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Abstract

Authigenic carbonate crusts formed through microbial methane oxidation are widespread at seafloor cold seeps. They are a sink for
methane carbon migrating from depth or being released from shallow gas hydrates and thus, partly regulate ocean atmosphere carbon
fluxes. To investigate their formation we conducted an integrated microbial, mineralogical and organic geochemical study of authigenic
carbonate crusts recovered from mud volcanoes of the eastern Mediterranean. Our results show that carbonate crusts are formed in an
anaerobic environment through anaerobic methane oxidation. This process is mediated by diverse consortia of prokaryotes which include

previously uncharacterised methanotrophic archaeabacteria.
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Introduction

In the Eastern Mediterranean, mud volcanoes form when tectoni-
cally over-pressured and methane-charged mud is extruded at the
seafloor and re-deposited as mud breccia. Seven such structures at
depths between 1600 and 2000 m were explored with the Nautile sub-
mersible during the Medinaut cruise in 1998. An important discovery
was that the central parts of the mud volcanoes actively seep methane
to the bottom waters and are covered by carbonate crust pavements
formed by precipitation of aragonite and lesser quantities of high-Mg
calcite and dolomite in the shallow pore water of mud breccia deposits
(1,2).

Materials and Methods

In order to understand the geochemical and microbiological pro-
cesses that lead to carbonate crust formation, two carbonate crusts
recovered with the Nautile submersible from the Napoli and
Amsterdam mud volcanoes were investigated. We combined miner-
alogical (X-Ray diffraction) and stable isotope studies of the authi-
genic carbonate phase (2) with lipid biomarker analysis (GC, GC-MS,
HPLC), compound-specific carbon isotope measurements (3) (GC-
irm-MS) and 16SrRNA gene surveys conduced on the organic matter
extracted from the crusts.

Results and discussion

The carbonate cements have unusually low concentrations of 13C
indicating methane as the major source of carbon. Measured velues of
8180 of the Eastern Mediterranean crusts are considerably higher than
those expected for carbonates precipitating from modern eastern
Mediterranean bottom waters. Although this could reflect precipitation
at lower temperatures, no significant temperature anomaly was mea-
sured during the Medinaut cruise. The 180-enrichment is possibly due
to precipitation from 130-rich water derived from the decomposition
of gas hydrates that are present in the studied mud volcanoes (1).
Other possible sources of 180 are the seepage of relic brines of
Messinian age that are present in the sedimentary succession of the
eastern Mediterranean and high temperature fluid-rock interactions.

Prior to carbonate crust formation, methane is oxidised and, at cold
seeps, this process is mediated by aerobic and/or anaerobic chemosyn-
thetic microorganisms. Simple chemical considerations predict that
aerobic methane oxidation produces acidity, favouring the dissolution
of carbonates, rather than their precipitation. Furthermore, pore water
chemical profiles in marine sediments suggest that most of the rising
methane could be consumed in the absence of oxygen. Knowledge of
the nature of the microorganisms which are involved in methane con-
sumption in anoxic environments, however, is incomplete (3.4).

No evidence for the occurrence of aerobic bacteria performing
methane oxidation was found in the crusts, relevant diagnostic
biomarkers being virtually absent among lipids. In contrast, abundant
and highly diverse 13C-depleted biomarkers specific of archaeabacte-
ria indicate that methane is assimilated by a diverse community of
archaea. Organic geochemical analyses also indicate that methane oxi-
dation is mediated by sulfate reducing bacteria.
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Bacterial 16S rRNA gene surveys confirmed the absence of aerobic
methanotrophic bacteria. Archaeal 16S rRNA gene surveys identified
a great diversity of archaeal lineages, most of which are novel and pre-
viously uncharacterised. In agreement with lipid analyses, bacterial
16S rRNA gene surveys identified sequences of sulphate“reducing
bacteria. These observations are consistent with the presence of a con-
sortium of prokaryotes composed of methane-consuming archaea and
sulphate reducing bacteria which is held responsible for the anaerobic
oxidation of methane in a variety of marine settings (5).

Conclusion

Recent studies show that gas hydrate destabilisation following bot-
tom water temperature increase had profound effects on past global
climate. Authigenic carbonates formed through anaerobic methane
oxidation at cold seeps have the potential of recording such events.
The microbial processes we describe provide the easiest explanation
of their formation and could dominate at cold seeps worldwide.
Highly diverse microbial communities are involved supporting recent
propositions that microorganisms play a fundamental role in mineral
precipitation.
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