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Abstract

According to the Earth-scale top model, the Earth’s axis was tilted approximately 1.8 billion years between
2.7 billion to 900 million years ago. This resulted in the freezing of the equatorial zone and the
recognition of a Slushball Earth, explaining the Pongola, Huronian, Sturtian, Marinoan, and Gondwana -
glaciations as well as numerous other historical events of the Earth. The hypothesis that nitrogen,
oxygen, and water were formed due to nuclear transmutation at high temperatures and pressures,
suggests that excess oxygen was produced during photosynthesis and nitrogen and water were expelled
into the atmosphere from magma reservoirs in the upper mantle through an open system which caused
volcanoes in ocean islands. The evolution of atmospheric oxygen concentration leading to the
development of life over the past 400 million years, can be explained by the nitrogen released into the
stratosphere through open systems while the magma reservoirs are blocked.

1. Introduction

Since Earth’s formation, it has experienced several periods of cold weather, known as glacial period or
glaciation. The oldest known ice age is the Pongola, which occurred in South Africa approximately

2.9 billion years ago, while the most recent is the Late Cenozoic ice age, which continues to this day’.
Following W. B. Harland'’s theories regarding Neoproterozoic glaciers?, the “Snowball Earth” hypothesis
was first proposed by J. Kirshvink® in 1992. Then, P F. Hoffman* summarized the results of a cap
carbonate survey in Namibia, South Africa, in the so-called “global freezing” hypothesis. The Snowball
Earth hypothesis asserts that the entire Earth was completely covered in ice sheets and sea ice, including
near the equator, in the last stage of the early Proterozoic Huronian Ice Age (2.45—2.2 billion years ago)
and the Late Proterozoic Sturtian and Marinoan Ice Ages (730—635 million years ago). Proponents of this
theory have challenged the geological evidence for global glaciation and the geophysical feasibility of
ice- and mud-covered oceans®® and have emphasized the difficulty of escaping a total freeze. Many
questions remain with regards to this hypothesis, including whether the Earth was either a perfect
snowball or a “slushball” with a thin equatorial open water zone (or seasonally open water zone)”. A
competing hypothesis to explain the presence of ice on the equatorial continents is based around the
Earth’s axial tilt angle being approximately 90°. Williams reported a high-obliquity low-latitude ice and
strong seasonality (HOLIST) hypothesis based on a large inclination in the Earth’s axis®. However, his
hypothesis has been refuted because of its mechanical difficulty® and scarce supporting evidence®.

Hara® proposed another explanation for the phenomenon of low-latitude glaciation based on Earth-scale
top model, that is, an extended period of time in a sideways inclination over 1.8 billion years from about
0.9 to 2.7 billion years at an axis of rotation tilt angle 68 ~ 90°, which would result in weak sunlight over
the equatorial zone, resulting in a long-running susceptibility to freezing. This alternative to the Snowball
Earth hypothesis is the so-called “Slushball Earth” hypothesis.
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Ice entombed events are believed to have caused the mass extinction of protists, known as the Great
Extinction, and the subsequent leap in biological evolution, known as the Cambrian Explosion. The
emergence of oxygen-breathing organisms and multicellular organisms, known as the Ediacaran biota
are thought to be closely related to ice-entombed events. Our interests lie in the Slushball Earth
hypothesis and the generation of excess oxygen during glacial periods, from 2.7 billion years ago to
present. Due to the unavailability of directly observed astrophysical and geophysical data to explain the
variations in the axial tilt of the Earth system model and the formation of oxygen, respectively, these
questions need to be analyzed using circumstantial evidence and insights gained into Earth'’s historical
events using other types of data.

2. Neoproterozoic Slushball Earth

The evolution of the tilt angle of the Earth has greatly influenced its dynamic, climatic, and biotic
development. Williams first proposed this possibility based on the normal climatic zonation during the
Phanerozoic, the paradoxical Late Proterozoic glacial climate, the seeming reserve climatic zonation of
the Precambrian in general, and the single giant impact hypothesis for the origin of the Moon'?. Because
he did not show the precise variation of Earth’'s obliquity over its history, the variation in the obliquity was
thought to be impossible,

Hara® proposed another explanation for the phenomenon of low-latitude glaciation based on Earth-scale
top model, that is, an extended period of time in a sideways inclination over 1.8 billion years. This model
simulated the change in the inclination of the spin axis of Earth after starting at 8 = 179.5° provided that
actual real-Earth values (C-A)/C=0.0034 and w=366.25 Q2 (365.25 spins about its axis a year and one
geometric spin generated by one revolution around the Sun'"), based on the well-known precession-
nutation theory with the hypothetical gyroscope-effect, where 8 is the direction of an axial tilt angle from
the north ecliptic pole, Cand A are moments of inertia along and transverse to the axis of symmetry,
respectively; w and Q are spin and revolution rates, respectively (Supplementary Information S1[hereafter,
referred to as (SI)]). Figure 1 shows the reversing motion of the symmetry axis of the Earth-scale top from
4.6 billion years ago to the present time, along with various geophysical and biological events in Earth’'s
history. This curve is distinct over a long time-interval (1.8 billion years) of sideways tilt (6 = 90°) from 2.7
to 0.9 billion years ago, corresponding to low-latitude glaciation.

From the results of a cap carbonate survey in Namibia, P. F. Hoffman* reported that the “global freezing”
hypothesis explains many extraordinary observations in the geologic record of the Neoproterozoic world:
(1) the presence of striated iron deposits; (2) evidence of long-lived glaciers at sea level in the tropics; (3)
mystery of the presence of cap carbonate rocks; (4) Carbon isotope changes associated with glacial
deposits. Since Hoffman refuted Dr. Jenkins’ and Dr. Skotese's thesis'2 with four striking features of late
Proterozoic glacial deposits, here, we will attempt to answer four questions, taking the Proterozoic
Slushball Earth hypothesis into consideration:

(i) Presence of striated iron deposits:
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Striped iron ores are alternating accumulations of iron oxide-rich and silica-rich layers, and are widely
distributed throughout the world, including special Austria and Brazil. This deposit is known to have
formed in large quantities approximately 2.5 to 2 billion years ago'3'4. This indicates that the ice-covered
oceans were anoxic because gas exchange with the atmosphere was blocked, and divalent iron ions were
dissolved under anoxic conditions. Since continental formation began in the early Proterozoic, and by the
late Proterozoic the Rodinia supercontinent assembled near the equator'®, the formation of striated iron
ores can be explained by the freezing of equatorial regions associated with Earth's tilting (Fig. 1).
However, the fact that few striated iron ores have formed since their formation approximately 1.8 billion
years ago implies that the oxygen concentration in the atmosphere has increased to some extent, as
illustrated in Fig. 2. On the other hand, the striated iron ore deposits in the Late Proterozoic, which have
not formed in a billion years, are thought to have formed again because magmatic activity caused the
supply of reducing materials from the submarine hydrothermal system, resulting in a hypoxic
environment®.

(if) Paleomagnetic evidence of the existence of continental ice sheets in equatorial regions:

When sedimentary rocks form, the magnetic minerals within them tend to coincide with the Earth’'s
magnetic field. As a result, paleomagnetism can be used to estimate the latitude at which the rocks were
deposited. The paleomagnetic position of glacier-derived deposits (e.g., dropstones) suggests that
glaciers extended from land to sea level at tropical latitudes at the time that they were deposited’®.
Currently, the only sediments known to have been deposited at low latitudes are the Elatina sediments of
Australia, whose depositional age is well constrained and the signal is clearly original’’. Based on the
magnetic orientation of tiny mineral grains in glacial sediments, Harland asserted that all continents had
assembled near the equator in the Neoproterozoic?. The long-lived sideways tilt (8 =~ 90°) for 1.7 billion
years in Fig. 1 explains how glaciers could have survived tropical heat.

(iii) Existence of cap carbonates in Neoproterozoic glacial times:

Neoproterozoic glacial deposits are blanketed almost everywhere by carbonate rocks?. The existence of
cap carbonates indicates that carbonates were abruptly formed in warm, shallow seas due to sudden
climate change after the glaciers dropped their last loads. This is because a decrease in the axis of
rotation inevitably raises temperatures and melts glaciers in equatorial regions. The thick sequences of
carbonate rock are the expected consequence of global warming unique to the transient aftermath of the
Slushball Earth, corresponding to recovery from a 90° tilt of the axis of rotation starting at approximately
900 million years.

(iv) Carbon isotopic variations

Carbon isotope ratios (3C/"2C) show anomalously large values (~ 10%o) below the glacial deposits, but
which begin to decline just before the glacial deposits, dropping to values of -6%o in the immediate

vicinity of the glacial deposits®. This value is that of volcanic gases supplied to the atmosphere and
ocean. This negative anomaly in carbon isotope ratios suggests an almost complete cessation of
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photosynthetic activity by organisms shortly after the glacial period, (i.e, the Great Extinction of life
0.44 billion years ago (late Ordovician period) and 0.36 billion years ago (late Devonian)'8, corresponding
to 74.2° and 67.5°, respectively).

However, there are several problems with designating a glacial origin for cap carbonate'®: (1) dissolution
of carbonates owing to ocean acidity when carbon dioxide concentrations are high; (2) The uncertain
existence of cap carbonate.

Considering the Slushball Earth hypothesis, a number of mechanisms have been reported for the onset of
frozen Earth, including supervolcano eruptions, reduced atmospheric concentrations of greenhouse
gases, such as methane and carbon dioxide and changes in solar energy output. Regardless of the
trigger, the initial cooling may have eventually frozen the equator as cold as modern Antarctica owing to
the reflection of solar energy back into space (increased Earth albedo) caused by the increased surface
area of the Earth covered in ice and snow. Furthermore, the positive feedback would have cooled the
Earth further.

Although the existence of glaciers is not disputed, the idea that the entire planet was covered in ice is
disputed. Some scientists therefore postulate the “Slushball Earth”, in where sediments are only formed in
open water or under rapidly moving ice, or where the hydrological cycle continued in thin ice-covered
waters’. Computer modelling using energy balance and general circulation models suggests that large
areas of the ocean should have remained ice-free and argues that “hard” snowballs are not plausible?°.

A theory that neatly explains the Slushball Earth hypothesis is the overturning of the Earth’s axis
hypothesis, as proposed by Hara, which spans a period of 1.8 billion years elapsed from about 2.7 to

0.9 billion years ago. As shown in Fig. 1, the emergence of anaerobic cyanobacteria, Pongola glaciation,
generation of oxygen in the oceans, generation of plants, and generation of atmospheric oxygen occurred
before the 90° axis rotation of Earth; whereas, the onset of continental development, Hugo-Anglian
glaciation, formation of the solid inner core, formation of continents in the equatorial region, and the
development of continents after the formation of the Gondwana supercontinent occurred during the 90°
tilt. The Earth’s axial tilt began to gradually decrease, accompanied by the Sturtian and Marinoan glacial
periods. With the evolution of the Pangaea supercontinent, the Gondwana ice age arrived, leading to the
present day axial ratio of 23.5°.

The glaciers began to recede around 900 million years ago due to a decrease in the tilt of the Earth’s axis
and a higher concentration of carbon dioxide in volcanic gases and methane gas in the atmosphere due
to global warming, followed by a further decrease in temperature due to the weathering of rocks and re-
dissolution of carbon dioxide and methane gases into the ocean, resulting in the Sturchian glaciation,
followed by the Marinoan and Gaskiers glaciations. However, as the major glacial episodes ended
millions of years before the Cambrian explosion, there were three or four smaller glacial periods during
the Late Neogene because of these icehouse—greenhouse cycles. When ice melted on Slushball Earth,
freshwater layers on land and ocean surfaces provided many new opportunities for biological evolution.
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3. Generation Of Excess Oxygen Unachieved By Photosynthesis

Oxygen gas plays a major role in driving evolution, associated with both the dramatic development of life
and mass extinctions. Here, we note the generation of excess oxygen unachieved by photosynthetic

reactions on Slushball Earth. Change in 0, concentrations can be divided into three time periods?'2?

(http://www.windows2universe.org/earth/past/oxygen_buildup.html)?3: very low content before 2 billion
years, rapid accumulation (popularly known as “Great Oxidation Event”(GOE)??) in the Precambrian era
from 2 to 0.42 billion years ago, and saturation content from 0.42 billion years ago to the present time.
The results are summarized in Fig. 2. We can find three-time period (3.0, 1.9 and 0.8 billion years ago)
enhancements for the great oxidation event. The formation of a small amount of free O, on the sea

surface by ultraviolet photochemical reactions?# in the Archean era can be expressed as:
2H,0 +4hv — 4e” +4H* + 0, (1)

Fig. 2 Changes in concentration of atmospheric O, from 4.5 billion years ago to the present time, using
data obtained by three reserachers?’~23. The inset shows a logarithmic plot of partial pressure of 0, gas

against time since 4.5 billion years ago. Four representative glacial periods correspond to rapid increases
in partial pressure of oxygen gas.

2

According to the present consensus?®, oxygen gas was generated as a result of photosynthetic activity.

After the first oxygenic photosynthesis by anaerobic cyanobacteria from 3.5 billion years onward, aerobic
photosynthesis by plants, algae, and cyanobacteria (eubacteria) produced oxygen gas and carbohydrates
from H,0 and CO, since 2.7 billion years ago. Photosynthetic reactions can be represented by a single

well-recognized formula given by equation (2)26:
6CO, + 6H,0 + light energy (2,870 kdJ/mol) — C¢H,04 (glucose) +60,. (2)

It is known that 1 mol of CO, produces 1 mol of O, from Eq. (2). In other words, the volume of the
reaction did not vary. Therefore, the rapid increase in oxygen gas since 2 billion years ago cannot be
explained solely by photosynthesis because the absolute amount of carbon dioxide is too small?’.

Fukuhara proposed a model for the formation of nitrogen, oxygen, and water using circumstantial
evidence based on the history of Earth’s atmosphere?’28. This hypothesis suggests that endothermic
nuclear transformation changes the carbon and oxygen nuclei confined in the aragonite (CaCO3) lattice in
magma reservoirs into nitrogen and helium nuclei. Nuclear transformation is enhanced by the attraction
caused by high temperatures (= 2510 K) and pressures (= 58 GPa) in the upper mantle. We obtained

Eq. (3) for the completely closed system by the subsequent reactions with photons (y) and neutrons (n),
as shown in SI S2:

212C + 2160 + de*+ 4u, + 2y — 4N, 1 +1/2160,1 + 'H,"601 + 2n -10.58 MeV (3)
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Fig. 3 Schematic illustration of nuclei transformations in a magma reservoir of an ocean island and a
middle ocean ridge. N,, 0,, and H,0 are produced in the magma reservoir in the upper mantle, and 3He

and #He are formed from reservoirs of the lower mantle.

When we focus on igneous gases in magma reservoirs in the upper mantle, we see that the nuclear
transformation is under open systems with lids, such as magma materials released into the atmosphere,
holding high temperatures and pressures (Fig. 3), because of a depth of over 600 km. Here we define the

mean blockade of cratersas 0 = x = 1, as follows:

z=3 12 (T)/n, @)
where z; (T') is the blockade degree exhibited by the ith ocean-island-type volcano during a certain

period T. Strictly speaking, the right-hand term of Eq. (1) in Sl 2 is first separated into two parts, (1 i)

(24N + #He) and z (214N + He), when z# 1, and the successive nuclear reactions shown in SI S2,
equations (2)—(5) are only applied to the latter. Thus, we obtain:

412C+4160+8e*+81,+ Axy —4(1-x) *N, 1+4(1-x)*He+22 4N, T+2160, 1+ 22 H, 60 1+4n (5)

As water vapor circulates in the atmosphere to form rain and He gas is easily released from the
troposphere into the stratosphere, we only consider atmospheric nitrogen and oxygen.

The following equation is obtained as the concentration of oxygen gas X from the right-hand term in

Eq. (5) (0,/N, = i/2(2-53), therefore:

X =z / (4-6-z), (6)

where § is the nitrogen released into the stratosphere when the magma reservoirs are blocked. The
causes of the blockade are considered to be the sealing of craters by tenacious lava and thick frozen

snow (or ice). Figure 3 provides a schematic illustration of the formation of 22 mol nitrogen and z mol
oxygen in the magma reservoir of the upper mantle and 4(1 —zz')mol nitrogen in the atmosphere by an open

system with a mean blockade . While, 3He and 4He are produced by two- and three-body nuclear fusions,
respectively, of deuterons confirmed in hexagonal FeDx core-centre crystals, since they are released from
mid-ocean ridge islands derived from the proto-plume such as Baffin and West Greenland Islands2%30
through the lower mantle®. In this study, we only considered nitrogen and oxygen interacting with the
troposphere. We calculated the oxygen concentrations using Ward’s atmospheric oxygen concentrations
over the last 400 million years®2. The results of which are shown in Fig. 4. The maximum oxygen
concentration did not exceed 30% over 400 million years to date. In the inset of Fig. 4, the curves of
oxygen concentration versus mean blockade are shown as functions when the values of  are 0, 1, 1.5, 2,

2.6, 2.7 and 2.8 [equation (6)] over 400 million years. Surprisingly, the oxygen concentrations over
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400 million years (Ward’s data) was approximately expressed as a function of the mean blockade when &
was 2.7. This indicates that the amount of nitrogen gas released into the stratosphere has been constant

over 400 million years and the percentages of the release, 1004/ (4 - 21), are 76 + 3% using the relation

that £=0.14 — 0.30 for X = 12 — 30% which are obtained from a curve corresponding to § =2.7 (Fig. 4,
inset). These results indicate that the reaction in the volcano was open. The fact that the present oxygen

concentration of 20.8% corresponds to the mean blockade of magma reservoirs, = 0.27 (Fig. 4, inset), is
very suggestive in view of volcanic activity. Basalt is less viscous but tends to cap volcanoes, as well as
freeze. This is reasonable because the lid of the craters must be opened periodically.

Fig. 4 Relationship between atmospheric oxygen concentration, X, and nitrogen gas portion 0 released
into the stratosphere over the last 400 million years, which are obtained using a computational technique.

Inset: Relationship between oxygen concentration, X, and the mean blockade of magma reservoirs, 5,
when 6=0, 1, 2, and 2.7. Four red closed circle are obtained from equation (7) at the values of 6=3 and
a=0.27.

The above results are those when only the nitrogen gas release was considered and we introduce briefly a
trial that the oxygen gas release is simultaneously considered.

A model that the loss of oxygen is proportional to a times the molar volume ratio of oxygen to nitrogen

gases is shown in Eq. (7):
T —o ( z _) )
42z

4—5—£+a< w_)a
42z

X =

7

We tried plots of X vs. T changing in the values of 6 and q, and obtained a curve which coincides with the
curve of 6 =2.7 in the inset of Fig. 4 only at the values of 6 =3.0 and a=0.27. Four points are indicated by

red closed circles in the inset. It is known that the percentages of the oxygen gas release, 100a ( d -),
42z

are 23 + 1% and those of the nitrogen gas release, 1006/(4 - 2:;), are 84 + 4% using the relation that z=
0.14-0.30 for X = 12-30%, namely the loss of oxygen is about one fourth of the loss of nitrogen.

4. Conclusions

In this study, we present a “Slushball Earth” model to explain the occurrence of glaciation and several
other geohistorical events. The fact that the evolution of oxygen concentrations up to 400 million years

ago, expressed in terms of the mean blockade of ocean-island-type volcanos, z, and the nitrogen released
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into the stratosphere while the reservoir was blocked, d, enhanced the responsibility for the generation of
excess oxygen by open system reactions with the blockade of craters at a certain frequency. Ward's data

analysis highlighted two important values,  =2.7 and z =0.22 + 0.08 for 12 — 30% oxygen
concentrations over 400 million years. A trial model that both the release of nitrogen and oxygen gasses
were considered led to the result that & is not 2.7 but 3.0, and a which represents a release ratio of oxygen
to nitrogen is 0.27, that is, the loss of oxygen gas is about one fourth of the loss of nitrogen gas. We
excluded H,0 from the atmospheric composition in this study because its form is liquid or solid, but its

mass is nearly equal to :Eoz in Eq. (5). Thus, nuclear transformation is also a strong candidate for the
origin of water on Earth.

Declarations

Acknowledgements
We would like to thank Editage (www.editage.com) for English language editing.
Author Contributions

M.F. wrote the paper and supervised all of the work. S. T. devised and calculated the open system
reactions model with the blockade of crater. K. H. proposed the Earth-scale top model and assisted the

paper.
Competing Interest Declaration

The authors declare no competing financial interests.
Additional Information

Supplementary Information The online version contains supplementary material available at
www.nature.com/nature.

Correspondence and requests for materials should be addressed to M.F.
(mikio.fukuhara.b2@tohoku.ac.jp).

Reprints and permissions information is available at www.nature.com/reprints.
Data availability

The data that support the findings of this study are available within this article and its Supplementary
Information. Additional data are available from the corresponding authors on request.

References

Page 9/15



1.
2.

3.

13.

14.

15.

16.

17.

18.

Lenton, T. & Watson, A. Revolutions that made the Earth (Oxford Univ. Press, 2011).

Harland, W. B. Critical evidence for a great infra-Cambrian glaciation, Geol. Rundsch. 54, 45 61
(1964). https://doi.org/10.1007/BF01821169.

Salyards, S. L., Sieh, K. E. & Kirschvink, J. L. Paleomagnetic Measurement of Non brittle Coseismic
Deformation Across the San Andreas Fault at Pallett Creek. J. Geophys. Res. 97 (B9), 12457-12470
(1992). https://d0i:10.1029/92JB00194

. Hoffman, P. F, Kaufman, A. J., Halverson, G. P. & Schrag, D. P. A Neoproterozoic Snowball Earth,

Science 281,1342 1346 (1998). https://doi.org/10.1126/science.281.5381.1342.

. Kirschvink, J. L. Late Proterozoic low-latitude global glaciation: The snowball Earth.). The Proterozoic

Biosphere: A Multidisciplinary Study (ed. Schopf, J. W. & Klein, C.) 51-52 (Cambridge Univ. Press,
1992).

. Allen, P. A. & Etienne, J. L. Sedimentary challenge to Snowball Earth. Nature Geosci. 1, 817-825

(2008). https://doi.org/10.1038/ngeo355.

. Fairchild, I. J. & Kennedy, M. J. Neoproterozoic glaciation in the Earth System. J. Geol. Soc. 164, 895-

921 (2007)._https://doi.org/10.1038/nge035510.1144/0016-76492006-191.

. Williams, G. E. Proterozoic (pre-Ediacaran) glaciation and the high obliquity, low-latitude ice, strong

seasonality (HOLIST) hypothesis: Principles and tests. Earth-Sci. Rev. 87,61 93 (2008).
https://doi.org/10.1016/j.earscirev.2007.11.002.

. Hara, K. On the possible reversal of an Earth-scale top. Tech. Phys. 50,375 385 (2009).
10.
11.
12.

Williams, G. E. History of the Earth’s obliquity. Earth Sci. Rev. 34,1 45 (1993).
Scarborough, J. B. The Gyroscope, Chs. llI, X (Interscience Inc, New York, 1958).

Jenkins G. & Scotese, C. R. An early Snowball Earth? Science 282,1644 (1998).
https://doi:10.1126/science.282.5394.1643f.

Lyons, T. W. & Reinhard, C. T. Early Earth: Oxygen for heavy-metal fans. Nature 461, 179-181 (2009).
https://doi.org/10.1038/461179a

Slack, J. F. & Cannon, W. F. Extraterrestrial demise of banded iron formations 1.85 billion years ago.
Geology 37,1011-1014 (2009). https://doi.org/10.1130/G30259A.1.

Macdonald, F. A. et al. Calibrating the Cryogenian. Science. 327, 1241-1243 (2010).
https://doi.org/10.1126/science.1183325

Donovan, S. K. & Pickerill, R. K. Dropstones: Their origin and significance: A comment. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 131, 175-178 (1997). https://doi.org/10.1016/S0031-0182(96)00150-2.

Sohl, L. E. Christie-Blick, N. & Kent, D. V. Paleomagnetic polarity reversals in Marinoan (ca. 600 Ma)
glacial deposits of Australia; implications for the duration of low-latitude glaciation in
Neoproterozoic time. Bull. Geol. Soc. Am. 111,1120-1139 (1999). https://doi.org/10.1130/ 0016-
7606(1999)111%3C1120:PPRIMC%3E2.3.CO

Rothman, D. H., Hayes, J. M. & Summons, R. E. Dynamics of the Neoproterozoic carbon cycle. Proc.
Natl. Acad. Sci. U.S.A. 100,8124-8129 (2003). https://doi.org/10.1073/pnas.0832439100.

Page 10/15



19. Eyles, N. & Januszczak, N. Zipper-rift: A tectonic model for Neoproterozoic glaciations during the
breakup of Rodinia after 750 Ma. Earth Sci. Rev. 65, 1-73 (2004). https://doi.org/10.1016/S0012-
8252(03)00080-1

20. Peltier, W. R., Tarasov, L., Vettoretti, G. & Solheim, L. P. Climate dynamics in deep time: Modeling the
“snowball bifurcation”and assessing the plausibility of its occurrence. G. S. Jenkins, M. A. S.
McMenamin, C. P. McKey, L. Sohl, The Extreme Proterozoic: Geology, Geochemistry, and Climate
(American Geophysical Union, 2004), 107-124. https://doi.org/ 10.1029/146GM10.

21. Kasting, J. F. Earth's early atmosphere. Science 259,920 926 (1993).

22. Holland, H. D. The oxygenation of the atmosphere and oceans, Philos. Trans. R. Soc. Lond. B. Biol.
Sci. 361,903 915 (2006). 10.1098/rstb.2006.1838, Pubmed:16754606.

23. Manning, C. L. M. The slow build up of oxygen in the Earth's Atmosphere. National Earth Science
Teachers Association, Kentucky Coal Education Web Site, (2012).

24. Bates, D. R. & Nicolent, M. The photochemistry of atmospheric water vapor, J. Geophys. Res. §5 301-
327 (1950). https://doi.org/10.1029/JZ055i003p00301.

25. Dutkiewicz, A, Volk, H., George, S. C., Ridley, J. & Buick, R. Biomarkers from Huronian oil-bearing fluid
inclusions: An uncontaminated record of life before the Great Oxidation Event. Geology, 34, 437—-440
(2016). https://doi.org/10.1130/G22360.1.

26. Whitmarsh, J. et al. The Photosynthetic Process, Concepts inPphotobiology: Photosynthesis and
Photomorphogenesis (ed. Singhal, G. S. et al.) 11-51 (Kluwer Acad. Boston, 1999).

27. Fukuhara, M. Did nuclear transformations inside Earth form nitrogen, oxygen, and water? J. Phys.
Commun., 4 (2020) 095007. https://orcid.org/0000-0002-6139-7596

28. Fukuhara, M. Nitrogen discharged from the Earth'’s interior regions. J. Mod. Phys. 5, 75— 81 (2014).
https://doi.org/10.4236/jmp.2014.52012.

29. Honda, S., Yuen, D. A. Balachandar, S. & Reuteler, D. Three-dimensional instabilities of mantle
convection with multiple phase transitions. Science 259, 1308-1311 (1993).
https://doi.org/10.1126/science.259.5099.1308.

30. Grieve, R. A. T. Impact bombardment and its role in proto-continental growth on the early Earth.
Precambrian. Res. 10, 217-247 (1980). https://doi.org/10.1016/0301-9268(80)90013-3.

31. Fukuhara, M. Earth science and deuterium nuclear reactions: The origins of heat, elements and water
(Cambridge Scholars Publishing, Newcastle upon Tyne, UK, 2022).

32. Ward, P. Oxygen —The breath of life. New Sci., Earth April 28, 38—41 (2007).

33. Catling, D. C & Zahnle, K. J. The planetary air leak, Sci. Am. 300, 36—-43 (2009).
https://doi.org/10.1038/scientificamerican0509-36.

Figures

Page 11/15



Bedout

Vredefort

4
e

-1

N

=
@ Uoljeoe|b euempuos) xzc.. S
uolneloe|b ueolle ‘uelln}s | |
mcﬂgucoo JO uoljewlio} ]
W 4 7 sjuaunuo? jo co_E_o.;m_l
>c
3 0 | B
0 w
T = \ /
_nw w - A uonelsuafb usunuog
8109 Jauul pI|OS JO UC!
uoneloe|b ueluolnH Pees
S]UaUIIU09 JO UONeIBUBE) | usbkxo Jusydsouwne Jo 8JUBK
uonejeban jo aouelel
CD_”_.M_OM_@ M_D@CDAH_ UEB00 UESELIIY Ul LoRanpold cm@?@
1oeqouBA ) J1gelseur Jo soueleaddel
/ jusuwpiequiog ??mm_-_ 9}eT M
b= |
.|-|. ..L_.V i
o o o o o o
<0 1 N (o)) ({0 o
- -— -
( J)MILIexy

padde
pdde

(30

JeuLo)

Time before present (billion years ago)

Figure 1

Changes in the axial tilt of Earth from billions years ago to the present time, along with historical

geoscientific events. Earth with different axial tilts (180°,90°, and 23.5°).
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Figure 2

Changes in concentration of atmospheric O, from 4.5 billion years ago to the present time, using data
obtained by three reserachers?'23. The inset shows a logarithmic plot of partial pressure of O, gas

against time since 4.5 billion years ago. Four representative glacial periods correspond to rapid increases
in partial pressure of oxygen gas.
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Figure 3

Schematic illustration of nuclei transformations in a magma reservoir of an ocean island and a middle
ocean ridge. N,, O,, and H,0 are produced in the magma reservoir in the upper mantle, and 3He and “He
are formed from reservoirs of the lower mantle.
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Figure 4

Relationship between atmospheric oxygen concentration, X, and nitrogen gas portion & released into the
stratosphere over the last 400 million years, which are obtained using a computational technique. Inset:
Relationship between oxygen concentration, X, and the mean blockade of magma reservoirs, X~ when

6=0, 1, 2,and 2.7. Four red closed circle are obtained from equation (7) at the values of 6=3 and a=0.27.
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