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Abstract

Between 750 and 570 million years ago, the Earth experienced a series of
glaciations so severe that the oceans froze over to the equator. The glaciations
resulted from runaway ice-albedo feedback at a time when atmospheric CO2
was drawn down by high fractional organic carbon burial rates associated with
piecemeal fragmentation of the Rodinia supercontinent. Each glaciation caused
the hydrologic cycle and primary biological productivity in the surface ocean
to be shut down for millionsto tens of millions of years. Eventually, atmospheric
CO2 (built up slowly by normal subaerial volcanic outgassing in the absence
of sinks for carbon) reached the critical level of ~0.1 bar (~300x present CO2
level), sufficient to overcome the high albedo of the ice-covered oceans.
Deglaciations were violent: opening the tropical oceans reduced the planetary
albedo in conjunction with ultra-greenhouse warming from high CO2 and
water-vapor, raising surface temperaturesto ~320°K. Intense silicate weathering
ensued, driven by high surface temperatures, torrential carbonic acid rain, and
the large surface area of ice-shattered rock and rock flour, including unaltered
volcanic material accumulated over the prolonged glacial period. The silicate
weathering reactions consumed the excess atmospheric CO2 and produced
cations and bicarbonate ions which were delivered by rivers to the oceans,
driving massive and rapid inorganic precipitation of dolomite and limestone,
which are observed overlying Neoproterozoic glacial deposits globally. The
succession of severe glaciations, each terminated under extreme greenhouse
conditions, imposed a series of population "bottleneck-and-flush” cycles
conducive to the evolution of new forms of life. Using isotopic data and
sedimentological observations from Namibia, we show that the snowball Earth
hypothesis can account for all the salient features of the Neoproterozoic
sedimentary record: low-latitude glaciation at sealevel, iron-formations with
ice-rafted dropstones, post-glacial "cap” carbonates, large seawater carbon
(313C) and strontium (87Sr/86Sr) isotopic anomalies, and the first appearance
of large animals.

1. Neoproterozoic Sedimentary Record

The sedimentary record for the period 750-570 Ma has many unusual
attributes:

(1) Glacial deposits are widespread and paleomagnetic evidence indicates that
ice lines reached sea level at the equator (Schmidt and Williams, 1995;
Park, 1997).

(2) Banded iron-formations return to the sedimentary record following a billion-
year hiatus and characteristically contain ice-rafted dropstones (Klein and
Beukes, 1993).

(3) Sublittoral "cap" carbonates directly overlie the glacial deposits (Fairchild,
1993; Kennedy, 1996) and they floor thick regressive depositiona sequences
indicating prolonged tectonic subsidence during glaciation.

(4) Carbon isotopic compositions change precipitously from prevailing highly
13C-enriched values to strongly 13C-depleted values bracketing the glacial
events (Kaufman and Knoll, 1997; Hoffman et al., 1998).

(5) Strontium isotopic compositions in cap carbonates are highly radiogenic
and are accompanied by geochemical signatures indicating high riverine
inputs (Schrag et al., 1999).

(6) Large and diverse animal fossils, both soft-bodied and skeletal, first appear
after the youngest widespread Neoproterozoic glaciation (Narbonne, 1998;
Saylor et a., 1998).

Each of these salient features in isolation is problematic. Do they have a

common explanation?

2. | ce-Albedo Runaway

The Earth's surface temperature is governed by the heat balance between
incoming solar radiation and outgoing radiation emitted by the near-surface
environment. At equilibrium:

Heat absorbed = Heat emitted

MR2 Eg (1-0) = 41R? (foT&Y)
Where R = planetary radius, Es = solar irradiance, a = planetary albedo, f =
effective infrared transmission factor (greenhouse effect), o = Stefan-Boltzman
constant (5.67 x 10-8 W.m-2.K-2), Tg = surface temperature.

Planetary albedo (whiteness) is defined as the fraction of incoming radiation
that is reflected back to space. Ice-albedo provides a positive feedback to
climate change. For any imposed cooling, the resulting higher albedo (more
ice) will lead to further cooling. Conversely, for any imposed warming, the
resulting lower albedo (lessice) will result in further warming. Simple energy-
balance climate models of the Budyko-Sellerstype (North et al., 1981) indicate
that if ice lines came closer than ~35° latitude from the equator, ice-albedo
feedback would be unstoppable and the tropics would become ice-covered

3. Snowball Earth Hypothesis

Kirschvink (1992) proposed that Neoproterozoic low-latitude glaciations
and associated iron-formation could be accounted for by an ice-albedo runaway,
which he described as a "snowball" Earth. Caldeira and Kasting (1992)
estimated the levels of atmospheric CO2 required to trigger an ice-albedo
runaway and to escape from it under conditions of reduced Neoproterozoic
solar luminosity. We extended these ideas to account for post-glacial cap
carbonates and for carbon and strontium isotopic shifts (Hoffman et al., 1998;
Schrag et al., 1999), according to the following scenario:

(1) Drawdown of atmospheric CO2 and/or lower meridional heat transport sets
the stage for albedo runaway by increasing sea ice cover.

(2) Albedo runaway istriggered when ice lines reach ~35° latitudes, perhaps
because of a stochastic change in ocean circulation.

(3) Oceans freeze over, shutting down the hydrologic cycle and primary
productivity. Average surface temperatures fall to ~225°K and average
sea-ice thickness reaches ~1.4 km according to a simple thermal diffusion
model. Intheabsence of sinksfor carbon (no weathering, no photosynthesis),
atmospheric CO2 slowly builds up as aresult of normal subaeria volcanic
outgassing. At present-day rates of subaerial CO2 outgassing, it would
take at least 4 million years to build-up sufficient pCO2 to overcome the
high planetary albedo (Caldeira and Kasting, 1992).

(4) Atmospheric CO2 reaches a critical level >10! bar (~300x PAL) for ice
to begin melting at the equator. Tropical oceans open, lowering the planetary
albedo in conjunction with high CO2 and H2O,, greenhouse. Surface
temperatures soar to ~320°K. Global average 400 m of seaice at the glacial
termination (i.e. zero ice thickness at the equator) melts in <200 years.
Ocean mixing is suppressed by low-density meltwater and surface warming.

(5) Intense silicate weathering absorbs atmospheric CO2, delivers akalinity
(cations and bicarbonate) to the oceans, and drives rapid inorganic "cap"
carbonate sedimentation as surface waters warm. Biological productivity
IS reestablished.
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4. Low-L atitude Glaciation

Paleomagnetic evidence that the Marinoan ice line in South Australia
reached sealeve at ~7.5’ latitude is almost irrefutable (Schmidt and Williams,
1995; Sohl et al., 1999). Positive soft-sediment and tectonic fold tests and
polarity-reversal tests ensure that the remnant magnetismis primary. Theice
line must have reached sea level because glacial mixtites (boul der-claystones)
are intimately intercalated with siltstones showing tidal rhythms. Superb
preservation of the tidal rhythms (Williams, 1998) suggests that waves were
damped by sea-ice.

Thin section of tidal rhythmites (note soft-sediment fold) showing seven
fortnightly (spring-neap) cycles of diurnal (lunar day) graded silt-clay
laminae, Marinoan glaciation, South Australia (G.E. Williams photo)

Williams (1993) does not accept the snowball Earth hypothesis, believing
instead that glaciation occurred at low-latitudes preferentially due to >54°
orbital obliquity. If true, mean annual insolation at the equator would be lower
than at the poles, but the main climatic effect of high obliquity isto enhance
seasonality. As glaciation depends on net accumulation of winter snow after
summer melting, high seasonality is antithetic to glaciation because cold winters
produce little snow and hot summers maximize melting.

5. Banded I ron-Formations

Banded iron-formations (BIFs) occur prominently in sedimentary successions
older than ~1.85 Ga (Klein and Beukes, 1993). Before ~2.3 Ga, their presence
is attributed to a lack of free oxygen in the atmosphere and consequent
mobilization of ferrousiron during silicate weathering and riverine transport.
Thereafter, iron-formations continued to form until rising sulfate levelsrid the
oceans of iron as iron sulfide by sulfate reduction (Canfield, 1998). The
regppearance of iron-formations (exclusively glaciogenic) in the Neoproterozoic
Isanomalous.

Banded iron-formation with ice-rafted carbonate dropstone (note
deflection of underlying but not overlying strata), Rapitan glaciation,
NW Canada

If oceans were sealed from the atmosphere by sea-ice, deep waters would
soon become anoxic and ferrous iron from mid-ocean-ridge hydrothermal
systems and bottom sediments would build up in solution. Ferrousiron would
be precipitated as ferric-oxide iron-formation when thermohaline circulation
was reestablished as the oceans opened (Kirschvink, 1992; Klein and Beukes,
1993). Accordingly, ice-rafted dropstones characteristic of Neoproterozoic
iron-formations represent deglaciations.

6. Cap Carbonates

Many Neoproterozoic glacia unitsare directly overlain by "cap" carbonates,
normally dolomite, even in successions otherwise lacking carbonates (Fairchild,
1993; Kennedy, 1996). Cap dolomites are typically only afew meters thick
but form the base of regressive depositional sequences of limestone, marl or
siltstone tens to hundreds of meters thick. Cap carbonates are strange rocks:
pseudo-tepees and tubular gas-escape structures are common, as are
concentrations of barite and sea-floor crystal fans pseudomorphic after aragonite.

Their basal contacts with glacial deposits are typically knife-sharp without
alternation.

Halver son pointsto the characteristic sharp contact between a cap dolomite
and bedded glacial mixtite with dropstones, Ghaub glaciation, NW Namibia

Snowhball glaciations end violently: opening the tropical oceans lowersthe
planetary abedo in conjunction with high CO2- and H2Oy-greenhouse conditions.
Intense silicate weathering results from the high surface temperatures, torrential
carbonic-acid rain, and alarge surface area of ice-shattered rock and rock flour
(Taylor and Blum, 1995), including unaltered volcanic material accumulated
during the millions of years of deep freeze. Silicate weathering reactions
consume protons and produce cations and bicarbonate ions which are delivered
by rivers to the oceans, driving massive and rapid inorganic precipitation of
cap carbonates (Hoffman et al., 1998). Basal dolomite may be primary,
promoted by low SO42- (Baker and Kastner, 1981), low pH, and high Mg/Ca
(due to rapid alteration of mafic minerals) in a surface ocean dominated by
meltwater and riverine input. Thick regressive depositional sequences reflect
prolonged tectoni ¢ subsdidence without sedimentation during snowbal glaciation
(Hoffman et al., 1998). Others attribute them to glacio-eustatic transgression,
but accommodation created by this mechanism is eliminated after glacio-
Isostatic adjustment.

7. Carbon | sotopes

Secular covariation in 313C of inorganic and organic carbon accompanying
Neoproterozoic glaciations dwarfs in magnitude the variations observed in
earlier (post-2.2-Ga) Proterozoic or Phanerozoic times. Neoproterozoic
carbonates not closely associated with glaciation are strongly enriched in 13C
(613C >5%0 VPDB), which is most easily explained by increased burial of
organic carbon as afraction of total carbon burial. Short-term risein fractional

9. Origin of Animals

The first large and diverse animal fossils, the Ediacara, appeared in the
aftermath of the last Neoproterozoic glaciation (Runnegar, 1995; Kaufman et
a., 1997; Narbonne, 1998; Saylor et al., 1998). A low-diversity assemblage
of small discoidal forms occurs before the last glaciation: it may be ancestral
to the Ediacara or represent an independent radiation. Older fossil remains are
limited to cyanobacteria, unicellular protists and various seaweeds (eukaryotic
red, brown and green algae). If metazoans existed, they were microscopic and

organic burial draws down CO2, lowering greenhouse warming and making
animal life possible by raising atmospheric O2 (Knoll et a., 1986). Organic
carbon is buried primarily on continental margins and enhanced organic burial
after ~750 Ma may be related to piecemeal break-up of the supercontinent
Rodinia, which increased continental-margin sedimentation globally. Two
main periods of glaciation—Sturtian (~750-700 Ma) and Varangian (~620-570
Ma)—may correspond to opening of the Pacific and |apetus oceans, respectively
(Young, 1995).
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Composite section of carbonates bracketing the Ghaub glaciation on the
Otavi platform, NW Namibia, showing sharp declinein inorganic 313C

Inorganic d13C values drop precipitously before the onset of the low-
latitude Ghaub glaciation in Namibia. We attribute this to a sharp decline in
primary productivity attending the advance of sea ice into the tropics (the
existence of theisotopic shift in shallow-water sedimentsimpliesthat it occurred
before any significant sea-level drop, presumably because no continents existed
outside the tropics). Inorganic d13C values in the cap carbonate sequence
approach —6%., equivalent to the value for mantle carbon entering the oceans
at mid-ocean ridges. Thisindicatesthat virtually zero fractional organic burial
was sustained (because of the residence time for carbon in the ocean) for at
least several hundred-thousand years (Kump, 1991). At no time in the
Phanerozoic are such deep and long-lived negative 813C excursions observed:
Phanerozoic mass extinctions were comparatively minor by comparison in
terms of biological productivity.

8. Strontium | sotopes

During asnowball glaciation, the 87Sr/86Sr ratio of deep ocean water will
decline due to hydrothermal exchange at mid-ocean ridges and cessation of
riverine input. The rate of decline will depend on the Sr residence time and
buffering by carbonate dissolution in response to acidification of ocean waters
due to hydrothermal outgassing. The lack of carbonate production during
glaciation precludes a test of this prediction. On the other hand, the surface
ocean in the aftermath of a snowball glaciation will be subject to radiogenic
Sr input due to intense silicate weathering. This effect will be magnified if
ocean mixing is suppressed by surface warming and low-density glacial
meltwater. The resulting stable stratification may persist for hundreds to
thousands of years if the low-density surface layer is thick enough (>100 m)
to resist rapid wind-driven mixing.

Variationsin 873/863 and S concentrations in the cap carbonate
depositional sequence following the Ghaub glaciation, NW Namibia

A remarkable radiogenic Sr isotopic anomaly is observed regionadly in the

non-skeletal.

Soft-bodied Ediacaran macrofossil (Dickinsonia) from South Australia,
showing zootypical bilateral symmetry and anterior/posterior gradient

The central problem for evolutionary biologistsisto account for completely
new formsof life. A succession of snowball glaciations, each terminated under
extreme greenhouse conditions, would have imposed an intense environmental
filter on the evolution of life. One theory of speciation (Carson, 1987) entails
an environmental ly-imposed crash in popul ation size, accompanied by wholesale
reorganization of chromosomal DNA, followed by repopulation in a selective
environment different from what existed previously. It is now known that
various organisms undergo chromosomal reorganization in the face of
environmental crisis. The highly unusual, transient conditions (high surface
temperature, high pCO2 and low pH) in which repopulation would occur
following protracted ice-albedo catastrophes should have interesting evolutionary
ramifications.
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