
follow the current informal international usage, wherein “Sturtian”
and “Marinoan” identify the cryochron and its immediate aftermath,
including the respective postglacial cap-carbonate sequences.] The
nonglacial interlude separating the cryochrons was 9 to 19 million years
(My) in duration (Fig. 2A).

The worldwide distribution of late Precambrian glacial deposits
(Fig. 4) became evident in the 1930s (25, 54, 55), but only recently has
their synchroneity been demonstrated radiometrically (32, 56–65).
Previously, geologists were divided whether the distribution of gla-
cial deposits represents extraordinary climates (29, 66) or diachronous
products of continental drift (67, 68).

The recognition that a panglacial state might be self-terminating
(69), due to feedback in the geochemical carbon cycle, meant that its
occurrence in the geological past could not be ruled out on grounds of
irreversibility. “If a global glaciation were to occur, the rate of silicate
weathering should fall very nearly to zero (due to the cessation of nor-
mal processes of precipitation, erosion, and runoff), and carbon dioxide
should accumulate in the atmosphere at whatever rate it is released
from volcanoes. Even the present rate of release would yield 1 bar of
carbon dioxide in only 20 million years. The resultant large greenhouse
effect should melt the ice cover in a geologically short period of time”
[(69), p. 9781]. Because Snowball Earth surface temperatures are below
the freezing point of water everywhere, due to high planetary albedo,
there is no rain to scrub CO2 (insoluble in snow) from the atmosphere.

Deposition of CO2 ice at the poles in winter is a potential sink that
might render a Snowball Earth irreversible (70). CO2 ice, having a den-
sity of 1.5 g cm−3, might sink gravitationally into the polar water ice,
melting as it penetrates warmer ice at depth (70). On the other hand,
CO2 ice clouds warm the poles in winter by scattering outgoing radia-
tion (71, 72), yet dissipate in summer, allowing sunshine to reach the
surface and sublimate CO2 ice particles in the firn (70). As atmospher-
ic CO2 accumulates, the stability range for deposition of CO2 ice ini-
tially grows because of higher saturation (70). However, an ice-covered
planet with Earth-like obliquity and distance (1 astronomical unit) from
a Sun-like star, with or without CO2 ice clouds, remains far below the
threshold for CO2 ice deposition at any CO2 level relevant to a Cryogenian
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Fig. 1. Generic bifurcation diagram illustrating the Snowball Earth hysteresis.
Ice-line latitude as a function of solar or CO2 radiative forcing in a one-dimensional
(1D) (meridional) energy-balance model of the Budyko-Sellers type (3, 4), showing
three stable branches (red, green, and blue solid lines) and the unstable regime
(dashed line). Yellow dots are stable climates possible with present-day forcing. Black
arrows indicate nonequilibrium transitions. In response to lower forcing, ice line mi-
grates equatorward to the ice-albedo instability threshold (a), whereupon the ice line
advances uncontrollably to the equator (Eq) (b). With reduced sinks for carbon,
normal volcanic outgassing drives atmospheric CO2 higher over millions to tens of
millions of years (73) until it reaches the deglaciation threshold (c). Once the tropical
ocean begins to open, ice-albedo feedback drives the ice line rapidly poleward (in
~2 ky) (327) to (d), where high CO2 combined with low surface albedo creates a
torrid greenhouse climate. Intense silicate weathering and carbon burial lower atmo-
spheric CO2 (in 107 years) (164) to (e), the threshold for the reestablishment of a polar
ice cap. The hysteresis loop predicts that Snowball glaciations were long-lived (b and
c), began synchronously at low latitudes (a and b), and ended synchronously at all
latitudes under extreme CO2 radiative forcing (c and d). The ocean is predicted to
undergo severe acidification and deacidification in response to the CO2 hysteresis.
Qualitatively similar hysteresis is found in 3D general circulation models (GCMs). PCO2,
partial pressure of CO2; wrt, with respect to.
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Fig. 2. Glacial epochs on Earth since 3.0 Ga. (A) Black bands indicate durations of the Sturtian and Marinoan cryochrons (Table 1). The graded start to the Marinoan
cryochron denotes chronometric uncertainty, not gradual onset. Ellipse F-LIP shows the possible age span of the Franklin large igneous province (LIP) (32, 127). (B) Snowball
Earth chrons (black), regional-scale ice ages (medium gray), and nonglacial intervals (light gray) since 3.0 Ga. Ellipse GOE is centered on the Great Oxidation Event, as recorded
by the disappearance of mass-independent S isotope fractionations ≥0.3 per mil (‰) in sedimentary sulfide and sulfate minerals (484). The dashed gray line indicates
questionable glaciation.
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