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The biogeochemical aftermath of Neoproterozoic ice ages

(a partial manuscript in preparation for Science)
The enrichment of iron as oxide cements and local iron-formation in Neoproterozoic diamictites provides elemental evidence for widespread ocean anoxia during low-latitude glaciation.  Under these conditions, bacterial sulfate reducers likely dominated the water column, similar to the present-day Black Sea, resulting in the long-term drawdown of oceanic sulfate, while increasing concentrations of both alkalinity and dissolved CO2.  Here we report remarkable enrichments in 34S in an extraordinarily preserved post-glacial cap carbonate from Brazil, an observation which is consistent with the sulfate-reduction hypothesis coupled with extraordinary rates of carbonate accumulation in the aftermath of the ice age.  The sulfur isotope anomaly suggests a deep ocean source of alkalinity for the 740 ± 22 million-year-old cap carbonate, which is the first directly dated by Pb-Pb radiometric techniques.  These results are inconsistent with a continental source of alkalinity resulting from a massive CO2 atmosphere as suggested by the ‘snowball Earth’ hypothesis, suggesting that the magnitude and duration of these ancient glacial events have been greatly exaggerated.                    

The mineralogically, texturally and isotopically anomalous Neoproterozoic cap carbonates reflect profound alkalinity events recognized in siliciclastic- and carbonate-dominated successions worldwide, following lithologic and paleomagnetic evidence for low latitude ice ages1.  Knowledge of the source of the alkalinity should thus be a key constraint on the magnitude and duration of “snowball Earth” events2,3, which almost certainly impacted protistan and animal evolution at the end of the Proterozoic Eon.  

In the high albedo model1,3 escape from the frozen Earth required tectonic inputs of CO2 into the atmosphere until pressures reached as high as 0.1 bars4, which resulted in a runaway greenhouse effect that ended the ice age.  The attendant release of water vapor to the atmosphere was a strong positive feedback to rapid global warming that resulted in torrential acid rain storms and intense chemical weathering of the exposed continents, thereby delivering vast quantities of alkalinity from the flooded rivers to the oceans5 and causing rapid deposition of the enigmatic post-glacial cap carbonates.  The isotopic compositions of the caps should similarly reflect their source, which is atmospheric CO2 for carbon in the high albedo model; changes in the 13C6 of the atmosphere would thus be reflected in the riverine flux and the caps.  The strong negative 13C anomaly characteristic of cap carbonates worldwide2,7 would presumably be the result of a significantly 13C-depleted atmosphere3.   For sulfur, the source must be the averaged weathering products of mineral sulfates, sulfides, and organic sulfur.  Modern rivers deliver sulfur to the oceans with 34S6 compositions ranging from +6 to +10‰8, and there is little reason to suspect this differed significantly in the Neoproterozoic given the known ranges of 34S values in deposits containing gypsum and pyrite9.  Thus the high albedo model would predict that sulfur-bearing phases in the cap carbonates should report 34S depletions relative to pre-glacial conditions.  

Under scenarios of less extreme climatic deterioration, other sources of the alkalinity for the cap carbonates are viable.  For example, alkalinity would increase if preexisting carbonate in the oceans dissolved due to an increase in acidity10 through hydrothermal inputs and buildup of CO2.  The carbon isotopic composition of the dissolved carbonate may have ranged widely, but immediately pre-glacial sediments are known to be strongly depleted in carbon-132,11.  Sulfur released during the dissolution of pre-existing sulfate and carbonate sediments likely ranged between +15 and +20‰, and hydrothermal sulfur would have a mantle composition near 0 to +3‰.  Another possible source of alkalinity is the dissolution of wind-blown carbonate dust that accumulated on sea ice during the ice age and dropped into the ocean during melt back.  The 13C and 34S of this flux could have ranged widely, based on the provenance and mineralogy of the source rock.  This wind-blown source would, however, include abundant siliciclastic material.

Alkalinity derived from the oxidation of methane through coupled bacterial sulfate reduction in anoxic sediments has been proposed to explain the 13C depleted signature of the cap carbonates12. In this hypothesis the cap carbonates with their unusual textures and negative 13C compositions are compared to modern methane cold seeps.  These authors suggest that a “pulse” of methane from permafrost ended the ice ages by increasing greenhouse capacity of the atmosphere, and that alkalinity released by the cold seeps mixed with seawater to form the caps.  Given that any alkalinity produced from methane would be severely depleted in 13C (ca. -60 to -90‰13), it is expected that cap carbonate should mirror this source to variable degree.  The sulfur reduced in this bacterial process is depleted in the heavy isotope, so 32S should accumulate in the anoxic sediment as dissolved HS- if the system was iron limited.  If there were ample ferrous iron, pyrite would form and should be locally abundant in the cap carbonates. 

Lastly, alkalinity could have been derived by bacterial sulfate reduction within the anoxic water column (similar to the present-day Black Sea) by organisms that used other low molecular weight carbon compounds to sustain their metabolism14.  Both alkalinity and carbon dioxide (acidity) are produced in the bacterially mediated reaction15.  During an ice age this bacterial process conceivably produced clean alkalinity and decreased the concentration of oceanic sulfate, and at the same time increased its 34S composition16.  In this model the 13C depleted alkalinity is delivered to shallow shelves, as wind-driven upwelling is stimulated by the melting of extensive sea ice, in the glacial aftermath2.
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