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Prokaryotic microorganisms of the domains Bacteria and
Archaea have the potential to dissolve and to precipitate
minerals (KonHauser 2007). During early diagenesis the
microbially driven remineralization of organic matter is
shaping the chemical environment of sediments, whichin
turn is governing secondary mineral formation. The
resultant authigenic minerals like calcite, apatite, pyrite,
glauconite and countless others inherit geochemical
signatures that allow the reconstruction of the
biogeochemical processes that favored their formation.
Stable isotope patterns of elements like carbon, oxygen,
and sulfur have been used extensively to characterize modes
of mineral formation during early diagenesis. The great
potential of molecular fossils, deriving from
microorganisms involved in mineral formation, however,
is only beginning to be utilized. These so-called lipid
biomarkers mostly derive from prokaryatic cell membranes
and are of variable specificity and stability. Such molecular
fossils allow the identification of microorganisms even in
very old rocks, fostering the study of the deep timeevolution
of lifeand biogeochemical processes. The major constraint
of the applicability of lipid biomarkers is the thermal
maturity of the rocks under study.

Extreme environments have attracted much interest in
recent years. Thisinterest stems from the observation that
many extreme environments are inhabited by deeply-
branching (i.e., particular ancient forms of life)
microorganisms and the desire to better understand the
early evolution of thefirst ecosystems on Earth. Moreover,
improving our understanding of the function and the limits
of life in extreme environments will help identifying
celestial bodies that may provide favorable conditions for
the presence of life. The latter is one of the main targets of
the rapidly growing field of astrobiology. A much more
down-to-earth benefit of studying extreme environments
isthe circumstance that these systemstend to be dominated
by fewer processes, making the recognition of
biogeochemical pathways and their key players much
easier. Life that is found in extreme environments like
hydrothermal vents, ocean-floor hard rocks, or the deep
crustal biosphere relies on chemosynthesis. Unlike
photosynthesis, this mode of primary production gains
energy for the synthesis of biomass by the oxidation of
chemical compounds. Early life on Earth was
chemosynthetic and life on other astronomical bodies is
much more likely to be chemosynthesis-based than

photosynthesis-based.

Here, | look into some examples of secondary mineral
formation in environmentsthat are typified by the presence
of reducing compounds like methane or crude oil. These
compounds are the basis for life in such environments that
seem to be harsh or even hostile from a metazoan
perspective. Yet, the products of this style of life are
ubiquitously encountered by geologists, forming ore
deposits and other geological bodies.

Mineral formation at methane seeps

Ecosystems with high abundance but low diversity
metazoan communities flourishing at marine methane
seeps along continental marginswerefirst recognized about
25 years ago. Bivalve mollusks and tube worms occur in
fantastic abundance at these sites on an otherwise almost
barren seafloor. The so-called chemosymbiotic metazoans
are dependent on bacteria harbored in their tissues, which
oxidize reducing compounds like methane and hydrogen
sulfide. The other striking feature of methane seepsis the
formation of secondary carbonate minerals. Carbonate
authigenesis is driven by the key biogeochemical process
at seeps, the anaerobic oxidation of methane (AOM). In
this process, ascending methane is oxidized by a
consortium of archaea and sulfate-reducing bacteria
(BoETius et a. 2000, BirceL et al. 2008, Peckmann et al.
2009). As a consegquence of this microbially mediated
process, alkalinity increases and carbonate minerals
precipitate (RiTcer et al. 1987, Peckmann et al. 2001).
Because methane is the natural compound most depleted
in the °C isotope, the secondary carbonates inherit this
13C depletion, allowing the identification of methane-
derived carbonates also in the rock record (PEckMANN &
THieL 2004). Many of the carbonatesforming at seepsrevea
microbial fabrics (e.g., clotted micrite) that agree with their
microbial origin. Ancient seep limestones have now been
recognized through most of the Phanerozoic (CamPBELL
2006), but no methane seep deposits older than Middle
Devonian are known to date (PEckmann et al. 1999a).

Although carbonates are the by far most abundant minerals
at seeps, sulfate minerals can also berock forming, whereas
sulfides are usually only an accessory phase. The
volumetrically dominant carbonate phases of seep
limestonesare (1) microcrystalline calcite or aragonite and
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(2) fibrous aragonite cement, forming isopachous rims or
botryoidal crystal aggregates. The microcrystalline phases
usually contain abundant framboidal pyrite. This pyriteis
a by-product of sulfate-dependent AOM, which produces
sulfideionsthat react with sedimentary iron phasesto form
iron monosulfides. These monosulfides subsequently
transform into pyrite. Pyrite enclosed in modern seep
carbonatesistypified by low 6*Svalues (aslow as-41%o),
reflecting bacterial sulfate reduction and a wide spread of
d*Svalueseven withinindividual pyrite grains of asmuch
as 36%o (Konn et al. 1998). The small scale variability of
&*S values, which is also apparent for pyrite enclosed in
ancient seep limestones (PeckmanN & THiEL 2004), reflects
bacterial sulfate reduction in microenvironments under
closed system conditions, where small, residual pools of
seawater-sulfate are utilized.

Fluids expelled at methane seeps often contain high
amounts of dissolved barium. This barium derives from
the dissolution of barite dispersed in the sediments below
the depth of sulfate depletion. When seepage fluids
enriched in barium get into contact with sulfate-rich
seawater, barite precipitates. Such precipitates may form
barite towers of more than 20 m in height on the seafloor
(ALois et al. 2004). Structural, paleontological, and
geochemical evidence indicates that some Paleozoic
stratiform barite deposits formed by this mechanism at
methane seeps (Torres et a. 2003). |n summary, authigenic
13C-depleted carbonate minerals, pyrite, and barite
represent a long-lasting archive of biogeochemical
processes at ancient methane seeps.

Authigenesis of carbonate mineralsin
serpentinites

When peridotites are exposed to seawater along slow- and
ultraslow spreading oceanic ridges, these ultramafic rocks
of the upper mantle are affected by the process of
serpentinization. The reactions between ultramafic rocks
and seawater result in the development of high calcium
concentrations and high pH valuesin theinteracting fluids,
favoring carbonate precipitation despite of low dissolved
inorganic carbon contents. Zones of active serpentinization
are also characterized by hydrogen and methane anomalies.
These reducing compounds are readily utilized by
microorganisms, if suitable electron acceptorsare available.
Metabolisms favored under these conditions including
autotrophic methanogenesis using hydrogen or
methanotrophy may induce carbonate precipitation.
Although carbonate formation seemsto be mostly physico-
chemically-driven dueto high pH values and high calcium
concentrations developing during serpentinization, an
additional biological impact on the carbonate system cannot
be excluded. Probably the most well-known and most
spectacular carbonate deposits associated with a
serpentinization setting are those of the so-called L ost City
Field that is situated more than 15 km away from the
spreading axis of the Mid-Atlantic Ridge. In this field,
carbonate chimneys forming at the hydrothermal vents
reach heights of 60 m or more (KeLLey et al. 2005).
Molecular fossils extracted from these chimneys indicate
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that archaeal methanogenesis is indeed the dominant
metabolism (BRADLEY et al. 2009).

Carbon, oxygen, and strontium isotope aswell asrare earth
element patterns of authigenic carbonate minerals
recovered from different sitesalong the Mid-Atlantic Ridge
reveal that the environmental conditions during carbonate
formation in ocean-floor hard rocks vary substantially
(EickmanN et al. 20093, b). Few carbonate phases have
been found showing signatures that agree with a biogenic
origin from methanogenesis. The origin of secondary
carbonates in ancient serpentinites is more difficult to
constrain. Interestingly, many ultramafic complexes in
nappes of the Alps are covered by serpentinite breccias,
known as ophiocalcites (BernouLLl & WEeissert 1985).
Sedimentary and diagenetic fabrics aswell as composition
of these ophiocalcites are similar to modern analoguesfrom
ocean basins where ultramafic rocks are exposed. The *C
content of ophiocalcitesfrom theAlps agreeswith seawater-
derived dissolved inorganic carbon as carbon source
(Weissert & BernouLLl 1984). Some of the carbonate dikes
apparently represent injection of marine sediment, but it
should be tested, if some of the calcite is of an authigenic
origin similar to the examplesfrom the Mid-Atlantic Ridge.

Carbonate mineral and native sulfur
formation in hyper saline environments

Biogenic deposits of native sulfur worldwide are enclosed
in evaporite sequences. The sulfur is found in association
with secondary carbonate minerals. Bacterial sulfate
reduction is considered to be the key process for the
precipitation of this sort of sulfur and the associated
carbonates (FeeLy & Kurp 1957, PiErre & RoucHy 1988,
Peckmann et al. 1999b). Sulfate-reducing bacteria oxidize
organic compounds including crude oil and methane. The
bacterial metabolism leads to the production of hydrogen
sulfide and an increase of carbonate akalinity, inducing
precipitation of carbonate minerals. The sulfur is believed
to result from the oxidation of hydrogen sulfide, but the
exact mechanisms are still unknown and a direct
production of sulfur in the course of bacterial sulfate
reduction cannot be excluded.

Rocks containing biogenic sulfur are classified into
bioepigenetic and biosyngenetic deposits. Epigenetic
deposits form after burial and subsequent uplift of the
evaporitic host rocks, often hundreds of millions of years
after deposition. Syngenesis occurs in a similar fashion,
but during sedimentation and very early diagenesis. In
Europe, biogenic sulfur deposits are particularly abundant
in the Mediterranean, where they are linked to evaporites
that deposited during the Messinian salinity crisis. A
bacterial origin of the Sicilian sulfur deposits was already
suggested about one hundred years ago and isotope data
on sulfur and carbonateslater on confirmed this suggestion
(Dessau et al. 1962). A recent study of different Sicilian
sulfur and carbonate deposits revealed that the formation
of secondary minerals formed along both syngenetic and
epigenetic pathways, establishing that syngenetic formation
and not only epigenetic formation can yield economically
significant amounts of sulfur (ZiecensaLG et a. in press).
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Many of the native sulfur occurrences worldwide have not
been investigated to date. Their fascinating biogeochemical
genesis and their link to oil and gas reservoirs make them
rewarding study objects. Although sulfur is presently not
mined from these deposits — it is instead extracted from
oil — the ebbing of oil reserves in the future is likely to
cause a renewed interest in this source of sulfur ore.
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