data used in our analysis are acquired inde-
pendently from various sources and are the direct indicators of the
geodynamic processes in Earth’s fluid core and the biogeochemical
processes on Earth’s surface, respectively. Therefore, the strong cor-
relation between the two may provide the first clue for potential
links between the core dynamics, which are responsible for the ob-
served geomagnetic field and the atmospheric redox budget and
biospheric processes on Earth’s surface over geological timescales.
This could have profound implications for our understanding of
Earth’s evolutionary history and, in particular, the evolution of
Earth’s surface environment and its relationship with the dynamics
in Earth’s interior.

Several possible interpretations may be derived from this long-
term correlation. First, the observed correlation could be interpreted
to support the conjecture that the strong geomagnetic field is essen-
tial in protecting Earth’s atmosphere by reducing oxygen escape
because stronger VGADM corresponds to higher O, content in the
atmosphere over geological timescales. However, this interpreta-
tion is debated given the current understanding of oxygen cycling
and nonthermal escape over Earth’s history. The modern oxygen
escape flux is ~10%® O+ ions/s or 0.005 Tmol O+/year (33), whereas
the time-averaged O+ polar outflow escape rate over the last 2 to
3 Gyr of Earth history has been estimated not to exceed 0.002 to
0.004 Tmol O+/year (34). These fluxes are negligible compared to the
oxygen sources and sinks due to magmatic degassing, organic carbon
burial, and organic weathering, which are typically ~1 to 10 Tmol O,/
year (16, 35). Moreover, there are no theoretical reasons to expect the
modest observed changes in VGADM over the Phanerozoic to cause
O+ escape rates to increase by the required ~2 orders of magnitude
to have a substantial influence on atmospheric oxygen evolution, es-
pecially because O+ escape rates on Venus (with no dipole field) are
less than that of the Earth, around ~2 X 10** to 6 x 10** O+ ions/
year (36), although one should note that the oxygen level in Venus’
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Fig. 4. Filtered detrended VGADM and O, series. (A) 10-Myr band-pass filter
(their correlations are shown in Fig. 2). (B) 50-myr band-pass filter. (C) 120-Myr
band-pass filter. Both VGADM and O, peaked in the 120-Myr time interval between
230 and 350 Myr. However, O, peaked later than VGADM, but the time lag decreas-
es as the band-pass filter period increases, until no lag at all after applying the
120-Myr band-pass filter.

atmosphere is several orders of magnitude lower than that of Earth.
In short, nonthermal escape of oxygen is dwarfed by oxygen ex-
change fluxes between the atmosphere and interior (and the supply
of oxygen atoms at Earth’s surface is virtually unlimited). One inter-
esting conjecture is that the near collapse of the paleomagnetic inten-
sity (thus of VGADM) at the end of the Ediacaran may have caused
substantial increases in H ion escape and thus oxygenation on the
surface over tens of millions of years and longer (14). Although the
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Fig. 5. Correlation between oxygen and geomagnetic field proxies is statisti-
cally significant. To account for autocorrelation, the oxygen time series was resa-
mpled using Fourier series to generate a large number of synthetic time series with
the same autocorrelation properties (see the Supplementary Materials). Subplot
(A) shows the distribution of correlation coefficients when these resampled time
series are correlated with VGADM, and subplot (B) shows the same calculation
when both time series are first detrended then correlated. In both cases, the true
correlation coefficient (vertical dashed line) is statistically unlikely compared to the
correlation expected by chance (blue distributions).

direction of the VGADM-O, correlation is opposite to the conjec-
ture, this study highlights the potential importance of underexplored
connections between atmospheric escape and Earth’s magnetic field.

A more plausible scenario is that both O, and VGADM are
affected by other geodynamic processes in Earth’s deep interior. As
shown in Figs. 1 and 4, the strong correlation between VGADM and
O, is mainly due to two outstanding time-varying patterns, the lin-
ear increasing trend, and the largest peak in an ~110-Myr period
between 220 and 330 Ma. The increasing trend of VGADM starting
from the end of Ediacaran and the beginning of Cambrian may be
tied to the start of the solid inner core solidification (14, 37). The
compositional buoyancy released from the inner core solidification
could be much more efficient than the thermal buoyancy previously
available to drive vigorous core convection, which, in turn, produces
a strong geomagnetic field via the core dynamo process.

However, this process alone may not be sufficient to account
for the strong spike in VGADM between 220 and 330 Ma, which
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coincides with the formation and dissemination of the superconti-
nent Pangea and the Kiaman Reversed Polarity Superchron. There-
fore, it is also possible that supercontinents could play a key role in
the long-term evolution of both the geomagnetic field and the atmo-
spheric O, content. For example, both the mean heat flux and its
lateral variation across the core-mantle boundary can be strongly
affected by the supercontinents. Such heterogeneity could place
strong constraints on geodynamo in the core and thus the field in-
tensity and its polarity (17, 38, 39). In addition, changes in the man-
tle dynamic processes during the supercontinents could modulate
the plausible mechanisms governing the surface redox budget (40-
42) and operate on a sufficiently long timescale that they could do so
without introducing an observable lagged response (see the Supple-
mentary Materials). Therefore, more systematic investigation of the
geodynamo and, e.g., the crustal recycling for O, production, is
needed with the thermal conditions imposed by supercontinents.

Obviously, one could also argue that the correlation between
VGADM and O, is purely coincidental and does not provide any
important geophysical and geochemical implications because 540 Myr
of age accounts only for a small fraction of Earth’s history and be-
cause this period includes substantial events in plate tectonics and
the inner core formation. However, this scenario could not explain
well the similarity between the time variations of VGADM and O,
on timescales of 100 Myr and shorter, which is certainly much
shorter than the history of the inner core formation, and the super-
continent cycles. However, should higher temporal resolution and
longer record paleomagnetic and O, data were available, we would
be able to better determine correlations between the two time series
in the higher-frequency (sub-million year) domains or improved
knowledge of the impacts of supercontinent cycles on the geomag-
netic field generation in Earth’s fluid core and the atmospheric oxy-
gen content on the surface.

MATERIALS AND METHODS

We reassess a recent multiproxy atmospheric O, curve for this study.
A previous work has used a combination of different independent
proxies to define a likely window for the Phanerozoic atmospheric
O, evolution (21). These are (i) the abundances of fossilized char-
coal in sediments, reflective of the prevalence of wildfire, which is
highly sensitive to O, concentration (43-47); (ii) the abundance of
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reduced carbon and sulfur compounds in sediments, reflective of
the redox balance of the surface system; (iii) carbon isotope offsets,
indicative of photosynthetic efficiency, itself dependent on O, levels;
(iv) an upper limit for the atmospheric O, defined by the prevalence
of a broadly anoxic ocean interior during some periods and the
downwelling rate of oxygen required to achieve this; (v) the assessed
minimum requirements of the contemporary shallow marine bio-
sphere. We combined these estimates in line with a previous work
(21), but we omit the additional curve that is based on an inversion
of carbon isotope record to estimate oxygen production fluxes (48).
We omit this proxy estimate because it is dependent on assumed
geodynamic fluxes that control CO, inputs and their isotopic com-
positions, which could create circularity when compared to the pa-
leomagnetic records below.

We use VGADM from the MCADMvla paleomagnetic model
(31) in the past 540 Myr when the O, proxy time series are available.
Because the detrended O, proxy varies on timescales of 2 Myr and
longer (Fig. 1), we first filter the original VGADM time series by
removing all signals with periods <2 Myr (see the Supplementary
Materials) and then map the values on to the same time grids as the
O, dataset. This modified VGADM, which is called the full VGADM
time series, is then used for the correlation evaluation. As shown
in Fig. 6, the residuals (the difference between the original and the
modified VGAD) are negligibly small and do not show long-term
autocorrelations. Therefore, it will not affect the correlation results
between the modified VGADM and the O, proxy time series. The
correlation coefficient ry (with the subscript k denoting the time
lag between the two series) follows standard time series analysis
methodologies (49)

N-k

ACSIE % (x;—x) <)’i_2>
co(X)cqy (y) i=1

r(xy) = _alny)

where ¢y is the covariance between the two series.

We focus on finding the maximum correlation coefficients for all
possible time lags and for the full time series as well as those filtered
with specific low and high period band passes (50), so that we can
assess on what timescales O, and VGADM correlate the strongest.
Given that both VGADM and O, have large uncertainties and tem-
poral autocorrelation, we also use a Monte Carlo statistical approach
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Fig. 6. Full VGADM data series for correlation studies. (A) Original VGADM (black), the full VGADM (red), and the residual VGADM (purple) removed from the correlation
analysis. The residual includes all signals with periods <2 Myr. (B) Autocorrelogram of the residual VGADM. The dotted lines are the same as those defined in Fig. 2B.
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to test the robustness of the correlation coefficients against large un-
certainties in both O, and VGADM datasets.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs. S1to S6

Legends for data S1 and S2

References

Other Supplementary Material for this manuscript includes the following:
Data S1 and S2

REFERENCES AND NOTES

1.

Kuang et al., Sci. Adv. 11, eadu8826 (2025)

M. R. Walter, R. Buick, J. S. R. Dunlop, Stromatolites 3,400-3,500 Myr old from the North
Pole area, Western Australia. Nature 284, 443-445 (1980).

. E.A.Bell, P. Boehnke, T. M. Harrison, W. L. Mao, Potentially biogenic carbon preserved in a

4.1 billion-year-old zircon. Proc. Natl. Acad. Sci. U.S.A. 112, 14518-14521 (2015).

. M.S.Dodd, D. Papineau, T. Grenne, J. F. Slack, M. Rittner, F. Pirajno, J. O'Neil, C. T. S. Little,

Evidence for early life in Earth’s oldest hydrothermal vent precipitates. Nature 543, 60-64
(2017).

. J.A.Tarduno, R. D. Cottrell, W. J. Davis, F. Nimmo, R. K. Bono, A hadean to Paleoarchean

geodynamo recorded by single zircon crystals. Science 349, 521-524 (2015).

. J.A.Tarduno, R. D. Cottrell, R. K. Bono, H. Oda, W. J. Davis, M. Fayek, O. van't Erve,

F.Nimmo, W. Huang, E. R. Thern, S. Fearn, G. Mitra, A. V. Smirnoy, E. G. Blackman,
Paleomagnetism indicates that primary magnetite in zircon records a strong Hadean
geodynamo. Proc. Natl. Acad. Sci. U.S.A. 117, 2309-2318 (2020).

. D.A.Brain, F. Bagenal, Y.-J. Ma, H. Nilsson, G. Stenberg Wieser, Atmospheric escape from

unmagnetized bodies. J. Geophys. Res. Planets 121, 2364-2385 (2016).

. V.S. Airapetian, A. Glocer, G. Gronoff, E. Hébrard, W. Danchi, Prebiotic chemistry and

atmospheric warming of early Earth by an active young Sun. Nat. Geosci. 9, 452-455 (2016).

. V. S. Airapetian, A. Glocer, G. V. Khazanoy, R. O. P. Loyd, K. France, J. Sojka, W. C. Danchi,

M. W. Liemohn, How hospitable are space weather affected habitable zones? The role of
ion escape. Astrophys. J. Lett. 836, L3 (2017).

. V.S. Airapetian, R. Barnes, O. Cohen, G. A. Collinson, W. C. Danchi, C. F. Dong,

A.D. Del Genio, K. France, K. Garcia-Sage, A. Glocer, N. Gopalswamy, J. L. Grenfell,

G. Gronoff, M. Gudel, K. Herbst, W. G. Henning, C. H. Jackman, M. Jin, C. P. Johnstone,
L. Kaltenegger, C. D. Kay, K. Kobayashi, W. Kuang, G. Li, B. J. Lynch, T. Luftinger,

J. G. Luhmann, H. Maehara, M. G. Mlynczak, Y. Notsu, R. A. Osten, R. M. Ramirez,

S. Rugheimer, M. Scheucher, J. E. Schlieder, K. Shibata, C. Sousa-Silva, V. Stamenkovi¢,
R. J. Strangeway, A. V. Usmanov, P. Vergados, O. P. Verkhoglyadova, A. A. Vidotto,

M. Voytek, M. J. Way, G. P. Zank, Y. Yamashiki, Impact of space weather on climate and
habitability of terrestrial-type exoplanets. Int. J. Astrobiol. 19, 136-194 (2020).

. J.Varela, A. S. Brun, A. Strugarek, V. Réville, P. Zarka, F. Pantellini, On Earth’s habitability

over the Sun’s main-sequence history: Joint influence of space weather and Earth’s
magpnetic field evolution. Mon. Not. R. Astron. Soc. 525, 4008-4025 (2023).

. M. Lingam, Revisiting the biological ramifications of variations in Earth’s magnetic field.

Asptrophys. J. Lett. 874,128 (2019).

. R.Ramstad, S. Barabash, Do intrinsic magnetic fields protect planetary atmospheres from

stellar winds? Lessons from ion measurements at Mars, Venus, and Earth. Space Sci. Rev.
217,36 (2021).

. A.S. Atkinson, D. Alexander, A. O. Farrish, Exploring the effects of stellar magnetism on

the potential habitability of exoplanets. Astrophys. J. 969, 147 (2024).

. W.Huang, J. A. Tarduno, T. Zhou, M. Ibafiez-Mejia, L. D. Olmo-Barbosa, E. Koester,

E. G. Blackman, A.V. Smirnov, G. Ahrendt, R. D. Cottrell, K. P. Kodama, R. K. Bono,

D. G. Sibeck, Y.-X. Li, F. Nimmo, S. Xiao, M. K. Watkeys, Near-collapse of the geomagnetic
field may have contributed to atmospheric oxygenation and animal radiation in the
Ediacaran Period. Commun. Earth Environ. 5, 207 (2024).

. |.H. Campbell, C. M. Allen, Formation of supercontinents linked to increases in

atmospheric oxygen. Nat. Geosci. 1, 554-558 (2008).

. H.D. Holland, Volcanic gases, black smokers, and the great oxidation event. Geochim.

Cosmochim. Acta 66, 3811-3826 (2002).

. J.Dannberg, R. Gassmoller, D. Thallner, F. LaCombe, C. Sprain, Changes in core-mantle

boundary heat flux patterns throughout the supercontinent cycle. Geophys. J. Int. 237,
1251-1274 (2024).

. M. Korte, C. G. Constable, C. J. Davies, S. Panovska, Indicators of Mantle Control on the

geodynamo from observations and simulations. Front. Earth Sci. 10, 957815 (2022).

. J. Farquhar, H. Bao, M. Thiemens, Atmospheric influence of Earth’s earliest sulfur cycle.

Science 289, 756-758 (2000).

13 June 2025

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

T.W. Lyons, C. W. Diamond, N. J. Planavsky, C.T. Reinhard, C. Li, Oxygenation, life, and the
planetary system during Earth's middle history: An overview. Astrobiology 21, 906-923
(2021).

B. J.W. Mills, A. J. Krause, I. Jarvis, B. D. Cramer, Evolution of atmospheric O, through the
Phanerozoic, revisited. Annu. Rev. Earth Planet. Sci. 51, 253-276 (2023).

A. Bekker, H. D. Holland, P. L. Wang, D. Rumble lIl, H. J. Stein, J. L. Hannah, L. L. Coetzee,

N. J. Beukes, Dating the rise of atmospheric oxygen. Nature 427, 117-120 (2004).

D. C. Catling, The Great Oxidation Event Transition. Treatise on Geochemistry (Elsevier, ed. 2,
2014), pp. 191-233.

J. Krissansen-Totton, M. A. Kipp, D. C. Catling, Carbon cycle inverse modeling suggests
large changes in fractional organic burial are consistent with the carbon isotope record
and may have contributed to the rise of oxygen. Geobiology 19, 342-363 (2021).

L. M. Och, G. A. Shields-Zhou, The neoproterozoic oxygenation event: Environmental
perturbations and biogeochemical cycling. Earth Sci. Rev. 110, 26-57 (2012).

J. Larmor, How could a rotating body such as the Sun become a magnet? Rep. Br. Ass.
Advmt. Sci. 87, 159-160 (1919).

S. I. Braginsky, P. H. Roberts, Equations governing convection in Earth’s core and the
geodynamo. Geophys. Astrophys. Fluid Dyn. 79, 1-97 (1995).

G. A. Glatzmaier, P. H. Roberts, A three-dimensional self-consistent computer simulation
of a geomagnetic field reversal. Nature 377, 203-209 (1995).

P. E. Driscoll, C. Wilson, Paleomagnetic biases inferred from numerical dynamos and the
search for geodynamo evolution. Front. Earth Sci. 6, 113 (2018).

J.E.T.Channel, B. S. Singer, B. R. Jicha, Timing of Quaternary geomagnetic reversals and
excursions in volcanic and sedimentary archives. Quat. Sci. Rev. 228, 106114 (2020).
R.K.Bono, G. A. Paterson, A. J. Biggin, MCADAM: A continuous paleomagnetic dipole
moment model for at least 3.7 billion years. Geophys. Res. Lett. 49, e2022GL100898 (2022).
C. Kato, Y. Usui, M. Sato, A brief review of single silicate crystal paleointensity:
Rock-magnetic characteristics, mineralogical backgrounds, methods and applications.
Earth Planets Space 76, 49 (2024).

W. K. Peterson, D. A. Brain, N. R. Schnepf, Y. Dong, P. Chamberlin, A. W. Yau, Atmospheric
escape from Earth and Mars: Response to solar and solar wind drivers of oxygen escape.
Geophys. Res. Lett. 51, e2023GL107675 (2024).

K. Seki, R. C. Elphic, M. Hirahara, T. Terasawa, T. Mukai, On atmospheric loss of oxygen ions
from Earth through magnetospheric processes. Science 291, 1939-1941 (2001).

T. M. Lenton, S. J. Daines, B. J. W. Mills, COPSE reloaded: An improved model of
biogeochemical cycling over Phanerozoic time. Earth Sci. Rev. 178, 1-28 (2018).

M. Persson, Y. Futaana, R. Ramstad, K. Masunaga, H. Nilsson, M. Hamrin, A. Federov,

S. Barabash, The Venusian atmospheric oxygen ion escape: Extrapolation to the early
solar system. J. Geophys. Res. Planets 125, e2019JE006336 (2020).

T. Zhou, J. A. Tarduno, F. Nimmo, R. D. Cottrell, R. K. Bono, M. Ibanez-Mejia, W. Huang,

M. Hamilton, K. Kodama, A. V. Smirnov, B. Crummins, F. Padgett Ill, Early Cambrian
renewal of the geodynamo and the origin of inner core structure. Nat. Commun. 13, 4161
(2022).

N. Zhang, S. Zhong, Heat fluxes at the Earth'’s surface and core-mantle boundary since
Pangea formation and their implications for the geomagnetic superchrons. Earth Planet.
Sci. Lett. 306, 205-216 (2011).

U. R. Christensen, Geodynamo models with a stable layer and heterogeneous heat flow
at the top of the core. Geophys. J. Int. 215, 1338-1351 (2018).

L. J. Alcott, C. Walton, N. J. Planavsky, O. Shorttle, B. J. W. Mills, Crustal carbonate build-up
as a driver for Earth's oxygenation. Nat. Geosci. 17, 458-464 (2024).

J.J.Williams, B. J. W. Mills, T. M. Lenton, A tectonically driven Ediacaran oxygenation
event. Nat. Commun. 10, 2690 (2019).

J. Eguchi, C. W. Diamond, T. W. Lyons, Proterozoic supercontinent break-up as a driver for
oxygenation events and subsequent carbon isotope excursions. PNAS Nexus 1, 1-10
(2022).

1. J. Glasspool, A. C. Scott, D. Waltham, N. Pronina, L. Shao, The impact of fire on the late
Paleozoic Earth system. Front. Plant Sci. 6, 756 (2015).

R. A. Berner, D. E. Canfield, A new model for atmospheric oxygen over Phanerozoic time.
Am. J. Sci. 289, 333-361 (1989).

C.T. Edwards, M. R. Saltzman, D. L. Royer, D. A. Fike, Oxygenation as a driver of the great
ordovician biodiversification event. Nat. Geosci. 10, 925-929 (2017).

D. E. Canfield, A new model for Proterozoic ocean chemistry. Nature 396, 450-453 (1998).
E. A. Sperling, C. J. Wolock, A. S. Morgan, B. C. Gill, M. Kunzmann, G. P. Halverson,

F. A. Macdonald, A. H. Knoll, D. T. Johnston, Statistical analysis of iron geochemical data
suggests limited late Proterozoic oxygenation. Nature 523, 451-454 (2015).

A.J. Krause, B. J. W. Mills, S. Zhang, N. J. Planavsky, T. M. Lenton, S. W. Poulton, Stepwise
oxygenation of the Paleozoic atmosphere. Nat. Commun. 9, 4081 (2018).

C. Chatfield, The Analysis of Time Series: An Introduction (Chapman & Hall, ed. 5, 1996).

D. Surcel, R. Larprise, A general filter for stretched-grid models: Application in Cartesian
geometry. Mon. Weather Rev. 139, 1637-1653 (2011).

A.R.Brenner, R.R. Fu, A. R. C. Kylander-Clark, B. J. Foley, Plate motion and a dipolar
geomagnetic field at 3.25 Ga. Proc. Natl. Acad. Sci. U.S.A. 119, €2210258119 (2022).

6 of 7

G202 ‘0z 8unr uo 610°80us 105" MMM//:SANY WO} pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Acknowledgments: We thank our colleagues V. Airapetian for insightful discussions on
atmospheric escape, S. Zhou for discussions in the Cambrian explosion, and S. Zhong for
results relevant to Pangea. We also thank R. Bono for providing additional details of the
paleomagnetic model MCADMv1a. Funding: W.K. and R.K. acknowledge support from the
GSFC Sellers Exoplanet Environments Collaboration (SEEC), which is funded by the NASA
Planetary Science Divisions Internal Scientist Funding Model. Author contributions:
Writing—original draft: WK,, RK., J.K-T,, and B.J.W.M. Conceptualization: W.K. and RK.
Investigation: WK., RK., and J.K.-T. Writing—review and editing: WK, RK, J.K-T., and BJW.M.
Methodology: WK, RK, J.K-T, and B.JW.M. Resource: WK., RK., and B.J.W.M. Funding

acquisition: W.K. and R.K. Data curation: WK., BJ.W.M., and R.K. Validation: WK., J.K.-T., and R.K.

Supervision: W.K. and R.K. Formal analysis: W.K. and R.K. Software: W.K. and R.K. Project
administration: W.K. and RK. Visualization: WK, R K., and J.K.-T. Competing interests: The

Kuang et al., Sci. Adv. 11, eadu8826 (2025) 13 June 2025

authors declare that they have no competing interests. Data and materials availability: All
data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. The full VGADM and the independent O, time series are included in
the Supplementary Materials; the C-isotope O, data (27) are in https://github.com/Alexjkrause/
GEOCARBSULFOR; the MCADMv1a data (37) are in https://www.earthref.org/ERDA/2537/; the
SCION model used for fig. S6 is in https://github.com/bjwmills/SCION.

Submitted 25 November 2024
Accepted 9 May 2025
Published 13 June 2025
10.1126/sciadv.adu8826

7 of 7

G202 ‘0z 8unr uo 610°80us 105" MMM//:SANY WO} pepeojumod


https://github.com/Alexjkrause/GEOCARBSULFOR
https://github.com/Alexjkrause/GEOCARBSULFOR
https://www.earthref.org/ERDA/2537/
https://github.com/bjwmills/SCION

	Strong link between Earth’s oxygen level and geomagnetic dipole revealed since the last 540 million years
	INTRODUCTION
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


