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Geological evidence indicates that grounded ice sheets reached sea level at all latitudes during two long-lived
Cryogenian (58 and ≥5 My) glaciations. Combined uranium-lead and rhenium-osmium dating suggests that the
older (Sturtian) glacial onset and both terminations were globally synchronous. Geochemical data imply that
CO2 was 102 PAL (present atmospheric level) at the younger termination, consistent with a global ice cover.
Sturtian glaciation followed breakup of a tropical supercontinent, and its onset coincided with the equatorial
emplacement of a large igneous province. Modeling shows that the small thermal inertia of a globally frozen
surface reverses the annual mean tropical atmospheric circulation, producing an equatorial desert and net snow
and frost accumulation elsewhere. Oceanic ice thickens, forming a sea glacier that flows gravitationally toward
the equator, sustained by the hydrologic cycle and by basal freezing and melting. Tropical ice sheets flow faster
as CO2 rises but lose mass and become sensitive to orbital changes. Equatorial dust accumulation engenders
supraglacial oligotrophic meltwater ecosystems, favorable for cyanobacteria and certain eukaryotes. Meltwater
flushing through cracks enables organic burial and submarine deposition of airborne volcanic ash. The sub-
glacial ocean is turbulent and well mixed, in response to geothermal heating and heat loss through the ice
cover, increasing with latitude. Terminal carbonate deposits, unique to Cryogenian glaciations, are products of
intense weathering and ocean stratification. Whole-ocean warming and collapsing peripheral bulges allow marine
coastal flooding to continue long after ice-sheet disappearance. The evolutionary legacy of Snowball Earth is per-
ceptible in fossils and living organisms.

INTRODUCTION
For 50 years, climatemodels of increasing complexity have hinted that
Earth is potentially vulnerable to global glaciation through ice-albedo
feedback (Fig. 1) (1–23). Independent geological evidence points to con-
secutive “Snowball Earth” (24) episodes in theNeoproterozoic era (24–34)
and at least one such episode in the early Paleoproterozoic era (Fig. 2B)
(35–40). Strangely, virtually no ice sheets are known to have existed
during the intervening 1.5 billion years (Gy) of the Proterozoic glacial
gap (Fig. 2B). The oldest Snowball Earth (35–40) was broadly coeval
with the Great Oxidation Event (Fig. 2B), the first rise of molecular
oxygen (41–45), whereas the younger tandem (Fig. 2A) was associated
with the emergence of multicellularity in animals (Fig. 3) (46–49).

The Cryogenian period (50) encompasses the paired Neoproterozoic
Snowball Earths and the brief nonglacial interlude (Fig. 2A). The
term “cryochron” (27) was proposed for the panglacial epochs, on
the assumption that their onsets and terminations were sharply de-
fined in time, which now appears to be the case (Table 1). The older
cryochron has come to be known as “Sturtian” and the younger one
has come to be known as “Marinoan,” after Sturt Gorge and Marino
Rocks near Adelaide, South Australia, where they were recognized
and mapped over 100 years ago (51). [As originally defined (52), these
regional terms did not refer exclusively to the glacial epochs, but the
original terminology has been superseded by the formal periods of the
International Time Scale (Fig. 2A) (50, 53). We find it convenient to
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equivalent to changing CO2 by a factor of 10 to 100 (80–82). FOAM re-
mains far below the deglaciation point at any geologically feasible CO2

level, even with prescribed albedos of 0.5 and 0.75 (broadband average)
for ablative and snow-covered ice surfaces, respectively (227). The reason
is that FOAMunderpredicts absorption of outgoing long-wavelength ra-
diation by cloud condensate, for example, ice particles (80–82, 116). This
was originally considered to be unimportant because the dry Snowball
atmosphere was assumed to lack optically thick clouds (227, 228). How-
ever, a cloud-resolving model (System for Atmospheric Modeling, ver-
sion 6.10.4) produces ≥10 W m−2 of cloud radiative forcing under a
wide range of microphysical parameters (82), consistent with the non-
FOAM GCM results (Figs. 8 and 9) using the same uniform 0.6 surface
albedo. This implies that Snowball deglaciation is not problematic from a
modeling perspective, given the geological constraints on cryochron du-
ration (Table 1) and CO2 concentration (85–91).

Snowball hydrologic cycle
The Snowball atmosphere is dry because it is cold, not because sources
of water vapor are absent. The saturation water-vapor pressure is expo-
nentially dependent on temperature (Clausius-Clapeyron relation) but
is not much lower over ice than over supercooled water of equal tem-
perature. The latent heats of evaporation and sublimation (direct con-
version of ice to water vapor) differ by only 13.2%. Sublimation of ice is
therefore a viable source of water vapor. Because of the “reversed”Hadley
circulation, the main source of water vapor on Snowball Earth is equato-
rial sea ice, and the zones of highest net accumulation are the inner sub-
tropics (Fig. 9, E and F). Narrow secondary bands of net sublimation
Hoffman et al., Sci. Adv. 2017;3 : e1600983 8 November 2017
occur at ~25° latitude, possibly related to export of moist air by mid-
latitude eddies (235). Beyond that latitude, a low rate of net accumu-
lation occurs everywhere, and the polar deserts of themodern climate
are absent (81).

At low CO2 (0.1 mbar), ice-equivalent accumulation rates outside
the tropics in the (non-FOAM) GCMs (Fig. 9E) are on the order of
1.0 mm year−1 (~1.0 km My−1), whereas rates in the inner subtropics
reach a few centimeters per year or a few kilometers every 100 ky. These
rates increase around fivefold when CO2 is raised to 100 mbar (Fig. 9F).
The rates pertain to sea level (sea ice) and cannot be directly extrapolated
to the elevated surfaces of grounded ice sheets. Early studies of ice-sheet
development in atmospheric GCMs with Cryogenian paleogeography
suggested that tropical ice sheets would thicken and achieve a dynamic
steady state within a few 100 ky after the tropical ocean froze over
(165, 239). This implies that glacial erosion and sedimentation occur
continuously during most of the time span of a Snowball cryochron.
However, this conclusion was tentative because the simulated air circu-
lation and precipitation patterns in the early studies (165, 239) were not
iteratively coupled to ice-sheet topographic development. Newmodeling
with improved coupling will be described in the “Ice-sheet stability and
extent under precession-like forcing and variable CO2” section.

Because erosion and sedimentation rates appear to scale with the ice
flux at the equilibrium line in active glaciers (170), we expect these rates
to increase over the course of a Snowball cryochron (Figs. 8 and 9). How-
ever, the average rates over entire cryochrons are expected to be smaller
than for regional-scale glaciations because of the relatively weak hydro-
logical cycle (81). With the development of a Cryogenian radiometric
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Fig. 8. Snowball Earth intermodel comparison (81). Colors assigned each GCM as indicated in (B). Solid lines, CO2 = 0.1 mbar; dashed lines, CO2 = 100 mbar. To isolate
differences in atmospheric behavior among models, surface albedo was set to 0.6 everywhere, eliminating differences between ablative and snow-covered ice. Topography
and the radiative effect of aerosols were set to zero, as were all greenhouse gases other than CO2 and H2O. The solar constant was set to 94% (present-day value; 1285 Wm−2),
obliquity was set to 23.5°, and eccentricity was set to zero. (A) Annual and zonal mean surface temperature. (B) January zonal mean surface temperature. (C) Sea-glacier
thickness in meters (increasing downward to simulate depth below the ice surface). (D) Meridional (equatorward) ice velocity in meters per year. Models used are as
follows: CAM (Community Atmosphere Model) (489), SP-CAM (Super-Parameterized Community Atmosphere Model) (490, 491), FOAM (Fast Ocean Atmosphere Model)
(492), ECHAM (European Centre Hamburg Model) (493), LMDz (Laboratoire Météorologie Dynamique Zoom) (256), and GENESIS (Global Environmental and Ecological
Simulation of Interactive Systems) (494, 495). FOAM produces surface temperatures substantially lower than those of other models and ice was accordingly thicker and
slower. This is because FOAM is essentially a cloud-free model under Snowball conditions, accounting for its anomalous resistance to deglaciation at a geologically
feasible CO2 level (80, 82, 228).
10 of 43



CONTINENTAL ICE SHEETS, DRY VALLEYS, AND SAND SEAS
Depositional cycles and ice-sheet stability
Cryogenian glacial and glacial marine deposits commonly display verti-
cal alternations of distal and more proximal deposits that are interpreted
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Fig. 9. More Snowball Earth intermodel comparisons (81). See Fig. 8 caption for the prescribed conditions. January mean mass Eulerian stream function for models
SP-CAM, LMDz, and ECHAM at (A) CO2 = 0.1 mbar and (B) CO2 = 100 mbar. s is air pressure as a fraction of the surface air pressure. Clockwise atmospheric circulation is
depicted by thin solid lines, counterclockwise circulation is depicted by thin dashed lines, and the zero stream function is depicted by thick solid lines. Contour interval
is 50 × 109 kg s−1. Maximum mass stream functions in January increase by a factor of ~1.5 between 0.1 and 100 mbar of CO2. ECHAM is unstable at CO2 = 100 mbar. Note the
ascending flow in January between 10°S and 30°S and the descending flow between 10°S and 20°N. Red shade indicates regions where the local Rossby number is greater
than 0.5, meaning that inertial forces dominate over Coriolis forces. (C and D) Same as (A) and (B) but depict the annual mean mass Eulerian stream function. Contour interval
is 20 × 109 kg s−1. Note that air descends in the inner tropics in the annual mean and ascends in the subtropics. This governs the surface hydrologic balance (E and F). Annual
and zonal mean precipitation minus sublimation with (E) CO2 = 0.1 mbar and (F) CO2 = 100 mbar. Note the net sublimation in the inner tropics and the net accumulation in
the near subtropics, opposite to the present climate. The hydrologic cycle amplifies by nearly a factor of 10 between 0.1 and 100 mbar of CO2 but is muted in FOAM due to
cold surface temperatures (Fig. 8, A and B). LMDz exhibits grid-scale noise in (F).
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chronology (Table 1), average sediment accumulation rates over entire
cryochrons can now be calculated because the synglacial strata are gen-
erally well defined stratigraphically (175). Average accumulation rates
for all sediments decline as averaging times increase (Fig. 6) because of
stratigraphic incompleteness (240–242). Therefore, Cryogenian accumu-
lation rates should only be compared with younger glacial regimes of
comparable duration (Fig. 6) (169). The East Antarctic Ice Sheet, for ex-
ample, has been in continuous existence for 14 My (243, 244), which is
close to the maximum duration of the Marinoan cryochron. Late Paleo-
zoic glaciation of polar Gondwana caused the global mean sea level to
fluctuate by≥40 m on orbital time scales from late Viséan through end-
Kungurian time (245), an interval of ~65 My that exceeds the Sturtian
cryochron in duration. Smaller sea-level fluctuations are inferred at times
within this interval (246), but it is unclear whether they imply less ice or
smaller orbital-scale fluctuations.

The observed contrast between Cryogenian and younger glacial ac-
cumulation rates (Fig. 6) is striking (169). On average, Cryogenian ac-
cumulation rates were 3 to 10 times slower than for younger glaciations
of comparable duration. This is remarkable given that the Phanerozoic
data with long averaging times come exclusively from polar glaciations,
Paleozoic Gondwana and Cenozoic Antarctica, whereas the Cryogenian
data come from low tomid-paleolatitudes (169). Representing a database
of 242 Sturtian and 326 Marinoan measured sections—incomplete,
poorly exposed, and zero-thickness sections excluded—the anomalous
Cryogenian accumulation rates are most readily explained by the atte-
nuated hydrologic cycle of the “hard” Snowball Earth (169). In contrast,
the sediment accumulation rate averaged over the short-lived (<350 ky),
mid-latitude, 580-Ma Gaskiers glaciation (247) is indistinguishable from
that of Cenozoic glaciations (Fig. 6). The Cryogenian data (169) also
allow for the possibility (to be discussed in the next section) that low-
latitude ice sheets on Snowball Earth may have receded well before
the cryochron-ending deglaciation of the ocean (100).



















snowline latitude where the dusty surface is first exposed (168). In a 1D
(meridional) ice-atmosphere-dust climate model, operating within the
framework of a 1D energy-balancemodel, sublimation zone ice thicknesses
are about 0.2 and 0.1 km for dust fluxes of 10−6 and 10−5 m year−1, respec-
tively (168). For comparison, the equivalent ice thickness in the same
model in the absence of cryoconite is 0.74 km (168). In the cryoconite-rich
zone, the temperature difference between the top and bottom of the sea
glacier is nearly zero; thus, the equilibrium ice thickness in the absence of
flow would be zero. The modeled ice thicknesses of 0.1 to 0.2 km are
maintained by the inflow of cold ice (168). The inflows are characterized
by quasi-periodic, reciprocating, semicentennial, ice surges (168).

Meltwater flushing and the cryoconite thermostat
How could a Cryogenian Snowball Earth persist for 5 × 107 years en-
circled by an equatorial cryoconite moraine hundreds to thousands of
meters thick? Such a moraine would significantly lower the planetary
albedo, but it would also shield the underlying ice from penetrative
radiation. One possibility is that overthickened areas of the moraine
would become gravitationally unstable, leading to localized ice col-
lapses and dumping of morainal sediment into the subglacial ocean.
The collapsed areas would quickly “heal” by glacial inflow, resulting

in a thinner moraine. Because the morainal load is spread out, collapses
should not occur until the sea glacier has become quite thin.

An alternative stabilizing feedback that does not require a thick
moraine involves meltwater flushing through enlarged cracks, called
moulins, and consequent cryoconite cleansing (168). As cryoconite
accumulates, the rate of meltwater production rises. Drainage systems
develop, linking the cryoconite ponds to flushing conduits, ormoulins—
subvertical shafts that originate as cracks and are maintained by the
latent heat of fallingmeltwater and the hydrostatic pressure of seawater
acting over 90% of their depth. The drainage systems cleanse the ice
surface of cryoconite and flush it into the subglacial ocean (Fig. 18B).
This raises the ice albedo and reduces themeltwater production rate. If
the dust flux wanes, then meltwater production slows and cryoconite
accumulates. If the dust fluxwaxes, thenmeltwater production quickens
and cryoconite is removed. The resulting “cryoconite thermostat” (168)
maintains a relatively warm and thin equatorial sea glacier (compare
Figs. 12C and 18B) but is incapable of triggering terminal deglaciation
at low CO2. A critical CO2 threshold is still required, although it will be
substantially less than if cryoconite was absent. In the sea-glacier model
with cryoconite (Fig. 18B), marine ice is exposed in the sublimation zone
(unlike Fig. 12C), as required by a steady-state hydrologic cycle (Fig. 15D).

Meltwater flushing, the carbon cycle, and
atmospheric oxygen
The organic contents of modern cryoconite on Himalayan, Tibetan,
and Arctic glaciers range from 3 to 13 wt %, with the highest average
contents (11 wt %) in the Arctic (276). Within cryoconite holes and
ponds, organic production is nearly balanced by aerobic respiration
over the seasonal cycle (278, 349). But what happens to the organic
content of cryoconite that is flushed into the subglacial ocean (Fig.
18B)? That ocean is generally assumed to have contained little dis-
solved oxygen (24, 74, 350), consistent with the wide distribution of
Sturtian synglacial iron formation (Figs. 4B and 5B). Pre-Sturtian
deep water was largely ferruginous, with intermittent to persistent
euxinia in highly productive coastal areas (351–354). In the Snowball
ocean, O2 influx at cracks and moulins would have been offset by con-
sumption of O2 by seafloor weathering and submarine volcanic outgas-
sing (74). In the absence of O2, respiration depends on sulfate and Fe
(III) as terminal electron acceptors. The subglacial ocean had two
sources of sulfate and Fe(III). The injection of meltwater generated be-
neath ice sheets (Fig. 15D) delivered dissolved sulfate and suspended Fe
(III) as products of oxidative subglacial weathering (171). Cryoconite
flushing delivered sulfate derived from volcanic aerosols and Fe(III) from
detrital dust. If the fluxes of sulfate and Fe(III) were inadequate to respire
all the flushed cryoconite organic matter, in the water column or in the
sediment, then organic burial would have created a source of atmospheric
O2 (Fig. 18B). A source of O2 was needed to meet the consumptive
demands of subaerial volcanic outgassing and rock weathering, because
the absence of mass-independent S isotope fractionation (d33S ≥ 0.3‰)
in Cryogenian sediments (355) implies that the Snowball atmosphere did
not become anoxic.

It has been hypothesized that Snowball glaciations of Siderian (2.5
to 2.3 Ga) and Cryogenian age (Fig. 2B) were responsible for irrever-
sible increases in atmospheric O2 (356). Cryoconite flushing and result-
ant organic burial are processes by which this might have been achieved
(296). Although there is some proxy support for stepwise increases in
atmospheric O2 coincident with Cryogenian glaciations [(357–360); but
see the study by Blamey et al. (361)], the existing record of atmospheric
oxygenation between 0.8 and 0.4 Ga overall remains inadequate to

N

1.0 km

NASA/GSFC/METI/ERSDAC/JAROS  U.S./Japan ASTER team

Grounded ice

Floating ice

A

B

Fig. 17. Shear cracks on ice shelves. (A) Dextral shear produces a crack systemwhere
fast-flowing (~2.8 km year−1) 0.5-km-thick shelf ice abuts grounded ice on the north side
of the Pine Island Ice Shelf, West Antarctica. Crack system is best developed within 20 km
of the calving front. Arrows indicate ice-shelf flow direction, and tacks indicate
landfast ice. Satellite imagery courtesy of NASA/GSFC/METI/ERSDAC/JAROS U.S./
Japan ASTER team. (B) Thickness of a sea glacier on Snowball Earth (Figs. 8C and 16)
implies that cracks were deeply recessed, weakly illuminated, and more important as
conduits for air-sea gas exchange than for phototrophy.
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volcanic ash are entrained in the floating “sea glacier” and accumulate
at the sublimative surface of the equatorial zone. At first, the sublima-
tive surface is too cold for dust retention, except perhaps in low-albedo
coastal embayments. Elsewhere, dust is recycled back into the firn by
winds. As atmospheric CO2 rises, ice surfaces warm and dust is re-
tained, forming meltwater-filled “cryoconite” (dark ice-dust) holes
and ponds over the sublimation zone area of 6 × 107 km2 (0.12 of global
surface area). Modern cryoconite ecosystems are populated by cyano-
bacteria (~10 wt % by weight of cryoconite is organic matter of cyano-
bacterial origin), green algae, fungi, protists, and certain metazoa
(rotifers, nematodes, and tardigrades). These freshwater oligotrophic
ecosystems expanded greatly during Snowball glaciations. Molecular
clocks suggest that major clades of modern marine planktonic cyano-
bacteria, including N2 fixers and non–N2-fixing picocyanobacteria,
radiated from freshwater ancestors around this time, and sterane bio-
markers record that green algae became the dominant eukaryotic
primary producers following Cryogenian glaciation.

Dust flux estimates imply accumulation rates in the sublimation
zone of 6 to 60 mMy−1, rapidly saturating the surface with cryoconite.
On modern ice shelves, cryoconite is episodically flushed into the sub-
glacial ocean throughmoulins, in response to excess meltwater produc-
tion. Meltwater flushing cleanses the ice surface and increases its
albedo, creating a stabilizing feedback (“dust thermostat”) that allows
the sea glacier and cryoconite ecosystems to coexist until CO2 reaches a
high concentration. Cryoconite flushing allows organic matter to be
buried on the seafloor, generating atmospheric oxygen. It is also a pro-
cess by which subaerially erupted volcanic ash may be advected through
the ice cover onto the seafloor, suggesting that the search for dateable
ash horizons within Cryogenian glacial sequences should focus on pa-
leolatitudes ≤20°.

Cryoconite flushed into the subglacial ocean is subject to ocean cur-
rents. Despite the absence of wind-driven mixing, the subglacial ocean
is turbulent and well mixed. Unlike an open ocean, it is heated only at
the base, by the geothermal flux, preferentially at MORs. It loses heat at
the top by diffusion through the ice, preferentially at the poles. Intense
vertical mixing is concentrated close to the equator, and zonal jets re-
verse in direction with depth and also across the equator when geo-
thermal input is asymmetric. Rows of secondary zonal jets stretch
well away from the equator. The primary jets should direct the move-
ment of cryoconite in the ocean and govern its deposition as sediment
“drift.” Upwellings or downwellings occur at continental margins
where jets are directed seaward or landward, respectively, and both
the jets and upwellings exhibit strong time-dependent behavior, the lat-
ter forming cavities in the warm basal ice. The result is a Snowball
Earth ocean that is nearly isothermal, isohaline, well mixed, and weakly
stratified.

The only economic-grade sedimentary Fe(±Mn) formations younger
than 1.8 Ga are intimately associated with Sturtian glaciomarine de-
posits. They are not associated with ocean upwellings or glacial termina-
tions but typically occur with ice-proximal deposits in semirestricted rift
basins or fjords. Redox proxy data and Fe isotopes suggest deposition
where ferruginous brine mixes with oxygenatedmeltwater at a persistent
redoxcline. Silled basins may be favored for iron formation because
point-sourcemeltwater injections at the grounding lines of outlet glaciers
are less rapidly dissipated than in the turbulent Snowball open ocean.

“Cap carbonates” are unique in scale and distribution to Cryogenian
glacial terminations. They indicate an extraordinary degree of carbonate
oversaturation in the mixed layer and thermocline. Rapid deglaciation
and warming result in a stable density stratification, in which a cold,

geochemically evolved brine is trapped beneath a 1- to 2-km-deep
meltwater lid. The time scale for destratification is tentatively esti-
mated as 10 to 100 ky, but the stratigraphic expression of ocean de-
stratification is a key issue for future work. Whole-ocean mixing and
warming cause the global mean sea level to rise by 40 to 60 m on a
time scale that greatly exceeds the estimated 2 ky for ice-sheet melt-
down and glacioeustatic rise. However, it remains far short of recon-
ciling cap carbonate accumulation rates with an actualistic duration of
paleomagnetic polarity reversals. Faster reversals due to a low-intensity
field or a small inner core are still called for.

Snowball Earth is a fully dynamic planet, on which the atmosphere
and ocean dynamics are profoundly influenced by the presence of the
intervening ice sheet. Its sedimentary record is widespread, accessible,
and well preserved inmany areas. In the 6 years since the last reviews of
Neoproterozoic climate dynamics (115, 116), remarkable progress has
beenmade in elucidating the circumstances surrounding the Cryogenian
glaciations, the conditions that allowed the Snowball states to self-
terminate, and the processes that produced the glacier-related deposits.
Much remains to be learned from modeling, from field and laboratory
observations, and from their mutual interaction. The increasingly mul-
tidisciplinary nature of research on Cryogenian glaciation (Fig. 28) is a
welcome and essential development. It is inconceivable that events of
the magnitude and duration indicated would have left no mark on
the evolution of life. Their imprint is starting to be found in the fossil
biomarker record and in the phylogenomics of living organisms. It is a
sobering realization that a world that had not experienced an evident ice
age for over 1.5 Gy should suddenly have been locked in ice for 58 My.

In the past decade, no new development was more consequen-
tial or unanticipated than the astounding Cryogenian time scale,
which was forged by protégés of S. A. Bowring from U-Pb isotope sys-
tematics of that tiny fraction of ancient volcanic aerosols composed of
the accessory mineral zircon (ZrSiO4), complemented by isochron
ages from hydrogenous Re and Os concentrated in sedimentary or-
ganic matter.
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Fig. 28. Bar graph of peer-reviewed papers on Cryogenian glaciation by disci-
pline and year, 1982 to 2016. Papers are assigned to one of four disciplinary cat-
egories. Note the relative growth of geophysical and geochemical papers after 1996
and geobiological papers after 2002. From the 1870s through the 1980s, research on
“eo-Cambrian” glaciation was almost exclusively geological (55). The 70 chapters by
various authors in the work of Arnaud et al. (175) are not tallied here. Forward mod-
eling papers (in all categories) account for only ~25% of the current total.
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