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ABSTRACT

We investigated the interactions between continental growth and breakup, inorganic carbonate-silicate cycle,
volcanic activity, glaciations, natural climate change, and biotic evolution. As far as volcanism is concerned, the
large igneous provinces (LIPs) are proving to be particularly effective. However, this conclusion is not valid
without additional assumptions. The effects of the eruptions of LIPs must be seen in connection with the physical
climatology at the time of the eruption, the proximity of the LIPs to the paleoequator, the strength of the eruption
and the chemical composition of the lava and the emitted gases. The faint young Sun was compensated for by
higher atmospheric concentrations of greenhouse gases on the early Earth. These greenhouse gases were sub-
sequently drawdown by climate-dependent silicate weathering as the solar radiation increased. Although some
authors have expected, that growth of juvenile continental crust or continental breakup would be followed by a
glaciation, this is not always the case. Glaciations have abrupt onsets and terminations, and we examined pre-
viously proposed hypotheses to explain glaciations and the abrupt onsets and terminations. The hypothesis that
pulses of continental growth or supercontinent breakup events resulted in intensified silicate weathering is
essentially correct but does not explain everything. Apparently, the hypothesis refers to an existing mechanism,
but there must be other, hitherto hidden influences. Multiple stable states in the climate system are separated by
unstable jumps (bifurcations) between stable states. This is primarily a reflection of ice-albedo feedback,
particularly between sea ice and sea. Ice-albedo feedback ensures rapid advance and retreat of marine ice
margins across the tropics. This explains abrupt onset and termination of snowball Earth periods. We show that
hypotheses based on inorganic carbonate-silicate cycle and, to a considerably lesser degree, on biotic factors can
explain most natural climate change, but not the abrupt onset and termination of snowball Earth periods.
Furthermore, we discuss the temporal distribution of glacials and interglacials within a glaciation. This distri-
bution is controlled mainly by the mechanics of our planetary system, influenced by internal feedback mecha-
nisms of the Earth system. Short-period changes in the weather are caused by changes in the solar magnetic field.

1. Introduction

solved for a 3D spherical-shell mantle and for 4567 Ma. The model leads
to the correct volume of the present-day continents and the present-day

A much-discussed topic today is man-made climate change. This is
explicitly not the subject of this paper. However, in order to deal with
man-made climate change in a serious way, it is necessary to know what
climate change would be happening by nature anyway. We consider
natural climate change mainly on the long-term geological scale, i.e.
over the 4567 Ma of Earth’s existence. Medium-term events such as the
division of a glaciation into glacials and interglacials are discussed to-
wards the end of the paper. At the very end, very short-term weather
events caused by variations in solar magnetism are discussed. Our
motivation comes from a computational model developed by Walzer and
Hendel (2022) in which the evolution of the Earth’s mantle was studied.
The model utilizes the full set of physical balance equations that were

heat flow density, and also the timing of formation of juvenile conti-
nental crust. The latter is similar to the global detrital zircon ages pre-
sented by Puetz and Condie (2019), Puetz and Condie (2022). In both
cases, it appears the continental crust grew episodically rather than in a
steady state fashion. A question that now arises is whether a strong peak
in continental growth followed by silicate weathering produces a
marked decrease in ocean and atmospheric temperatures. This matter
turned out to be much more complex than assumed at first sight. Quite
different mechanisms had to be considered separately. At this point, we
would like to state in advance that we are addressing different mecha-
nisms to explain natural climate change. While many authors favor
monocausal hypotheses, we have concluded that the superposition of
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several mechanisms simultaneously causes natural climate change.
Thus, our work is not about refuting one set of proposals after another in
order to propose our own all-encompassing hypothesis at the end.
Rather, we seek to evaluate the influence of different mechanisms in
order to arrive at a balanced judgment.

A particularly interesting phenomenon are the large glaciations,
especially snowball Earth periods. Their onsets and terminations turn
out to be abrupt. They occur even faster than originally assumed. The
cause of this remarkable phenomenon is mainly discussed in the Section
2.3.

2. Natural climate change: slow changes

The inorganic carbonate-silicate cycle is the dominant mechanism
for the slow natural climate change. It was a long way before this finding
could be summarized so succinctly. To anticipate, the abrupt onsets and
terminations of the major glaciations are caused by a completely
different mechanism.

2.1. Preliminaries: the faint young Sun problem

The chemical composition and physical structure of stars are now
well understood (e.g., Kippenhahn et al., 2013). This knowledge is a
direct consequence of a theory of the first type mentioned in Section 2 of
Walzer and Hendel (2022). During Earth’s early history, the ratio of
hydrogen to helium was relatively high in the solar core. Radiation
energy was generated by nuclear fusion of hydrogen into helium. The
helium production enhanced the density of the solar core, gravitational
contraction, and isentropic heating. Therefore, the solar luminosity
increased gradually over time. At 4567 Ma, the solar luminosity was
only about 70% of the present value (Bahcall et al., 2001). Therefore, it
would be expected that all surface water was frozen during the Hadean
and Archean. However, the oceans would probably not freeze to the
bottom, but to an equilibrium depth that depends on geothermal flux,
diffusivity of the ice, and surface temperature. In addition, it has been
established by geological observation that there was liquid water on
Earth’s surface during the Archean. There are two locations where
Paleoarchean sediments are well preserved and can be studied to
investigate the faint young Sun paradox: the Pilbara region of Australia
and the Barberton Greenstone Belt in South Africa. The sedimentary
rocks of the Moodies Group in South Africa are approximately
3.22-3.10 Ga in age, and consist of well preserved, shallow-water strata
(Heubeck and Lowe, 1994; Heubeck and Lowe, 1994; Heubeck et al.,
2013). These rocks contain evidence of microbial life (e.g., endolithic
bacteria). Therefore, there must have been shallow water and sunlight at
this time. Liquid water on Earth’s surface first appeared at 4.4 Ga (Valley
etal., 2002; Nutman, 2006). There have been several attempts to explain
the faint young Sun paradox (Feulner, 2012). One explanation is that the
early atmosphere contained considerably more greenhouse gases than
today. Sagan and Mullen (1972) proposed that a high proportion of
reduced gases (e.g., ammonia and methane) existed in the early atmo-
sphere. However, ammonia is photochemically unstable. There are also
some other counter-arguments. In this context, it should be noted that
ammonia and methane may add a greenhouse gas forcing, but they do
not explain self-adaptation to increasing solar brightness. Nonetheless,
Ueno et al. (2009) revived the ammonia hypothesis and investigated the
UV absorption spectra of 3250,, 33505, and 3450, in order to interpret
the geological record. The increase in atmospheric oxygen during the
Great Oxidation Event (GOE) would have diminished the abundances of
ammonia and methane, and possibly caused the four glaciations be-
tween 2460 and 2240 Ma. Given that the greenhouse effect of NHz and
CH,4 is much higher than that of CO2 and HyO, this appears to be an
attractive hypothesis. However, even if we accept the old value of 2400
Ma for the onset of the first Paleoproterozoic ice age (Kirschvink et al.,
2000), then it clearly occurred before the Great Oxidation Event that is
dated to 2300 Ma. The first three Paleoproterozoic ice ages occurred at
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2460-2435 Ma (Ramsay Lake), 2410-2384 Ma (Bruce), and 2340-2310
Ma (Gowganda). - These approximate ages were compiled from Tang
and Chen (2013), Gumsley et al. (2017), Rasmussen et al. (2013),
Gaucher and Frei (2018), Caquineau et al. (2018), and are used pri-
marily to produce Figs. 1 through 4. An important message from these
Figures, however, is that despite the close succession of the four Pale-
oproterozoic glaciations, an extraordinarily long period follows until the
Sturtian glacial onset (717.5 Ma after Hoffman et al. (2017), which is
ice-free. This extraordinary phenomenon requires explanation. To
anticipate, the suggestions made in this paper in this regard are only
tentative, i.e., it is worthwhile to continue thinking about this problem. -
Recently, Luo et al. (2016) constrained the timing of the Great Oxidation
Event to 2330 Ma. They concluded that oxygenation occurred rapidly,
over a period of 1-10 Ma. Ueno et al. (2009) proposed that carbonyl
sulfide could shield ammonia from UV radiation. Carbonyl sulfide is
stable today because it is not oxidized by OH radicals. However, there
was no ozone layer during the Archean. Therefore, carbonyl sulfide
would have been decomposed by photolysis (Domagal-Goldman et al.,
2011; Claire et al., 2014). Hence, it can be assumed that ammonia was
not an important greenhouse gas on the early Earth.

As suggested by Feulner (2012), carbon dioxide and methane appear
to be the best candidates to solve the faint young Sun paradox. Previous
studies have estimated the partial pressure of CO, during the Archean
and early Proterozoic. Driese et al. (2011) obtained 0.003-0.015 bar
CO, at 2691 Ma, based on a paleosol outcrop in northeastern Minnesota,
USA. Kanzaki and Murakami (2015) determined 0.03-0.15 bar CO,
from the Mt. Roe paleosol (Australia) at 2770 Ma, 0.02-0.75 bar CO,
from the Bird paleosol (South Africa) at 2750 Ma, and 0.05-0.15 bar CO,
from the Pronto paleosol (Canada) at 2460 Ga. Determining CHy4 levels
in the Archean and Proterozoic atmosphere are challenging. Claire et al.
(2006) presented a biochemical box model coupled to photochemistry
and proposed a decrease in CH4 from 2000 pbar CHy at 4.0 Ga to 5 pbar
CH4 at 2.5 Ga. Catling and Zahnle (2020) estimated the CH4 level of the
Archean atmosphere to be 10? to 10* times the present-day value.

2.2. The inorganic carbonate-silicate cycle

2.2.1. General considerations

Walker et al. (1981) proposed that the partial pressure of CO5 is
buffered by a negative feedback mechanism, because the rate of silicate
weathering depends on surface temperature, and the surface tempera-
ture depends on the partial pressure of CO5. Despite the increasing solar
luminosity with time, Earth’s surface temperature remained relatively
constant, but with some considerably large fluctuations, around the
mean. The negative feedback stabilizes the long-term climate, where the
chemical weathering of Ca silicates can be expressed as follows:

CaSiO; +2H,CO3~Ca*" +2HCO; + Si0, + H,0 @

where carbonic acid is produced at low concentrations by the chemical
reaction between atmospheric carbon dioxide and rain water. Rivers
carry HCO; and Ca®" into the oceans where calcium carbonate is
precipitated on the ocean floor as follows:

Ca** +2HCO3 —CaCOs + H,CO; 2

Similarly, other cations are transported to the ocean floor and the net
reactions can be schematically represented as follows:

CO, + CaSiO3—CaC0O; + SiO, (3)
CO, + MgSiO,—~MgCO, + Si0,

Most COg is returned to the atmosphere by andesitic volcanoes near
subduction zones, but some carbonate is subducted into the mantle.
Many studies have assumed that, over geological timescales, this
chemical weathering of continental rocks is of key importance in
decreasing atmospheric CO». Similarly, Siever (1992) suggested that the
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Precambrian carbonate-silicate cycle was dominated by inorganic re-
actions. He was already aware that the influx of silica to the Neo-
proterozoic ocean was governed, as today, by the balance among
tectonics, weathering, and hydrothermal input. This early insight is
remarkable. Goddéris et al. (2007) developed a climate-geochemical
model and showed that the breakup of Rodinia caused a global cli-
matic cooling of ca. 8°C. The increased length of the continental margins
caused increased inorganic silicate weathering. The inorganic silicate
weathering depends of course also on the geographical position of the
continents. If the main part of the continents gathers at the poles or at
one pole, then the climate is cooled, the precipitation is decreased and
the silicate weathering is strongly diminished. However, the latter is the
main component of pCO; sink (Goddeéris et al., 2007). As a result, the
CO; accumulates in the atmosphere and therefore the temperature rises.
Thus, a negative feedback is created. If, on the other hand, the conti-
nents gather near the equator, silicate weathering is strongly stimulated
and the CO; in the atmosphere decreases. The Neoproterozoic glacia-
tions, Sturtian and Marinoan, comprehensively described by Hoffman
et al. (1998), Hoffman et al. (2017), Hoffman et al. (2021), are also
explained by Donnadieu et al. (2004) and Goddéris et al. (2007) in terms
of the geographic location of Rodinia near the equator and the mecha-
nism just outlined. (We will, however, propose a different mechanism
for the Paleoproterozoic and Cryogenian glaciations in Subchapter 2.3.
This, however, does not diminish the value of the theories presented
here for the other parts of Earth’s history). Thus, three items are
inseparable in this main mechanism: (a) size and geographic position of
the continents and height of the mountains, (b) long-term inorganic
carbonate-silicate cycle, and (c) natural climate change. Ramstein et al.
(2019) also emphasize the close link between tectonics, long-term
inorganic carbonate-silicate cycle, and natural climate change. One
must realize that the driving energy is the primordial heat of the Earth
and the radioactive decay of 238y, 235y, 232Th, and “°K in the mantle
(see, e.g., Walzer and Hendel, 2022). This is because the amalgamation
of continents into supercontinents, its subsequent breakup, and the
formation of mountains is caused by thermal convection in the mantle. It
is not a contrary mechanism to emphasize that plate motions including
supercontinent amalgamation are driven by the negative buoyancy of
mature oceanic lithosphere and feedbacks involving mantle convection
driven by cooling where slabs are subducting and warming where
plumes are rising (Hoffman, 2014). For Walzer et al. (2004), Walzer
et al. (2006) show, the formation of the oceanic lithosperic plates and
the subduction slabs are included in the mechanism and code described
by Walzer and Hendel (2022).

We conclude this Section with an additional remark: Increased sili-
cate weathering with increased length of post-rift continental margins
occurs only to the extent that terrigenous sediment weathering is
important. Other factors associated with supercontinent breakup are LIP
(large terrestrial mafic igneous provinces) emplacement and greater
rates of organic burial due to faster sediment accumulation rates. Higher
fractional organic burial during Rodinia breakup is consistent with
strongly '3C-enriched marine carbonate production for 100 Ma before
the Sturtian snowball (Halverson et al., 2018).

2.2.2. Enhanced inorganic carbonate-silicate weathering caused by growth
of the total mass of continents

In Section 2.2.1., we showed that the carbonate-silicate cycle can
account for the faint young Sun paradox. However, it is unclear if this
cycle can explain all aspects of natural climate variations over shorter
periods, such as onsets and terminations, duration, and peculiar distri-
bution of glaciations. Many studies have concluded that mountain
building is directly associated with increased silicate weathering. For
example, Joshi et al. (2019) reported that the late Paleozoic and present
Cenozoic ice ages are linked to the Hercynian and Himalayan orogenies,
respectively. The maxima of the glaciations lag behind the maxima of
the timing of formation of low-latitude mountain chains by 10-20 Ma.
Using the Intermediate Global Circulation Model 4, Joshi et al. (2019)
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showed that the maxima of erosion, weathering, and temperature
decrease follow each other. Goddéris et al. (2017) proposed that the
biotic hypothesis for the late Paleozoic ice age needs to be reevaluated.
Mountain building, continental drift, and silicate weathering were more
important as cause for the drawdown of atmospheric carbon dioxide and
the temperature decrease. Goddéris et al. (2017) used different variants
of GEOCLIM models (Donnadieu et al., 2006; Goddéris et al., 2014) and
demonstrated that the contribution of the inorganic carbonate-silicate
cycle to the consumption of CO, was greater than previously thought.
Other authors had suggested that the onset of Late Paleozoic glaciation
at 340 Ma was due to the expansion of land plants, which would have
produced a decrease in atmospheric carbon dioxide. However, Goddéris
et al. (2017) state that plant and carbon expansion substantially pre-
dates glaciation. This argument is more important, in our opinion,
because it is independent of the specific numerical model. Goddéris et al.
(2017) conclude from their simulations that uplift of the Hercynian
mountains and, as a result, inorganic carbonate-silicate weathering
were crucial for the decrease of the CO5 concentration in the air. In
addition, if an ice age is not global, there is an additional effect (Wan
et al., 2017). At low latitudes, such as the South China Sea, Wan et al.
(2017) showed that sediments deposited during glacials were more
weathered than those deposited during interglacials in the present ice
age. Wan et al. (2017) explained this observation by intensified
weathering of tropical shelf sediments during the lowstand conditions
caused by large continental ice sheets. This additional effect is thought
to be responsible for a ca. 9% reduction of CO; in the atmosphere.

The results just presented lead us to a new interpretation of Fig.1 of
Walzer and Hendel (2022). Since the upper red curve of this picture
represents the computed juvenile contributions to the continent, we
interpret the global detrital zircon age curves (lower panel) of Puetz and
Condie (2019) to represent the actual juvenile contributions to the
continents. This assumption is supposed because of the resemblance of
the two panels of Figs. 1 and 7 of Walzer and Hendel (2022). We exclude
ages older than 2900 Ma because the preservation is potentially
incomplete or the crustal differentiation mechanisms were possibly
different to those after 2900 Ma. The second possibility could be based
on van Kranendonk (2010). He proposed that at 3500 Ma and earlier two
types of crust had formed: high-grade gneiss terranes that contain evi-
dence of a horizontal tectonic regime, and low-grade granite-greenstone
terranes with predominantly vertical tectonic structures. The formation
of granite-greenstone terranes during the Archean can possibly be
explained by microphysical processes. The high temperatures during the
Archean would have produced another style of subduction because of
grain damage. Therefore, subduction was drip-like in many places
(Foley, 2018). Similarly, Gerya (2019) proposed that prior to ca. 3 Ga,
mantle temperatures were 200-250°C higher than today, resulting in a
relatively ductile lithosphere and sporadically distributed episodic
delamination. If the carbonate-silicate cycle was the main driver of ice
ages, then an ice age should occur after each prominent peak in the
global detrital zircon age distribution (Fig. 1). A large increase in silicate
weathering would be expected after the high peak of the blue curve at
2700 Ma (Fig. 1). If a large amount of juvenile continental material was
exposed to mechanical and subsequent chemical weathering, then one
would expect a major ice age 10-30 Ma after the crustal growth peak.
However, Fig. 1 does not reveal any ice age in the expected time interval.
The moderate age peak of the dark green curve at about 2500 Ma, on the
other hand, is followed by four ice ages. If Hoffman (2013) is correct, we
only observe the Ramsay Lake, Bruce, and Gowganda ice ages. But this
has no bearing on our conclusions. Between 2240 and 717.5 Ma there
was no glacial epoch, but there are several maxima in the zircon age
distribution. (The Kaigas diamictite is likely non-glacial. Evidence for
glacial action comes from locations where the Numees (Sturtian) dia-
mictite was incorrectly correlated with Kaigas (Macdonald et al., 2010).)
For about 600 Ma, we observe a marked peak of the yellow curve, for
600 Ma a peak of the red curve. However, the Sturtian and Marinoan ice
ages occurred before these peaks. In the Phanerozoic, the correlations
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Fig. 1. The upper panel shows glaciations based on the data compiled in Section 3. The lower panel shows the observed global detrital zircon age curves of Puetz and
Condie (2019). The grey vertical beams of the lower panel are useful for comparison. The colored curves are as follows: red = modern sediments; yellow = 500-1
Ma depositional ages; brown = 1000-501 Ma depositional ages; light green 1500-1001 Ma depositional ages; dark green = 2000-1501 Ma depositional ages; blue
= 2500-2001 Ma depositional ages; purple = ages older than 2500 Ma. The Ramsay Lake glaciation corresponds to the Makganyene glaciation (compare Fig. 14). It
is the only one of the Paleoproterozoic glaciations of which we can assume with some probability that it is a snowball Earth. The representation of the other three
Paleoproterozoic glaciations is only a hypothesis, which is rather uncertain. Our main conclusions, however, are independent of whether this hypothesis is correct.

between the ice ages and zircon age peaks are also not clear. In our
opinion, the findings do not show that the discussed mechanism does not
work, but that other influences must also contribute, (compare Section
2.3.) so that the whole thing results from the superposition of different
mechanisms.

2.2.3. Enhanced inorganic carbonate-silicate weathering caused by
supercontinental breakup

The first supercontinent (Pangea) was identified by Wegener (1912),
Wegener (1920). Santosh et al. (2009) proposed that the tectosphere as
the buoyant keel of the continental crust is important in understanding
continental fragmentation, dispersion, and amalgamation. This idea is
also part of our model (Walzer and Hendel, 2022). Yoshida and Santosh
(2011) proposed a mechanism to explain the episodic assembly and
dispersal of supercontinents. Nance et al. (2014) reviewed the devel-
opment of the concept of the supercontinent cycle in relation to the
episodic nature of tectonic processes. Their history of the amalgamation
and subsequent breakup of Rodinia is helpful for the following

discussion. Hoffman et al. (2017) showed that the Sturtian and Mar-
inoan glaciations were coeval with the breakup of the supercontinent
Rodinia. This resulted in an increase in the total length of continental
margins. As such, the silicate weathering and carbonate sedimentation
increased and the atmosphere became depleted in CO,. To evaluate
these ideas, we used the temporal distribution of supercontinents from
Young (2019) and compared it with our compilation of ice ages. Fig. 2
shows marked ice ages during the breakup of the megacraton Laur-
oscandia (four glaciations) and supercontinent Rodinia (two glacia-
tions). There are four distinct Paleoproterozoic glaciations: three in the
Huronian and the high-paleolatitude Rietfontein glaciation in South
Africa, which postdates the youngest Huronian glaciation. The breakup
of Columbia (or Nuna) was NOT associated with an ice age. This remark-
able fact has already prompted many attempts at explanation. Jellinek
et al. (2020), for example, believe to have found the explanation by
means of a model in which a tectonically modulated carbon cycle model
is coupled to a one-dimensional energy balance climate model. They
propose that the relatively warm and unchanging climate of the Nuna
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supercontinental epoch (1.8-1.3 Ga) is characteristic of thorough
mantle thermal mixing. The model is quite complex, so we cannot
evaluate it.

The Permian—Carboniferous glaciation occurred during the amal-
gamation of Pangea. The Cenozoic ice age is occurring before future
supercontinent formation and breakup. The small glaciation after the
Transvaal-Pilbara supercontinent breakup 1is not particularly
convincing. Therefore, continental breakup enhanced inorganic silicate
weathering is very likely not the most important mechanism to explain
glaciations, but there must be other essential contributions. These in-
ferences do not change if we compare the distribution of glaciations with
a histogram of 100 000 detrital zircon ages from Voice et al. (2011) and

Cawood et al. (2013). If the breakup of Rodinia would generate two
events at once, it would be incomprehensible why comparable large ice
ages were not caused by the breakup of Pangea. Enhanced silicate
weathering makes a significant contribution to atmospheric cooling, but
this is obviously not sufficient to generate an ice age (Figs. 1 and 2).
An important criticism that affects both Sections 2.2.2. and 2.2.3. is
the statement that zircons are products primarily of intermediate and
felsic intrusive igneous rocks, whereas weathering rates are more sen-
sitive to mafic and ultramafic extrusive igneous rocks. Macdonald et al.
(2019) hypothesized that low-latitude arc-continent collisions drive
cooling by exhuming and eroding mafic and ultramafic rocks in the
warm, wet tropics, thereby increasing Earth’s potential to sequester



U. Walzer and R. Hendel

carbon through chemical weathering.

2.3. Volcanic hypotheses

It is obvious that onsets and terminations of major glaciations are
abrupt (Hoffman et al., 2017; Hoffman et al., 2021). Therefore, attempts
to explain these phenomena by inorganic carbonate-silicate weathering
are hopeless. Consequently, we compared the temporal distribution of
all known LIPs based on FErnst (2014) and Ernst and Youbi (2017)
(Fig. 3) with the sequence of glaciations. At first glance, this comparison
does not support a close relationship between LIPs and glaciations. In
the long period between the last Paleoproterozoic glaciation and the first
Cryogenic snowball Earth period, there were numerous LIPs but no ice
ages. Even if we consider only the late Proterozoic and recent geologic
history since the beginning of the Sturtian snowball period, there is no
systematic correlation between LIPs and onsets and terminations of
glaciations. Macdonald et al. (2010) suggested that the age of the glacial
deposits of the Upper Mount Harper Group (716.47 =+ 0.24 Ma) is
indistinguishable from the age of the Franklin LIP (716.33 =+ 0.45 Ma).
They concluded that the Franklin LIP basalts caused strong drawdown of
atmospheric CO, and triggered the Sturtian snowball Earth epoch.
Macdonald and Wordsworth (2017) suggested that the Sturtian snow-
ball Earth epoch was initiated by SOz and HjS outgassing into the
stratosphere, and that concurrent CO, emissions are relatively small.
SO, and H3S produce sulfates. Formation of stratospheric aerosols cau-
ses an increase in albedo, which reduces incoming solar irradiation. As
Macdonald and Wordsworth (2017) emphasized, Franklin LIP is a spe-
cial case because, first, it is enormous and was erupted squarely across
the paleoequator, where stratospheric aerosol injection has the strongest
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cooling effect, and second, because Franklin LIP lavas are exceptionally
sulfur-rich because they were erupted through sulfate-evaporite bearing
Neoproterozoic strata (Shaler Group). For aerosol to reach the strato-
sphere at the equator requires long-lived thermal plumes above lava
fountains, as are observed in Iceland. This is an indication that it is not
sufficient to simply look at the distribution of LIPs over the time axis.
One must consider the connection with physical climatology (Imbrie
and Imbrie, 1986). The closer the LIPs are to the paleoequator, the
greater the impact on climate. Furthermore, Gumsley et al. (2017)
proposed that LIPs play an important role in the rise of oxygen and in
both initiating and terminating glaciations. They suggested that the
Great Oxidation Event (Anbar et al., 2007; Sverjensky and Lee, 2010;
Catling, 2014; Schirrmeister et al., 2015; Warke et al., 2020) could be
subdivided into several sub-events, and postulated that atmospheric
oxygen oscillations had occurred, which might explain the chronology
of the Paleoproterozoic glaciations. McKenzie et al. (2016) proposed
that CO, emissions from continental arcs have controlled the climate
since ca. 720 Ma, although the effects of SO, and H»S were not dis-
cussed. At first glance, the hypotheses of McKenzie et al. (2016) and
Macdonald and Wordsworth (2017) seem to contradict each other.
However, a closer look reveals that they are not necessarily in conflict
because arc magmatism is generally far more CO5 rich than flood-basalt
magmatism, although the latter is variable depending on plume-head
eclogite content and the nature of crustal wallrocks. The Macdonald
and Wordsworth (2017) hypothesis states explicitly that a preexisting
cold climate is a precondition, in order to lower the height of the tropical
tropopause. This could rule out the effects of many if not most LIPs
between ca. 800 and 2230 Ma. The currently favoured connection be-
tween Sturtian glaciation and Franklin LIP volcanism is through LIP

Fig. 3. Comparison of the timing of
glaciations with the LIP record of Ernst
and Youbi (2017). The Ramsay Lake
glaciation corresponds to the Makga-
nyene glaciation (compare Fig. 14). It is
the only one of the Paleoproterozoic
glaciations of which we can assume with
some probability that it is a snowball
Earth. The representation of the other
three Paleoproterozoic glaciations is
only a hypothesis, which is rather un-
certain. Our main conclusions, however,
are independent of whether this hy-
pothesis is correct.
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weathering (Cox et al., 2016). Franklin LIP weathering would be greatly
intensified by its location in the hot-humid equatorial zone (15°N-15°S).
The weathering hypothesis is now favoured because improved
geochronology constrains Franklin LIP volcanism to <1.0 Ma duration
centred on 719 Ma, whereas the onset of Sturtian snowball Earth period
is at 717 Ma (Pu et al., 2022). Youbi et al. (2020) show that magmatic
provinces can have a significant impact on global climate. They
conclude that the age of pulses from the Central Iapetus magmatic
province (580-570 Ma) is consistent with the Gaskiers glaciation, and
hypothesize that, first, the initial siliciclastic pulse (ca. 580 Ma) of the
Ouarzazate event (Anti-Atlas of Morocco) helped trigger the Gaskiers
glaciation, and second, global warming associated with subsequent ca.
579-570 Ma continental flood basalts marking the second phase of the
Ouarzazate event helped trigger the Gaskiers glaciation. 579-570 Ma
continental flood basalts, marking the second phase of the Ouarzazate
event, contributed to the end of glaciation. Next, Youbi et al. (2021)
investigate this promising mechanism for larger temporal and spatial
domains. They investigate the correlation of LIPs with major glaciation
events, focusing on those from the Neoproterozoic and Phanerozoic. We
conclude this Section by noting that of the proposed mechanisms to
explain the abrupt onsets and terminations of major glaciations,
particularly snowball Earth periods, the LIPs are the most likely to be in
question. Fig. 3 shows, however, that this conclusion cannot be valid
without additional conditions. The effects of the eruptions of the LIPs
have to be seen in connection with the physical climatology at the time
of the eruption, the proximity of the LIPs to the paleoequator, the
strength of the eruption and the chemical composition of the lava and
the emitted gases.

2.4. Biotic theories and the Great Oxidation Event

Numerous studies have proposed that natural climate change and
glaciations are caused by biotic factors. Kopp et al. (2005) argued that
oxygen-producing cyanobacteria evolved rapidly, destroyed the
methane greenhouse state, and triggered a snowball Earth period within
about 1 Ma. With increasing oxygenation, methane reacted with oxygen,
and Hy0 and CO; were produced. HoO and CO; are less powerful
greenhouse gases than methane. Because the proposed mechanism re-
quires oxygen, Kopp et al. (2005) assumed that the process occurred
shortly before the Makganyene snowball Earth epoch. However, the
consensus view among biogeochemists and molecular phylogenomicists
is that cyanobacteria evolved hundreds of Ma before the Great Oxidation
Event (GOE), and that oxygenic photosynthesis may be more primitive
than anoxygenic photosynthesis (Cardona et al., 2019; Cardona, 2019).
Knoll (2014) described the slow expansion of eukaryotic organisms in
the oxygenated surface waters of Proterozoic oceans, which led to a
major eukaryotic diversification at about 800 Ma. Based on similar ob-
servations, Feulner et al. (2015) proposed that the final rapid expansion
of eukaryotic algae caused the formation of organic cloud condensation
nuclei, which contributed to the Sturtian and Marinoan snowball Earth
epochs. Presently, eukaryotic algae are the main source of cloud
condensation nuclei over the oceans because they generate dime-
thylsulfoniopropionate (DMSP). Therefore, the present-day marine sul-
fur flux exceeds the sulfur flux of volcanic origin. At approximately 675
Ma, proto-haptophytes had probably developed the capability to
generate DMSP. Feulner et al. (2015) proposed that this resulted in the
relatively rapid augmentation of biogenic sulfur aerosols, acidified
rainwater, and decrease in atmospheric CO» concentrations at the
beginning of the Cryogenian. However, it should be noted that 675 Ma is
42 Ma after Sturtian snowball onset. Major groups of archaeplastid algae
where already distinguished and multicellular by 1.0 Ga. The diversifi-
cation of eukaryotes after ~800 Ma (Knoll et al., 2006) is mainly of
protistan heterotrophs, i.e. vase-shaped microfossils interpreted as
testate amoebae, which most probably do not produce DMSP. This is
why the Feulner et al. (2015) hypothesis was referred to as good idea
lacking empirical evidence. Macdonald and Wordsworth (2017)
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critiqued Feulner et al. (2015) as follows: “Albedo changes due to the
emergence of eukaryotic algae rely on the coincidence of a putative
evolutionary milestone for which there is no evidence.” They noted that
the Franklin LIP coincided with the onset of the Sturtian snowball Earth
epoch. The Franklin LIP was special in a number of different respects.
Feulner (2017) used the climate model of Montoya et al. (2005) to
explain climate change near the Carboniferous—Permian boundary. This
model combines an ocean circulation model, a fast atmosphere model,
and a dynamic sea-ice model. The high burial rate of organic carbon
related to the formation of anthracite coal caused significant drawdown
of atmospheric CO, during the Carboniferous (358.9-298.9 Ma). In
addition, Feulner (2017) modeled the effects of the slight variations of
the present-day obliquity, eccentricity of Earth’s orbit, and lunisolar
precession on the evolution of atmospheric CO; for the interval from
308.4 to 301 Ma. Feulner (2017) concluded that cooling brought Earth
close to the limit of a snowball Earth at ca. 300 Ma. This conception had
some forerunners e. g. Berner (2004). However, Goddéris et al. (2017)
proposed that biotic factors do not cause the Permian-Carboniferous ice
age, and highlighted the colonization of the continents by vascular
plants in the Late Devonian, which was long before the Per-
mian—Carboniferous ice age. Goddéris et al. (2017) proposed that
enhanced carbonate-silicate weathering induced by uplift during the
Hercynian orogeny and assembly of Pangea caused the late Paleozoic ice
age. Compare our Section 2.2. Based on the evidence, we suggest that
biotic evolution influenced climate and glaciations only to a small
extend. One of the earliest and most popular explanations, but one
lacking strong empirical support, is a microbially mediated increase in
terrestrial weathering rates. The empirical basis was said to be a late
Tonian increase in clay mineral production (Kennedy et al., 2006), but
the clays later turned out to be detrital mica and their increase coincided
with the Sturtian glaciation (Tosca et al., 2010).

Holland (2002) used the term Great Oxidation Event (GOE) for the
transition of atmosphere from a reducing to an oxidizing state. Prior to
the GOE, all sulfur gases were reduced to pyrite. Kump (2008) described
how the atmosphere obtained a considerable percentage of oxygen.
Because rocks older than ca. 2450 Ma exhibit a large degree of mass-
independent fractionation (MIF) of sulfur isotopes and the mean varia-
tion of A33S values rapidly virtually vanishes for younger rocks, the GOE
was thought to be a relatively sudden event. Fig. 4 shows the abrupt end
of the period of large variations in A33S values. The large variations
before the GOE were probably produced by photochemical reactions of
SO, and HjS ejected from volcanoes into the atmosphere. This process
cannot continue if O, concentrations exceed a certain threshold, which
is perhaps less than 0.001% of the present-day atmospheric level (Pavlov
and Kasting, 2002). Lyons et al. (2014) proposed that the growth of the
atmospheric abundance of Oy proceeded and that oxygenic photosyn-
thesis was the only important source of free oxygen at the surface of the
Earth. They suggested that atmospheric reorganization was driven
mainly by biological productivity, and that cyanobacteria were partic-
ularly important because these organisms were the earliest producers of
free Oy by photosynthesis. The black curve of the lower panel of Fig. 4,
representing the 5'3C evolution, indeed shows that the traditional GOE
occured long before the strong 5'3C fluctuations in the early Proterozoic.
The great time lag between these fluctuations in the early Proterozoic
and the strong 6'3C fluctuations in the late Proterozoic has been
explained by the hypothesis that, in the beginning, only the topmost
layer of the ocean incorporated O in solution whereas the deep ocean
was free of oxygen and enriched in HyS (Canfield, 1998) and that this
anoxic part of the ocean degraded the abundances of bioessential ele-
ments and thus promoted the diversification of eukaryotic organisms
leading to a final big increase of oxygenation followed by a strong
expansion of life (Lyons et al., 2014). We compared our compilation of
ice ages (upper panel of Fig. 4) with the 5§!3C curve from Lyons et al.
(2014), and identified that the first large positive excursions clearly
occurred after the Ramsey Lake, Bruce, and Gowganda snowball Earth
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Fig. 4. The upper panel shows ice ages in the past 4 Ga, where the vertical height of each blue bar signifies the minimum paleolatitude of ice extent. The data are
provided in Section 3. The lower panel shows 5'3C (black) and A33S (=5°3S — 0.515.6°*S) values for the past 4 Ga. The isotope data are from Lyons et al. (2014),
Reinhard et al. (2013), and Planavsky et al. (2012).The A33S values from secondary ion mass spectroscopy (SIMS) are shown in gray, whereas the other sulfur isotope
data are indicated by red circles. The Ramsay Lake glaciation corresponds to the Makganyene glaciation (compare Fig. 14). It is the only one of the Paleoproterozoic
glaciations of which we can assume with some probability that it is a snowball Earth. The representation of the other three Paleoproterozoic glaciations is only a
hypothesis, which is rather uncertain. Our main conclusions, however, are independent of whether this hypothesis is correct.

epochs, whereas the temporal order is reversed in the case of the second
largest maximum of the 5'3C curve in the late Proterozoic, with respect
to the Sturtian and Marinoan snowball Earth epochs. The fourfold sub-
division of the Paleoproterozoic ice ages and the twofold subdivision of
the Cryogenian ice ages are not reflected in the 5'3C curve.

The uniform 6'3C values between 1.9 and 1.0 Ga (Fig. 4) are difficult
to explain. Daines et al. (2017) attempted to model this period by taking
into account erosion, weathering, and biogeochemical cycling. Their
results exhibit a strong negative feedback when the atmospheric Oz
concentration was pOy~ 0.1 PAL (present atmospheric level). The sta-
bility no longer exists at pOa< 0.01 PAL. Between these boundaries, the
613C record is insensitive to variations in the burial rate of organic
carbon. Daines et al. (2017) concluded that elevated biological pro-
ductivity and subsequent carbon burial caused the GOE. Our represen-
tation in Fig. 4 is supported by Warke et al. (2020), who show that the
GOE in northwestern Russia occurred between 2501 and 2434 Ma, while
the Ramsay Lake ice age occurred between 2460 and 2435 Ma. This
means that neither the first Paleoproterozoic glaciation nor the later
Paleoproterozoic glaciations can be the cause of the GOE. The strong
push in the evolution of oxygenic photosynthesis, the GOE, as monitored
by the S-MIF/S-MDF transition preceded the four Paleoproterozoic
snowball Earth intervals. At least, this would be the case if the A%S
values of Planavsky et al. (2012), Reinhard et al. (2013), and Lyons et al.
(2014) are correct.

In addition to the observations and hypotheses presented in Section
2.4. above, the following critical remarks must be made: The Canfield
(1998) deepwater euxinia hypothesis was conceived to explain the

absence of banded iron-formation after 1.85 Ga, except for Cryogenian
snowballs, despite evidence for persistent deepwater anoxia. It is diffi-
cult to see the connection between deepwater euxinia and absence of C-
isotope excursions. Near zero permil 6'3C during the "boring billion’
implies fractional organic burial similar to modern. Subsequent to
Canfield (1998), many studies have shown that Proterozoic deepwaters
were prevailingly ferruginous, and euxinic only locally around large
deltas sources of riverine sulfate input. Accordingly, lack of bioessential,
i.e. nutrients due to widespread euxinia (Anbar and Knoll, 2002) does
not apply. The fundamental problem is to explain why atmospheric O,
levels did not approach modern and remain there soon after the GOE, as
Holland (2002) originally expected. That problem remains unresolved.
Furthermore, it should be noted that correlations between C-isotope
excursions (CIEs) and Paleoproterozoic glaciations are highly specula-
tive. There are few C-isotope records from the period of Huronian and
Transvaal glaciations. During the Neoproterozoic, large CIEs occurred
before, between and after the Cryogenian snowballs. This cannot be
described as “the reverse” of the Paleoproterozoic. A more obvious
distinction is that only positive CIEs are observed in the Paleoproter-
ozoic, where both positive and negative CIEs characterize the Neo-
proterozoic after ~870 Ma. Not that we expect CIEs to become
progressively dampened at older ages because of increased dissolved
inorganic carbon (DIC) reservoir size with higher atmospheric p¢o,. Any
given change in the organic export flux from the surface ocean would
have a smaller isotopic effect if the DIC reservoir is larger.
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2.5. Proterozoic ice ages on a high-obliquity Earth

In Sections 2.2 through 2.3 we have presented hypotheses that are
very likely to explain significant portions of natural climate change. At
this point, however, we discuss a fourth proposal that, to be clear, we do
not believe to be valid.

Williams (1975) and Williams et al. (2016) presented empirical ev-
idence that supports the hypothesis of Proterozoic ice ages at low
paleolatitudes. This includes periglacial deposits, thermal contraction
cracks caused by severe frost, and annual oscillations in sea level
recorded by tidal rhythmites. Therefore, at least after Williams et al.
(2016), open ocean must have been present at this time, along with
strong seasonality. Meter scale periglacial sand wedges were observed.
Therefore, Williams et al. (2016) suggested that the unmodified snowball
Earth hypothesis is incorrect. They continued with a bold statement and
suggested that obliquity was greater than 54° during the Proterozoic ice
ages. Similarly, Young (2018) suggested that prior to the Ediacaran,
Earth’s rotational and orbital axes were separated by a high angle
(greater than 54°) and, therefore, Proterozoic ice ages were caused by
the breakup of supercontinents, whereas after a catastrophic event,
perhaps an impact, the obliquity obtained values oscillating between
22.1° and 24.5°. Young (2018) proposed that Proterozoic ice ages were
caused in a completely different way than today by orogenic activity
associated with collisions during amalgamation of a new supercontinent.

There are plenty of arguments against the high-obliquity hypothesis.
The following can be said about the so-called annual oscillation in sea
level’. In William’s analysis, there is an annual signal in the Elatina tidal
record, but these are records of oscillatory tidal currents, e.g., in tidal
channels, more than of sea level. - The presence of tidal rhythmites does
not require open water. Tides in the ocean are not impeded by a thin skin
of ice. The ice shell itself is subject to the same gravitational forces and
orbital centrifugal forces. In fact, it has been argued that the presence of
a continuous ice cover accounts for the perfect preservation of William’s
tidal bundles, by eliminating interference from wave action. Strong
seasonality (polygonal sand-wedges) at low paleolatitude was what
drove the high-obliquity hypothesis. In its original form, obliquity was
inferred to have chaotically varied between high and low values, with
high obliquity favouring glaciation, because of stronger ice albedo
feedback due to larger zonal area at lower latitude, and low-latitude ice.
Findings from the celestial mechanics of the solar system caused Wil-
liams (1975) to revise his model to one of perpetual high obliquity until
after Marinoan time, when it rapidly decreased to low values by
Cambrian time, when paleoclimate is known to have been warmest at
the equator. - No climate dynamicist would agree that high-obliquity is a
credible hypothesis for low-latitude glaciation at sea level. High oblig-
uity results in strong seasonality and hot summers everywhere. The
coupled ocean-atmosphere-sea ice MIT-climate change model (GCM)
was unable to simulate partial ice cover with large obliquity (Ferreira
et al., 2014). They found only two climate states are stable as radiative
forcing is varied: nonglacial and panglacial. -

It should be mentioned that high obliquity does not account for
physically abrupt onsets and terminations of Cryogenian glaciations,
their common association with thick shallow-marine carbonate succes-
sions indicating a geographically warmer part of the surface ocean, the
presence of characteristic postglacial cap carbonates, or association with
the only regional-scale sedimentary iron-formations in the past 1.85 Ga.
Further empirical evidence against Proterozoic high-obliquity was
marshalled by Evans (2006), showing that paleolatitudes of evaporite
deposits remained statistically unchanged over the past 2.0 Ga, whereas
high-obliquity would reverse the Hadley circulation resulting in an
equatorial zone of largest net evaporation. -

What about strong seasonality at low paleolatitute, Williams original
motivation? Snowball Earth itself greatly increases seasonality because
the solid surface has little thermal inertia. This strong seasonality does
not prevent glaciation, as argued above against high-obliquity, because
it only occurs after the tropical ocean had already frozen over. Still,
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Williams argued that snowball models did not produce large enough
seasonality to explain his Cattle Grid Mine permafrost structures. It
turned out that this was because most climate models, which evolved for
global change research, incorporated the present near-circular orbit.
When the full range of eccentricity was included, low-latitude season-
ality at low obliquity and an ice-covered produced seasonality large
enough to satisfy Williams’ specifications (Liu et al., 2020). - Due to cold
surface temperature resulting from high albedo, the polar ice caps
thicken to the point where they flow equatorward like an ice shelf. At the
low CO; of a snowball onset, the sea-glaciers are ca. 1.0 km thick, with
<100 m thickness variation due to flow. As a result, the flow tends to seal
off any area of open water or thin ice. This is very different than
Kirschvink’s (1992) conception of floating pack-ice. Key papers were
written by Warren et al. (2002), Goodman and Pierrehumbert (2003), Li
and Pierrehumbert (2011), Tziperman et al. (2012), and Goodman and
Strom (2013). Models with stable waterbelt solutions without sea-ice
dynamics commonly lapse to snowballs when ice dynamics are
included (Voigt and Abbot 2012). Stable waterbelt solutions,i.e., stable
low-latitude marine ice margins, have been sought in coupled models for
obvious reasons. It is important to point out that the stable waterbelt
branch in bifurcation diagrams of such models resides inside the
snowball CO, hysteresis loop. As a result, the stable waterbelt state
cannot be reached from any other state. If the waterbelt state inacces-
sible from other states, it has no relevance for geology (Braun et al.,
2022). Pierrehumbert et al. (2011) summarized the opinion among
climate dynamicists that for a waterbelt state to have been stable over
the millions of years of Cryogenian snowballs, given periodic and sto-
chastic changes, is implausible. There are other solutions for the survival
of the eukaryotes (Vincent et al., 2000; Vincent et al., 2004; Hoffman,
2016; Hawes et al., 2018).

Apart from the geological objections to the hypothesis of Williams
et al. (2016), it is difficult to explain the sudden change in obliquity. A
major impact would probably have generated other catastrophic effects,
which have not been observed. There are also some other geological
objections. For example, Hoffman and Li (2009) showed that six of eight
occurrences of Cryogenian periglacial sand wedges are located at pale-
olatitudes greater than 30°. Their discussion is based on a study of the
formation and breakup of Rodinia by Li et al. (2008). Donnadieu et al.
(2004) calculate a spreading polar cap of glacier ice with a thickness that
can reach several kilometers, with a wet base. These modeled polar caps
move from the poles to the equator in the Paleoproterozoic and in the
Cryogenian, as they do today. Laskar et al. (1993) found a large chaotic
zone between 60° and 90° obliquity. In the present-day, there is no such
chaotic zone on Earth, and there are only small variations around the
present-day value of 23.43663°. The Moon has stabilized Earth’s
obliquity. Colose et al. (2019) used the NASA GISS ROCKE-3d fully
coupled atmosphere-ocean Global Climate Model to examine whether
low- or high-obliquity planets are more likely to experience a planet-
wide ice age. They demonstrated that high-obliquity planets remain
considerably warmer than their low-obliquity counterparts, other things
being equal. Although equatorial glacial belts are stable at high obliq-
uity, it is more difficult to develop a global glaciation. Hoffman et al.
(2017) showed that the present-day distribution of Sturtian and Mar-
inoan glacial and periglacial deposits is rather uniform. When these
observations are incorporated into paleogeographic reconstructions, the
glacial observations are likewise not restricted to the equatorial climate
zone. Based on the discussion above, the high-obliquity hypothesis has
little merit. Proterozoic ice ages started as usual at the poles and prop-
agated towards the equator.

3. Snowball Earth and glaciations
3.1. Snowball Earth

Here we distinguish the concepts of the snowball Earth and glacia-
tion. Only in the Early Paleoproterozoic and Neoproterozoic records we
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find snowball Earth periods when all oceans were ice-covered, allowing
for meltwater drainage and air-gas exchange through cracks and mou-
lins, and partial ice cover on land. All ice-sheet-atmosphere general
circulation models (GCMs) with completely ice-covered oceans simulate
ice-free land areas where there is net surface ablation. Le Hir showed,
counterintuitively, that ice-free continental area increases as atmo-
spheric CO; rises and the surface warms (Benn et al., 2015). Ice-free land
surfaces during Cryogenian glaciations were recognized from polygonal
sand wedges and permafrost involutions in many areas from the 1960s
onward. Snowball Earth is a climate state driven primarily by ice-
albedo. Consequently, it is fundamentally an oceanographic phenome-
non. This is because, first, the oceans cover a much larger area than the
continents, and second, the albedo contrast between seawater and
multiyear sea-ice is greater than that between bare ground and glacial
ice, and third, ice forms wherever the ocean surface cools below a
critical temperature, whereas the low albedo of a frozen land surface
may persist ice-free where there is net ablation. On snowball Earth, net
accumulation at higher elevations and latitudes is balanced by net
ablation elsewhere. A distinguishing secondary characteristic of the
snowball climate is the equatorial zone of net ablation, in contrast to the
subtropical deserts of all other climate states. The equatorial desert on
snowball Earth is a consequence of the solid surface (Voigt, 2013).
However, an ice age or glaciation is a long period of reduction in the
temperature of the surface of the oceans and the continents and in the
atmosphere during which there are polar ice sheets and high mountain
glaciers. As such, every snowball Earth epoch was an ice age but not vice
versa. Another distinction is important. Individual pulses of cold climate
within an ice age are called glacials, separated from each other by
warmer periods, which we call interglacials.

Harland (1964) suggested an extreme ice age prior to the Cambrian,
which formed marine tillites in the tropics. The CO,-driven escape from
the snowball state was first laid out by a Walker et al. (1981) paper on
temperature-dependent silicate weathering as a climate-stabilizing
feedback. Kirschvink (1992) was the first to apply the self-reversing
ice-albedo bifurcation concept to the geological record, and he intro-
duced the name ’snowball Earth’ as an allusion to its appearance from
space. Actually, the presence of an ice sheet allows weathering beneath
it to continue. An ice sheet forms a insulating blanket that allows
geothermal heat to raise temperature to the melting at the base of the
ice, even where surface air temperatures are —50°C as in central
Antarctica. The ground beneath an ice sheet is highly reactive because of
abundant freshly-ground rock powder produced by glacial abrasion. In
constrast, virtually no weathering occurs in polar deserts where the land
surface is directly exposed to cold air. Also, sea-floor weathering con-
tinues to consume CO3 although at a slow rate due to very cold seawater
temperature on snowball Earth. Nevertheless, the Walker et al. (1981)
self-reversing snowball still holds because CO5 consumption rate was
less than the outgassing flux (Hir et al., 2009). A more basic reason for
CO4 accumulation in a snowball climate is that CO, gas is not soluble in
snow, only in liquid precipitation. If there was no rain, there was no
mechanism to scrub CO; from air short of direct condensation during
polar winter, most of which sublimates away during polar summer.
Hoffman et al. (1998) and Hoffman and Schrag (2002) made some key
observations that were linked to the snowball Earth: Negative 5'3C ex-
cursions were detected in carbonate rocks located above and below
glacial deposits in Namibia. The Neoproterozoic snowball onsets are
synchronous, remarkably within a few hundred years, at low paleo-
latitudes and terminations are synchronous at all paleolatitudes. There
could be a slow increase in ice cover before the snowball bifurcation
threshold was reached. Terminations are predicted to be globally syn-
chronous because of intrinsic CO9 hysteresis (Walker et al., 1981).
Existing geochronological data are vitually all from paleolatitudes <35°.
Early models implied that a snowball albedo could not be overcome by
geologically realistic CO5 levels (Pierrehumbert, 2005), but this problem
was resolved when the effects of clouds, in particular net warming in a
snowball climate, are explicitly modelled (Abbot et al., 2012; Abbot
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et al., 2013; Abbot, 2014). Each snowball Earth termination was con-
nected with an intense greenhouse phase characterized by a flux of
alkalinity leading to the deposition of a cap dolostone layer. In general,
overlying this is a sequence of mixed sediments that are also carbonate-
dominated. Such observations are global and particularly concentrated
near the equator. We want to elaborate on that a bit more. During a
snowball, an enormous dissolved inorganic carbon (DIC) reservoir
builds up in the snowball ocean because detrital carbonate, delivered as
rock powder in the runoff of the meltwater beneath ice sheets eroding
tropical carbonate-rich continental shelves and platforms, is slowly
dissolved to buffer rising seawater acidity from CO5 outgassed at mid-
ocean ridges. When the snowball deglaciates, the ocean warms, conti-
nental shelves are flooded, and pH value slowly rises again, the surplus
DIC reprecipitates as carbonate, sufficient in volume to cover the entire
continental area with an average of 3-5 m of carbonate rock (Hoffman
and Schrag, 2002; Higgins and Schrag, 2003). However, the story is not
so simple because snowball deglaciation results in a surface ocean
dominated by glacial meltwater, not the alkalinity-charged snowball
brine (Shields, 2005), although vertical mixing would be focussed at
continental margins where many cap dolomites are preserved and
exposed. Therefore, rapid syndeglacial weathering is required to drive
the meltwater lid to critical oversaturation. Because of the short time-
scale, the syndeglacial alkalinity flux from weathering must have been
dominated by carbonate weathering (Higgins and Schrag, 2003), since
carbonates dissolve much faster than silicates and because many car-
bonate shelves and platforms would initially have been subaerial
exposed during deglaciation. It is not possible to cover all aspects of the
snowball Earth hypothesis here, but a detailed review can be found in
Hoffman et al. (2017), Hoffman et al. (2021).

3.2. Glaciations

An ice age or glaciation is divided into a series of glacials and in-
terglacials. The latter ones can be explained by the Milankovitch hy-
pothesis (Berger, 1988), although there are objections (e.g., Paillard,
2015). It should be noted that a part of the the Milankovitch (1941)
hypothesis is that glacier growth is favoured by cool summers at 65°N in
the Quaternary. For the time being, we will only outline the main fea-
tures of Milankovitch hypothesis. There are three Milankovitch cycles
that affect the climate: (1) eccentricity variations of Earth’s orbit with a
combined main period of about 100 000 years; (2) changes in Earth’s
obliquity between 22.1° and 24.5° with a period of about 41 000 years;
and (3) lunisolar precession with a period of 25 771.5 years. Further-
more, the orientation of Earth’s orbit in space is slowly changing. This
movement is called apsidal precession and, combined with the lunisolar
or axial precession, alters the 25 771.5 years period to an average of 23
000 years on average (varying between 20 800 and 29 000 years). In
reality, these astronomical mechanisms are considerably more complex
but well known, and the effects of the different mechanisms on climate
deviate partly from those expected. In addition, the aforementioned
periodicities are not constant throughout Earth’s history, because of the
evolution of the Earth-Moon system (e.g., Meyers and Malinverno,
2018). The Milankovitch theory, its modern development and critique,
as well as the subdivision of ice ages into glacials and interglacials is
treated in more detail in Section 5.1. The primary aim of Section 5.1. is
to clearly distinguish the concept of ice ages from that of glacials and
interglacials. The fourth type of model described by Walzer and Hendel
(2022) is stratigraphic models, which are key in determining the onset
and termination of an ice age (e.g., the Sturtian and Marinoan). Hoffman
et al. (2017) reported that the Sturtian onset, Sturtian termination, and
Marinoan termination were globally synchronous, as inferred by com-
bined U-Pb and Re-Os dating. Multiple cap carbonates of different ages
have not been found. Therefore, the terminal deglaciations of ice ages
were unique events. The stratigraphy allows the following time intervals
to be defined.
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Table 1
Cryogenian glaciations

Marinoan deglaciation 636.0 to 634.7 Ma 635 Ma
Marinoan onset 649.9 to 639.0 Ma 646 + 5 Ma
Sturtian deglaciation 659.3 to 658.5 Ma 661 Ma
Sturtian onset 717.5 to 716.3 Ma 717 Ma

The first and second columns of numbers are ages for all continents
according to Hoffman et al. (2017). The third column of numbers refers
to Cryogenian sediments in NW Namibia according to Hoffman et al.
(2021). In addition to the small list, it should be noted that according to
Macdonald et al. (2010) 716.5 Ma are to be assumed as a minimum age
constraint on Sturtian snowball onset because it took <400 ka after
snowball onset for ice sheets to thicken and flow, producing evidence of
glacial action at sea level as observed by those authors. 663.03+0.11 Ma
(Cox et al., 2018) dates Sturtian deglaciation on the assumption that the
Wilyerpa Formation is syndeglacial in origin. We use the Neoproterozoic
chronology shown in Fig. 1 of Rooney et al. (2015). Rooney et al. (2015)
presented Re-Os geochronological constraints on the Sturtian onset and
deglaciation, and Marinoan termination on three different paleo-
continents. Fig. 5 is a compilation and combines the Re-Os ages of
Rooney et al. (2015) with other Re-Os and igneous U-Pb age con-
straints. No detrital zircon U-Pb ages are included, as these cannot
constrain the beginning or termination of an ice age. For our graphic
presentation, we use an age for the Sturtian ice age of 717.4-659.6 Ma
and for the Marinoan ice age of 640.7-635.5 Ma. In this context we
would like to refer to the high-quality U-Pb (CA-ID-TIMS) data on cap
carbonates in Zhou et al. (2019).

It is difficult to establish a robust stratigraphic model for the Paleo-
proterozoic glacial epochs. Hoffman (2013) proposed a scheme that
involves only three such epochs, in North America, southern Africa, and
Western Australia. Tang and Chen (2013) presented a comprehensive
compilation of lithostratigraphic and geochronological data for the
Paleoproterozoic ice ages (Fig. 6). Glacial diamictites can be used to
subdivide a small percentage of the Paleoproterozoic in North America
into 3-4 ice ages, but on other continents only one diamictite unit is
present, possibly due to erosion. There were certainly two, to be precise
Duitschland and Rietfontein, and perhaps three (Makganyene) Paleo-
proterozoic glaciations on Kaapvaal craton, South Africa. The only
Paleproterozoic glacial formation surely known to have been deposited
a low paleolatitude is the ca 2.43-Ga Makganyene glaciation (Evans
et al., 1997). Therefore, it is also referred to by Kopp et al. (2005) as
Makganyene snowball Earth. The Rietfontein (Boshoek) glaciation
occurred at high paleolatitude according to new paleomagnetic data.

Tang and Chen (2013) also concluded that Paleoproterozoic ice ages
were synchronous worldwide. A detailed stratigraphic model of Paleo-
proterozoic supracrustal rocks on the northern coast of Lake Huron has
been constructed by Young (2013). Caquineau et al. (2018) investigated
the zircon U-Pb geochronology of the early Proterozoic Turee Creek
Group, Hamersley Basin, Western Australia. This siliciclastic-dominated
sedimentary sequence contains at least two diamictitic units with simi-
larities to other Paleoproterozoic glacigenic sediments from South Africa
and North America (Lake Huron). However, to some extent, the corre-
lation of these ice ages is ambiguous. Fig. 7 shows a possible correlation
of these ice ages. Even if we combine the two glacigenic diamictite ho-
rizons in the Gowganda Formation (cf. Figs. 6 and 7) into one glacial
epoch, Fig. 7 suggests there were four Paleoproterozoic ice ages, which
is in broad agreement with the results of Hoffman (2013) (see his Fig. 1),
although Hoffman (2013) suggested there were only three Paleo-
proterozoic ice ages. Estimations of onsets and terminations for these
Paleoproterozoic ice ages are as follows:
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Fig. 5. Geochronological constraints on the Sturtian and Marinoan ice ages,
based on Rooney et al. (2015).
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Table 2

Paleoproterozoic glaciations
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Rietfontein glaciation onset
Gowganda glaciation onset
Bruce glaciation onset
Ramsay Lake glaciation onset

2250 Ma; termination:
2340 Ma; termination:
2410 Ma; termination:
2460 Ma; termination:

: 2240 Ma
: 2310 Ma
: 2384 Ma
: 2435 Ma

<2125+4Ma™

2041+5Ma ™
2110+110Ma™

~ >205916 &

m
fi

=~

Although these ages have uncertainties, they are needed to construct
Figs. 1-4. These estimated values are from a combination of results from
Caquineau et al. (2018) and Tang and Chen (2013). However, our final
conclusions are independent of the exact ages. Gumsley et al. (2017)
identified four Paleoproterozoic ice ages (cf. Fig. 14), in agreement with
Rasmussen et al. (2013) and Schroder et al. (2016), with the fourth ice
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Fig. 8. For the presented two successive glaciations, the temperature rise is
strongly nonlinear. According to Mills et al. (2011), this picture shows a cyclic
solution when the steady-state temperature is forced below the ice-albedo
runaway value for 150 Ma. a: The imposed kinetic weathering enhancement
is shown in grey; in black is the weathering rate relative to present. b: Total
atmosphere and ocean carbon (grey) and atmospheric carbon dioxide (black). c:
Temperature (solid line) alongside snowball entry and exit thresholds (thin
grey lines).

4. Do the onsets and terminations of the Sturtian and Marinoan
glaciations occur relatively quickly or do they require a few
million years each?

There are strongly divergent views on the speed of deglaciation after
a snowball Earth epoch. Hir et al. (2009) develop a hierarchy of nu-
merical models of the snowball Earth aftermath. These models show that
the hydrological cycle intensifies only weakly in response to the elevated
greenhouse. Their main conclusion is that “postglacial silicate weath-
ering was likely not as vigorous as commonly assumed (Higgins and
Schrag, 2003; Hoffman et al., 2007)”. Furthermore, Hir et al. (2009)
conclude that “the time required to restore CO; concentrations to
roughly pre-glacial levels is on the order of a few million years, rather
than a few thousand years, as has been previously assumed (Higgins and
Schrag, 2003)”. The simulations in Hir et al. (2009) were intended to
estimate the timescale for silicate weathering to provide the alkalinity
flux for cap carbonate production. Hoffman et al. (1998), Higgins and
Schrag (2003), and Hoffman et al. (2007) had assumed a sufficient
alkalinity flux on a timescale of millennia which corresponds to the
deglaciation timescale, whereas Hir et al. (2009) estimated it would take
from 10° up to a few million years. The problem with Le Hir’s et al.
(2009) simulation is that it neglected carbonate weathering, which is a
much faster process than silicate weathering (Higgins and Schrag,
2003). It also did not consider the effect of ocean warming on carbonate
saturation (Fabre et al., 2013) nor the alkalinity already present in the
ocean as a result of millions of years of buffering seawater acidification
through carbonate dissolution and sea-floor weathering (Higgins and
Schrag, 2003). Hoffman et al. (2007) demonstrated isotopically that a
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Marinoan cap dolomite in Namibia was deposited diachronously during
progressive flooding of an ancient continental slope and shelf having
400-600 m of paleotopographic relief, thereby linking cap dolomite
sedimentation in time with large-magnitude sea-level rise associated
with global ice-sheet meltdown. Ice-sheet meltdown cannot be a slow
process, because of ice-albedo and ice-elevation feedbacks. Consider
that mid-latitude glaciers in the European Alps have been lowered at an
average rate of 1.6 m per year over the past 50 years (Vincent et al.,
2017). At this rate, virtually all snowball ice sheets would disappear in
3-5 ka. This should be a maximum duration since most snowball ice
sheets were closer to the equator and to sea-level than Alpine glaciers,
and CO; levels were~100 times higher. The vast majority of Marinoan
cap dolomites worldwide have sharp bases and gradational tops, passing
upward into deeper-water facies. They extend over wide areas and
paleotopography, forming the transgressive systems tracts of typically
expanded depositional sequences. Basic stratigraphic relations make it
difficult not to associate transgressive cap dolostone with the ice sheet
meltdown millennial timescale and the whole-ocean warming deca-
millennial timescale. A short timescale for Marinoan cap dolostones is

supported by the sulfate A0 anomaly in seafloor barite at the tops of
cap dolomites in several areas (Crockford et al., 2018; Crockford et al.,
2019).

However, Hir et al. (2009) conclude from model simulations that it
takes millions of years for the silicate weathering cycle to obtain the
necessary post-snowball CO, level. Based on their 3D-climate model,
they conclude that the transition cannot be vigorous. The result of Hir
et al. (2009) is caused by the fact that the relationship between average
continental temperatures and runoff rates under very high CO; levels are
nonlinear. For example, for a 400 PAL CO; climate, the computed
discharge of dissolved elements from continental weathering into the
ocean is slightly less than a 10-fold increase in comparison to the
present-day value. The abbreviation PAL means present atmospheric
level. Le Hir’s et al. (2009) conclusion is indirectly supported by Rooney
et al. (2020). The latter find that the apparent diachroneity of the
Sturtian deglaciation can be explained as a consequence of stratigraphic
condensation. Font et al. (2010), on the other hand, are more oriented to
the geological observational facts and present detailed magnetostrati-
graphic data of the Mirassol d’Oeste cap dolostones and compiled data
from other post-Marinoan outcrops. They conclude that the duration of
the Marinoan deglaciation is 10 ka - 100 ka, because they equate this
with the time span of the deposition of the Marinoan dolostones.

With regard to the previous paragraph, the following must be noted:
Le Hir’s et al. (2009) point about the nonlinear relationship between
CO4 and the hydrologic cycle is correct, but there are other aspects. The
intensity of post-snowball carbonate dissolution and silicate weathering
was not solely due to the greenhouse climate, but rather to the mantle of
highly-reactive fresh rock powder, i.e. loess, and unweathered till,
exposed by global ice-sheet retreat, as well as little-weathered volcanic
products accumulated over millions of years under ice (Hoffman and
Schrag, 2002; Fabre and Berger, 2012). Diachroneity of Sturtian cap
carbonates is not relevant to the duration of Marinoan cap dolomites.
Sturtian cap carbonate sequences, including South China, generally lack
transgressive tracts, i.e. cap dolomites sensu stricto. This appears to
reflect a combination of deeper subsidence (longer-lived snowball) and
delayed onset of carbonate production until after major sea-level rise
was completed.

The argument of Font et al. (2010) depends on an actualistic
assumption of reversal frequency. If geomagnetic field intensity was
significantlly less than present, as it was in during intervals of the Edi-
acaran, Cambrian and Devonian, there is no constraint on the frequency
and speed of geomagnetic reversals, only on the sedimentation rates
capable of recording them. The highly aggradational character of sedi-
mentary structures within Marinoan cap dolomites,e.g., tubestone
stromatolite and giant wave ripples, as well as crystal-fans (seafloor
cement) in directly overlying deeper-water limestone imply rapid
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accumulation and anomalous carbonate oversaturation, supported by
the anomalous poleward extent of Marinoan cap dolomites (Hoffman
and Li, 2009) compared with nonskeletal carbonate distribution over
geologic time (Opdyke and Wilkinson, 1990).

We first give an uncommented literature review here. Only after-
wards do we evaluate individual papers. McMenamin (2004) explains
onset and termination of the two Cryogenian glaciations by the influ-
ence of the biosphere. Massive growth of giant stromatolites and major
blooms of phytoplankton produced large drops of atmospheric carbon
dioxide and thereby the abrupt onset of a snowball Earth. Subsequently,
however, cryoconites and hyperscums developed during the Cryogenian
glaciations, which supposedly can explain the rapidity of deglaciation.
Myrow et al. (2018) study wave ripples and tidal laminae in the Elatina
Formation (Australia) that developed after the Marinoan glaciation.
They found that water depths of 9 to 16 meters remained nearly constant
for about 100 years and 27 meters of sediment. This high accumulation
rate cannot be explained by subsidence, but by a very rapid rate of sea
level rise, i.e. 0.2 to 0.27 m/a. From this, Myrow et al. (2018) conclude a
very rapid deglaciation. - Lang et al. (2018) study pyrite concretions that
lie immediately beneath the cap carbonate. The associated sedimentary
sequence belongs to the termination of the Marinoan glaciation in the
Yangtze Block (China). Ocean models calculated in conjunction show
that the ocean experienced a rapid increase in pH and physical stratifi-
cation, followed by a rapid oceanic overturn. Lang et al. (2018) propose
a transient presence of marine euxenia in an ocean with redox stratifi-
cation and high bioproductivity. - Zhou et al. (2019) publish new high-
precision U-Pb zircon ages that argue for a rapid termination of the
Marinoan glaciation. In any case, they suggest that the duration of the
cap dolostone was considerably less than 10° years. A compilation of
worldwide data shows that the new data are consistent with a global
synchroneity of Cryogenic deglaciation events. - Nordsvan et al. (2019)
examine a combination of paleomagnetic, sequence-stratigraphic, and
sedimentological data and conclude rapid deglaciation with protracted
cap dolostone precipitation. They emphasize that the duration of cap
dolostone accumulation is not directly linked to the time scale of
snowball Earth deglaciation. Usually, cap dolostone units are inter-
preted as transgressive deposits with some magnetic reversals. Usually it
is concluded that they were accumulated in more than 10° years. This
conclusion is contradicted by Nordsvan et al. (2019), who propose that
cap dolostones represent sediment starvation following a major land-
ward coastal migration caused by the deglaciation of the thick snowball
Earth ice sheet. - Yu et al. (2020) address several hypotheses regarding
carbonate formation and conclude that cap carbonates were formed by a
combination of inorganic-chemical and microbial processes in a strati-
fied ocean with a low-salinity lid. Ramme and Marotzke (2022) apply a
coupled atmosphere-ocean circulation model (AOGCM). Their simula-
tions show that the freshwater stratification break down on a time scale
of about 10% years. This conclusion is almost independent of the CO,
scenario used. The thermal expansion of seawater causes a sea level rise
of only 8 meters during 3000 years. This is roughly consistent with the
observations of Myrow et al. (2018).

Here are some comments to the last paragraph. Nordsvan et al.
(2019) ignore the shallow-marine origin and transgressive nature of
most Marinoan cap dolomites. - The postglacial destratification time-
scale, i.e., mixing between the cold dense residual brine and a low-
density meltwater lid, provides a valuable constraint on the timescale
of Marinoan cap dolomite deposition. Seafloor barite (BaSO4), which
occurs at the top of cap dolomites on different paleocontinents, implies
mixing between two distinct aqueous reservoirs, one rich in sulfate and
the other in Ba. These ions cannot coexist in solution in significant
concentration because of the extreme insolubility of barite. Crockford
etal. (2016), Crockford et al. (2018) demonstrated that the sulfate in cap
barite was borne by the meltwater lid, since it carries the A0 anomaly
of atmospheric O», transferred to sulfate during oxidative weathering of
sulfide-bearing rocks. Crockford et al. (2019) showed that the Ba came
from the anoxic and well-mixed snowball brine, since its Ba-isotopic
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composition is globally uniform and indistinguishable from modern
pelagic barite. Brine-meltwater mixing has also been inferred from Sr
and O-isotopes in Marinoan cap dolomite itself. Estimated destratifica-
tion timescales on the order of 40-60 ka (Yang et al., 2017) or a thou-
sand years (Ramme and Marotzke, 2022), as constraints on cap dolomite
deposition, are incompatible with the 10°-10° years estimates of Font
et al. (2010) and Nordsvan et al. (2019), the former based on paleo-
magnetic reversals. The rate of sea-level rise estimated by Ramme and
Marotzke (2022), 8 m in 3000 years, is 100 times slower than Myrow’s
et al. (2018) estimate of 0.2-0.27 m/a. Yang et al. (2017) and Ramme
and Marotzke (2022) simulated the ocean destratification timescale
differently. Given the importance of continental margins in vertical
ocean mixing, it is not surprising that the 1-D model (Yang et al., 2017)
destratified more slowly, but quantitative comparison is made difficult
by differences in boundary conditions. The prescribed sea-glacier
thickness may be critical because it melts first and most rapidly, being
in warmer air and bathed in water. Yang et al. (2017) prescribe a km-
thick sea-glacier whereas its thickness in Ramme and Marotzke (2022)
is limited to <30 m by the duration of the pre-deglacial model run. Both
prescriptions as rather extreme, in opposite directions, and perhaps the
truth lies between their respective estimates. The important point is that
both estimates point to a short timescale for deposition of Marinoan cap
dolomite.

Hoffman et al. (2017) find that uranium-lead and rhenium-osmium
age determinations show that the onset of Sturtian glaciation and the
terminations of Sturtian and Marinoan glaciations are globally syn-
chronous. Furthermore, their Table 1 shows that the onset and termi-
nation were “sharply defined in time.” For example, the onset of the
Sturtian cryochron at low (21°+3°N) paleolatitude is constrained by U-
Pb zircon ages between 717.5 and 716.3 Ma. The Sturtian termination is
constrained between 659.3 and 658.5 Ma. Hoffman et al. (2021) publish
similar ages for NW Namibia and conclude that each glaciation began
and ended abruptly. However, as shown above, the probably correct
time intervals for onset or termination of a glaciation are considerably
shorter than it seems when considering only the radioactive age de-
terminations just mentioned. Hoffman used the term “abrupt” to
describe Cryogenian glacial onsets and terminations based on physical
stratigraphic expression, before any direct radiometric age constraints
existed. The implication was that glaciation and deglaciation were
unidirectional and rapid at the regional scale. It was not meant to imply
synchroneity between regions. Glacial onsets are commonly marked by
an erosive contact, making their abruptness less significant than for
terminations, where contacts are typically non-erosive. Cryogenian de-
glaciations were likely to be faster than Quaternary deglaciation because
nearly all Cryogenian ice sheets were at lower latitude and pg,, was
about a hundred times higher. The total energy required for melting is
large but not limiting, ~5-6 W m~2 averaged over 2 ka. Over 200 W m 2
was available, even with 6-7% lower solar luminosity at that time. The
snowball glacial-deglacial cycle can be viewed as the interaction be-
tween climate feedbacks operating on different timescales: positive ice-
albedo and ice-elevation feedbacks operating on a timescale of months,
and silicate-weathering feedback operating on a timescale of millions of
years. The former govern the onsets and terminations, while the latter
governs the time elapsed between them.

5. Natural climate change: faster changes
5.1. Glacial-interglacial cycles: the Earth system is not isolated

It may be instructive to examine the subdivision of glaciations into
glacials and interglacials. Milankovitch (1941) showed that variations in
the eccentricity of Earth’s orbit, obliquity, and precession generate
changes the distribution of the solar radiation energy reaching Earth
over the different seasons of the year. The Milankovitch (1941) theory is
based on the supposition that glaciers and ice sheets grow when
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summers are cool and short at ~65°N, e.g. at the Laurentide and Scan-
dinavian ice-sheet centres. This is because their growth depends on the
survival of some fraction of winter snowfall through the summer melting
season. Already before, Milankovi¢ (1920) wrote that the prerequisite
for ice cover to form and then extend over the Earth are cool summers,
although the winters may be relatively mild. Milankovitch’s (1941)
theory was first supported by spectral analysis of deepsea sediment 580
records (Hays et al., 1976). These were confirmed a decade and a half
later by polar ice-core 580 records, covering much shorter timescales
but with additional proxies, i.e. 5D, trapped CO2, CHy, dust content, etc.,
and higher resolution. Fig. 9 presents an application of this theory from
Petit et al. (1999). The lower curve of Fig. 9 shows the computed mid-
June insolation at 65°N (in W- m’z). Fig. 9 also shows measured data
from ice cores from Antarctica. Spectral analysis of the measured data
yields periods of 100, 41, 24, and 19 ka (1 ka = thousand years). This
appears to be consistent with the Milankovitch theory, although one
might initially suspect that Antarctica is not necessarily representative
of the whole Earth. However, Lisiecki and Raymo (2005) published a
5.3-Ma stack of benthic 680 records from 57 globally distributed sites,
which were aligned with an automated correlation algorithm. The at-
mospheric COg, temperature, and CHy curves in Fig. 9 (Petit et al.
(revised January 2000)) agree well with the 5'80 curve of Lisiecki and
Raymo (2005). In addition, Strunk et al. (2017) investigated the climate
and modeled the glacial history of Greenland in the last 1 Ma (Fig. 10).
They quantified the exposure and denudation history using paired
cosmogenic 1°Be-2°Al bedrock data. Furthermore, EI’gygytgyn (Siberia)
diatom productivity (Si/Ti) data can also be considered a proxy for
temperature (Melles et al., 2012). This proxy is consistent with the LR04
benthic 6'®0 curve of Lisiecki and Raymo (2005). Therefore, we
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conclude that the Vostok ice core time-series in Fig. 9 is a proxy for the
global climate of the past 400 ka.

However, three real problems are evident in Figs. 9 and 10. Kauf-
mann and Juselius (2016) noted that the insolation signal produced by
eccentricity is only about 2 W/m?, whereas accumulation and ablation
of ice exhibits a strong 100 ka cycle signal. The insolation signal from
precession is about 100 W/m?, and that from obliquity is 20 W/m?2. As
such, the first problem is the nature of the amplification effect for the 100
ka cycle or an alternative forcing mechanism. Only a minority of re-
searchers propose the second alternative. For example, Arnaut and
Ibanez (2020) presented a conceptual model, whereby the oscillations
are produced by photosynthesis and the carbon cycle. A second problem
often considered is the following: The lowermost curve of Fig. 9 is a
superposition of only a few sine curves. However, the upper curves of
Fig. 9 and all curves of Fig. 10 exhibit a distinctive saw-tooth pattern.
The 5.3 Ma stack of benthic 620 records (Lisiecki and Raymo, 2005)
and similar observations reveal a third hitherto unresolved problem,
which is the dominance of the 100 ka cycle and saw-tooth pattern in the
youngest time interval (Fig. 10), whereas the 41 ka cycle formerly
prevailed. The temporal boundary between the two intervals cannot be
determined exactly. It is located between 1000 ka and the Brun-
hes-Matuyama reversal of the geomagnetic dipole (i.e., 781 ka), which
was the last reversal of Earth’s magnetic dipole field.

Lisiecki (2010) undertook statistical analyses of insolation and
climate of the past 5 Ma, and found that the time-dependent 100 ka
power of eccentricity is anti-correlated with the mean temperature of
climate. A strong eccentricity forcing is associated with a weaker power
in the 100 ka glacial cycle. It was suggested that internally driven
climate feedbacks cause the 100 ka climate variation. The following
papers are focused on similar ideas. Rial et al. (2013) explained the first
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Fig. 9. Time-series of measurements taken from the Vostok ice core, Antarctica, based on Petit et al. (1999), and compared with mid-June insolation at 65°N (in
W-m~2) (Berger, 1978). The lower axis is the GT4 age and the corresponding depths are shown on the upper axis. (a) CO,; (b) atmospheric temperature; (¢) CH,; (d)

atmospheric 6'80; (e) incoming insolation.
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C Modeled burial and exposure history
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Fig. 10. Glacials and interglacials in west
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problem by the synchronization of nonlinear internal climate oscilla-
tions and the 413 ka eccentricity cycle. They used spectral analysis to
show that the climate system first synchronized to the 413 ka eccen-
tricity cycle at 1.2 Ma and has remained synchronized since that time.
The synchronization generates a nonlinear transfer of energy and fre-
quency modulation that increases the amplitude of the 100 ka cycle.
These results are consistent with the multivariate approach of Kaufmann
and Juselius (2016). The latter advocated a weaker form of the Milan-
kovitch hypothesis, whereby internal climate dynamics impose pertur-
bations on glacial cycles that are driven by solar insolation. The results
show that a slow response exists between land ice volume and solar
insolation. Abe-Ouchi et al. (2013) presented a comprehensive climate
and ice sheet model to explain the 100 ka cycle, where the lithospher-
e-asthenosphere system plays an important role. Although COg is
involved, it is not the main control on the 100 ka cycle. As such, the saw-
tooth problem has evidently been solved and the calculated spectra of
ice volume changes show a predictable distribution of peaks. Huybers
(2011) showed that both obliquity and precession control late Pleisto-
cene glacial cycles. Huybers et al. (2019) concluded that glacial cycles
were controlled by Northern Hemisphere summer insolation during the
late Pliocene and entirety of the Pleistocene, which supported the
Milankovitch theory of orbital control on the timing of glacials and
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interglacials. We do not want to conceal a fourth problem that many
previous studies do not mention: Laskar et al. (2011) presented an ac-
curate orbital solution for the long-term motion of Earth. The precession
equations were revised. The spin of the Earth is affected by the tidal
torque of the Moon. Laskar (2019) suggested that uncertainties in the
tidal dissipation over time affect the accuracy of the precession solution
beyond 20 Ma.

In the previous Sections on the slow parts of natural climate change,
we have seen that the corresponding mechanisms are closely linked with
the evolution of atmospheric concentrations of carbon dioxide and
methane. Therefore, it is also of interest to see how these quantities
behave with respect to faster changes. Fig. 11 is noteworthy because it
shows that the changes in atmospheric concentration of CO, and NHy4 is
closely tied to the temperature curve, because 580 is a reciprocal
measure of temperature. However, it is not clear from the curves
whether the increase in carbon dioxide causes the temperature increase
or vice versa. Fig. 11 is shown because the history of the temperature
and the COy concentration of the Huronic and Cryogenic atmospheres is
not known at this large temporal resolution. Two important conclusions
can be drawn from this Section on glacials and interglacials. First, at-
mospheric carbon dioxide may not always be the driving force of natural
climate change. Second, climate change on this scale is driven, first, by
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Fig. 11. Using data from the Vostok Ice Core, the upper blue curve shows the atmospheric carbon dioxide concentration. The middle red curve represents §'80. The
lower black curve represents the atmospheric methane concentration. All three quantities are plotted as a function of time for the last four hundred thousand years

according to Petit et al. (1999) and Lopes et al. (2021).

variations in solar irradiance arriving at the Earth, but modified in part
by internal feedback mechanisms. Without reference to the distribution
of glacials and interglacials, Olsen et al. (2019) used lacustrine sedi-
ments to investigate the effects of the other planets on the fundamental
frequencies of precession of the perihelion of Earth from 223 to 199 Ma.
They concluded that only the frequencies produced by Jupiter were
consistent with the present-day frequencies. Hinnov (2018) represents a
significant advance, with uncertain assumptions omitted. Modern
cyclostratigraphy is, of course, only possible because it has been shown
that many short- and intermediate-period processes of sedimentology
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are controlled by celestial mechanics of the solar system. This celestial
mechanics describes approximately reversible processes. Only reversible
processes can be cyclic in the physical sense. Endogenously controlled
geological processes, on the other hand, which are essentially controlled
by the thermal evolution of the Earth’s mantle, cannot be truly cyclic for
fundamental physical reasons, as shown by Walzer and Hendel (2022).
Cyclostratigraphy is now an important tool for estimating the influence
of solar irradiance variations on natural climate changes caused in part
by changes in eccentricity, obliquity, and precession. Sinnesael et al.
(2019) demonstrate this using three examples from the late Miocene,
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Pleistocene, and late Devonian. These considerations were further
developed by Laskar (2020). He concluded that the influences of the
individual planets on the eccentricity of the Earth’s orbit are very
different. Larger planets change the eccentricity in a steady state
manner. Smaller planets produce more random changes in eccentricity.
While the motions of the minor planets Ceres and Vesta are partly
chaotic, the motions of Jupiter and Saturn are almost in a steady state.
For the geologically short time of the last million years (Fig. 10), the
observed recent periodicity component of the eccentricity, go—gs, of 405
ka can therefore be used for back-calculations. The incoming solar en-
ergy depends also on obliquity and precession. The dissipation of the
Earth-Moon system means the corresponding solution is more complex
than that of just the eccentricity. However, Laskar (2020) provided a
more exact solution to this cycle, which is suitable for the back-
projections. To eliminate the effect of the chaotic motion of the inner
planets, Mogavero and Laskar (2021) developed a new secular dynamic
model for the inner planets that is consistent with the most precise
orbital solutions currently available. They used the regularity in the
secular motion of the outer planets (Jupiter to Neptune) to obtain a
quasi-periodic solution for the orbits of the inner planets. Given the
above results, we conclude that although the Milankovitch theory is not
yet firmly established, it is, in combination with some feedback mech-
anisms, the best hypothesis to explain the temporal distribution of gla-
cials and interglacials in the recent ice age. Thus, most studies consider
that a modified form of the Milankovitch theory is appropriate. On the
other hand, the hypotheses of gradual climate evolution and of ice ages
presented in Sections 2 and 3, apart from the rejected high-obliquity
hypothesis, assume that climate evolution occurs inside the solid-
Earth-ocean-atmosphere-biosphere system. In contrast, the glacials and
interglacials are controlled by the celestial mechanics of our planetary
system (Laskar et al., 2011; Rosengren and Scheeres, 2014; Laskar,
2019; Laskar, 2020), i.e., glacials and interglacials are controlled from the
outside.

Finally, it is worth noting that there are now other papers applying
Milankovitch theory to earlier, i.e. non-Pleistocene, glaciations, e.g.,
Benn et al. (2015), Meyers and Malinverno (2018), Lantink et al. (2019),
Sgrensen et al. (2020), Cheng et al. (2020), Mitchell et al. (2021).

5.2. Relatively short-term effects that influence natural climate and
weather from the outside

Sections 2 and 3 have shown that the faint young Sun paradox and
slow natural climate change can be explained by a decraese in atmo-
spheric greenhouse gases, especially CO,, due to the inorganic silicate-
carbonate cycle. The occurrence of Paleoproterozoic and Cryogenic
glaciations, however, is caused by LIPs in conjunction with the physical
climatology at the time of eruption, the proximity of the LIPs to the
paleoequator, and other influences. We will now address some minor
and short-term effects that are controlled from outside the Earth system.
Earth’s magnetic field extends far into space and generates the magne-
tosphere that has a complicated structure, which is essentially known for
the present-day, i.e., in case of a dominating dipole. The solar wind de-
forms the magnetosphere. The outermost layer of the magnetosphere is
the bow shock, which is now located 90,000 km in a sunward direction
from Earth. The bow shock screens Earth from most incoming electri-
cally charged particles of the solar wind (Lyon, 2000; Gingell et al.,
2020) and galactic cosmic rays (Blasi, 2013; Matthia et al., 2013;
Tomassetti et al., 2017; Evoli et al., 2019). At present, only a minority of
these particles can enter Earth’s atmosphere via the polar cusps. The
charged particles first penetrate the exosphere, and then the thermo-
sphere, mesosphere, stratosphere, and, finally, troposphere. The in-
teractions with the ions, atoms, and molecules in the upper atmospheric
layers are complex, nonlinear, and turbulent. For this reason, a small
energy input can generate large effects. Therefore, it is incorrect to
conclude that a very small input of energy can only produce small ef-
fects. Unfortunately, this simple conclusion has been often ignored.
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Fortunately, the Earth has a second protective shield, which is the he-
liosphere. The cubic extent of the heliosphere is determined by the he-
liospheric magnetic field and solar wind. The outer boundary of the
heliosphere is the termination shock generated by the stellar winds from
stars not far away, which stop the solar wind at this variable boundary.
The slightly fluctuating 22-years solar magnetic cycle (Solanki et al.,
2006) directly influences the heliosphere, and thereby the form of
Earth’s magnetosphere, and the number of charged cosmic ray particles
reaching Earth’s magnetosphere. Beer et al. (2018) showed that the
same is true for other periodic processes over the last 10 000 years. The
continuation of 87-years Gleissberg cycles during supermodulation
events suggests that the Hale and Schwabe cycles persist irrespective of
the modulation mechanism. They also studied the behavior of solar
activity during the Sporer and Maunder minima. Such large minima
repeat with a period of about 208 years. However, the Hallstatt cycle,
with a period of about 2300 years, is also superimposed on these cycles.

The heliosphere is not spherical. Ion and Neutral Camera (INCA)
line-of-sight observations (Schwadron and Bzowski, 2018) have shown
its geometry varies in response to episodic cooling and heating of the
inner heliosheath plasma. The solar dynamo theory has many unre-
solved problems (Parker, 2009). The long-term behavior of the solar
dynamo is largely unknown. Even in the case of a steady-state cosmic ray
flux from the outside, sudden changes from a dipolar to a weak-field
state could possibly produce sudden changes in the cosmic ray flux
arriving at the upper atmospheric layers of Earth. However, Laken et al.
(2012) concluded that there is no clear evidence of a link between
cosmic ray flux and clouds. Lockwood (2012) showed that galactic
cosmic rays have virtually no effect on variations in cloud cover, espe-
cially for low-altitude clouds. Erlykin et al. (2013) concluded that cosmic
rays do not significantly affect clouds, at least if HySO4 is the dominant
source of aerosols. These have been the main reasons for the rejection of
the direct causal link between cosmic rays arriving on Earth and cloud
formation in the troposphere proposed by Svensmark and Friis-
Christensen (1997) and Svensmark et al. (2009). Lanci et al. (2020)
compared foraminiferal §'%0 data, which are a proxy for paleoclimate,
to magnetic paleointensity, which is a proxy for galactic cosmic ray flux,
and found virtually no correlation. One must admit that the comparison
was only for Pacific ODP Site 1218 and comprised only 3.6 Ma from the
Oligocene.

We now discuss whether there is, for short periods of time, a robust
link between natural climate change and the variability of the solar and
terrestrial magnetic fields and thus indirectly also the variability of
cosmic rays. We deliberately do not deal with theories but focus on a
comparison of observations and, where possible, measurements. We do
not connect this problem to microphysical mechanisms, as the processes
in the heliosphere, terrestrial magnetosphere, and upper atmospheric
layers are highly turbulent. It is clear that §'%0 data from foraminifera,
corals, and ice cores can be used as a proxy for temperature. Some ra-
dioisotopes with short half-lives, 7, are created by the action of cosmic
rays: 1°Be with r = 1.387 Ma by cosmic ray spallation of nitrogen and
oxygen; 14c with 7 = 5730 a by the 14N(n,p)HC reaction; 2°Al with 7 =
717 ka by spallation of argon; 3°Cl with 7 = 301 ka by the 3°Cl(n,y)%cl
reaction; “Ica with r = 99.4 ka (Jorg et al., 2012) by the 4OCa(n,;/)‘”Ca
reaction; 12°I with r = 15.7 Ma by spallation of xenon.

A significant, sudden, and anomalous increase in AC values has
been observed at A.D. 774-775 in tree rings from Japan (Miyake et al.,
2012), Germany (Usoskin et al., 2013), New Zealand (Giittler et al.,
2013), and Russia and America (Jull et al., 2014). Therefore, the global
nature of this event is clear. All explanations for this phenomenon as-
sume an extraterrestrial origin. Most studies have concluded that an
enhanced solar proton flux caused the anomalous change in A'*C values,
since there is no observational basis for more distant sources. Historical
chronicles have described auroral activity. Liu et al. (2014) compared
the A'C and 6'80 records, and proposed a cometary impact occurred,
but this hypothesis was rejected by Jull et al. (2014) and other studies.
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Elevated A#C values are associated with colder summers in the
following years. Mekhaldi et al. (2015) investigated the AD 774-775
event by combining ice core and tree ring records of 1°Be, 1*C, and *°Cl.
They showed that peaks of these isotopes were produced by extreme
solar events. The ice core 3°Cl in combination with °Be data show that
these solar events had a very hard energy spectrum with energies >100
MeV. Uusitalo et al. (2018) demonstrated the latitudinal dependence of
the 'C intensity of the AD 774-775 event. A particle-induced 1*C
poleward increase is consistent with a very large Solar Particle Event
(SPE) as the real cause of the AD 774-775 terrestrial observations. The
analysis of Maehara et al. (2015) showed that solar flares with energies
between 10%° and 10%* erg could have produced the AD 774775 event.
Biintgen et al. (2018) investigated 14C tree ring data for events in AD 774
and 993, as well as corresponding space weather, and also suggested
strong solar proton radiation occurred at these times. A similar solar
proton event was reported by Sakurai et al. (2020) to have occurred in
660 BC. They measured the 1*C abundances of early and late woods in
the annual rings of a Japanese cedar tree, and discussed the possibility
that consecutive SPEs occurred over three years. We emphasize that
solar flares and superflares are generated by the emergence of the
magnetic field from the interior of the Sun to the solar atmosphere, local
augmentation of electrical currents in the Sun’s corona, and rapid
dissipation of electrical current. This process produces shock heating
and a large ejection of charged particles (Shibata and Magara, 2011).
The preceding discussion has shown that space weather and the weather
in the higher atmosphere of Earth is clearly influenced by the Sun’s
magnetic activity, at least for short-duration events.

Now we examine longer timescales of several decades. Kirkby (2007)
showed that the incoming cosmic ray intensity at stations in Murmansk,
Mirny (Antarctica), and Moscow is strongly correlated with sunspot
numbers, although there is a slight time lag. Low sunspot numbers
correlate with low solar magnetic activity, and an enhanced galactic
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cosmic ray flux is observed in the atmosphere and on Earth’s surface,
especially in two circular belts around the two magnetic poles of the
Earth. A strong heliosphere shields Earth from most galactic cosmic rays.
The cosmic ray reconstructions are mainly based on *C measurements
in tree rings and '°Be measurements in ice cores, but also on the other
nuclides mentioned above. Similar conclusions can be drawn from
Fig. 12. Kirkby (2007) showed a correlation between the temperature of
the atmosphere and incoming galactic cosmic rays (Fig. 13). However,
the physical mechanisms behind this correlation appear to be more
complex than previously thought. Beer et al. (2012) and Usoskin (2017)
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Fig. 13. Reconstruction of Alpine temperatures using 5'°0 speleothem data
from Spannagel Cave in Austria (Mangini et al., 2005) (red curve), as compared
with variations in cosmic rays (blue curve) deduced from A'#C data and at-
mospheric CO, concentrations (Kirkby, 2007). This figure shows that natural
climate change is strongly affected by incoming cosmic rays, at least in the
European Alps, and presumably at higher geomagnetic latitudes.

Fig. 12. Comparison of sunspot numbers
(upper panel) with cosmic ray intensity
(lower panel), based on Mironova et al.
(2015). The cosmic ray data are normalized
to 100% in 1965. Incoming cosmic rays are
controlled by solar magnetic activity,
because solar magnetic activity is closely
related to sunspot numbers. The lower
curves show that the measured cosmic ray
intensity depends on the geomagnetic lati-
tude. Furthermore, the measured cosmic ray
intensity depends on the altitude of the ob-
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provide some insights into the connections between incoming galactic
cosmic rays, solar and terrestrial magnetism, and natural climate
change.

6. Results

(1)The impetus for this paper was our numerical model of the ther-
mal and chemical evolution of Earth’s mantle and crust (Walzer and
Hendel, 2022), in which we solved the full set of conservation
equations for Earth’s history. Episodic large-scale partial melting of
the asthenosphere produced precursor crustal material. Based on our
model, the growth of continental crust was episodic rather than steady
state. The global detrital zircon age distribution (Puetz and Condie,
2019; Puetz and Condie, 2022) matches our model results for the
timing of crustal growth, especially if the observed peaks older than
3050 Ma have been partly removed due to potential preservation
bias.

(2)The present paper focuses on the origin and temporal distribution
of natural climate change and glaciations. In the Archean and Pro-
terozoic, the faint young Sun paradox can be explained by reducing
the CO;, partial pressure by chemical weathering of silicates (i.e., Eq.
(3)). Therefore, it could be expected that glaciations would occur
after each peak of new juvenile continental crustal growth, but this is
not the case, for both the model results and observed zircon age
peaks (Fig. 1). Therefore, while the inorganic carbonate-silicate
cycle is relevant to natural climate change in general, it is not suf-
ficient to explain the timing of ice ages.
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(3)An addition to the first theory is that a breakup of a supercon-
tinent substantially increases the sum of the coastlines. This en-
hances the inorganic carbonate-silicate effects. If the supercontinent
is located near the equator, this mechanism is again intensified,
because weathering is stronger there than further poleward. Fig. 2
shows this mechanism quite well. However, it is inexplicable why
this effect is not observed in the breakup of Columbia. Moreover, the
Phanerozoic evolution is only remotely consistent with this idea. The
observed deviations from the predictions of the mechanism of the
inorganic carbonate-silicate cycle mean that another essential
mechanism acts here in addition, so that the whole results from a
superposition. This other essential mechanism is summarized in the
next paragraph, i.e. in (4).

(4)Another theory is to assume that volcanism is essentially causing
the Paleoproterozoic and Cryogenian glaciations in particular. As far
as volcanism is concerned, the large igneous provinces (LIPs) prove
to be particularly effective. However, this conclusion is not valid
without additional assumptions. The effects of LIP eruptions from
must be considered in the context of the physical climatology at the
time of the outburst, the proximity of the LIPs to the paleoequator,
the magnitude of the outburst, and the chemical composition of the
lava and emitted gases. Several stable states in the climate system are
separated by unstable jumps (bifurcations) between stable states.
This is primarily a consequence of ice-albedo feedback, particularly
between sea ice and the ocean. Ice-albedo feedback causes rapid
advance and retraction of sea ice margins in the tropics. This explains
the abrupt onset and termination of snowball Earth periods. How-
ever, it is impossible to derive the temporal boundaries of glaciations
solely from LIPs because there are simply far too many LIPs. Compare
Fig. 3.
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(5)A fourth hypothesis is that all Proterozoic ice ages occurred on
Earth when the obliquity was greater than 54° and that, due to a
catastrophic event after the Cryogenian, the obliquity obtained
values oscillating around the present-day value between 22.1° and
24.5°. We show that it is possible to disprove this hypothesis.
(6)We show that in addition to the two main mechanisms, i.e., the
inorganic carbonate-silicate cycle and the mechanism described in
(4), biotic mechanisms are also at work to a lesser extent. It is sug-
gested that the biotic influence was stronger in the Phanerozoic than
before.

(7)However, the onsets and terminations of glaciations were abrupt
and globally synchronous (Figs. 5 and 8). Furthermore, the number
and temporal distribution of the Paleoproterozoic and Cryogenian
snowball Earth epochs remain unexplained. Biotic theories cannot
explain the observed temporal distribution of ice ages either (Fig. 4).
(8)Apart from the rejected hypothesis of a large obliquity change, all
other hypotheses are based on the assumption that the evolution of a
closed solid-Earth-hydrosphere-atmosphere-biosphere system must
suffice to explain glaciations. To partially detach us from this
assumption, we examined the subdivision of one glaciation into
glacials and interglacials. We conclude that some modified form of
the Milankovitch theory affected by internal feedback mechanisms is
required. Therefore, the problem of glacials and interglacials is
determined by the celestial mechanics of the Solar System. As such,
the timing of glacials and interglacials is controlled by factors
external to Earth (Fig. 10).

(9)Avoiding much debated claims on a connection between cosmic
rays and tropospheric clouding, the AD 774-775 event reflects an
extreme solar event and was characterized by colder summers in the
subsequent period. Moreover, the incoming cosmic ray flux, as
recorded by neutron monitors and balloon-carried Geiger counters
and measured over several decades, shows a correlation with solar
magnetic activity and average annual rainfall in the temperate zone
of Earth’s Northern Hemisphere (Fig. 12). For the past 2000 years,
5'80 values, which are a proxy for temperature, and galactic cosmic
ray intensities show a close correlation, as inferred from data from an
Austrian cave (Fig. 13).

(10)The very slow changes of the natural climate are due to the
inorganic carbonate-silicate cycle. The major glaciations, in partic-
ular their abrupt onsets and terminations, on the other hand, can
only be explained by another co-occurring mechanism outlined in
(4). For the long time span between the Paleoproterozoic and the
Cryogenian glaciations, an explanation has been attempted in this
paper, but it must be pointed out that it may be worthwhile to search
for further solutions to this problem. For mid-period climate changes,
influences from outside the Earth system are detectable: The distri-
bution of glacials and interglacials within a glaciation is controlled
by the celestial mechanics of the solar system. Short-period changes
are caused by changes in the magnetic field of the Sun.
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