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ABSTRACT

Consistently positive carbon isotopic values wer e obtained from
in situ peloids, ooids, and stromatalitic carbonate within Neopr oter -
ozoic glacial successionsin northern Namibia, central Australia, and
the North American Cordillera. Because positive values continue up-
ward into the immediately overlying postglacial cap carbonates, the
negative isotopic excursions widely observed in those carbonate
rocksrequire an explanation that involves a short-term perturbation
of the global carbon cycle during deglaciation. The data do not sup-
port the ecological consequences of complete coverage of the glacial
ocean with sea ice, as predicted in the 1998 snowball Earth hypoth-
ess of P.F. Hoffman et al. In the snowball Earth hypothesis, the
postglacial cap carbonates and associated —5%o negative carbon iso-
topic excursions represent the physical record of CO, transfer from
the high-pCO, snowball atmosphere (~0.12 bar) to the sedimentary
reservoir via silicate weathering in the snowball aftermath. Strati-
graphic timing constraints on cap carbonatesimply weathering rates
of ~1000 times preglacial levelsto be consistent with the hypothesis.
The absence of Sr isotopic variation between glacial and postglacial
deposits and calculations of maximum weathering rates do not sup-
port a post-snowball weathering event as the origin for cap carbon-
ates and associated isotopic excursions.

Keywords: Neoproterozoic, paleoclimate, carbon cycle, carbonates,
glaciation, isotopes.

INTRODUCTION

Geologic and paleomagnetic evidence in Neoproterozoic sedimentary
rocks for low-latitude continental ice sheets is generally accepted (Sohl et
al., 1999) and suggests climatic extremes that are unrivaled in Earth his-
tory. These deposits differ from otherwise comparable rocks of Phanero-
zoic age in that the end of glaciation is marked by thin, laterally persistent
carbonate caps that are associated with some of the largest known negative
excursions in 313C (as low as ~—5%.; Kaufman et al., 1993; Kennedy et
al., 1998). Various models have been proposed to account for these phe-
nomena, including the overturn of a stagnant glacia ocean (Kaufman et
al., 1993) and massive postglacia release of methane by destabilization of
permafrost gas hydrates (Kennedy et a., 2001). The possibility that the
negative carbon isotopic excursions encompass synglacial as well as post-
glacid drata led Hoffman et a. (1998) to a third model, a modification
of the snowball Earth hypothesis of Kirschvink (1992). Hoffman et d.
reasoned that such long-lived excursions would require the protracted shut-
down of marine ecosystems. This extreme oceanographic condition was
attributed to complete coverage of the ocean surface with ice, with atten-
dant effects on Earth’s carbon cycle providing an explanation for both cap
carbonates and their carbon isotopic excursions.

Here we focus on evidence that observed carbon isotopic excur-
sions are fundamentally postglacial rather than synglacial in origin; and
that, contrary to a first-order expectation of the snowball Earth hy-
pothesis, cap carbonates cannot represent the stratigraphic record of
greatly enhanced postglacia weathering.

SNOWBALL EARTH HYPOTHESIS

In the snowball Earth hypothesis of Hoffman et al. (1998), arap-
idly cooling climate led to a runaway abedo effect and to the complete
coverage of the ocean by ice, thereby isolating the ocean from the
atmosphere. The combination of extreme cold and thick seaiceisin-
ferred to have effectively shut down the hydrologic cycle, chemical
weathering, marine autotrophic activity, and organic carbon burial,
turning off the sinks for volcanic CO, and rapidly (~100 k.y.) driving
the carbon isotopic composition of the ocean to a near-mantle value of
—5%0 (Kump, 1991). Buildup of atmospheric CO, to ~0.12 bar over
<10 m.y. (depending on rates of CO, outgassing) through the snowball
event was ultimately sufficient to overcome the albedo effect, with
catastrophic melting of both seaice and glacial ice over a span as short
as several hundred years. Subsequent reequilibration between the CO,-
rich atmosphere and an ocean occurred via enhanced rates of conti-
nental weathering and CO, drawdown.

According to the Hoffman et a. (1998) hypothesis, cap carbonates
and their associated negative carbon isotopic excursions are the pre-
dictable conseguence of a massive alkalinity flux resulting from rapid
post-snowball weathering. Unlike the modern ocean, surface marine
carbon isotopic values would have been determined by the mantle val-
ue of the larger atmospheric CO, pool (hydration of CO, during trans-
fer from the vapor to the liquid phase would include a +8%. Rayleigh
fractionation). Decreasing carbon isotopic values up section within the
cap carbonates reflect a combination of drawdown of CO, through
silicate weathering and dominance of surface marine values by a pro-
gressively more 13C-depleted atmospheric reservoir. Values of $13C
would have continued to decline until the slowing influence of CO,
drawdown matched the background influence of the biological pump,
which drives marine values in a positive direction with the buria of
12C-rich organic material. Because Rayleigh distillation represents the
single mechanism capable of driving isotopic values negative in the
snowball Earth scenario, the isotopic minimum records the end of post-
snowball enhanced weathering and the drawdown of anomalous at-
mospheric CO,. The top of the cap carbonate provides an additional
constraint on the end of the weathering event by signifying a reduced
flux of weathering-related akalinity.

PREDICTIONS AND TESTS

The snowball Earth hypothesis leads to testable corollaries with
respect to both carbon and strontium isotopes. The persistence of neg-
ative carbon isotopic values through the snowball event was inferred
by Hoffman et a. (1998) on the basis of a negative isotopic trend
documented in carbonate rocks beneath a Neoproterozoic subglacial
karst unconformity in the southern Congo craton (Ghaub Formation;
see Fig. 1B). In the absence of isotopic data from primary synglacial
carbonates, this assumption is worth scrutiny for two reasons. First, a
fall to negative values beneath the unconformity may be subject to
geochemical ateration or erosional truncation of the isotopic record.
Because of this uncertainty, it is problematic to select a value that is
representative of the following millions of years of ocean history, es-
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Figure 1. Carbon isotopic data from preglacial, glacial, and postglacial cap carbonate rocks in northeastern
Amadeus basin, central Australia (A), southern Congo Craton, Namibia (B and C), and eastern California (D).
No time relationship or correlation within or between glacial intervals is implied other than relative stratigraphic
position at single localities and whether carbonate samples were obtained from base, middle, or top of glacial
successions. Gray symbols and numbers in A (Mount Capitor) and B (Fransfontein Ridge) indicate data re-
ported from Kennedy et al. (1998). Additional geochemical and location information is available from GSA Data
Repository (see text footnote 1). Detail of glacial interval (Ghaub Formation, C) shows two sections with lam-
inated dolomicrite compared to clasts (lonestones). Horizontal lines indicate range of isotopic values within
seven clasts. Vertical thickness scale for Fransfontein Ridge and Mount Capitor (gray circles) sectionsis double
that shown in C and A, respectively. Data shown in D are from three intervals in glaciogenic Kingston Peak
Formation and postglacial Noonday Dolomite, including ooid grainstone from middle of Kingston Peak, and
bedded dolomicrite from transition into Noonday Dolomite (Wildrose Diamictite of Prave, 1999). Data and strati-

graphic relations for dolomicrite and oncolitic dolomite in Virgin Spring limestone are from Tucker (1986).

pecialy given the change in paleoceanographic conditions from an ice-
free ocean to an ice-covered ocean that this surface is purported to
represent. Second, the linkage of negative isotopic values between
preglacial and postglacial intervals is logical only if the controlling
mechanism is the same. Since the hypothesis relates the negative car-
bon isotopic values beneath the glacial rocks to a reduced biological
pump and those above the glacial rocks to high fractional buria of
carbonate carbon and Rayleigh digtillation, the basis for assigning a
negative isotopic value to the glacial interval itself seems ad hoc. For
these reasons, an obvious test is to investigate the carbon isotopic com-
position of the ocean during the time of glaciation.

The hypothesis aso predicts marked changes in the relative con-
tribution of hydrothermal inputs and continental weathering to the 87Sr/
86Sr ratio of seawater. This ratio ought to have approached the ex-
ceedingly low value of 0.7035 after a prolonged interval of greatly
diminished weathering. Then it ought to have risen sharply in the im-
mediate aftermath of the snowball event as a result of intense silicate
weathering (crustal values <0.7135; e.g., Jacobsen and Kaufman,
1999). Although dependent in detail on the bulk composition of crustal
rocks being weathered, the radiogenic strontium flux should scale with
the rate of silicate weathering needed to draw down the anomalous
atmospheric CO, and supply akalinity sufficient to account for the
mass of rapidly deposited cap carbonate.

The cap carbonate is localized within the transgressive part of the
stratigraphy (Kennedy, 1996; Hoffman et al., 1998), and it represents
a span that is comparable to, or shorter than, the interval of glacial-
eustatic rise. In the Quaternary, the time scale of sea-level rise was on
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the order of ~10 k.y., but in the snowball scenario it is suggested to
have been much more rapid (Hoffman et al., 1998). The relatively short
duration of the weathering event implied by this conservative strati-
graphic constraint on the cap carbonate (~10 k.y.) compared to the
long buildup of atmospheric CO, asserted for the snowball period (<10
m.y.) means that a 1000-fold increase in the rate of silicate weathering
compared with the preglacial steady-state rate is needed to consume
the CO, stored in the atmosphere. A comparable increase in the radio-
genic strontium flux is implied.

SAMPLING GLACIAL CARBONATE ROCKS

We looked for the predicted isotopic signature in carbonate de-
posits within three well-known Neoproterozoic successions of glacia
and postglacial deposits. Although carbonate rocks are uncommon in
Phanerozoic glacial successions, owing to the environmental stress on
carbonate-secreting organisms, they are common in Proterozoic coun-
terparts, presumably reflecting the dominance of more environmentally
tolerant microbial processes. In order to capture representative marine
carbon isotopic vaues, samples of primary precipitates were obtained
from predominantly marine basins on the Congo, Australian, and North
American cratonst. Samples were collected throughout the glacial and
postglacial successions in both Sturtian (ca. 750 Ma) and Marinoan

1GSA Data Repository item 2001130, Sample location, 813C, 8180, and
lithology data, is available on request from Documents Secretary, GSA, PO.
Box 9140, Boulder, CO 80301, editing@geosociety.org, or a www.
geosociety.org/pubs/ft2001.htm.
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(ca. 600 Ma) intervals. Carbonate rocks with evidence for a lacustrine
origin (e.g., varves; positive 8180 values associated with hydrologically
closed lakes, or interstratification with fluvial deposits; Fairchild, 1993)
were not considered, and although a lacustrine setting for isolated sam-
ples cannot be ruled out, the overall facies association favors a marine
origin in each example. Studies of Neoproterozoic carbonate rocks
within glacial intervals indicate that some are composed of rock flour
and lithic debris (Fairchild, 1993). This component is recognizable by
its extremely fine grain size (<2 p.m) or isotopic covariation with clasts
(Hoffman et al., 1998). Here, we focus on primary precipitates such
as stromatolites, ooids, and peloids (delicate agglomerations of micro-
crystalline cement of likely microbial origin; Chafetz, 1986). These
textures provide a record of seawater composition, as in any marine
environment (Tucker, 1986; Fairchild, 1993). Samples were collected
from discrete (2- to 4-m-thick) intervals of laterally continuous car-
bonate interbedded with glaciogenic facies as well as from cap car-
bonates immediately overlying glacial deposits.

Southern Congo Craton, Namibia

The Neoproterozoic succession exposed along the southern mar-
gin of the Congo craton is a thick, long-lived carbonate platform that
houses two distinct glacia intervals (Chuos and Ghaub formations),
each with a cap carbonate. Three lines of evidence support a primary
marine origin for some carbonate beds within the Ghaub Formation.
(1) Petrographic analysis of micritic intervals reveals the presence of
peloidal aggregates with a fine-grained (>10 pm) clotted fabric similar
to the overlying cap carbonate. Preservation of such fragile textures
during glacial transport is exceedingly unlikely, nor do they resemble
the petrographic description of rock flour (Fairchild, 1993). (2) Isotopic
values within laminated peloidal-micritic carbonate that is interbedded
with carbonate-clast diamictite increase systematically toward the top
of the section (Fig. 1C). This variation is reproducible in a second
section 15 km away. (3) In contrast, lonestones in associated diamictite
show no isotopic trend, and they have a broad variation in §13C of as
much as 9%. within a single hand sample (Fig. 1C). However, obvious
localized areas of tectonic deformation and textural homogenization
show little carbon isotopic variation in either clasts or matrix, sup-
porting a detrital origin or diagenetic modification of isotopic values,
as suggested by Hoffman et al. (1998).

Strontium isotopic values from exceptionally well preserved (Mn/
Sr < 1, Sr > 200 ppm, 3180 > —8%c) samples within these same
glacia and postglacial carbonate deposits (presented in Kennedy et al.,
1998) show limited variability, from 0.7072 within glacial carbonates
to 0.7077 several hundred meters above the glacial interval. A similar
strontium isotopic value of 0.7072 was reported from a likely correl-
ative cap carbonate unit in the Mackenzie Mountains, Canada, by Nar-
bonne et a. (1994).

Central Australia

Intertidal and subtidal carbonate rocks up to 50 m thick are present
throughout the Marinoan (ca. 600 Ma) glaciogenic Olympic Formation
in the northeastern Amadeus Basin of central Australia (Field, 1991;
Freeman et al., 1991). Discrete, laterally persistent intervals of stro-
matolitic, oolitic, and oncolitic dolomite and dolomicrite overlie, un-
derlie, and in places are interbedded with boulder conglomerate that
regionally shows a glacia affinity (Field, 1991; Freeman et al., 1991).
Intraglacial carbonate samples were collected from four areas. Al-
though the relative stratigraphic position at different locationsis poorly
constrained, the isotopic values are consistently positive (Fig. 1A).

Samples were aso collected at Mount Capitor from an anoma-
loudly thick (30 m) expanded cap carbonate interval deposited in a
proximal position relative to the paleobasin margin (circlesin Fig. 1A).
This thicker section provides a more complete geochemical record for
the initial stages of postglacial transgression. Near the base, $1°C val-
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ues are low and positive (~2.0%o); upward, they decrease steadily to
<—4%., as is common in the condensed cap facies. Carbon isotopic
values from the Cleary Creek and Hale River localities (diamonds and
squares in Fig. 1A) are positive within the glacia interval. They fall
to ~—3%o within the cap carbonate and recover over 20 m to positive
d13C values immediately above the cap carbonate in limestone event
beds isolated in siltstone.

North American Cordillera

In the Death Valley region, California, oolitic-oncolitic and do-
lomicritic carbonate interbeds are present within the glaciogenic King-
ston Peak Formation in the Black Mountains (Tucker, 1986) and King-
ston Range, and at the top of the Wildrose Diamictite in the Ibex Hills
(Fig. 1D). The Virgin Spring limestone, at the base of a diamictite unit
within the Kingston Peak Formation, is composed of oolitic-oncolitic
grainstones (Tucker, 1986). These samples show a range of $13C values
from +1%o to +4.3%0 (Tucker, 1986). A stratigraphically higher inter-
val of oolitic and laminated dolomicrite, also interbedded with glaci-
ogenic rocks in the Kingston Range (overlain and underlain by severa
hundred meters of diamictite), shows a range of values from +3.8%o
to +4.4%o. in oolitic grainstone and from +0.4%o to +2.2%o in dolo-
micrite (Fig. 1D).

Regionally, the glaciogenic rocks are overlain by the Noonday
Dolomite, a locally thick, pure dolomite showing many of the distinc-
tive lithofacies that cap carbonates share globally (Cloud et al., 1974;
Prave, 1999). The upper glaciogenic interval (Wildrose Diamictite) is
concordantly and possibly conformably overlain by the Noonday Do-
lomite (Prave, 1999). In the Ibex Hills, discrete dolomicritic beds are
present toward the top of the Wildrose Diamictite, and they increase
in abundance toward the Noonday contact. Isotopic vaues decline from
+4%0 to +2%o within these dolomicritic beds, and positive values are
present near the base of the Noonday Dolomite, falling to negative
values (~—3%o) several meters up section (Fig. 1D). Asin Australia
and Namibia, glacidl, late glacial, and early postglacial carbonate rocks
are thus characterized by positive isotopic values that fall to negative
values only above the base of the cap carbonate.

DISCUSSION

The snowball hypothesis of Hoffman et al. (1998) attempts to
account for three phenomena peculiar to Neoproterozoic glaciation.
These are (1) an inferred negative excursion that Hoffman et al. thought
persisted through each glacia interval and attributed to the shutdown
of marine ecosystems; (2) widespread deposition of carbonate during
deglaciation (cap carbonates) resulting from the transfer of 2.5 X 1020
g of carbon from the atmospheric to the sedimentary carbonate reser-
voir; and (3) a negative carbon isotopic excursion within the cap car-
bonate attributed to progressive drawdown of the heavier carbon iso-
tope from the dominating atmospheric carbon reservoir.

The best examples of marine carbonate precipitated during glacial
intervals in al three basins show positive carbon isotopic vaues of
~3%o (Fig. 1). Positive to very dlightly negative isotopic values con-
tinue into the base of the cap carbonate, where they become progres-
sively more negative up section. A return toward positive values is
observed within tens of meters above the cap carbonate. These data
are inconsistent with the snowball Earth hypothesis, asit was originally
framed, and do not require a prolonged shutdown of the biological
pump during either the Sturtian or Marinoan glacia events.

The cap carbonate is an unlikely physical record of the transfer
of C from the atmosphere to the sedimentary reservoir. The 1000-fold
increase in weathering rate needed to transfer 2.5 X 10%° g of C from
the atmosphere (via silicate weathering) to the ocean is several orders
of magnitude too high. A calculation using maximum rates of conti-
nental runoff and rivers saturated with CaCOg in equilibrium with an
atmospheric pCO, of 0.1 bar (300 present atmospheric level) suggests
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that weathering rates could have been no more than 50 times the pres-
ent rate (L. Kump, 2001, persona commun.). Across the range of
weathering environments on Earth today (including soil environments
with high pCO, or additional plant organic acids, and tropical settings)
only a tenfold variation in weathering rates of plutonic rocks is ob-
served (Berner and Berner, 1996). No evidence of enhanced weathering
rates is apparent in Neoproterozoic Sr isotopic data, which should re-
cord a significant signal if the rate of silicate weathering rose even
tenfold.

Buffering of the strontium isotopic signal by carbonate weathering
and dissolution provides one possible explanation for the lack of Sr
isotopic variation (Hoffman et al., 1998). This would require a car-
bonate to silicate weathering rate ratio of >9:1 within river water to
buffer a crustal weathering signal of 0.7135 to a value of 0.7080 (as-
suming 87Sr/86Sr of 0.7075 for preglacial carbonate rocks). Such high
rates of carbonate weathering would act to extend the time necessary
to draw atmospheric CO, down through silicate weathering because
the energy necessary for weathering is conserved and carbonate weath-
ering has no net effect on atmospheric CO, concentrations. A 9:1 car-
bonate to silicate weathering represents an additional source of 13C-
enriched bicarbonate in the ocean-atmosphere system as preglacial
carbonates are weathered. Precipitation of this carbonate in the ocean,
and return of comparatively heavy CO, to the atmosphere (as well as
biological pumping) provide a feedback counteracting the 13C distil-
lation effects of silicate weathering on the atmospheric carbon isotopic
composition. In the snowball Earth scenario, $13C values within the
cap carbonate would be driven in a positive upward trend if the values
of weathered carbonate exceeded 0.5%. and a carbonate:silicate weath-
ering ratio of 9:1 was maintained. Since carbon isotopic values of
+5%o to +10%o are typical for the preglacial rocks, it becomes difficult
to accommodate both strontium and carbon isotopic data simultaneous-
ly in the snowball Earth scenario.

Partial or complete equilibration of atmospheric CO, with the oce-
anic reservoir through cracks in the sea ice (a soft snowball solution)
would raise similar problems for carbonate buffering in a modified
snowball Earth hypothesis. The 0.12 bar CO, atmosphere suggested by
Hoffman et a. (1998) would require mole for mole carbonate disso-
lution (with a 813C of ~5%o to 10%o) to maintain carbonate ion satu-
ration in the oceans, a condition needed to explain precipitation of
synglacial and immediately postglacial carbonate deposits. Ocean-
atmosphere equilibration would also result in a greater proportion of
carbon distributed in the ocean than in the atmosphere owing to car-
bonate buffering (although the ratio of carbon in the ocean to the at-
mosphere would be less for a 0.12 bar CO, atmosphere than the mod-
ern value of ~60:1). This would greatly increase the time needed for
volcanic outgassing, require a significantly greater amount of CO, re-
moval during post-snowball weathering, result in appreciably thicker
cap carbonates, and limit any influence that the atmosphere might have
on marine 313C values.

These findings suggest that the principal phenomena the snowball
Earth hypothesis was created to explain are either not well established
or do not agree with the model in detail. They suggest that significant
revision of the snowball Earth model is necessary or that other cur-
rently proposed models that better fit the scale and timing of these
phenomena be more closely scrutinized.
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