JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 115, D17111, doi:10.1029/2009JD013082, 2010

A carbon cycle coupled climate model of Neoproterozoic
glaciation: Influence of continental configuration
on the formation of a “soft snowball”

Yonggang Liu' and W. Richard Peltier’
Received 25 August 2009; revised 3 May 2010; accepted 10 May 2010; published 9 September 2010.

[11 We examine the general conditions that must be satisfied by the configuration of the
continents in order that steady state solutions for Neoproterozoic climate exist that are
characterized by heavy continental glaciation but for which a substantial area of open water
in the equatorial region persists. Such solutions have previously been termed “soft snowball”
or “slush ball” to distinguish them from the “hard snowball” solutions that some have
suggested be required to fit the observational constraints. It is found that three conditions are
critical in this regard: (1) the continental area in high latitudes should be large enough that a
massive ice sheet may develop even when pCO, is relatively high, an ice sheet complex
that is subsequently capable of flowing to lower latitude. (2) The continental fragments in
low latitude must be connected (or separated only by continental shelves above which
water depths are small) to a significant degree with those at higher latitudes. (3) A relatively
simple supercontinental outline favors the formation of the “soft snowball” state. Although
the latter requirement is important, we have nevertheless found that soft snowball solutions
are realized for the realistic Sturtian continental configuration of Li et al. (2008) that
existed at ~720 Ma. However, in order for these states to exist, the positions of the individual

continental fragments must be slightly adjusted so as to improve their connectivity.

These adjustments are consistent with the error bars on the paleomagnetic inferences of
paleolatitude and the even less well constrained paleolongitude. We also demonstrate that
“soft snowball” solutions do not exist in models devoid of active continental ice sheets
capable of flowing over the landscape. These results for Sturtian conditions extend our
previously published results for the Marinoan period during which the supercontinent was

centered upon much higher latitudes.

Citation: Liu, Y., and W. R. Peltier (2010), A carbon cycle coupled climate model of Neoproterozoic glaciation: Influence of
continental configuration on the formation of a “soft snowball”, J. Geophys. Res., 115, D17111, doi:10.1029/2009JD013082.

1. Introduction

[2] The discovery of the existence of low-latitude glacial
deposits at sea level [e.g., Harland and Bidgood, 1959;
Kirschvink, 1992; Hoffinan and Schrag, 2002, and references
therein] during the Neoproterozoic Era (1000-542 Ma) on
the basis of sedimentological evidence from many of the
present-day continents has led to the reemergence of the idea
of global glaciation, “die Eiszeit,” a notion initially suggested
by Agassiz [1840]. The central issue in this continuing debate
is whether or not glaciation was in fact complete, with the
continents fully covered by thick ice sheets and the oceans by
sea ice.

[3] Advocates of this “hard snowball” Earth hypothesis, so
named by Kirschvink [1992] and championed by Hoffman
et al. [1998] and Hoffman and Schrag [2000, 2002], have
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suggested that the Earth could have entered such a “hard
snowball” regime as a consequence of a runaway ice-albedo
effect, a regime that would have lasted for tens of millions of
years, from which later recovery would have occurred owing
to the accumulation of atmospheric greenhouse gases (mainly
CO,) due to volcanic outgassing. During such extended
glacial periods, photosynthetic activity would have essen-
tially ceased owing to the existence of thick ice over both
continents and ocean. This would have led to a shift of §'°C
of the inorganic carbon reservoir of the ocean toward more
negative values, such as are clearly recorded in the “cap”
carbonates deposited at the termination of the Neoproterozoic
glacial intervals. Other natural consequences of the existence
of complete ice cover would include deep ocean anoxia, an
outcome of which would be the occurrence of banded iron
formations [Kirschvink, 1992], and an essentially absent
hydrological cycle [Hoffman et al., 1998].

[4] On the other side of this debate are advocates of the
so-called “soft snowball” Earth alternative hypothesis, first
suggested as plausible in the work of Hyde et al. [2000], and
a “high obliquity” hypothesis (see Williams [2008] for a
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review). The former is simply a less severe version of the
snowball Earth hypothesis. Rather than the entire Earth being
covered by ice, only the continents and the high-latitude
oceans are entirely glaciated, the equatorial ocean remaining
sea ice free over a substantial area. However, this modest
difference in ice cover over the oceans has distinctly different
implications, both for biological evolution and for the func-
tioning of the hydrological cycle. In the soft snowball regime,
primary production in the ocean remains active, and the
hydrological cycle continues to impact the continents, in
part owing to the dynamical activity of continental ice sheets
[e.g., Etienne et al., 2007; Allen and Etienne,2008]. The main
issue that has been raised concerning the plausibility of this
alternative view [Schrag and Hoffman, 2001] is that a “soft
snowball” might not be maintainable for many tens of
millions of years that some have argued to be required by the
geological evidence. The timescale of the Neoproterozoic
Sturtian glaciation has probably been most accurately quan-
tified by counting the number of geomagnetic reversals that
are found within the stratigraphy of the glaciogenic deposits.
This method delivers an estimate of 1-10 million years [Sohl
et al., 1999]; the lower end of this range of estimates may
be the more plausible [Raub, 2008]. The duration of a “soft
snowball” glaciation is entirely consistent with this estimated
range [Hyde et al., 2001; Peltier et al., 2007]. It has also been
suggested that the progressive retreat of ice in the “soft
snowball” scenario may be incapable of producing the sudden
precipitation of cap carbonates [Schrag and Hoffman, 2001].
As shown by Crowley et al. [2001] and Peltier et al. [2007],
however, the final retreat of both land ice and sea ice in the
“soft snowball” scenario occurs when a certain threshold of
pCO, is crossed and occurs rapidly [see also Hyde et al., 2001].

[5] The high-obliquity hypothesis, on the other hand, in-
terprets the low-latitude glacial deposits to arise as a con-
sequence of extremely high obliquity (>53°) of the Earth’s
spin axis with respect to the plane of the ecliptic. In such a
high-obliquity state, the equatorial region would be colder
than the polar region, and the existence of low-latitude ice
cover need not imply global glaciation. This hypothesis suf-
fers from the absence of a plausible mechanism that could
explain why the obliquity would thereafter have decreased to
the modern value of approximately 23.5 degrees. This idea
has also been challenged by the evaporite evidence [e.g.,
Kirschvink, 1992, and references therein], which suggests
that the obliquity of the Earth has remained low during the
past two billion years [Evans, 2006]. The hypothesis is also
undermined on the basis of numerical modeling [Chandler
and Sohl, 2000; Donnadieu et al., 2002]. However, the
evidence for a strong seasonal cycle in the tropical region
[Williams, 2008], as might be taken to be suggested by the
sand wedges found in the sediments still need to be explained
if this hypothesis is to be rejected completely. A more accu-
rate way of estimating the obliquity of the spin axis during the
Proterozoic Eon should be developed as the paleolatitude of
the evaporites are not precisely constrained [ Williams, 2008].

[6] It is nevertheless our view that the high-obliquity
hypothesis is the least likely of the explanations of low-
latitude glaciations. The “hard snowball” hypothesis has
also been found wanting in a number of recent studies. For
example, from an observational perspective, the existence
of a near shutdown of the hydrological cycle, a necessity of
“hard snowball” conditions, has been questioned by Christie-
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Blick et al. [1999]. More recently, compelling evidence
[Leather et al., 2002; Etienne et al., 2007; Rieu et al., 2007,
Allen and Etienne, 2008] has been found in the sedimentol-
ogy of the Huqf supergroup, Oman, demonstrating that the
hydrological cycling continued to operate during a primary
Neoproterozoic glaciation event. If continuous operation of
the hydrological cycle can be further demonstrated to be
global and synglacial on the basis of more precise age mea-
surements, this would entirely undermine the “hard snow-
ball” hypothesis. Furthermore, if photosynthetic life had been
essentially eliminated as is likely implied by this hypothesis,
the occurrence of the subsequent Cambrian Explosion
following the Cryogenian and Ediacaran periods, in which
Eukaryotic life proliferated would be hard to comprehend. In
fact, biomarker evidence found in southeastern Brazil [Olcott
et al., 2005] reveals that primary production and photo-
synthesis in the ocean remained strong during the glacial
events. Furthermore, the diversity of microbials was found to
be nearly invariant through the glacial events recorded in the
sediments in both Death Valley, USA, and Australia [Corsetti
etal.,2003,2006]. This list of surviving photosynthetic biota
through the glaciations is increasing [e.g., Moczydlowska,
2008; Love et al., 2009]. In fact, the work by Nagy et al.
[2009] clearly demonstrates that the biological turnover
occurred ~16 Myr [Corsetti, 2009] before the earliest
Neoproterozoic global glaciation, the Sturtian glaciation,
invalidating the causal link between the two events. This does
not deny the occurrence of a “hard snowball,” but does imply
that the biological turnover may not serve as supportive
evidence of the “hard snowball” hypothesis. It should be
noted that in the “hard snowball” hypothesis, refugia could
exist [e.g., Hoffiman and Schrag, 2002] in which primitive life
could survive and might proliferate. Therefore, not until
further evidence is discovered demonstrating that biological
activity existed globally and synglacially, can the “hard
snowball” hypothesis be simply refuted by appealing to such
activity. Nonetheless, these data potentially suggest that sea
ice cover was not complete during the glacial periods.

[7] From a modeling perspective, numerical simulation by
Poulsen [2003] has shown that the occurrence of a runaway
ice-albedo effect might not be as straight forward as specu-
lated on the basis of simple energy balance models, there
being many additional factors that must be taken into account,
as further discussed by Poulsen and Jacob [2004]. The thin
ice solution which was proposed [McKay, 2000; Pollard and
Kasting, 2005] as one of the possible ways for the photo-
synthetic processes to continue during a “hard snowball”
event has also been demonstrated to be unlikely [Warren
et al., 2002; Warren and Brandt, 2006]. Further discussion
is provided by A/len [2006]. A more recent issue that has been
raised concerning the “hard snowball” hypothesis is the dif-
ficulty in triggering the final deglaciation. It has been sug-
gested by numerical modeling that > 0.29 bar of atmospheric
pCO, needs to be accumulated to melt the hard snowball
[Pierrehumbert, 2004, 2005]. It has been assumed that there
would be no gas exchange between the atmosphere and the
ocean, so that 0.29 bar of CO, can be accumulated in ~12 Myr
if the same volcanic outgassing rate (~5.4 x 10> mole yr ')
as is occurring at present is assumed [Hoffman et al., 1998].
However, small areas of open waters could exist even in a
“hard snowball” owing to lava flow or other hydrothermal
activities [Le Hir et al., 2008], which could lead to efficient

2 of 19



D17111

gas exchange between the atmosphere and the ocean if the
area were larger than ~3 x 10° km?. If this process were
operative, it would take longer than 30 Myr to accumu-
late 0.29 bar of CO, even with an outgassing rate of ~8.6 x
102 mole yr ' [Le Hir et al., 2008], which is much longer
than the nominal value of ~10 Myr for the duration of the
hard snowball [Hoffiman et al., 1998; Hoffiman and Schrag,
2000]. On the basis of new age measurements, the duration
of the Marinoan glaciation is constrained to be at most
23.5 Myr [Hoffiman and Li, 2009], and that of Sturtian gla-
ciation could be as short as 5 Myr [Macdonald et al.,2010]. In
order to escape from this requirement for extremely high
pCO,, it has recently been argued that the surface albedo of
the hard snowball could be significantly lowered in the tro-
pics owing to the accumulation of dust in the net tropical
ablation zone that is characteristic of the atmosphere when the
Earth is completely ice covered [Abbot and Pierrehumbert,
2010]. The major sources of the dust envisioned by Abbot
and Pierrehumbert [2010] include that blown by wind from
unglaciated land and that due to volcanic eruptions. Neither of
these two sources seems to be entirely realistic as the area of
exposed land which would be available for dust production
would be expected to be small (e.g., consider Antarctica and
Greenland at present), and volcanic eruptions should produce
much less dust than under present-day conditions since the
land is envisioned as being almost entirely covered by thick
ice sheets under hard snowball conditions. Nevertheless, the
“hard snowball” hypothesis may not be entirely ruled out as yet
on the basis of the few (critical but perhaps local) observations,
nor by the existing numerical simulations which themselves
have limitations and many uncertainties in the values selected
for their governing parameters. Further multidisciplinary work
is surely required to obtain a definitive conclusion concerning
the plausibility of the “hard snowball” model.

[8] The alternative soft snowball model of Neoproterozoic
glaciation has been suggested [Hyde et al., 2000; Peltier
et al., 2004] to be stable at near modern atmospheric CO,
concentrations (pCO,) even when the solar insolation is taken
to be ~7% weaker during the late Neoproterozoic period.
However, if pCO, continued to decrease owing to intensified
weathering associated with the breakup of the supercontinent
of Rodinia[e.g., Donnadieu et al., 2004], the planet might not
have been able to escape from a hard snowball “fate” if there
were no negative feedback mechanism acting that could
stabilize this trend, assuming that the glaciation was indeed
caused by decreased pCO,, and not by other processes [e.g.,
Schrag et al., 2002; Pavlov et al., 2005]. Peltier et al. [2007]
proposed that enhanced remineralization of the dissolved
organic carbon (DOC) reservoir at low temperature could
have played the role of such a negative feedback. This idea
was based on the hypothesis that an extraordinarily massive
DOC reservoir existed in the Neoproterozoic ocean [Rothman
et al., 2003]. When the temperature at the Earth’s surface
decreases substantially, the solubility of O, in seawater
increases significantly [Garcia and Gordon, 1992], which in
turn increases the rate of oxidization/remineralization of the
DOC into dissolved inorganic carbon (DIC = CO,). A portion
of this dissolved CO, in the ocean would be partitioned into
the atmosphere, and in this way an initial climate cooling may
be not only stabilized but actually reversed. The unique nature
of the Neoproterozoic carbon cycle may therefore have acted
to prevent the occurrence of a “hard snowball” Earth. An
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equally interesting aspect of the solutions to the Neoproter-
ozoic climate model described by Peltier et al. [2007] con-
cerns its ability to deliver agreement with the inferred negative
excursions of §'*C as a consequence of nonequilibrium carbon
cycling, owing to the exceptionally large size and long resi-
dence time of organic carbon relative to that of inorganic
carbon in the Neoproterozoic ocean. The model of Peltier
et al. [2007] therefore provides an alternative to the hard
snowball hypothesis of Hoffinan et al. [1998], one in which a
globally active hydrological cycle continues to function.

[v] However, it was clearly demonstrated by Peltier et al.
[2007] that the behavior of the carbon cycle coupled
climate model is tightly constrained by the nature of the
stand-alone climate model, for example, the hysteresis loop
of steady state solutions of the model in mean sea level
temperature-pCO, space that exists in the absence of the
coupling to the carbon cycle which is the source of model
time dependence. In particular, the existence and the stability
of oasis (soft snowball) states is crucial in order for the carbon
cycle coupled model to be able to reverse an initial cooling
trend. Since the latitudinal distribution of continents has been
considered critically important to the success of the “hard
snowball” Earth hypothesis [Hoffman and Schrag, 2000,
2002] and since the “soft snowball” alternative has been
advanced in terms of a continental configuration of Marinoan
type for which equatorial continentality is low and therefore
at odds with that characteristic of the initial Sturtian event, it
is clearly necessary to investigate the extent to which a shift
to a more Sturtian paleogeography might eliminate the “soft
snowball” branch of solutions. The paleogeography appro-
priate for the Sturtian event (the first of the three potentially
global glaciations that occurred during Neoproterozoic time
[see Peltier et al., 2007, Figure 1]) was significantly different
from that appropriate for the subsequent Marinoan event
[Li et al., 2008] (compare Figures la and 1b and see also
Trindade and Macouin [2007]) as employed by Peltier et al.
[2007]. Our purpose herein is to provide a detailed assessment
of'the sensitivity of the existence of oasis solutions to extreme
variations of the paleocontinental configuration. The asso-
ciated question of the stability of the oasis states, when sub-
jected to perturbations (e.g., variations of solar constant or
pCO,), and the influence on the evolution of the carbon cycle
coupled version of the model is investigated in a separate
paper (Y. Liu and W. R. Peltier, A coupled carbon cycle-
climate model of Neoproterozoic glaciation: Explicit carbon
cycle with stochastic perturbations, submitted to Journal of
Geophysical Research, 2010). A further question raised by
Goddéris and Donnadieu [2008] (see the reply by Peltier
and Liu [2008]) concerning the question of the amount of
CO, that would be produced by the action of the negative
feedback proposed by Peltier et al. [2007] is also addressed
in our other paper (Liu and Peltier, submitted, 2010). Here
our concern will be exclusively with the “continentality
complaint” of Hoffinan et al. [2008].

[10] In the analyses to follow, two distinctly different
representations of the continental configuration will be con-
sidered, one of which consists of a single supercontinental
mass of elliptical form whose mean latitude is considered
to be a control variable of the model. The second super-
continental model will consist of the realistic 720 Ma conti-
nental configuration based on the reconstruction of Li ef al.
[2008]. Experiments with this more realistic model will also
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Figure 1. (a) Paleogeography used by Peltier et al. [2007],
which was based on the reconstruction by Dalziel [1997]
appropriate for 570 Ma. (b) Paleogeography for 720 Ma [Li
et al., 2008]. (c) Land area distribution with latitude for the
geography in Figure la (black dashed line) and Figure 1b
(black solid line). The Earth surface area is also shown (gray
line) so that the distribution of ocean area with latitude is
conveniently inferred from the space between the black
dashed line or black solid line and the gray line.

include allowable (by the paleomagnetic constraints) shifts
in latitudinal position of the centroid of continental mass as
well as an investigation of the degree of connectivity between
the individual fragments of which the supercontinent is
composed.

[11] In sections 2 and 3 the properties of the ice sheet
coupled energy balance climate model to be employed are
summarized and detailed descriptions of the paleogeo-
graphies are provided, respectively. The results of the anal-
yses we have performed with the model as a function of
continental configuration are presented and discussed in
section 4. Conclusions that follow from these analyses are
provided in section 5.

2. Model Description

[12] The model to be employed herein consists of two
primary components: A global surface energy balance mod-
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ule and a 3-D thermomechanical ice sheet module. The model
also includes a thermodynamic sea ice module. The EBM
and ice sheet model components have been described in detail
in a series of papers [e.g., Deblonde and Peltier, 1991, 1993;
Tarasov and Peltier, 1997, 2004], but we will provide a brief
recapitulation of their most important characteristics for
completeness’ sake and in order to clarify the particular
assumptions that are made for the purpose of Neoproterozoic
climate simulation.

2.1. Global Energy Balance Model

[13] The 2-D energy balance model (EBM) in this paper
was originally developed by North et al. [1983] and then
generalized somewhat by Hyde et al. [1989]. In this model the
temperature at the surface of the Earth is determined by a
solution to the following partial differential equation:

C(r)% — V- [D(O)V,T(r,t)] + A+ BT (r,¢)
:%a(r,t)S(é‘,t)7 r=(6,0). (1)

In equation (1), 0 is colatitude and ¢ is longitude of a surface
point, 7'(r, £) is the sea surface temperature in degrees Celsius,
and C(r) is the effective surface heat capacity. This space-
dependent surface heat capacity is employed to distinguish
land, ocean, land ice and sea ice from one another for which
we will assume the respective values 0.08, 9.7, 9.7/60 and
0.97. The latitude-dependent parameter D is a thermal dif-
fusivity that is employed to represent the combined influence
of all forms of heat transport including the poleward transport
of heat due to the combined influence of the Hadley circu-
lation and midlatitude baroclinic waves. The term A+BT(r, t)
represents the outgoing infrared radiation (IR) from the top of
atmosphere in terms of the surface temperature, in which 4
and B are empirical constants taken to have values 203.3 W
m Z2and2.10 Wm 2K, respectively [North et al., 1981], on
the basis of fits to modern climate observations with pCO,
approximately equal to 300 ppmv. Q is the solar constant, the
modern value of which is 1360 W m™2, but this must be
decreased by 6-7% during the late Neoproterozoic period to
account for the fact that main sequence stars such as our Sun
burn more brightly as they age [Gough, 1981]. The a is the
coalbedo of the surface of the Earth which is assumed to be a
smooth function of latitude only, in which the land and ocean
are not distinguished [see Deblonde and Peltier, 1991] if
there is no snow, land ice or sea ice present. S is the solar
distribution function which varies strongly with latitude and
orbital geometry. Orbital forcing will not be considered for
the purpose of this paper since Neoproterozoic orbital para-
meters are unknown; however, this influence will be con-
sidered elsewhere (Liu and Peltier, submitted, 2010).

[14] The seasonal change of snow cover on land and sea ice
cover on the ocean, are resolved in the model. Sea ice is
assumed to form when the temperature of the ocean is below
—4°C. Since it is purely thermodynamic, the thickness and the
flow of sea ice are not considered in the model. Because they
are sensitive to temperature but in turn affect the temperature
field through modification of the surface coalbedo (a(r, 7)) of
the planet, equation (1) becomes highly nonlinear and must
be solved iteratively in order to obtain a converged solution.
Land ice cover changes slowly with time, and thus is con-
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sidered to be constant during the course of a single year. A
value of 0.3 is used for the coalbedo of both snow and land
ice, and 0.55 for sea ice coalbedo. The argument for using a
value for sea ice coalbedo of this order was provided by
Crowley et al. [2001]. This is especially appropriate for low-
latitude sea ice such as is crucial for the occurrence of “hard
snowball” conditions as sea ice forming near the equator
would be expected to be covered with melt ponds, thus
lowering the albedo.

[15] The impact of the variation of CO, concentration on
the radiative forcing at the surface may be introduced into the
model through a modification of the variable 4 in equation (1)

as follows:
pCO,
dRad = k1 R 2
. n(FCOZ,e)/ ( )

where dRad is the increment in surface radiative forcing due
to an increase in CO, concentration from the reference level
pCO;_ ., which is 300 ppmv here. The £ is a constant whose
value may be obtained through radiative-convective model-
ing utilizing the known spectral absorption characteristics of
CO, [Ramanathan et al., 1979; Myhre and Stordal, 1997;
Myhre et al., 1998] for which a value of 6.0 W m 2 is assumed
[Tarasov and Peltier, 1997, 1999].

2.2. Thermomechanical Ice Sheet Model

[16] The 3-D thermomechanically coupled ice sheet
model employed here is the University of Toronto Glacial
Systems Model (UofT GSM), which is a further extension
of that employed by Hyde et al. [2000], in which an iso-
thermal version of the ice sheet model originally developed
by Deblonde et al. [1992] was employed. The complete
thermomechanical version of the model to be employed
herein has been tested in detail in the context of the European
EISMINT program [Payne et al., 2000; Tarasov and Peltier,
1999].

[17] Onthe basis of the shallow ice approximation [ Paterson,
1994], only vertical thermal diffusion and horizontal advec-
tion in the ice sheet are considered, as represented in the
following partial differential equation:

or o

PiC(T) 5 =5,

k- nevvreo. @

The values employed for the density of ice p;, thermal dif-
fusivity &(7") and heat capacity C(7T') are the same as those by
Tarasov and Peltier [1999], as are the boundary conditions.
In equation (3), V is the horizontal flow velocity vector of ice
and Q, represents the heat production due to ice deforma-
tional heating or basal sliding. Only vertical diffusion is
considered in the bedrock thermodynamic calculation, which
is represented as

T 2T,

pbcbaa_t:kh%a (4)
in which the density, heat capacity, and thermal conductivity
of the bedrock are set to the values 3300 kg m >, 1000 kJ kg’
K, and 3 W m ' K'', respectively. The upper boundary
condition for the determination of temperature in the bedrock
is fixed by the temperature at the surface delivered by the
EBM if no ice is present or by the temperature at the base of
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the ice sheet if the surface is ice covered. The lower boundary
condition (2 km below the surface) is specified to be the heat
flux due to the cooling of the Earth. A uniform value of
60 mW m ? is employed for the purpose of the analyses to be
presented herein, which is approximately the average conti-
nental heat flux appropriate for Neoproterozoic conditions
[e.g., Stein, 1995; Pari and Peltier, 1995, 1998].

[18] The velocity of ice flow under its own weight, V in
equation (3), is calculated using the standard Glen flow law
[Paterson, 1994] under the shallow ice approximation:

V(l‘) =V, — 2(pig)"{vh(h) i Vh(h)}(”*l)/z
- Vh(h) x E/ A(T*(z’)> (h 7Z/)ndz/’ )

where V,, is the basal sliding velocity, /4 is the surface ele-
vation relative to sea level, # is the flow law exponent (= 3 in
the case that the Glen flow law is assumed), £ is the flow
enhancement factor (= 6 here, 6.5 was employed to fit the
deglacial history of the Laurentide ice sheet that existed at
Last Glacial Maximum approximately 21,000 years ago
[Tarasov and Peltier, 2004]), A(T*) is the temperature-
dependent flow coefficient in which 7* is the temperature of
the ice in degrees Kelvin corrected for the pressure melting
point [see Tarasov and Peltier, 1999, 2002]. Note that the
subscript “h” on the gradient operator stands for “horizontal.”
The basal velocity is determined independently using an
empirical relationship, as a function of the basal shear stress
and basal temperature [e.g., Tarasov and Peltier, 2002,
equations (6) and (7)]. The enhancement of basal sliding
due to till deformation has been considered in modeling North
American ice sheet history [Tarasov and Peltier, 2004], but
is not considered in the version of the model to be employed
here owing to the lack of information concerning Neopro-
terozoic till.

[19] Finally, ice thickness is computed through application
of the mass conservation relation:

OH (x,y)
ot

h
_ v, / V(r)dz + G(r, T(r)), (6)

Zb

in which G is the net surface and basal mass balance, namely,
the difference between the snow/ice accumulation at the
surface and the ablation of snow/ice both at the surface and at
the base [see Tarasov and Peltier, 1999, 2002]. A spatially
uniform annual precipitation of 0.6 m is assumed at sea level,
but the monthly precipitation obtained is reduced/increased
locally by a factor of 1.03 for each degree by which the
monthly mean temperature at sea level is lower/higher than
0°C. The precipitation change due to the desert/elevation
effect [Deblonde and Peltier, 1993] is also included in the
analysis of mass balance. The snow accumulation and
melting are computed using the same formulation as that
of Tarasov and Peltier [2002]. The influence of ice calving
remains a significant problem in ice sheet modeling [Benn
et al., 2007]. For present purposes we will simply assume
that calving is complete when the ice sheet advances from
a continental region into the ocean.

[20] Bedrock deformation beneath the ice sheet is also
incorporated into the model in order to better simulate the
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evolving thickness of the ice sheet and is assumed to be
adequately represented by the assumption of a simple damped
return to equilibrium, as follows:

dhn’ h' — hO piH + pw(SHw

= +

dt T PeT

; (™)

a formulation which provides an adequate approximation to
the more realistic gravitationally self consistent isostatic
adjustment theory for the viscoelastic mantle in response to a
variation of surface mass load (e.g., see Peltier [1998, 2007]
for recent reviews). In equation (7), /'y is the depression
(elevation) of the bedrock surface relative to sea level in
equilibrium under ice-free Neoproterozoic conditions, and 4’
is the depression induced by the evolving surface mass load
associated with glaciation, p;, p,, and p, are the average
densities of ice, seawater, and lithosphere, respectively, H is
the thickness of ice, 6H,, is the change in the thickness
of a water column, and 7 is a single relaxation time constant
(= 4 kyr) chosen so as to reasonably fit Late Quaternary
postglacial rebound data [Peltier, 1998]. The viscoelastic
structure of the Neoproterozoic mantle was probably similar
to present, since the temperature of the interior has not
changed significantly since Neoproterozoic time according to
modern analyses of planetary thermal history [Butler et al.,
2005]. For present purposes we will not calculate sea level
history explicitly so that 6H,, is set to zero. The ice sheet
model is solved at aresolution of 0.5° % 0.5° horizontally with
35 vertical levels.

2.3. Method for Calculating the Hysteresis Loop

[21] The hysteresis loop consists of a subset of the complete
set of steady state solutions in mean sea level temperature-
pCO; space. In principle determination of the complete set of
steady state solutions requires that we run the time-dependent
model to steady state for each pCO, value in the selected
range. The annually averaged global mean sea level tem-
perature so determined for each steady state defines one point
in temperature-pCO, space. Depending on the initial state in
which the time-dependent model is initiated, multiple steady
states may be found to exist for each specific pCO, value. A
hysteresis loop consists of a closed orbit in state space that
includes such multiple equilibria. However, calculating the
complete set of steady states in this way would require
unnecessarily excessive computation. We instead adopt an
approximate method since we are most interested in the
existence of the “soft snowball”/oasis solutions, rather than
the precise shape of the hysteresis loop. This method is the
same as that employed by Peltier et al. [2004, 2007] but has
not previously been adequately described. In this method, the
model is initialized from a state in which continental gla-
ciation is essentially absent (very little land ice or sea ice
present) for which the pCO, is high, for example, 1000 ppmv.
Instead of running to a perfectly steady state for this carbon
dioxide concentration, pCO, is continuously but slowly
decreased, for example (in terms of radiative forcing), at a
pace 1 W m %/50 kyr, until the “hard snowball” state is
eventually reached. If the climate passes through a “soft
snowball” intermediate state during the process, then we
initialize a new time-dependent calculation from this state
during which pCO, is increased slowly until the climate
eventually returns to a hot ice-free state. Therefore, only
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approximate steady states are reached for each value of pCO,.
If the pace of varying pCO, is very slow, the approximate
steady state solutions so obtained are found to be very close to
precise equilibria. This is a consequence of the fact that, when
pCO, is high, very little land ice is present and the climate
system reaches an approximate steady state very quickly (i.e.,
in one EBM time step of 500 years). Then by decreasing
pCO, slowly, the climate system will achieve a new
approximate steady state in each time step because there will
be little change in surface ice from that in the previous time
step, the evolution of surface ice cover being the process that
determines the rate of convergence. A pace of pCO, reduction
equivalent to a change in infrared forcing of 1 W m™%/20 kyr
or 1 W m %/50 kyr was usually employed in practice for our
previous Marinoan integrations [Peltier et al., 2004, 2007].
To determine the critical value for pCO, at which the climate
enters a “soft snowball” or “hard snowball” state suddenly
from a hot state, the pace was sometimes decreased to 1 W m™%/
100 kyr. In the limit that the pace of CO, reduction tends
to zero, this method delivers the same results as the exact
method.

[22] From our experience with the model for the Marinoan
glaciation, the pace of 1 W m %/100 kyr was initially con-
sidered slow enough and was initially employed to construct
the set of steady state solutions for the Sturtian glaciation.
This led us to reach an incorrect preliminary conclusion that
“soft snowball” solutions did not exist for the 720 Ma con-
tinental configuration unless the supercontinent of Rodinia
was shifted poleward by as much as 10°. We later discovered
that for the more equatorially centered supercontinent the
pace of pCO, reduction was insufficiently slow to accurately
determine the steady states. The reason for this was found to
be related to the detailed continental configuration as is dis-
cussed in greater detail in section 4. Although this method of
defining the set of steady state solutions therefore requires
explicit testing to demonstrate that the results are robust
against decreases in the rate of pCO, reduction and increase,
its merit is that it enables us to calculate continuous variations
of land ice volume and sea ice coverage for continuous var-
iations of pCO,. This greatly facilitates our understanding of
the development of “soft snowball” states as we will dem-
onstrate in sections 3 and 4. For present purposes we therefore
choose to use a combined method. The approximate method
is employed to sweep the whole pCO, range with a choice of
1 W m™?/100 kyr for the pace at which pCO, is decreased, but
a much slower pace of 1 W m 2/800 kyr in the vicinity of
possible “soft snowball” transition points (where climate
shifts from the hot state to an oasis state). If “soft snowball”
solutions are found, then no further verification calculations
are needed, otherwise we perform several separate calcula-
tions at pCO, values that are slightly higher than the “hard
snowball” transition value (at which climate transits from a
relative warm state into a “hard snowball” state). These cal-
culations are each run to steady state to check that the solu-
tions obtained using the approximate method were acceptably
close to these solutions. If they are close, or at least on the
same branch of the hysteresis loop, this implies that the oasis
state truly does not exist. In this way we are able to combine
the advantages of both the approximate method (rapidity of
computation) and the exact method (accuracy).

[23] The method described above might lead the reader to
the false conclusion that we believe that the pCO, variation in
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nature is necessarily slow. It needs to be kept in mind that we
are here describing the state space of steady state solutions of
an ice sheet coupled climate model that is NOT explicitly
coupled to a model of the carbon cycle. The rate at which the
carbon dioxide concentration of the atmosphere changes is
actually determined by the collective effects of those physical
processes that control the evolution of the carbon cycle itself
and the way in which these processes are coupled to climate.
The methodology we are employing to determine the com-
plete set of model steady state solutions nevertheless does
allow some insight into how one might enter into a hard
snowball state. If the rate of decrease of atmospheric carbon
dioxide concentration were sufficiently fast then insufficient
time may be available for the oasis solution to develop.

[24] Peltier et al. [2007] demonstrate that a plausible neg-
ative feedback existed that could entirely prevent such a rate
of decrease from occurring This feedback and the processes
with which it would have been obliged to compete are the
focus of the further analyses to be discussed elsewhere (Liu
and Peltier, submitted, 2010).

3. Paleogeographic Reconstructions

[25] We will begin our analyses by discussing two geo-
metrically simple supercontinental models with total land
areas of ~105 x 10° km? (Figure 2) and ~130 x 10° km?
(Figure 3), respectively. The shapes of these supercontinent
models will be taken to be elliptical and to be placed either
centered on the equator (Figure 2a), or displaced southward
by 10° increments until the continent is centered on the South
Pole (as partially illustrated in Figures 2b—2f). For each of
these new positions of the supercontinent, we calculate the
steady states of the climate model in the absence of coupling to
the carbon cycle. The steady states are calculated for a range of
values of atmospheric pCO, in order to investigate the nature
of the hysteresis, if any, that may exist in the state space
of mean surface temperature and atmospheric pCO,. The
methodology employed to compute these solutions is that
discussed previously in section 2.3. By studying the nature of
the solution space for these two variants upon continental
geometry, we hope to gain insight concerning the influence of
both latitudinal position and total area of the supercontinent
upon ice sheet coupled climate model characteristics. In as-
sessing the implications of these analyses, we will be primarily
interested in the portion of the hysteresis loop that contains the
multiple equilibria associated with the oasis branch and the hot
branch of solutions as in Figure 3a of Peltier et al. [2007].

[26] Following our analyses of the impact of these sim-
ple supercontinental geometries, a more realistic paleoge-
ography based on the reconstruction of Li et al. [2008] for
720 Ma will also be considered. This geography (Figure 1b)
has a total continental area of ~110 x 10® km?, smaller than
that employed by Peltier et al. [2007] (~130 million km?,
Figure 1a) and modern (~150 million km?), but very close to
that of the smaller of the elliptical models described previ-
ously. The reason of this reduction in surface area in Li et al.’s
[2008] model is either that the continents had yet to be fully
formed or that the authors were uncertain where to place
several of the less substantial terrains (e.g., West Antarctica)
owing to the age uncertainties (Z. X. Li, personal communi-
cation, 2007). The continents are more strongly clustered at
low latitude in Li et al.’s [2008] model compared to that for
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570 Ma (Figure 1c). As in the case of the simple elliptical
models we will rotate this more realistic supercontinental
structure in steps of 10° (Figure 4), to investigate whether or
not and in what latitudinal range a hysteresis loop may con-
tinue to exist. The sensitivity of the nature of the solu-
tions under such rotational displacements is investigated for
several reasons: (1) There are only ~10 samples available
between 800 and 700 Ma, for which both the age and
paleolatitude were determined, and these are unevenly dis-
tributed on the continental fragments [7rindade and Macouin,
2007; Li et al., 2008]. (2) The paleolatitude of the individual
continents determined by paleomagnetic data is known only
to within rather broad error bounds, especially if the sampling
is on sedimentary rocks [Tauxe and Kent, 2004; Tauxe et al.,
2008]. (3) Owing to the scarcity of the data points and the
uncertainty in both the age and paleolatitude of the mea-
surements, the positions and/or orientations of particular
continental fragments are highly uncertain and therefore
controversial (as stated by Li et al. [2008], p. 180, “not every
opinion expressed in this paper is agreed on by all co-
authors”). (4) It will be useful to know over what range of
latitudes the center of mass of the supercontinent is located
wherein the “oasis branch” of the hysteresis loop may
continue to exist.

[27] Aside from the difference in the total continental area
and in the latitudinal distribution of the continents between
the 720 Ma geography and the Marinoan-like geography,
we will demonstrate the existence of a further fundamental
difference between the two geographies insofar as the nature
of the solutions that they support is concerned. Insofar as the
Marinoan-like geography is concerned, the individual con-
tinental fragments are more tightly connected. For this rea-
son we will also consider a slightly modified version of the
720 Ma geography (Figure 5), in which the three major
continental fragments are modified so as to more tiéghtly
connect them. This will involve the addition of ~3 x 10° km?
of additional continental area which is well within the
uncertainty of the original reconstruction [see Li et al., 2008,
Figure 10] (Z. X. Li, personal communication, 2007). This
is a reasonable modification of the paleogeography to con-
template since when large continental ice sheets form in our
model, sea level may drop by several hundred meters. The
shallow seas that may have separated the individual con-
tinents could therefore plausibly have become dry land, thus
modifying the surface over which the ice is able to advance
without being subjected to calving.

[28] For the more realistic continental configuration, the
sensitivity of the existence of oasis solutions upon the
precipitation rate will also be further tested by investigating
the sensitivity of the space of steady state solutions to var-
iations in the assumed precipitation rate. For the purpose
of these additional analyses, precipitation rate will be varied
by increments of 0.1 myr ' up to 0.9 myr ' from a minimum
of 0.2 m yr ', but these analyses will not be performed for
all latitudinal distributions of the supercontinent.

4. Results and Discussion

4.1.

[20] The state space of steady state solutions for the ice
sheet coupled climate model is calculated for a series of lat-
itudinal positions of the pair of elliptical supercontinents. Of

Simple Elliptical Supercontinents
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Figure 2. (a—f) The smaller (~105 x 10° km?) of the two elliptical supercontinents centered at a series of
different latitudes. (g—1) The hysteresis loop (closed orbit of the red solid lines) of the climate model
corresponding to the adjacent paleogeography. The blue dashed lines, upon which the set of steady state

solutions for the new set of models are shown in red, are shown for reference from Peltier et al. [2007,
Figure 3a] for the Marinoan model of Figure 1a.
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Figure 3. Similar to Figure 2 except that these are for the larger (~130 x 10° km?) of the two elliptical

supercontinents.

special interest is the question as to whether proximity of the
supercontinent to the pole has any impact upon the existence
of the hysteresis loop that is prerequisite for the existence of
oscillatory solutions to the fully coupled model that includes
an active carbon cycle. The results for the smaller (~105 x
10° kmz) elliptical supercontinent centered at 0°, 10°S, 20°S,
30°S, 50°S and 70°S are shown in Figure 2, respectively. In
these runs, the solar constant has been taken to be 7.2% lower
than the present value, since we are focusing upon the Stur-
tian glaciation which occurred at approximately 720 Ma. As
previously mentioned, it has been well established through
analyses of the evolution of main sequence stars that the
luminosity of such objects, of which our Sun is an example,
increases with time at a rate of ~1% per 100 million years
[e.g., Gough, 1981].

[30] Figure 2g demonstrates that when this supercontinent
is centered precisely on the equator, the oasis/soft snowball
state no longer exists as the hysteresis in the system is elim-
inated. Climate simply descends into a hard snowball state
from a relatively warm state (7" is around 1°Celcius) when
pCO, is very low (~40 ppmv). That the climate is stable for
very low pCO, (but >40 ppmv) is a consequence of the fact
that land ice cannot spontaneously develop on any part of the
supercontinent owing to its low latitude. There is therefore no
positive feedback possible from land ice albedo. When the
same model supercontinent is shifted southward by only 10°,

however, the nature of the solution space of the model
changes significantly. Figure 2h demonstrates that when the
supercontinent is centered at 10°S, the climate first enters an
oasis state when pCO, is gradually decreased, before des-
cending into a hard snowball state, a feature that is the hall-
mark of the existence of hysteresis. At this position, more
than half (68%, or 71 x 10° km?) of the land is still in the
equatorial region, that is, between 23°S and 23°N. This,
somewhat counterintuitively, suggests that even continental-
scale glaciation in the equatorial region does not guarantee the
occurrence of a “hard snowball” Earth. It is possible that the
oasis solution exists when the supercontinent is located
between 0°S and 10°S, but we have not attempted to refine
our computation of the critical latitude since the existing
results are sufficient to serve the purpose, as will be further
discussed in what follows. The reason why oasis solutions are
recovered when the continent is shifted southward by 10° will
also be further discussed.

[31] As the supercontinent is shifted further and further
toward the South Pole, the oasis solution with its character-
istic hysteresis loop continues to exist but the area of the loop
shrinks, as demonstrated in Figures 2i—21. When the continent
is centered at 50°S, the hysteresis loop (Figure 2k) is already
too compressed to be meaningful as short timescale natural
internal variability of the climate system, such as that which
characterized Pleistocene glacial cycles, could shift the cli-
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Figure 4. Similar to Figure 2 except that the geography is the more realistic one from Li et al. [2008] for

720 Ma.

mate from one branch to the other. Therefore, when the
supercontinent is largely located in the high-latitude region,
the oasis solutions exist but are no longer distinguished from
the hot branch solutions. This shrinking of the hysteresis loop
is caused by both a warmer oasis state and a colder hot state,
both due to the existence of the continental ice sheet at high
latitude. The land ice sheet develops when pCO, is high,
therefore the hot state becomes slightly colder owing to this
albedo effect. However, when the continent is fully glaciated,
this albedo effect is smaller when the continent is at high
latitude compared to when it is at low latitude, hence a
warmer oasis state. It is obvious that oasis solutions most
naturally develop if the continent is primarily at high latitude
and exist for a wide range of pCO,. These states are not
strongly distinguished from the hot states because large ice
sheets have already formed in the hot state as is the case for
the Antarctic ice sheet under present-day conditions. Even
when the entire continent is glaciated, mean surface temper-
ature is not strongly diminished owing to the reduced impact
ofice albedo feedback when the ice-covered region is at high
latitude. These high-latitude cases are of no particular interest
as too little land lies in the equatorial region to be relevant to
the debate concerning Neoproterozoic glaciation theories.
[32] For the larger (~130 x 10° km?) elliptical superconti-
nent, the results are very similar. The hysteresis loop also
appears when the continent is shifted by 10° toward the South

Pole (with 63% or 83 x 10° km? of the continent in the
equatorial region), but completely disappears when it is
shifted 50° or more southward. Only the results for the cases
in which the continent is shifted 10°, 20° and 40° are shown
explicitly (Figure 3). Overall, it is clear that a distinct oasis
state with its attendant hysteresis loop exists for a range of
latitudinal distributions for a supercontinent which has a
simple geometric form. The continental configuration during
the Marinoan glaciation had an area of ~130 x 10° km?, and
was centered around 40°S (Figure la), thus a distinct hys-
teresis loop was found to exist by Crowley et al. [2001] and
Peltier et al. [2004, 2007], consistent with the results for the
larger elliptical supercontinent considered here.

[33] It might therefore appear on the basis of the above
analyses that an equatorially centered supercontinent may
prevent the existence of an oasis solution due to runaway ice
albedo feedback entirely, but this turns out not to be the case.
As is demonstrated more clearly in section 4.2, if an oasis
state is to form, a large ice sheet must first be initiated at high
latitude so that it may thereafter expand to low latitude by
flow even when the local temperature remains high. When the
high-latitude portion of a supercontinent is insufficiently
extensive, however, an ice sheet is not easily initiated nor can
it grow to sufficient size to enable it to flow toward the
equator. This is clearly demonstrated in Figure 6, in which we
can see that the volume of land ice is zero if the smaller
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Figure 5. (a—h) Similar to Figure 4 except that the geography is modified slightly to increase the con-

nectivity between the continental fragments.

supercontinent is located at the equator even when pCO, is
very low (40 ppmv, Figure 6a), but if the continent is shifted
southward by 10°, land ice starts to grow at much higher
pCO, (140 ppmv, Figure 6b), and it is even more obvious
when the continent is shifted southward by 20°. This is true
for both of the two elliptical supercontinents. In both cases the
oasis solution is recovered when the supercontinents are
shifted from 0° to 10°S, during which the equatorial portion
of the continent is only decreased from 69% (Figure 2a) to
68% (Figure 2¢) and from 63.2% to 62.5% (Figure 3a) of the
total area, respectively. This would not be expected to cause
any significant change insofar as the ice albedo effect is
concerned. However, by extending the southern edge of the
continent by 10° south, the high-latitude land area is just
sufficiently large enough to enable low-latitude glaciation to
develop. An ice sheet appears at pCO, of ~140 ppmv, slightly
higher than the critical pCO, (~110 ppmv, Figure 6b), and

flows very slowly owing to its small size. Because the equi-
librium mass of the ice sheet for a slightly lower pCO, is
much larger, the model requires increased time to reach
steady state when pCO, is decreased. If pCO, is deceased
further when the ice sheet is still far from equilibrium, the
pCO, will be excessively low to allow the oasis solution to
develop and a “hard snowball” is obtained. In our initial
application of the approximate technique for defining the
hysteresis loop which employed the excessively rapid rate of
pCO, reduction of 1 W m /50 kyr, this led to our missing the
existence of the oasis solution. The rate that was adequately
slow for analysis of the Marinoan continental distribution was
inadequate in the present circumstance.

[34] The variation of the critical pCO, value (Figures 2g—21),
at which transition to a “hard snowball” occurs as a function
of the latitudinal distribution of the supercontinent is also
related to the development of the continental ice sheet.
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Figure 6. Total land ice volume (black solid line) and sea ice
area (red dashed line) of a series of steady states when pCO, is
continuously decreased, for the smaller elliptical superconti-
nent centered at (a) the equator, (b) 10°S, and (c) 20°S.

Development of a land ice sheet at high latitude at relatively
high pCO, assists the development of a “hard snowball,”
resulting in a higher critical pCO, value (compare
Figures 2h and 2i with Figure 2g). However, when the
supercontinent is at very high latitude, the critical pCO, is
lower because the albedo effect of the land ice is reduced
(compare Figure 2j with Figure 2k).

4.2. More Realistic 720 Ma Sturtian Paleogeography

[35] Similar to the procedure employed above, the more
realistic continental configuration appropriate for 720 Ma
(Figure 1b) is applied for this model in the search for steady
state solutions. It is found (using the more accurate method of
defining the state space of steady state solutions) that for all
latitudinal distributions of the Li et al. [2008] arrangement of
the continental fragments, the climate descends directly into
the hard snowball state when pCO, is reduced to a sufficiently
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low level (Figure 4). This could be taken to contradict the
results described in section 4.1 since the total area of the
continents in this case is midway between that for the two
elliptical supercontinents and closest to the smaller. However,
we note that the 720 Ma continental configuration differs
from that of the elliptical supercontinent in at least two
respects. The shape of the overall envelope of individual
continental fragments as well as the much reduced degree of
connectivity is strikingly different between these cases.
While there is no reason to believe that the shape of the
outline of the supercontinental envelope should be especially
determinant of the nature of the solutions, the connectivity
between individual continental fragments could be critical as,
to the extent that the individual continental masses are more
isolated, the flow of ice over the supercontinent will be
strongly inhibited.

[36] When the Sturtian continental configuration is slightly
modified as in Figure 5 so that the connectivity is increased, it
is found that a distinct hysteresis loop reappears even when
the supercontinent is not shifted in latitude (Figure 5e). The
hysteresis loop again disappears, however, when the frag-
ments of the supercontinent are collectively shifted poleward
by more than 60°. The most significant difference between
the hysteresis loops obtained for different latitudinal shifts of
the supercontinent may be that the pCO, level required for
escape (~1200 ppmv) from the “soft snowball” state is higher
if the supercontinent is centered on the equator (Figures Sa
and 5e), and occurs much more abruptly than if the super-
continent is at higher latitude (e.g., Figures 5g and 5h). There
is greater complexity of the set of steady states that define the
hysteresis loop when the supercontinent is at higher latitude
(Figures 5g and 5h), which makes the transition between the
hot state and the oasis state much less abrupt, and therefore
less problematic to define when the previous imprecise
method is employed to define the set of steady states.

[37] When the previous imprecise approach in which the
rate of pCO, variation was overly rapid was employed,
the oasis solutions were missed for the two cases in which the
continents are either at the equator or shifted southward by
10° (Figure 7). It is especially clear by comparing the red lines
in Figures 7a and Se that pCO, was decreased too rapidly in
the run of the time-dependent model in the construction of
Figure 7a, such that when the land ice sheet reaches equi-
librium pCO, is already close to the critical value (Figure Se)
at which a “hard snowball” transition would occur.

[38] Although the hysteresis loop exists for all the latitu-
dinal distributions of the supercontinent that are of interest
here, the appearance of such multiple equilibria is also sen-
sitive to the magnitude of the precipitation rate assumed
(Figure 8). The data presented on Figure 8 demonstrate that if
oasis solutions exist for a specific precipitation rate, then they
exist for a higher precipitation rate. This is clearly related
to the fact that at higher precipitation rate, ice sheet mass
accumulates more quickly if an ice sheet forms at all and is
therefore better able to sustain flow over the landscape. The
opposite is also true; if oasis solutions do not exist at some
specific precipitation rate, they will not be found at any lower
precipitation rate. It is also seen that when the realistic
supercontinent remains at its equatorially centered location,
oasis solutions cannot be found when the precipitation rate is
lowered by 0.1 myr ' to 0.5 myr ', but if the supercontinent
is shifted toward the South Pole by 5°, the oasis solutions
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Figure 7. The same as (a) Figure 5S¢ and (b) Figure 5f, respectively, except that the hysteresis loops here
are calculated with the imprecise method previously used by Peltier et al. [2004] in their analysis of the
Marinoan supercontinent, in which the pCO, was varied too quickly to enable accurate characterization

of the hysteresis loop.

are found for the precipitation rate of 0.5 m yr ', but not
0.4 m yr '. Only when the supercontinent is shifted south-
ward by 15°, will the oasis solutions exist for a precipitation
rate of 0.4 m yr '. The reason that the oasis states are able to
develop at lower precipitation rate when the supercontinent
is at higher latitude is also related to the nucleation and
growth rate of the ice sheet when it initiates at the high lat-
itude. Further refinement of the variations of the precipitation
rate are unwarranted given the simplicity of the climate
model that we are employing. In the future we intend to
further investigate whether “soft snowball” steady states
exist by imposing a precipitation field obtained from a full
general circulation model (GCM) run at appropriate bound-
ary conditions as in the work of Peltier et al. [2004].

[39] Land ice and sea ice distributions for two examples of
oasis solutions, for the smaller elliptical supercontinent and
the realistic 720 Ma continental configuration, respectively,
are shown in Figure 9. From Figure 9, we can see that a large
area of open ocean continues to exist even with the low-
latitude continents completely covered by ice. These are

0.9 1//
0.8 ¢

0.7 ¢
0.6 ¢

typical images of a soft snowball. It is also apparent that a
significant area of sea ice is formed around the glaciated
continental coasts and in the equatorial ocean enclosed by the
continental fragments. An important phenomenon concern-
ing the oasis/soft snowball solutions (in both Figure 9 here
and Figure 5 of Peltier et al. [2007]) is that the primary sea ice
boundaries (not those close to the continents) can be far from
entering the Hadley regime. However, owing to the simplicity
of the climate model we are employing, it is not possible to
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Figure 8. The existence of the “soft snowball”/oasis solu-
tions in the precipitation rate versus latitudinal shift space.
In the hatched area, oasis solutions exist. The specific tests
performed to delineate the boundary between these two types
of solutions are shown as solid circles (for which oasis states
exist) and crosses (for which oasis states do not exist).

Land ice thickness (km)

Figure 9. (a) Ice distribution in oasis solutions for the
smaller elliptical supercontinent shifted by 10° southward
(Figure 2b). (b) For the more realistic 720 Ma super-
continent (Figure 5a). Pink area represents the land ice, white
area represents the sea ice, and blue area represents the ocean.
The locations of the solution in the mean temperature—pCO,
state space are indicated by asterisks in Figures 2h and Se,
respectively. The dashed green lines in Figure 9b are the
outlines of the smaller (inner) and bigger (outer) unshifted
elliptical supercontinents, respectively.
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ice area (red dashed line) of a series of steady states when
pCO; is continuously decreased for (a) 570 Ma geography,
(b) 720 Ma geography, and (¢) 720 Ma geography with
both increased connectivity and a 20° southward shift,
respectively.

assert that in a “soft snowball” state, sea ice may never extend
to within 30° of the equator.

[40] The difference in latitudinal distribution between the
simple elliptical supercontinents and the more realistic one is
also illustrated in Figure 9. The southern most edges of the
smaller and bigger elliptical supercontinents (see the dashed
green lines in Figure 9b) reach ~42°S and ~48°S, respec-
tively, while that of the more realistic supercontinent reaches
~75°S, significantly more fully extended into the polar
region. Since the hysteresis loop can be recovered for both of
the elliptical supercontinents by only a 10° shift, therefore, it
is not surprising that the hysteresis loop exists for the more
realistic supercontinent, on which the land ice sheet can form
at relatively high pCO,. The land area of the more realistic
supercontinents south of 42°S and 48°S are 17 x 10° km? and
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11 x 10° km?, respectively, if fully glaciated, the size of the
ice sheet will be comparable or larger than the Laurentide
ice sheet during the last glacial maximum, and capable of
fast flow.

[41] Our results suggest that oasis solutions exist even
when a large fraction of the total continental area (at least 60%
for the elliptical supercontinent and 50% for the more realistic
720 Ma continents) lies in the equatorial region. We have also
demonstrated that the latitudinal distribution of continents is
important in order for the oasis solutions to exist at lower
precipitation rate, but the most critical prerequisite for the
existence of a “soft snowball” is that sufficient connectivity
exists between the individual continental fragments so that
land ice may flow between them so as to increase the total area
covered. This is clearly seen by comparing Figures 4 and 5,
but the detailed demonstration of this fact is provided in the
following discussion of Figures 10 and 11.

[42] Figure 10 shows the total land ice volume and sea ice
area for a range of pCO, for three different geographies,
namely the Marinoan-like 570 Ma geography (Figure 1a),
the 720 Ma geography shifted by 20° southward (Figure 4b)
and the 720 Ma geography shifted southward by 20° and
with increased connectivity of the continental fragments
(Figure 5c), respectively. The reason why we do not choose to
compare the simulations of Figures 4a and 5a is that there is a
much reduced range of steady states existing between the hot
state and oasis state in these two cases, and land ice does not
start to grow until pCO, is low and then quickly transforms
into a “soft snowball.” The comparison is therefore unsuitable
for demonstrating the importance of ice flow as clearly as for
this set of 3 paleogeographies. The individual curves shown
in Figure 10 for each of these three paleogeographies are
divided into three regimes: the partial glaciation regime (I),
the soft snowball regime (II), and the hard snowball regime
(1IT), respectively. The first difference that is evident by
comparing these results for the individual paleogeographies
is that the maximum total land ice volume (in regime III) in
Figure 10a is much larger than in the other two cases. This is
because the larger total continental area and very good con-
nectivity of the 570 Ma continental configuration, which
tends to have a more spatially extensive and thicker ice sheet.
The second difference is that the land ice curve in regime I of
Figure 10a is much smoother than those in Figures 10b and 10c.
This is because the much increased complexity of land dis-
tribution in Figures 4b and 5c relative to that of Figure la.
This also causes the hysteresis loop (red line) in Figure 5g to
be more complex than that for the 570 Ma geography (blue
dashed line in Figure 5g). The most important difference is
between Figures 10b and 10c. The two models are only dif-
ferent in continental connectivity, but in Figure 10c, the land
ice volume reaches its maximum at a much higher pCO, level
than that in Figure 10b. At both point D' of Figure 10b and
point D of Figure 10c, the land ice volumes are similar, but in
Figure 10c, the ice volume strongly transitions into a soft
snowball regime when pCO, is decreased only slightly.
Figure 11d clearly demonstrates that at this point, land ice has
reached a critical state and the ice sheet is just about to expand
onto the low-latitude continent. However, for the model in
Figure 10b, land ice is restrained from flowing onto the low-
latitude continent and so it requires a much lower pCO,
so that ice can spontaneously expand locally, which implies
that sea ice will also be able to expand spontaneously in the
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Figure 11. Ice distribution in the four steady states indicated by letters “A” to “D” in Figure 10c.

low-latitude ocean. This is what occurs in the transition
between regimes I and III in Figure 10b, so no regime II ex-
ists for this model.

[43] The importance of ice flow is not just critical at the
transition point between regimes I and II in Figure 10, but it is
also important in the entirety of regime I. At the beginning of
regime I, the ice sheet is small (Figure 11a) so that the flow of
ice is not significant and the expansion of the land ice sheet
and sea ice seem to progress at a similar pace as pCO, is
decreased. When the scale of the ice sheet reaches a critical
value (Figure 11b), the expansion of the land ice sheet due to
ice flow becomes significant, so that with only a slight
decrease of pCO,, the ice sheet is able to expand significantly,
as demonstrated in Figure 10c between points B and C. When
the ice flow is restricted by the land configuration, such as in
Figure 1lc, ice growth becomes much slower as pCO, is
decreased, as evident in the slope of the solid curve between
points C and D in Figure 10c. The reason for this is that on the
narrow neck of land, ice flow from high latitude is not high
enough to overcome the ablation. Overall, ice flow is criti-
cally important for generating land ice in the low-latitude
region, which requires that the continental fragments are
connected. We have shown in Figure 5 that even a narrow
connection between the continental fragments could make a
fundamental difference.

[44] At the transition point between regimes I and II in
Figure 10, sea ice area is also shifted to a much higher value.
This may be attributed to the cooling of the ocean surrounding
the glaciated continents due to the diffusive heat transport that
is assumed in the EBM to represent the influence of atmo-
sphere dynamical processes. Farther from the continents, the
ocean remains warm because pCO, is still high, and sea ice

cannot form spontaneously within ~40 degree of the equator.
Only when the pCO, is further decreased below some critical
value, will sea ice form in the tropical region and eventually
close at the equator owing to runaway sea ice albedo feedback
(transition from regime II to III in Figure 10). This also
explains why the low-latitude fraction of continental area
cannot exceed a maximum value if oasis solutions are to exist.
When too much land lies in the equatorial region, it has three
consequences: (1) The equatorial ocean area is itself reduced.
(2) When the land becomes glaciated by ice flow, there is
an enhanced impact upon climate due to the change in sur-
face albedo. (3) Enhanced sea ice formation occurs in the
surrounding oceans owing to diffusive heat transport in the
model atmosphere. Therefore, the already reduced equatorial
area of the ocean may more easily be covered by sea ice,
thereby resulting in a hard snowball. The shape of the
continental coastline is obviously also very important. For
example, for the 720 Ma supercontinent, much more sea ice is
formed on the ocean surface (Figure 9b) than if the super-
continental configuration has less small-scale variation and
the continental fragments are more compact (as in Figure 9a).

[45] As demonstrated above, to simulate the development
of an oasis state, an active ice sheet module must be included
in the model. However, because the ice sheet equilibrates
only slowly with climate, it remains premature at the present
to attempt to test the plausibility of these EBM-coupled ice
sheet model simulations using a General Circulation Model
(GCM). This fact is reinforced by Figure 12, which shows
that if a model is initialized from a zero-ice state, following
which pCO, is suddenly decreased to a low value (drad =
—4 W m?), it takes more than 100 kyrs for the ice sheets to
cover the supercontinent and the climate to enter an oasis
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state. The geography used in this simulation is the same as
Figure 5c. It will also be seen that the major temperature drop
(at ~150 kyr) is associated with the sudden expansion of sea
ice (around the continents at the equator) because of the
strong positive feedback, while the final major expansion of
land ice at ~150 kyr acts as a trigger by first generating sea
ice in the ocean surrounding the glaciated continents at the
equator.

[46] Although we have argued that a possible drop of sea
level due to the growth of land ice may help connect the
continental fragments, this process has not been explicitly
modeled. Rather, what we have done is to add additional
continental freeboard to connect them. Consideration of the
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influence of a fall in sea level is significant in helping us
understand the process of “soft snowball” formation. One
might well ask what the effect might be if the impact of the
fall in sea level were computed directly on the basis of the
land ice volume. However, detailed information regarding
the continental shelves would be required to fully investigate
this question and in reality even the continental boundaries
themselves cannot be precisely determined [Li et al., 2008].
When we input the paleogeography reconstructed by Li et al.
[2008], we have already enhanced the continentality slightly
so that our continental boundaries enclose theirs. It would
not be possible at the present time to significantly improve our
understanding of the processes involved in “soft snowball”
formation by explicitly including in the model a description of
the link between continental ice sheet growth and the increase
in continental freeboard for this reason.

[47] Since the condition for the formation of a soft snowball
is that the grounded continental ice sheet is able to expand
from high latitude to low latitude by ice flow, the connectivity
between the continental fragments may be weaker than that
shown in Figure 5. Actually, calculation shows that a slight
modification of the 720 Ma configuration, as shown in
Figure 13, is sufficient for the oasis solution to be recovered.
With this modification, the fragment of the supercontinent at
low latitude is connected to only one of the two high-latitude
fragments as opposed to the modification shown in Figure 5.
The connectivity requirement is thus much weaker in the
sense that an entirely compact supercontinent may not be
required for the existence of steady state oasis (soft snowball)
solutions.

[48] Another way to increase the connectivity between
the individual continental fragments is simply to shift several
ofthe smaller fragments along the latitude circle at which they
are initially positioned so that they are close to the larger
fragments. When sea level falls owing to the development
of high-latitude ice sheets, they may then be effectively
connected to each other. This is not constrained by the
paleomagnetic measurements, since these constrain only the
paleolatitude of the terrain in which the measurements were
made. The relative position of the continents on the same
latitude circle must be determined using other geologic con-
siderations (e.g., sedimentological data). A modified geog-
raphy constructed in this way was also tested, and the results

0.5 1.5 25 3.5 4.5

Land ice thickness (km)

Figure 13. (a) The hysteresis for the model in which the continental fragments are connected in a different
way from that in Figure 5. Only two of the three major fragments are connected. (b) The ice distribution in an
oasis state for this geography as indicated by an asterisk in Figure 13a.

16 of 19



D17111

obtained (not shown) were similar to those shown in Figure 5,
the hysteresis loop of steady state solutions is once again
recovered.

[49] The continental configuration (for 750 Ma) suggested
by Trindade and Macouin [2007] for the late Neoproterozoic
is not drastically different from the 720 Ma paleogeography
employed herein. We therefore expect that with appropriate
minor adjustment of the connectivity of the continental
fragments within the error bars shown in their paper, and
shifting in longitude (as allowed by paleomagnetic con-
straints) of some of the continental fragments, the oasis
branch of steady state solutions will once more exist.

5. Conclusions

[50] Through detailed analysis of the formation of a “soft
snowball” for various continental configurations, we have
demonstrated the importance of land ice flow in the genera-
tion of low-latitude land ice. Because the flow of land ice only
becomes significant when the size of the land ice sheet is large
enough, it requires that the continental area in high latitudes
should also be large enough that a massive ice sheet may
develop even when pCO, is relatively high. In order for the
land ice sheet initially located at high latitude to be able
to flow onto the low-latitude land surface, this obviously
requires that the continental fragments in low latitude must
be sufficiently connected (or separated only by continental
shelves above which water depths are small) with those at
higher latitudes. Finally, since sea ice forms in the ocean
immediately surrounding the glaciated continents, a rela-
tively simple supercontinental outline is more favorable for
the formation of the “soft snowball” state because if too much
sea ice is formed around the continents, crossing a threshold
value (not quantitatively known), runaway albedo effect will
cause the formation of a “hard snowball.” Nevertheless, we
have demonstrated that the realistic Sturtian continental
configuration of Li et al. [2008] that existed at ~720 Ma
satisfies all of the three conditions above if the connectivity
between continental fragments is only slightly modified, and
therefore “soft snowball” solutions are found to exist. In our
analysis, several of the continental fragments are taken to be
separated by shallow oceans and become connected to each
other after a sea level drop of hundreds of meters due to land
ice growth at high latitude.

[51] Sea ice in the oasis solutions produced by our model
(both here and from Peltier et al. [2007]) does not extend to
latitudes <40° (Figure 9) except in the regions immediately
surrounding the glaciated continents, a result that is similar to
that reported by Hyde et al. [2000] where the issue of the
existence of this class of solutions was first raised. However,
we cannot infer that this must be true for a “soft snowball”
owing to the simplicity of the climate model and low reso-
lution employed here. We have also demonstrated explicitly
in the present paper that the flow of land ice is very important
to the existence of such solutions, and that the characteristic
timescale for this process to equilibrate with climate is
~100 kyr, making the test of the validity of such steady state
solutions with GCMs, which include an active ice sheet
module, very difficult. Modern coupled climate models
which do not include an active ice sheet model cannot be
usefully employed to test the possibility that the system
is able to enter such a steady state although they may be
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employed to test its stability as in the work of Peltier et al.
[2004].
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