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Snowball prevention questioned

Arising from: W. R. Peltier, Y. Liu & J. W. Crowley Nature 450, 813-818 (2007)

The ‘snowball Earth’ hypothesis' interprets geological evidence as
indicating multi-million-year episodes of global glaciation near the
beginning and end of the Proterozoic eon. On the basis of a coupled
carbon cycle—climate model, Peltier et al.” propose that temperature-
dependent remineralization of organic carbon in a Neoproterozoic
ocean with 100-1,000X more dissolved organic carbon than today’
could create a negative climate feedback, thereby preventing a snow-
ball Earth. Their results are sensitive to initial conditions and model
parameters*; moreover, important geological observations and com-
ponents of the carbon cycle are not considered—notably the absence
of sources or sinks of carbon. Their model results* fall short of
explaining the geological evidence in the absence of global glaciation.

Peltier et al.” invoke temperature-dependent solubility of O, as a
negative climate feedback through its control on organic carbon (or
dissolved organic carbon) remineralization. Temperature-depend-
ent solubility of CO, is ignored. With falling temperature, CO, solu-
bility rises more rapidly than that of O, (ref. 5), driving a larger
fraction of the total pool of dissolved inorganic carbon towards
COs(aq.), lowering CaCOj saturation. The resulting increase in net
dissolution of CaCOj turbidites on deep-sea fans® creates an addi-
tional sink for CO,. If CO, solubility had been taken into account, the
likely result would have been a positive rather than a negative climate
feedback.

The model solutions presented® exist only for the parameter range
0 < F,; < F_;;; (where F,; is the remineralization flux parameter and
Fi 1s the critical value where the system changes behaviour from
slushball to snowball cycling), implying that variations in the remi-
neralization flux must be less than 1% for the temperature changes
involved. This constraint is unlikely to be met in a system with large
natural variability.

Sea-ice dynamics must have featured in Neoproterozoic low-latitude
glaciation; they raise the characteristic partial pressure of CO, at the
snowball instability”. The model of Peltier et al.” lacks sea-ice dynamics
but assumes that isotopic fractionation associated with organic carbon
fixation has a strong dependence on the partial pressure of CO, (ref. 2).
This dependence is highly nonlinear® and might well be negligible if sea-
ice dynamics were included.

The modelled isotopic fluctuations* accompanying the slushball-
interglacial cycle are compared with isotopic data’ from Neoproter-
ozoic strata. This comparison is likely to be inappropriate because the
isotopic fluctuations occur mostly on shallow-water marine carbo-
nate platforms where no deposition occurred during glacioeustatic
lowerings.

The palaeogeography used in the model” is contrary to what has
long been inferred from sedimentological and palacomagnetic obser-
vations (see refs 10, 11 for a summary). In the model?, a superconti-
nent is situated over the South Pole. This would produce a relatively
warm climate if CO, sources and sinks were included, because low
average terrestrial temperatures and moisture would reduce weath-
ering rates, maintaining higher CO, levels. Conversely, palacomag-
netically informed geographies’®'' with fragmented equatorial
continents produce cold climates', as are observed.

Peltier et al.” remark that their point of departure was criticism'” that
a slushball glaciation would not be stable for millions of years, as
inferred geologically'. The criticism'® was that “with all the continents

covered in ice, volcanic emissions without chemical weathering would
cause atmospheric CO, levels to rise. But with ice-free tropical oceans,
even a modest rise in CO, would cause the tropical glaciation to be
short-lived”. Consistent with this claim, it was later shown that the
CO, required to deglaciate a slushball was ~100X less than for a
snowball'®, implying that its duration should be <1% the length of a
snowball glaciation. As the carbon cycle model in the present work® has
no sources or sinks of carbon, the criticism'® was never addressed.
The existence of sub-glacial and ice-proximal deposits at sea level
close to the palacoequator, and in carbonate-dominated successions
formed in the warmest parts of the surface ocean, provide compelling
evidence for two pan-glacial episodes in Cryogenian time. The extent
of ice cover on the oceans is indeterminate because of sea-floor sub-
duction and because evidence of open water on glaciated margins is
equivocal—deposits could represent initial ice advance or terminal
retreat, not maximum extent. However, an ice-covered ocean better
explains the duration of the pan-glacial periods', uniquely assoc-
iated Fe,O3 and MnO, ore deposits', and syn-deglacial cap dolos-
tones at all palaeolatitudes®.
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Carbon cycling and snowball Earth

Arising from: W. R. Peltier, Y. Liu & J. W. Crowley Nature 450, 813-818 (2007)

The possibility that Earth witnessed episodes of global glaciation during
the latest Precambrian challenges our understanding of the physical
processes controlling the Earth’s climate. Peltier et al.' suggest thata ‘hard
snowball Earth’ state may have been prevented owing to the release of
CO, from the oxidation of dissolved organic carbon (DOC) in the ocean
as the temperature decreased. Here we show that the model of Peltier et al.
is not self-consistent as it implies large fluctuations of the ocean alkalinity
content without providing any processes to account for it. Our findings
suggest that the hard snowball Earth hypothesis is still valid.

Enhanced oxidation of a DOC reservoir at low temperature would
drive the transfer of organic carbon into dissolved inorganic carbon
(DIC), which would increase DIC as temperature declines, thereby
increasing atmospheric CO,. Peltier et al. describe a closed carbon cycle
and only account for processes occurring in the oceanic and atmospheric
reservoirs, while neglecting continental weathering. However, their
study spans several million years, a timescale over which this process
is the dominant forcing function of climate evolution®”. To keep the
carbon model of Peltier et al. physically consistent, silicate weathering
has to be accounted for, which would heavily affect atmospheric CO..

The partial pressure of atmospheric CO; (pco, ) is dependent on the
DIC content of the ocean and on alkalinity. Peltier ef al. assume that
atmospheric carbon content is related to the DIC content of the ocean
to the power X (X = 2 being the standard case; equation (2) in ref. 6).
However, Kump and Arthur® arrived at this mathematical expression
by assuming that sea water was saturated with respect to the mineral
calcite. Peltier et al. suggest that the ocean DIC content rose markedly
in response to the oxidation of a DOC reservoir. Consequently, keep-
ing the validity of the equation of Kump and Arthur implicitly
requires that seawater alkalinity also rose drastically (to maintain
the saturation with respect to carbonate minerals and to ensure the
validity of the key equation of their model). Using equations defining
seawater carbonate speciation, we calculated the concomitant change
in alkalinity implied by Peltier ef al. (Fig. 1a). We find that carbonate
alkalinity has to rise by 40% when calculated atmospheric CO, rises
from 100 to 450 parts per million by volume (p.p.m.v). Values other
than 2 for X are meaningless; X is not a free parameter and depends on
the equilibrium constants of the carbonate speciation.

The additional alkalinity cannot come from either the dissolution of
seafloor carbonates (because the model of Peltier ef al. implicitly
assumes permanent saturation of seawater with respect to calcite) or
from the oxidation of DOC by oxygen (because this process does not
supply alkalinity). Anoxic recycling of organic matter may provide
alkalinity, but this process is overlooked by Peltier et al. This leaves
continental weathering as the only remaining source of the additional
alkalinity. The weathering of exposed carbonate platforms cannot be
the culprit, as sea level also rises by several hundred metres in the model
of Peltier et al. when CO, increases from 100 to 450 p.p.m.v. Carbonate
platforms should therefore be water-covered, and this source of alka-
linity should actually decrease with rising CO, (ref. 7). The ultimate
source of alkalinity is continental silicate and intracratonic carbonate
weathering which is a function of climate and atmospheric CO,.

Using the GEOCLIM numerical model describing continental
weathering under Neoproterozoic conditions®, we calculated that
the fluctuations in continental weathering implicitly required by
Peltier et al. force the atmospheric CO, to fluctuate between 320
and 800 p.p.m.v. (Fig. 1b), markedly above their CO, reconstruction.
The model of Peltier et al. arrives at a paradox. The equation that
underpins their study requires that continental weathering changed
markedly during their calculated carbon cycle oscillations, whereas
Peltier et al. state that continental weathering is negligible because air
temperature is low and land plants are absent in the Proterozoic. Our
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Figure 1| Oceanic carbonate alkalinity changes required by the Peltier et al.
scenario and consequences for the calculated atmospheric CO,. a, The
increase in carbonate alkalinity concentration in sea water as a function of
atmospheric partial pressure of CO, (pco,) required by the Peltier et al.'
scenario for snowball Earth prevention. It is expressed in percentage increase
from the alkalinity content at 100 p.p.m.v. The green shading corresponds to
calculations performed at 4 and 25 °C. We use equations defining seawater
carbonate speciation when equilibrated with the atmospheric CO, level. As
boundary conditions, we use the oscillating pco, of the Peltier et al. study'
(between 100 and 450 p.p.m.v). b, Comparison between the atmospheric
Pco, calculated by Peltier ef al. (ref. 1; blue line) and the range of CO, change
required by the carbonate alkalinity fluctuations implied by the Peltier et al.
model (grey shaded area; optima are represented by diamonds).

calculations indicate that overly simplistic descriptions of the geo-
logical carbon cycle can result in misinterpretations.
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Replying to: P. F. Hoffman, J. W. Crowley, D. T. Johnston, D. S. Jones & D. P. Schrag Nature 456, doi:10.1038/nature07655 (2008);
Y. Goddéris & Y. Donnadieu Nature 456, doi:10.1038/nature07653 (2008)

The first of several questionable assertions in the Comment of
Hoffman et al.' on our paper” is that our results are “sensitive to
initial conditions and model parameters”. This references an under-
graduate report® in which this issue was not addressed. Figure 1
illustrates a sequence of trajectories of the nonlinear system. These
are ‘attracted to’ the set of steady state solutions such that, following
transient adjustment, the system locks-on to the oscillatory ‘slush-
ball’ solution unless the initial CO, concentration is extremely low or
F, , the control variable of the model that determines the sensitivity
of the rate of remineralization to temperature changes, is supercri-
tical. This first assertion is therefore misleading.

The second concerns our neglect of CO, solubility relative to that
of oxygen. Our model assumes a biogeochemically mediated parti-
tioning of CO, between atmosphere and ocean that depends solely on
ocean dissolved inorganic carbon (DIC; the concentration of which is
M) relative to an equilibrium level (M;, ), namely:

peo,(t) _ {Ml(f)]x
Pcos,

MlL,

Here pco, is the partial pressure of CO, and subscript “e” indicates its
equilibrium value. With X = 2, this is from Kump and Arthur* and relies
on the assumption that the ocean remains saturated with respect to
carbonate. This appears to have been overlooked by Hoffman et al.".
Goddéris and Donnadieu®, in their Comment, question the internal self-
consistency of its application but recognize its central importance.
Because Neoproterozoic glacial events terminate in massive ‘cap carbo-
nate’ precipitation, the assumption of (super?) saturation for the glacial
periods (see also ref. 6) would appear to be well founded. Furthermore,
because DIC rises as the system cools, leading to the exhaust of CO, into
the atmosphere, and because the cooling-induced drawdown of the CO,
due to solubility also causes DIC to rise, this influence would be self-
limiting and thus trumped by the buffering action of biogeochemistry.
Oxygen uptake by the oceans is not similarly buffered.

The argument of Goddéris and Donnadieu focuses on the alkalinity
change needed to maintain ocean carbonate saturation given the
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Figure 1| Trajectories of the solution for the coupled carbon cycle and
climate model started from different initial conditions, indicated by filled
circles of different colours. The dotted line represents the set of steady state
solutions of the climate model; this set includes the hysteresis loop on the
cold branch of which the ‘slushball’ forms. The parameter d,,4 denotes the
increase in infrared radiative forcing at the surface of the Earth due to the
increasing concentration of carbon dioxide in the overlying atmosphere. The
variable Ty, is the annual mean surface temperature of the planet.

predicted variation of pco, /DIC. The claim is that silicate weathering
is the only source of this alkalinity. We would like to point out,
however, that: (1) alkalinity is also available from microbial respir-
atory activity in sub-oxic/anoxic settings (see, for example, ref. 7)
which is not accounted for; (2) the assertion that “exposed carbonate
platforms cannot be the culprit, as sea level also rises by several hun-
dred metres...... when CO, increases from 100 to 450 p.p.m.v.” is
incorrect. During the phase of the cycle when CO, is increasing (see
original Fig. 3), continental ice volume remains high and therefore
such platforms remain exposed and susceptible to intense weathering.
This source delivers alkalinity when and only when the ocean needs it
and involves no net pco, drawdown. (3) The authors seem to neglect
volcanic outgassing entirely. In our view, there is therefore no “para-
dox” in the scenario we have proposed.

Concerning silicate weathering, our model has been specifically
designed to isolate the influence due to temperature dependence of
the rate of remineralization of dissolved organic carbon. We assume
that the silicate weathering sink precisely balances the volcanic out-
gassing source, and therefore have not neglected sources and sinks as
claimed by Hoffman et al.'. The impact of imprecision in this balance
may be captured qualitatively by noting that the control parameter
F,; determines the rate at which the system traverses the hysteresis
loop. Assuming that weathering is less efficient at moderating out-
gassing in the glacial phase leads to relative contraction of the ice-free
phase (Fig. 2). The additional concern of Hoffman et al.' regarding
the timescale of glacial episodes is therefore unfounded as weathering
continues during them (see also ref. 6).

It will be noted that we have neglected the orbital forcing that
would have caused multiple advances and retreats of land ice (see,
for example, ref. 8). The suggestion by Hoffman et al.' that our
explicitly predicted low frequency variability should be susceptible
to noise misses the point that the variations in flux are in its average
over the entire volume of the oceans. Its stability may be tested using
newly developed methods’.

The assertion by Hoffman et al.' that dynamic sea-ice processes
would eliminate the ‘slushball’ is based on an inconsistent model'’
(no explicit atmospheric dynamics or radiative transfer). In ref. 11,
complete Neoproterozoic integrations of the NCAR CSM 1.4 model
with dynamic sea ice were performed, starting with fully glaciated
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Figure 2 | Influence of silicate weathering on the evolution of the coupled
model. The influence of weathering is qualitatively simulated by increasing
the value of F,, by a factor of 5 from the base value of 8 X 107 per °C on the
glacial branch of the hysteresis loop to the higher value of 4 X 10~ * per °C on
the hot branch. The consequence of this parameterization of the diminished
influence of weathering relative to outgassing in the glacial phase of the cycle
is that the length of the warm period of the cycle is correspondingly reduced.
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continents to optimize the probability of ‘hard snowball’ develop-
ment. With a 6% decrease in solar insolation, a Marinoan-like distri-
bution of the continents, and a pco, of 280p.p.m.v., the near
equilibrium climate maintained significant open water at the Equator.
Concerning the issue of palaecogeography, we note the recent sug-
gestion'>" that the appearance of heavy glaciation at sea level in the
tropics could have resulted from an inertial interchange true polar
wander (IITPW) event. Before the Sturtian ice age, Rodinia was
positioned near the north magnetic pole'. Subsequently, it came
to be positioned near the Equator. If ITPW had occurred, an already
glaciated polar supercontinent would have shifted to low latitude.
Apparently this possibility is not ruled out by the palacomagnetic and
dating constraints (J. Kirschvink, personal communication to
W.R.P,; we note this author has previously argued for a similar
IITPW event during the Cambrian'®). The palaeogeography-based
argument could be the ultimate ‘red herring’ in the snowball debate.
Our carbon cycle coupled climate model has been used to explore
the efficacy of a particular negative feedback which was plausibly
active during the Neoproterozoic. This feedback may work to prevent
the occurrence of hard snowball conditions while allowing very severe
glaciation of the continents. It is an influence not previously consid-
ered and warrants further analysis. All of us interested in the science of
climate variability in deep geological time would be well advised to
accept the limitations on our ability to divine the truth due to the
paucity and ambiguity of the observational constraints available to us.
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