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Introduction: A growing body of evidence supports
the hypothesis that a very large mass of carbon was rapidly
added to the ocean or atmosphere during the Late Paleocene
Thermal Maximum (LPTM) ca. 55 Ma.  This evidence in-
cludes an abrupt carbon isotope (δ13C) anomaly in all major
carbon reservoirs of at least 2.5‰ and pronounced dissolu-
tion of carbonate in deep marine environments [1,2,3,4].
Thermal dissociation of marine gas hydrates and subsequent
oxidation of CH4 to CO2 is the most plausible explanation
for the inferred carbon input given the apparent rate (< 10
kyr) and magnitude of the δ13C excursion [4].  However,
enhanced outgassing of CO2 associated with rifted margin
volcanism [5] cannot be fully excluded with available infor-
mation.

Gas Hydrates: A 1200 Gigaton (Gt) input of carbon
during the LPTM is a conservative [4]. This suggestion as-
sumes a gas hydrate source greatly enriched in 12C (δ13C of –
60‰) and a minimum magnitude for the global δ13C excur-
sion of 2.5‰.  If the carbon source was more enriched in 13C
(e.g., volcanoes or ice/volatile objects), or the excursion were
greater, the amount of carbon released during the LPTM
would increase accordingly. In any scenario for the LPTM,
the mass of carbon involved is immense, and an outstanding
question is: "what happened to all of the carbon?"

Geochemical Feedbacks: We assume the late Paleo-
cene global carbon cycle prior to the LPTM was broadly
similar to that before the industrial revolution ca. 1740 AD.
The system was in steady-state with rapid (< 3 x 103 yr.)
carbon exchange between all ocean, atmosphere and terres-
trial carbon reservoirs, and with long-term (100 to 200 x 103

yr.) carbon exchange between these reservoirs and the rock
record.  Thus, regardless of the source or location of carbon
input, excess carbon supplied during the LPTM should have
been (1) rapidly transferred to all ocean, atmosphere and
terrestrial carbon reservoirs, and (2) eventually purged as
carbonate and organic matter [6] .  The global nature and
overall shape of the carbon isotope excursion are consistent
with these two inferences. However, such an interpretation
involves a number of biogeochemical feedbacks to remove
carbon, including some that are poorly understood.

Addition of CO2 (or oxidized CH4) from an external
source to any carbon reservoir of the ocean or atmosphere
will increase the CO2 of all ocean reservoirs and the pCO2 of
the atmosphere. This rationale should extend to the terrestrial
reservoir: elevated pCO2 in the atmosphere is expected to
increase the size of standing biomass and soil carbon.  Intui-
tively, one would expect the standing biomass and soil car-
bon reservoirs to expand (beyond that noted above) because
the accommodation space on continents would grow with
increased warmth and precipitation. However, because for-
ests and carbon-rich soils already extended well into the high
latitudes of North America and Eurasia prior to the LPTM,
expansion effects would be limited.  Also, as is expected
with future global warming, while some regions became
wetter during the LPTM, other regions probably became

drier. Terrestrial carbon reservoirs most likely expanded
during the LPTM but were a minor and transient sink for
excess carbon.

Addition of massive quantities of CO2 from any source to
any carbon reservoir in the ocean or atmosphere should in-
crease pCO2 in all deep ocean reservoirs.  Such an increase in
pCO2 should enhance CaCO3 dissolution on the seafloor and
raise the alkalinity.  Although deep-sea sediment sequences
show evidence for this dissolution, the interval of dissolution
is short, and massive storage of carbon as DIC in the oceans
was a temporary phenomena.

The permanent sink for the excess carbon must have
been the rock record via silicate weathering and deposition
of carbonate and organic carbon. Higher pCO2 will increase
chemical weathering rates which, in turn, will stimulate sev-
eral other processes that effectively extract carbon from the
system.  For one, higher chemical weathering, in combina-
tion with enhanced fluvial discharge, would significantly
increase ocean inputs of dissolved ions and nutrients, in-
cluding Fe and Si.  This increase in chemical fluxes should
have increased production of organic carbon as well as opal,
especially in coastal upwelling regions where the inputs of
NO3

- and PO4
3- are high.  In addition, despite higher atmos-

phere pCO2, increased ion concentrations in shelf waters
would lead to supersaturation and deposition of carbonate.

The Sediment Record: The marine sediment record
documents the effects of a biogeochemical feedback response
consistent with massive carbon input as outlined above.
Deep-sea environments show evidence of increased carbon-
ate dissolution and lower productivity (i.e. clay layers with
low organic carbon content) at the peak of the LPTM [3,7]
followed by a gradual recovery occurring over a period of
>150 kyr.  In contrast, neritic environments show evidence of
enhanced carbonate accumulation or preservation and/or
higher productivity and carbon burial [8, 9]. The differential
response/recovery between the deep sea and shelves suggests
the increased dissolved load of rivers was being removed
largely on the shelves. Biogeochemical decoupling of these
systems is supported by a post LPTM increase in carbon
isotope gradients from neritic to pelagic environments
[8,9,10]. The exact cause of this decoupling remains un-
known.
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