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Preface

Geobiology is a rapidly growing and truly interdisciplinary field at the interface
between earth and life sciences, and mainstream research in geobiology involves
microbes and microbial activities at al scales in different geological environments
through time in Earth’s history. This research and its findings have strong impli-
cations for the evolution of life on the Earth and potentially in other planets. Mi-
crobial activities influence water-rock interaction processes and chemical transport
between the major geochemical reservoirs, and the formation and transformation
of minerals and rocks. On the other hand, geological processes and geochemical
controls influence the microbial ecology in extreme environments. Our understand-
ing of these links has been advancing at afast pace in recent years. The discovery
of life in extreme environments and its systematic studies have peaked during the
past severa decades, and new scientific programs (i.e. Deep Science Initiative) have
been initiated in order to maximize international collaboration on most important
scientific problems pertaining to underground research and subsurface microbial
life. The deep subsurface biosphere may constitute nearly one third of the Earth’'s
biomass, and subsurface microbial communities are magjor contributors to nutrient
cycling through the environment.

We now know that microbes have played important roles as geologica agentsin
mineral growth and dissolution, rock and mineral weathering and alteration, mobi-
lization of metals in metal sulphides, metabolism of hydrocarbons and transforma-
tion of organic carbon in sediments for fossil fuel formation, cycling of elementsin
the global ocean, fractionation of stableisotopesfacilitating rock and mineral diage-
nesis, porosity generation in deep-subsurface, timing of fossil appearance in Earth
history, bio-remediation, and emergence of the aerobic biosphere in deep time (i.e.
Archaean — Proterozoic transition). How biological activity influences geological
processes and what role these processes have played in the geologica evolution of
the Earth through time still remain fundamental questions. How do we recognize
ancient microbial activities in the rock record and what analytical methods do we
use to document and to better understand the evolution of life? Can we detect the
existence of microbial life in deep time by studying Archaean rocks? Microbial
systems in extreme environments and in the deep biosphere may be analogous to
potential life on other planetary bodies and hence may be used to investigate the
possibilities of extraterrestria life.
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This book is a result of a successful Pardee Keynote Symposium held at the
Geological Society of America Annual Meeting in Philadel phia (October 2006) and
is intended to explore these questions and the mode and nature of links between
geological processes and microbial activities for the origin and evolution of life on
the Earth and possibly on other planets. It fills a particular niche in geobiology by
focusing on the significance of geology and geological processes for controlling the
physical conditions and characteristics of diverse habitats, in which different mi-
croorganisms thrive, the geochemical processes that these microorganisms catalyze,
and the implications of microbial activities as recorded in the rocks and modern
geological environments for the evolution of life. The chapters in the book are pri-
marily concerned with the geological, biological, and geochemical processes that
affect habitable environments for microbial communitiesin extreme conditions (i.e.
oceanic crust in deep subseafloor, saline lakes, methane-rich ocean waters, deep
sea sediments) and the textural, biological, and fossil evidence that microbes and
microbial activities leave behind in the rock record. As such, the book is aimed at
documenting some of the best examples (but not all) of links between the geological
processes and microbial activities, rather than providing discussions on microbial
ecology and microbial physiology, microbiological characterization, and microbial
biochemistry. We do not attempt in this book to cover all aspects and examples of
geobiology since that would require numerous, diverse contributions from a much
larger scientific community. The book is intended for students (upper level under-
graduate and graduate students) and researchers in the academia and industry who
are interested in exploring the geological record of the biosphere in deep and ex-
treme environments.

The chapters in the book are organized to provide new observations and data
as well as presenting a state-of-the art overview on the topics ranging from micro-
bial existence and related processes in the uppermost igneous layer of modern and
ancient oceanic crust and deep sea sediments to cyanobacteria — produced stroma-
tolites; microbial communities and their geological artefactsin saline lakes at high
atitudes (i.e. Tibetan Plateau) and below sea-level (i.e. Dead Sea), in dry deserts
(i.e. Atacama Desert in Chile, Antarctica, the Arctic and western China), and in
the deep continental subsurface where high temperature, high pressure and high
radiation conditions prevail; and, in ocean waters that have high rates of anaerobic
oxidation of methane gas (i.e. The Black Sed). The last chapter presents a critical
assessment of a widely discussed “volcanic winter to snowball Earth” hypothesis
that holds extensive explosive volcanism around ~635 million years ago responsi-
ble for Neoproterozoic climate change in the Earth’s history. Solid Earth geological
processes, such as subduction and associated magmatism, and the interplay between
surficial and atmospheric processes (i.e. glaciation) appear to have played a major
role in this event during the Precambrian, and are likely to happen again to affect
climate and life in the geological future. We hope that this book will serve as an
exciting, contemporary guide to the geobiological literature.

We thank the contributors to this book for their time and effort, and express our
gratitude to alarge number of scientists who provided valuable reviews of the chap-
tersinit. We are grateful to the Geological Society of Americaand its International
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Division for providing us with funds to organize the 2006 Pardee Keynote Sym-
posium and to support travel expenses of the invited speakers. We are particularly
indebted to Petra D. van Steenbergen, Senior Publishing Editor at Springer, for her
enthusiastic support and motivation throughout the preparation of this book and to
Cynthia de Jonge at Springer — Geosciences for her invaluable assistance in format-
ting and preparing the book for fina publication.

December 2007 Y. Dilek, H. Furnes, and K. Muehlenbachs
Editors
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Oceanic Pillow Lavas and Hyaloclastites
as Habitats for Microbial Life
Through Time — A Review

Harald Furnes, Nicola McLoughlin, Karlis Muehlenbachs, Neil Banerjee,
Hubert Staudigel, Yildirim Dilek, Maarten de Wit, Martin Van Kranendonk,
and Peter Schiffman

Abstract This chapter summarizes research undertaken over the past 15 years upon
the microbia alteration of originally glassy basaltic rocks from submarine envi-
ronments. We report textural, chemical and isotopic results from the youngest to
the oldest in-situ oceanic crust and compare these to data obtained from ophio-
lite and greenstone belts dating back to c. 3.8 Ga. Petrographic descriptions of the
granular and tubular microbial alteration textures found in (meta)-volcanic glasses
from pillow lavas and volcanic breccias are provided and contrasted with textures
produced by abiotic alteration (palagonitization). The geological setting in partic-
ular the degree of deformation and metamorphism experienced by each study site
is documented in outcrop photographs, geological maps and stratigraphic columns
(where possible). In addition, X-ray mapping evidence and carbon isotopic data that
are consistent with a biogenic origin for these alteration textures is explained and
amodel for their formation is presented. Lastly, the petrographic observations and
direct radiometric dating techniques that have been used to establish the antiquity
and syngenicity of these microbial alteration textures are reviewed.

The combined dataset presented herein suggests that the microbial ateration
of volcanic glass extends back to some of the earliest preserved seafloor crustal
fragments. We use observations collected from well preserved, in-situ oceanic crust
as a guide to interpreting comparable mineralized micro-textures from the ancient
seafloor. It emerges that textural evidence is best preserved in undeformed to little-
deformed, low grade, meta-volcanic rocks, and that chemical tracers, in particular
the 8*3C a1, Signatures, are more robust and can survive relatively strong deforma-
tion and metamorphic conditions. Drawing together all of this data we propose a
tentative model for microbial life in the Archean sub-seafloor. Overal, it is argued

H. Furnes

Department of Earth Science & Centre for Geobiology, University of Bergen, Allegt. 41, 5007
Bergen, Norway

e-mail: Harald.Furnes@geo.uib.no

Y. Dilek et al. (eds.), Links Between Geological Processes, Microbial Activities & 1
Evolution of Life, © Springer Science+Business Media B.V. 2008



2 H. Furneset al.

that bioalteration textures in (meta)-volcanic glasses provide a valuable tracer of
the deep oceanic biosphere, which constitutes one of the largest and least explored
portions of the modern, and especially the ancient, biosphere.

1 Introduction

Microbial activity has until recently only been sought largely in (meta)-sedimentary
rocks and environments. It is now, however, realized that microbial life can aso
colonise volcanic rocks within the Earth’s crust to considerable depths, where car-
bon and energy sources are available and where physical conditions do not inhibit
life (e.g., Lovley and Chapelle 1995; Pedersen 1997; Pedersen et al. 1997; Amend
and Teske 2005; Schippers et al. 2005). During the last decade, it has also been
demonstrated that the upper volcanic part of the in situ oceanic crust is a habi-
tat for microbia life (e.g., Thorseth et al. 1992; Thorseth et al. 1995a; Furnes
et al. 1996; Fisk et al. 1998; Torsvik et al. 1998; Furnes and Staudigel 1999; Furnes
et al. 1999, 20014, b; Thorseth et al. 2001, 2003; Banerjee and Muehlenbachs 2003;
Fisk et al. 2003; Staudigel and Furnes 2004; Staudigel et a. 2004). The in-situ
oceanic crust however, only extends back to approximately 170 Ma, with the oldest
oceanic crust being found in the western Pacific Ocean. Evidence of microbial activ-
ity in older oceanic volcanic rocks must be sought in fragments of ancient oceanic
crust preserved in ophiolites and greenstone belts. Reliable evidence for microbial
life has been found in several ophiolites ranging in age from Cretaceous to Paleo-
proterozoic (Furnes et al. 2001c, 2002a, 2005), and putative evidence of microbial
life has been described from Mesoarchean pillow lavas of the Barberton greenstone
belt, South Africa (Furnes et al. 2004; Banerjee et a. 2006) and the Pilbara Craton,
Western Australia (Staudigel et al. 2006; Banerjee et al. 2007).

In this chapter, we summarize the various accounts of microbial ateration that
span the youngest, in-situ oceanic crust to the oldest greenstone belts and present
new data pertaining to these findings. In particular, we provide in one manuscript
a compilation of lithological logs from the in-situ oceanic crust where microbial
alteration has been found, along with geological maps, stratigraphic sections and
outcrop photographs of all of the ophiolites and greenstone belt examples studied
to enable direct comparisons to be made. Previous reviews have largely treated ev-
idence of microbial alteration from the in situ oceanic crust (e.g., Fisk et al. 1998;
Furneset al. 2001b) and ophialites (e.g. Furnes and Muehlenbachs 2003) separately;
or largely focussed on a single line of evidence such as textura information (e.g.,
Furnes et al. 2007a). This manuscript extends the study of Staudigel et a. (2006) to
document in detail, the main lines of evidence that have been presented to support
microbial alteration in volcanic glass from 11 drill cores from the in-situ oceanic
crust; 5 ophiolite examples and 4 greenstone belts (Fig. 4). In addition to the review
of al relevant aspects covered below, we present new textural and carbon isotope
datafrom several of theinvestigated ophiolites and greenstone beltsthat is consi stent
with bioalteration.
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2 Biogenicity and Antiquity — Criteria Used for Establishing
Bioalteration

Alteration of basaltic glass in modern pillow lavas and hyaloclastites results from
two fundamentally different processes — abiotic and biotic ateration. Abiotic al-
teration results in the formation of the long-recognized, but enigmatic, material
termed palagonite. The more recently-recognized biotic ateration involves etch-
ing of the glass by rock dwelling (endolithic) microbes creating textures that can
be regarded as ichnofossils. These two alteration processes may be contempora-
neously active within the temperature limit of life. In a number of recent papers
the abiotic and biotic alteration processes have been discussed at length. Below we
will only briefly comment on abiotic alteration and focus instead upon the biotic
processes of alteration. We present biogenicity and antiquity criteria developed to
assess these structures, as well as a refined version of recent models proposed to
explain the bioalteration of basaltic glass (Staudigel et a. 2006; Furnes et a. 20074;
McLoughlin et al. 2008). In addition, we briefly review what is currently known
about the microorganisms that are thought to be responsible for the bioerosion of
volcanic glass.

2.1 Abiotic Alteration

The agueous alteration of basaltic glass produces a pale yellow to dark brown mate-
ria referred to as palagonite. Palagonitization has traditionally been regarded as
a purely physico-chemical phenomenon and is a complex and continuous aging
process involving incongruent and congruent dissolution accompanied by precip-
itation, hydration and pronounced chemical exchange that occurs at low to high-
temperatures (e.g., Thorseth et a. 1991; Stroncik and Schmincke 2001; Walton
and Schiffman 2003; Walton et a. 2005). The resulting palagonite occurs around
the rims of glass shards and as banded material on either side of fractures with a
relatively smooth interface between the fresh and altered glass. Palagonite can be
divided into two types: (1) early stage amorphous gel-palagonite that matures to
form, (2) fibro-palagonite which consists of clays, zeolites and iron-oxy-hydroxides
(Peacock 1926).

2.2 Biotic Alteration

Over recent years mounting evidence has been collected to support the biological
mediation of processes involved in the alteration of volcanic glass. One of the ear-
liest reports of the biological etching of glass is the description of surface pitting
on church window-pane glass in the vicinity of growing lichens (Mellor 1922; see
aso Krumbein et a. 1991 for review). Bioerosion of natural glasses was reported
somewhat later with the finding of surface grooves on glass shards from Miocene
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tephra that were likened to those produced by fungi which bore into carbonate
grains (Ross and Fisher 1986). This scenario was confirmed with the observation
of bacteria within surface pitting textures on sub-glacial volcanic breccias from
Iceland, which lead Thorseth et al. (1992) to propose that the microbes locally
modify the pH and thereby accelerate glass dissolution. A range of biochemical
mechanisms are employed by microorganisms to dissolve volcanic glass and are
thought to include secretion of organic acids, production of siderophores and com-
plexing agents that help to complex metal ions, particularly Al whilst modifying the
pH to promote silica glass dissolution (Paul and Zaman 1978). The initial stages
of glass pitting have been experimentally investigated by Thorseth et al. (1995h),
and Staudigel et al. (1995,1998), who confirmed that volcanic and synthetic glasses
inoculated with microbes develop etch pits and surface alteration rinds under |abo-
ratory conditions.

Numerous studies have followed to document the widespread occurrence of mi-
crobia bioerosion textures in volcanic glass from Ocean Drilling Program (ODP)
and Deep Sea Drilling Project (DSDP) drill cores from in-situ oceanic crust (e.g.,
Thorseth et a. 1995a; Furnes et a. 1996; Fisk et al. 1998; Furnes et a. 2001a,
b; Thorseth et a. 2001, 2003; Banerjee and Muehlenbachs 2003). Distinct textu-
ral, elemental and isotopic signatures are produced by these microbial ateration
processes and are reviewed below. As a preface to the individual studies it is first
informative to draw together and explain the various lines of evidence and the key
observations used to distinguish such bioalteration textures from the products of
abiotic palagonitization (see also McLoughlin et al. 2007).

2.2.1 Textures

The bioalteration of volcanic glass produces two principal types of texturesthat have
been termed granular and tubular textures (Furnes and Staudigel 1999). These are
markedly different from the regularly banded alteration rinds that result from abiotic
palagonitization (Fig. 1A), and we regard these textures as our prime evidence for
the bioalteration of basaltic glass. A model for the textural development of such
bioerosion traces is given in Fig. 1. The top line shows abiogenic alteration which
resultsin the production of banded pal agonite around glass fragments and along the
margins of fractures, with arelatively smooth interface between the fresh and altered
glass. This should be contrasted with the granular and tubular ichnofossils shown
in the lower lines of the figure which are formed by microorganisms carried by
circulating fluids into fractures in the rock. These microbial consortia progressively
etch the fresh glass, generating more abundant tubes and granular aggregates around
fractures and creating an increasingly ramified alteration front between the fresh
and altered glass. In Fig. 1, thisis schematically shown from left to right across the
diagram and illustrated by the back-scatter electron (BSE) images of real examples.
The granular alteration textures consist of micron-sized spherical cavitiesfilled with
amorphous to very fine-grained phyllosilicate phases. At the initial stage of bioal-
teration the granular textures appear as isolated spherical bodies along fracturesin
the glass (Fig. 1B, stage t1). With progression of bioalteration these become more
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Fig. 1 Schematic diagram showing the generation of ateration textures in fresh volcanic glass
(FG) from initia time (tp) to the fina time (teng), accompanied by back scattered electron and
thin section images of real examples. The top line (A) shows abiotic palagonite alteration which
produces banded palagonite rims and authigenic minerals around glass fragments. The middle line
(B) shows the growth of granular type textures from isolated spheres in the early stages (t;) to
dense granular aggregates (tz). The lower line (C) shows the growth of tubular type from incipient
short tubes at stage (t;) to longer tubes at (t,). The right hand column in (B) and (C) shows the
resulting compositional signatures that are found when these bioalteration textures are infilled by
authigenic mineral phases

numerous and coalesce into aggregates that form irregular bands which protrude
into the fresh glass along fractures (Fig. 1B, stage t,). The tubular alteration tex-
tures (Fig. 1C) are also concentrated along surfaces in volcanic glass where water
once permeated, and become longer and form denser aggregates with progressive
alteration.

During the formation of both morphologies of microbially-driven glass dis-
solution, the total surface area of fresh glass available progressively increases.
Staudigel et al. (2004) calculated that the surface area of fresh glass would increase
by factors of 2.4 and 200 during the formation of tubular and granular morphotypes,
respectively. In contrast, abiotic alteration causes the surface area of fresh glass to
progressively decrease, acting as a negative feedback that inhibits further alteration.
As long as seawater is accessible to the fresh glass, ateration, whether biotic or
abiotic, will continue until all of the fresh glass is altered. With time, the bioalter-
ation textures are filled with authigenic phases and alteration will proceed at amuch
slower rate until, seawater no longer has access to the fresh glass and alteration will
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stop. The final column in Fig. 1 shows the chemical signatures that are preserved,
including enrichment in C, N and P along the margins of the bioerosion traces,
and depletion in Mg, Fe, Ca, and Na in the surrounding modified glass (discussed
further in Section 5, below). We stress that this is a schematic diagram and that the
distribution of bioalteration textures will differ in fractures of varying geometries
under different fluid flow regimesin and around vesicles and as authigenic minerals
precipitate and thereby modify the diffusion processes. Further real examples of
bioalteration textures from in-situ oceanic crust are described in Section 4.1 and
Figs. 23 and 24; from ophiolites in Section 4.2 and Fig. 25; and from greenstone
beltsin Section 4.3 and Fig. 26.

2.2.2 Syngenicity and Antiquity

To establish the syngenicity of bioalteration textures and exclude an origin from
modern endolithic organisms relies in the first instance upon relative age relation-
ships observed by optical microscopy. In volcanic glasses and hyaloclastites (i.e.,
brecciated volcanic glass), it istherefore necessary to check the distribution of bioal-
teration textures in pillow margins or glass fragments with respect to fractures that
may have acted as conduits for younger fluids and, possibly, also for microbes. In
ancient metamorphic samples, the originally hollow bioalteration textures are now
filled by secondary minerals(e.g., quartz, chlorite, titanite) and have been overgrown
by metamorphic minerals (e.g., Figs. 26 and 27). In such cases, the metamorphic age
of the overgrowing mineral gives a minimum age constraint for the bioalteration
of the rock, as for example in the case of the ~3.5Ga hio-etching of the pillow
lavas of the Barberton greenstone belt, South Africa (Furnes et al. 2004; Banerjee
et a. 2006). This may not always be atrivial task and in some cases it is not possi-
ble to confidently establish the timing of bioalteration. However, direct radiometric
U-Pb dating of titanite that is commonly found to fill the bioalteration textures,
is sometimes possible and has been done for tubular alteration textures in hyalo-
clastites of the 3350 Ma Euro Basalt of the Kelly Group (Pilbara Craton, Western
Australia), yielding a minimum age estimate for bioalteration of 2921 +/ — 110Ma
(Banerjee et al. 2007); this study is discussed in more detail in Section 7.4, below.

2.2.3 Geochemistry

The localised concentration of biologically significant elements in and around vol-
canic bioalteration textures offers support for the biogenicity of thesetextures. X-ray
element mapping in the vicinity of bioalteration textures (e.g., Furnes et a. 2001b;
Banerjee and Muehlenbachs 2003; also Section 5 below and Figs. 28-30), has
shown that the tubular and granular textures are commonly lined with carbon. Im-
portantly, these elevated levels of carbon are not associated with enrichments of
elements such as calcium, iron, or magnesium that commonly form carbonates. In-
stead, the source of the carbon islikely residual organic matter (Torsvik et al. 1998).
Element maps of bioalteration textures also commonly show enrichments and/or
uneven distributions of K, Fe, P, N, and S. For example, Alt and Mata (2000) used
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TEM to study nano- to micro- sized alteration textures in 6 Ma-old basaltic glasses
and proposed an incongruent dissolution process with significant losses of Mg, Fe,
Ca and Na, accompanied by slight loss of Al and Mn and a substantial increase in
K due to the circulation of >100 fracture volumes of seawater. Intriguingly, their
data lead them to highlight the possible contribution of nano-sized organisms in
the bioalteration processes. In another study, Storrie-Lombardi and Fisk (2004) in-
vestigated the local chemical composition of biotically and abiotically altered 0.5—
170 Ma-old volcanic glasses by electron microprobe and showed through principal
component analysis that the alteration products of biotic and abiotic ateration are
distinct. In brief, the clays produced by biotic alteration had higher Fe and K con-
tents, whereas abiotic alteration produced clays with higher Mg values. Further geo-
chemical work, applying methods like those just described may help to distinguish
between biotic and abiotic ateration structures.

Fresh volcanic glass is scarce throughout the rock record (e.g., Shervais and
Hanan 1989), and the oldest reported occurrence is of Mesoproterozoic (ca. 1.1 Ga)
age (Palmer et al. 1988). Textural evidence for bioalteration in ophiolites and green-
stone belts is therefore more unlikely and of diminishing quality with increasing
geological age and thus geochemical fingerprints in the form of elevated levels of
biologically important elements provide useful substantiating evidence. These geo-
chemical signatures from in-situ oceanic crust, ophiolites and greenstone belts are
described and discussed in further detail in Section 5 below.

2.2.4 Stable Carbon Isotope Signatures

Systematic shifts in the carbon isotope values measured from disseminated carbon-
ate in the glassy rims and crystalline cores of pillow basalts have been taken to
support the operation of bioalteration processes (e.g., Furnes et al. 2001a). These
carbon isotope patterns can also give clues as to the putative microbial metabolisms
that may be involved. Typical pillow basalts contain less than 1wt.% of dissemi-
nated carbonate and the §'3Cc4y, values obtained from fresh unaltered basalts yield
values similar to mantle CO, between —5%o to —7%o (Alt et al. 1996; Hoefs 1997).
These contrast with 8'3Ccap values of marine carbonate of 0% and provide the
reference framefor theinterpretation of 8'3Cap val ues obtained from vol canic glass
(see Fig. 2). The microbial oxidation of organic matter produces >C-enriched CO,,
which may subsequently be precipitated in carbonate depleted in 3C(—3'3C), as
shown by the left hand arrow on Fig. 2. Positive 8*3Ceaponae Values on the other
hand, can result from the lithotrophic utilization of CO, by methanogenic Archaea.
These microorganisms produce methane from H, and CO, preferentially producing
12C-enriched methane and leaving the remaining CO, enriched in *3C, which will be
recorded in any precipitated carbonate as shown by the right hand arrow on Fig. 2.
The existence of the latter archaeal processesis supported by the discovery of diage-
netic dolomite with 823C ashigh as +14% in sediments from DSDP Hole 479 (Gulf
of California), suggesting a biogenic CO, reservoir related to active methanogene-
sis (Kelts and McKenzie 1982). Compiled 8*3Ccaponae data from the in-situ ocean
crust, ophiolites and greenstone belts of different metamorphic grades is presented
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Fig. 2 Diagram summarizing the interpretation of 33C values measured on disseminated carbon-
ates from pillow lavas. For reference the 8'3C values of mantle CO, and marine carbonates are
plotted. The oxidation of organic matter in pillow rims by bacteria is argued to shift the 33Ceap
to progressively more negative values, as low as —25% (see for example Fig. 31B). Whereas the
lithotrophic utilization of carbonate in pillow rims by archaea shifts the 33Cca, to more positive
vaues as high as +3.9%. (see for example Figs. 30 and 31). In contrast, carbonate measured from
pillow cores yields a mantle value and carbonate from amygdales gives a marine value. Actua
313Ceabonate datafrom pillow lavas are plotted in Figs. 31, 32 and 33

and discussed in detail below (see Section 6 and Figs. 30-32). In summary, it is
found that values obtained from pillow interiors are bracketed between primary
mantle CO, values and those expected from marine carbonates whereas those mea-
sured from pillow rims and hyaloclastites display a significantly greater range in
813Camonate VAlUes that is consistent with microbial activity. In addition, it has been
suggested that variations in the structure and lithology of the oceanic crust may
influence the colonizing microbes and resultant carbon isotope signatures (Furnes
et al. 2006 and Section 7.3, below).

2.2.5 DNA-Analyses and Microfossil Remains

Nucleic acids derived from bacterial and archaeal DNA are commonly localized
within recent bioalteration textures in pillow lavas of young, in-situ oceanic crust
(Thorseth et al. 1995a, 2001; Giovannoni et a. 1996; Torsvik et al. 1998). The
application of DAPI (4, 6 diamino-phenyl-indole) dye which bindsto nucleic-acids,
aong with fluorescent oligonucleotide probes that target bacterial and archaeal
RNA has revealed that biological material is concentrated at the ramified interface
between fresh and altered glass (e.g., Giovannoni et al. 1996; Torsvik et al. 1998,
Fig. 2; Banerjee and Muehlenbachs 2003, Fig. 14; Walton and Schiffman 2003,
Fig. 8). For example, staining of volcanic glass samples from the Costa Rica Rift
(Fig. 3) show that the most concentrated biological material occurs at the interface
of fresh and altered glass, especialy in the tips of tubular structures and that the
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Fig. 3 (A) Transmitted light image of the granular bioalteration type; (B) epiflourescence image of
the same sample showing that the biological material is concentrated along the edges of the granu-
lar ateration and within the fracture; (C) transmitted light image of the tubular bioalteration type;
(D) epiflourescence image of the same sample showing that the biological material is concentrated
at the ends of the tubes. Both samples (A and C) are from hole 148-896A-11R-1, 73-73cm from
the Costa Rica Rift (Furnes et al. 1996). The epiflourescent images were obtained using a Nikon
Microphot microscope with excitation at 365 nm and emission at 420 nm on samples stained with
10g/mL DAPI

biogenic material decreasesin concentration towards the centre of fractures (Furnes
et a. 1996; Giovannoni et al. 1996). We find it appropriate to mention that the
application of DAPI may result in ambiguities since some clay minerals may aut-
ofluoresce. To ascertain the extent of autofluoresence, Giovannoni et al. (1996) used
three different DNA-binding dyes (Hoechst 33342, PO-PRO-3, and Syto 11), which
all supported the conclusions of Thorseth et al. (1995a) and Furnes et a. (1996)
that microorganisms were present at the glass-alteration interface. Genetic material
is not stable over geological lengths of time and so this type of data is not found
in ophiolites and greenstone belts. The finding of DNA from in-situ oceanic crust
that is 122 million-years-old has lead to the suggestion that viable microorganisms
may still be active within these bioalteration textures long after eruption of the lavas
(Banerjee and Muehlenbachs 2003).

Partially fossilized, mineral encrusted microbial cells have also been observed
by scanning electron microscopy (SEM) on the surface of altered glasses from in-
situ oceanic crust, with morphologies that included filamentous, coccoid, oval, rod
and stalked forms (e.g., Thorseth et a. 2001). Moreover, these forms commonly
occur in, or near, etch marks in the glass that exhibit forms and sizes resembling
the attached microbes, suggesting that it was the microbes that were responsible
for the formation of the etch marks (e.g., Thorseth et al. 2003). Within micro-
tubules in volcanic glass fragments from the Ontong Java Plateau, delicate hollow
and filled filaments attached to the tube walls have been observed (e.g., Banerjee
and Muehlenbachs 2003, Figs. 5-9), along with spherical bodies and thin films
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interpreted to represent desiccated biofilms (e.g., Banerjee and Muehlenbachs 2003,
Figs. 5-9).

2.2.6 Microbiological Constraints

A consortium of microorganisms that includes heterotrophs and chemolithoau-
totrophs is thought to be involved in the bioalteration of volcanic glass. Het-
erotrophs use organic carbon delivered by circulating seawater as a carbon source
and chemolithoautotrophs use oxidized compounds principally O, and NO; de-
rived from circulating seawater as electron acceptors within the modern sub-seafl oor
aong with Fe(l1) and Mn(lIl) in volcanic glass as electron donors (Edwards et al.
2005). The energetically viable reactionsthat are possible in these environments and
their energy yields are given in Table 1 of Edwards et al. (2005). Under anaerobic
conditions hydrogen consuming reactions can support appreciable biomass produc-
tion and this H, may have been supplied by abiotic sources especialy on the early
earth. In addition, the microbial consortiamay derive key nutrients especially phos-
phorus from the glass, which isfound only in low concentration in typically nutrient
poor, sub-seafloor conditions.

The suggestion that Mn oxidation is a potentially important chemolithoau-
totrophic metabolism involved in the bioerosion process is supported by the iso-
lation of diverse manganese oxidizing bacteria from basaltic seamounts where
they enhance the rate of Mn oxidation (e.g., Templeton et al. 2005). The possi-
bility that these microbial consortia may aso employ iron oxidation is consistent
with the resemblance of bacterial moulds found on volcanic glass fragments to
the branched and twisted filaments of the Fe-oxidizing bacteria Gallionella (e.g.,
Thorseth et al. 2001, 2003). Moreover it has recently been discovered that a
group of bacteria distantly related to the heterotrophic organisms Marinobacter
sp. and Hyphomonas sp. are also capable of chemolithoautrophic growth and em-
ploy Fe-oxidation at around pH 7 on substrates including basaltic glass (Edwards
et a. 2003). Isolation of a new anaerobic, thermophilic facultative chemolithoau-
totrophic bacterium from a terrestrial hot spring that is capable of Fe (I11) reduc-
tion using molecular H as the only energy source and CO;, as a carbon source
(Zavarzina et al. 2007), is aso relevant to mention in this connection (see
Section 7.3).

Culture independent molecular profiling studies have found that basaltic glassis
colonized by microorganisms that are distinct from those found in both deep seawa-
ter and seafloor sediments. For example, indigenous microbial sequences obtained
from basaltic glass samples dredged from the Arctic seafloor ranging in age from
1Mato 20 Ma were found to be affiliated with eight main phylogenetic groups of
bacteria and a single marine Crenarchaeota group (Lysnes et a. 2004). Although
it is not possible to confidently infer the metabolisms of uncultured microorgan-
isms from molecular phylogenetic relationships, this study did find sequences that
were related to known Fe and S metabolizing bacteria and methanogenic archea.
Furthermore, it is reported that autotrophic microbes tend to dominate the early
colonizing communities and that heterotrophic microbes are more abundant in ol der,
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more atered samples (Thorseth et al. 2001; Santelli et al. 2006). In other words, it
appears that prokaryotic microbial consortia, which include microorganisms that
employ Fe and Mn oxidation, are plausible candidates for the bioerosion of basaltic
glass and that these are associated with a heterotrophic community. There are even
reports of eukaryotes from within the oceanic crust, with the finding of microbial
remains argued to be marine, cryptoendolithic fungi in carbonate filled amygdales
from Eocene Pacific seafloor basalts (Schumann et a. 2004).

Efforts to generate bioalteration texturesin laboratory experiments using natural
inoculums and various glass substrates have generated useful insights, although each
with their own limitations. This work was motivated in part by etch pits found in
Icelandic hyal oclastites that show “growth rings’, which were taken to suggest that
they might develop into tubular shaped alteration structures (Thorseth et a. 1992),
although no such extended tubular morphol ogies have yet to be produced in the lab-
oratory. These early studies involved basaltic glass inoculated with microbes taken
from the submarine Surtsey volcano that were cultivated in 1% glucose solution at
room temperaturesfor oneyear and produced etch pitsand alteration rinds (Thorseth
et al. 1995b). Monitoring of these experiments over time suggested that the microbes
corrode the volcanic glass first via congruent dissolution, followed by incongruent
dissolution and it was hypothesized that these involved the secretion of organic
acids and metal complexing agents by the microbes (Thorseth et al. 1995b). The
limitation of thiswork was the use of a nutrient rich mediathat is not comparable to
sub-seafloor conditions. Another experimental approach was utilized by Staudigel
et al. (1998) who constructed flow through experiments with basaltic glass that was
continuously flushed with a natural seawater microbial population and monitored
both chemically and isotopically for periods of up to 583 days. These biologicaly
mediated experiments produced twice the mass of authigenic phases compared to
the abiotic controls and caused particularly marked Sr exchange. Again, however,
these experiments are not directly analogous to sub-seafloor conditions because sur-
face seawater inoculums were used.

Thus, in summary it appearsthat heterotrophic bacteria, along with chemolithoau-
totrophs which utilize Fe and Mn oxidation, are responsible for the bioalteration of
volcanic glass. However, the full diversity of microorganisms involved is yet to be
fully documented, and the conditions under which tubular alteration structures are
formed are yet to be replicated in the laboratory.

3 Material Investigated

We have investigated pillow lava and hyaloclastite samples from a large number
of DSDP/ODP sites from the in-situ (modern) oceanic crust spanning the youngest
to the oldest oceanic basins (0-170Ma). The search for bioalteration has been ex-
tended into fragments of ancient oceanic crust preserved in ophiolites of different
ages (Section 3.2) and Proterozoic to Archean greenstone belts (Section 3.3). All of
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Fig. 4 Map showing the distribution of bioalteration textures documented to date in volcanic glass:
examples from in situ oceanic basins are shown by yellow circles; from fragments of oceanic
crust preserved in Phanerozoic ophiolites by green circles; and from Precambrian ophiolites and
greenstone belts by red circles. References for each locality: (1) Thorseth et a. 1991, (2) Thorseth
etal. 2001; (3) and (4) Furneset al. 2001b, Lysneset al. 2004; (5) Furneset al. 2001b and Staudigel
et al. 2004; (6) H. Furnes et a. 2001b; (7) Furnes et al. 2001b; (8) and (9) Fisk et al. 1998; (10)
Staudigel and Furnes 2004; (11) Furnes et al. 2001b; (12) Staudigel and Furnes 2004; (13) Fisk
et al. 2000; (14) Furneset al. 1999; (15) Torsvik et a. 1998; (16) Walton and Schiffman 2003; (17)
Banerjee and Muehlenbachs 2003; (18) Fisk et al. 1999; (19) Furnes et a. 2001a,b; (20) and (21)
Thorseth et al. 2003; (22) Furneset al. 2001b; (23) Furnes and M uehlenbachs 2003; (24) herein and
K Muehlenbachs, unpub; (25) and (26) herein; (27) Furnes et a. 2002&; (28) Furnes et a. 2005;
(29) herein; (30) herein; (31) Banerjee et . 2007; (32) Furnes et a. 2004; Banerjee et a. 2006;
(33) herein

the material discussed in thisreview are located on the world map shown in (Fig. 4)
and plotted on the geological timescale shown in Fig. 36.

3.1 Modern Oceanic Crust (Atlantic, Costa Rica, Lau Basin)

The material from the modern oceanic crust has been collected from DSDP/ODP
cores from the Atlantic Ocean, Lau Basin, Costa Rica Rift and the Ontong Java
Plateau. The basaltic glass from the Atlantic (Fig. 5) forms the bulk of the investi-
gated samples and was collected from eight drill sites (Holes 407, 409, 410A, 411,
417D, 418A, 396B and 634B). Holes 417D and 418A were drilled during DSDP
Legs 51, 52 and 53, and have been described by Robinson et al. (1979). Holes
407, 409, 410A and 411, are situated in the north-central Atlantic Ocean and at
the Reykjanes Ridge (Fig. 4), and were drilled during DSDP Leg 49 described by
Luydendyk et al. (1978). Holes 396B and 648B are located in the central Atlantic
Ocean and were drilled during DSDP Leg 46 and ODP Legs 106/109, described



13

Oceanic Pillow Lavas and Hyal oclastites as Habitats

Atlantic Ocean

Hyaloclastite

-ray maps
microscopy)
Carbon isotope data

X
SEM (scanning electron

Analytical information

X
]
c

407 409

418A 417D

418A

juswaseq oluedjoa ojul (w) yideqg

Fig. 5 Continued



H. Furneset al.

14

Costa Rica Rift

Lau Basin

B

504B

A

C0SCs
eseteee!
0%e8e8e

(2] 2]

| A
mm [Tlfel]s[9 286 [oT][Tr [eT[ET [vTST 9T [LTsT] 6T [O2 [z ]8e
CoCCCCT TS TTh oo oS ST S(S (LTS S(SCS LT I~ T
CE0SCSocies sk R R RN ]
w LSS PITAT ceedetadesesesess IIss e edntatetestedeteletete DUNA
9] 9]
© Q Q Q &
%) ™ @ OO0 «0O o 0O [©] )
X X PR PR ! L
< ZU et [ vT [ ST [ 9T [ ZT Bi6L] 02 [ te |2z &2 | ve 0¢ |
% ITURTUR S T TS TS TS TS TS s TSy )
N7 NTNT 7~ 7] NI NTTNTTNT T NTTNT T N7 \7
3 BRI i B 0 2 O DD DB 5
m 11 |st]61[ocfigfzz [eefve[se]oz] z[selsefoc e ze ecre] se
ST S S ST ST ST TSSOSO OSSOSO SO
Fee IR e e R e tat it otatreetatatctotatutetotedettodetetotitotatesetote! 04220 Hsesnciatetetetatetetodetedeletetetetitetediaes 42 00
00 S S S S CCe S el Cetet % 2626802026000 2e 26t e et d0 e 26t et e e te 2ot
I T T T T T T T T T T T T T T T T T T T T T T T T T T T
o o o o o o o
re} S n e} re} =}
= - I3 3\ 9]

juswiaseq dluedjoA ol (w) ydag

Fig. 5 Compilation of DSDP and ODP holes from the Atlantic Ocean (holes 418A, 417D, 407,
409, 410A, 411, 396B and 648B), the Lau Basin (hole 834A) and Costa Rica Rift (holes 896A

and 504B) showing the lithological variations with depth into the volcanic basement. Heights at

which bioalteration textures have been studied using scanning electron microscopy (SEM), X-ray
mapping (X) and carbon isotopes (C) are shown along with the numbers of samples collected
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in Dmitriev et al. (1978) and Detrick et al. (1988) respectively. Pillow lava is the
dominant lithology of the ocean crust drilled at these sites, and varies in age from
Quaternary to Early Cretaceous. The depth of penetration into the volcanic base-
ment at these drill sites ranges from 33.3m to 555m, and the core recovery ranges
from 15% in the youngest (648B) to 72% in the oldest (417D) crust (see Furnes
et al. 2001a).

The samples investigated from the Lau Basin are from ODP Hole 834B (Fig. 5)
described by Parson et a. (1992). The age of the ocean crust is Late Miocene, the
depth of penetration into the volcanic basement is 272 m, and the core recovery is
28%. The basalts are composed entirely of pillow lavas and/or thin sheet flows.

The samples from the Costa Rica Rift are from DSDP/ODP Holes 504B and
896A (Fig. 5) described by Alt et al. (1993). Hole 504B is located about 200 km
south of the Costa Rica Rift spreading centre and penetrates 550 m of volcanic base-
ment that consists of approximately 75% pillow lavas and 25% massive lavas. Hole
896A (cored during Leg 148) isare-occupation of Hole 678 (cored during Leg 111),
where the palaeontol ogical age of the basal sediment is5.8-6.4 Mawhich is consis-
tent with the ages of the basal sediments of Hole 504B (5.9 Ma) (Altetal. 1993). The
penetration into the basement here was 273.9 m and the vol canic sequence was com-
posed of approximately 60% pillow lava and 40% massive flows (Alt et al. 1993).
The core recovery rate was 22% and 27% for Holes 504B and 896A, respectively.

3.2 Ophiolites

The ophiolites from which we present data range in age from Cretaceous to middle
Proterozoic. The degree of lithological preservation in these investigated ophiolites
varies from a complete Penrose-type ophiolite stratigraphy to dismembered parts
of such sequences. We present the detailed volcanic stratigraphy for five of the
most complete ophiolites examined in this study (Fig. 6). The degree of deformation
varies from undeformed to highly deformed and the metamorphic grade from zeolite
to blueschist facies metamorphism. The pillow lavas from the Cretaceous Troodos
(Fig. 7A) and Kizildag (Fig. 7B) ophiolites, the Jurassic Mirdita (Fig. 7C) ophi-
olite, and a Jurassic Californian Coast Range ophiolite fragment (Fig. 7D) are all
undeformed, whereas those from the Upper Ordovician Solund-Stavfjord ophiolite
(Fig. 8A,B) and the middle Proterozoic Jormua ophiolite (Fig. 8C) vary from little-
to highly-deformed. A blueschist pillow breccia from Corsicais shown in Fig. 9A
alongside blueschist grade pillow lavas from the Franciscan complex of California
inFig. 9B,C.

3.2.1 Troodos

The Cretaceous Troodos ophiolite of Cyprus (Fig. 10) contains all the components
of a Penrose-type complete ophiolite (harzburgite, overlain by layered cumulates,
high-level gabbros and trondhjemites, a sheeted dike complex and mafic extrusive
rocks) and represents one of the most thoroughly investigated terrestrial fragments
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Fig. 6 Compilation of stratigraphic sections measured through the ~90 Ma Troodos ophiolite of
Cyprusfrom drill hole CY-1 and the Akaki River (seealso Fig. 10); the ~92 MaKizildag ophiolite
of Turkey (see dso Fig. 11); the ~160 Ma Mirdita ophiolite of Albania at three sites EMP (eastern
main profile), WMP (western main profile) and WSP (western sub-profile) (see also Fig. 12); the
~440 Ma Solund-Stavfjord ophiolite (SSOC) of Norway (see aso Fig. 15); and the ~1950 Ma
Jormua ophioalite of Finland (see also Fig. 16). The heights at which bioalteration textures or so
called ichnofossils have been found are shown by ared star along with the number and positions
of samples collected

of ancient oceanic crust (e.g., Panayiotou 1980; Malpas et a. 1990). More than half
of thevolcanic rocks are pillow lavas, and the remainder are breccias associated with
pillow lavas and sheet flows (Schmincke and Bednarz 1990). Samples were taken
from various well-exposed parts of the volcanic sequence, aso from the drill core
CY-1, and from the Akaki River section (boxed area of Fig. 10; for further details
see Fig. 1in Furnes et a. 2001c).

3.2.2 Kizildag

The Cretaceous (~92Ma) Kizildag ophiolite complex (KOC) in southern Turkey
(Fig. 11) occurs in the same Neo-Tethyan ophialite belt as the Troodos ophialite,
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Fig. 7 Outcrop photographs of pillow lavas from: (A) the Troodos ophiolite of Cyprus; (B) the
Kizildag ophiolite of Turkey showing pale grey, glassy pillow rims; (C) rounded pillows of the
Mirdita ophiolite of Albania; and (D) the Nicasio Reservoir in California showing the collection
of apillow rim sample. For scale the cameralens cap is 5 cm across

and also displays a complete Penrose pseudostratigraphy. The Kizildag ophiolite
rests tectonically on the northwest edge of the Arabian platform and is overlain by
Campanian-Maastrichtian clastic sediments. The crustal units of the ophiolite are
exposed in a NE-trending, topographically and structurally well-defined graben sys-
tem, which has been argued to represent a fossilized oceanic spreading axis (Dilek
et al. 1998). Based on its internal structure and crustal architecture, the KOC has
been interpreted as a slow to intermediate rate spreading axis (Dilek et al. 1998).
The extrusive rocks of the KOC form a 300 to 700-m-thick sequences of massive
and pillowed lavas intercalated with hyal oclastites, metaliferous umber, and pelagic
limestone layers. In addition, there are boninitic lavas which are ~4 Ma younger
than the main extrusive sequence. The location of the measured section illustrated
in Fig. 6 which was sampled for bioalteration textures is shown on the map in
Fig. 11.

3.2.3 Mirdita

The Jurassic (160Ma) Mirdita ophiolite complex (MOC) in Albania occupies a
NNE-SSW-trending corridor within the Dinaride-Hellenide mountain belt of the
Alpine-Himalayan orogenic system (Fig. 12). The MOC has been subdivided into
western (WMOC) and eastern (EMOC) type complexes based on the rock types
and their geochemical characteristics (e.g., Shallo 1995; Dilek et al. 2007). The
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Fig. 8 Outcrop photographs of: (A) pillow lavas from the SSOC ophiolite of Norway with an
enlarged view of the variolitic zone that occurs around a centimeter inwards of the glassy pillow
rim; (B) a hyaoclastite breccia also from the SSOC; (C) flattened pillow lavas from the upper
greenschist grade Jormua ophiolite of Finland. For scale the cameralens cap is5cm across

ca. 6-km-thick WMOC contains ~700m of volcanic rocks composed mainly of
MORB-type pillow basalts (Shallo 1995; Bebien et al. 1998), which rest directly on
gabbros or mantle lherzolites and/or harzburgites. A well-developed sheeted dike
complex is absent within the WMOC, though locally dike swarms and numerous
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Fig. 9 Outcrop photographs of pillow breccias and pillow lavas from: (A) the blueschist grade
metabasites of Corsica; (B) flattened, blueschist grade pillows from Ward Creek (California) with
“streaky” pillow rims; (C) glassy pillow rim also from Ward Creek with the varialitic zone (white
spots in distinctive blue zone) still visible

single dikes crosscut the peridotites and the lavas. The ca. 10-km-thick EMOC
contains a ~1.1 km thick heterogeneous extrusive sequence consisting of pillowed
basalts and basaltic andesite, with massive flows of andesite, dacite, and rhyalite;
also sheeted dike swarms composed of the above-mentioned |ava compositions and
boninites. The EMOC isintruded by numerous small to large diorite bodies. Thereis
no apparent tectonic break between the western- and eastern-type sequences of the
MOC and recent studies by Nicolas et a. (1999) have ascribed the contrast between
the WMOC and EMOC to successive episodes of magmatic and amagmatic spread-
ing in aslow-spreading environment. Samples were collected from pillow lavarinds
from both the WMOC and the EMOC. The profiles from which samples have been
collected are shown in Fig. 12.
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Fig. 10 Schematic geological map of the ~90Ma Troodos ophialite in Cyprus. The location of
the Akaki River section and drill core CY-1 (shown in Fig. 6) is shown by the boxed area within
the lava section. Map is modified from Furnes et al. (2001c)

3.2.4 California: Nicasio Reservoir and Ward Creek

In California, fragments of Jurassic-aged oceanic crust are exposed both in coher-
ent sequences within the California Coast Range Ophiolite (CCRO), as well as
in tectonic blocks within the Franciscan Complex. Submarine lavas in the CCRO
were recrystallized under zeolite, prehnite-pumpellyite, and greenschist facies con-
ditions during ocean-floor metamorphism (Schiffman et al. 1984, 1991; Evarts and
Schiffman 1983). Submarine lavas within the Franciscan Complex were metamor-
phosed in a subduction zone setting and exhibit zeolite, blueschist- and eclogite-
facies metamorphism (Wakabayashi 1999; Swanson and Schiffman 1979). Samples
were collected from two pillow lava locations the Nicasio Reservoir and the Ward
Creek of low- and high-grade metamorphism, respectively, both are within the Cen-
tral Belt of the Franciscan Complex (Fig. 13).

The Nicasio Reservoir pillow lava pile is over 1km thick and associated with a
structural horizon that isintermediate within the Franciscan Complex (Wakabayashi
1992). The pillows are undeformed and their mineral composition includes albitized
plagioclase phenocrysts, in a matrix of chlorite, pumpellyite, and laumonite. The
metamorphic grade is thus of zeolite to prehnite pumpellyite facies (Swanson and
Schiffman 1979). This pillow lavapile is considered to represent part of a seamount
that became incorporated into the Franciscan subduction complex in late Meso-
zoic/early Cenozoic time (Cloos 1990).

TheWard Creek pillow lavasform part of acomplex association of tectonic blocks
of metabasaltic rocks, serpentinites, metagreywackes and glaucophane-bearing rocks
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Fig. 11 Schematic geological map of the ~92 Ma Kizildag ophiolite in Turkey showing the loca-
tion of the measured section given in Fig. 6. Map is modified from Dilek and Thy (1998)

that were described by Coleman and Lee (1963). These high-pressure low temper-
ature metamorphic rocks preserve various metamorphic grades such as lawsonite-,
pumpellyite-, and epidote-zones (Maruyama and Liou 1988). In the lawsonite and
pumpellyite zones pillow structures and primary igneous textures are well-preserved,
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Fig. 12 (A) regional geological map of Albania and adjacent countries; (B) enlarged geological
map of part of the ~160Ma Mirdita ophiolite in Albania showing the location of the measured
sections WSP (western sub-profile), WMP (western main profile) and EMP (eastern main profile)
shown in Fig. 6. Map is modified from Dilek et al. (2007)

whereasin the epidote-zone the metabasal ts which contai n glaucophane and red gar-
net (~ 290°C, 6.5-9 Kb) are more strongly deformed, their primary igneoustextures
are largely obliterated, although pillow structures can still be discerned (Fig. 9B,C).

3.2.5 Corsica

Ophialitic rocks and associated sedimentary rocks (Fig. 14) that represent the rem-
nants of the former Mesozoic Ligurian Tethys Ocean are found in the north/north-
eastern part of Corsica (Lemoine et al. 1987). These ophiolitic units occur in
nappe sheets emplaced during the Alpine orogeny (Ohnenstetter et a. 1976) and
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Fig. 13 Schematic geological map of north western California showing the Franciscan Complex
sampled at the zeolite grade Nicasio Reservoir (A) and the blueschist grade Ward Creek (B) local-
ities. Map is modified from Coleman (2000) and Ingersoll (2000)

experienced high pressure low temperature blueschist metamorphism with relics of
eclogites (Ohnenstetter et al. 1976; Dal Piaz and Zirpoli, 1979; Fournier et al. 1991).
The blueschist-facies pillow lavas and pillow breccias (Fig. 9A) have been subject
to pressure of at least 11 kbar (Fournier et a. 1991). Sampling locations are shown
inFig. 14.

3.2.6 Solund-Stavfjord

The Late Ordovician (443 +/ — 3Ma) Solund-Stavfjord ophiolite complex (SSOC)
in the western Norwegian Caledonides (Fig. 15) displays a well-preserved, ca.
800-m-thick volcanic sequence of basaltic pillow lavas and pillow breccias
(Fig. 8A,B), sheet flows and volcanic breccias, a ca. 1000-m- thick sheeted dike
complex and minor amounts of high-level gabbro (Furnes et al. 2001d, and refer-
ences therein). These volcanic rocks experienced pervasive lower greenschist facies
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Fig. 14 Schematic geological map of the Mediterranean Island of Corsica showing the Jurassic
pillow basalt locality (A) and the blueschist metabasite locality (B) asoillustrated in Fig. 9A. Map
is modified from Daniel et a. (1996)

metamorphism (chlorite, actinolite and epidote form the principal minerals). The
extent to which the vol canic rocks were deformed varies significantly depending on
their position in major folds (Furnes et al. 2001d).

3.2.7 Jormua

The Jormuaophiolite complex (JOC) islocated in central northern Finland (Fig. 16)
and contains all of the principal components of a Penrose-type ophialite, i.e. pillow
lavas and volcanic breccias, a sheeted dike complex, plutonic rocks, and mantle
peridotites (Kontinen 1987). The age of the complex has been determined as 1.95 Ga
(Peltonen et a. 1996). The volcanic sequence consists of pillow lavas, pillow
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Fig. 15 Regional map of the ~440Ma Solund-Stavfjord Ophiolite Complex (SSOC) of Norway
(A and B), with an enlarged map (C) showing a schematic geological map and the location of the
measured profile given in Fig. 6 from the extrusive rocks of Kattgy which contain bioalteration
textures. Map is modified from Furnes et a. (2002a)

breccias and hyal oclastites (Fig. 8C) and its thickness appears to be at least 500 m.
The volcanic rocks and the sheeted dikes experienced lower amphibolite-facies
metamorphism, as evidenced by the mineral assembly composed of pale-green am-
phibolite, oligoclase-andesine plagioclase, epidote and chlorite (Kontinen 1987).
The volcanic rocks also display a pronounced foliation.

3.3 Greenstone Belts

Greenstone belts are deformed sequences of Archean and Proterozoic rocks com-
prising meta-volcanic rocks and intercalated metasedimentary rocks that are
preserved between granitoid complexes. Greenstone belts that were sampled for
bioalteration studies include the Barberton greenstone belt of South Africa, the Pil-
bara Supergroup of Western Australia and the Pechenga greenstone belt of Russia
(Fig. 17), ranging in age from Middle Proterozoic to MesoArchean. In addition
restricted sampling has been undertaken in the PaleoArchean |sua supracrustal belt
of Greenland, and in the NeoArchean Wutai, China (N. McLoughlin et al., unpub.
data), and Abitibi greenstone belt, Canada (N. Banerjee et a. unpub. data). The
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Fig. 16 (A) regiona geological map of northern Finland and Russia showing the location of the
~1.95 GaJormuaophiolite; (B) enlarged geological map, and (C) showing thelocation of sampling
stations 1-3 in the metabasaltic extrusive rocks shown in the composite section in Fig. 6. Map is
modified from Furnes et al. (2005)

preservation of pillow lavasis remarkably good at all of these sites (see Fig. 18) and
an overview of their stratigraphy is given below.

3.3.1 Isua Supracrustal Belt, West Greenland

The Paleoarchaean Isua supracrustal belt (ISB) is situated in southwest Greenland
and contains metabasalts (amphibolite), metagabbros and ultramafic rocks that are
associated with metapelites, cherts, banded iron formation (BIF) and felsic rocks
(e.g., Nutman 1986; Rosing et al. 1996). Therocks are in general strongly deformed
and metamorphosed to amphibolite facies. Primary features are scarce and their
protoliths are a matter of debate, but undisputable (ocelli bearing) pillow lavas have
been found within the metabasalts (Komiya et al. 1999; Myers 2001). A whole
rock Sm-Nd isochron (amphibolite-grade meta-basaltic pillows and metagabbro)
defines an age of 3777 +/ — 44Ma (Boyet et a. 2003). Komiya et a. (1999)
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Fig. 17 Compilation of stratigraphic sections measured from the ~3.5 Ga upper Hooggenoeg and
lower Kromberg Formations of the Barberton greenstone belt of South Africa (see also Fig. 19)
(modified from de Wit et a. 1987); the ~3.4 Ga Euro Basat of the Kelly Group of the Pilbara
Supergroup of Western Australia (see also Fig. 20) (modified from Van Kranendonk 2006. Note
that the unlabelled boxes represent acid volcanics and cherts); and volcanic rocks from the ~2.0 Ga
Pilgujérvi and Kolagoki Formations of the Pechenga greenstone belt Russia (see aso Fig. 21)
(modified from Melezhik et a. 2007). The bioalteration localities from the upper part of the
Hooggenoeg Formation and the lower part of the Euro Basalt (indicated within the box) are from
Furnes et al. (2004) and Banerjee et a. (2007), respectively. The bioalteration localities from the
middle part of the Euro Basalt and from the upper part of the Kolasjoki Formation are unpublished

suggested that this oceanic-like crust may have been emplaced within an accre-
tionary wedge around 3.7 Ga and Furnes et al. (2007b) reported the occurrence of
a sheeted dike complex suggesting the presence of a c. 3.8 Ga ophiolite in the Isua
supracrustal belt.
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Fig. 18 Outcrop photographs of: (A) deformed pillow lavas exhibiting chilled margins (dark sel-
vages) and pockets of inter-pillow hyaloclastite (IPH) from the ~3.8 Gal sua supracrustal belt, West
Greenland; (B) pillow lavas from the ~3.5 Hooggenoeg Formation of the Barberton greenstone belt
in South Africawith dark glassy rims and a pocket of interpillow hyaloclastite (see adso Fig. 19);
(C) pillow lavas from the ~3.4 Ga Euro Basalt of the Pilbara Craton, Western Australia (see also
Fig. 20); (D) carbonate altered pillow lavas from the ~3.4 Ga Euro Basalt of the Pilbara Craton,
Western Australia displaying large pockets of inter-pillow hyaloclastite; (E) flattened pillow lavas
from the ~2.5Ga Wutai Group of the North China Craton, showing well preserved pillow rims
that have been sampled by micro-drilling; (F) pillow lavas from the ~2.0 Ga Pechenga greenstone
belt of the Kola Peninsula, Russia

3.3.2 Barberton Greenstone Belt, South Africa

The Mesoarchean Barberton greenstone belt, South Africa (Fig. 19) contains some
of theworld’s oldest and best-preserved pillow lavas (de Wit et al. 1987; Brandl and
de Wit 1997). The magmatic sequence comprises 5-6 km of predominantly basaltic
and komatiitic extrusive (pillow lavas, minor hyal oclastite breccias and sheet flows)
of the Theespruit, Komati, Hooggenoeg, and Kromberg Formations of the ca
3.52-3.35Ga Onverwacht Group, and subordinate intrusive rocks. This igneous
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Fig. 19 (A) Regional map showing the location of the Barberton greenstone belt in South Africa,
enlarged in (B) with a simplified geological map of the Onverwatch antiform shown in (C) giv-
ing the location of the measured section through the Hooggenoeg Fm and sample sites shown in
Fig. 17. Map is modified from de Wit et a. (1987)

sequence is intercalated with chert layers and is overlain by cherts, banded iron
formations (BIF) and shales. The Onverwacht Group has been interpreted by some
workers to represent a fragment of Archean oceanic crust, termed the Jamestown
Ophiolite Complex (de Wit et al. 1987; de Wit 2004), that developed in a successor
subduction environment at between approximately 3480-3220 Ma (Armstrong et al.
1990; de Ronde and de Wit 1994). Moving upwards from the middle to the upper
part of the Onverwacht Group the metamorphic grade decreases from greenschist to
prehnite-pumpellyite facies. Stratigraphically downward into the Theespruit Forma-
tion, there is arapid increase in the metamorphic grade to lower amphibolite facies
(de Ronde and de Wit 1994).
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3.3.3 Pilbara Craton, Western Australia

The Pilbara Craton, Western Australia (Fig. 20) contains some of the best pre-
served geological record of the early Earth (Van Kranendonk and Pirgjno 2004,
Van Kranendonk et al. 2002, 2004, 2007). The ancient nucleus of the craton is
preserved in the East Pilbara Terrane, which contains a 20-km-thick succession
of low-grade metamorphic, dominantly volcanic supracrustal rocks of the Pilbara
Supergroup that were deposited in four autochthonous groups from 3.52-3.165 Ga
(Van Kranendonk 2006; Van Kranendonk et al. 2007). These include, from base
to top, the 3.52-3.43 Ga Warrawoona Group, the 3.42-3.31 Ga Kelly Group, the
3.27-3.23 Ga Sulphur Springs Group, and the 3.23-3.165 Ga Soanesville Group.
Pillows and interpillow hyaloclastites were collected from the Dresser Formation
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Fig. 20 Simplified geological map of the Pilbararegion of Western Australia showing the location
of sample sites 1 and 2 where bioalteration has been identified within the Euro Basalt of the Kelly
Group and the location of the section measured at site 2 that is illustrated in Fig. 17. Map is
modified from Van Kranendonk (2006)
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and Apex Basalt of the Warrawoona Group and the Euro Basalt of the Kelly Group.
To date, bioalteration textures have only been found in the Euro Basalt (Fig. 20).

3.3.4 Wautai Group, North China Craton

In the Eastern Block of the North China Craton, oceanic pillow lavasform part of the
Wutai Group (Fig. 21) which consists of late Archean to Paleoproterozoic granitoid
rocks and metamorphosed volcanic and sedimentary rocks (Zhou et a. 1998; Zhao
et a. 2001). Traditionally, the Wutai Group has been considered atypical greenstone
belt (Zhai et al. 1985; Kroner et al. 2001) and zircon ages for the complex range in
age from 2.52Ga to 2.57 Ga (Kroner et al. 2001). Deformed, yet well-preserved
pillow lavas occur in the Baizhiyan Formation of the Middle Wutai Group. They are
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Fig. 21 Geologica map of the North China Craton, and the Wutai Complex within the Trans-North
China Orogen. Pillow lavas sampling (shown by star) was undertaken within the greenschist facies
tholeiites of the Middle Wutai Subgroup. Map is modified from Zhao et al. (2001)
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delineated by 1-2 cm wide epidote-rich rims that surround a core of fine-grained
material composed chiefly of chlorite, carbonate, albite and epidote. A variety of
mafic and felsic lavas and tuffs are associated with the pillow lavas, ranging in com-
position from MORB-like basalts to calc-akaline andesites and rhyolites (Kroner
et a. 2001).

3.3.5 Pechenga Greenstone Belt, Kola Peninsula, Russia

The Paleoproterozoic Pechenga greenstone belt (Fig. 22) isin the Russian part of the
Fennoscandian Shield situated in the Kola Peninsula (M el ezhik and Sturt 1994). The
> 10-km-thick Northern Pechenga Group is composed of four sedimentary-volcanic
cycles whose evolution spans more than 400 Ma of Earth history with atotal thick-
ness of more than 10km. Although the rocks have experienced polyphase meta-
morphism ranging from prehnite-pumpellyite to upper amphibolite grades, their
sedimentary and volcanic features are locally well preserved.

The most voluminous of the vol canic unitsisthe 3-km-thick uppermost Pilgujarvi
Volcanic Formation. The bulk of the Pilgujarvi volcanic rocks are submarine
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Fig. 22 (A) regional location map of the Pechenga greenstone belt of the Kola Peninsula, Russia;
(B) simplified geologica map showing sampling sitesfor bioateration studiesin volcanic horizons
of the Pilgujarvi and Kolasjoki Formations. Map is modified from Melezhik and Sturt (1994)
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tholelitic basalts occurring as massive and pillowed lavas and hyaloclastites. An
acid tuffaceous unit with a thickness of a few tens of meters occurs in the mid-
dle part of the formation (Fig. 22). U-Pb, Sm-Nd and Rb-Sr systems have yielded
ages of ca. 1980 Ma for ferropicritic and tholeiitic metavol canites and genetically
related intrusive rocks from the Pilgujarvi Volcanic Formation (Hanski et al. 1990;
Balashov 1996; Smolkin et al. 2003). A similar U-Pb zircon age (1970 + 5Ma;
Hanski et a. 1990) has a so been obtained for athin felsic unit.

4 Bioalteration Textures in Pillow Lava and Hyaloclastite

Textures that we ascribe to microbial dissolution of originally glassy pillow lava
rims and hyal oclastites have been found in sequences ranging in age from recent to
3.5Ga. In this section, we document some of the most characteristic bio-generated
textures from in-situ oceanic crust, ophiolites and greenstone belts.

4.1 Modern Oceanic Crust

Granular bioalteration (Fig. 23) does not generally display symmetrical arrangement
on the opposite sides of fractures along which it develops with a variable thickness
and distribution. Thus, we can distinguish the bands and aggregates of granular alter-
ation from the more symmetric alteration produced by abiotic palagonitization (e.g.,
Fig. 1lines A and B). Locally, banded abiotic palagonite can be found in the centre
of afracturewith granular or tubular textures occupying the outermost interface with
the fresh glass (e.g., Fig. 23D). Less commonly, granular and tubular textures can
be seen on the opposite sides of the same fracture (e.g., Fig. 23F). The diameter of
the granules, regardless of age, location, as well as depth into the crust, varies from
0.1 pmto 1.4 pm, with the most common size around 0.4 um (Furnes et al. 2007a).

The tubular bioalteration textures are most typically unbranched, straight and/or
curved (Fig. 23A,B,C,F and Fig. 24) although rare, branched examples also occur
(e.g., Fig. 23H,1). With progressive bioalteration they develop from small, isolated
individuals into dense bundles of long, humerous tubes originating from fractures
in the glass (Fig. 23C). Individual tubes may show segmentation and localized
swellings (e.g., Fig. 24E,F). In some cases the tubes propagate perpendicular to
the dteration front (e.g., Fig. 23F), athough random orientations are also common
(Fig. 24C). Rare tube alignment, independent from the orientation of the fracture
in which the tubes are rooted is attributed to tube-propagation controlled by strain-
orientation in the glass (Furnes et al. 2001b). In samplesthat contain vesicles and or
varioles the tubes can be seen to have grown radially outwards into the fresh glass
(e.g., Fig. 23B). Tubular structures have also been observed to exploit concentric
stress fractures that have developed around phenocrysts (e.g., Furnes et al. 20073).
The tubular bioalteration textures are substantially larger than the granular textures,
and there is only a minor overlap in their size distributions (Furnes et al. 20074).
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Fig. 23 Transmitted light photomicrographs of microbial ateration texturesin volcanic glassfrom
in situ oceanic crust. (A) Portion of pillow basalt thin section showing pale-cream glass, yellow
palagonite alteration, tubular alteration textures enlarged in (B) and dark brown circular, varioles
or quench textures. (B) Enlarged view showing tubular alteration (T) in fresh volcanic glass (FG)
radiating from fractures and around a vesicle (V). (C) A dense cluster of tubes growing from
a palagonite filled fracture in the top of the image. (D) Banded palagonite alteration (P) at the
centre of fracturesin volcanic glasswith granular alteration (G) on the outer margins. (E) Granular
ateration along afracture in volcanic glass which is interrupted by alarge plagioclase phenocryst.
(F) Fracture in volcanic glass with tubular alteration on the left hand side and granular alteration
on the right hand side of the same fracture. (G) Granular ateration along intersecting fractures
in volcanic glass accompanied by circular clusters of granular alteration in the nearby glass. (H)
Branched tubesradiating from anetwork of fracturesin avolcanic glass. (I) enlarged view showing
the dendritic branching. Samples: (A and B) Hole 396B thin Section 43; (C) Hole 418A thin
Section 2; (D) Hole 418A thin Section 12; (E) Hole 418A thin Section 12; (F) Hole 896A thin
Section 23; (G) Hole 396B thin Section 28; (H and I) Hole 396B thin Section 38; (I)



Oceanic Pillow Lavas and Hyal oclastites as Habitats 35

0.5 mm.

Fig. 24 Transmitted light photomicrographs of microbial ateration texturesin volcanic glass frag-
ments in a vitric tuff from the Ontong Java Plateau: (A) A glass grain with tubular bioalteration
textures radiating inwards from the margin, rimmed by red-brown clay and in a volcaniclastic
matrix comprising altered glass and lithic fragments cemented by clay and zeolites. (B) Enlarged
view showing the tubular alteration textures radiating inwards. (C) Assemblage of unbranched
tubular (T) structures extending from a granular ateration boundary. (D) Granular (G) and tubu-
lar ateration textures extending from the clay alteration boundary into fresh glass. (E) Tubular
structures with dark walls and segmented appearance. (F) Hollow tubular structure with swelling
(arrowed)
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Their diameters range from ~0.5 um to 6 pm with an average diameter of 1.4 um
(Furnes et a. 20074). The lengths of the tubes are highly variable, from a few mi-
crons up to several hundred microns (Furnes et a. 2007a).

4.2 Ophiolites

Bioalteration texturesin pillow lavas and or hyal oclasties from the Troodos, Mirdita
and Solund-Stavfjord ophiolite complexes are shown in Fig. 25. In the Troodos
ophiolite abundant fresh glassis still present and both granular and tubular textures
(Fig. 25A—C) are found at all stratigraphic levels within the lava sequence. These
textures occur at the boundary between fresh and altered glass (Fig. 25B). The
most common type is the isolated and/or persistent zones consisting of coalesced
spherical bodies about 1-3 um in diameter. Although the alteration is most com-
monly asymmetrically arranged around cracks, it can also, sometimes be symmetric.
In close association with the patches of coalesced spherical bodies are abundant,
unbranched mainly straight but also curved tubes that may attain lengths of up to
100 pm (Fig. 25A—C). Spectacular examples of spira shaped tubes are found, both
single helical tubes and forms with a simple central tubular shaft around which is
coiled an outer spiralled tube, analogous to a*“ pogo stick” (Fig. 25C). Another tubu-
lar form may reach lengths of up to 500 pm, diameters up to 20 pm and show well-
defined segmentation with 5-10 wm spacing and sometimes a terminal swelling.
These are generally seen to be closely associated with vesicles, with one end ter-
minating at a vesicle wall (Fig. 25A). These bioalteration textures may be hollow,
especially many of the tubular examples or filled with very fine-grained phyllosili-
cate phase.

The Mirdita ophiolite contains both granular and tubular bioalteration textures
preserved in volcanic glass and also zeolites (Fig. 25D—F). Granular alteration tex-
tures occur as asymmetric bands along palagonite filled fractures (Fig. 25D) and
as cluster in the adjacent glass (Fig. 25F). Simple unbranched tubes, locally with
complex twisted shapes are aso found (Fig. 25E) both in the fresh glass and in
zeolites. These structures are mineralized by titanite.

The Solund-Stavfjord ophiolite contains lower greenschist grade meta-volcanic
glass now composed predominantly of chlorite (Fig. 25G,H). This contains band of
titanite with tubular projections that are interpreted as mineralized zones of tubular
bioalteration.

4.3 Greenstone Belts

Inthe originally glassy, chilled rim of pillow lavas and associated interpillow hyalo-
clatites from Barberton, Pilbara, Pechenga and Wutai greenstone belts (Fig. 17) we
have found titanite filled tubes, interpreted as mineralized microbial alteration tex-
tures (Fig. 26A-D) restricted to localized horizons in the thick volcanic sequences
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Fig. 25 Transmitted light photomicrographs of microbia ateration textures in (meta) volcanic
glass from selected ophiolites. (A) Image of volcanic glass from the Troodos ophiolite contains
hollow tubular ateration textures aligned largely north-south in thisimage and large, dark circular
vesicles. (B) Palagonite filled fractures around the rims of a volcanic glass fragments containing
tubular ateration textures arrowed, aso from the Troodos ophiolite. (C) Alteration textures in
volcanic glass from the Troodos ophiolite show a central tube with an outer spiral (arrowed). (D)
Volcanic glass (FG) from the Mirdita ophiolite with zeolite (Z) and brown palagonite filled frac-
tures. (E) Enlarged view showing tubular bioalteration textures preserved in zeolites. (F) Cluster
of granular (G) ateration textures and afew tubes (T) aso from the Mirdita ophiolite. (G) Image
of meta-volcanic glass from the Solund-Stavfjord ophiolite, matrix is now largely composed of
chlorite and contains bands of titanite with tubular projections. (H) Enlarged and rotated view of a
titanite band with tubular projections on the margins
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BARBERTON PILBARA

Fig. 26 Tubular bioaltexturesin interpillow hyal oclastites from the Hooggenoeg Formation of the
Barberton greenstone belt, South Africa (left hand column) and interpillow hyaloclastites from the
Euro Basalt of the Pilbara Supergroup, Western Australia (right hand column). (A) The black zone
across the middle part of the picture is composed of titanite which infills the tubes and these are
rooted upon a healed boundary between the originally glassy fragments. The fine grained green
mineral is chlorite, and the white, stubby mineral grains below the titanite zone are epidote crys-
tals. The boxed area is enlarged in (B) which shows the segmented nature of the tubules and the
overgrowth of metamorphic chlorite. (C) Image of a meta-volcanic interpillow hyaloclastite in
which the original glass shards are completely replaced by chlorite, quartz, and epidote and the
interstitial spaces are filled with quartz and calcite. There is very little evidence of deformation
and the original “jigsaw-fit” breccia textures are still preserved. The dark, spherical spots within
the fragments (particularly the lower fragment) are variolitic textures (originally pyroxene needles
crystallized around a plagioclase nucleii). (D) From the Pilbara shows black zones of titanite along
the healed boundary between originally glassy fragments and on which the tubular structures are
rooted. Thefine grained green mineral ischlorite, and the white to light brownish mineral iscalcite.
The boxed area is enlarged in (E) which shows the segmented nature of the intertwined tubules.
(F) Isaback scatter electron image showing the size and location of laser pitsin the “root zone” of
titanite tubes used for U/Pb radiometric dating. Thetitaniteislight grey and the chlorite and quartz
form the darker areas
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(Furnes et a. 2004; Banerjee et a. 2006, 2007; Staudigel et a. 2006). The tubu-
lar textures (Fig. 26A,B,D—F) are by far the most common, and are observed to
extend away from healed fractures and/or grain boundaries along which seawater
may once have flowed. Some of these tubular structures exhibit segmentation into
sub-spherical bodies (Fig. 26B,E). Putative granular textures (from the Barberton
greenstone belt) have also been observed (Banerjee et a. 2006, Fig. 6), may have
originated along fractures in the originally glassy fragments, or grain margins of
shardsin interpillow hyaloclastites (Fig. 26C). The widths of the tubular structures
vary between 1-9 um, and their lengths up to 200 wm (Furnes et al. 2007a). The
tubes are filled predominantly with titanite (Fig. 27), but quartz and chlorite is also
commonly observed.
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Fig. 27 (A) Raman spectra plotted as wavenumber (cm™1) against intensity (in arbitrary units)
of a mineral phase shown in red that infills bioalteration textures in meta-volcanic glass and is
comparable to the reference spectra obtained from the mineral titanite (CaTiSiO4 shown in blue);
(B) petrographic image of these bioalteration textures in meta-volcanic glass now composed of
chlorite from the ~3.4 Ga Barberton greenstone belt of South Africa (cf. Fig. 25); (C) a Raman
intensity map of the same area showing the titanite infilled cluster of radiating tubes which are
septate due to thin divisions created by chlorite overgrowths from the meta-volcanic matrix. (This
Raman map was collected by L. Nasdala using a laser excitation of 632.8nm (8 mW) and 1.5 pm
steps, across an area 310 by 190 steps.)
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4.4 What Controls the Development of Bioalteration Textures?

Above we have demonstrated that bioalteration textures are found in basaltic glass
from in-situ oceanic crust, ophiolites and greenstone belts (Figs. 23-26), ranging in
age from ~0OMato 3500 Ma. To date we do not know what controls the variation
in size and morphology of the microbial ateration textures. It is conceivable that
comparable microbial consortia in volcanic glass may produce differently shaped
bioalteration textures under varying environmental conditions. For illustration, con-
sider microbial colonies grown on agar plates the morphologies of which are con-
trolled by the physics of nutrient diffusion, such that dendritically-branched colonies
form when nutrient concentrations are low, as opposed to compact, concentrically
zoned colonies when nutrient concentrations are high (e.g., Matsushita et al. 2004).
Analogously, microorganisms in volcanic glass may be capable of producing tubu-
lar or granular bioalteration morphologies under varying nutrient or substrate con-
ditions. We highlight, therefore, the absence of a one-to-one relationship between
the morphologies of bioalteration textures and the dominant microorganism in the
constructing microbial consortia.

5 Geochemical Signatures

Supporting evidence for a microbial origin of the textures described herein is pro-
vided by X-ray mapping of several elements, particularly carbon. A large number
of glassy or originally glassy samples of pillow margins and hyaloclastites from
in-situ oceanic crust, ophiolites and greenstone belts have been studied. In many
cases where SEM imaging found bio-alteration textures, these were associated
with elevated concentrations of carbon and possibly also nitrogen and sometimes
phosphorus. These X-ray maps were collected using an electron microprobe on
iridium-coated thin sections that were prepared using Al-grinding powders to pre-
vent carbon contamination during thin section grinding and polishing. Carbon was
routinely measured on two spectrometers and full details of the analytical methods
developed are given in Banerjee et al. (2006).

The observed enrichmentsin carbon are generally highly restricted to the margins
of themicrobial ateration textures and diminish sharply away from these areas. Ele-
vated levels of carbon have been found in samples of varying age and metamorphic
grade and the intensity of the carbon signal gives a qualitative indication of the
amount of carbon present. N/C ratios of marine bacteria have been reported to range
from 0.07 to 0.35 (Fagerbakke et al. 1996) and these are comparable to samples con-
taining bioalteration textures from Site 896A at the Costa Rica Rift most of which
showed N/C values between 0.08 and 0.25 (Torsvik et al. 1998). Due to the mobility
of carbon and nitrogen however, both at surface and subsurface conditions, it isquite
probable that carbon and particularly nitrogen are lost in differing proportions from
microbial alteration textures during burial and later metamorphism. For this reason,
no further attempt to quantitatively determine N/C ratios has been undertaken.
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Our interpretation is that both carbon and nitrogen are concentrated from sea
water by microbial activity within the oceanic crust. We hypothesize that as mi-
crobes etch volcanic glass, multiply and die their organic remains are left within
the alteration textures produced. These are then incorporated along the margins of
the textures during mineralization by clays and iron-oxyhydroxides in the recent
oceanic crust and or by titanite in greenstone belts samples. At the nanometer scale
the distribution of carbon bearing phases is more complex as revealed by a recent
study that used focussed ion beam milling to obtain a wafer from across a tubular
bioalteration structure (Benzerara et al. 2007). STXM (scanning transmission X-ray
microscopy) and EEL S (energy electron loss spectroscopy) found that some of the C
is contained in a carbonate phase and some in an organic carbon phase that possibly
contains a carbonyl group, with further high resolution sampling required to fully
characterize the nm distribution. Concerning phosphorus, which is also sometimes
concentrated at the margins of bioalteration structuresit is uncertain if microorgan-
isms are able to extract P from the glass. Phosphorusis present in volcanic glass and
deep seawater in only very low concentrations and it seems likely that the elevated
concentrations associated with microbial alteration textures are due to sequestration
by living cells (Torsvik et al. 1998).

Element maps of calcium, magnesium, iron, aluminium, sodium, potassium, sili-
con, sulphur, chlorine, and titanium were al so routinely measured and can be highly
informative depending on the phases which mineralize the bioalteration textures
(clays, iron oxy-hydroxides, quartz) and the host rock (silicate glass or a metamor-
phic assemblage that may include chlorite, quartz and carbonate). It is noteworthy
that maps of Ca, Mg and Fe do not show enrichments that correlate with carbon
highs and this eliminates inorganic carbonates as the source of the carbon linings on
the bioalteration textures. Likewise, maps of Cl were used to exclude epoxy as the
source of carbon. Maps showing a common enrichment of sodium, potassium and
magnesium along fracture planes from which bioalteration radiates, can also be a
useful tracer of fluid circulation.

5.1 Modern Oceanic Crust

Figure 28 shows a SEM image and a series of element maps of aregion of granular
alteration on both sides of a fracture in volcanic glassy material from the central
Atlantic Ocean. The zones of granular alteration show slight enrichment in carbon,
nitrogen and phosphorus. Carbon also shows bright spots in the outermost parts
of the granular textures. Calcium and magnesium are, on the other hand, strongly
depleted within the alteration zone. It is important to note that the carbon enrich-
ments do not correlate with any enrichment in Ca, eliminating calcium carbonate as
a carbon bearing phase, and hence the carbon is regarded as organic. This feature
has repeatedly been shown in a number of papers (e.g., Furnes et a. 2001b; Furnes
and Muehlenbachs 2003; Staudigel and Furnes 2004, Staudigel et al. 2004). In par-
ticular the enrichments in carbon, nitrogen and phosphorus are very supportive of a
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Fig. 28 Back scatter electronimage of granular bioalteration on either side of afracturein volcanic
glassfromin-situ oceanic crust with accompanying X-ray maps showing the distribution of carbon,
nitrogen, phosphorus, calcium, and magnesium. Relative concentration scale (from lowest to high-
est): black-blue-green-yellow-red. Sample from Hole 46-396B-5R-2, 36-46 cm from the Atlantic
Ocean. FG = freshglass, GT = granular texture. Vertical and horizontal lines have been drawn
on the X-ray maps to aid comparison

microbial involvement in the granular alteration but it does not prove that these cav-
ities are actually made by these microbes. A large number of altered glassrimsfrom
the in-situ oceanic crust have been X-ray mapped, and in nearly all, particularly in
samples from the younger part of the crust, elevated concentrations of carbon occur.

5.2 Ophiolites

Among the X-ray mapped samples from ophiolites, those from the Troodos ophi-
olite have provided some of the best results. Figure 29 shows a SEM image along
with carbon, nitrogen, phosphorus, calcium and magnesium maps of altered glass
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Fig. 29 Back scatter electron image of granular bioalteration fronts along a NE-SW trending
fracture (Y shaped, bifurcates in the top right of the image) in volcanic glass from the ~90Ma
Troodos ophiolite with accompanying X-ray maps of C, N, P, Ca and Mg distribution. C and N
are both enriched along the margins (N only along the right margin; an instrumental artifact due
to the position of the spectrometer) of the granular ateration band, although they do not exactly
correlate, whereas P shows no enrichment in this example relative to the glass. Calcium is de-
pleted in the granular bioalteration band confirming the absence of carbonate. Magnesium is also
in general depleted along the fresh glass/ateration interface, but is concentrated at the centre of the
fracture, showing the presence of different authigneic materials within the alteration zone. Relative
concentration scale (from lowest to highest): black-blue-green-yellow-red. Sample CY P-99-14A is
from the Akaki valley. FG = freshglass, GT = granular texture. Vertical and horizontal lines
have been drawn on the X-ray maps to aid comparison

developed adjacent to afracture. Enrichment in carbon, and to some extent, nitrogen
can be seen clearly in these images. Phosphorus, however, is depleted, and this is
opposite to what we observe in much younger sample from the in-situ oceanic crust
(Fig. 28). Calcium and magnesium are also depleted, thereby excluding carbonate
as the source of the carbon.
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5.3 Greenstone Belts
Along the margins of the tubular structuresin hyal oclastites from both the Barberton

and Pilbara Archean greenstones, X-ray mapping reveals in some cases elevated
concentrations of carbon and, to alesser extent, nitrogen and phosphorus (Fig. 30).

Barberton Pilbara

Backscattered ' - D Backscattered
Electron (BSE) Image ™ Electron Im%ge

Fig. 30 Back scatter electron (BSE) image of titaniteinfilled tubular bioalteration texturesfrom the
~3.5Ga volcanics of the Barberton greenstone belt (left hand column) and ~3.4 Ga pillow lavas
from the Pilbara Supergroup (right hand column) accompanying X-ray maps show the enrichments
in carbon (measured using two detectors at different orientations) along the margins of the tubes;
highlighted by arrows on the combined BSE and carbon mapsin the lower part of the figure. Rela-
tive concentration scale (from lowest to highest): black-blue-green-yellow-red. Sample 29-BG-03
from the Barberton and 74-PG-04 from the Pilbara. Additional X-ray maps of further elements
along with optical images of the studied areas are given in Furnes et al. (2004) and Banerjee
et al. (2006) for the Barberton examples and Banerjee et a. (2007) for the Pilbara example
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These enrichments are highly restricted to the immediate area of the titanite tubes
while quickly diminish away from these areas. Calcium, iron, and magnesium maps
(not shown here), from the same region, show opposite trends compared to carbon,
again confirming that carbon is not bound in carbonate (see GSA Data Repository
Fig. DR1, Banerjeeet al. 2007).

6 Carbon Isotope Signatures

A large number of samples of glassy and crystalline samples of pillow lavas from
in-situ oceanic crust and core-rim pairs from ophiolites and greenstone belts have
been analysed for 8'*C measured on disseminated carbonate and the results have
been compiled in Fig. 31. We refer the reader back to Section 2.2.4 and Fig. 2 for an
explanation of how thisdataisinterpreted. Thisdatais obtained by measurements of
the CO; liberated by phosphoric acid dissolution of whole rock powders dissolved
in 100% phosphoric acid details of the analytical method used are given in Furnes
et a. (2001a) and all results are quoted relative to the PDB standard.

The compiled 313C (%o) versus wt.% carbonate results from in-situ oceanic crust
and ophiolites/greenstone belts, are shown in Fig. 31A,B respectively. In both cases
thereisamarked shift in the §*3Cgy, values of the glassy pillow rim samplestowards
more negative values than for the crystalline pillow core samples. If we take the
313Ceap value of —7% as the lower limit for magmatic values, the percentages of
crystalline (pillow core) and glassy (pillow rim) samples from the in-situ oceanic
crust that exhibit 3*3Cgap values lower than —7%., are ~ 14% and 52%, respec-
tively. We take this as support for microbial activity within the glassy pillow rim
samples for which there is supporting textural evidence; whereas, the crystalline
pillow core samples which lack bioalteration textures predominantly show 8'3Ceap
values between mantle CO, (—7%¢) and marine carbonate (0 +/ — 1%:) values.

The pillow lavas of the ophiolites and greenstone belts (Fig. 31B) show values
broadly comparable with those seen for in-situ oceanic crust; i.e. the percentages
of crystalline and glassy samples that define 53Ccqp, values lower than —7%o, are
~ 15% and 35%, respectively. Fig. 32 shows all our 8'3Ccayp, of pillow lavas from
ophiolites and greenstones, plotted against weight percent carbonate and we have
further sub-divided these data into Archean, Proterozoic and Phanerozoic samples
(Fig. 36) in order to compare the similarities and differences between the three
plots. In fact, for the pillow lavas from all these sequences we see that the orig-
inally glassy margins generally display lower 83Ccyp, values than the crystalline
interiors. In some samples, however, the glassy margins display the highest 8'3Ceap
values (> +1), a phenomenon particularly demonstrated by the Archean samples
(Fig. 32A). In general, the 3Ceqp values of pillow margins show a considerably
wider range than the crystalline interiors that are generally bracketed between 0 and
—7%0 (Fig. 32).

In order to explore the extent to which the characteristic 83Ceqp, values of
rims and interior of pillow lavas retain their origina values during progressive
metamorphism, we have split the samples from ophiolites and greenstone belts
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Fig. 31 Plots of 83Ccaponate VErsus weight percent carbonate from: (A) all measured

pillow lavas

from in-situ oceanic crust; (B) all measured ophiolites and greenstone belts. Data from glassy
pillow rims are shown by filled symbols and these are more negatively fractionated relative to the

samples from the crystalline pillow interiors shown by hollow symbols (cf. Fig. 2)
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these are more negatively fractionated than the samples from the crystalline pillow interiors shown
by hollow symbols (cf. Fig. 2)
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according to their metamorphic grade, i.e. zeolite-greenschist-, amphibolite- and
blueschist-facies metamorphism (Fig. 33). The magjority of the samples have been
collected from zeolite-greenschist metamorphic pillows, and the glassy samples
show a considerably wider range in the 83Ccy1, values than their crystalline coun-
terparts (Fig. 33A). This also applies to the samples that have suffered amphibolite
facies metamorphism (Fig. 33B). Even some of the blueschist samples from the
Franciscan glassy samples show very low 8'3Cgp values, whereas the majority
of the crystalline samples are bracketed between 0 and —7%o (Fig. 33C). It thus
appears that the 313Ca, values from metamorphosed pillow margins largely retain
their pre-metamorphic values, and that they are comparable with those from non-
metamorphic in-situ oceanic crust, in spite of even high-grade metamorphism. We
emphasize, however, that the glassy blueschist samples from Corsica do not show
the low 8'3Ccqp, Values. More data is needed to substantiate whether blueschist fa-
cies rocks, or even higher metamorphic grade rocks, can still preserve the original
carbon isotope signatures. It isinteresting in this context to mention that carbon iso-
tope values (513C) of some diamonds from magjoritic garnet-bearing host eclogites
are attributed to an organic source material within subducting oceanic crust (Tappert
et a. 2005). These findings support our suggestion that the Franciscan blueschist
pillow rims exhibit isotopic values consistent with microbial alteration (Fig. 33C).

7 Significanc of Microbial Alteration as a Biomarker

The biogenic textures described above, the associated element distributions (in par-
ticular carbon enrichments) and §'3Ccyp, values documented from meta-volcanic
glass back to the Mesoarchean have far reaching implications for the nature and
extent of microbia processes. In this section, we discuss some of these aspectsin
light of our present knowledge.

7.1 Mapping the Oceanic Biosphere

Granular and tubular bioalteration textures are easily observed by ordinary light mi-
croscopy upon samples of in situ oceanic crust where fresh glassis till present. This
is because the dark, commonly mineral-filled structures appear in strong contrast to
the light yellowish-brown, isotropic glass (Figs. 23, 24). This makes it possible to
identify and quantitatively estimate the extent of bioalteration as afunction of depth
by reinvestigating DSDP and ODP cores. The only study of thiskind to dateisthat of
Furnes and Staudigel (1999), which documented the relative proportions of granular
and tubular bioalteration types in basaltic glass as a function of depth (to ~500m)
and temperature in the oceanic crust. In this study, the percentage bioalteration was
estimated visually from geological thin sections. The data have been compiled from
oceanic crustal sections collected at Sites 417 and 418 of the 110 Ma Western At-
lantic, and at Sites 504B and 896A of the 5.9 Ma Costa Rica Rift. This compilation
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Fig. 34 Down-hole data to show the controls on the distribution of bioalteration textures with
depth in the oceanic crust. The data are mainly from holes 396B, 407, 409, 410A, 417D, 418A in
the Atlantic Ocean, holes 504B and 896A from the Costa Rica Rift in the Pacific Ocean, and hole
834B inthe Lau Basin (for further information, see Fig. 5). (A) shows the occurrence of celadonite
which is an indicator of oxidative ateration; (B) shows the occurrence of pyrite which is an in-
dicator of reducing conditions, (C) shows permeability down-hole; (D) shows effective porosity
determined by comparing air-dried and water-saturated sample weights; (E) shows estimates of
the relative percentages of granular alteration textures (pink dots); tubular ateration (pink lines);
and abiotic alteration (yellow) calculated from thin section observations and redrawn from Furnes
et a. (2001b) and Staudigel et al. (2006)

illustrated in Fig. 34 showsthat the granular typeis by far the most abundant and can
be found at al depths into the volcanic basement where the presence of fresh glass
allows bioalteration to be traced down to ~550 m. At the surface, as well as below
~350m into the volcanic basement, the tubular textures are absent or very rare.
In the upper ~350m of the crust the granular alteration type is dominant, being
most abundant in the upper 200m at temperatures below ~ 80°C, and decreasing
steadily in abundance to become subordinate at temperatures of ~ 115°C near the
currently known, upper temperature limits of hyperthermophilic life. The tubular
ateration textures, meanwhile, constitute only a minor fraction, at most ~ 20% of
the total alteration and show a clear maximum at ~120-130 m depth corresponding
to temperatures of ~ 70°C. (These percentage bioalteration estimates are likely to
be an underestimate however, because ambiguous textures were regarded as abi-
otic in these estimates and glass hydration processes may also have obscured some
textures.)

The abundance of bioalteration with depth at Sites 504B and 417/418 increases
with permeability and also the presence of mineral phases such as celadonite which
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is indicative of relatively oxygenated waters (e.g., Furnes and Staudigel 1999;
Furnes et a. 2001b). It is noteworthy that both the 5.9 Ma Costa Rica Rift and the
110 Ma Western Atlantic oceanic sections show similar maxima in the amount of
bioalteration as a percentage of the total alteration, despite their very different ages
(see Fig. 11 of Furnes et a. 2001b). This suggests that a substantial portion of the
bioalteration happens very early and that the net bioalteration pattern is established
within ~6Ma. (It should be appreciated that most drill holes in the oceanic crust
have recoveries that can be as low as 20% or less). In broad terms this is consistent
with the theoretical estimates of microbial biomass production over time from ox-
idative alteration and hydrolysis within the upper oceanic crust as it migrates away
from an oceanic spreading center (cf., Bach and Edwards 2003). However, aslong as
fresh glass is present and seawater circulation persists, the bioalteration processes
are likely to continue. There exists a wealth of drill core samples of pillow lavas
from the in situ oceanic crust that are yet to be systematically investigated in this
manner for evidence of bioalteration.

7.2 The Oceanic Crust as a Bioreactor

Microbial seafloor ateration has a profound effect on chemical exchange between
the oceans and the oceanic crust across the full range of seafloor environments,
including: high temperature mid-oceanic ridge hydrothermal systems, low temper-
ature off-axis settings and oceanic hot spots (e.g., Staudigel et al. 1998; Staudigel
and Furnes 2004). Microbial communities in the oceanic crust may be mobilized
and expelled into the overlying water column during diking events that involve
massive expulsion of low temperature hydrothermal effluentsinto the water column
(e.g., Delaney et al. 1998). These bring the microbial biomassinto the oceans where
they may provide a food source for higher trophic levels. In the converse direction,
the subduction of bioaltered oceanic crust deep into the Earth’s mantle provides
a relatively little-explored geochemical connection between the Earth’s biosphere
and mantle. The existence of this pathway is supported by the finding of very deep
asthenospheric micro-diamonds that have low 8'3C signatures suggestive of a bio-
genic origin (e.g., Tappert et a. 2005). Taken together these processes comprise an
oceanic crustal “bioreactor”, changes in the extent and activity of which have pro-
found implications for the evolution of seawater chemistry, and for the composition
of the oceanic crust and mantle through geological time. At present relatively little
is known about the connections between bioaltered oceanic crust and the mantle;
we therefore, here focus instead on the better understood interactions between the
oceanic crustal bioreactor and seawater chemistry.

Experimental investigations (e.g., Staudigel et al. 1998) have revealed profound
differences between biotic and abiotic seafloor ateration processes. Glass ater-
ation experimentsinvolving surface seawater microbial populations have shown that
microbial activity enhances chemical exchange in water-rock reactions, especialy
for Sr, and results in higher rates of authigenic mineral production along with in-
creased uptake of Carelativeto sterile controls (Staudigel et al. 1998, 2004). Abiotic
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ateration, in contrast, results in pronounced uptake of Mg and effective removal
of Si (Staudigel et a. 2004). Biotic experiments with a natural seawater microbial
inoculum at temperatures up to 100°C have also shown significant mobility of K,
Rb, Cs, Li, B, U, Th, Pb, and strongly temperature dependent U-Pb fractionation
(Staudigel et al. 1998). Although further experiments are needed to explore the bi-
otic and abiotic controls of these processes, to the first order these findings confirm
that microbes have a pronounced effect on element fluxes and mobility during glass
ateration in the oceanic crust. Moreover, these differences in chemical redistribu-
tion patterns between biotic and abiotic water-rock interactions confirm that they
represent two different modes of seafloor alteration. Thisimplies that the chemical
fluxes and consequently the seawater composition in the pre-biotic world may have
been radicaly different from the modern world in which seafloor bioalteration is
prevalent. Fluid inclusion analyses of Archean rocks may help to track these changes
in seawater chemistry (cf. Foriel et a. 2004)

The total biomass found within the modern oceanic crust and its productivity
remain unconstrained. Bach and Edwards (2003) estimated that submarine basalts
can provide enough energy to support a primary productivity of about 10*?g/a cel-
lular C, which represents an upper limit for chemosynthetic carbon fixation in the
oceanic crust, although it is unknown as to what extent the deep biosphere utilizes
thisenergy source. In addition theinflux of organic carbon entering the oceanic crust
via hydrothermal recharge may provide a further energy source for heterotrophic
microbes. A complimentary approach is to estimate the maximum numbers of cells
required to produce the density of tubular and granular bioalteration textures ob-
served in the oceanic crust. While this approximates the numbers of cellsto within
one or two orders of magnitude necessary to create the textures found in a given
thin section, these data are difficult to extrapolate into a global inventory of the
oceanic crustal biomass because their metabolic rates are unknown. It is aso diffi-
cult to extrapolate the abundance of fresh glassto an oceanic crustal scale given that
oceanic drilling rarely recovers more than 30% core. Thus, at present we can only
speculate about the biomass and the primary productivity of the deep ocean crustal
bioreactor. Nonethel ess, the importance of this microbial community isindisputable
when considering the geochemical fluxes between seawater, the ocean crust, and the
Earth’s mantle.

7.3 Tectonic Control of Bioalteration in Modern and Ancient
Oceanic Crust

Bioalteration of glass has been found in many submarine volcanic settings that
preserve fresh, or minimally altered, glass from fast- to slow-spreading centres,
also oceanic plateaus, ophiolites and greenstone belts of all ages (Figs. 4 and 36).
These examples provide markedly different seafloor spreading rates and environ-
ments which offer different boundary conditions for bioalteration processes, in par-
ticular with respect to the depth of water circulation, density of fracturing and the
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lithology of the upper part of the oceanic crust (e.g., Dilek et a. 1998; Fig. 4).
Where as intermediate- to fast-spreading ridges (i.e., ~ 6-12cm/yr) exhibit thick
extrusive sections that lack major tectonic disruption (e.g., Sinton and Detrick 1992;
Fouquet et al. 1996), slow-spreading ridges (i.e.,, < 2.5cmlyr) show deep-seated
normal faulting and may expose upper mantle rocks at the seafloor enabling deep
circulation of hydrothermal solutions into the lower crust and peridotites (Karson
1998). In such settings the deeper fluid circulation may carry microbes to greater
depths where they may utilise H, and or CH,4 produced by the serpentinization of
ultramafics (e.g., Berndt et al. 1996; Kelley 1996). For example, the production of
H, and CH,4 as aresult of serpentinization of ultramafic rocksis presently occurring
in the Zambales ophiolite (Abrgjano et al. 1990) and the Lost City ultramafic field
(Kelley et al. 2005). These contrasting tectonic styles and alteration regimes found at
slow- to fast-spreading centres are shown schematically in Fig. 35A,B, and it seems
reasonable to hypothesise that the higher H, production found at slow-spreading
ridges may favour methanogenic bacteria compared to fast-spreading ridges. These
differences may be recorded in the carbon isotopes of disseminated carbonates
found in pillow basalts at such different sites.

In order to explore the potential for such differences, Furnes et a. (2006) com-
pared the 33Cyp, variations measured upon bioaltered pillow margins from dif-
ferent oceanic basins. They found substantial overlap in data between basins but
distinct ranges in 8'3Ceap (Fig. 35). The 3°C of finely disseminated carbonates
from bioaltered, glassy basaltic pillow rims from slow- and intermediate-spreading
oceanic crust of the central Atlantic Ocean (CAO) ranges from —17%o to +3%o
(PDB), whereas those from the faster-spreading Costa Rica Rift (CRR) define
a much narrower range and cluster at lighter values between —17%0 and —7%o
(Fig. 35C; Furnes et al. 2006). A similar 813Ca, pattern has been observed in some
ophiolites; for example, the Jurassic Mirdita ophiolite in Albania shows a structural
architecture similar to that of the slow-spreading CAO crust and a similar range
in 8%3Ccap values (Fig. 35D). In contrast, the Late Ordovician Solund-Stavfjord
Ophiolite Complex (SSOC) in western Norway exhibits structural and geochemi-
cal evidence indicative of an intermediate-spreading rate environment and displays
813Ccan Signatures similar to those of the modern CRR oceanic crust (Fig. 35D).
While much remains to be done to document systematic differences in 83Ccqy, be-
tween different ocean basins, the hypothesis that methanogenic bacteria may be a
more important component of the bioalteration community at slow-spreading cen-
tres appearsto be supported by the current data. Ophiolites, in particular, offer much
potential for further testing this hypothesis because they provide an opportunity
to study ancient fluid transport and ateration regimes in three-dimensional field
exposure.

7.4 Bioalteration and the History of Early Life

Microbesthat colonize volcanic glass may be among the earliest life forms on Earth.
Textural evidence of bioalteration in submarine, originally glassy pillow lava rims
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and hyaloclastites from the 3.3-3.5 Ga Barberton Greenstone Belt of South Africa
(BGB) and the Pilbara Supergroup of western Australia (PWA) are reviewed above
(Section 4.3, Fig. 26; see also Furnes et al. 2004; Banerjee et a. 2006, 2007).
These titanite-filled bioalteration textures also have geochemical signatures (BGB
and PWA, Fig. 30) and isotopic data (Fig. 31, BGB) that are suggestive of a bio-
genic origin. Furthermore, the syngenicity of these structures has been confirmed
by direct U-Pb radiometric dating of the PWA examples in addition to the ob-
servation that the BGB bioalteration textures are cross-cut by early metamorphic
mineral phases (Furnes et al. 2004). This radiometric dating was conducted using
a new multicollector-ICP-MS technique for measuring 2°6Pb/?8U ratios within ti-
tanite from the “root zones” at the centre of tubular clusters (Banerjee et al. 2007,
and methodology in Simonetti et a. 2006). A minimum age of 2921 + 110Ma
was obtained which is ~ 400 Ma younger than the accepted ~3350Ma eruptive
age of the Euro Basalt pillows, given by a U-Pb zircon age from an interbedded
tuff (Nelson 2005). This titanite date corresponds to the age of regional meta-
morphism related to the last phase of deformation and widespread granite intru-
sion (the North Pilbara Orogeny) that affected our sample site in the western part
of the East Pilbara Terrane at ~2930Ma (Van Kranendonk et al. 2002, 2007).
Since chlorite formation, which occurred around ~2930Ma, or earlier (~3.24 Gg;
Wijbrans and McDougall 1987), overprints the titanite tubules we therefore inter-
pret this age to represent a minimum estimate for titanite formation. Thisimplies a
< 400 Ma post eruptive period during which the bioalteration textures in the Euro
Basalt were mineralized; however, it does not exclude the possibility that the tex-
tures formed soon after eruption and were mineralized somewhat later. Presently
we do not know whether biological processes contribute to the formation of titan-
ite, or in other words, whether it is a biomineral. We draw attention to the fact
that titanium can be passively accumulated during microbia etching of glass (e.g.
Banerjee and Muehlenbachs 2003), and that Ti-rich nodules have been found in
association with microbial ateration of Pleistocene Hawaiian basaltic glass (Walton
and Schiffman 2003).

<
<

Fig. 35 Schematic diagram summarizing the inferred relationship between tectonism and the de-
velopment of 813 Cegponae Signatures measured on volcanic glasses from slow and fast spreading
ridges: (A) shows the typical “layer cake” structure of an intermediate to fast spreading ridge; (B)
shows the generalized structure of a slow spreading ridge with exposure of serpentinized upper
mantle rocks and widespread H, generation. In the lower part of the figure, 83Ceaponae VErsus
weight percent carbonate (range 0-1% on the vertical axis) is plotted for: (C) volcanic glassesfrom
in-situ oceanic crust and (D) ophiolites and greenstone belts. This reveals that samples from inter-
mediate to fast spreading ridges (e.g. Costa Ricaand SSOC) have a narrower range of 3**Caponate
values typically between —17%, to —7%o which is consistent with the bacterial oxidation of or-
ganic matter. Whereas samples from slow spreading ridges (e.g. the Central Atlantic and Mirdita
Ophiolite) have awider range of 8*3C anonae Values which include positive val ues up to +4%. that
are suggestive of the lithotrophic utilization of CO, by methanogenic bacteria that may utilize the
H, generated at slow spreading centers (see also Furnes et a. 2006)
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Fig. 36 Geological timeline showing the investigated Precambrian ophiolites and greenstone belts
(red stars), Phanerozoic ophiolites (green stars), and in-situ oceanic crust (yellow bar), seenin con-
junction with aschematic evolution of life (broadly following the review of Nisbet and Sleep 2001).
Datafrom Isuaare from Rosing (1999) and Furnes et a. (2007b), and datafrom Jack Hillsarefrom
Wilde et a. (2001)

These findings of Archean bioalteration textures are placed on ageological time-
linein Fig. 36 that summarizes the major events in the evolution of the Earth’s bio-
sphere. This emphasizes the longevity of bioalteration processes through geological
time, stretching from modern in-situ oceanic crust, through the Phanerozoic and
Proterozoic as sporadically recorded in ophiolites, to the some of the earliest pillow
lavas on Earth as preserved in greenstone belts. The Archean mineralized bioalter-
ation traces from Australia and South Africa predate the oldest, previously known
euendolithic microfossils described from ~1.7 Ga silicified stromatolites in China
(Zhang and Goloubic 1987). Furthermore, this timeline shows that our bioalteration
texturesfall intheinterval at ~3.4-3.8 Ga, when the earliest purported microfossils
(e.g., Schopf and Packer 1987; Ueno et a. 2001) and stromatolites (e.g., Walter
et al. 1980; Hofmann et a. 1999) have been found and thus meta-volcanic glasses
provide anew target lithology that may help to decipher the origins of lifein some of
these earliest ~3.5 Ga pillow lavas on Earth. Given that volcanic lavas constitute a
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volumetrically more significant component of the early Archean greenstone belts
than the more traditionally sought chert horizons, they provide abundant oppor-
tunities for seeking fossilized evidence of life within the ancient crust (see also
Section 7.5).

Considering this possibility, an endolithic mode of life may have been an at-
tractive strategy in the early Archean, conferring many advantages on an early
biosphere. Firstly, the oceanic crust may have provided abundant electron donors,
principally Fe and Mn, found in basaltic rocks along with electron acceptors for
chemolithoautotrophic organisms. Secondly, circulating fluids in the early oceanic
crust may have provided carbon for heterotrophic organisms derived either from
biotic carbon possibly recycled from the overlying water column, or abiotic carbon
derived from alteration of the abundant ultramafic rocks. Lastly, crustal habitats
would have provided protection from the elevated UV irradiation, abundant mete-
oritic and cometary impacts that affected the early Earth.

These submarine volcanic lavas from the Pilbara and Barberton are not how-
ever, the world’s oldest. The earliest, ~3.8 Ga evidence of purported life on Earth
is solely geochemical and based on isotopically light carbon in graphite contained
within amphibolite to granulite grade metamorphic rocks in the Isua and Akilia
supracrustal complexes of southwest Greenland (Schidlowski 1988, 2001; Mojzsis
et al. 1996; Rosing 1999; McKeegan et al. 2007). This evidence is strongly de-
bated (see Moorbath 2005 and references therein) and new light on this discussion
may be shed by the investigation of the pillow basalts for bioalteration textures.
Work to date has, however, faled to find reliable bioalteration textures in these
rocks.

The discovery of bioalteration textures in the Archean begs the question: what
role did submarine volcanoes play during the origin of life itself? Previous evidence
to support a “hydrothermal cradle for life’” comes from purported microfossils and
stromatolites in ~3.45 Ga black hydrothermal cherts (e.g., Ueno et al. 2001; Van
Kranendonk 2006) and filamentous microfossils in ~3.2 Ga vol canogenic massive
sulfide deposits (Rasmussen 2000). Much remains to be done to map and con-
strain the nature of viable habitats in early volcanic seafloor settings and to ex-
plore whether volcanoes were the primary environment where life originated, or
a secondary environment where life found shelter and/or co-developed with other
settings (see Section 7.5 below).

The possihility of subaqueous basaltic glass alteration on early Mars has aso
been suggested and might involve both abiotic and biotic processes (e.g., Banerjee
et al. 2004). The recent discovery in the Nakhla meteorite of carbonaceous vein
filling material with tubular and bleb shaped microstructures that are similar to ter-
restrial bioalteration textures have renewed interest in these hypotheses (McKay
et a. 2006; Gibson et al. 2006). In addition, microtubular weathering channels in
olivines and pyroxenes from this same class of meteorite have been recently de-
scribed by Fisk et a. (2006). Testing of the biogenicity and syngenicity of these
meteoritic structures relies heavily on terrestrial comparisons and will undoubtedly
help to strengthen the criteria used to establish the veracity of ancient bioalteration
textures.
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7.5 Tracing Back and Mapping the Pattern of Early Bioalteration

The bioalteration of volcanic glass is among the oldest fossilized evidence for life
on Earth, and its textural expressions appear to have remained remarkably con-
servative through geological time. The question of whether we can see the same
pattern of bioalteration in pillow lavas of the ancient oceanic crust asin the young,
in situ oceanic crust is particularly intriguing. To answer this question we can as
yet only provide some provisional data based upon bioalteration textures found in
the Hooggenoeg Formation of the Barberton greenstone belt and the Euro Basalt
of the Pilbara Craton. We firstly assume that these biotextures must have devel oped
when the ambient temperatures were below ~ 113°C to permit the existence of life
(Stetter et al. 1990). It is unlikely that bioateration could have occurred continu-
ously throughout the relatively thick Archean volcanic sequences, some of which
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Fig. 37 Model of bioateration in the Archean seafloor: (A) schematic column of a pillow lava
pile with interbedded sheet flow produced in 5 eruptive events with interbedded komatiites and
seafloor cherts, the biomass shown by red hashes is patchy and concentrated towards the tops of
pillow lava eruptive packages; (B) enlarged view of a single pillow showing the concentration of
endolithic biomass in the glassy pillow rims and inter-pillow hyaloclastites. This model is based
upon observation made in the measured Archean greenstone belt sectionsillustrated in Fig. 17
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were probably erupted relatively quickly and buried at temperatures that were too
high for life to exist. It is therefore not surprising that examples of bioalteration
textures found to date are limited to apparently narrow horizons of these thick sub-
marine lava sequences. For example, the only bioalteration textures found to date
in the interpillow hyaloclastite from the Euro Basalt are from the lower part of the
5-8-km-thick basalt succession (Fig. 17). The basal flows of the Euro Basdt are
dated at 3350 +/ — 2 Ma, whereas a thin felsic volcaniclastic unit in the upper part
of the formation has yielded an age of <3346 Ma (see Fig. 2 in Van Kranendonk
2006), suggesting that most of this very thick volcanic succession was erupted
within a few million years, probably exceeding temperature viable for life during
much of thistime. Similarly, from the 2—3-km-thick succession of submarine basalts
(pillow lavas and massive sheet flows) of the Hooggenoeg Formation in the Barber-
ton greenstone belt, bioalteration textures have been found only within restricted
pockets of interpillow hyaloclastites in the upper part of the sequence (Fig. 17).
Based upon these data, we have constructed a working model for the distribution of
biomass in the ancient oceanic crust as shown in Fig. 37 that differs from the more
continuous distribution pattern documented from the in-situ oceanic crust (Fig. 34).

A further point to consider in this context is the predominance of tubular alter-
ation textures in Archean lavas that contrasts with the alteration textures in in-situ
oceanic crust, where granular textures are by far the most predominant. Indeed, only
rare examples of possible granular textures have been identified along fractures in
originally glassy fragments of hyaloclastite from the Archean Hoeggenoeg Forma-
tion (seeFig. 6 of Banerjeeet a. 2006). The predominance of the tubular over granu-
lar alteration texturesin Archean lavas may be explained by the masking of thefiner,
granular textures by titanite mineralization and re-crystallization of the host rock.
Conversely, the (early) precipitation of titanite to infill many of the larger tubular
textures may have enhanced their preservation by limiting the destructive effects
of ongoing re-crystallization of the host rock. In this way, the pattern of Archean
oceanic crustal bioalteration might have been modified by taphonomic processes
i.e. changes during diagenesis and metamorphism, which may have significantly
modified the original distribution pattern of bioalteration.

8 Summary

In this chapter, we have summarized results obtained over the last 15 years which
argue that submarine volcanic rocks are and have been for most of Earths history
an important habitat for microbial life. To illustrate this conclusion we present data
from in-situ oceanic crust (0—110Ma), ophiolites (~90-1995Ma) and greenstone
belts (~2000-3800 Ma). During the microbial colonization and simultaneous disso-
[ution of volcanic glass referred to here as bioalteration, distinct textural, elemental
and isotopic signatures are produced. Two principal types of textures, granular and
tubular are formed. The granular type are individual and coalesced aggregates of
spherical bodies usually less than 1 uwm in diameter, whereas the tubular type are
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long, up to ~200 um tubes commonly 1-5pum in diameter. These two textural
types are invariably rooted in fractures in the glass and are distinct from the reg-
ularly banded alteration rinds produced by abiotic alteration (palagonitization). The
bioalteration textures are formed by microbial dissolution or etching that produces
pits or holes in the glass which are subsequently infilled by secondary minerals,
initially clay minerals and zeolites that are transformed to chlorite, calcite, quartz
and titanite during metamorphism. Locally elevated concentration of biologically
significant elements, especially carbon, nitrogen, phosphorus and sulphur, are com-
monly observed within these bioalteration textures and offer significant support for
their biogenicity. Further, there is a systematic difference in the 8'3C values of dis-
seminated carbonate between glassy pillow rimsand crystalline pillow interiors. The
latter are bracketed between primary mantle CO, values and those expected from
marine carbonates whereas pillow rims and hyaloclastites display a significantly
greater range in 83 Ceqyponae VAl Uesthat is consistent with microbial activity. Evenin
the sequences that have experienced amphibolite and blueschist metamorphism this
shift in isotope values persists, indicating that this bioalteration signal can survive
high grade metamorphism.

The significance of these biosignatures for modern and ancient oceanic crustal
processes is summarized below:

e Mapping the oceanic biosphere. Conspicuous bioalteration textures visible in
thin section have made it possible to quantitatively estimate the extent of bioal-
teration as a function of depth in the sub-seafloor. This suggests that bioalter-
ation predominates in the upper ~350m of the glassy volcanic pile of thein-situ
oceanic crust.

e The oceanic crust as a bioreactor. Although littleisknown about “ glass-eating”
microbial communitiestheir ecologies and metabolisms, it isknown that bioalter-
ation increases the available glass surface area thereby enhancing reaction rates.
It isthus likely that microbial activity results in increased exchange of chemical
components between seawater and the crust.

e Tectonic control of bioalteration in modern and ancient oceanic crust. The
carbon isotope signatures (313C) of finely disseminated carbonates in bioaltered
pillow rims from slow- and fast-spreading oceanic crust differ. Thisisthought to
be related to the liberation of H, during serpenitization which is much greater at
slow-spreading ridges where it may support the lithotrophic utilization of CO,
by methanogenic Archaea. This difference in 8'3Ccqp, values appears also to be
found in ophiolites of slow versus fast spreading affinities.

e Bioalteration and history of early life. Bioalteration textures found in meta-
volcanic glasses provide anew target for deciphering the origins of lifein some of
the oldest, well-preserved rocks (~3.5 Ga) on Earth. Titanite mineralized textures
in meta-pillow lava rims are comparable to those found in the modern oceanic
crust and have a relatively high preservation potential. These structures can be
considered amongst the earliest ichnofossilsin the fossil record.

e Tracing back and mapping the pattern of early bioalteration. In the thick
volcanic piles of the Archean greenstone belts that we have studied (Barberton
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and Pilbara) the distribution of tubular bioalteration texturesis apparently patchy
and has been modified by subsequent metamorphism. This contrasts with the
in-situ oceanic crust in which biotextures can be found continuously throughout.
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Microbial Colonization of Various Habitable
Niches During Alteration of Oceanic Crust

Magnus Ivarsson and Nils G. Holm

Abstract Tunnel structures in volcanic glass are a world wide phenomenon and
known to harbor microorganisms of the deep sub-seafloor biosphere. As alteration
and weathering of the ocean crusts proceeds, volcanic glass is altered and devitri-
fied. Palagonitization of volcanic glass results in the secondary phases palagonite,
phillipsite and smectite. The ateration and palagonitization result in destruction of
microbial habitats. Colonization of new habitable niches is thus forced upon the
microorganisms by external forces.

In basalt samples that were drilled and collected during the Ocean Drilling Pro-
gram (ODP) Leg 197 at the Emperor Seamounts in the Pacific Ocean, fossilized
microorganisms are found in various geological niches that cover the whole palag-
onite process. From tunnel structures in volcanic glass, via fossilized filaments at-
tached onto altered glass and basalt, to fossilized cells and filaments both attached
to zeolites (phillipsite) and found in wedge-like cavities between zeolite crystals.
The C content (~10—50 wt% C) and the fact that the carbon is not bound to
or associated with carbonates suggest that the fossilized microorganisms contain
organic carbon. The concentration of C,H,4 and lipids in the filamentous structures
further supports that they contain organic carbon and organic compounds. Bonding
to PI, which is a dye that binds to damaged membranes and dead bacteria cells,
provides further evidence for a biogenic origin of the microfossils.

The close association between microfossils and iron oxides, the accumulation
of iron oxides onto the filaments, the high iron content of the filaments as well as
the higher degree of alteration and accumulation of iron at the surface zones where
the microfossils are found indicate that the microorganisms were involved in iron
oxidizing reactions and that the colonization of new niches clearly was influenced
by redox chemistry.
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The microbial capability to inhabit new niches during alteration of oceanic crust
extends the occurrence and opportunities of the deep sub-seafloor biosphere both in
time and in space. The results suggest that the sub-seafloor biosphere can sustain
during geological processes and that the spatial extension of the biosphere is much
larger than was previously known.

1 Introduction

Knowledge about the deep biosphere that lives around hydrothermal vents on the
ocean floor has exploded since its discovery in the late 1970s. However, the deep
sub-seafloor biosphere, that has been suggested to extend beneath the ocean floor,
has been more inaccessible (Edwards et a. 2005). The occurrence of microorgan-
isms in hydrothermal vent waters that disseminates from vent areas on the ocean
floors has |ed to suspicions about a sub-seafl oor biosphere (Gold 1992; Deming and
Baross 1993), but studying such abiosphere in situ involves serious obstacles. Sam-
pling of the sub-seafloor biosphere requires drilling in ocean crust which obviously
disturbs collection of living organisms. Organisms rarely survive such treatment,
and the samples that are brought to the surface rarely contain living species. Dead
or fossilized microorganisms are normally what researchers have to deal with. Nev-
ertheless, since the early 1990s a rather small but steady stream of reports have
established the sub-seafloor biosphere as a viable feature in ocean crusts around the
world (Thorseth et al. 1995a, 2001, 2003; Giovannoni et al. 1996; Furneset al. 1996;
Furnes and Staudigel 1999; Fisk et al. 1998).

The deep biosphere has been recognized to consist of lithoautotrophic and
chemoautotrophic microorganisms. Such organisms use chemical energy stored in
minerals or in compounds dissolved in the hydrothermal fluids as an energy source
(Thorseth et al. 19953, 2001, 2003). It is most likely that the sub-seafloor biosphere
consists of lithoautotrophs as well and that they are endolithic in the sense that they
live within minerals and rocks. The most accessible elements and compounds for
such organismsin hydrothermal settings are Hy, H,S, S, CO, CH4, Mn?* and Fe**
and electron acceptors could be CO,, SO, or O,. Usually, endalithic lithoautotrophs
occupy habitats at the interface between two environments with divergent redox
chemistry. In sub-seafl oor settings microbes have been found mostly associated with
highly reduced volcanic glass. In contact with oxidized seawater, volcanic glassis
out of chemical equilibrium, and redox reactions exploitable for microorganisms
can occur. The reactions are relatively slow at low temperatures, and the microor-
ganisms can catalyze the reactions and gain metabolic energy in the process. Thus,
microorganisms found in these environments are associated with mineral surfaces,
either attached onto them or incorporated within them. Vol canic glass has been rec-
ognized as the most accessible material that microorganisms are associated with
(Thorseth et al. 1995a, 2001, 2003; Giovannoni et al. 1996; Furnes et al. 1996;
Furnes and Staudigel 1999; Fisk et al. 1998). Biomediated tunnel structures that
serve as microhabitats for microorganisms have been found to be aworld wide phe-
nomenon in volcanic glass in ocean crust. The microbial activity in volcanic glass
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accel erates the weathering and alteration of the oceanic crust contemporaneous with
theinorganic weathering and alteration (Thorseth et al. 19954, b; Alt and Mata 2000;
Furnes et al. 2001). Both the organic and the inorganic alteration of basaltic glass,
aso called palagonitization, lead to hydration, oxidation and alteration of the vol-
canic glass and thus also destruction of the microorganisms habitats. Recently, mi-
croorganisms have been found associated with the secondary minerals zeolites in
sub-seafloor environments (Thorseth et a. 2003). Zeolites represent a secondary
product of the alteration of the volcanic glass, which indicates that microbes are
able to colonize new habitats as the alteration of the volcanic glass proceeds. In this
paper we will review the current literature regarding the sub-seafloor biosphere and
together with new data present arelationship between microorganisms and on-going
sub-seafloor geochemistry.

2 Microbial Niches in Sub-seafloo Environments

Microorganismsinteract with their environment in avariety of waysthat leave vari-
ous hiosignatures. Such biosignatures can consist of, for example, biominerals, cel-
lular fossils, trace fossils (burrows, tunnels), fractionation of stable isotopes as well
as organic molecules like hydrocarbons, fatty acids or nucleic acids. In sub-seafl oor
hydrothermal environments a variety of biosignatures has been found which indi-
cates microbial activity. Mostly, such bioactivity appears to be associated with vol-
canic glass. Some observations have been made where the microbes are associated
with secondary minerals like altered basalt (Thorseth et al. 2001, 2003) and zeolites
(Thorseth et a. 2003). The following is an overview of the different niches where
microbes are found and the various ways in which they occur and behave in these
different environments.

2.1 Tunnel Structures in Volcanic Glass

Microbia weathering of volcanic glass occurs at glass surfaces that are in contact
with water, usually along fractures and veinsin basaltic rock (Fisk et al. 1998, 2003;
Furnes and Staudigel 1999; Furnes et al. 2001, 2004; Storrie-Lombardi and Fisk
2004). A common feature of such weathering is tunnel structures, also called gal-
leries, which emerge perpendicularly from the glass surface and inward into the
glass. These tunnel structures can vary in size from 1-10 um in diameter and
5-100 wm in length. The tunnels have an undulating appearance and can occur
in abundance. These structures have been interpreted as trace fossils meaning that
they do not represent true fossilized microorganisms (Furnes et al. 2004; Banerjee
et al. 2005).

Tunnel structures have been associated with a variety of organic material. Cell-
like bodies have been found in them, and concentrations of nucleic acids, C,
N and P have been detected (Thorseth et al. 1995a; Furnes et a. 1996, 2001;
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Giovannoni et a. 1996; Torsvik et al. 1998; Fisk et al. 2003, 2006). Even DNA of
novel microorganisms has been extracted from rocks that contain similar tunnel-like
galleries (Fisk et al. 2003).

Laboratory experiments have shown that microorganisms attached to a surface
of volcanic glass form depressions due to biomediated dissolution of the glass
(Thorseth et al. 1992, 1995b). It has aso been shown that microbes form grooves
in glass that exceed 10 um in length and 0.5 wm in width (Staudigel et a. 1995).
Tunnel structures longer than that have not been produced in biotic laboratory ex-
periments. On the other hand, such tunnel structures have not been produced in
abiotic laboratory experiments either. A distinct difference has been demonstrated
between abiotic weathering of volcanic glass and weathering of volcanic glass that
involves and is stimulated by microbia activity (Staudigel et al. 2006, 2004, 1995;
Thorseth et al. 1995a; Fisk et al. 1998; Furnes et a. 2001). Abiotic weathering
results in unembayed, smooth alteration fronts that affect the whole glass surface.
This results in parallel ateration fronts with respect to the glass fragment. Micro-
bially mediated ateration resultsin completely different textures becauseit is dom-
inated by the formation of local cavities that enter the glass from exterior surfaces
in granular-appearing agglomerations or tunnel-like morphologies. Such textures
in volcanic glass have been acknowledged as reliable signs of microbial activity
and work as textural biomarkers (Staudigel et al. 2006; Fisk et al. 1998; Furnes
et a. 2001).

Tunnel structures have been recognized as a world wide phenomenon, both in
recent as well asin ancient oceanic crust. In fact, the oldest traces of life are repre-
sented by gallery structures found in pillow lavas from the ~3.5 Ga old Barberton
Greenstone Belt (BGB), South Africa (Furnes et al. 2004; Banerjee et a. 2005).
Galleries have also been found in olivines and pyroxenes from Hawaiian basalts
and dunites as well asin Martian meteorites (Fisk et al. 2006). Thus, it is possible
to conclude that tunnel and gallery structures in volcanic glass and basalts are rec-
ognized as a global niche for microbial life and has existed as long as life has been
known on Earth.

2.2 Surfaces of Volcanic Glass and Altered Basalt

In contrast to tunnel structures in volcanic glass that are trace fossils, true fos-
silized microorganisms have been found attached to mineral surfaces like volcanic
glass. Coccoids and rod-shaped cells as well as star-shaped, branched and twisted
filaments have been found attached onto surfaces of volcanic glass, altered glass
or basat mineras (Al-Hanbali et al. 2001; Al-Hanbali and Holm 2002; Thorseth
et a. 2001, 2003; Ivarsson 2006). Basaltic rocks usually have a zone of glass to-
ward veins and fractures due to rapid cooling of the outermost parts. When this
zoneisin contact with water that circulates in the veins, the glass becomes altered.
Microbes can be found attached onto this zone or incorporated in the zone. Usu-
ally, depressions in the mineral surfaces are found associated with the presence of
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microorganisms. Such depressions are probably aresult of bio-mediated dissolution
of the mineral surfaces.

The microfossils are usually associated with iron/manganese-oxides/oxyhydr
oxides in their close vicinity or directly deposited onto their cell surfaces. They
can sometimes be found with a thick iron/manganese crust on them.

2.3 Surfaces of Secondary Minerals Like Zeolites

Encrusted and fossilized microbes have also been found attached onto zeolites
(phillipsites), which are a secondary alteration product of basalt (Thorseth et al.
2003). Just like the occurrence of microorganisms on surfaces of volcanic glass, mi-
crobes attached onto zeolites appear to produce depressions on the mineral surface.
The encrusted microorganisms contain Fe and Mn indicating that the microorgan-
isms are involved in iron or/and manganese oxidation reactions. Both Fe and Mn
could probably serve as energy sources for the microbes.

3 Alteration of the Ocean Floor Basalts — Palagonitization

Palagonitization, a concept that is frequently used but still relatively poorly under-
stood, isusually defined as alow-temperature (< 250°C) process during which fresh
basaltic glass is hydrated and altered by seawater. The end result of the palagoniti-
zation is called palagonite as well as secondary minerals like zeolites and smectites.
Palagonite is a term used very differently by various authors but it usually refers
to a yellow-orange, amorphous material that appears isotropic or very nearly so
in plane polarized light. Peacock (1926) was the first to perform a comprehensive
petrographic study of palagonite and he distinguished two major varieties. gel-
pal agonite and fibro-palagonite. Gel-palagonite was described as a yellow, transpar-
ent, isotropic, clear, commonly concentrically banded material and fibro-palagonite
asayellow-brown, translucent, slightly anisotropic, slightly to strongly birefringent,
fibrous, lath-like, or granular material. Fibro-palagonite has later been identified as
smectite or poorly crystallized smectite and the term is therefore seldom used today
(Zhou et al. 1992). Stroncik and Schmincke (2001) recommend that the term fibro-
palagonite not to be used and that what has previously been called gel-palagonite
should simply be called palagonite henceforth.

The mineralogical nature of palagonite is still poorly defined. Hay and lijima
(1968) proposed that palagonite is composed of montmorillonite and mixed-layer
micamontmorillonite. Furnes (1984) suggested that palagonite consists of kaolinite,
illite, mixed-layer clay minerals or zeolites. According to Honnorez (1981) palag-
onite is a mixture of atered, hydrated and oxidized glass with authigenic minerals
(clays and zeolites). Palagonite has also been suggested to consist of some smectite
variety and minor amounts of zeolites and oxides (Daux et a. 1994; Eggleton and
Keller 1982; Staudigel and Hart 1983; Zhou et al. 1992). Since the final product
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of palagonitization is a mix of palagonite and secondary phases it can be quite
hard to distinguish specific minerals and phases. Usually, ateration rinds develop
concentric to the glass surface reflecting different stages in the alteration process
and different phases. An ideal cross-section of a glass shard that not is completely
palagonitized should therefore consist from the center outward of (1) afresh glass
core, (2) paagonite, (3) smectite and (4) zeolites. This is, however, seldom the
case. Different rinds representing various stages in the palagonitization occur as
well as intermediate stages between different phases like palagonite and smectite.
Honnorez (1981) went further and suggested that the term palagonite should be
abandoned while retaining the term palagonitization to describe the alteration of
glass.

In this paper we will follow Stroncik and Schmincke (2001) and use the term
pal agonite defined asthe gel-like, amorphous, yellowish material that replaces glass.
The term palagonitization will be used as the process in which glass is atered to
palagonite.

Honnorez (1978) divided the palagonitization process into three different stages:
initial, mature and final stage. The stages are distinguished by the presence or ab-
sence of glass or secondary minerals. The major secondary mineralization products
of palagonitization are the zeolite species phillipsite and the clay species smectite.
The three stages are defined as follows:

(1) The initial stage is characterized by the presence and abundance of unaltered
basaltic glass. Occurrence of altered glassis rare and replacement of secondary
minerals is absent at this point. Spaces between the glass shards, however, are
filled with authigenic minerals.

(2) The mature stage ischaracterized by the alteration of all fresh glass. Theresid-
ual glass begins to be replaced in situ by phillipsite and smectite. Altered glass
is thus associated with both inter- and intragranular authigenic minerals.

(3) The fina stage of palagonitization is characterized by the aimost complete al-
teration of the glass. The final material consists of an aggregate of authigenic
minerals where inter- and intragranular phases cannot be distinguished from
each other since the contours of the parent glassy granules have been obliter-
ated. At this stage, the residual glass has been replaced almost completely by
secondary minerals.

The three stages of the palagonitization process can be explained by the following
two major reactions:

() Fresh glass + seawater — palagonite + intergranular authigenic minerals.
(b) Palagonite + seawater — intragranular authigenic minerals.

Waelton et a. 2005 partly support this interpretation of the palagonitization process
with some exceptions. They had the opportunity to study each stage of alteration
in The Hawaii Scientific Drilling Project 2 Phase 1 Drill Core, since each step was
separated vertically. The initial material in their samples is sideromelane, a vari-
ety of basalt glass that contains few quench crystals and appears transparent and
light colored in thin section. The zone of palagonite formation in their samples
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most closely matches the initial stage as defined by Honnorez (1978) with the
exception that not only are pores filled with secondary minerals but the margins
of glass shards are atered to palagonite and lined with smectite. Another differ-
ence is aso that chabazite is the final product. The alteration follows the mineral
progression described by Honnorez (1978) with smectite and phillipsite but end
with chabazite. The zone of smectitic alteration in their samples resembles the ma-
ture stage of Honnorez (1978) with the exception that the grain replacing material
is primarily smectite and titaniferous spherules, not zeolite. Another difference is
that smectite alteration predates formation of characteristic features of the zone of
palagonitic alteration, rather than following them. Phillipsite form in a late stage
of alteration but chabazite is the final product. The basic reaction is summarized as
follows:

sideromelane 4+ components from pore waters
= palagonite + chabazite + components to pore waters

Walton and Schiffman (2003, 2005) concluded that the alteration was the result of
at least four different processes. dissolution, biological attack producing reddened
smectitic grain replacements, a (presumably abiotic) process producing green smec-
titic grain replacements, and the formation of palagonite.

The geochemical processes behind the palagonite formation are not fully un-
derstood, and different calculation methods related to element mobility have been
proposed (Furnes and El-Anbaawy 1980; Staudigel and Hart 1983; Furnes 1984;
Jercinovic et a. 1990; Walton and Schiffman 2005). In general, during the palag-
onitization process, Mg, Ca, K, P, Ba, Si, Al and Na are leached out of the glass
and Fe and Ti are accumulated in the palagonite. The elements leached from the
volcanic glass are precipitated as intergranular authigenic phillipsite and smectite,
the two major secondary products of palagonitization. In the total rock K, Na, Mg
are enriched and Cais lost while Si, Ti, Al and Fe are unchanged except for the
passive effects of other elements being enriched or depleted. This shows that a
redistribution of most elements occurs during the process. The enrichment of K,
Na and Mg is probably due to seawater contribution, and loss of Ca is probably
due to Carelease to the seawater. The secondary products, phillipsite and smectite,
probably work as traps for seawater K, Naand Mg.

The element distribution in the palagonite shows high local variability and un-
even redistribution of the elementsrelative to the parental glass. In many cases, rinds
with different chemical composition and texture are developed in the same glass
shard due to different processes involving leaching and precipitation of elements at
different stages of the palagonitization. The processes behind the dissolution and
hydration of the original glass have been explained both by congruent dissolution
(Crovisier et a. 1987) and by selective and partial dissolution (Berger et al. 1987).
The most basic process for destruction of the volcanic glassis the dissolution of the
Si-Al network, which requires high pH:s that exceed pH 8.

Thorseth and co-workers (1991) proposed a different evolutionary model that
included several stages. The first step in the ateration process represents an in-
cipient incongruent dissolution of the glass characterized by extensive loss of Ti,
Fe, Mn, Mg and Na. Ca is the second most depleted element and Al the third.
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Si becomes passively enriched during this stage. In the second step the residual
material dissolves congruently producing a porous residue. To achieve extensive
loss and to keep Fe, Al and Ti in solution the pH of the solution needs to be low,
lessthan pH 3. Inthe final stages Si is dissolved which requires high pH and which
leads to a high degree of destruction of the network and a high porosity of the
material. At such high pH Fe, Ti and Al have low solubility and precipitate as hy-
droxides outside the leached zone in the pores. These different stages result in a
zoning of the palagonite with different chemical composition and varied texture and
porosity.

The model by Thorseth and co-workers (1991, 1992) requires pH variations
from acidic to alkaline on a microscale (a few pm). Establishment of such local
microenvironments with divergent pH conditions is difficult in a system with only
circulating fluids. However, Thorseth et al. (1991) identified bacteriaassociated with
the palagonite and the weathering pit-textures of glass and suggested a relationship
between the palagonitization and bacteria activity. They proposed that the bacteria
are able to create microenvironments with very local variations in pH. Depending
on which bacterium is present the pH can be either low or high. At high pH the glass
Si-Al network would suffer strong dissolution, and at low pH elements like Fe, Ti
and Al would be kept in dissolution and removed from the local area. Laboratory
experiments and further field observations have confirmed that microbial activity
plays an important role in the ateration of volcanic glass and oceanic crust (e.g.
Thorseth et al. 1992, 19953, b; Torsvik et al. 1998; Staudigel et al. 1995; Walton
and Schiffman 2003).

4 ODP Leg 197, Emperor Seamounts

During ODP Leg 197 three seamounts belonging to the Emperor Seamounts were
drilled, Detroit, Nintoku and Koko Seamounts (Fig. 1). Emperor Seamounts is the
oldest and northernmost part of the Emperor-Hawaiian volcanic hotspot track in
the Pacific Ocean. During this leg four sites were drilled: Sites 1203 and 1204 on
the summit of Detroit Seamount, Site 1205 on Nintoku Seamount and Site 1206
on Koko Seamount. The greatest depth was 954 m below seafloor (mbsf) and was
drilled at Site 1204 (Tarduno et al. 2002). During this cruise fractured and veined
basaltic rocks were collected to study the occurrence and abundance of sub-seafl oor
microorganisms. Table 1-4 is an overview of the samples used in this study.

The basalts collected during ODP Leg 197 are altered in varying degree and
al three stages of palagonitization are represented in the samples. Volcanic glass
occurs, both unaltered and atered as well as palagonite and the zeolite species
phillipsite. Veinsin less altered samples contain minor zeolites and are usually filled
with carbonates. Asthe degree of alteration increasesin the samples, the abundance
of zeolites increases and the abundance of vein filling carbonates decreases. In the
most altered parts, the veins are only filled with zeolites and almost completely lack
carbonates. Such samples represent the final stage of palagonitization according to
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Fig. 1 Map showing the Emperor-Hawaiian hotspot chain with ages of the specific seamountsin
black and the individual sitesin red. From ODP

Honnorez (1978). Table 5 shows the general chemical composition of the minerals
of interest in this study.

The different stages of alteration and palagonitization were studied to observe
differences in the occurrence of microorganisms with regard to abundance, mor-
phology and association with mineral surfaces. A variety of filamentous structures
was discovered associated with different mineral surfaces and degree of alteration.
Globular cell-like structures were also observed in afew samples. Sections 4.2-4.5
sum up the mineralogical niches where microfossils were found.

To establish a biogenic origin of these structures different methods like ESEM
(Environmental Scanning Electron Microscope), EDS (Energy Dispersive Spec-
trometry), ToF-SIMS (Time of Flight Secondary lon Mass Spectrometry) and Pl
(Propidium lodide) staining were used as described in Section 4.1.
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Table 1 Samplelog for site 1203
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Core, section, Depth Lavalobe Methods Vein minerals  Microfossil
interval (cm) (mbsf) structures
1203A-18R-2, 72  466.02 Lobe Microscopy, Calcite, Sheaths,
interior ESEM goethite segmented
filaments,
globules
1203A-30R-1, 63 570.43 Lobe Microscopy, Calcite, Galleries,
margin ESEM, phillipsite sheaths,
XRD segmented
filaments,
twisted
filaments
1203A-36R-1,37  618.70 Lobe Microscopy, Cadcite Segmented
margin ESEM filaments
1203A-36R-2, 620.17 Lobe Microscopy, Cadcite
130 interior XRD
1203A-41R-5, 0 671.85 Lobebase Microscopy, Calcite, Galleries, sheaths
ESEM phillipsite,
goethite
1203A-42R-2, 678.25 Lobe Microscopy, Calcite, Sheaths
125 interior ESEM phillipsite
1203A-46R-6, 13 719.9 Lobe Microscopy, Calcite,
margin XRD phillipsite,
analcime
1203A-49R-6,22  739.13  Lobe Microscopy, Calcite, Sheaths
interior ESEM phillipsite
1203A-52R-2,57  762.87 Lobe Microscopy — Cacite
interior
1203A-52R-3,40  764.14 Lobe Microscopy — Goethite,
interior calcite
1203A-55R-5,37  797.46  Lobe Microscopy, Calcite, Sheaths
boundary  ESEM, goethite
XRD
1203A-57R-3, 81293 Lobebase Microscopy, Calcite Branched
103 ESEM, filaments,
ToF- sheaths
SIMS
1203A-65R-3,40  878.90 Lobe Microscopy, Calcite, Sheaths,
interior ESEM, phillipsite, segmented
XRD goethite filaments

4.1 Samples and Methods

Samples were selected with the aim of being as representative as possible and to
cover as much variation among the samples as possible. Various parameters were
considered during the selection process like depth, mineralogy, ateration, vein
abundance, vein size and representation of al three seamounts. Since the study
is focused on veins, samples containing veins were chosen over samples that lack
veins. Thirteen samples from site 1203, six samples from site 1204, twelve samples
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Core, section, Depth  Lavalobe Methods Vein minerals Microfossil
interval (cm) (mbsf) structures
1204A-7R-2, 30 821.25 Lobeinterior Microscopy Calcite
1204A-7R-4, 10 823.92 Lobeinterior Microscopy, Calcite, Segmented
ESEM, Goethite, filaments,
XRD phillipsite globules
1204B-2R-4, 115 824.95 Lobeinterior Microscopy, Calcite, Globules
ESEM, phillipsite
fluores-
cence
1204B-12R-1, 24 906.54 Sparsely Microscopy, Calcite, Galleries,
veined ESEM goethite, sheaths,
diabase phillipsite segmented
filaments
1204B-16R-1, 41 935.61 Hyaloclastite Microscopy, Phillipsite,
breccia XRD garronite
1204B-16R-1, 145 936.65 Hyaloclastite Microscopy Phillipsite,
breccia calcite
Table 3 Samplelog for site 1205
Core, section, Depth  Lavalobe Methods Vein minerals  Microfossil
interval (cm) (mbsf) structures
1205A-5R-2, 60 34.48 Clast con- Microscopy, Phillipsite, Segmented
glom- ESEM aragonite filaments
erate
1205A-6R-2, 53 44.33 Massive Microscopy, Aragonite Gadleries,
ESEM amorphous
filaments
1205A-14R-3, 82 84.82 Massive Microscopy, Aragonite
XRD
1205A-19R-4, 48 11453 Sparsely  Microscopy, Aragonite Segmented
veined ESEM filaments
1205A-21R-2, 2 130.69 Massive  Microscopy — Aragonite
1205A-27R-3, 94 181.02  Sparsely Microscopy, Phillipsite
veined XRD
1205A-30R-1, 18 206.28 Massive Microscopy, Aragonite,
XRD chabazite
1205A-36R-1, 23 25453 Massive Microscopy, Gypsum Sheaths,
Raman, segmented
ESEM filaments
1205A-36R-2,104  256.14 Lobe Microscopy, Chabazite,
interior ESEM, aragonite
XRD
1205A-36R-7,108  263.17 Massive Microscopy  Aragonite,
phillipsite
1205A-42R-1,117  293.97 Highly Microscopy, Aragonite,
veined XRD chabazite
1205A-42R-2, 48 29478 Sparsely  Microscopy, Aragonite
veined XRD
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Table 4 Samplelog for site 1206

Core, section, Depth Lavalobe Methods Vein Microfossil
interval (cm) (mbsf) minerals structures
1206A-5R-1, 114 76.24 Hyaloclastite Microscopy, Aragonite Branched
ESEM filaments
1206A-15R-2, 130.89  Noinforma- Microscopy, Aragonite
119 tion/massive XRD
1206-16R-3, 67 136.66  Noinforma- Microscopy, Aragonite, Segmented
tion/highly XRD, goethite filaments
vesicular ESEM
1206A-17R-1, 33 143.13  Lobeboundary  Microscopy  Aragonite,
phillipsite
1206A-18R-1, 153.44  Lobeinterior Microscopy, Aragonite, Sheaths
104 ESEM phillipsite
1206A-21R-5, 95 178.68  Lobebase Microscopy, Aragonite, Globules
fluores- phillipsite
cence
1206A-24R-4, 198.36  Lobeinterior Microscopy, Aragonite, Sheaths
123 ESEM phillipsite
1206A-26R-3, 39 21342  Lobeboundary  Microscopy, Aragonite,
XRD phillipsite
1206A-29R-3, 16 232.63  Lobeinterior Microscopy, Aragonite,
XRD phillipsite
1206A-30R-2, 7 240.77  Lobebase Microscopy, Aragonite, Sheaths,
ESEM, phillipsite globules
Fluores-
cence
1206A-37R-3, 72 295.13  Lobeinterior Microscopy, Aragonite Sheaths,
ESEM, segmented
ToF- filaments,
SIMS, globules
fluores-
cence

1206A-40R-1, 38 306.88  Lobeinterior Microscopy ~ Aragonite
1206A-40R-3, 21 309.32  Noinforma Microscopy, Phillipsite
tion/highly XRD
vesicular

from site 1205 and thirteen samples from site 1206 were chosen. The samples were
prepared as doubly polished thin sections due to their advantages in microfossil
studies over ordinary thin sections (Ivarsson 2006). Propertieslike greater thickness
(~150-200 m) and the possibility to view the samples from both sides result in
advantages such as better visibility, better light conditions and an increased three-
dimensional view compared to ordinary thin sections. These are essential tools in
the study of morphology, microfossil assemblages and association with the sub-
strate that the microfossils are attached to. Samples with different mineralogy and
from different depths were selected to get an overview of the main occurrence of
putative fossilized microorganisms and, if possible, to observe any variationsin oc-
currence, types or habitats. The mineralogy of the veins was studied to determine



Table 5 Table showing EDS data for the minerals discussed in this paper. The datais given in wt%

Elements Volcanic glass Altered basalt Altered basalt Calcite (1204A- Phillipsite Fe-Oxide Fe-oxide
(1203A-30R- (1203A-65R- (1206A-24R- 7R-4, 10) (1204A-7R- (1204B-12R- deposited on a
1,63) 3, 40) 4,123) 4,10) 1, 24) filament (1204B-

12R-1, 24)

C - - - 7.89 - - 25.42

o] 35.60 40.17 41.99 46.66 51.17 47.08 18.28

Na - 2.45 3.00 - 4.48 - -

Mg 0.75 6.81 4.92 - - - 3.76

Al 6.25 6.83 9.05 - 10.99 2.08 5.73

Si 37.59 26.91 24.52 - 28.97 3.20 16.01

K 4.52 - - - 4.39 - 3.52

Ca 473 8.66 7.27 45.45 - - -

Ti - - 1.06 - - - -

Fe 10.55 8.17 8.20 - - 47.64 27.28

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

1SNID D1UEBO0 JO UOIEBY|Y BuLINa SSYIIN 3|CelTeH SNO LA JO UOIRZIUO(0D 1GOOI
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what material the microfossils are embedded in. The degree of ateration of the host
rock as well as the vein filling minerals was studied to know where it would be
easiest to detect unaffected microfossils. Higher degree of ateration can result in
less preserved microfossils.

In some samples with high abundance of filament-like structures, two thin sec-
tions were prepared for different analytica methods. ToF-SIMS, for example, can-
not be performed on samples that have been used in ESEM because the electron
beam in ESEM dissociates adsorbed molecules on the sample surface. This effect
can result in a disturbed surface monolayer. During the preparation of the thin sec-
tions precautions were taken to limit the risk of contamination as much as possible.
Water was used both during the sawing and polishing and the samples were not
heated. Epoxy was used during the preparation process.

The thin sections were not treated with chemicals before ToF-SIMS and ESEM
analyses due to the risk of dissolving organic material in the filaments. They were
only kept in boxes and exposed to the atmosphere as little as possible. They were
aso never touched with ungloved hands and only handled with forceps made of
stainless steel. Efforts were made to avoid introduction of extraneous fluorescent
particles (e.g. threads or dust).

Minerals were identified by a combination of microscopy, Raman spectrome-
try and ESEM. Fossilized microorganisms were studied by a combination of mi-
croscopy, ESEM and ToF-SIMS.

The ESEM analyses were performed using a Philips XL 30 ESEM-FEG whichis
afield emission microscope. EDS analyses were performed using a Philips EDAX
(Energy Dispersive Analysis of X-rays) instrument. The samples were subjected
to a pressure of 0.5 torr and the accelerating voltage was 20kV. The EDS anal-
yses were performed by standardless quantification. The point detection of the
EDS instrument on subjects in the size range of the fossilized filaments, which
never are less than 1, is very precise and the measurements are not mixed with
the surrounding minerals. The element mapping was performed during a period
of 12h.

The Raman microprobe measurements were performed using aHORIBA JOBIN
YVON LabRam-HR equipped with an OLY MPUS BX41 optical microscope and
Si-based charge-coupled device (CCD) detector. Spectra were excited with the
He-Ne 632.8nm line and a 514.5nm line of an argon ion laser. The laser power
was decreased to 0.7mW (measured at the sample surface) to exclude potential
local upheating effects due to heavy light absorption. The wavenumber accuracy
was + 0.5cm 1, and the spectral resolution was about 0.8cm™2.

The ToF-SIMS analyses were performed using a ToF-SIMS IV (ION-TOF
GmbH Germany), equipped with Bif and Cf; cluster ion sources. All analyses were
done using keV BiJ primary ions.

The fluorescence microscopy was performed using an OLY MPUS Vanox epi-
fluorescence microscope, and the samples were stained with Propidium lodide (PI).
Pl isadye that binds to cells with damaged membranes and indicates dead bacteria
and traces of DNA (Tobin et al. 1999). The disadvantage of using Pl is that its
potential to bind with minerals has not been systematically studied. However, the
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thin sections were examined with fluorescent microscopy before staining to deter-
mine that no native fluorescence occurred in the regions of interest.

Each thin section was rinsed with 70% ethanol for 30 min before staining. The
thin sections were then stained with Pl (1.0 mg/mL solution in water) and exposed to
the dye for 3060 min. After exposure to PI the thin sections were rinsed repeatedly
by phosphate buffered saline solution before they were studied under fluorescent
microscope. To be ableto penetrate cavities and fracturesin the mineral sthe samples
were pressurized in cycles between 1.5 and 0.3 torr in ESEM. By this method the
PI stain was forced into zeolite fractures. Thin sections were also treated with HCI
in some cases to dissolve the calcite and more easily reach the fossilized microor-
ganisms. However, the microfossils were not entirely exposed. The purpose of the
HCI treatment was to produce cracks and fractures in the thin sections that the dye
could use to penetrate down to the microfossils. All steps of preparation took place
before staining. The samples that were treated with HCl were also pressurized in
cycles during washing to remove unbound stain.

4.2 Tunnel Structures in Volcanic Glass

Thin, threadlike tunnels with an undulating appearance were found in the basaltic
glass (Fig. 2A and B). These tunnel-like textures extend perpendicularly to the vein
walls, from the glass surface and inwards into the glass. They occur in abundance
and usually extend in both directions from the vein boundaries, giving the veins
a “hairy” appearance. The tunnels are between 2 and 5 m thick and can vary in
length from ~20 to ~200 wm. Most commonly they are somewhere between 100
and 200 pmin length. They are characterized by subdivided internal texturesthat in
several cases make the tunnels look as though they consist of individual segments
(Fig. 2B). Most tunnels end with an almost round and much thicker part compared
to therest of the tunnels.

EDS analyses show that the C content in the galleries range between ~10 and
~40 wt% C (Table 6) and element mapping shows that the C is not bound in carbon-
ates (Fig. 3A). Minor amounts of Al, Mg, Si, Na, K, Ti and Fe also occur, probably
as traces from the host rock.

4.3 Fossilized Filaments Attached to Altered Basalt and Altered
Volcanic Glass

In contrast to the tunnel-like textures that extend into the volcanic glass, fossilized
filament-like structures attached to the volcanic glass are found in several samples
(Fig. 4). These filament-like microstructures are usually attached with one end to
the volcanic glass of the vein walls and with the rest of the filament embedded in
the secondary vein filling minerals like calcite, aragonite or gypsum. Some filament
features are attached with both ends to the volcanic glass. Usualy, the filament
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Fig. 2 Microphotographs obtained with transmission light microscope showing tunnel structures
involcanic glass from sample1203A-30R-1, 63. Picture A show several tunnel structures emerging
perpendicular from avein and into volcanic glass. Picture B is a close up showing the segmented
internal structure of the tunnels. The scale bar in picture A is 10 wm and in picture B 1 pm

structures have a “worm-like”, smoothly curved appearance and are ~10-100 pm
long and ~2-10 pm thick.

The filamentous microstructures vary greatly both in appearance and size. They
were divided into five different types according to morphology: sheaths, segmented
filaments, amorphous filaments, twisted filaments and branched filaments. Sheaths
are made up of hollow, tube-like filamentous structures that resemble one thinner
tube inserted into athicker one (Fig. 4A). Thistypeistypicaly attached to volcanic
glass at both ends as opposed to the other classes which are attached only at one



Table 6 Table of EDS data showing the chemical composition of tunnel-structures, filaments attached to both altered basalt and phillipsites, globules attached
on phillipsite and biofilm occurring on the surfaces of som phillipsites. The dataiis given in wt%

Elements Tunnel- Tunnel Filament, Filament, Filament, Filament, Filament  Filament  Globule Globule Biofilm
structure  structure  sheath segmented  amorphous  twisted branched  attached to (1206A- (1206A- (1206A-
inglass in glass (1206A- (1204B- (1205A- (1203A- (1203A- zeolite 37R-3,72) 30R-2,7) 30R-2,7)
(1203A- (1205A- 18R- 12R-1,24) 6R-2,53) 30R-1,63) 57R-3,40) (1206A-
30R-1,63) 6R-2,53) 1,104) 37R-3,72)

C 12.03 36.13 50.42 40.95 9.53 24.70 51.39 41.28 42.46 50.42 59.08

(0] 41.38 30.63 18.28 23.68 34.86 33.60 23.09 15.68 21.21 18.28 24.08

Na 1.64 1.09 0.44 0.71 - 1.03 - - - - -

Mg 4.67 3.28 3.76 0.79 144 2.37 474 8.36 212 3.76 -

Al 7.93 5.75 5.73 112 1.84 3.74 172 1.47 2.65 573 -

S 21.60 17.04 16.01 2.58 4.45 16.75 8.32 20.33 16.17 16.01 -

K 1.37 0.99 171 - - 2.54 - 0.89 3.98 3.52 -

Ca - - 137 1.39 184 - 3.49 - - - 16.84

Cl - 0.66 - 0.77 0.54 - - - - - -

Ti 2.54 - - 0.69 1.09 - - - - - -

Fe 6.84 4.42 2.28 27.32 44.42 15.28 7.26 11.99 11.41 2.28 -

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

1SNID D1UEBO0 JO UOIEBY|Y BuLINa SSYIIN 3|CelTeH SNO LA JO UOIRZIUO(0D 1GOOI
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Fig. 3 Element mapping by EDS. ESEM microphotograph to the left, carbon distribution in the
middle (green) and calcium distribution to the right (red). A: (1203A-30R-1, 63) Tunnel structures
involcanic glass. To theleft in the pictureisavein filled with calcite or clay from which the tunnels
are emerging. White arrows indicate carbon enriched in tunnel structures. B: (1203A-57R-3, 103)
Filament in calcite. Scale barsare 5 um

end. Thisisalso the most common kind. Segmented filaments resembl e the previous
type but lack the consistent tube shape. Instead, they consist of individual segments
making up along filament (Fig. 4B). This seems to divide the filament in individ-
ual divisions or segments that are connected to each other. Amorphous filaments
are microstructures with no visual inner texture (Fig. 4C). The only characteristic
feature is a thicker, spherical end at the top of the filament like a bean on a stalk.
Twisted filaments are the least common type. It only occurs in one single sample
(Fig. 4D). It resembles the first two types in shape but lacks the tube-like outline
as well as the segments. Instead, the filaments are twisted in a screw-like fashion.
Branched filaments consist of agroup of filamentous structures that branch off from
each other creating acomplicated network. These filaments are abundant where they
occur and occupy considerable space. In some samples they fill a whole vesicle or
parts of veins (Fig. 4E).

All the filament-like structures occur together in accumulations and very sel-
dom as single features (Fig. 4F). Commonly they occur in thin veins, a couple
of mm thick, inside volcanic lobes where veins are sparse. In brecciated, heav-
ily altered samples where veins are wider and much more common, the filaments
are absent. The filament-like structures are also closely associated to globular Fe-
oxyhydroxides. In some samples, iron-oxides are attached or assimilated onto the
filaments (Fig. 5A and B).

The filamentous structures are all relatively similar in chemical composition and
dominated by carbon and iron contents. The carbon content varies between different
filaments from ~10 wt% to ~50 wt% (Table 6). The iron content is also highly
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Fig. 4 Microphotographs obtained with transmission light microscope showing the different
types of fossilized filaments according to morphology. A: sheaths (1206A-18R-1, 104), B: seg-
mented filament (1204B-12R-1, 24), C: amorphous filament (1205A-6R-2, 53), D: twisted filament
(1203A-30R-1, 63), E: branched filaments (1203A-57R-3, 40) and F: Colony of microfossils
(1206A-18R-1, 104). The light minera in which the filaments are embedded is calcite/aragonite
and the dark material that they are attached to is basalt/altered basalt. Scale barsin A-E are 5 um,
F are 10 um. X marks the analysis point. In C the X is removed because it blocks the view of the
morphology. However, the analysis was performed on the top of the filament
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Fig. 5 Microphotograph showing Fe-oxyhydroxides deposited onto filamentous structures. A:
(1204B-12R-1, 24) In B (1203A-49R-6, 22) it is possible to see the original filament in the middie
and globular Fe-oxides precipitated on the surfaces. Table 1 show the chemical composition of the
Fe-oxides on the filamentous structure. Scale bars are 10 um

varied with contents from only a couple of weight percent to up to ~50 wt%. There
are also variations in elements like Si, Al and Mg between a couple of wt% up
to ~20 wt% as well as minor variations of a couple of wt% in Ca, K, Cl and Ti.
Element mapping demonstrate that the C is not bound in carbonates (Fig. 3B).
Figure 6 shows ion images for C,H4, Fe and POz from the ToF-SIMS analysis
performed on sample 1206 37R3, in which these signals are concentrated at the spot
where afilament structure reaches the surface. The corresponding spectra from this
spot (Fig. 7) show adistinct signal from amolecule with mass 783.6 u (atomic mass
unit), appearing as protonated/deprotonated molecular ions at 784.6 and 782.6 u,
respectively. The peak patternsfor these signals are similar to that typically seen for
lipids. We have, however, not yet been able to identify the molecule in question.

4.4 Fossilized Globules and Filaments Attached
onto Zeolite Surfaces

Small, globular microstructures, ~1-2 wmin size, are found attached to zeolite sur-
faces and embedded in calcite (Fig. 8). These features appear in abundance and
have a reddish appearance under the microscope. They can sometimes cover the
whole outer surface of aborder of fan-shaped phillipsites and give it ared color. In
microscopy the globules appear to be connected by a thin film that goes along the
surface of the phillipsites (Fig. 8C). It usually appears asif the film is attached to the
zeolite surface and that the globules are concentrated within this film. The globule
itself is, thus, not always attached to the zeolite surface but incorporated in the film
that is attached to the mineral surface.

The chemica composition of the globulesisrather uniform, but it isworth noting
the carbon content of the globules that ranges between ~10 and 50 wt% (Table 6)
compared to ordinary globular iron-oxides that contain no C at all (Table 5). The
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PO; (neg) C2H, (pos) Fe (pos)

Fig. 6 ToF-SIMS video microscope image of analysed area (green rectangle) on sample 37R3, and
the corresponding secondary ion images (field of view = 500 x 500 p.m) for PO3- (diagnostic ion
for phosphates), CoH; (fragment ion from organic molecules), and Fe. The negative ion images
is dightly misaligned with respect to the positive ion images, but comparison with the overall
structure of the images shows that the three depicted substances are co-localized in the middle of
structure indicated in the video image. The square in top picture shows the surficial part of the
filament

globules further have an iron content between ~3 and 20 wt%. Fluorescence mi-
croscopy showed that Pl binds to the globules (Fig. 8D).

Ordinary iron-oxides found throughout the samples show features that differ
from the globules found on the zeolite surfaces. The iron oxides occur most fre-
quently associated with altered basalt and rarely with zeolites. Theiron oxides occur
in accumulations of several hundred globules and seldom as single features. They
contain no C at al and do not bind to PI.

The chemica composition of the film found on zeolite surfaces is characterized
by acarbon content of ~50 wt% C. The areawhere thisfilm appearsis at the border
between the phillipsite and the calcite, and it is therefore highly influenced by the
calcite. Thisis shown by avarying content of calcium. However, the carbon content
is always much higher than the calcium content in comparison to the calcite where
it isthe other way around. In some cases Pl binds to the film.

In rare cases filament-like structures associated with the zeolites occur (Fig. 9).
These fossilized filament-like structures are usually attached to the zeolite surfaces
with one end and stretches out into the vein where they are embedded in the calcite.
In some cases the filament-like structures reach from one side of avein to the oppo-
site side where they are attached with their second end to the zeolites. The filament
structures appear to originate from cracks and wedge-like cavities in the zeolites
(Fig. 9C). The filaments are relatively long, ~100-200 wm in length, ~5 um thick,
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Fig. 7 Positive (upper panel) and negative (lower panel) secondary ion mass spectra from sample
37R3. The spectrawere extracted from the area showing high Fe and C,H, signalsintensitiesin the
ion images in Fig. 6. The peak cluster at 784 u (inset, upper panel) shows a pattern that is typical
of lipids

and have an undulating appearance. It is possibl e to distinguish asegmentation of the
filament-like structures and they are, just like the globules, reddish in appearance.
The chemical composition of the filament-like structures is very similar to the
chemical composition of the globules. It is interesting to note the carbon content
that is ~40 wt% C (Table 6). Pl binds to surficial parts of the filaments (Fig. 9D).
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Biofilm

Fig. 8 Microphotographs obtained with light microscope showing the general occurrence of glob-
ular micro-structures associated with phillipsite surfaces. A: (1204B-2R-4, 115). In B (1206A-
37R-3, 72) it is possible to see the biofilm aong the phillipsite surface. C: (1206A-37R-3, 72)
Close-up of the globules and the biofilm in which the globul es are concentrated. D: (1206A-21R-5,
95) Fluorescence. Globules associated with the phillipsite surface and concentrated in a biofilm.
Pictures on theleft side show prior to staining with Pl. Pictures on the right hand show after staining
with Pl and with fluorescence. Scale bar in A: 50 um, inB and D: 10pmandin C: 1 um
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Furthermore, the presence of globules and filamentous structures on phillipsite
surfaces are accompanied with a marked increase in westhering of the zeolite sur-
faces (Fig. 10A). Where globules are present the minera surface is characterized
by circular holes and depressions, ~1 wm in diameter. Phillipsites lacking globules
have a smoother surface without cavities. They can, however, have athin alteration
zone parallel to the mineral surface (Fig. 10B).
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Fig. 9 (continued)
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Fig. 9 (1206A-37R-3, 72). A—C: Pictures showing fossilized filaments attached to phillipsite sur-
faces. In A it is possible to see how some filaments stretch from one vein side to the other. C: Close
up on the base of the filaments attached to phillipsite surfaces. Note how they appear to originate
from cavities and fractures. D: Fluorescence. Left picture show prior to staining with PI and right
picture show after staining with PI and with fluorescence. Scale barsin A and B: 100 um. Scale
bar in C: 10 um. Scalebar in D: 5um

4.5 Fossilized Globules in Zeolite Cavities

Phillipsite crystals can appear as single crystals along the vein walls or in minor
assemblages of single crystals. However, in more altered zones these single crystals
cluster to fan-shaped or rosette-like assemblages with several hundred individual
crystalstogether (Fig. 11A). In the center of such an assemblage the crystals appear
to be rather massive and intergrown, and it is difficult to single out one individual
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Fig. 10 (1204B-2R-4, 115) ESEM pictures showing the different degree of weathering due to
presence of globular structures on the surfaces. A show a highly weathered phillipsite crystal
with a surface deformed by depressions and cavitities (dark patches). The white dots are globules
still attached to the surface. B show a phillipsite crystal that has not been subject of microbial
weathering. The rind paralel to the mineral surface is an alteration zone, most likely abitocally
produced

crystal. Farther out in the assemblages, however, the crystals separate from each
other and at the outer limit each single crystal points out as a needle, giving athorny
appearance to the whole “phillipsite rosette’. In between these crystals wedge-
shaped cavities occur. These wedges have an orifice width of ~2—7 wm and become
less wide toward the bottom of the cavity. The length of the wedges varies but is
usually about ~10 wm. The wedges are sometimes empty but more often filled or
partly filled with minerals. In some cases these wedges are filled with the overall
vein mineral that usually iscalcite or aragonite, but in many casesthey arefilled with
iron oxides. These iron oxides were identified by Raman spectrometry to consist of
both goethite and hematite (Fig. 12). A characteristic feature of these iron minerals
isthat they have aglobular nucleusin the middle (Fig. 11). These globulesresemble
those found attached onto the zeolite surfaces. Usually the globules occur as single
features in the bottom of the wedges or attached on one side of the inner walls,
surrounded by an iron phase. The abundance of these sorts of features varies but in
many cases every second cavity is partly filled with some iron oxides containing a
globular structure. Phillipsites containing a considerable amount of iron oxides have
ared-yellowish appearance visua to the eye. The globules found in wedges do, just
like the globules attached on the phillipsite surfaces, bind to Pl (Fig. 11C).

4.6 Alteration Zones

Most surfaces of altered glass and basalt are characterized by parallel alteration
rims towards the veins (Fig. 13). These alteration rims reflect different alteration
processes in the basalt where various elements either are leached or precipitated
at different intervals. The elements Si, Al, Na, Mg, K, Ti, Ca and Fe vary with
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Phillipsite

Iron oxide

Calcite
Globule

Biofilm

Fig. 11 Microphotographs of zeolites obtained with light microscope. A (1206A-21R-5, 95): Fan-
shaped phillipsite assemblage. B (1206A-21R-5, 95): Wedge-shaped cavities in phillipsite with
globules and iron oxides. Note how the globules and iron oxides are concentrated to the bottom of
the wedges. C (1206A-21R-5, 95): Fluorescence. Pictures on the left side show prior to staining
with PI. Pictures on the right hand show after staining with Pl and with fluorescence. Globules
both on the surface and in the wedge. Note how the film along the zeolite surface fluoresce as well.
Scale bars: 10 um
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respect to each other in between these zones. Surfaces onto which filamentous
structures are attached differ in composition compared to structures where no fila-
mentous structures are attached (Table 7). At surfaces where filaments are attached,

the concentration of the elements Si, Al and Na decrease toward the veins and Mg
increases toward the veins. The elements K, Caand Ti do not show any strong trend.

Goethite

2500

1500 ‘

o )ﬁ\ \/

1037
3 1078
1120
1162
1203
1244
1285
1325
1366
1406
1445
1485
1525
1564
1603
1642
1681
1719
1757
1795

Hematite

1200

Mwm\,// ¥ "_ MJ

S 8 S EAR0C3BB3BPAo B e BT REAE e EEYHRE®
Wavenumber (cm-1)

Fig. 12 (continued)



Microbial Colonization of Various Habitable Niches During Alteration of Oceanic Crust 97

Phillipsite

400
350
300
250
200
150

100

) T Y

100
196
290
384
475
566
656
744
830
917
002
086
169
251
332
412
492
570
647
724
799
874
947
020
093
164
234
304
373
440
508
575
641
706
7
3
9
6
2.
83
3143
3203

Wavenumber (cm-1)

Fig. 12 Raman spectra of goethite and hematite from mineral inclusions in wedge-shaped cavities
in phillipsites as well as a spectra of the host mineral, phillipsite. Raman spectra obtained from
sample 1206A-21R-5, 95

Fe, however, is highly enriched toward the outer zones as well as Mn occasionally.
Fe and Mn show, in some samples, very distinct zones where either one is enriched
or totally depleted. They seldom occur in the same zone together.

At the surfaces where no filaments are attached, Fe is more or less unaffected and
shows no distinct enrichment toward the outer zones. In many cases Fe shows the
opposite behavior and decreases toward the vein margins. Similar trends are found
for the other elements as well, with either small changes toward the veins or the
opposite behavior compared to the zones where filaments are attached.

5 Discussion

5.1 Biogenicity of the Structures

The tunnel structures found in the samples of volcanic glass from ODP Leg 197
closely resemble structures found by e.g. Fisk et al. (1998, 2003), Furnes and
Staudigel (1999), Furneset al. (2001, 2004), Storrie-Lombardi and Fisk (2004). The
structures in those reports have been interpreted as results of microbial activity and
recognized as reliable textural biomarkers in volcanic glass (Staudigel et al. 2006;
Fisk et al. 1998; Furnes et al. 2001, 2004). The C content ranging between ~10 and
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Fig. 13 Microphotograph obtained with plane-polarized light microscopy showing profiles along
ateration rinds in glass shards. The profiles start in the unaltered center of the glass shards and
progress outwards. Figure A, B and C represent surfaces with attached filaments. Figure D, E
and F represent surfaces without attached filaments. EDS data for the rinds are given in Table 3.
A and B: 1203A-30R-1, 63. C: 1203A-41R-5, 0. D: 1204B-16R-1, 41. E and F: 1204B-16R-1,
145Scale bars are 50 um except in C in which the scale bar is 10 um



Table 7A Alteration zones associated with microfossils. PA, PB and PC represent profiles beginning within a glass shard and going outwards to the veins,

crossing different zones (Fig. 13 A, B, C). The datais given in wt%A

(@]
C
Na
Mg
Al
S
K
Ca
Ti
Mn
Fe
Total

40.32
4.59
5.26
1.00
7.54

23.19
0.56
520
154

10.80
100.00

40.38
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1.29
1.50
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Table 7B Alteration zones associated with surfaces lacking filamentous structures (Fig. 13 D, E, F). The dataiis given in wt%B

PD1 PD2 PD3 PD4 PE1 PE2 PE3 PF1 PF2 PG1 PG2
O 43.43 41.02 43.46 40.72 40.78 44.71 44.61 45.45 47.41 44.68 46.78
C - - - - - - - 451 514 4.56 4.09
Na 543 1.96 177 2.79 1.16 2.20 2.93 181 1.73 1.58 1.72
Mg - 4.92 4.45 4.94 6.13 4.53 5.00 7.76 3.82 7.54 4.07
Al 17.88 9.01 9.47 9.08 8.02 9.36 8.99 6.16 11.14 6.20 11.62
Si 23.76 24.92 26.37 24.80 22.94 27.77 23.72 2217 2457 20.60 25.27
K - - 3.13 - 1.15 2.98 - 1.69 2.26 1.23 231
Ca 8.62 7.48 137 .77 7.60 - 6.79 - - - -
Ti - 1.35 - 1.26 118 - 1.07 0.53 - 371 -
Fe 0.88 9.34 9.98 8.64 11.04 8.45 6.88 9.91 3.93 9.89 4.14
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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~40wt% C and the fact that the carbon is not bound to or associated with carbonates
suggests that the tunnel structures presented in this paper contain organic carbon.

Observations of filamentous microbial structures or putative microfossils from
sub-seafloor environments are on the contrary rare. Filamentous microorganisms
have previously been found attached to volcanic glass or atered basalt from the
ocean floor (Thorseth et al. 2001, 2003) and filamentous microorganisms as well as
filamentous structures interpreted as biogenic in origin have been found in Fe- and
Mn-deposits associated with hydrothermal vents (Boyd and Scott 2001; Edwards
et al. 2004, 2003; Emerson and Moyer 2002). Filamentous structures associated
with iron oxides observed in vent fluids have been suggested to originate from
sub-seafloor environments and to have been transported to the ocean floors by hy-
drothermal fluids (Kennedy et al. 2003). Putative filamentous microfossils have also
been found in ancient hydrothermal deposits (Rasmussen 2000; Little et a. 2004).

The filament structures found in our samples bear a close resemblance morpho-
logically to some of the microbial filaments and putative fossilized microorganisms
described in the reports mentioned above. Morphological structures like a twisted
stalk, segmented filaments and tubular-like sheaths are common features of such
microbial filaments (Emerson et al. 2002; Kennedy et al. 2003; Little et al. 2004;
Edwards et a. 2004).

The carbon contents (between ~10 wt% and ~50 wt%) and the concentration
of carbon in the filament structures compared to calcium, which is depleted in the
filament structures, show that the carbon is not bound in the carbonates. The concen-
tration of C,H4 and lipidsin the filamentous structures and their binding to Pl show
that they contain organic carbon, organic compounds and that they most likely are
biogenic in origin. Lipids are excellent biomarkers, and ToF-SIMS has previously
been reported to be a very good tool for the identification of biomarkers (Steele
et a. 2001; Toporski and Steele 2004; Thiel et al. 2007). Pl has been shown to bind
to cells with damaged membranes and indicates dead bacteria and traces of DNA
(Tobin et al. 1999).

Globular iron oxides are found throughout the samples of Leg 197 and are
a characteristic part of the vein mineralogy. Such iron oxides are described in
the Initial Reports of the ODP Leg 197 and belong to the alteration assemblages
(Tarduno et al. 2002). However, the globules associated with the zeolite surfaces
vary in several ways from ordinary iron oxides. Iron oxides seldom occur as single
features but, more commonly, assemblein clusters of several hundred iron globules.
The globules found on the zeolite surfaces occur one to one, almost lined up aong
the surfaces. They never occur in assemblages but are concentrated in the film as
single features. Another difference is that they almost exclusively are associated
with the zeolites where the filaments are attached. However, the most striking dif-
ferenceisthe chemical content. Iron oxides are amost exclusively made up of iron
and oxygen with minor traces of silica, aluminum and magnesium. The iron oxides
contain no carbon at all even though they occur in calcite, and traces of carbon from
the calcite could be suspected to interfere with the EDS analyses. The globules
associated with the zeolite surfaces, on the other hand, contain high amounts of
carbon and less iron, even though iron is an important constituent in those as well.
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The globules associated with zeolites also bind to the pigment Pl which ordinary
oxides do not. The enrichment of K further suggests that organic remnants are still
present in the globules (Staudigel et al. 2004; Furnes and Staudigel 1999; Thorseth
et al. 19953).

The globules associated with zeolites probably represent fossilized microbial
cells, considering the differences from ordinary iron oxides, the carbon content and
the binding to PI. Fossilized or encrusted cell-like microorganisms have previously
been found in ocean-floor basalts (Thorseth et a. 2001, 2003) and in ancient hy-
drothermal deposits (Westall et a. 2000). Thorseth et al. (2003) even found en-
crusted cell-like structures attached to phillipsite surfaces that they interpreted as
former microorganisms. The cell-like structures in our samples have probably been
attached to the zeolite surfaces or attached via a biofilm to the surfaces. The film that
coversthe mineral surfaces and concentrates the microbial cellsis most likely ami-
crobially formed biofilm considering the C content and binding of PI. The cell-like
structures Thorseth et al. (2003) found attached to phillipsite surfaces in samples
from the Australian Antarctic Discordance (AAD) were, however, attached directly
onto the mineral surfaces and did not involve a biofilm.

The globules found in the wedge-shaped cavities in the phillipsites are most
likely biogenic in origin as well, considering the close relationship with the other
globules and the binding of Pl. It is probable that the wedges act as protective
micro environments where microorganisms can thrive. The bacterial cells are well
protected from a harsh environment in the bottom of these wedges, and the fact
that filaments originate and protrude from these cavities indicates that they serve as
viable micro environments for microbia life.

The fossilized microorganismsin our samples are interpreted to have lived in the
open spaces of the veins while the veins still were circulated by fluids. There,
the microorganisms were anchored to volcanic glass, altered basalt and zeolites in
the vein walls and lived in the circulating fluids. As soon as the veins were filled
with carbonates precipitating from the fluids, the microorganisms were entrapped
and preserved within these mineral phases. The formation of the minerals and the
embedding of the microorganismswere arelatively quick event considering the high
grade of preservation of the structures (morphology, high carbon content and occur-
rence of lipids).

5.2 Microbial Colonization of New Habitats During Alteration
of the Ocean Crust

The variety of habitable niches in the samples from ODP Leg 197 covers all stages
of palagonitization, from the initial stage represented by tunnel structures in fresh
glass via the mature stage represented by attached filaments on altered glass and
basalt to the final stage where microbes are both attached on and found in cavitiesin
zeolites. Following isasummary of the different micro-environments/habitats found
in the samples from ODP Leg 197:
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=

Tunnel structures (galleries) in volcanic glass.

2. Fossilized microorganisms attached to surfaces of altered volcanic glass and
basalt.

3. Fossilized microorganisms attached to zeolite (phillipsite) surfaces.

4. Fossilized microorganisms in wedge-shaped cavities in between phillipsite

crystals.

It isinteresting to note how the association with the substrate varies with the degree
of ateration. In fresh glass the microorganisms almost exclusively live within tunnel
structures in the material. As soon as the volcanic glass is dightly atered and an
alteration front is produced at the outer zone of the glass surfaces, the microorgan-
isms are attached onto the surfaces instead. When the alteration proceeds resulting
in zeolite formation the microorganisms are till attached on the surfaces, but as
the zeolite formation increases, and larger accumulations of zeolites are formed, the
microorganisms col onize wedge-like cavities in the zeolites as well.

Several different types of inhabiting behaviors occur. To distinguish between the
different types some terms have to be introduced. Normally for microorganisms that
live within minerals or rocks, the term endoliths is used and would be applicablein
this case as well because all these microfossils are found within cracks and fissures
in the rocks. However, there is a need to specify their behavior even more because
some microbes are found attached onto mineral surfacesin veins and some in tun-
nels or cavities within the minerals. The latter circumstance is also in some cases a
result of microbial activity which needs to be specified. Usually in the literature en-
doliths are divided into euendoliths, cryptoendoliths and chasmoendoliths according
to their relationship to the substrate (Golubic et al. 1981; Ehrlich 1996; McLoughlin
et al. 2007). Euendoliths are microorganisms that actively bore in rocks and create
microtubular cavities. Cryptoendoliths are microorganisms that invade preexistent
pores in rocks where they cause alteration of the rock in the area that they inhabit.
Chasmoendoliths are microorganismsthat invade preexistent cracks without altering
the rock. In the case of the samples of the ODP Leg 197, the tunnel structures in
glass would be a result of euendoliths. It is most likely, based on previous reports
(Staudigel et al. 2006; Fisk et a. 1998; Furnes et a. 2001), that the microorgan-
isms are completely responsible for the tunnel structures and therefore would be
boring microbes. In contrast, the globules found in wedge-like cavities in between
phillipsite crystals occupy aready existing cavities and have not been observed to
cause dteration of the mineral and would therefore be termed chasmoendoliths. The
iron oxides that they are associated with probably do not originate in the minerals
themselves but rather represent dissolved iron from fluids penetrating the cavities
and scavenged by the microbes. The filaments and globules found attached onto
mineral surfaces in veins occupy already existing spaces but appear to be involved
in the alteration of the minerals. Therefore they are termed cryptoendoliths. The fil-
aments attached onto volcanic glass, basalts and altered glass or basalt are involved
in the oxidation of the substrate and probably mediate the alteration processes. The
globules found attached onto phillipsites are clearly involved in the weathering and
dissolution of the minerals. Phillipsites associated with globules are much more
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Table 8 Table showing the different stages of palagonitization vs. microbial association with the
mineral and microbia morphology

Degree of palagonitization:  Initial stage = Mature stage Final stage
Mineralogy and Fresh glass Palagonite & zeolites Zeolites & minor
ateration traces of palagonite
Microbial association Euendolithic ~ Cryptoendolithic Cryptoendolithic and
with the substrate chasmoendolithic
Microbial morphology Cells Filaments Cells and filaments

weathered than phillipsites that lack attached globules. Table 8 summarizes the dif-
ferent behavior types with the different stages of alteration.

Another feature that vary with the different microenvironmentsis the variations
in morphology. The tunnel structures in fresh glass are, most likely, dominated by
single cellular structures. No filamentous microfossils are observed in these sam-
ples, but previous reports of similar structures have been associated with bacterial
cells (Thorseth et a. 1995a; Furnes et al. 1996, 2001). Attached microorganisms
on altered basalt and glass, on the other hand, appear to be dominated by filament
structures. The zeolites appear to be dominated by globules, both attached on the
surfaces as well as in the cavities, but in rare cases filaments occur, usualy pro-
truding from a wedge-like cavity or a crack in the mineral. It appears asif different
types of morphology are more frequent than others in certain microenvironments.
Globules, for example, appear to dominate the euendoliths and chasmoendoliths
that are found in narrow fissures while filaments dominate the cryptoendoliths at-
tached onto surfaces in wider veins. Whether it is the same species that evolves
as the external environment changes or if different species replace each other is
difficult to determine. Thorseth et al. (1995b) observed that the morphology of
microorganisms attached to volcanic glass changes over time from cells to stalks
and filaments and they interpreted it as different species that dominated each other
during specific periods of time and also were responsible for leaching of different
elements. Microorganisms are known to adopt various modes of life at different
stages in their life cycle or in response to a changing external environment (De
los Rios et al. 2005). At this point, however, it is impossible to conclude anything
regarding microbial adaptation but only establish the various niches microorganisms
are found in and the different modes of life that appear to be characteristic for each
inhabitable niche.

5.3 Element Accumulation and Possible Energy Sources

An attempt to discuss or draw some conclusions regarding what elements the mi-
croorganisms once used as energy sources can be rather speculative and risky.
However, it is commonly accepted that elements involved in the metabolism of
the microorganisms are accumulated in their cells, cell walls or deposited onto
the microbes (Ehrlich 1996). Microorganisms and microfossils found in seafloor
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environments usually are encrusted with iron oxides (Thorseth et a. 2001, 2003).
This encrustment usually contains minor amounts of other elementslike Si, Al, Mg,
Na, Ti and Mn, but Fe and Mn are the only elements with redox potential useful for
microbes. Since reduced iron is abundant in such environments, for example in vol-
canic glass and unweathered basalt mineralslike olivine and pyroxene, it isavailable
for microorganismsto oxidize. Thusironis, most likely, the most accessible element
for microorganisms. Severa studies on microbes collected around hydrothermal
vents on the ocean floors and cultivated in laboratories support this and suggest that
ironisan important energy sourcein these environments (Edwards et al. 2003, 2004;
Emerson and Moyer 2002). Manganese oxidation has been proposed as well due
to enrichment of Mn in encrustations (Thorseth et a. 2003). However, manganese
oxidation has not yet been proven in autotrophy, only in heterotrophy which is not
likely in sub-seafloor environments.

5.4 Redox Driven Colonization of New Niches

The iron content of the filaments, the close association with iron oxides and the
deposition of iron oxides onto the surfaces of the filaments of the samplesfrom ODP
Leg 197 indicate that the microorganisms were involved in iron oxidizing reactions.
For the microorganisms living in the tunnel structures in the volcanic glass, iron
is an obvious energy source since glass contains reduced iron. By inhabiting such
phases the microorganisms can mediate iron oxidation and gain metabolic energy
from it. The filaments found attached to altered glass and basalt have also clearly
inhabited environments where redox reactions were favored. Table 7B shows that
the microfossils are strongly associated with surfaces where iron has been highly
accumulated in the outer alteration zones. It is difficult to assess whether thisis due
tothemicrobial activity or if the microbesjust select areas that contain high amounts
of reduced iron so the conditions for iron oxidation are favorable. Rogers and Ben-
nett (2004) showed that microorganisms preferentially colonize and weather sili-
cates that contain the limiting nutrients P and Fe, while leaving similar non-nutrient
silicates uncolonized and unweathered. The close association between microfossils
and iron oxides, the accumulation of iron oxides onto the filaments, the high iron
content of the filaments as well as the higher degree of alteration and accumulation
of iron at the surface zones where the microfossils are found indicate that the mi-
croorganismsin our sampleswere involved in the alteration and oxidation reactions
and probably mediated such processes.

The microfossils found associated with zeolites are a bit harder to explain. They
have, most likely, been involved in iron-oxidation reactions but the source of iron is
not entirely clear. The phillipsites do not containiron in their stoichiometric formula.
That leaves two alternatives, oneis that they use dissolved iron from the hydrother-
mal fluids and the second isthat their activity leads to dissolution of the zeolite min-
eral and that iron trapped within the zeolitic framework is released and scavenged
by the microbes. Zeolites are known as good adsorbers of almost everything from
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organic compounds via gases to metals. Iron is known to be adsorbed in zeolites
(Sheta et al. 2003) and since the zeolites that are associated with microfossils are
more weathered than zeolites not associated with microfossils, it is possible that
iron isreleased during the microbial activity. Thisindicates that iron isan important
energy source for microorganisms in these environments. However, that does not
exclude these other elements or compounds as energy sources. Compounds like Ha
or CH4, which do not accumulate as easy as iron in the microfossil encrustations,
could also have been used (Sposito et al. 1999).

The various habitats where microfossils are found, except the zeolites, all rep-
resent microenvironments with high redox potential. It appears as if the microbes
prefer such habitats and that the selection and colonization of new habitats are in-
fluenced by redox chemistry.

5.5 Implications for the Deep Sub-seafloo Biosphere

As the ocean-floor basalts weather and are being subject to alteration processes,
the conditions for the deep biosphere change and there is a need for organisms
to inhabit new environments. Volcanic glass has previously been shown to harbor
microbial communities (Fisk et al. 1998, 2003; Storrie-Lombardi and Fisk 2004;
Furnes et a. 1996, 2001). As the alteration of the oceanic crust proceeds, the vol-
canic glass becomes palagonitisized and uninhabitable. The microbes either die or
areforced to inhabit other habitable niches. It isevident, considering the resultsfrom
ODP Leg 197, that the microbia activity in sub-seafloor environments is not only
restricted to volcanic glass. The fact that microbial activity involves altered basalt
and zeolites as well extends the occurrence of a deep sub-seafloor biosphere both in
time and in space. The alteration of oceanic crust is a process that continuous long
after the volcanically active period of time has ended. Results of the ODP Leg 201
reveal that fresh seawater is still channeled, 40 Ma or more after the formation of the
basement, into deep-sea sediments from the rocks underneath (D’ Hondt et al. 2003).
This shows that the sub-seafloor basalts are circulated during a time period of mil-
lions of years. Since microorganisms can sustain as long as fluids are present in the
rocks and inhabit new niches during ocean floor ateration, thisindicates that a deep
sub-seafloor biosphere can sustain for a very long time. Furthermore, phillipsites
are the most common zeolite mineral in volcanic rocks of the oceanic crust and the
major result of the sub-seafloor palagonitization (Honnorez 1978). Thus, microbial
activity in phillipsiteswould be acommon feature in the oceanic crust elsewhere and
agloba phenomenon. This would increase the potential volume of habitable areas
for microorganisms and extend their spatial existence in sub-seafloor environments.
It would further extend the oceanic crust as a bioreactor dramatically (Staudigel
et al. 2004).

The same forces that destroy the old habitats of the microbes create new op-
portunities and offer new habitable environments for them. It is as if geochemical
processes support the prolongation of a deep sub-seafloor biosphere. On the other
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hand, microbial activity mediates and enhances the weathering of the ocean crust
and is as responsible as abiotic processes for the destruction of old habitats and
creation of new ones (Thorseth et a. 1992, 19953, b).

6 Summary

The alteration and weathering of ocean-floor basalts, also termed palagonitization,
is a process where fresh volcanic glass and basalts are hydrated and leached and
finally degraded to a residue called palagonite. While palagonite is the major end
product of palagonitization, the zeolite species phillipsite and the clay smectite are
the secondary products. The palagonitization process is divided into three major
stages: initial, mature and final stages, distinguished by the presence or absence of
glass or secondary minerals. The general trend is that the amount of fresh glass
decreases and the amount of palagonite and secondary minerals increases toward
the final stage.

Microorganisms of the deep sub-seafloor biosphere are known to thrive in tunnel
structures within fresh glass. As the weathering and alteration of the oceanic crust
proceeds, the habitats of the microorganisms are destroyed and the microorganisms
need to inhabit new habitats and environments with different conditions.

In samples consisting of drilled ocean-floor basalts from the ODP Leg 197, fos-
silized microorganisms have been found associated with all three stages of palago-
nitization. The microfossils range from bored tunnel structuresin volcanic glass, via
filaments of different morphologies attached onto altered glass and basalt, to glob-
ules (cells) and filaments both attached onto phillipsites and found within wedge-
like cavities in between phillipsite crystals.

The biogenicity of the fossilized microorganisms is supported by a C content
(~10—~50 wt% C) and by the fact that the carbon is not bound to or associated with
carbonates. Furthermore, the concentration of C,H, and lipids in the filamentous
structures show that they contain organic carbon and organic compounds. Binding
to PI, which is a dye that binds to damaged membranes and dead bacteria cells,
provide further evidence that they most likely are biogenic in origin.

The characteristic content of iron, close association of iron oxides and deposition
of iron onto the fossilized microorganisms indicate that the microbes were involved
in iron oxidation reactions and that iron probably served as an energy source for the
metabolism of the microorganisms.

In the first stages (volcanic glass and altered basalt) it is evident that the colo-
nization of new nichesis redox driven. Both volcanic glass and unweathered basalt
minerals contain high amounts of reduced iron from which microbes can gain en-
ergy by mediating oxidation. The zeolites, on the other hand, are not obvious sources
of iron. They contain no iron in their crystal structure. However, it is possible that
the zeolites adsorbed iron or other reduced elements or compounds like CH, or H;
within their framework which the microbes scavenge during microbial weathering
of the minerals. It is also possible that the microbes have used dissolved iron in the
fluids as a source.
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Microbial colonization of new niches during ocean-floor ateration and palagoni-
tization extends the occurrence and opportunities for a deep sub-seafloor biosphere
both in time and space. The wide range of different mineralogical habitats opens
up new possibilities for a sub-seafloor biosphere that probably inhabit much larger
volumes of the world’s ocean crusts than was previously known. It further showsthat
the deep sub-seafloor biosphere can sustain over geological time as the alteration
processes continue.
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Ambient Inclusion Trails: Their Recognition,
Age Range and Applicability to Early
Life on Earth

David Wacey, Matt Kilburn, Crispin Stoakes, Hugh Aggleton
and Martin Brasier

Abstract Ambient inclusion trails (AITs) are adistinct class of microtubular struc-
ture, first reported almost half a century ago from Precambrian rocks. Classification
of a structure as an AIT implies formation by means of migration of a mineral
crystal through a lithified substrate. Historically, AlITs have been problematical in
two ways. Firstly, they have caused confusion in studies of early life becausethey are
similar, morphologically, to both filamentous microfossils and microborings made
by endolithic bacteria. Secondly, their formation mechanism has not been rigorously
studied, so there has been much debate about whether AlITs are purely an inorganic
phenomena or whether a biological component is necessary.

In this paper we review all reported examples of AITs, documenting the criteria
necessary for their recognition, their taphonomic preservation in the rock record,
their differentiation from modern contamination, and recent advances made in the
Pilbara Craton of Western Australia which appear to support a biogenic formation
mechanism for at least some Al Ts. We also report what we believe are the youngest
examples of AlTs in Phanerozoic rocks. These come from the Middle Devonian of
Northern Scotland. Their excellent preservation within phosphatic fish scales not
only givesfurther insightsinto AIT formation, it extends their known range forward
by almost 200 Ma. Clearly, Al Tswere not just a Precambrian phenomenon.

1 Introduction: Recognizing AITs

Microtubular structures are a relatively rare but intriguing component of the rock
record. Such structures are of particular interest in Archean rocks because they
might provide clues to the former existence of primitive life. Ambient inclusion
trails (Al Ts) are one particular type of microtubular structure, thought to form when
small metal-rich inclusions, usualy pyrite, are propelled through a lithified sub-
strate such as chert (cf. Tyler and Barghoorn 1963; Knoll and Barghoorn 1974).
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This process leaves behind a hollow tubular trail, which may remain empty or be
infilled by secondary mineral phases.

The ability to differentiate between a microtubular trail left by a migrating
crystal and morphologically-similar features, such as filamentous microfossils and
endolithic microborings, is of vital importance. Confusion of AlITs with such struc-
tures has been both widespread and detrimental to studies of early life (see examples
below). Using previously published work and our new examples of AITs, we are
ableto propose nine criteriafor the recognition of AlITsin petrographic thin section.
These are summarised in Fig. 1, beginning with the most diagnostic.

Although AlTsrarely exhibit al of these features, they should be relatively easy
to identify when well preserved. It is strange therefore, that only a few examples
have been documented in the literature (see below). We suggest that far more ex-
amples are embedded in the literature as supposed ‘fossils’, ‘ microborings or even
‘predatorial borings and that diagenesis and mineral replacement in poorly pre-
served examples has precluded the correct identification of numerous other exam-
ples. The discovery of new occurrences of well preserved AlTs s clearly essential
if we are to advance our understanding of their mechanisms of formation.

2 History of AITS

Thefirst report of AITs came from the 1900 Ma Gunflint Formation of Ontario and
the ~2000 Ma Biwabik Formation of Minnesota (Tyler and Barghoorn 1963). Here,
pyrite crystals have been propelled through carbonaceous black cherts, leaving clear
trails behind that were subsequently infilled with either quartz or carbonate. The
carbonate trails range in size from less than 1 pm to around 10 wm in diameter, and
up to 100 wmin length (Fig. 2a, b). They have diverse morphologies from straight to
curved, to spiral, to rather irregular, and have acomplete lack of any preferred orien-
tation. The quartz filled trails are larger, up to 1.4 mm in diameter and almost 3mm
in length, and tend to be less morphologically diverse (Fig. 2c). In both cases the di-
ameter of thetrail isalwaysequa to the diameter of the pyrite crystal, and the profile
of the distal end of thetrail isadirect image of the pyrite-trail interface (cf. Fig. 1a).
Occasionally, magnetite can also be propelled, for example in the Ironwood Iron
Formation from the Precambrian of Michigan (Tyler and Barghoorn 1963). Here
magnetite grains of around 30 wm diameter, have been propelled through a ferrug-
inous chert matrix for distances of up to 1 mm. These trails are filled with chlorite,
which has been interpreted as areplacement of carbonate. The structures were origi-
nally thought to form due to the forcesinduced by the crystallisation of the quartz or
carbonate ‘ appendages’, but this explanation left several questions unanswered and
was later abandoned in favour of a second explanation involving possible biological
mediation (see below).

The oldest reported Al Ts come from the ~3500 Ma Warrawoona Group of \West-
ern Australia, first described by Awramik and his co-workers (1983). These trails
are around 2-5 pm in diameter and several tens of micronsin length, are filled with
microcrystalline silica, and have hematite crystals (presumed to be pseudomorphs



Ambient Inclusion Trails

Presence of a mineral grain or ¢rystal
(e.g , Pyrite) at one end of a microtube,
of equivalent diameter to the tubular
trail. This may be pseudomorphed

by later mineral {e.q., silica, metallic
uxide, phosphate)

Presence of longitudinal striations
(arrowed) created as the angular
crystalline grain is propelled

(these may, however, be obscured by
later mineral infill}

Likely to be polygonal in cross section,
mirroring the crystal geometry of the
propalied grain

Assemblages of microtubes that are
propagated in many different directions,
both in the centre and on the edges of a
clast (unlike microbial borings that would
always slarl from lhe edge of a clasl or
fracture, and move inwards)

Presence of assemblages of microtubes
that show "starburst’ pattemns radiating
away from clumps of organic material

Microtube shapes thal may become more
curved or twisted towards their ends as
impedance from the host clast increases

Microlubes thal have side branches showing
a differant diameter o the original microtube
(caused by a propelled mineral gran that
becomes fragmented or when a second
grain is intercepted)

Microtubes that make sharp angular turms

Microtubes that cross cut each other and form
tangled masses (formed when multiple crystals
are moving in close proximity to one another)
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Fig. 1 Criteria to identify ambient inclusion trails in thin section. Images from Tyler and
Barghoorn 1963, Knoll and Barghoorn 1974, Xiao and Knoll 1999, Wacey et al. 2007, and courtesy

of Maia Schwei zer
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after pyrite) at their terminations (Fig. 2d). Interestingly, they occur in rocks which
were once claimed to host some of the earliest evidence of life on Earth, in the
form of filamentous ‘microfossils' (Awramik et al. 1983; Awramik 1992) but later
considered doubtful (Buick 1984, 1990; Schopf 1993).

Knoll and Barghoorn (1974) describe Al Ts from the ~2700 Ma Fortescue Group
of Western Australia. These structures are an order of magnitude smaller than those
mentioned above, with diameters of 0.5-0.8 um and lengths of up to 60 wm. The
trails often radiate randomly from acentral locus, forming ‘ starbursts’ (Figs. 1e, 2¢),
although single trails also exist. These AlTs typically contain terminal pyrite crys-
tals and are infilled with carbonate. The importance of this report, however, lies
in the explanation advanced for their formation. Knoll and Barghoorn suggest
that AlTs from the Fortescue Group, as well as those previously described from
the Gunflint, Biwabik and Ironwood Formations, were formed by pressure so-
lution. This could have been initiated by gas evolution from decaying organic
(possibly biological) matter attached to the pyrite crystals. This proposed formation
mechanism is especially significant because AITs are found in some of the most

Fig. 2 AIT occurrences reported from the literature. (a) and (b) Pyrite with sinuous and gently
curved carbonate filled trails from the ~ 2000 Ma Biwabik Iron Formation, Minnesota (from Tyler
and Barghoorn 1963); (¢) Large pyrite with quartz filled trail from the 1900 Ma Gunflint Iron
Formation, Canada (from Knoll and Barghoorn 1974); (d) Silica filled AIT from the ~3500 Ma
Warrawoona Group, Western Australia. Arrow indicates partly degraded termina crystal (from
Awramik et al. 1983); (e) Cluster of AIT around clot of organic matter from the ~ 2700 Ma Fortes-
cue Group, Western Australia (from Knoll and Barghoorn 1974); Scale bar is about 40 pm for (a);
20 pmfor (b); 70 wm for (c); 10 wm for (d); 50 uwm for (e)
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ancient rockswhere the presence of lifeisstill hotly debated (e.g., Schopf 1993, 2006;
Brasier et al. 2002, 2005, 2006 and see below).

In younger parts of the geological record, other reports of AlTs come from phos-
phorites of the ~570 Ma Doushantou Formation of China (Zhang 1984; Xiao and
Knoll 1999). These trails are 10-80 um in diameter and up to 1 mm in length, com-
monly twisted and coiled (Fig. 3). ‘Starburst’ varieties are common, as are tubes
that entangle and cross cut one another. Many of these AITs have remained empty
so that characteristic continuous longitudinal striae can readily be seen along the
walls (Figs. 1b, 3a, b, d). A spectacularly preserved AIT has also been discovered

Fig. 3 AlTsfrom the ~ 570 Ma Doushantou Formation, China, similar to those reported by Xiao
and Knoll (1999). (a) Multiple short AlTs (top left) and several longer Al Ts (bottomright) moving
in various directions on the surface of an isolated fossilised ‘embryo’; (b) Single AIT exhibiting
alooped ‘g’ shape and prominent longitudinal striations; ¢ Large AIT in fossilised ‘embryo’; (d)
Close up of the sharp bend in ¢, showing fine longitudinal striations caused by the propelled pyrite
crystal. Scale bar is20 wm for (a); 10 wm for (b); 50 wm for (¢); 20 wm for (d). Photos courtesy of
Maia Schweizer
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Fig. 4 (a) Large coiled phosphate-filled AIT isolated from the lower Cambrian Soltanieh Forma-
tion of Iran, exhibiting an angular termination and longitudinal striations. (b) Enlargement of the
terminal face showing the phosphate pseudomorph of a pyrite dodecahedron

by usin the lower Cambrian Soltanieh Formation of Iran where the terminal pyrite
crystal is pseudomorphed by phosphate (Fig. 4).

As well as these bona fide reports of AITSs, there are several examples in which
AlTs have been confused with other types of structures. Microtubular structures
from Archean Soudan cherts (Gruner 1923, 1925), for example, were originaly

Fig. 5 Putative AIT from a Cambrian brachiopod shell (from Conway Morrisand Bengtson 1994).
Right hand image is enlargement of the AIT from the left hand image to show longitudinal stria-
tions caused by the propelled crystal. This was mistakenly interpreted as a predatory boring by
Conway Morris and Bengtson (1994) but reinterpreted as an AIT by Xiao and Knoll (1999).
Brachiopod is ~ 1.5mm in diameter
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classified as blue green algae, while an occurrence of ‘predatory microborings
in Cambrian brachiopod shells (Fig. 5; Conway Morris and Bengtson 1994) are
suggested to be Al Ts based upon the clearly visible longitudinal striations according
to Xiao and Knoll (1999). The AITs described above from the Doushantou phos-
phorite were originally interpreted as animal trace fossils (Dong et al. 1984) and
some of those in the Warrawoona chert may have been misinterpreted as filamen-
tous microfossils according to Awramik et al. (1983). The Khubsugal phosphorite of
latest Ediacarian agein Mongolia (see Zhegallo et al. 2000, fig. 32) contains similar
controversial structures, and Grey (1986) describes microtubular structures from the
~1100MaDiscovery Chert of Western Australia, concluding that many of these are
also more likely Al Ts than microfossils.

3 Recent Investigations in the Pilbara

3.1 Geological Setting

The Pilbara craton of Western Australia contains some of the most ancient and
best preserved supracrustal rocks on Earth. The oldest part of the craton is the
East Pilbara granite-greenstone terrane (Fig. 6) which consists of ~3655-2850 Ma
granitoid bodies, and amost contemporaneous ~3515-3100 Mavol canic and minor
sedimentary rocks (Pilbara Supergroup). The latter are now preserved as low-grade
meta-volcanics and meta-sediments in several greenstone belts (Van Kranendonk
2006). The stratigraphy of the Pilbara Supergroup has been refined quite signifi-
cantly over the last few years. Here we use the latest nomenclature published by the
Geological Survey of Western Australia (Van Kranendonk 2006, 2007). The Pilbara
Supergroup contains four unconformity bound stratigraphic intervals (groups) —
the ~3530-3430 Ma Warrawoona Group, ~3420-3300 Ma Kelly Group, ~3270—
3230 Ma Sulphur Springs Group and the ~3230-3170 Ma Soansville Group. Each
of the four groups were deposited on top of one another and consistently dip away
from the domal granitoids. Dips gradually decrease with time suggesting deposition
took place as thickening wedges adjacent to the growing granitoid diapirs (e.g., Van
Kranendonk et al. 2002).

Microtubular structures have recently been found in each of the three oldest
groups, specifically from the 3460 Ma ‘Apex chert’ of the Warrawoona Group; the
~3420Ma ‘ Strelley Pool sandstone’ of the Kelly Group; and a ~3240Ma chert
from the uppermost Kangaroo Caves Formation of the Sulphur Springs Group
(Fig. 4, localities 1, 2 and 4; see Wacey et a. 2007). Microtubes in the Strelley
Pool sandstone (Fig. 7) are by far the most common.

3.2 Recognition of AITs by Auto-Montage

Auto-Montage is a sophisticated image acquisition and processing software pack-
age, and has proved an ideal tool in the examination of microtubular structures
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within standard and non-standard thin sections (Brasier et a. 2002, 2005). The
software allows the capture, processing and combination of multiple source images
obtained at different focal planes within the thin section. Processing algorithms en-
able the most sharply focussed areas of each source image to be combined into a
single well-focused ‘montaged’ image. This rendering facility is ideal for obtain-
ing high-resolution images of 3-D microscopic structures aligned obliquely to the
z-axis within adide. It is similar to the established technique of manual montage,
in which images of a microstructure are collected by optical photomicrography
and then manually spliced in the darkroom or laboratory. It differs, however, in
that selected focal planes from the ‘montaged’ image can also be displayed on
the screen or print. Depth maps, confidence maps and 3-D images can also be
generated from the series of 2-D source images. An example of the extra infor-
mation obtained from two Strelley Pool sandstone AITs using Auto-Montage is
shown in Fig. 8.

Table 1 summarises the characteristics of microtubular structures from the Apex
chert, Kangaroo Caves chert and Strelley Pool sandstone reported by Wacey et al.
(2007) using the Auto-Montage technique. It can be seen that the microtubes have a
large size range from 1-100 pm in diameter and ~10-300 wm in length. They also
have a variety of infilling mineral phases with silica the most common, followed
by phosphate, chlorite, jarosite and iron oxide. Nevertheless, each of the separate
occurrences of microtubes exhibit sufficient features to enable their unambiguous
identification as AITs.

The Apex chert microtubes (Figs. 1h—i, 9d) have sharp turns, angular termina-
tions and cross-cutting relationships. They occur in close proximity to pyrite and
are found away from obvious conduits for younger endolithic activity. Many of the
Strelley Pool examples (Figs. 1c, 8, 10, 11) have terminal pyrite crystals, propa-
gate in multiple directions (often from the centre of grains), have polygonal cross
sections, and show branching and cross cutting. The Kangaroo Caves microtubes
(Fig. 9a—) a so haveterminal pyrite crystals, longitudinal striations, polygonal cross
sections, and are seen to propagate in severa directions with starburst patterns,
side branches and cross cutting tangles.

Of particular notein the Kangaroo Caves examplesisthat only asmall proportion
of the pyrite crystals present have formed AITs. All pyrite crystals that are less
than 15 pum or more than 100 um in diameter appear to have remained stationary
(e.g., somein Fig. 94). It is aso notable that the chert is quite ‘clean’, with limited
amounts of organic matter present. This suggeststhat, in this substrate at least, there
was a maximum size, above which impedance of the chert was too great to allow
for mobilisation. The very small pyrite crystals, on the other hand may not have had
enough organic matter attached to them to effect movement.

The location of the Strelley Pool examples (Fig. 7) is particularly pertinent for
studies of early life because the sandstone lies stratigraphically directly beneath a
laminated chert member of the Strelley Pool Formation. It exposes stromatolite-like
structures claimed to be of biogenic origin (e.g. Allwood et a. 2006).
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Fig. 8 Images of two areas of AlITs from the ~3420Ma Strelley Pool sandstone, using the Auto-
montage technique. The three upper imagesin each column are sourced from different focal planes
within the thin section. The bottom image in each column uses the most sharply focused areas of
each source image to build up an accurate and ‘in focus' montage of the AlTs and surrounding
features. Scale bar is 50 wm for the left column and about 75 um for the right column
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Table 1 Characteristic features of ~3460-3240Ma AlTs from the Pilbara Craton of Western

D. Wacey et.al.

Australia: ./ = featureis present; — = featureis not observed
Apex Chert Strelley Pool sst Kangaroo Caves
(~3460Ma) (~3420Ma) chert (~3240Ma)
Host lithology Carbonaceous Detrital chert grainsin Stratiform grey
stratiform chert sandstone chert
Sizerange 1-4 pm diameter; 1-15 pm diameter; up 15-100 pm
~10-100 pm to 300 wm long diameter; up to
long 100 wm long
Termina mineral Rare (Iron oxide) J/ (Pyrite) J/ (Pyrite)

gran
Infilling mineral

Iron phosphate, iron
oxide

Silica, iron phosphate,
auminium

Chlorite, silica

phosphate, jarosite

Longitudinal - - Vv
striations

Polygonal cross - Vv J
sections

Multiple J Vv Vv
propagation
directions

Starburst patterns V4 v Vv

Impedance from - v -
host grain

Side branches J J v

Angular turns J - -

Cross cut one J Vv J
another

Figures herein 1h, 1i, 9d 1a 1c, 8,10, 11 93, 9b, 9c

3.3 Clues to AIT Formation Mechanism from NanoSIMS

Nano-scale secondary ion mass spectroscopy (NanoSIMS) is arelatively new tech-
nigque to palaeobiology. It enables both elemental mapping and isotopic analysis at
extremely high spatiad resolution (~50nm lateral resolution for some
elements).

Wacey et a. (2007) used NanoSIM S to geochemically map Al Tsfrom the centre
of microcrystalline quartz grains within the Strelley Pool sandstone (Locality 1,
Fig. 6). They found correlated enrichments in carbon and nitrogen near the margins
of several AlTs (Fig. 11d; see also Wacey et a. 2007, Fig. 4). Because these enrich-
ments did not correlate with either calcium, magnesium or oxygen, the elemental
patterns were used to argue for an organic rather than carbonate source for the
carbon within the AlTs (e.g. Fig. 11a—). Furthermore, in situ NanoSIMS carbon
isotope measurements of §2C = —27 + 3%, combined with enrichments of P, S,
Co, Ni, and Zn in and around this carbonaceous material, were used to support the
argument that the organic material was biological in origin (Wacey et a. 2007).
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Fig. 9 AlTs from Kangaroo Caves chert (a—) and Apex chert (d). (a) Single chlorite-filled AIT
in chert. Note terminal pyrite grain, dark margins to the microtube, and faint striations at an angle
to the edge of the tube (arrowed). Note also that other pyrite grains within the field of view have
remained stationary; (b) A large pyrite grain that has moved only a short distance through the chert
substrate. There appears to be some degradation of the leading edge of the pyrite crystal. Both
longitudinal striations (white arrow) and faint lines of residual material (small black arrows) are
visible. The latter may indicate a stepwise movement of the crystal through the silica substrate; (c)
Small chlorite-filled AIT (top right) and long, microquartz-filled AIT (running from bottom right
to top left) with fine longitudinal striations and accumulations of organic materia (arrowed); (d)
Severa AlTsin starburst pattern moving away from aclump of organic material in chert. Terminal
pyrite crystal is arrowed in along curved AIT. Scale bar is 40 um for (a and ¢); 70 wm for (b);
100 pm for (d) ((b) isfrom Wacey et a. 2007)

Further NanoSIMS analyses away from the AlTs detected enrichments in carbon
and nitrogen associated with pyrite grains sealed within the centres of these detrital
sandstone grains (e.g. Fig. 12). This helps to rule out modern contamination as a
source of the biological material inthe AlTs.
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Fig. 10 AlTs from Strelley Pool. (a) Typical AlT-containing clast, with concentrations of pyrite
and organic material; (b) Silica-filled AIT with pyrite crystal propelled away from clot of organic
matter (movement top left to bottom right); (c) Cluster of AlTsthat cross cut one another and are
associated with clumps of organic matter; (d) Helical AIT (defined by arrows) now partly filled
with jarosite. Note cubic terminal crystal of jarosite pseudomorphing pyrite (top left). Scale bar is
100 pm for (a); 15 wm for (b and d); 50 wm for (c)

4 New AITs from Devonian Fish Scales

4.1 Geological Setting

New examples of AITs come from the ~390Ma Achanarras Limestone of the
Middle Old Red Sandstone in northern Scotland. The specimens were collected
from a fish bed within Achanarras Quarry, about 20 km south of Thurso in north-
east Scotland. Here, the Achanarras Limestone is about 3.6 m thick and consists
of alternating 1-2 mm microcrystalline carbonate with clastic laminae representing
annual rhythms in a stratified lake (Trewin 1986). These are subdivided by further
fine (<0.1 mm) laminae rich in algal material. The fish bed in the quarry is 1.95m
thick and is composed of triplets of carbonate, clastic and organic materials on the
mm scale. The whole sequence is estimated to have been deposited in about 4000
years, formed as a deep water deposit when Lake Orcadie was at or near its greatest
aerial extent (Trewin 1986). The fish beds within the Achanarras Limestone rep-
resent catastrophic events such as salinity crises, storms stirring up toxic bottom
waters, or shock mixing of cold deep waters with warmer surface waters (Dineley
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Fig. 11 NanoSIMSion images of AlTsfrom the Strelley Pool sandstone. (a—) are from one AT,
(d) isfrom adifferent AIT. (a—c) These show the distribution of magnesium, carbon and calcium
within an AIT (two elliptical areas are highlighted in white for inter-image comparison). Note
the complete lack of correlation between these elements which is evidence of an organic rather
than carbonate source for the carbon; (d) Enrichments of carbon and nitrogen within the AIT,
especially along the outer margins. This enrichment shows an approximate inverse correlation with
oxygen and provides evidence of abiological component to AIT formation. Scale bar is 20 wm and
chemical symbols arein yellow (modified from Wacey et al. 2007)
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Fig. 12 NanoSIMSionimages of pyrite (blue) associated with carbon (red) and nitrogen (green) in
areas separate from those containing Al Tswithin the Strelley Pool sandstone. (a) Pyrite surrounded
by organic material. Equal enrichment of carbon and nitrogen resultsin an orange colour; (b) Cube
of pyrite with small lump of carbonaceous material attached. Scale bar is 15 um for (a); 2 um
for (b)

and Metcalf 1999), which killed schools of fish. The dead fish then settled into a
stagnant anoxic mud deposit on the bottom of the lake, where preservation of bones,
scales and even fins took place.

The AlTsoccur inwell preserved phosphatic scal es of the early lungfish Dipterus
valenciennesi (Aggleton 2007) (Fig. 13), one of 16 species of fish found in Acha
narras Quarry.

Fig. 13 Dipterus valenciennesi from Achanarras Quarry. AIT are found in phosphatic scales from
aless complete specimen. Specimen is ~20cm long

4.2 Description

AlTs are numerous (over 100 in a single thin section) and range in diameter from
5-12 pm, with most about 10 wm. They can be up to 150 pm in length and of di-
verse morphologies, from gently curved and twisted (Fig. 144) to looped (Fig. 14b,
arrowed). Terminal pyrite crystalsare preserved in the shorter AITs, but only parts of
pyrite crystals are preserved in longer AITs (compare Fig. 14eto Fig. 14c, d and f),
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Fig. 14 AlTsfrom middle Devonian fish scales. (a) Single, planispirally curved AIT with build up
of dark organic material along the walls; (b) Several curved AlTs, the arrowed exampleis looped;
(¢) Cluster of AlTs on left side of image, with one long example showing longitudinal striations
(white arrow), clumps of organic material (blue arrows) and part of aterminal crystal (far right);
(d) Cluster of AlTsassociated with organic material. Striations are preserved in arrowed example;
(e) Numerous short AITs (white arrows) propagating from pyrite rich area at edge of the fish scale;
(f) Two long S-shaped AlTs (centre of image) with partially degraded terminal crystal and dark
organic rich margins. Scale bar is20 pum

implying that the pyrite crystalswere degraded as they were propelled. Longitudinal
striations are often seen (white arrows on Fig. 14¢ and d), and small accumulations
of organic material occur both along the microtube edges and in clumps within the
microtube (blue arrowsin Fig. 14c). The Al Ts preferentially occur in areas of those
fish scales which have a concentration of organic matter and pyrite crystals.
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Importantly, we observe that where pyrite crystals are numerous, the AlTs are
relatively short in length (~25um; arrowed in Fig. 14€), but where the crystals
are more isolated, the AlTs can be up to 150 wm long (Fig. 14f). This relationship
implies that when there were severa pyrite crystals clustered together, there was
only sufficient decaying organic material associated with each one to propel each a
short distance.

5 Taphonomic Preservation of AITs

In the forgoing sections we have shown that AITs can form in quite different tapho-
nomic settings. We also find they can be variously preserved together with pyrite,
silica, chlorite, ferrous phosphate, aluminium phosphate, jarosite and iron oxides,
and associated with biological signals (Wacey et al. 2007). These observations now
allow us to identify a series of key stages in their formation and their subsequent
diagenetic history (Fig. 15).

The following model builds upon the hypothesis first put forward by Knoll and
Barghoorn (1974): that propulsion results from *pressure solution initiated by gas
evolution from organic material attached to the pyrite’. Although recent geochemi-
cal evidence is consistent with this hypothesis, experimental justification of itstruth
isstill required.

Stage one of our model began with deposition of a sediment that wasrichiniron
sulphide and organic matter. In the case of the Strelley Pool sandstone, thisinvolved
detrital chert grains deposited in alow oxygen environment (Wacey et al. 2006). A

Fig. 15 A proposed model for AIT formation and subsequent taphonomic preservation (see text
for details)
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low oxygen environment was required, at least locally, so that pyrite was not oxi-
dised and broken down. In some cases this environment may also have aided exten-
sive pyrite formation by sulphate-reducing bacteria. An impermeable host lithology
and early lithification also appears to have been necessary so that gas from decaying
organic matter was trapped within an impermeabl e substrate, enabling fluid pressure
to build up.

During stage two, compaction and heating during shallow burial caused the de-
gassing of some of the decomposing organic material that was attached to pyrite
grains (cf. Knoll and Barghoorn 1974). This build up of fluid pressure was probably
insufficient to drive pyrite movement unaided. We here propose that fluid pressure
was accompanied by dissolution of the silica substrate, facilitated by localised
changes in pH brought about by microbial communities (cf. Brehm et al. 2005).
These combined factors then allowed the pyrite grains to move short distances
through the silica. Similar processes can be envisaged for a phosphate substrate.
At this stage the microtubes may have remained hollow or been infilled with ferrous
phosphate minerals that may likewise have been biologically mediated.

During stage three, further heating and/or burial associated with the prehnite-
pumpellyite facies regional metamorphism (e.g., Van Kranendonk 2000) propelled
more pyrite grains for yet greater distances through the medium. Fluid pressures
may have been great enough at this stage to propel further pyrite crystals from
the matrix into microcrystalline grains (e.g. Strelley Pool) or into fish scales (e.g.
Achanarras). Under suitable conditions of fluid flow and permeability, chlorite
could have precipitated within the AITs at this stage (e.g. Kangaroo Caves). Only
a small degree of metamorphic heating is needed for sufficient degassing of
organic matter to occur. Intense metamorphism would overprint the original
mineralogy and textures so that identification of AITs would be near to
impossible.

Stage 4 is envisaged as substantially more recent and sees overprinting of much
of the original AIT mineralogy. In the case studied in detail by Wacey et a. (2007)
from Strelley Pool, this is particularly common near the edges of grains. Here,
both pyrite and phosphate phases are replaced by jarosite and various iron oxides,
presumably during uplift and weathering in amodern, oxygen rich environment. The
centre of some of these altered grains clearly remained out of contact with these
later oxygenated fluids, as shown by the localised preservation of pyrite, ferrous
phosphate and grey black carbonaceous material.

In some samples, alater Stage (4b) is evident (Fig. 16a—), in the form of further
microtubular structures which may be mistaken for AITs. These show no substratum
preference; they may be found both in megaquartz (Fig. 16c) and chert grains, in
the sandstone matrix, and crossing grain boundaries (Fig. 16b). They are typically
brown to red in colour, carbon rich and filled with iron oxides. Only found clustered
around the weathered margins of rock chips and thin sections (e.g., dotted area of
Fig. 16a), they show few or none of the characteristic features of AIT. These mi-
crotubes are here interpreted as modern endolithic contaminants, most likely fungal
hyphae (cf. Sterflinger 2000). Thus, for the best taphonomic preservation, protection
is needed from modern weathering, which obliterates the original mineralogy and
makes AIT identification more difficult.
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Fig. 16 Modern endolithic contamination in the Strelley Pool sandstone. (a) Thin section taken
from the weathered outer zone of the sandstone. A red to dark-brown weathering zone extends ap-
proximately 20 mm into the thin section (boxed area); (b) A large clump of microtubular structures
cutting across grain boundaries, found near the top of the boxed areain (a); (¢) Iron oxide filled
microtubes penetrating a corroded megaquartz grain, again from the top of the boxed areain (a).
Thin section is ~40 mm long; scale bar is ~100 pm

6 Conclusions

This summary of AIT occurrences, in particular recent work in the Pilbara of
Western Australia (Brasier et al. 2006; Wacey et a. 2006, 2007) documenting the
metre- to nano-scal e context of the Strelley Pool Al Ts suggeststhat such microstruc-
tures are indeed worthy of consideration as potential biomarkersin Archean rocks.

Our report of AlTsfrom Devonian fish scal es represents the youngest occurrence
of such structuresin the Phanerozoic rock record and shows that suitable conditions
for AIT formation and preservation continued well beyond the Precambrian, at least
within anoxic lacustrine environments. The better preservation of these more mod-
ern examples gives further clues about AIT formation. The size and distribution
of these AlTs clearly demonstrate the importance of both pyrite density and the
associated volume of decaying organic matter in their formation. The enhanced
degradation of the propelled pyrite during Devonian microtube formation appears
to be the main difference between this and Precambrian examples.

It is now necessary to further test a mechanism of AIT formation that in-
volves biological gaseous propulsion and dissolution. This will require laboratory
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experiments using pyrite grains, a variety of substrates, and a range of modelled
geological conditions, combined with detailed geochemical and isotopic studies on
Phanerozoic AlTs, such as the Devonian examples reported here.
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Spatial Distribution of the Subseafloo
Life: Diversity and Biogeography

Fumio Inagaki and Satoshi Nakagawa

Abstract Marine subsurface sedimentsthat cover more than two-thirds of the Earth
harbor remarkable numbers of microbia cells. Subseafloor microbia activities
may affect global biogeochemical cycles; however, our knowledge of the deep-
subseafloor biosphere remains very limited. Recent molecular ecological studies
have shown that subseafloor microbial communities are predominantly composed
of yet -uncultivated, -uncharacterized bacteria and archaea with great phylogenetic
diversity. Some phylogenetic groups are commonly detected in global marine sed-
iments regardless of location and depth, and environmental factors such as sedi-
mentological, geochemical, and geophysical characteristics probably control their
activities, biomass, and community structures. This chapter reviews emerging pat-
terns of microbia diversity in deeply buried marine sediments and discusses the
potential ecological roles and distribution of microbial communities.

1 Introduction

Initial microbiological studies of marine subsurface sediments recovered by the
Ocean Drilling Program (ODP) and the Integrated Ocean Drilling Program (I0DP)
have demonstrated that over 10° microbial cells cm~2 are consistently present in
sediments down to the depth of 800 m bel ow the seafloor (mbsf) (Parkes et al. 1994,
2000). Microbial cell densities generally decrease with increasing sediment depth,
indicating a correlation with the amount of consumable organic matter as nutri-
ents buried in the sediment from the overlying ocean. Despite their abundance,
diagenetic models of porewater chemical constituents as well as radiotracer incu-
bation experiments indicate that the metabolic activities of subseafloor microbes
are extraordinarily low in general and decrease from coastal or continental margin
environments towards central oceanic basins (D’ Hondt et al. 2002).
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ODP Leg 201 was thefirst deep-drilling expedition dedicated to microbiological
and biogeochemical research on the deep-subseafl oor biosphere in the eastern trop-
ical Pacific and Peru Margin (D’Hondt et al. 2004). Based on previous geochem-
ical studies, the eastern equatorial Pacific was selected as an organic matter-poor,
low microbial-activity site; the continental shelf off Peru, however, contains large
amounts of organic matter buried by the Peruvian upwelling system, and high micro-
bial activitiesin deeply buried marine sediments were expected. During the Leg 201
expedition, a variety of potential carbon sources and electron donors to and accep-
tors for indigenous microbes were quantified. The chemical profiles demonstrated
that microbia activities in the Peru Margin sites were greater than those in open
Pacific sites as expected, which was consistent with shore-based tracer experiments
such as the measurement of sulfate reduction rates (D’Hondt et a. 2004; Parkes
et a. 2005). At ODP Site 1229 in the Peru Margin, cell abundance specifically
proliferated in a sulfate-methane transition zone at 90 mbsf, and sulfate reduction
rates were also significantly increased near the surface level (Parkes et a. 2005).
These observations suggest that microbia cells are ubiquitous in marine subsur-
face environments as a ‘silent majority’ in general but, in certain high-energy-flux
habitats or at geochemical interfaces, the microbial population and activity are
stimulated.

Since a large biomass has been observed globally even in low-energy-flux
and geologically old subseafloor habitats, it was questioned whether the cells are
aive and well, growing slowly, simply surviving, preserved as dormant cells or
spores, or even al dead. Catalyzed reporter deposition-fluorescence in situ hy-
bridization (CARD-FISH) is a highly sensitive technique to identify the pres-
ence of intracellular RNA that is rapidly degraded enzymatically after cell death
(Davis et a. 1986). Schippers et al. (2005) first used CARD-FISH with domain
Bacteria- and Archaea-specific probes to demonstrate that a large fraction of the
subseafloor biomass is potentially alive, even in very old (~16Ma) and deep
(>400m) sediments. Using the same technique, Mauclaire et al. (2004) reported
that the population of Archaea increased with depth and that Deltaproteobacteria
were detected throughout the core collected from the Peru Margin. These obser-
vations consistently suggest, on one hand, that a large population of subseafloor
microbesis not dead but potentially alive; and on the other hand, that the abundance
and physiological status of populations undetectable using CARD-FISH remain
uncertain.

A standard approach to evaluate microbial diversity is the sequencing of 16S
rRNA gene fragments amplified by the polymerase chain reaction (PCR) using
a specific primer set for the domains Bacteria and Archaea. The PCR product is
usually inserted into a high copy-number plasmid vector, and then cloned using
Escherichia coli. In most cases, the entire fragment of representative clones, which
are selected by 93-97% similarity cutoff short sequences (approximately 500 bp) or
fingerprinting methods such as restriction fragment length polymorphism (RFLP),
is determined. Although this protocol only allows the detection of PCR-amplifiable,
major microbial components, it is a powerful tool to obtain initial insights into the
microbial diversity in nature including the deep subseafl oor.
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Along with methodological progress in DNA extraction and contamination as-
says, DNA sequences from verifiable deep subseafloor materials have accumulated.
During ODP Leg 201 (Peru Margin) and Leg 204 (Cascadia Margin off Oregon),
over 3,000 clone sequences of bacterial and archaeal 16S rRNA genes from high-
resolution depth samples wereinvestigated (Sarensen et al. 2004; Parkes et al. 2005;
Inagaki et al. 2006a; Webster et al. 2006). The communities of ‘metabolically ac-
tive' Archaea were also investigated using the reverse-transcribed PCR technique
(Biddle et a. 2006b; Sgrensen and Teske 2006). Compiling these molecular data
from deep-subseafloor microbes, we note some trends in their distribution, that is,
some microbes are widely distributed in marine sediments while others are not
(Fig. 1). Here we reconstruct the phylogenetic trees of the Bacteria and Archaea
domains as a catalogue of the diversity of deep-subseafloor microbes and review the
genera trendsin their diversity and distribution. We focus on bacterial and archaeal
phylafrequently detected in deep-subseafloor environments.

2 Diversity of Deep-Subseafloo Bacteria

Bacterial 16S rRNA sequences from deep-subseafloor habitats suggest that the
community compositions are highly diverse and differ from those in the overly-
ing surface world such as terrestrial and oceanic environments. Although the DNA
extraction protocol and PCR conditions vary slightly in each laboratory, multiple
molecular studies of subseafloor bacterial communities have provided consistent
results. We compile here these sequences from deep-subseafl oor microbial habitats
into the same phylogenetic trees and describe the phylogenetic characteristics at the
phylum level.

2.1 Chloroflex

The phylum Chloroflexi has been alternatively called Green Non-sulfur Bacteria
(GNS). A number of phylotypes has been detected from surface and subsurface
(hemi-)pelagic clay and silt deposits. At ODP Site 1176 in the Nankai Trough
(Leg 190) and Sites 1227 and 1229 in the Peru Margin (Leg 201), 50-80% of
clones were affiliated with Chloroflexi (Kormas et al. 2003; Inagaki et al. 2006z,
Webster et a. 2006). Chloroflexi was aso predominantly detected in clone libraries
from hemi-pelagic clay layers of the Sea of Okhotsk core (Inagaki et a. 2003) and
methane hydrate-associated sediments in the Nankai Trough (Reed et a. 2002)
and the Gulf of Mexico (Mills et a. 2005). The predominance of Chloroflexi
was also reported using a community fingerprinting method of denaturing gradient
gel electrophoresis (DGGE) from the Mediterranean Sea sapropel layers (Coolen
et a. 2002) and the tidal flat subseafloor sediments in the Wadden Sea (Wilms
et al. 2006).
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The phylum Chloroflexi is currently divided into five classes: Anaerolineae (clus-
ter 1), ‘Dehaococcoidetes (cluster I1), Chloroflexi (cluster 111), uncultured clus-
ter IV (SAR202 cluster), and Thermomicrobia (Sekiguchi et al. 2003; Hugenholtz
and Stackebrandt 2004; Morris et a. 2004; Yamada et al. 2006). The members of
Chloroflexi from the deep marine subsurface are mainly affiliated with ‘Dehalo-
coccoidetes (Fig. 2). The representative bacterium within this class, Dehal ococ-
coides ethenogenes, is a facultatively hydrogenotrophic and heterotrophic anaerobe
that uses chlorinated compounds as electron acceptors (Maymo-Gatell et al. 1997).
Although it is unknown whether the deep-subseafloor, Dehal ococcoides, relatives
have physiology similar to D. ethenogenes, the dechlorination pathway would be
a good candidate because available electron acceptors are very limited in deep-
subsurface environments. Members of other subphyla of Chloroflexi have been re-
trieved less frequently from deep marine sediments, which makes sense because
the cultivated representative genera Chloroflexus, Chloronema, Heliothrix, Oscil-
lochloris, and Herpetosiphon are either phototrophic or chemoheterotrophic bacte-
riaisolated from terrestrial environments (Garrity and Holt 2001). Several clones of
the class ‘Anaerolineae’ have been reported from deep-subseafloor environments.
Within the class ‘Anaerolineae,’ the two genera Anaerolinea and Levilinea were
isolated from anaerobic granular sludge, representing thermophilic and mesophilic
filamentous heterotrophs, respectively (Yamadaet al. 2006). Their growth was stim-
ulated significantly upon co-culture with hydrogenotrophic methanogens (Yamada
et al. 2006), suggesting the occurrence of similar microbial interactions in sub-
seafloor environments (Inagaki et al. 2006a). The uncultured cluster IV involves
environmenta clone sequences retrieved from various environments. Because of
the absence of isolates within this class, their physiology is unexpectable. The class
Thermomicrobia was recently reclassified from the phylum Actinobacteriato Chlo-
roflexi (Hugenholtz and Stackebrandt 2004), and no relatives have been detected
from deep-subseafl oor environments.

2.2 Candidate Division JS'1

This phylogenetic group involves alarge number of environmental clone sequences
from shallow to deep marine sediments (Fig. 1). JS1 bacteria were formerly clas-
sified as relatives of the candidate division OP9 (e.g., Teske et al. 2002; Inagaki
et al. 2003). However, since the phylogenetic position of the OP9 sequences, which
were originaly derived from the Obsidian Pool hot spring in Yellowstone National
Park (Hugenholtz et al. 1998), are distinct from the marine environmental sequences
(Fig. 1) and the OP9-associated cluster was found for the first time in Japan Trench
sediment (Rochelle et a. 1994), the cluster of marine environmental clones has
been reclassified as the candidate division JS1 (Webster et al. 2004). Although
JS1 bacteria are distributed in global marine sediments, previous surveys suggested
that they preferentially inhabit methane- and/or hydrocarbon-rich deep marine sed-
iments on the continental margins such as in the Nankai Trough (Reed et al. 2002;
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Newberry et a. 2004), Sea of Okhotsk (Inagaki et al. 2003), Cascadia Margin
(Inagaki et a. 2006a), and Peru Margin (Parkes et a. 2005; Inagaki et al. 2006&;
Webster et al. 2006; Fry et a. 2006). Given the predominance of JS1 bacteria in
methane-rich marine sediments, their ecological rolesin carbon cycling are thought
to be important.

2.3 Proteobacteria

Members of the phylum Proteobacteria are widely distributed in the surface world
on Earth. Proteobacteria are sometimes predominant even in the subsurface, as
shown by both cultivation and culture-independent molecular analyses. The phy-
lum Proteobacteria includes remarkably diverse isolates of chemolithoautotrophs,
heterotrophs, and mixotrophs and is classified into five subphyla (Alpha-, Beta,
Gamma-, Delta- and Epsilonprotecbacteria). It is widely recognized among mi-
crobiologists that Proteobacteria play important roles in biogeochemical cyclesin
marine environments such as sulfate reduction by Deltaproteobacteria, sulfur oxida-
tion by Gamma- and Epsilonproteobacteria, aerobic methane oxidation by Alpha
and Gammaproteobacteria, and consumption of buried organic matter or dissolved
inorganic carbon by heterotrophic or chemolithotrophic members.

2.3.1 Gammaproteobacteria

In deep-subseafloor sediments, the most frequently detected and cultivated Pro-
teobacteria are members of the subphylum Gammaproteobacteria. In a 58-m giant
piston core from the Sea of Okhotsk, Gammaproteobacteria were predominantly
detected in volcanic ash layers, whereas Proteobacteria were relatively minor in
pelagic clays (Inagaki et a. 2003). Within the Gammaproteobacteria, most clone
sequences are closely related to known isolates such as the genera Halomonas,
Psychrobacter, Photobacterium, Shewanella, Moritella, Colwellia, Oceanospiril-
lum, and Methylophaga (Figs. 3 and 4). The most frequently detected phylotypes
were Halomonas relatives. The predominance of Gammaproteobacteria in marine
sediments was also observed at the south hydrate ridge of the Cascadia Margin.

Fig. 3 Bacterial colonies
from (A) pelagic clay and (B)
volcanic ash samplesin 58 m
sediment core from the Sea of
Okhotsk (Inagaki et a. 2003).
Sizable populations of
facultatively anaerobic
heterotrophs could be

retrieved only from volcanic VS e
ot layers Pelagic clay
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All 16S rRNA gene sequences in a clone library at 204 mbsf were closely related
to Marinobacter aquaeolei (96.1% similarity to the representative clone sequence),
although the lithological feature has not been determined (Inagaki et al. 2003). At
ODP Site 1229 in the Peru Margin, DGGE and clone library analyses showed the
presence of other Gammaproteobacteria, including the genera Stenotrophomonas
and Serratia (Fry et al. 2006; Webster et al. 2006). Most isolates of these generaare
facultatively anaerobic heterotrophs, and some isolates are halophilic or piezophilic
(pressure-loving or -tolerant) bacteria. Among these Gammaproteobacteria from
deep-subseafloor environments, of particular interest are methanotroph rel atives ex-
clusively detected in several ash layers (Inagaki et al. 2003) (Fig. 4). It is hard to
believe that aerobic methanotrophs detected from ash layers utilize oxygen in situ.
However, the typical physiotype of methanotrophs as a ‘microbial tracer’ may in-
dicate the potential reconstruction of aquatic subseafloor niches that may contain
methane and some available electron acceptors.

The predominance of Gammaproteobacteria was also supported by the colony-
forming unit (CFU) cultivation assay. The CFUs of Halomonas and Psychrobacter
relatives on agar plates showed good agreement with their clonal frequencies. Since
the CFU values of Gammaproteobacteria reach 10*-10° colonies cm~3, they are
most likely alive in deep-subseafloor environments and may require sufficient pore
spaces for their habitat and/or for high porewater flux via volcanic ash or sandy
layers. At ODP Site 1230 in the Peru Margin, members of the genera Halomonas,
Marinobacter, Shewanella, Photobacterium, and Vibrio were also isolated from the
deep sediments (D’'Hondt et al. 2004; Biddle et al. 2006b), athough the analysis
of 16S rRNA gene clone libraries indicated that these members were minorities
(Inagaki et al. 2006a).

2.3.2 Alphaproteobacteria

Although Alphaproteobacteriaare generally rarely recovered from deep-subseafl oor
environments, a sizeable number of alpha-proteobacterial clones were detected
in clone library or DGGE analysis of bacterial 16S rRNA genes. The detected
sequences were related to known isolates such as Qulfitobacter, Octadecabacter,
and Sphingomonas from the Sea of Okhotsk (Inagaki et a. 2003), Bradyrhizo-
bium, Pedomicrobium and Sphingomonas from the Peru Margin and the Cascadia
Margin (Inagaki et al. 2006a), and Caulobacter (Webster et a. 2006) (Fig. 5).
Sulfitobacter spp. were frequently isolated from ash layers of the Sea of Okhotsk
(Inagaki et al. 2003). In the sapropel -containing core from the eastern Mediterranean
Sea, although culture-independent molecular studies indicated the dominance of
Chloroflexi (Coolen et a. 2002), Rhizobium radiobacter was found to be the most
predominantly isolated bacterium (Suss et al. 2004). Suss et a. (2006) aso found
using quantitative PCR that R. radiobacter accounted for 0.001-5.1% of total cells
in the sediments. During ODP Leg 201, R. radiobacter relatives were representa-
tive isolates from the eastern equatorial Pacific and Peru Margin and at ODP Sites
1227 and 1230, which were organic matter-rich, high-microbial-activity sites with
and without methane hydrates, respectively (D’Hondt et al. 2004). The information
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Fig. 5 Phylogenetic tree of Alphaproteobacteria based on 16S rRNA gene sequences. See the
legend to Fig. 1 for details

described above suggests that sizable numbers of Alphaproteobacteria are present
in continental margin marine sediments and their community compositions vary
geographically.

2.3.3 Deltaproteobacteria

The anaerobic respiration of the members of Deltaproteobacteria may significantly
contribute to sulfur and carbon cycling in the deep marine subsurface. During ODP
Leg 128, the sulfate reducer Desulfovibrio profundus was isolated from deep sed-
iments (80 and 500 m) at ODP Site 798 in the Japan Sea (Bale et a. 1997). Also,
sulfate-reducing bacteria (SRB) within Deltaproteobacteria play an important role
in the anaerobic oxidation of methane (AOM) in methane-seep sediments on the
seafloor. In most cases, a consortium composed of methanotrophic Archaea and
SRB within Deltaproteobacteria is responsible for AOM (e.g., Boetius et al. 2000;
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Knittel et al. 2005). However, very little is known about which organisms are re-
sponsible for AOM in deep marine sediments.

In deep-subseafloor environments, molecular ecological surveys revealed that a
variety of Deltaproteobacteria are occasionally detected throughout the cores ex-
amined, regardless of the presence of sulfate in porewater. The frequently detected
Deltaproteobacteria from a variety of deep marine sediments such as the Sea of
Okhotsk, Peru Margin, and Cascadia Margin (Inagaki et al. 2003, 2006a) were re-
lated to Desulfobacterium anilini and Desulfomonile spp. (Fig. 6). D. anillini can
degrade a variety of aryl compounds completely to CO, and NH3 with sulfate as an
electron acceptor (Schnell et al. 1989). Desulfononile species can utilize aromatic
chloride compounds as electron acceptors (e.g., Mohn and Tiedje 1992). From an
organic-rich methane hydrate site off Peru, a few Deltaproteobacteria were related
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to Syntrophus buswellii (Fig. 6). S. buswellii can also degrade aromatic compounds
such as benzoate, 3-phenylpropionate, and crotonate to acetate, CO,, and hydrogen
(Auburger and Winter 1996). Since deeply buried marine sediments, especially on
the continental margins, contain high concentrations of humic acid substrates after
the biological degradation of organic matter in surface sediments, the organic matter
available as energy sources is very limited in deep marine sediments. Therefore, it
is reasonable to assume that these Deltaproteobacteria can grow on aromatic com-
pounds coupled with sulfate reduction. In addition, the growth of S. buswellii is
stimulated during co-culture with hydrogenotrophic methanogens (Auburger and
Winter 1996). Dechlorination under the control of alow hydrogen concentration for
the syntrophic growth of Deltaproteobacteria and Chloroflexi members may be a
fairly common feature of microbial ecosystems in energy-starved deep-subseafloor
environments.

2.4 Other Deep-Subseafloo Bacteria

Diverse bacteria within other phylogenetic groups have been detected from deep-
marine sediments. In organic-rich and/or methane hydrate-bearing deep marine sed-
iments, Planctomycetes are also detected as predominant bacteria (Fig. 1) (Reed
et al. 2002; Inagaki et al. 2003, 2006a). The sequences detected are highly diverse
and distantly related to isolates such as the genera Planctomyces and Pirellula as
well as the members of anaerobic ammonia-oxidizing (anammox) bacteria. Small
numbers of Actinobacteria, Bacteroidetes, Flavobacteria, Firmicutes, Chlamydia,
Spirochaetes, Deferribacteres, candidate divisions OP1, OP3, OP8, OP10, OP11,
WS, and WS3, and several unknown phylogroups were found in deep sediments
and accounted for small percentages of the total (Inagaki et a. 2006a) (Fig. 1). Most
of these phylogroups represent uncultivated and physiologically uncharacterized as-
semblages.

3 Diversity of the Deep-Subseafloo Archaea

A variety of archaeal phylotypes have been collected from deep-subseafloor envi-
ronments. Phylogenetic analysis revealed that most subseafloor Archaea are affili-
ated with clusters consisting only of uncultivated environmental clone sequences.
Thus the physiological and metabolic characteristics of Archaea in marine sedi-
ments remain largely unknown. Nevertheless, Archaea are obviously important at
least for the methane cycle in the subseafloor because both the production and
consumption of methane may be attributed to methane-producing (methanogens)
and methane-consuming (methanotrophs) Archaea, respectively. Here, we describe
the major groups of subseafloor Archaea detected and the biogeography of their
preferential subseafloor habitats based on the results of 16S rRNA gene sequencing.
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3.1 Deep-Sea Archaeal Group

The members of the deep-sea archaeal group (DSAG) (Takai and Horikoshi 1999),
of which a cluster is designated marine benthic group-B (MBG-B) (Vetriani et al.
1999), are phylogenetically diverse, globally distributed and most frequently
detected in methane hydrate-associated sediments from offshore continental mar-
gins. The DSAG sequences were originally reported from hydrothermal vent sites.
DSAG-dominated archaeal communities have been reported from gassy hemi-
pelagic clay layers in the Sea of Okhotsk (Inagaki et al. 2003), methane hydrate-
bearing deep marine sediments in the Nankai Trough (Reed et a. 2002), Peru
Margin ODP Site 1230 (Inagaki et al. 2006a) and Cascadia Margin ODP Sites 1244
and 1251 (Inagaki et al. 2006a) (Fig. 7). In these sediment samples, DSAG Archaea
aregeneraly detected in therelatively shallow subsurface (0—100 mbsf). In addition,
DSAG Archaea were obtained less frequently from a variety of seafloor sediments,
i.e., Atlantic deep-sea sediments (Vetriani et a. 1999), methane-seep sediments
of the Cascadia Margin (Knittel et al. 2005) and the Kuroshima Knoll (Inagaki
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sequences. See the legend to Fig. 1 for details
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et a. 2004), and hydrothermal deposits (or sediments) of the |zu-Ogasawara Arc
(Takai and Horikoshi 1999) and the Guaymas Basin (Teske et al. 2002). However,
DSAG have not been detected (or only a few sequences have been detected) from
the sapropel layers of the eastern Mediterranean Sea (Coolen et a. 2002), ODP
Site 1176 in the Nankal Trough Forearc Basin (Kormas et a. 2003), volcanic ash
layers in the Sea of Okhotsk core (Inagaki et al. 2003), ODP Sites 1227 (Inagaki
et a. 20068) and 1229 (Parkes et a. 2005; Webster et a. 2006) from the Peru
Margin, and the liquid CO,-bearing hydrothermal sediments at the Yonaguni Knoll
of the southern Okinawa Trough (Inagaki et a. 2006b). Although the DSAG were
relatively minor components at ODP Site 1227 off Peru in the DNA-based molec-
ular study, DSAG-dominated archaeal community structures were observed at the
sulfate-methane transition zone in an RNA-based study (Serensen and Teske 2006).
Taking the results of these molecular surveystogether, the DSAG Archaea appear to
inhabit anoxic methane- and/or organic-rich clay sediments preferentially and may
actively contribute to the carbon cycle in deep subseafloor environments.

3.2 South African Gold Mine Euryarchaeotic Group

The phylotypes of the South African Gold Mine Euryarchaeotic Group (SAGMEG)
were originaly reported from deep fissure waters in a South African gold mine
(Takai et al. 2001). SAGMEG phylotypes were also reported as a minor component
from the microbial mat samples in borehole hot water in a Japanese epithermal gold
mine (Nunoura et a. 2005). Since the 16S rRNA gene sequences have relatively
high G + C content and the fissure waters are derived from the deep hot aquifer,
SAGMEG Archaeawere hypothesized to be thermophiles (Takai et al. 2001). How-
ever, SAGMEG have recently been retrieved from cold deep-marine sediments
such as sapropel from the eastern Mediterranean Sea (Coolen et a. 2002), Nankai
Trough Forearc (Reed et a. 2002), volcanic ash layers of the Sea of Okhotsk core
(Inagaki et al. 2003), ODP Sites 1227 (Inagaki et al. 2006a; Sgrensen and Teske
2006) and 1229 (Parkes et al. 2005; Webster et al. 2006) of the Peru Margin, and
ODP Sites 1245 and 1251 on the South Hydrate Ridge of the Cascadia Margin
(Inagaki et al. 2006a) (Fig. 1). These observations suggest that SAGMEG Archaea
globally inhabit the marine and terrestrial subsurface and may consist of both
mesophiles and thermophiles. However, their nutrient and energy metabolism, mor-
phology, lifetime and adaptation to the subsurface environments remain largely
unknown.

3.3 Miscellaneous Crenarchaeotic Group

Within the Crenarchaeota, remarkably diverse sequences from a variety of natural
environments are affiliated with a huge cluster designated the miscellaneous Cre-
narchaectic group (MCG). MCG consists of a number of environmental sequences
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from various natural environments, such as soil, seawater, sludge, compost, hot
springs, hydrothermal areas, deep gold mines, marine surface sediments, and deep
marine sediments (Fig. 8). Some phylotypes are reported to be the most fre-
quently detected in deep subseafloor environments, i.e.,, OHKA4.47 (accession
no. AB094540) comprised 79/299 archaeal clones obtained from ash layers of the
Sea of Okhotsk core (Inagaki et a. 2003) (Fig. 8).
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gene sequences. See the legend to Fig. 1 for details
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Although amost nothing except the phylogeny is known about the MCG Ar-
chaea, the environmental clone surveys imply that their preferential habitat is the
deep-subseafloor environment. In the Sea of Okhotsk sediment core, MCG Ar-
chaea were predominantly detected from the volcanic ash layers, while DSAG
members dominated in pelagic clay horizons (Inagaki et a. 2003). Even in the
methane hydrate-bearing core sediments, in which generally DSAG sequences are
predominantly detected if the hydrates form in sandy layers, MCG dominated
clone libraries (i.e., Reed et a. 2002; Inagaki et a. 2006a unpublished data). In
addition, MCG sequences have often been detected with members of SAGMEG
(Inagaki et al. 2003, 2006a; Parkes et al. 2005; Webster et al. 2006; Sgrensen and
Teske 2006), indicating that both archaeal groups have awidespread habitable zone
in the terrestrial and marine subsurface around the continental margins and may
prefer porous or aquatic habitats in subsurface environments.

3.4 Methanogens and Methane-Consuming Archaea

Since approximately 500-2,500 Gt of total methane carbon are stored as hydrate
or free gas in the continental margin sediments (Milkov 2004) and vast amounts
of stored methane are considered biological products (Kvenvolden 1995), methano-
genic Archaea are of particular interest in studies of subseafloor microbial
communities. Despite the ample geochemical evidence for biogenic methane pro-
duction, as indicated by high C1/C2 ratios, highly **C-depleted stable carbon iso-
topic compositions (less than —60%:), and methanogenesis activity measurements
using radiotracer methods (e.g., Parkes et al. 2005), methanogens are rarely found
in deep-subseafl oor environments.

From the deep subseafl oor, Methanoculleus submarines was thefirst isolate from
methane hydrate-bearing sediments in the Nankai Trough at 247 mbsf, which re-
quires acetate as a carbon source and hydrogen or formate as an energy source
(Mikucki et a. 2003). A few strains of the hydrogenotrophic chemolithoautotrophic
methanogen Methanococcus aeolicus were also isolated from the same sediment
sample (Kendall et al. 2006).

The presence of putative mesophilic methanogens in some deep-subseafl oor en-
vironments was also confirmed in culture-independent molecular studies. During
ODP Leg 146 at the Cascadia Margin, the 16S rRNA gene sequences related to
the genera Methanosarcina and Methanobrevibacter were detected from methane
hydrate-bearing sediments at four depths of 9, 198, 222, and 234 mbsf using a
methanogen-specific PCR primer set (Marchesi et a. 2001). During ODP Leg 204
at the Cascadia Margin, sequences related to Methaonosarcina acetivorans and
Methanoculleus palmolei were detected from hydrate-bearing sediments at 22.7
and 43.2 mbsf using general archaeal primers (Inagaki et a. 2006a). Furthermore,
a functional gene of the methanogenesis pathway, the methyl-co-enzyme-M re-
ductase a-subunit gene (mcrA), was retrieved from the Nankai Trough (Newberry
et a. 2004) and Peru Margin (Parkes et al. 2005; Inagaki et al. 2006a) sediments.
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These molecular results consistently suggest that mesophilic methanogens are in-
deed distributed in methane-rich deep marine sediments on the continental margins.
However, any causative relationships of the occurrence of these populations to the
mechanism of methane hydrate formation remain elusive.

Recent studies of methane- or hydrocarbon-seep microbial communities have
revealed that the members of anaerobic methane-oxidizing (ANME) Archaea play
a mgjor role in AOM in marine sediments (e.g., Boetius et a. 2000; Orphan
et al. 2001; Inagaki et al. 2004; Knittel et al. 2005). The reaction of AOM requires
sulfate as an electron acceptor and a consortium composed of ANME Archaea and
sulfate-reducing bacteria is responsible for AOM. Despite the molecular detection
of putative sulfate reducers within Deltaproteobacteria, the 16S rRNA and mcrA
gene sequences of ANME archaea have been rarely detected from deep marine sed-
iments. Only two clones belonging to the ANME-1 cluster were detected from the
Sea of Okhotsk core at 14.7 mbsf (OHKA3.36: accession no. AB094534); however,
geochemical data on sulfate and methane concentrations have not been determined
(Inagaki et al. 2003). The components, population size, and functioning of AOM
communitiesin deep-subseafloor environments is currently largely unknown.

3.5 Other Deep-Subseafloo Archaea

In addition to the predominant archaeal groups described above, a number of minor
archaeal phylotypeswithin other groupsor clusters have been detected from recently
explored deep-subseafloor environments. The clone library data include sequences
within the MBG-D (alternatively designated marine group I1l), marine crenar-
chaeota group | (marine group 1), and several unclassified phylotypes (Fig. 1). The
MBG-D belongs to the Thermoplasmatales and has frequently been retrieved from
methane-seep or methane-rich environments associated with AOM (e.g., Orphan
et a. 2001; Girguis et a. 2003; Inagaki et al. 2004). Therefore, the ecological
role of MBG-D Archaea may be important for understanding biologically medi-
ated hydrocarbon flows in deep-subseafloor environments. At the ODP methane
hydrate Site 1230 off Peru, members of marine group | were detected as predom-
inant Archaea from hydrate-bearing deep marine sediments (Inagaki et al. 2006a).
Members of marine group | are widely distributed in oceanic environments. Ma-
rine group | members detected from Site 1230 were highly diverse and affiliated
mainly with the y-subclass of the marine group | cluster (Massana et a. 1997)
(Fig. 9). Recently, one marine group | member, Nitrosopumilus maritimus, has
successfully been isolated and found to be a chemolithoautotrophic ammonia-
oxidizing archaeon (Koénneke et a. 2005). Metagenomic analyses of marine Cre-
narchaeota have revealed that the widespread presence of diverse archaeal ammo-
nia monooxigenase a pha-subunit (amoA) genes in seawater and suboxic sediments
(Francis et al. 2005; Hallam et al. 2006). These cultivation and molecular studiesare
also necessary to understand physiological characteristics of the deep subseafloor
Crenarchaeota.
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Fig. 9 Phylogenetic tree of marine group | (MGI) based on 16S rRNA gene sequences. See the
legend to Fig. 1 for details

4 Discussion

Despite the successful detection of diverse and previously unknown microbial com-
ponents from the deep-subseafloor environments, their growth characteristics as
well as ecological impacts are largely unknown. The 16S rRNA gene sequence data
have significantly expanded our knowledge of community composition and struc-
turein distinctive subseafl oor environments and they are useful for the devel opment
of future cultivation trials and molecular ecological studieslike CARD-FISH. How-
ever, it must be noted that clone library methods using PCR may have significant
biases. First, our recent study of DNA extraction from deep-marine sediments has
indicated that a large fraction of microbial cells are highly resistant to enzymatic
and/or SDS extraction, suggesting that subseafloor microbial communities may be
more diverse than thought and we have not grasped the true microbial community
structures (Inagaki et al. unpublished results). Even if the environmental intracellu-
lar DNA is completely extracted, since our knowledge of the conserved sequences
for constructing PCR primers or probesisoriginally based on the sequence of known
isolates from the surface world, there are no guarantees that previously unknown
microbes code the same sequences in their genome applicable for PCR and other
molecular techniques (Teske and Sarensen, 2008). Therefore, as the next step, we
must pay more attention to bias issues in cell detection, biomolecular extraction
(e.g., DNA, RNA, lipids), and molecular studies; otherwise we may not receive the
true view of natural subseafloor life.
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Based on the development of culture-independent molecular or biogeochem-
ical approaches, we may address the question ‘How is phylogenetic composi-
tion based on the 16S rRNA gene sequence linked to biogeochemical function?
One recent demonstration of this involved FISH-secondary ion mass spectrometry
(FISH-SIMS). Using this technique, Biddle and colleagues revealed that archaeal
cells in sulfate-methane transition zones are fueled by buried organic matter
(Biddle et a. 20064). Although the phylogenetic positions of the heterotrophs re-
main unknown, those results provided the first information on a physiological char-
acteristic of deep subseafloor microbes without cultivation. Based on the 16S rRNA
gene data, similar or more advanced single phylotype-targeted isotopic and/or ge-
nomic approaches using flowcytometry and NanoSIM Swill be applicableto achieve
a better understanding of the uncultivated subseafloor microbial components (Eek
et al. 2007; Podar et al. 2007; Kuypers and Jargensen, 2007).
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Fig. 10 Cluster analysis of archaeal and bacterial community compositions based on clonal fre-
quencies of 16S rRNA gene phylotypes from various deep subseafloor sediments. Gray boxes and
bold charactersindicate the sampling sites where methane hydrates are believed to exist by seismic
surveys and are visualy confirmed, respectively. The communities inhabiting methane hydrate-
bearing sediments are distinguishable from those in non-hydrate fields (Inagaki et al. 2006a)
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To understand the biogeographical distribution of microbia life in deep-
subseafloor environments, we need more opportunities to collect deep samples for
microbiological research. Access to the lithosphere like basaltic environments for
microbiology is difficult, but the deployment of borehole observatories, referred to
as circulation obviation retrofit kits (CORKSs), at hydrologically active sites may
provide one solution, allowing microbes transferred from deep subseafloor to be
collected as many times/as long as necessary (Cowen et al. 2003; Huber et al. 2006;
Nakagawa et a. 2006). Either on the local or the global scale, environmental con-
ditions seem to control microbia diversity and community structure. The results
of previous molecular surveys of subseafloor microbial diversity suggested that
microbial communities inhabiting sediments in methane hydrate areas are signifi-
cantly different from those in non-hydrate areas on the Pacific continental margins
(Inagaki et a. 2006a) (Fig. 10). In addition, there are some obvious tendencies in
the preferential habitats of subseafloor microbes, like DSAG and MCG described
above, indicating that biogeographical distribution may occur in association with
sedimentological, geohydrological, and geological settings. Further microbiological
surveys in deep-subseafloor environments will clarify on the global and local scale
how deep microorganisms can live and survive, how they are distributed or adapt
to their environment, and how biogeographical distribution affects the evolution of
subseafloor life on our planet.

5 Conclusions

Culture-independent molecular ecological surveys of deep-subseafloor environ-
ments have revealed the presence of highly diverse, previously uncultivated
microbial communities. Since most subseafloor microbial components are phyloge-
netically distinct from known isolates from the overlying surface world, their phys-
iological and metabolic characteristics remain largely unknown. Nevertheless, the
geochemical characteristics of deep marine environments indicate that subseafloor
microbial communities play important roles in subseafloor biogeochemica cycles
and that their occurrence and activities are closely associated with environmental
settings such as substrate and energy transportation via geohydrological flows and
tectonic movements. In conclusion, the deep-subseafl oor biosphere is another world
containing unknown microbial communities, and further multidisciplinary studies
of their function, metabolic flux, geographical distribution, living strategies, and
evolution will be necessary for future research on deep-subseafloor environments.
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Analysis of Deep Subsurface Microbial
Communities by Functional Genes
and Genomics

Andreas Teske and Jennifer F. Biddle

1 Introduction: Molecular and Cultivation Surveys of Marine
Deep Subsurface Sediments

Marine sediments cover more than two-thirds of the Earth’s surface and microbial
cells and prokaryotic activity in these sediments appear to be widespread. Direct
counts of intact cells provide evidence of prokaryotic populations in sediments
as deep as 800m below the seafloor (Parkes et al. 2000). Prokaryotic activity, in
the form of sulfate reduction and/or methanogenesis, occurs in sediments through-
out the world’s oceans (D’Hondt et a. 2002). The prokaryotes of marine subsur-
facesediments may constitute a major portion of Earth’s prokaryotic biomass and
total living biomass (Parkes et al. 2000; Whitman et al. 1998), however, fundamental
aspects of this subseafloor ecosystem are poorly known. What is the phylogenetic
composition of prokaryotic communities in the marine sedimentary subsurface?
What aretheir functional genesand the metabolic activitiesthat allow these prokary-
otesto grow and to persist in their subsurface habitat?

The deep marine subsurface biosphere, its composition and activity, is a now
a major research field at the interface of geology, geochemistry and microbiol-
ogy (Amend and Teske 2005; Jargensen and D’Hondt 2006). Over the last few
years, gene-based analyses of microbial community composition and function in
deep subsurface sediments have uncovered a previously unknown subsurface bio-
sphere of novel archaea and bacteria with cosmopolitan occurrence patterns (Bid-
die et a. 2006; Coolen et a. 2002; Fry et a. 2006; Inagaki et a. 2003, 2006;
Inagaki et al., this volume; Kormas et a. 2003; Newberry et al. 2004; Parkes
et a. 2005; Reed et al. 2002; Schippers et a. 2005; Schippers and Neretin 2006;
Serensen and Teske 2006; Sgrensen et a. 2004; Teske 2006; Webster et al. 2003;
2004; 2006; Wilms 2006a, b). In contrast to the highly diverse subsurface pop-
ulations that have been detected by molecular, gene-based approaches, cultured
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isolates from subsurface sediments are mostly limited to a handful of phylogenetic
lineages: heterotrophic, psychrophilic or mesophilic members of the Proteobacte-
ria, the Cytophaga-Flavobacterium phylum, the Actinobacteria and the Firmicutes
(Biddle et al. 20053, b; D’Hondt et a. 2004; Kopke et al. 2005; Lee et a. 2005;
Siiss et al. 2004, 2006; Toffin et al. 20044, b; Toffin et al. 2005). Thus, the diver-
gent outcomes of molecular and cultivation-based analyses imply that only a small
selection of the actual bacterial and archaeal diversity in deep subsurface sediments
is currently being cultured; attempts to close the “ cultivation gap” require a battery
of labor-intensive, innovative cultivation approaches, which remain a poor match
for the diversity of microbial habitats and niches in Nature. Organic-rich marine
sapropels and coastal sediments of intertidal mud flats are the only major exceptions
where cultivations have captured a quantitatively significant segment of the natural
bacterial population (Kopke et a. 2005; Siss et al. 2004, 2006).

2 The Functional Gene Approach

As a consequence of this situation, understanding the physiology and function of
microbial communitiesin different environmentsis|eft behind and eclipsed by rapid
progress in rRNA microbial diversity mapping on the scale of entire ecosystems
(Von Mering et a. 2007). The biogeochemical function and physiological prop-
erties of subsurface communities are to some extent reflected in biogeographical
occurrence patterns (Inagaki et al. 2006), vertica stratification within geochemi-
cal gradients (Sarensen and Teske 2006), or correlations with geochemical habitat
characteristics (Fry et al. 2006). However, these approaches allow only indirect in-
ferences. A widely used molecular strategy to directly link genotype and phenotype,
and to reconnect microbial diversity studiesto microbial function, is the functional
gene approach. Here, the target of molecular detection is a functional gene, cod-
ing for an enzyme or an enzyme subunit that is essential and characteristic for a
specific metabolic pathway, and for the bacteria and archaea of this metabolic type
(Wagner et al. 2005; Friedrich 2005). In most cases, the detection technique is a
PCR assay of actual or alleged specificity; in combination with reverse transcription
of the target gene mMRNA, the expression of the target gene can be detected via RT-
PCR (Neretin et al. 2003). DNA-based PCR detection of the target gene, as well as
messenger RNA-based detection of its expression, can be quantified (Bustin 2000;
Stults et al. 2001; Suzuki et a. 2000). By focusing on a specific physiological
and functional group of microorganisms, the functional gene approach is highly
selective and detects relatively rare “minority populations’ of bacteria and archaea
that are easily overlooked by more general assays, such as rRNA sequencing. As a
prerequisite, the functional gene of choice has to be sufficiently conserved in order
to carry meaningful phylogenetic information; its link to the evolutionary lineage
of its host cell should not be obscured by frequent and/or unknown gene transfer
events. Genetransfer events are accounted for by comparisons of rRNA and multiple
functional gene phylogenies within the same functional group; the sulfate-reducing
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prokaryotes provide an instructive example (Wagner et a. 1998; Friedrich 2002;
Kleinet a. 2002; Zverlov et a. 2005). In such well-documented cases, the complex-
ity and database size of functional gene phylogenies is catching up with the rRNA
framework, significantly broadening the molecular tool kit for high-resolution mi-
crobial diversity surveys and enabling evolutionary studies on the origin of specific
microbial functions and metabolic pathways (Stahl et al. 2002; Dhillon et al. 2005a).
The caveat must be added that functional gene phylogenies have sprouted multiple
branches without cultured representatives, similar to the rRNA tree of life. An un-
cultured bacterium or archaeon is supposed to have the specific physiological trait
encoded by the gene, even if comparisons to cultured isolates are not yet possible
(for example, Dhillon et al. 2003); however, this assumption is only valid aslong as
the gene product remains without structurally and functionally significant changes
and retains its specific function (for an interesting case study, see Laue et al. 2001).

3 Functional Gene Analyses in Deep Subsurface Sediments

The functional gene approach opens new avenues of research for subsurface micro-
biology. Since most studied deep marine subsurface sediments are from organic-
rich margin environments, the predominant microbial processes in the anaerobic
degradation of buried organic biomass at these sites are sulfate reduction, methano-
genesis, and sulfate-dependent anaerobic methane oxidation, as evidenced by the
conspicuous geochemical gradients of sulfate and methane that delineate these pro-
cesses and alow calculations of process rates in addition to direct rate measure-
ments (D’ Hondt et al. 2002, 2004). Consequently, most functional key gene surveys
of deep subsurface sediments have targeted the gene for dissimilatory sulfite re-
ductase alpha and beta subunit (dsrAB), an essential gene of microbial sulfite and
sulfate reduction (Wagner et a. 1998; Klein et a. 2001; Zverlov et al. 2005) and
the gene for methyl-coenzyme M reductase alpha subunit (mcrA), the key gene
of methanogenesis and anaerobic methane oxidation (Springer et al. 1995; Luton
et a. 2002; Hallam et al. 2003, 2004). However, in organic-poor sediments, micro-
bial respiration with oxygen, nitrate or metals consumes the available biomass; sul-
fate reduction and methanogenesis rates remain minimal or undetectable (D’ Hondt
et a. 2004). A functional gene study in Northwest Pecific surficial sediment lay-
ers, where nitrate respiration is a preferred process, successfully detected nitrate
reductase genes (Braker et al. 2000, 2001). More organic-poor sediments need to
be examined to determine the extent and phylogeny of these metabolisms in the
subsurface.

Sample availability, low nucleic acid content, and challenges to PCR sensitivity
are probably the most important reasons why only a few deep, and mostly margin,
subsurface sediments have been examined in detail, in contrast to numerous func-
tional gene surveys of surficial marine sediments (examples in Bidle et a. 1999,
Bahr et al. 2005; Kondo et al. 2004; Dhillon et al. 2003, 2005b) and increasing
studies of shallow subsurface coastal sediments in the 1-5 m depth range (Thomsen
et al. 2001; Wilms et al. 2007). At present, deep subsurface sediments in the Peru
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Margin and in Nankai Trough (in the depth range of up to 300m below sediment
surface) represent the best case studies for PCR, cloning and sequencing of func-
tional genes of sulfate reduction, methanogenesis and anaerobic methane oxidation
in the deep marine subsurface (Parkes et al. 2005; Newberry et al. 2004; |nagaki
et al. 2006; Webster et al. 2006; Lever and Teske 2007).

3.1 Sulfate Reduction Genes

Although sulfur isotope fraction data and sulfate reduction rate measurements
clearly indicate active sulfate reduction in deep subsurface sediments of the Peru
Margin (Bottcher et a. 2006; Parkes et al. 2005), functional gene detection of
sulfate-reducing prokaryotes has been challenging. At a single depth horizon of
ODP Site 1228 (48 mbsf), dsrA gene fragments could be amplified (Webster et a.
2006), and were related to dsrAB sequences of an uncultured branch of sulfate-
reducing bacteria (group V) previously seen in the Guaymas Basin (Dhillon et al.
2003), in methane seeps in the Gulf of Mexico (Lloyd et a. 2006), in New
England salt marsh sediment (Bahr et al. 2005), and surficial sediment cores
from the Eastern Pacific continental margin (Liu et al. 2003). No dsrA gene frag-
ments were detectable at the nearby ODP Site 1229 on the Peru Margin (Webster
et al. 2006). A quantitative PCR analysis of the Peru Margin ODP Site 1227 detected
dsrA genes in patchy distribution in the sediment column, unrelated to methane-
sulfate gradients (Schippers and Neretin 2006); however, the dsrA gene fragments
were not sequenced and the identify of the sulfate reducers is therefore not known.
All Peru Margin studies used a primer pair that amplified a very short fragment (ca.
180 nucleotides) of the dsrA gene (Kondo et al. 2004); previous attempts to amplify
dsrA and dsrAB genes with published primer pairs targeting longer fragments re-
mained unsuccessful (Webster et a. 2006; Lloyd and Teske, unpublished results).
Possibly, the population density of sulfate-reducing prokaryotes in the Peru Margin
sedimentsistoo low to allow reliable detection by DNA extraction and PCR (Parkes
et al. 2005).

3.2 Methanogenesis Genes

Currently, the key gene of methanogenesis and anaerobic methane oxidation, mcrA,
provides the most comprehensive functional gene dataset for marine subsurface sed-
iments (Fig. 1). The emerging diversity of mcrA genesin the deep subsurfaceand in
relevant analog habitats (near-surface sediments supplied with subsurface-derived
substrates) allows an initial assessment of subsurface methanogensin the context of
habitat characteristics and substrate availability.

The mcrA phylotypes that have been recovered from deep subsurface sediments
are affiliated to cultured genera and families of methanogens (Fig. 1). For example,
the mer A phylotypes in organic-rich sediments of the Peru Margin (ODP Site 1229)
were closely related to members of the methanogenic genera Methanobrevibacter
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Fig. 1 Phylogenetic tree based on nucleotide sequences of methyl-coenzyme M reductase al-
pha subunit (mcrA) genes. Sequences were retrieved from the GenBank database and aigned by
ClustalW (Thompson et a. 1994). Tree was constructed using neighbor-joining analysis by MEGA
software (Kumar et al. 2004) based on 718 nucleotides. Bootstrap values are based on 1,000 repli-
cates, values are shown for branches with more than 50% bootstrap support. The Methanosarci-
naceae, the Methanosaetaceae, the Methanomicrobiales and the ANME-2 lineage (Group c, d)
are each well-supported, mutually exclusive lineages (89-100% bootstrap support). In agreement
with published analyses (Hallam et a. 2003), hierarchical branching patterns within the root of
these four lineages are not well supported (<70%); together they form a strongly supported cluster
(98%) that excludes the ANME-1 group, the Methanococcales and the Methanobacteriaes. The
merA lineages ¢, d and 2 are based on Hallam et al. (2003). The methanogen taxonomy follows
Bergey’s Manual of Systematic Bacteriology (Garrity and Holt 2001)
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and Methanosarcina (Parkes et al. 2005; Webster et al. 2006); the same phylogenetic
affiliation was found for mecrA phylotypes from the Western Pecific in the Nankai
Trough offshore Japan (Site 1173; Newberry et al. 2004). Methanosarcina species
use acetate, methylated compounds, and H,/CO, as substrates of methanogenesis
(Boone and Mah 2001); Methanobrevibacter species use H, and occasionally for-
mate as methanogenic substrates (Miller 2001). These substrates are available in
deep subsurface sediments, albeit in low concentrations. Acetate and formate pore-
water concentrations in the sediment column of the Peru Margin were quite similar
to each other, both in the 1-4 uM range (higher in methane/sulfate interfaces; Ship-
board Scientific Party 20033, b). Potential methanogenesis rates using formate and
acetate as methanogenic substrates were detectable at Site 1229, these rates reached
maximally 15 pmol methane cm~2 d~* in the sediment column (Parkes et al. 2005).
In contrast, mcrA phylotypes from the sediment column of the Peru Trench (ODP
Site 1230; D’Hondt et al. 2004) formed a sister group to the genus Methanosaeta
(Inagaki et al. 2006). Methanosaeta species grow strictly by acetoclastic methano-
genesis (Patel 2001). Acetate concentrationsin the Peru Trench sediments arein the
50-200 uM range, which is 50 times higher than in Peru Margin sediments; formate
concentrations are in the 5-20 uM range (Shipboard Scientific Party 2003c). The
higher acetate concentrationsin the Peru Trench sediments would be consistent with
the occurrence of acetate-dependent, acetoclastic methanogens in this subsurface
habitat.

4 Methanogens in Marine Sedimentary Habitats

Comparisons of deep subsurface mcrA phylotypes with their counterparts from
shallow marine and estuarine sediments reveal interesting differences as well as
common denominators in community structure and habitat characteristics. Diverse
marine habitats have been studied by mcrA surveys: organic rich sediments and peat
in abrackish estuary (Banning et al. 2005); cold methane seep sedimentsin organic-
rich continental margin sediments (Hallam et a. 2003, 2004; Inagaki et a. 2004;
Nunuora et a. 2006); sediments covering methane hydrates (Bidle et al. 1999);
and hydrothermal sediments of Guaymas Basin, characterized by geothermal al-
teration of buried organic matter (Dhillon et al. 2005b). Selected mecrA phylotypes
from these and other marine environments are included in the phylogenetic tree
(Fig. 1).

The Guaymas Basin is a particularly interesting analog to deep subsurface sedi-
ments. Biomassis buried in the thick sediment layers, and is hydrothermally altered
to organic substrates (petroleum compounds, aromatics, alkanes) that are usually
encountered in deep, hot ail fields and other geothermal subsurface environments
(Didyk and Simoneit 1989). These substrates are transported back into the upper
sediment column and towards the sediment-water interface, where they sustain com-
plex benthic microbial communities (Pearson et al. 2005) and create a spatialy
compressed sequence of anaerobic microbial processes and communities near the
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sediment surface, which elsewhere extend over tens and hundreds of vertical meters
within the deep marine sedimentary subsurface (D’Hondt et al. 2002, 2004). Thus,
Guaymas Basin provides a natural laboratory for investigation of a dominant deep
marine subsurface process, microbial utilization of thermally matured buried carbon
(Wellsbury et al. 1997), in a near-surface location. Interestingly, some methanogen
populations reflect this similarity. Several Guaymas mcrA phylotypes form a sister
group to Methanosaeta spp. within the Methanosarcinales; at the same time, they
are the closest known relatives of the Methanosaeta-related Peru Trench phylotypes
from ODP Site 1230 (Inagaki et al. 2006) (Fig. 1). These uncultured Methanosaeta-
related methanogens occur in surficial Guaymas sediments that are abundantly sup-
plied with low-molecular weight organic acids, originating from thermal degrada-
tion of buried biomass; for example, acetate occurs in concentrations up to 0.2 mM
within the upper 11 cm, and reaches 0.9 mM at 15cm depth (Dhillon et al. 2005b).
Thus, the Methanosaeta-related methanogens in Guaymas Basin and in the Peru
Trench appear to reflect a shared habitat characteristic, high concentrations of or-
ganic acids, in particular the methanogenic key substrate acetate. In both cases, the
organic acids are most likely derived from subsurface degradation of buried complex
organic substrates (Pearson et al. 2005; Heuer et a. 2006).

Other Guaymas Basin mcrA phylotypes were members of the Methanomicro-
biales; within this group, they were phylogenetically intertwined with mcrA clones
from an estuarine brackish water lake (Banning et al. 2005) (Fig. 1). At present,
no deep subsurface mcrA phylotypes are known within the Methanomicrobiales,
which commonly depend on H,/CO, as methanogenic substrates. However, the
M ethanomi crobial es cannot be discounted as potential subsurface methanogens; the
M ethanomicrobiales increased with depth in shallow (4 m deep) marine subsurface
sediments in the Skagerrak, as indicated by combined 16S rRNA-based clone li-
braries, T-RFLP profiles and H,/CO, methanogenesis rates (Parkes et al. 2007).

One of the current minor enigmas of deep subsurface microbiology is the diffi-
culty to detect anaerobic methane-oxidizing archaea in deep methane-sulfate inter-
faces. Population densities and activities of these anaerobic methane oxidizers, the
basis of their detection, appear to be depth-related; anaerobic methane oxidizers are
easily detected at methane/sulfate interfaces in the shallow marine subsurface on a
scale of 1-4m (for example, Parkes et a. 2007) but remain elusive in deep sub-
surface sediments where methane-sulfate gradients extend over tens of meters. The
methane-sulfate interfaces of the conspicuous subsurface methane-sulfate gradients
in Peru Margin sediments were repeatedly checked for methane-oxidizing archaeal
populations that are the microbia catalysts of this process;, however, 16S rRNA
and mcr A gene analyses have not detected any of the known, sulfate-dependent ar-
chaeal methane oxidizers of the ANME-1, ANME-2 and ANME-3 groups (Boetius
et al. 2000; Orphan et al. 2001, 2002; Niemann 2006). Published mcrA sequences
from deep subsurface methane-sulfate interfaces fall within the Methanobacteriales
and the Methanosarcinales (Parkes et al. 2005; Newberry et al. 2004) and are distinct
from the ANME-1 and ANME-2-affiliated mcrA phylotypes that are consistently
found at methane seeps (Hallam et al. 2003, 2004; Inagaki et al. 2004; Nunuora
et al. 2006) (Fig. 1). Molecular surveys based on 16S rRNA show uncultured, active



166 A. Teske, JF. Biddle

archaeal lineages (Biddle et al. 2006; Sgrensen et al. 2006). The conspicuous ab-
sence of mcrA genes of anaerobic methane oxidizers at deep subsurface methane-
sulfate interfaces could be explained in two ways that are not mutually exclusive:
Other archaeal groups mediate anaerobic methane oxidation, possibly via a “dis-
similatory” methane oxidation process that derives energy without incorporating
methane-derived carbon into archaeal cell biomass (Biddle et a. 2006). Also, clas-
sical methane-oxidizing archaea could occur at deep subsurface methane-sulfate in-
terfaces, but are hard to detect due to low cell density or mismatched PCR primers
(Lever and Teske 2007).

5 Genomic Approaches

While studies of PCR-amplified functional genes can provide an overview of poten-
tial metabolismsin an environment, it islimited in that it does not examine complete
metabolic pathways and excludes genes that may be more divergent than those used
for primer design. In recent years, the approach of examining the genetic potential
of an environment has shifted to that of metagenomics. In this method, all genes of
an environment are examined, regardless of their function. It is aviable method for
discovering new genes (Krause et al. 2006), for examining the entire assemblage of
metabolic pathways contained in an environment (Tyson et a. 2004), and for recon-
structing specific pathways that are characteristic for a microbial habitat (Hallam
et al. 2004). Metagenomics can currently be performed via two different methods:
the traditional approach of Sanger-based shotgun sequencing (Venter et al. 2004), or
the newer method of pyrosequencing (Edwards et al. 2006). Advantages of pyrose-
guencing are its lower cost and ability to sequence low amounts of DNA without
processing through Escherichia coli. A disadvantage is that results from pyrose-
guencing are obtained in short fragments. However, the advantage of the low in-
put DNA for pyrosequencing makes it extremely applicable to the deeply buried
biosphere.

The metagenome of subsurface sediment was recently obtained by pyrosequenc-
ing (Biddle 2006; Biddle et a. 2008). Over 60 million basepairs of sequence was
retrieved from sediments at 1, 16, 32 and 50 mbsf from ODP Site 1229 on the Peru
Margin. The short sequences retrieved by pyrosequencing were compared to two
publicly available databases, the GenBank non-redundant (nr) and the protein family
(pfam) databases (Finn et a. 2006; Altschul et al. 1997; Biddle et a. 2008). The top
match was used to identify the most likely gene annotation and this was used to
sort sequence reads into functional gene classes based on gene ontology categories.
Sequences that were sorted as genes involved in a methanogenic pathway, based on
protein family identity, were counted at each depth (Fig. 2; Panel B). Based on the
geochemistry at Site 1229, it is expected that methanogenic microorganisms would
increase at depth, mirroring the increase in observed methane at between 40 and
90 mbsf (Fig. 2; Panel A) (more detailed geochemistry is available from D’Hondt
et al. 2003).
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The most frequently detected genes code for methyl-viologen-reducing hydro-
genase. This type of hydrogenase may be involved at multiple steps in methano-
genesis, but it should be noted that it is also involved in other anaerobic metabolic
processes. As such, it does not vary greatly with depth as it may not be a direct
indicator of a methanogen (Fig. 2; Panel B). Also, the trimethylamine methyltrans-
ferase genes detected at 32mbsf are not solely methanogenic enzymes if identi-
fied only at the level of protein family. A gene that is a more specific indicator of
methanogenesis at the protein family level is that which encodes methylene-5,6,7,
8-tetrahydromethanopterin dehydrogenase. This enzyme is essential for the conver-
sion of methenyl-H4sMPT to methylene-H,MPT, a step catalyzed by the reduction
of F4p0. This gene was detected in increasing levels at greater depths (Table 1) with
the most abundant detection (four 100 bp read matches) at 50 mbsf, where there is
apeak of methane gasin the sediment column (Fig. 2; Panel A). Although no mcrA
genes were detected, the increase of a methanogenic gene at the peak of methane

Table 1 Detailled anaysis of Methylene-5,6,7,8-tetrahydromethanopterin - dehydrogenase
annotations

Depth detected  Identity of most similar BLAST ~ nr bit score  nr Evalue Pfam Evalue

match

1 Methanother mobacter 50.1 30x10% 18x10°%
thermautotrophicus str. DeltaH

32 Methanospirillum hungatei JF-1  54.3 20x107% 56x 1071

50 Methanoculleus marisnigri JR1 424 7.0x107%®  6.1x10°%

50 Archaeoglobus fulgidus DSM 55.1 1.0x10°% 6.2x10°1°
4304

50 Methanocal dococcus jannaschii ~ 38.9 71%x10%2 23x10°%
DSM 2661

50 Methanother mobacter 48.1 10x 10 68x10°%

thermautotrophicus str. DeltaH
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gas gives confidence that with continued sequencing, representatives of mcrA may
be uncovered.

Although the short sequences provided by pyrosequencing (average 100 bp
per read) may not yield reliable phylogenetic information for general metabolic
genes, such as ABC transporters, it is interesting to look at the relationship of
the methanogen-specific methylene-5,6,7,8-HsMPT dehydrogenases detected in the
metagenome (Table 1). Aswith the previoudly discussed mer A clones, the sequences
are most homologous to multiple groups of methanogens and archaea. The Metha-
nomicrobiales, M ethanobacterial es and M ethanococcal es are represented. Addition-
ally, Archaeoglobus fulgidus is the most similar match for a sequence from 50 mbsf.
Thisis not unexpected as we might expect the subsurface methanogens to be diver-
gent from surface groups (Inagaki et a. 2006) and the cultured Archaeoglobus has
the methanogenic pathway except for merA (Klenk et al. 1997). There has been no
detection of genes similar to Methanosarcina, despite the detection of that group by
PCR studies (Parkes et al. 2005).

This first examination of the marine subsurface metagenome yielded only two
genes for sulfate reduction. At Site 1229, sulfate reduction is expected to be abun-
dant at 1, 16 and 32 mbsf, however by the dsr A genes have proved difficult to find by
PCR (discussed in Section 3.1; Webster et a. 2006). At 1 mbsf metagenome, a gene
was detected that had similarity to a beta-subunit of sulfite reductase from Moorella
thermoacetica (NP_393526). At 16 mbsf, a gene was found that was similar to the
alpha subunit of dissimilatory sulfite reductase from an uncultured sulfate-reducing
bacterium in the Eastern Mediterranean Sea (AY 590556). No sulfite reductases or
other marker genes for sulfate reduction were detected in the metagenome from 32
or 50 mbsf. To our knowledge thisisthefirst report of adsr gene at ODP Site 1229.
While subsurface sulfate reducing microorganisms may just be minority popul ations
(Parkes et al. 2005), sulfate reduction is such awidespread metabolism in the global
marine subsurface that more genes are expected to be detected by both metagenomic
and PCR based studies. At thispoint, it is unknown whether they evade our detection
or perhaps are divergent from the pelagic genes and simply lie undiscovered.

6 Outlook

Linking diversity to function requires improved DNA/RNA recovery for metage-
nomic segquencing and gene expression analyses; it will require targeted molecular,
physiological and geochemical studies of specific groups and lineages of subsurface
bacteria and archaea, and — last but not least — innovative cultivations that yield
representative deep subsurface bacteria and archaea for direct physiology and ge-
netic studies. DNA recovery can be improved with a new approach, multiple strand
displacement amplification (MDA) using $29 DNA polymerase, which generates
copies of PCR templates while replacing previously generated copy strand that has
been left in place by its closest $29 DNA polymerase neighbor; the result is a
branched amplification where the template strand is copied multiple times simulta-
neously, in an isothermal DNA amplification step (Hutchinson et al. 2005; reviewed
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in Zhang et a. 2006). The procedure is applicable to deep subsurface sediments,
as it generates microgram amounts of amplified DNA from extracted DNA-poor
sediment samples (Abulencia et al. 2006), or even from a single cell (Raghunathan
et a. 2005). Initia tests with amplifications of mixed pure cultures and amplified
serial dilutions showed potential amplification biases; however, the phylogenetic
spectrum of non-amplified and amplified environmental DNA turned out to be sim-
ilar; the bacterial phyla that are represented in the native DNA are also found in
the amplified DNA (Abulencia et al. 2006). Although amplification biases have to
be taken into account, genomic surveys and functional gene studies, for example
using microarray technology, will become feasible for microbial communities in
DNA- and biomass-limited samples (Wu et al. 2006). Particularly, novel bacteria
and archaea that lack natural reservoirs where they occur in high densities, could
be enriched using small-scale culture enrichments and physical cell separation and
sorting (Kalyuzhnaya et al. 2006). Thus, amuch greater proportion of the microbial
world would be in reach for genomic and functional gene analyses; the recently
postulated “ Rare Biosphere” would become accessible (Sogin et al. 2006).

New combinations of geochemical and molecular methods can identify spe-
cific, active microbial populations even in the absence of cultivations. For exam-
ple, Micro-FISH experiments can couple CARD-FISH identification of individual
cells with substrate uptake and utilization patterns (Teira et a. 2004). Fluorescent-
In-situ-hybridization Secondary-lon-Mass-spectroscopy (FISH-SIMS) alows sta
ble carbon isotopic analysis of individual microbial cells stained with FISH probes
(Orphan et al. 2001). Structural and C-isotopic analysis of prokaryotic biomarker
lipids (Sturt et al. 2004) combined with C-isotopic analysis of individual cells by
FISH-SIMS (Orphan et a. 2001) and with cloning and sequencing of reverse-
transcribed rRNA (Inagaki et a. 2002) can identify active microbial populations
and their stable-carbon isotopic signatures in parallel. This strategy has been suc-
cessfully applied for archaeal communities in deeply buried methane-sulfate inter-
faces at Peru Margin ODP Sites 1227, 1229 and 1230 (Biddle et a. 2006). In these
organic-rich sediments, the active archaeal community was shown to assimilate
buried organic carbon of photosynthetic origin, but not DIC or methane (Biddle
et al. 2006). Asanext step, thisanalysis can be performed for selected phylogenetic
groups of active subsurface bacteria and archaea that dominate the deep subsurface,
using group-specific probes.

Cultivation techniques for difficult-to-culture bacteria and archaea, in particular
oligotrophic strains, have started to reveal their potential for subsurface microbiol-
ogy. Serial dilution approaches and oligotrophic natural media (unamended seawa-
ter, unamended sediment) are already widely used in marine microbiology (Connon
and Giovannoni 2002; Brunset al. 2003a, b; Kaeberlein et al. 2002; Siisset al. 2004),
leading to the isolation of new phyla and dominant marine pelagic bacteria (Rappé
et a. 2002; Cho et a. 2004). An essential and often overlooked aspect of olig-
otrophic cultivationsis the technical challenge of detecting low-density growth, for
example in the terminal steps of dilution series or in batch cultures of bacteria that
do not grow in high densities. Improved cell staining with more sensitive nucleic
acid stains alows the reliable quantification of prokaryotic cells in low-density
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solution (Martens-Habbema and Sass 2006). A related issue is the observation that
microbial colonies growing on solid media and filters do not always develop into
the traditional, large colonies that are visible with the unaided eye; growth and
division of a single cell may proceed only for a few divisions and produce mi-
crocolonies that require detection by microscopy (Hgjberg et al. 1997; Kaeberlein
et a. 2002). Such experimental constraints and caveats will most likely apply to the
cultivation of deep subsurface bacteria and archaea, considering their nutrient- and
energy-depleted habitat and their physiological adaptations to a life as microbial
starvation artists. The cultivation of slow-growing, low-density bacteria and archaea
from the deep subsurface will have positive feedback effects on functional gene
and genomics studies; newly cultured members of largely uncultured lineages or
phyla will serve as benchmark species and strains to explore their physiological
capabilities, genomic potential, and environmental relevance.
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Diversity of Bahamian Microbialite Substrates

Robert N. Ginsburg and Noah J. Planavsky

Abstract Stromatolites, laminated columnar and branched structures of limestone
and dolomite, are the only macroscopic evidence of lifefor thefirst few billion years
of earth history. These organo-sedimentary structures are a prominent constituent of
Precambrian carbonate successions and occur sporadically throughout the Phanero-
zoic. They are hosts for metallic ores and serve as reservoir rocks for hydrocarbons.
Still living Bahamian columnar forms that are counterparts of ancient microbialites
(stromatalitic and thrombolitic) provide a specia opportunity to examine if their
substrates played a role in determining the occurrences and patterns of these re-
markable structures. The cyanobacterial builders of Bahamian stromatolites can
colonize almost al substrates except mobile sands. The development of columnar
structures with significant relief however, requires either a hard or firm substrate.
From published reports on substrates and our own observations we recognize two
families of substrates: inherited, consisting of pre-existing rock surfaces and re-
newable, including all substrates that can develop repeatedly during accumulation.
Inherited substrates in the Bahamas include Pleistocene limestone with or without
palimpsest encrustations of caliche or paleosol. Renewable substrates in the marine
environment include syndepositional hardgrouds, large skeletons of corals and mol-
lusks, encrustations of coralline algae or vermetid gastropods, and firm grounds of
fine-grained carbonate sediment. Recognizing the key roles of renewable substrates
in determining the occurrences and age variations of modern Bahamian specimens
emphasizes the need for increased attention to the foundations of microbialites in
future studies.

1 Introduction

Stromatolites arelaminated, lithified columnar, branched, and hemispheroidal struc-
tures that accrete from a single point (Semikhatov et al. 1979). They are a mgjor
component of carbonate platforms in the Precambrian and sporadically throughout
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Fig. 1 Example of classic
Precambrian stromatolites,
Pethei Group, Great Slave
Lake, NWT, Canada. The
large slumped slab shows the
columnar growth form (in
plan view) and the
characteristic convex-upward
laminations (in cross
sectional view). Photo Paul
Hoffman

the Phanerozoic (Fig. 1). Stromatolites form through the dynamic interactions of a
microbial community, geochemical reactions, and local sedimentation. Cyanobacte-
ria are the predominant element of benthic communities forming nearly all modern
stromatolites and were most probably also the builders of the majority of their fossil
counterparts.

The cyanobacterial builders of stromatolites are ever-present on the earth’s sur-
face: hot springs, polar ice, terrestrial environments, fresh and hypersaline waters,
and are likely some of the most abundant life forms in the oceans (Waterbury
et al. 1979). When many species of cyanobacteria encounter a stable substrate,
they attach, multiply and spread to form a benthic community. Cyanobacterialy-
dominated benthic microbial communities are complex associations of photosyn-
thetic and heterotrophic bacteria (Monty 1976; Papineau et al. 2005). Transforming
a prostrate microbial mat into a microbialite rising above the surroundings requires
building materials. Luckily, two sources have long been available. One is sediment
trapped and firmly bound by the agile bacteria. The other building material, which
is predominatein early Precambrian stromatolites, is calcium carbonate precipitated
like plaster on or within the microbial mat. This carbonate precipitation in many
extant stromatolites istriggered by the metabolic activities of the benthic microbial
community, a topic that has been extensively studied. Within the benthic micro-
bial community, cyanobacterial photosynthesis can locally lower the carbon dioxide
concentration, which raises the pH and induces carbonate precipitation. Organic
matter remineralization, predominately through sulfate reduction, can also promote
carbonate precipitation (For recent reviews see Andres et al. 2006; Arp et al. 1999,
2003; Visscher et al. 2000; Visscher et al. 1998). Whichever of these two building
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materialsisused, theformation of singlelaminamust be repeated to build astructure
rising above its surroundings. This repetition can be caused by cyanobacteria motil-
ity, recolonization of the growth surface, variation in the types of benthic communi-
ties, or periodicity in the accretion linked to a dynamic environment (Monty 1976;
Reid et a. 2000). The end result of repeated laminae of sediment or precipitated
carbonate are structures composed of convex-upward laminations—stromatolites

(Fig. 1).

2 Discovery and Significance of Holocene Stromatolites

When stromatolites were first discovered, late 19th and early 20th century, paleon-
tologists and sedimentary geologists were baffled by these non-skeletal laminated
domes and columns. There was longstanding debate if these layered structures they
were animal, plant or purely mineral.

One of the early breakthroughs in understanding the origins of stromatolites
came in the 1930s when an adventurous young Englishman named Maurice Black
traversed the shallow lakes and swamps of Andros Island, Bahamas by canoe. His
paper (Black 1933) described how self-replicating cyanobacterial mats aternating
with periodic deposition of sediment could produce unlithified laminated structures
resembling ancient stromatolites.

The discovery of well-lithified marine stromatalites, first in ahyper-salinelagoon
in Shark Bay in Western Australia (Fig. 2) (Logan 1961; Playford and Cockbain

Fig. 2 Shark Bay
stromatolites, Western
Australia. (A) Exposed,
wave-trained and elongated
stromatolites. Photograph
B. Logan. (B) Subtidal
columnar stromatolites of
variable heights. The tallest
stromatolitesin photo are
40 cm. Photograph

P. Playford
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1976) and more recently in tidal channels of the Bahamas (Dill et a. 1986; Dravis
1983; Reid et a. 1995)(Fig. 3), inspired seminal research on microbial carbonates.
For example, detailed research on intertidal stromatolites in the Bahamas added
novel concepts about stromatolite laminae formation (Andres, Sumner, Reid and
Swart 2006; Browne et al. 2000; Macintyre et al. 2000; Reid et a. 2000; Visscher
et a. 2000).

The Bahamian stromatolites are of specia relevance to interpreting fossil ex-
amples. They develop in subtidal settings of up to 10m deep in waters of oceanic
salinities (35-37 ppt) (Dill et al. 1986). The Bahamian stromatolites, therefore, form

Fig. 3 Underwater views of diverse morphologies of Bahamian microbialites. (A) Microbialite
with two conical projections—either branched or two ovoids fused by cemented sand when buried.
Bock Cay, depth ~ 4 m. Scale divisions 2 and 10 cm. (B) A row of ovoid microbialites with two
bridged by cemented sand (arrow). Scale divisions 2 and 10 cm. (C) Underwater view of Adderly
Channel floor, depth ~ 5 m, with abundant mostly individual microbialites. (D) A varied cluster of
microbialites in Adderly Channel, ~ 6 m deep, The three specimens at top are fused together; so
are the two at lower left partly buried in sand. The central microbialite appears to be compound
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in a sedimentological setting that can be more directly related to the marine fos-
sil examples than other modern analogues, such as the relatively common modern
lacustrine stromatolites. Further, the Bahamian stromatolites are morphologically
variable (Fig. 3) and occur as columns up to two meterstall, characteristics common
in Precambrian, but rare in most modern stromatolites.

The most extensive and well-cemented Bahamian stromatolites are found in
the tidal channels of the Exuma Islands, notably in Adderly Channel (Figs. 4
and 5). Lithified stromatolites also occur in the intertidal zone of these islands
(Fig. 4). We have recently discovered stromatolites in the large apron of ooid
shoals around the Tongue of the Ocean (Fig. 4). For unknown reasons they have
not been detected on ooid shoas in the Western Bahamas or on Little Bahama
Bank. The Bahamian microbial structures were initially described as stromatolites
(Dill et a. 1986; Dravis 1983; Reid et al. 1995). Some of these specimens lack
laminations but have clotted fabrics and have been termed thrombolites (Browne
et al. 2000; Dill 1991; Feldman and McKenzie 1998). Additionally, both lithi-
fied and unlithified laminated microbial structures are widespread in peritidal sed-
iments, especialy on the extensive tidal flats of Andros Island (Fig. 4) (Monty
1976). These varied settings provide a specia opportunity to consider two key
elements of stromatolite construction: the variety of substrates and the supply
of building materials. We are fortunate that our predecessors research on these
elements and their physical environment provides a thorough foundation of in-
formation and analysis. Our research over two field seasons provides significant
additional data.

1
® Tongue of the bcean -

Stromatolite Sites
O adderly Channel !h
@® Bock Cay . 8
@ Iguana Cay Gepth

@ Highborne Cay ~200 m Depth
[~ Tidal Flats of Andros Island

95, SAN |
& SALVADOR

Fig. 4 Map of examined Bahamian stromatolites and peritidal microbial mats localities. The stro-
matolites are al occur on the shallow banks between sand wavers at depths of <10m. Severa
stromatolites localities are in the tidal channels along a thin string of Pleistocene island, the Exu-
mas. Modified from map by Chris Kendall
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Norman's
Pond Cay

A

Atflantic
Ocean

Fig. 5 (A) Detail of the depositional setting of Adderly Channel near Lee Stocking area, Exuma
Islands. The blackened area outlines a sand bar in the Adderly tidal channel, the site of imaged and
studied microbialites substrates. Modified from (Hu and Burdige 2007). (B) Aeria photograph
of Adderly Channel showing the mid-channel sand bar and extent of microbialites. The sand bar
varies from 5-7m below sealevel, and it is ornamented by sand waves up to ~2m high oriented
at high angles to the bar trend. The sand waves are moved by the twice-daily tidal currents and
periodically cover and uncover the microbialites. CRMC is the Caribbean Marine Research Center
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3 Types of Holocene Substrates

We found two main classes of substrates, those that are pre-existing rock surfaces,
here termed (1) inherited, and those that are developed repeatedly by sedimentary
processes, here termed (2) renewabl e substrates.

3.1 Inherited Substrates

There have been detailed descriptions of inherited substrates of Holocene stroma-
tolites. From his extensive observations of the Adderly Channel stromatolites Dill
[1991] concluded that the stromatolites grew on “. .. either rubble hard-ground or
caliche-encrusted paleosol.” The paleosol overlies Pleistocene coral heads whose
partial dissolution isusually considered evidence of subaerial exposure. Shapiro and
others described four short diamond cores of the substrate of an area of stromatolites
near IguanaKey lessthan afew kilometersfrom Adderly Channel. The stromatolites
developed either on Pleistocene eolianite with rhizomorphs or early Holocene coral
skeletons. In addition to these known examples, our diamond coring in Adderly
Channel in 2006 recovered well-cemented limestone with features characteristic of
subaerial exposure of Pleistocene limestone (for example blackened surfaces and
black pebbles (Pierson and Shinn 1983)) below four different areas of stromatolites.

3.2 Renewable Substrates

We found stromatolites growing on several previously undocumented types of sub-
stratesthat can form syndepositional. These renewable substratesinclude submarine
hardgrounds, large mollusk shells, conglomerates composed of intraclasts, and fir-
mgrounds.

3.3 Submarine Hardgrounds

Submarine hardgrounds have been described from several areas on the Bahama
Bank. For example, there are well-documented hardgrounds from Yellow Bank (Taft
et a. 1968) and the northern margin of Tongue of the Ocean (Palmer 1979) We
recently discovered hardgrounds across a wide area in the southwestern section of
the ooid shoals around the Tongue of the Ocean (Fig. 6). These locally extensive
hardgrounds are formed by penecontemporaneous deposition of fibrous aragonite
between sand grains (Fig. 6C—F). This same type of cementation is present in inter-
tidal beachrock (for example, Gischler and Lomando 1997). Most hardgrounds on
the Bahama bank have undergone some degree of early diagenetic alteration, after
which the fibrous cement morphology is not easily distinguishable (Fig. 6D). This
early diagenetic process further stabilizes the sediment. The cementation is usually
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Fig. 6 Images of submarine hardgrounds, their microfabrics and microbialites. (A) View from
the deck of our research vessel. R/V Tiburon three meters above the sea surface of a hardground
pavement at ~2m depth on an ooid sand shoal, Tongue of the Ocean (Fig. 4). The pavement
extends for hundreds of meters, it cracks and breaks up to form intraclasts of varied sizes as seen
in the foreground. (B). A small domal microbialite growing on a thin submarine hardground on
an ooid sand shoa at a depth of ~2.5m, Tongue of the Ocean (Fig. 4) Scale divisions 5 cm.
(C) Examples of micritic (M) and fibrous aragonite (FA) as intergranular cements. Photomicro-
graph in plain polarized light. (D) Another fabric present in hardgrounds composed of peloids
modified by early diagenetic recrystallization probably through a combination of local dissolu-
tion/reprecipitation and cyanobacterial boring. Grain boundaries are indistinct or jagged in the
micritized areas. Photomicrograph in plain polarized light. (E) SEM image of spherulitic fibrous
aragonite cement (arrow) that initiated from surrounding sand grains. (F) Higher magnification
SEM image of fibrous aragonite cement growing on an initial micrite cement (arrow)
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limited to layers of calcareous sand < 20 cm thick. These relatively thin layers of
rock that are underlain by uncemented sand are mechanically unstable. They de-
velop cracks, which in turn produce various sized interclasts (Fig. 6A). Multiple lay-
ers of hard-grounds are present in the Holocene sediments of eastern Great Bahama
Bank (Palmer 1979). We have indicating that their formation is repeated. We have
discovered several examples of stromatolites growing on submarine hardgrounds,
including several stromatolites in the on shallow sand bars around the south end of
the Tongue of the Ocean (Fig. 6B) and from the base of a giant stromatolite near
Iguana Cay.

3.4 Interclasts and other Renewable Substrates

Shells of mollusks especially those of the large gastropod (Strombus gigas) litter
many tidal channels and are large enough to provide stable substrate for small stro-
matolites (Fig. 7A). A shell that is the base of a small stromatolite (comparable to
that of Fig. 7A) had a corrected 14C age of 480450 years (Dill et al. 1986). Clusters
of cobble sized fragments of mollusks and corals intermixed with intraclasts, and
locally enhanced by inter-particle cementation, can also provide stable substrates

Fig. 7 Two examples of renewable substratesfrom Adderly Channel Depth range 5-7 m. (A) Cross
section of asmall stromatolite developed on a conch shell. (B) A small stromatolite on a conglom-
erate substrate. Scale divisions are 1cm. (C) View of the underside of the specimen shown in B
revealing that it is a composed of intraclasts of fine-grained sediment and metazoan debris
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for microbialites (Fig. 7B and C). The variable degree of rounding of these clasts,
their large grain sizes (> 5cm), and their localized occurrence suggests they are
storm deposits.

The substrates of intertidal occurrences of stromatolites appear to be quite differ-
ent from the subtidal examples described above. On Stocking Island stromatolitic
buildups of up to a meter thick grew on cemented branched coralline algae and
vermetid gastropods that over lies Pleistocene limestone (Macintyre et a. 1996).
The cements are magnesium-cal cite and fibrous aragonite, indicating marine, rather
than meteoric, deposition. At the Highborne Cay locality, the substrate of back reef
stromatolites and “thrombolites’ (Reid et al. 1999) consists of an unusual grain-
free micrite composed largely of “filament moulds, 3-10 wm encased in spherulitic
clusters of aragonite needles.” (Reid et a. 1999). The substrates of both these two
localities are products of penecontemporaneous cementation.

3.5 Firmgrounds

The firm-grounds that are renewabl e substrates for stromatolitesin Adderly Channel
are remarkable deposits (Fig. 8). Their occurrences and microstructure were thor-
oughly described and illustrated by Dill [1991], who termed them mud beds because
of their softness and sticky feel. Dill [1991] and Shinn and co-authors (Shinn et al.
1993) reported that these laminated sediments are commonly about 10cm thick
and occur at depths of 4-8m below sea level in the troughs between migrating
sand waves (Fig. 8B) (Shinn et al. 1993). There they are underlain and overlain by
ooid and/or peloid sand. These pure white sediments are soft but cohesive enough
to break between the fingers with angular fractures. Intraclasts of the firmgrounds
are abundant. Fragments of sea grass blades, wood, mangrove leaves, and palmetto
fronds along with shells were commonly found within the laminations. The firm-
grounds are composed of small argonite needles, which are often clumped together
to form peloids around to 60 wm in diameter (Fig. 9B).

Dill [1991] proposed that these fine-grained laminated sediments containing ter-
restrially derived material were deposited during and following hurricanes when
fine sediment suspended by storm waves settled from suspension. Confirmation
of this interpretation came from a study of the deposits of Hurricane Andrew in
1992 (Shinn et al. 1993). This storm crossed the Joulters Cays, an area of ooid
sands on northern Great Bahama Bank that has been studied extensively. There,
soon after Hurricane Andrew, Shinn and co-authors (ibid) colleagues found firm-
grounds and intraclasts of fine-grained sediment in tidal channels of ooid sands.
The firmgrounds consisted of peloids 50-100 wm and some skeletal fragments
sandwiched between uncemented ooid sand. These peloids, like those in Adderly
Channel, consist of needle-shaped crystals of aragonite 1-3um (Fig. 9A). The
use of mud in describing these sediments led to the interpretation that they ac-
cumulated by settling from suspension. The prevalence of laminated fine-sand
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Fig. 8 Subtidal firm-ground substrates from Adderly Channel. (A) Example of an extensive layer
of the firm-grounds, the “mud beds’ of Dill [1991], from approximately six meters depth. Scale
divisions 10cm. Current erosion of the margin produces intraclasts as seen in C. (B) A small
columnar stromatolite now covered with algae (Batophora spp.) that grew on a firmground like
that in (a) exposed in the foreground. Scale division 10cm, depth 7m. (C) A local concentration
of intraclasts produced by erosion shown in (A) depth 6 m. (D) A small stromatolite developed on
afirmground like that in (Fig. 8A), depth 7 m; black scale bar 1cm

Fig. 9 Microstructure of the firmground substrate. (A) SEM image of fibrous aragonite from the
firmground (Fig. 8A), (B) SEM image showing that the fibrous aragonite in Figure 8A occursin
semi-spherical clusters from 20 to 100 wm in diameter that are probably peloids
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sized peloids, however, is more likely evidence that they are traction deposits in
which soft but coherent peloids were sorted by bottom currents to produce the
laminations.

Cementation and early diagenetic alteration of aragonite fibers increases the sta-
bility of the firmground sediment. When exposed to seawater the surfaces especially
those of intraclasts “become encrusted with millimeter-thick, marine-carbonate ce-
ment” (Dill et al. 1986). We have found that this cement consists of intergrown
aragonite fibers up to several microns long and 0.1 microns in diameter (Fig. 9A)
oriented tangentially to the exposed surfaces. The aragonite fibers within the fir-
mground are often fused together suggesting that penecontemporaneous recrystal-
lization contributes to their coherence. Compaction dewatering may also have some
affect on crystal morphology and packing. Together al these processes within the
original firmground sediment lead to its coherence such that exposed surfaces are
resistant to erosion, they can be the substrate for small columnar microbialites (Fig.
8B) and intraclasts can withstand movement by waves and currents (Fig. 8C).

3.6 Semi-Consolidated Mud Substrate

Two other types of renewable firm-ground substrates are noteworthy since they are
likely common substrates for fossil microbialites. One occurs in submarine fine-
grained sediments and devel ops automatically below the sediment-water interface.
In most lime muds like those of Florida Bay and the Bahamas, the uppermost 15cm
grades from fluid mud to sediment with a yogurt like consistency to coherent sedi-
ment that although soft that fractures (Ginsburg and L owenstam 1958). Strong wave
action and significant bed load transport of shell fragments can scour the uppermost
incoherent layer exposing the firm sediment as a potential substrate. The intraclasts
of semi-coherent mud in FloridaBay and in northern Belize lagoons (RN G, personal
observations) are evidence of this process.

3.7 Substrates in Peritidal Deposits

The contemporary peritidal deposits of Andros Island, which are intermittently
exposed above sea level, contain both lithified substrates and firmgrounds (Figs.
10-11). Locally exposed sediments become cohesive through a combination of des-
iccation and microbial stabilization. One example of these peritidal firmgrounds
forms on the natural levees of tidal channels (Fig. 10A and B (Hardie 1977). These
levees receive fine-sand and silt sized peloids during flooding of spring tides or
storms. In between these depositional events, the levees are exposed for 98 % of the
year (Ginsburg et al. 1977) and develop desiccation cracks afew centimeters across
and deep. At the same time cyanobacteria colonize the moist surfaces and develop
a sediment-rich biofilm, coherent enough to be peeled away and to produce thin
chip-likeintraclasts (Fig. 10B) (Shinn et al. 1969).
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Fig. 10 Peritidal renewable substrates, northwest Andros Island, Bahamas. (A) View of the margin
of atidal channel showing firmgrounds of polygons produced by desiccation (See Hardie 1977).
(B) Cross-section of a polygon in (A) showing the sediment-rich biofilm at the surface that con-
tributes to the coherence of this fine-grained sediment. (C) A sediment rich microbial-mat with
some cementation, likely induced by evaporation. These microbial mats are locally abundant on
the surfaces of the Andros Island peritidal flats. (D) Stromatolitic structures on renewable peritidal
crust from the fresh water marsh zone at Deep Creek. Thelight gray areas are formerly exposed and
now cohesive surfaces. The darker gray and irregular areas consist of aternating laminations of the
cyanobacteria Scytonema spp. and fine-grained carbonate sediment. Each of the radial filaments
of Scytonema are coated by magnesium calcite (see Hardie 1977 for further details). (E) Large
pieces of the well-cemented crust from one of several mostly exposed areas of the marine Three
Creekstidal flats of northwest Andros Island, Bahamas (described by Shinn et al., 1969 and Hardie
1977)

Thin well-cemented crusts develop on the surfaces of subaerially exposed sedi-
ments and are another lithified substrate on the peritidal deposits of Andros Island
(Fig. 10E). There are similar crusts in the freshwater marshes of the Andros flats.
These crusts are often covered by mushroom-like stromatolitic growths a few cen-
timeters high that have radial and concentric internal structures composed largely of
calcified filaments of the cyanobacteria Sytonema spp. (Fig. 10D). Each of theradial
filaments of thisalgaareincased in carbonate Mg calcite (12-13 mol % Mg (Hardie
1977).

Intraclasts of the cemented crusts, especially those that occur as edgewise con-
glomerates (Fig. 11A) can also be substrates for stromatolites. The Upper Cambrian
carbonates of Western Maryland are a well-documented example of stromatolites
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Fig. 11 (A) Edgewise conglomerate of platy intraclasts of the cemented crust. Breaking waves on
a shoreline of Andros Island accumulated these book-like clusters. (B) Stromatolites growing on
an edgewise conglomerate from peritdal sequences in Upper Cambrian of Maryland, offering an
example of stroamtolite development upon substrates likely developed in a peritidal environment
(photo Robert Demicco)

preferentially developing on clasts of cemented crusts (Demicco 1985). Due to the
prevalence of firmgrounds and hardgrounds, when the surfaces of tidal flat deposits
areflooded by arelativerise of sealevel, there will be abundant substrates for anew
generation of stromatolites.

4 Sediment Supply for Holocene Stromatolites

The prevalence of calcareous sandsis akey element in the devel opment of Holocene
microbialites. The predominant grain types on Great Bahama Bank are peloids, well
rounded ovoid or circular sand sized grains, and superficial ooids (llling 1954),
which are peloids thinly coated with concentric layers of aragonite in areas of per-
sistent sand movement. The majority of peloids are likely fecal pellets of deposit-
feeding invertebrate. Some peloids are also ooids, that have lost their concentric
layering due to penecontemporaneous recrystallization or cyanobacteria microbor-
ing (Reid and Maclntyre 1998, 2000). The varying stages of thistransformation can
be observed in most thin sections of ooid sand.

The twice-daily tidal currents provide the peloid and ooid sand that is the build-
ing material for both the stromatolites and unlaminated microbiolites in Adderly
Channel and elsewhere in the Exumas Island Chain. Ebb tidal currents, channeled
by topography, transport peloids from the bankward side of Adderly Channel areato
nourish the sand bar. In addition, some peloids are formed within the bar complex.
Flood tidal currents produce bankward-migrating sand waves that deliver the sand
to developing microbialites. The near continuous sand movement correlates with
the formation of the oolitic coatings (Dill et a. 1986). It aso limits colonization
of microbialites by boring or encrusting metazoans and algae. A major decrease
or cessation in the sediment flux results in the development of a algae-dominated
benthic community (Dill et al. 1986). When stromatolites covered by an algal beard
are sectioned they commonly reveal a horizon of bivalve and sponge borings along
the margins (authors observations), suggesting that the eukaryotic community does
not result in accretion. Only when there are regular high levels of sediment supply
can uninterrupted growth of microbialites be maintained.



Diversity of Bahamian Microbialite Substrates 191

5 Discussion

5.1 Substrate Limitations

The consistent association of columnar Bahamian microbialites and with hard and
firm surfaces in subtidal settingsis convincing evidence that coherent substrates are
necessary for the development of these microbial structures. At Adderly Channel,
and in subtidal settings more generally, there may be substrate limitations due to
high levels of bedload sediment and this sediment’s frequent movement. Cyanobac-
teriareadily colonize on most surfaces, including on uncemented sand and silt; how-
ever, the resulting stabilized surfaces do not appear to provide a suitable foundation
for large columnar stromatolites. It is possible that such stabilized sediment surfaces
could become submarine hardgrounds, but confirmation of this transformation will
require much detailed sampling and high resolution dating.

Peritidal successions have more potential substrates than subtidal successions.
However, colonization and accretion of sizeable stromatolites on those substrates
requires arelativerise of sealevel. Therecord of atransgression of peritidal deposits
should show an upward progression from planar laminated substrates, to low relief
arches succeeded by, distinct columnar stromatolites. A well-described fossil exam-
ple of this succession is found in the cycles of stromatolites forming on peritidal
laminates and conglomerates in the Proterozoic Atar Group in Mauritania (Bertrand
Sarfati 1972)

In the Precambrian when there were no grazing or burrowing metazoans, benthic
microbial communities would likely have been nearly ubiquitous on all surfaces.
Even in the Cambrian, there is evidence for extensive benthic microbia mats (for
example, Bailey et al. 2006). Given these circumstances, it is at first surprising that
stromatolites in these strata often have a restricted distribution or are isolated to
distinct horizons (for example, Bertrand Sarfati 1972; Demicco 1985). Although
the anatomy of a carbonate platform is obviously complex and controlled by nu-
merous factors, our examination of the Bahamian stromatolites prompts a simple
explanation for the sporadic distribution of the stromatolites. In many platforms
there is likely to be local substrate restriction in areas with a substantial mobile
silt/sand sized detrital load, since our study of the Bahamian microbialites suggests
that the formation of sizable stromatolitesis dependent afirm foundation. Therefore,
high amounts of detrital sediment may lead to a more heterogeneous distribution of
bioherms and reefs. In areas where stromatolites are nearly ubiquitous—for exam-
ple, the Paleoproterozoic Great Slave Lake carbonates (Hoffman 1974; Pope and
Grotzinger 2003; Sami and James 1993) or Archean Steep Rock Group carbonates
(Wilks and Nisbet 1985, 1988)—there is a small detrital load and abundant synde-
positional cementation to provide widespread firm foundations.

5.2 Renewable Substrates and Stromatolite Initiation

The availahility of renewable substrates allows for the repeated initiation of colum-
nar stromatolites. In systemswith low accommodation space (e.g. peritidal deposits)
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all of the stromatolites will be isolated to distinct horizons because the accommoda-
tion space is almost instantaneously filled. In contrast, in subtidal settings, such as
the Bahamian tidal channels, stromatolites can develop varying levels of synoptic
relief. If continuously forming substrates are available, there islikely to be evidence
for different ages of stromatoliteinitiation. Thisprocessisclearly visiblein Addelry
Channel in the Bahamas and in subtidal zone in the famous Western Australia Shark
Bay modern stromatolite locality. In contrast, there is limited variation in synoptic
relief in the peritidal and tidal stromatolites at Shark Bay (Fig. 2) or in the Bahamas.
Variability in initiation patterns within a stromatolite horizon should be preserved
in the rock record. Therefore, examination of the initiation patterns of ancient mi-
crobialites may offer a means to discern between subtidal and tidal/peritidal micro-
bialite systems when diagnostic sedimentary features are lacking.

5.3 Early Diagenesis affects Later Growth

The Bahamian stromatolites fields are influenced by the interplay of diagenetic pro-
cess and latter growth. The submarine hard-grounds and firm-grounds are extreme
examples of how early diagenesis can transform unconsolidated sediment to hard
and firm substrates. The early diagenetic recrystallization in the hard-grounds and
in the surfaces of the firm-grounds appearsto be largely driven by multiple stages of
dissolution and reprecipitation, but cyanobacteria microboring is aso undoubtedly
also a contributor. Dissolution requires temporary undersaturation, which is related
to the degradation of organics because Adderly Channel seawater is highly super-
saturated with respect to calcite and aragonite. Analysis of sediment pore waters
indicates there is widespread carbonate dissolution and reprecipitation on shelf sed-
iments (Burdige and Hu 2005; Hu and Burdige 2007; Walter et a. 1993); this study
and more extensive study of other localities (Macintyre et a. 2000; Reid et al. 1995;
Reid et al. 1992; Reid et al. 2000) provides confirming petrographic evidence. Car-
bonate alteration in modern sediments has been linked with benthic sulfur cycling
and aerobic respiration (Hu and Burdige 2007; Ku et al. 1999).

Uncertainty persists about the precise mechanism responsible for the widespread
precipitation of carbonate as cement in the sediments of Great Bahama Bank. The
relatively small amount of calcium carbonate that can be precipitated from a pore
volume of seawater means that countless pore volumes are required to achieve sig-
nificant cementation. The selective cementation around animal borings evidences
the role of increased flow in cementation. The widespread occurrence of cements,
ooids, lithification of fecal pellets (peloids) and possibly whitings, clouds of fine-
grained carbonate sediment, testify to the pervasive non-skeletal precipitation. All of
these processes are likely to some degree influenced by microbial processes. How-
ever, without detailed analyses of porewaters, and the isotope ratios of the cements
it is difficult to gauge the degree to which microenvironments of carbonate precipi-
tation were shifted from ambient seawater.
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6 Conclusions

Even though cyanobacterial mats readily colonize ailmost any surface in the tidal
channels, tidal bars, and shorelines of much of the Bahamas, stromatolite de-
velopment appears to be contingent upon a stable substrate. Subtidal and periti-
dal environments on Great Bahama Bank provide a spectrum of these substrates
for stromatolites that may be a guide for interpreting the origins of fossil sub-
Strates.

In shallow oceanic tidal channels to depths of at least 8 m of the Exuma Islands,
large (up to 2 m tall) stromatolites develop preferentialy oninherited and renewable
substrates. The inherited substrates are well-cemented rock surfaces—Pleistocene
limestone often veneered with paleosol or caliche-like crusts. The renewable sub-
strates include submarine hardgrounds, firmgrounds, and conglomerates of skeletal
debrisand intraclasts. The firmgrounds and conglomerates, which are deposited dur-
ing large storms, and are an example of rare events having a large effect on latter
accretion.

The well-studied humid peritidal deposits of Andros Island offer examples of
potential substrates. Hardgrounds a few cm thick develop on exposed surfaces. Co-
herenceis caused by capillary evaporation aided cementation, stabilization from the
microbial mats, and hardening through desiccation. The prevalence of firmgrounds
and cemented crusts in peritidal environments makes them a likely foundation for
development of stromatolites during arelative rise of sealevel.

The penecontemporaneous cementation and early diagenetic recrystallization
that produces submarine and subaeria hardgrounds and in places enhances the dura-
bility of firm grounds is a notable example of the feedback of early diagenesis on
depositional processes.
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Evaporite Microbial Films, Mats, Microbialites
and Stromatolites

Robin L. Brigmon, Penny Morris and Garriet Smith

Abstract Evaporitic environments are found in a variety of depositiona settings
as early as the Archean. Depositional conditions, microbial communities and min-
eralogical compositions vary significantly as no two settings are identical. The
common thread linking all of the settings is that evaporation exceeds precipitation,
resulting in elevated concentrations of cations and anions that are higher than in
oceanic systems. The Dead Sea and Storrs Lake are terrestrial examples of two
diverse-modern evaporitic settings, as the former is below sealevel and the latter is
acoastal lake on anisland in the Caribbean. Each system variesin water chemistry;
the Dead Sea-dissolved ions originate from surface weathered materials, springs,
and aquifers while the dissolved ion concentration in Storrs Lake is primarily de-
rived from sea water. Consequently, some of theions, e.g., Sr, Baare found at sig-
nificantly lower concentrations in Storrs Lake than in the Dead Sea. The origin of
the dissolved ions are ultimately responsible for the pH of each system, the alkaline
versus mildly the acidic. Each system exhibits unique biogeochemical properties
as the extreme environments select certain microorganisms. Storrs Lake possesses
significant biofilms and stromatolitic deposits; the alkalinity varies, depending on
rainfall and storm, activity. The microbial community in Storrs Lake is much more
diverse and active than those observed in the Dead Sea. The Dead Sea waters are
mildly acidic, lack stromatolites, and possess a lower density of microbial popu-
lations. The general absence of microbial and biofilm fossilization is due to the
depletion of HCO3 and its slightly acidic pH.

1 Introduction

The existence of evaporitic environments can beinferred for as early asthe Archean
(Grozinger and Knoll 1999), but their depositional setting has varied over time.
Some may have been lacustrine, or tidal flats or restricted marine, or possibly
cave deposits, while others indicate playa settings (Buck 1980; Lowe 1983; Walter
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1983; Olson 1984; Lindsay and Leven 1996; Muir 1987; Martini 1990; Pope and
Grotzinger 2003). Each system is influenced by a different set of parameters and
these differences can be reflected in the pH, ions in solution, organic and detrital
Sources.

Evaporitic environments, at least in geological terms, are transitional. However,
sedimentary structures of organo-physico-chemical origin from these environments
have been useful for historical classification (Eriksson et al. 2007). Changing cli-
mates can alter these environments and lead to their demise. For instance, the
Dead Sea shoreline is dropping due to a variety of factors which are partly in-
fluenced by human activities (Yechieli et al. 1998). Storrs Lake, San Salvador
Bahamas, could disappear if sea levels continue to rise due to globa warming or
potential nearby development and similar scenarios threaten the existence of other
Sites.

In this chapter we compare the microbiology and geochemistry of two diverse
hypersaline systems, Storrs Lake in San Salvador, Bahamas, an island sealevel lake
and the Dead Sea, Israel, an inland evaporite basin. The objectives of this study are
to (i) compare and contrast the fossilization of microbes and their organic products
in environments that differ in salinity and substrate; (ii) use field methods com-
bined with analytical techniques, electron microscopy (EM), and microbiological
techniques for identification and characterization of microbial communities in en-
vironmental samples; (iii) discuss potential fossilization processes, identify proba-
ble microbial fossils, and the metallic ions association with fossilization; and (iv)
document the role and importance of both biotic and abiotic processes for biofilm
development in evaporite systems.

2 Background Information

2.1 Microbial Communities

Diverse microbial communities can develop within high salinity environments. The
microbes are responsible for diverse biogeochemical and metabolic interactions that
also alter any given environment (Krumbein et al. 2003). Temperature, community
composition, and grazing by eukaryotes and water chemistry (particularly salin-
ity) influence the rate of formation and lithification rates of these communities.
Cyanobacteria are important in these saline environments due to their adaptation
to desiccation and other stressors including ultraviolet light (UV) and nutrient limi-
tations (Oren 1993).

These microbial communities, as determined by the substratum and environmen-
tal influences, can form simple structures that include the production of microbial
films or biofilms, mats, microbialites, or complex stromatolites. A simple struc-
ture could be 1-5 um in thickness and composed mostly of monoculture biofilms
(Brigmon et al. 1995) or a stromatolite composed of a highly diverse, active mi-
crobial community (Farmer and Des Marais 1994). Although all of these structures
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could be viewed as a continuum of size and complexity due to the interactions of
microorganisms, environmental conditions, and organic products including extra-
cellular polymers (ECPS) and inorganic substrates such as sand and dust (Fig. 1),
certain characteristics define differences between the structural types. For example,
biofilms are somewhat less complex and usually thinner, can form on living mac-
robiota and are more transient than other microbial consortial structures as those
observed in cave vents (Brigmon et al. 1995). Abiotic processes including sedi-
ment deposition and physical/chemical precipitation can also beimportant in biofilm
or mat formation (Fig. 1). These materials can serve as substrates for attachment,
potential nutrient sources, as well as an ecological niche necessary for community
development.

A @ scdiment
@ bacteria
B ECPS

B @ phototrophs

[ precipitates

Fig. 1 A diagram illustrating the formation of biofilms because of the interactions of microorgan-
isms, environmental conditions, and organic products, including extracellular polymers (ECPS)
and inorganic substrates such as sand and dust. (A) Bacteria initially colonize the sediment or
surface, and begin to produce ECPS. (B) Subsequent colonizers may include phototrophsincluding
cyanobacteria near sunlight as well as mineral precipitates and other microorganisms. (C) Lithifi-
cation occurs overtime through a combination of ECPS, microbial biofilm, and mineralsinteracting
to create a hardened matrix
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2.2 Biofilm

Biofilms exhibit a wide variation in complexity that is largely dependent on in-
teractions among microorganisms, environmental conditions, and organic products
including ECPS and inorganic substrates such as sand and dust (Fig. 1). Several
classification systems have been developed to classify these unique microbial com-
munities that result in structures (Eriksson et a. 2007). A forma system termed
‘microbially induced sedimentary structures (MISS) has been developed to clas-
sify the fossilization of biofilms (Noffke et al. 2001). For descriptive purposes, that
variation can be categorized into three types, subaquatic, subaerial, and biodictyon
(Krumbein et al. 2003).

Subaguatic biofilms are, as the name implies, biofilms constantly exposed to
water. These aguatic biofilms, both marine and freshwater, demonstrate varying
structural spatial and tempora heterogeneity. The marine microbial communities
may form uniquely structured mucopolysaccharide layers in combination with
other structures including corals for maintenance (Ritchie and Smith 2004). Ma-
rine biofilms can be highly diverse and may also contain Archaea (Wegley et al.
2002). Environmental changes such astidal (marine) seasonal or episodic (storms)
can drastically influence the biofilm structure, particularly when sedimentary de-
position rates are altered. In carbonate rich water where sediment trapping, bind-
ing, and lithification occurs, these components are instrumental in forming
stromatolites.

Subaerial biofilms are composed of 99% organic material with minimal amounts
of water and can survive extreme environmental conditions such as evaporation
or drought. The biofilms can cover rocks, minerals, sand, and other surfaces ex-
posed to the atmosphere. Nutrient sources may include detritus, pollen, dust, animal
(e.g. bird) waste, and runoff. Microorganisms in these films will often include pho-
totrophic and nitrogen fixing species aswell as chemoautotrophs. Subaerial biofilms
can be observed in lichen communities, tidal mats, algal dominated systems, and
covering rocks and other dry surfaces (Fig. 2). These biofilms are noted for their
microbially produced melanins, cartenoids, mineral accumulation, metal precipita-
tion, chlorophyll, and other metabolic byproducts that give them distinct pigmenta-
tion. Microbial activity in both sub-aguatic and sub-aeria biofilms can significantly
increase the breakdown of silicain the amorphous, sub-crystaline, crystalline and
granular forms of quartz (Brehm et al. 2005). Thiswork by Brehm et al. (2005) em-
phasized weathering-enhancing processes that included effects of microorganisms
and biofilms.

The term biodictyon comes from the Greek “bios’ meaning “life” and “dictyon”,
meaning “net”. These biofilms are characterized by living networks of mostly fil-
amentous organisms imbedded in soil, sediment, or rock, which form mats. The
networks create an ecological niche for trapping other microorganisms, minerals,
sediments, water and nutrients as they percolate through the matrix. In certain con-
ditions, including intertidal and mineral springs, the networks can generate ooids
or calcispheres. The precipitation of ooids and calcispheres contribute to mat lithi-
fication (Dupraz and Visscher 2005). Higher organisms including bryozoans may
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Fig. 2 Rhizophora mangle leaves being incorporated into biomats on the north end of Storrs Lake,
Bahamas. Arrows pointing to leaves

depend on microorganisms in mats for mutual benefit as in hydrothermal systems
(Morris et a. 2002). This interaction may include structural development in the
bryozoans (Morris and Soule 2005).

2.3 Mats

Mats are multilayered, multidimensional matrixed microbial communities that in-
corporate detritus, minerals and associated geochemical materialsincluding crystals
(Krumbein et al. 2003). The interwoven patterns can form laminated or concentric
structures. The pigments chlorophyll, phycocyanin and phycoerythrin are frequently
detected by chromatographic and spectroscopic techniques. They can produce new
minerals and in evaporite environments can influence the chemistry and associated
microbial ecology (Gerdes et a. 1987; Noffke et al. 2001).

2.4 Microbialite

Microbialites are benthic microbial carbonate deposits that can vary in shape (e.g.,
columnar, sheet-like, branched, head shaped) depending on the microbial popula-
tion, environment and the degree of lamination (Reid et al. 2003; Dupraz and Viss-
cher 2005). Microbialite formation results from geochemical interactions combined
with exopolymer-mediated cal cification of cyanobacteria-dominated microbial mats.
The stepwise biogeochemical interactions for microbialite formation occurring in a
hypersaline lake (Eleuthera, Bahamas) has been described by Dupraz et a. (2004).
Partial degradation of microbia produced ECPS by aerobic heterotrophs or UV
fuels sulfate-reducing activity and increases alkalinity in mats, inducing CaCOs
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precipitation. Asaresult, the ECPS biofilm is calcified and serves as a substrate for
physico-chemical precipitation of additional minerals from the alkaline lake water
allowing build up of the microbialites.

2.5 Lithificatio

Lithfication is a microbialite characteristic and can vary from small scale nodules
(mm) to larger structures including stromatolites (Krumbein et al. 2003). Micro-
bialites are organosedimentary deposits that have accreted into structures as a result
of benthic (prokaryotic and/or eukaryotic) communities or biofilms, trapping and
binding detrital sediment in a polysaccharide matrix and/or becoming a niche for
mineral precipitation (Burne and Moore 1987). The interaction of cyanobacteria
with other bacteria has been shown to be critical in lithification. Experimental data
have demonstrated that calcium carbonate precipitation only occurs on cyanobacte-
ria filaments in the presence of active bacteria under specific geochemica condi-
tions (Chafetz and Buczynski 1992). It was also found that dead cyanobacteriawere
coated with calcium carbonate by bacterial precipitation much more rapidly than
live cyanobacteria.

2.6 Stromatolites

Stromatolites are produced by a combination of the accreted products from the
dynamic interaction of microorganisms, microbia products including ECPS, and
sediment (Decho 2000). Stromatolites have been defined as organosedimentary
structures produced by sediment trapping, binding, and/or precipitation activity of
microorganisms, primarily cyanobacteria (Awramik 1984). Certain cyanobacteria
are known to precipitate, trap, and bind particles of calcium carbonate to form struc-
tures and to induce lithification (Chafetz and Buczynski 1992).

2.7 Storrs Lake Microbial Depositional Structures

Cyanobacteria have evolved different multiple strategies to adapt to environmental
stresses including drying, high salinity, low nutrients, and UV light (Castenholz and
Garcia-Pichel 2000). The adaptations include pigment production that protects cells
from the deleterious effects of UV, desiccation and subsequent cell wall damage.
Pigment production is particularly important in transient evaporite crust environ-
ments with wet and dry cycles. The cyanobacteria can dominate in hypersaline
aquatic systems with limestone surfaces where they can be endolithic utilizing cal-
cium carbonate that can lead to a permanent increase in travertine in stromatolites
(Pentecost and Whitton 2000).

Cyanobacteria may also be the principa nitrogen fixers in a given ecosystem.
Recent studies have demonstrated that epilithic cyanobacteria in Holocene beach
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rock (Heron Island, Great Barrier Reef, Australia) are the main nitrogen fixers (Diez
et al. 2007). These cyanobacteria have adapted to awide range of environments, and
their key metabolic activitiesincluding structure and function in similar hypersaline
lakes is of great value to the maintenance of microbial-based ecosystems (Dupraz
et a. 2004).

The diverse cyanobacteriaisthe major biofilm producer. The cyanobacteriacom-
munity is composed predominantly of Phormidium aswell as Oscillatoria, Lyngbya
and Spirulina (Brigmon et a. 2006). The Storrs Lake cyanobacteria have been ob-
served to be different from those examined at other San Salvador salinity sites as
they have a higher proportion of phycobillin pigments (Brigmon et a. 2006). Below
the photic zone Storrs L ake evaporite mats, the cyanobacteriaare dead and are often
fossilized, but the non-photosynthetic bacteria are dominant and demonstrate high
metabolic activity (Brigmon et al. 2006).

The purple sulfur bacteria Chromatium spp. is dominant in the Storrs Lake
reddish-pigmented layer biofilms commonly found on both the shoreline evaporite
crusts and stromatolites. Sulfate reducing bacteria (SRBs) including Desulfovibrio
sp. and the sulfur oxidizing bacteria, Thiothrix spp., are components of the stroma-
tolite biofilms (Brigmon et a. 2006). SRBs function in the deeper or oxygen-limited
layersof the biofilm where lithification may be occurring, whereas the sulfur oxidiz-
ersthrive at the oxygen interface near the water surface and obtaining energy from
the hydrogen sulfide generated from the deeper anaerobic portions of the biomats
(Brigmon et a. 1995).

2.8 Geology

2.8.1 Storrs Lake, San Salvador Island, Bahamas (Fig. 3)

The hypersaline Storrs Lake is located on the eastern side of San Salvador Island.
It is 2.0 meters in depth, about 7.3km long and 1.3km to 50m wide, with well
developed stromatoliteslocated afew hundred yards from the sea. The lake contains
islands which support adiversity of plantsincluding mangroves and sedges (Carex).
Water is supplied from conduits within the bedrock, which includes the fossil reef,
and from seepage through Holocene sand, allowing limited exchange with the ocean
(Davis and Johnson 1990). Additional water sources are rainfall and tropical storms
that carry ocean water shore and deposit it in Storrs and other San Salvador Island
coastal lakes. The island, sediment deposition, and its ecosystem are influenced by
hurricanes (Yannarell et al. 2007). Fluctuationsin Storrs Lake water chemistry have
been observed to vary in a 20cm range (Zabielski and Neumann 1990). The wa-
ter salinities vary from 70gL~! to 100gL~* and the pH varies between 8 and 9,
depending on rainfall and storm activity.

Few plants or animals have been observed in or out of the lake along the littoral
zone other than the microbial mats, associated stromatolites, microbialites, except
the mangrove Rhizophora sp. and some sedge (Carex) that rim the lake. Microbial
mats bordering the lake vary in size and thickness depending on weather conditions.
These mats contain Rhizophora leaves which are assimilated into the mats (Fig. 2).
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San Salvador, Bahamas

Storrs Lake

Cactus Island

Sampling Transact

Legend
- Airport Runway
4 Rock Pits and Quarries

Stone Walls
/\/ Primary Roads
N Secondary Roads
A Unimproved Roads
A Trails
A/ Contours
/N Reefs

Beaches

B Sediment Deposits
Wetlands
Tidal Creck

) o 1775000 Ak BN Lakes and Ponds
I 2 e ilomen
- > -, 3 Klkponciiny Robinson, Matthew C. i Davis, R Laurcoce, 1999
Contour Inserval 20 Feet San Klllvldurlbllnd GIS Dutabuse, L ,|iv|.'m'l5 ol
Supplenacnial 10 Foot Coboist New Haven & Baharmian Ficld Station

Fig. 3 Storrs Lake (Inset) is on the east side of San Salvador, Bahamas. The sampling transect is
shown between the west side of Storrs Lake and Cactus Island

Organisms living in the water column include cyanobacteria, bacteria, diatoms, os-
tracods, and infrequent gastropods. Most likely halophilic Archaea species could be
found in hypersaline Storrs Lake but were not measured here. The current chemical
and detrital sedimentary deposits within the lake are usually less than one meter
thick and are composed of finely laminated organic-rich carbonate mud and evap-
orite similar to Salt Pond that is adjacent to Storrs Lake (Yannarell et al. 2007).
The nitrogen-fixing microbial community in Salt Pond has been shown to change
spatially with seasonal salinity variations (Yannarell et al. 2006). The mineralogy
of these sediments includes argonite, gypsum, and algal derived high-magnesium
calcite in the form of clay-sized and sand-sized particles as well as a variety of
stromatolitic structures (Zabielski and Neumann 1990).

During the Pleistocene, large portions of the island were covered by carbon-
ate reefs at levels that were above today’s sea levels (Teeter 1995). According
to Teeter, the lakes are floored by Pleistocene carbonate bedrock covered by ap-
proximately 2 meters of unconsolidated Holocene sediments. Storrs Lake has been
directly connected with the ocean, and the paleosalinity history has been recon-
structed from MgO content of ostracod carapaces (Teeter 1995). The geology of
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San Salvador includes three major rock types: eolanites, beachrock, and reefrock
(Davis and Johnson 1990). The eolanites are most evident in carbonate dune ridges
and are found throughout the island including the subsurface. The beachrock con-
sists mostly of cemented shell fragments and ooliths and can be seen covering other
rocks on the beaches. Reefrock is made up of fossilized reefs, including various
coras, sponges, and cyanobacteria. The reported fossil reefs are found near the
current island shoreline, including Storrs Lake. Stromatolites in Storrs Lake have
been estimated to range in age of 2310 &+ 70 yrs., growing at the rate of 16 cm/1000
years (Elliott 1994). Storrs Lake is probably as old as, if not older than the earliest
dated modern stromatolites. Surveys of the various San Salvador |akes have demon-
strated the existence of a diverse water chemistry, with some having salinities up to
300gL ! (Teeter 1995).

2.8.2 Dead Sea Israel (Fig. 4)

The Dead Sea, a nonmarine evaporite basin, 400m below sea level with an aver-
age pH of 6.3, and salinity of 229.9gL 1, is located on the northern branch of the
African-Levant Rift Systems (Fig. 4). The rift system, according to one model, was
formed by a series of strike dlip faults, initially forming approximately 2 million
years ago (Csato et a. 1997). Over geologic time the rift was occupied by a se-
ries of lakes; their existence was controlled by both tectonic activity and climate.
Today the remaining lakes are the Sea of Galilee (Lake Kinneret) and the Dead
Sea. The precursor of the Dead Sea was another hypersaline body of water, Lake
Lisan (Yechieli et al. 1998). The Dead Seareceivesits waters from the Jordan River
system, runoff from wadis (the Arabic term for seasonal streams) during the winter
months, limited rainwater, and from surrounding aquifers both subterraneous and
through springs (Ehrlich and Zapkin 1985; Yechieli et al. 1996; Friedman 1998).
The detrital and dissolved mineral materials deposited in the Dead Sea are from
windblown materials and rock products ranging in age from Triassic to Quaternary
and include gypsum, alkali basalt, chert, conglomerate, sandstone, limestone, clay,
sand, sandstone, mudstone, marl, chalk, and dolostone (Sneh et al. 1998). Input
from avariety of aguatic systems aswell as weathering of these rock materials have
contributed to the overall composition of in the Dead Sea.

During the 20th century the water level dropped and in 1979, after 300 years,
the meromictic stratification with an anoxic water mass below 40m was altered
(Herut et a. 1997). Today, the Dead Sea experiences mostly annual stratification or
a holometric regime (Lensky et al. 2005; Gavrieli et al. 2006). The drop in water,
at least in part, is aresult of increased fresh water diversion along the Jordan River
system. Fresh water diversion may not entirely account for the drop in water level, as
the balances of evaporation rate and subsurface water flow are not well understood
(Lensky et al. 2005). Due to the drop in surface levels, the Dead Sea was separated
into a northern and a southern basin in the 1960's (Steinhorn 1997). The northern
basin is ~324 m deep while the southern basin is shallower, with a maximum depth
of 8 meters (Nissenbaum 1975; Steinhorn 1997). The southern basin is divided into
evaporation pans for salt and potash production (Anati 1997; Hall 1997; Steinhorn
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Fig. 4 Dead Sea, Israel. The arrows and numbers indicate the north and south basin sampling sites

1997). Theresidual end brines are depleted in potassium, sodium and are enriched in
magnesium and chloride; these brines are subsequently pumped back into the Dead
Sea. The effects are increased halite precipitation and salinity (Garvrieli 1997). The
Dead Seais expected to reach equilibrium but not to dry up, asthe unique brine that
would be left (Mg, Na, Ca, and Cl) and the low surface area to volume ratio would
reduce the evaporation rate (Yechieli et al. 1998).



Microbial Films 207
3 Methods and Materials

The collecting and processing methods described below for this project follow
procedures that have been described by a number of authors (D’ Amelio et al. 1989;
Thomas-Keprta et al. 1998; Morris et a. 2003; Fratesi et a. 2004; Brigmon et al.
2006).

3.1 Storrs Lake

Stromatolites, biofilms, and water samples were collected from Storrs Lake, from
the west shore of the lake to the east side of Cactus Island (Fig. 3). The coordinates
and description of the sampling sites are listed in Table 1. The stromatolites, at al
sampling points, had a cauliflower-type appearance, and varied in diameter from
10cm-1.5m. The microbial mats covering the stromatolites in the water column
were 0.5m thick in some places. Samples were collected with either 15 or 50 ml
sterile polycarbonate tube (Fisher Scientific Fairlawn, NJ). Stromatolites were sam-
pled by using the 50 cc sterile tubes to core a 2-3 cm long and 2 cm wide segment
from the stromatolites at Sites 1, 2, and 7. The carbonate material was soft and
easily obtained. Samples of microbia mats were obtained with either the 15 or
50ml tubes. Some biofilms were sampled by scraping the edge of the tube on the
film to limit perturbation of the stromatolites and liquid samples were collected by
sterile 3ml syringe. Select samples were kept on ice and returned to the US within
48 hours for microbial analysis. Samples for microscopy and total microbial den-
sities were fixed in the field with ten percent formalin (Fisher Scientific, Fairlawn,

Table 1 Site descriptions from Storrs Lake, San Salvador Island

Site Coordinates Description
1 N 24.0549 W 74.45348 Storrs Lake western shore
2 N 24.0590 W 74.45247 20 m from shore
3 N 24.05901 W 74.45211 Past stromatolite mantle
4 N 24.05811 W 74.45132 Beginning of stromatolitic ridge between Cactus
Island and shore
5 N 24.5893 W 74.4506 Middle of stromatolitic ridge
6 N 24.05957 W 74.45019 10m from Cactus Island
7 N 24.06025 W 74.44879 Shore of Cactus Island
8 N 24.06038 W 74.44738 Western shore of Cactus Island
9 N 24.05973 W 74.44651 Northern shore of Cactus Island
10 N 24.06018 W 74.44373 Eastern shore (ocean side) of Cactus Island
11 N 24.05943 W 74.44016 Southern shore of Cactus Island
12 N 24.05973 W 74.44783 20 m from Eastern shore of Cactus Island

(ocean side)
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NJ). Temperature was measured in the field with a thermometer, dissolved oxy-
gen concentration, nitrate, nitrite, and hydrogen sulfides were determined with field
test kits (Chemetrics, Calverton, VA). Salinity was measured with a refractometer
and pH with a battery-powered test meter (Fisher Scientific). A geochemical water
survey of a 1000 m transect through Storrs Lake was conducted from the western
shore to the eastern point of Cactus Island in July, 2001. Nitrate, nitrite, dissolved
oxygen, temperature, pH, and salinity measurements were taken at 12 sampling
sites with location coordinates determined by GPS (Garmin Model GPS 76). The
high salinity of the water required dilution with deionized water to be examined
with a refractometer. M easurements were taken with water samples obtained from
a depth of 0.25m. Storrs Lake had a maximum depth, 2.0m during this sampling
event.

Three water samples were collected and brought back from Sites 3 (water col-
umn) and 5 (stromatolite ridge) on ice for laboratory analysis by ion chromatogra-
phy (IC). Chloride, sodium, lithium, manganese, calcium, nitrite, nitrate, phosphate,
and sulfate concentrations from Storrs Lake were measured with a Dionex DX500
ion chromatograph equipped with a conductivity detector, and a 250-mm Dionex
lonPac AS14 Analytical column (4-mm 1D, 16-p.m bead; Dionex Corp., Sunnyvale,
CA), operated at ambient temperatures. A 3.5mM sodium carbonate/1 mM sodium
bicarbonate buffer solution was used as the eluent (1.2mL/min) for the IC. Water
samples were diluted 100X in deionized water, vortexed for 1 minute, then cen-
trifuged for 5min at 2500 rpm to prepare for the I C.

Total microbial population densities in the stromatolite samples obtained from
Cores at Sites 1, 2, and 7 were determined by the Acridine Orange Direct Count
(AODC) technique (Brigmon and De Ridder 1998). Discrete samples were col-
lected asepticaly from formalin fixed stromatolite cores, mixed with filter
sterilized FA Buffer by Difco Inc. (Detroit, M), and vortexed for 4 min. The result-
ing dilutions were filtered through Nucleopore, polycarbonate 0.2 um membranes,
and all microorganisms (prokaryotes, cyanobacteria, Archaea, fungi) were counted
using epifluorescent microscopy (Axioskop, Carl Zeiss Inc., Thornwood, NY). Dry
weights were determined, and microbial density results were reported in cells/gram
dry weight (GDW).

Aerobic heterotrophic plate counts provide an estimate of the total number of vi-
able aerobic and facultative bacteria in the stromatolites. Plates were prepared with
fresh field samples at the Bahamas Field Station Laboratory to determine colony
forming units (CFUSs). Briefly, fresh 5gm aiquots of stromatolites from Storrs Lake
were weighed, ground, and aseptically mixed with 45mL 0.2 pm filter—sterilized
sea water, vortexed for 4min, and plated on non-selective media glycerol artificial
seawater agar (GASW) within hours after collection (Smith and Hayasaka 1982).
Five dilutions were made in sterile seawater to determine microbial densities. Each
dilution was plated in triplicate and the cultures were incubated at 37° C and CFUs
determined after 7 days on a Leica Quebec Darkfield Colony Counter. Dry weights
were determined on the stromatolite material tested; density determinations are re-
ported in CFU/GDW.
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Table 2 Summary dataof Dead Sea (Israel) water and substrate survey. The Ein Gedi siteislocated
in the northern basin and the other sites are in the southern basin

Site  Name Coordinates  Water Description Depth of Water
temp. sediment sample collection sample*
1 Ein Gedi 31°2709'N  31°C sand, evaporites, .61m yes
35°23'57"E primarily halite
2 EinBogeq (by  31°11'48'N  32°C sand mixed with .61 m yes
Gardens 35°21'45'E st
Hotel)
3 Ein Bogeq, 33C gravel mixed .61m yes
183 m. north with sand, silt
of site 2
4 Ein Bogeq, 30°C silt A3m yes
805m. north
of site2
5 Hamme Zohar  31°1012’N  335°C gravel andsand .61m yes
35°22'02E
6 Mt Sedom 31°05'23'N sand, silt with surfacesample  no
35°23'35E halite
7 Mt Sedom 31°03'50"N sand, silt with surfacesample  no
35°2343'E halite

*all water collected approximately .1524 m below the surface.

3.2 Dead Sea

The samples were collected from seven sites on the western shoreline which in-
cluded one site at Ein Gedi, three at Ein Bogeq, one at Hamme Zohar, and two
at Mt. Sedom. Site coordinates, collected sedimentary materials, water temperature
and collecting depths are listed in Table 2. The coordinates were determined with
GPS (Magellan Model 2500T). Sterile 50 ml tubes (Fisher Scientific, Fairlawn, NJ)
with screw caps were used to collect the materials and water samples. With the
exception of the Ein Gedi halite, all samples were immediately preserved in five
percent formalin (Fisher Scientific, Fairlawn, NJ). Halite samples were dissolved to
the following: Halite dissolvesin farmalin and, in order to preserve the relationship
of the microbes to their substrates, were kept in sterile plastic bags without preser-
vation. Water samples were collected at each collecting site and analyzed later for
salinity, pH and chemical composition. Chemical analysis was done by S. Grasby,
Canadian Geological Survey. Carlton C. Allen, NASA Johnson Space Center used
a Scintag X-ray powder diffractometer (XRD) for mineral identification.

3.3 Electron Microscopy Analysis of Storrs Lake
and the Dead Sea Samples

All preserved samples were initially analyzed with a Philips XL30 environmental
electron microscope (ESEM) and were subsequently critically point dried, plat-
inum coated for 15s and analyzed with a JEOL 6340F field emission scanning
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electron microscope (FE-SEM) equipped with a light element electron dispersive
X-ray spectrometry system (EDS). Carbonate and evaporite material s are subject to
charging by the FE-SEM electron beam and can either destroy or ater thin biofilms
and other organic features. The problem can be ameliorated by reducing the kV and
adjusting the working distance. The kV for this study, depending on the materials,
was varied from 3kV to 10kV with working distances varying from 4-6mm.

4 Results

4.1 Storrs Lake

4.1.1 Microbial Analysis

Storrs Lake microbialites are represented by biotically-formed stromatolites, micro-
scopically observed as crystals, mineralized filaments, diatom tests, and other mi-
croorganisms. Stromatolites are most evident in the shallower areas of Storrs Lake
but in this study were observed across the sampling transect. Samples for electron
microscopy were taken from the stromatolite ridge described in Table 1.

Filaments: Mineralized filaments were composed of cyanobacteria and were
common in the stromatolite biofilm samples. The forms include both continuous
and segmented filaments (Figs. 5, 6, 7, and 8). In Figs. 5, 6, and 7, the fossilized
cyanobacteria filaments with precipitated calcium carbonate are evident in the stro-
matolite samples. The fossilized filaments were observed to range in length from

Fig. 5 FE-SEM images of intact mineralized filaments composed of cyanobacteria, which are
common in the Storrs L ake stromatolites (Storrs Lake, San Salvador Island). Arrows indicate small
ooid shaped minera precipitates
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Fig. 6 FE-SEM images of segmented mineralized filaments with fossilized biofilms and smallest
spheres (Storrs Lake, San Salvador Island)

approximately ten microns to several dozen microns forming a support matrix.
Broken mineralized forms indicate that the mineralization was initially limited to
external “mold” processes with the cellular material now degraded (Fig. 7). The
thickness of the mineralization surrounding the filament is up to amicron, at most.
Some of the filaments shown in Fig. 8 do not display the extent of mineralization

Fig. 7 FE-SEM images of broken fossilized filaments (Storrs Lake, San Salvador Island) that are
similar to those in Fig. 5. The filament is hollow indicating that initial mineraization formed an
external mold with small ooid shaped mineral deposits
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Fig. 8 FE-SEM images of cyanobacteria-like fossilized filaments also appearing as structural ele-
mentsin biofilm formation covering stromatolites (Storrs L ake, San Salvador Island). Thefilaments
are layered and intertwined and are indicative of microbial network building activities

and evidence of ECPS, indicating that they are most likely from layers on the ex-
terior of the stromatolite biofilm. These mineralized formations were found to be
associated with all microbial life in the stromatolites from various cyanobacteria,
diatoms, spherical bacteria. Some filamentous fungi were observed in Storrs Lake
biofilms but were not specifically identified. Fungi are known to have an impact on
geological processes including stromatolite formation due to their ability to provide
physical structure, aggregate particles, and to increase reactive areas (Sterflinger
2000).

Soheres: Spherical forms were observed throughout the samples and were found
to vary in size. The largest spheres observed averaged 5.3um in diameter, were
relatively uncommon, and ranged from a smooth to rough texture (Fig. 9). Medium-
sized spheres were commonly observed throughout the samples, usually appearing
in clusters from 2-8.m, were associated with biofilm, averaged 2.0 wm and ranged
from a smooth to rough texture (Fig. 10). The smallest spheres were imbedded
in biofilm, usually associated with larger microbia features, apparently forming
two distinct populations, the larger averaged 0.55 pm in diameter (Fig. 11) and the
smallest were. The smaller 0.13 pm spheres were most likely produced abiotically,
but the 0.55m spheres may have been produced either biotically or abiotically.

Rod-Shaped: Rod-shaped or somewhat dumbell-shaped structures range in size
from approximately 1.0-3.0 um and were often associated with crystals within
the biofilm matrix (Figs. 12A,B). Some were characterized by small-scale, coarse-
grained roughness and often flattened in shape when attached to surfaces (Fig. 12B).
Similar mat communities entrapping “dumbell-shaped” crystals of aragonite have
been observed in Asta Springs at Yellow State National Park, Wyoming, USA
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Fig. 9 FE-SEM images of an example of the largest spherical structures with sizes averaging
5.3 wm diameter and ranging from a smooth to arough texture (Storrs Lake, San Salvador Island)

(Farmer and Des Marais 1994). The shorter rods may represent SRB as they were
frequently associated with calcium sulfate crystals (Fig. 12B).

Diatoms. Diatomswere al so observed asintegral portions of the biofilm structure
(Figs. 13A,B). Fig. 13A demonstrates a relatively intact diatom being incorporated
into the biofilm. Rod-shaped bacteria are observed covering the diatom both in
clumps as well as single cells, indicating colonization. In Fig. 13B a partially de-
graded diatom test is observed within the biofilm structure. Intact diatoms identified

Fig. 10 FE-SEM images of medium sized spheres averaging 2.0 .. commonly appearing in clusters
from 2 to 8, frequently associated with biofilm, and ranging from a smooth to a rough texture
(Storrs Lake, San Salvador Island)
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Fig. 11 FE-SEM images of the smallest spheres imbedded in biofilms; they occur in clusters and
commonly associated with larger microbial features. The spheres form two distinct population
sizes averaging 0.55 wm (imaged in this figure) and 0.13 um (Storrs Lake, San Salvador |sland)

in the samples included mainly Pinnularia with some Navicula and Achnanthes
species. Again, the active bacteria attached both to the diatom aswell as surrounding
it with ECPS, thus indicating the ongoing nature of the biofilm building process.
Biofilms: Biofilmswere found to consist of organic materials (bacteria, including
cyanobacteria, fungi, diatoms) and inorganic (sand, limestone) materials enmeshed

Fig. 12 (A) Storrs Lake, San Salvador Island, FE-SEM images. The arrow indicates a rod-shaped
bacterium attached to the surface of a calcium sulfate crystal and associated with biofilms matrix.
Other microbial examples were found, ranging in size from approximately 1.0-3.0 wm and com-
monly associated with crystals within the biofilm matrix. (B) Shorter rods locally appearing as
rough textured dumbbells, were also observed, commonly associated with calcium sulfate crystals
and likely representing sulfate reducing microbes
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A B

Fig. 13 Storrs Lake, San Salvador Island, FE-SEM images. Diatoms formed integral portions of
the biofilm structure. (A) A relatively intact diatom being incorporated into the biofilm and partially
covered by bacteria similar to those imaged in Fig. 12B (arrow). (B) A partially degraded diatom
test observed in the biofilm structure and similar to Fig. 13A; there are aso bacteria similar to
Fig. 12 B and calcium sulfate crystals (arrows)

within the mat structure. Archaea species may have been observed in EM, but other
testswould be necessary to discern them from other prokaryotes (Oren 1993). Close
examination with the FE-SEM indicates that binding is due to microbially produced
polysaccharide ECPS or “slime” (Figs. 14A,B). Examples of the binding can be
seen in Fig. 14A, afossilized cyanobacteria filament attached to mineralized sand
and rock grains. In Fig. 14B, ECPS cross-links crystals several wm apart.

Microbial Densities: Total microbial densities (live, dead, aerobic, and anaer-
obic) in the stromatolites varied from 2.48 x 10'° cells/gdw in the Site 1 sam-
ple to 1.58 x 10k cellg/gdw in the sample from Site 2 (Fig. 15). These density

Fig. 14 Storrs Lake, San Salvador 1sland, FE-SEM images. (A) A fossilized cyanobacterial fila-
ment held to sand and rock grains by biofilms (ECPS). Arrow indicates cross-linked biofilm. (B)
Higher magnification of Fig. 14A, arrow indicating the ECPS binding calcium sulfate crystals
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Stromatolite Microbiology
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Fig. 15 Tota and viable aerobic microbial densitiesin stromatolite samples from Storrs Lake, San
Salvador Island

determinationsincluded all a gae, fungi, cyanobacteria, and bacteria, and were made
from stromatolite material that was fixed in the field to preserve the sampleintegrity.
The aerobic and/or facultative microbial densities or live microorganisms in the
stromatolite cores ranged from 4.75 x 10* CFUs/gdw in Site 2 up to 9.46 x 10°
CFUg/gdw in Site 1 (Fig. 15). While individual bacteria species were not identified
from the viable cultures, many diverse morphological colony types and pigmented
type variations were observed growing on the GASW medium.

4.1.2 Geochemical Gradient

Table 1 describes the Storrs Lake water sampling sites as to their GPS coordinates
and physical characteristics. Table 3 containsall the field datathat were taken during
the survey. The sampling transect range of the coordinates is from the west shore of
Storrs Lake (N 24.0549 W 74.45348) to the far end of Cactus Island (N 24.05943
W 74.44016). The results of the nitrate tests for all sampling sites were consistently

Table 3 Summary data of August 9, 2001, real time water chemistry survey in Storrs Lake, San
Salvador Island

Site  Coordinates N (ppm) DO (ppm) TCC pH Salinity
(ppt)

1 N 24.0549 W 74.45348 nd** 6 39 8.24 68

2 N 24.0590 W 74.45247 nd 7 38.25 8.3 66

3 N 24.05901 W 74.45211 nd 7 37.8 8.36 66

4 N 24.05811 W 74.45132 nd 8 35 8.48 72

5 N 24.5893 W 74.4506 nd 8 36 851 74

6 N 24.05957 W 74.45019 nd 9 35 8.63 75

7 N 24.06025 W 74.44879 nd not meas* 36.5 9 74

8 N 24.06038 W 74.44738 nd not meas 375 8.9 75

9 N 24.05973 W 74.44651 nd not meas 36 8.74 73
10 N 24.06018 W 74.44373 nd not meas 325 8.72 7
11 N 24.05943 W 74.44016 nd not meas 355 852 76
12 N 24.05973 W 74.44783 nd not meas 395 8.97 82

*not meas=not measured.
**nd=not detected.
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Fig. 16 (A) Dissolved oxygen concentrations in the water column, and (B) Temperature changes
from the shoreline across the lake to Cactus Island

below the detection limit (1 ppm). Dissolved oxygen (DO) levelsin the tests ranged
from 6 ppm to 9 ppm with a mean of 7.5ppm (Table 3). There was a gradient of
increasing DO concentrations from the Storrs Lake western shore to the middle of
the lake (Fig. 16A). The DO variation was most likely due to the higher density of
biomats closer to the shorelines (Fig. 3). Water temperature ranged from 32.5° C
to 39.5° C with a mean of 36.6° C (Fig. 16B). The lake temperatures peaked (39—
39.5° C) at thefirst and last sampling sites close to the shorelineswere also likely to
the insulating effect of the biomats. The lake depths varied from 1 m to 2 m over the
sampling transect.

The water pH ranged from 8.24 to 9 with a sampling mean of 8.36 (Table 2).
There was a pH gradient higher near the island (pH 8.97) that decreased to 8.2 by
the western shore (Fig. 17A). The pH showed an interesting profile being highest
at Site 7 where the water was deepest (around 2m) and then again elevated by
Cactus Island (Site 12) (Fig. 17A). The salinity ranged from 66gL ! to 82gL !
with a mean of 73.2gL~* (Table 2). Salinity increased steadily as locations were
sampled from west to east (Fig. 17B). Salinity followed the DO trend of gradually
increasing throughout the sampling sites to the middle of Storrs Lake (Fig. 17B).
Table 4 summarizes the statistical analysis of the water constituents as a function of
location as shown from the survey. The positive correlationsin Table 3 for the water
chemistry demonstrate asignificant trend of increasing dissolved oxygen (6-9 ppm),
pH (8.2-9), and salinity water concentrations (66-82 g L ~1) across the transect mov-
ing west to east. No nitrate or nitrite was detected at any of the sampling sites with
the field test kits. These findings were similar to previous geochemical analyses at
Storrs Lake (Brigmon et al. 2006).

4.2 Dead Sea

With a salinity of 332.1 gL, the Dead Sea (Fig. 4), with a salinity of 332.1gL !
initially appears devoid of life, lacking the large, visual stromatolites and mats of
Storrs Lake, Shark’s Bay (Austraia) or the tufa mounds of Mono Lake, California
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Fig. 17 (A) Sampling sites pH measurements, and (B) Salinity measurements across Storrs Lake,
San Salvador Island

(Ehrlich and Zapkin 1985; Shearman 1998; Byrne et al. 2001; Brigmon et a. 2006).
Microscopic and molecular data analyses indicate the existence of an abundant, al-
beit not homogeneous, hal ophilic species from the Dead Sea (Oren 1997). Many of
the isolates belong to the domain Archaea, specifically Hal obacteriacea (Oren 1988,
1993; Mack et al. 1993; Arahal et a. 2000), whereas the domain Bacteria is repre-
sented by gram-negative, moderate halophilic species, for example Bacillus maris-
mortui (Oren 1988). Other microbial components include the green alga Duniella,
halophilic ciliate and amoeboid protozoa, fungi and cyanobacteria (Elazari-Vol cani
1943; Ehrlich and Zapkin 1985; Huval et al. 1995; Oren 1997). These microorgan-
isms have been classified based on their environmental salt preference ranging from
moderately halophilic species able to grow optimally between 0.5 and 2.5m salt
(Ventosa et al. 1998) to extremely halophilic up to 3.4 m and greater salt concentra-
tions (Arahal et al. 2000).

4.2.1 Evaporite Minerals (FE-SEM Analysis)

Microorganisms associated with chloride mineral surfaces were limited to rod-
shaped structures with filamentous, apical extensions (Fig. 18A). The microorgan-
ism and the chloride mineral were not stable in the FE-SEM electron beam and as
aresult were subject to charging and deterioration which can occur quickly during
the imaging process. Fig. 18A is an example of the process as indicated by the
unnatural wavy surface of the chloride mineral and the hole in one of the micro-
bial filaments. Microbial fossilization is a cumulative process and begins with the
precipitation of a limited number of CaCOs crystals on the surface of the extant

Table 4 Statistical analysis of real time ground water survey in Storrs Lake, San Salvador Island

Chemistry Parameter mean () + standard Correlation (r)
deviation (o)

Nitrate & Nitrite (ppm) nd* NA

Dissolved Oxygen (ppm) 75+ 1.05 .9683

Temperature (° C) 36.55 + 1.98 —.2892

pH 8.36 + 0.899 7425

Salinity (ppt) 73.17 + 4.67 .8859

*nd=not detected.
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Fig. 18 FE-SEM images (Dead Sea, Israel) of (A) Halotolerant microorganisms associated with
chloride mineral surfaces limited to rod-shaped structures with filamentous, apical extensions. (B)
Wrinkled biofilms (labeled with arrows) extending outward from a fossilized microbe, and (C)
Sand sized orthoclase and quartz fragments with rice-grain shaped potential microbes or fossilized
remains. (D) ESEM images of filamentous microorganism with hammer-like extension (arrow)
that appears to be attached to detrital filaments

organism with subseguent deposits that enclose the microbe and limited adjacent
areas (Figs. 18A,B). Thin biofilms extend outward from the microbe as indicated
by folding on the surface that formed during critical point drying (Fig. 18B).
Gypsum deposits were small, usually in the 5-7 um range, and associated with a
chloride mineral. No evidence of microbia remains was found incrusting on the
mineral.

4.2.2 Putative Microbes Associated with Sand-Sized Orthoclase and Quartz,
Silts, Clays (FE-SEM Analysis)

Sand sized orthoclase and quartz fragments were anomalous as to the potential
identification of microbes, biofilms or fossilized remains. Rice-grain shaped de-
posits that were in the 2-5um size range for microbes were found on these
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detrital fragments, but there was no evidence of biofilms or other microbial remains
(Fig. 18C). EDS spectraindicated low to nonexistent levels of carbon or other chem-
ical signals of biotic remains such as potassium.

4.2.3 Microbes Associated with Silts and Clays (ESEM and FE-SEM Analysis)

Materials that were preserved in formalin in the field were brought back to the lab-
oratory and observed with an environmental scanning electron microscope. This
method of analysis proved to be very productive as a wide array of unfossilized
microbes and thin or poorly preserved biofilms were detected. Some microbes were
elongated with a hammer-like extension that appeared to be attached to detrital
fragments (Figs. 18D, 19A). Others were elongated, appearing to bend around frag-
ments, and some were rod shaped (Figs. 19B,C,D). The bacillus or rod shaped var-
ied from those with relatively straight walls to those with more- or -less rounded
rods (Figs. 19C,D). The bacillus-shaped microbein Fig. 19D (Mt. Sedom) appeared
to have substantial amounts of fossilized ECPS materials surrounding it. Some of
the Mt. Sedom observed morphologies may represent the modern population, but
some could have been weathered and transported from the surrounding geological
deposits in a manner similar to the fossil coccoliths that were found in association
with silts and clays (not shown). Figs. 19A and C demonstrate different morpholo-
gies typically observed in the Dead Sea samples attached to substrate. Fig. 19A
represents filamentous-shaped microbes encased in athin biofilm, whereas Fig. 19C
depicts rod-shaped microorganisms.

All of the Dead Sea samples analyzed have lower microbial densities and ap-
parently lower species diversity (Figs. 10, 12B, 18A,B,C,D). While some biofilms
were observed (Fig. 18B), they were generally monolayered or only a few pm in
thickness.

4.2.4 Mineralogy

The XRD analysis of the sedimentary materials from Ein Gedi included evapor-
ites, primarily halite, sand-sized orthoclase and quartz sediments. Samples from
Ein Bogeq and Mt. Sedom were primarily composed of silts and clays with lesser
amounts of evaporites. EDS analysis indicates calcium sulfate (SEM visual analysis
indicates gypsum), halite, magnesium chloride, potassium chloride and various silts
and clays. In addition to these minerals, other investigators have reported magne-
sium bromide, carnallite, and calcium chlorite (Nissenbaum 1975; Ehrlich 1985;
Zak 1997).

4.2.5 Water Chemistry

A comparison of the water chemistry analysis for the Dead Sea and Storrs Lake are
summarized in Table 5.
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Fig. 19 Dead Sea, Israel. ESEM images. (A) Higher magnification of Fig. 18D. Filamentous mi-
croorganism with hammer-like extension (arrow), attached to detrital fragments. (B) Elongated
filament bending around fragments and rocks. (C) Bacillus or rod shaped structures, inhabiting
the surfaces of silts and clays. (D) Bacillus or rod-shaped, but with relatively straight walls in
comparison with Fig. 19C. Substantial amounts of EPS materials are observed

4.2.6 Storrs Lake

The water chemistry for Storrs Lake varied, depending on whether the samples
were obtained adjacent to the stromatolites or were obtained from the open areas
of the lake (Table 5). The levels of ions near the stromatolites in descending order
of dominance are Cl, Na, SOy, F, Mn, Ca, and K. The following were not detected:
Li, Fe, NO,, NOgz, and PO,. In the open waters their levels, in descending order
of dominance, are Cl, Na, Ca, SO4, and Mn. The following were not detected: K,
Li, Fe, NO, NO3, and PO,4. Most of these dissolved components represent major
seawater components with the exception of Mn, Li, and F.

4.2.7 Dead Sea

The northern basin ions are represented in descending order by Mg, Ca, Cl, Na,
K, Sr, HCO3, SOy, Si, Mn, and Li (Table 5). The following were not detected Fe,
Ba, and NOs. The southern basin ions, in descending order, were K, Mg, Na, Cl,
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Table 5 Comparison of anion and cation concentrations, pH and average temperatures at select
Storrs Lake and the Dead Sea locations

Measurements Location
Dead Sea Storrs Lake
Chemical Parameter Dead Sea-Evaporite  Dead Storrs Lake- Storrs Lake
Ponds (N=4) Sea-Ein  Stromatolites ~ Water (N=3)
Gedi (N=3)
(N=1)
Na 23327 21010 25300 6670
Ca 19017 23930 1230 5330
K 8351.3 8351.3 640 nd
CATIONS Mg 45280 45280 not meas.** not meas.
MgL™)  Mn 2321 23.21 1500 433
Li 8.69 8.69 nd nd
Fe nd* nd nd nd
Ba nd nd not meas. not meas.
Sr 299.7 364.6 not meas. not mesas.
S nd 52.16 not meas. not meas.
Cl 222133 235150 52300 17700
SO, 464.9 195.6 5670 2300
ANIONS HCO; 300.47 3445 not meas. not meas.
-1
(MgL™) NO, not meas. not nd nd
meas.
NO3 nd nd nd nd
Fl not meas. not 3440 nd
meas.
PO, not meas. not nd nd
meas.
Temperature ©) 315 32 36.3 36.8
pH 6.3 6.3 8.8 8.4

nd* = not detected.
not meas™ = not measured.

Ca, SO4, HCOg, Sr, Mn, and Li. The following were not detected: Fe, Ba, Si, and
NOs. Nitrite (NO,) was not measured for the Dead Sea samples. The levels of the
ions were similar in both basins with the exception of SOy, which was higher in the
southern basin and Sr, which was higher in the northern basin.

The dissolved ions, originating from surface-weathered materials, springs, and
aquifers, are more diversified in the Dead Sea because of the long geological time
encompassed in its formation. Storrs Lake's dissolved ion concentration is primar-
ily derived from sea water and not products of geological processes over millions
of years. Consequently, some of the ions (Sr, Ba) are found at significantly lower
concentrations than in the Dead Sea. The origin of the dissolved ions are ultimately
responsible for the pH of each system, both alkaline and mildly acidic.



Microbial Films 223

5 Discussion

5.1 Nitrogen

Sorrs Lake: Primary production and the conversion of N, to NHz (N, fixation)
by certain cyanobacteria and eubacteria are important metabolic indicators of the
potential contribution of microbial mats to carbon and nitrogen budgets of inter-
tidal communities. From the data shown hereiit is evident that nitrogen is extremely
limited in Storrs Lake (Table 5). N fixation helps circumvent chronic N-limitation
in oligotrophic marine systems. This process may meet mat and community N de-
mands or serve as a supplemental (rather than exclusive) source of “new” nitrogen
for mat growth. The large cyanobacterial component in this system no doubt plays
amajor rolein nitrogen fixation. In either case, the environmental factors regulating
N, fixation may subsequently control other mat activitiesincluding fixation, primary
production, and growth of stromatolites.

Dead Sea: NO3 (Table 5) was not detected and NO, was not measured in
any of the samples. Previous researchers have measured N and the conclusion is
that biological processes have minimal impact on the nitrogen cycles (Stiller and
Nissenbaum 1999). Historically, the levels of N, particularly in the form of ammo-
nia, increased after the 1979 water overturn. For example, in 1960, the recorded
levels of N in the form of ammonia was 5.9mgL 1, but increased in 1991 to
8.9mgL 1. The ammonia sources were diffusion from bottom sediments and, po-
tentially, production in oxygenated water by mineralization.

5.2 Strontium

Sorrs Lake: Strontium levels were not measured in this work. Previous stud-
ies on San Savador have demonstrated that strontium concentrations are ele-
vated in comparison to open marine systems, but are not as concentrated as in
the Dead Sea (Swart et a. 1987). The primary reason is the origin of the waters
and the influence of heavy rain and tropical storms due to the proximity of the
ocean (Fig. 3).

Dead Sea: Strontium levels are elevated in comparison to Storrs Lake and may
have had several sources, including the Sedom lagoon, a Pliocene marine evaporite
environment that formed the Sedom Formation. The Sedom Formation is exposed at
Mt. Sedom (Table 2). Adjacent to the Sedom lagoon was a Cretaceous limestone and
its weathered products provided additional strontium. An alternative source would
have been dolomitization of the initial CaCOj3; in the Sedom lagoon (Gavrieli and
Stein 2006). The earlier depositional sequences contributed to the water chemistry
of the Dead Sea's hypersaline Pleistocene precursor, Lake Lisan. Thus, the stron-
tium, aswell as the elevated concentration of other ions, represents the evolution of
a sea-level evaporite lagoon to an evaporite environment below sea-level.
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5.3 Mineralization

We know that biological activity influences the geological processes of mineral
precipitation and stromatolite building. The heterogeneity and temporal impacts of
environmental influences make predictions and all encompassing explanations diffi-
cult, as biofilms associated with modern marine stromatolites are subjected to con-
stantly changing environmental conditions resulting from tidal, seasonal, diurnal,
and depositional events. For instance, the presence of mats or biofilms and organic
substrates can provide favorable sites for the nucleations of crystals and contribute
directly to biofilm structure (Farmer and Des Marais 1994).

Sorrs Lake: The process of biofilm formation with biogeochemical interactions
is demonstrated in Storrs Lake samples as crystals are covered with bacteria in
Figs. 12A and B, Fig. 14 shows the exopolysaccharide produced by microorganisms
and their role in binding inorganic materials including crystals. In hypersaline con-
ditionsthisbiological activity can lead to laminated deposition of minerals and asso-
ciated microorganisms. For karst or carbonate waters and sediment, the cumulative
interaction of microorganisms and geochemical conditionsin the right environment
can result in stromatolite formation (Eriksson et al. 2007).

Dead Sea: Thereisapaucity of microbially-mediated mineralization and biofilm
development (Figs. 18, 19). A mildly acidic pH and low carbonate levels to the
following: A mildly acidic pH and deplete HCO3 (Table 5). Microbia diversity
is restricted to obligate halophilic tolerant groups with periodic blooms of other
groups such as the one-celled green alga Dunaliella after seasonal rains and runoffs
from the wadis have diluted the surface waters (Nissenbaum 1975; Oren 1997).
Under these conditions microbial groups commonly found in Storrs Lake such as
cyanobacteria and fungi are restricted in their development. The halophilic groups
produce relatively thin ECPS (Figs. 18A,B, 19C,D).

5.4 Environmental Influence

Sorrs Lake: Evaporation exceeds precipitation, except during the rainy or storm
seasons (Davis and Johnson 1990; Yannarell et a. 2007). Seasona fluctuations
result in large transitions in the water chemistry and microbial activity. Tropical
storms (e.g., hurricanes) can have an even more dramatic effect on microbial activity
due to changes in substrate, sediment, and water chemistry (Yannarell et al. 2007).
Theimpact of hurricane disturbance and recovery on microbial community structure
and ecosystem functions were studied in another San Salvador hypersaline lagoon,
Salt Pond, which is close to Storrs Lake (Yannarell et al. 2007). This environmental
microbiology study demonstrated the effects of hurricane related sand deposition
on microbial nitrogen fixation rates. The rates were higher in mats re-colonizing
sand depositional sites than those re-colonizing sand eroded sites. Microbial pop-
ulation recovery rates were favorably influenced at sites with high diversity, which
structurally contributed to the rapid recovery of the disturbed ecosystem.
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The living ecology in Storrs Lake is limited to a microbial community of mats,
and no other animals were observed in this work. The microbial mats consisting
of bacteria and algae along the shore varied in color from purple to green-brown,
and featured a black bottom layer. There were a few dead fish and crabs along the
shoreline, and seagulls were observed congregating on some of the stromatolites
protruding from the lake as well as the island where they were nesting. The air
around Storrs Lake was heavy with a sulfur smell. This sulfur odor was especially
evident when wading through the lake as the sediments were stirred up. The lake's
bottom consisted of areas of stromatolite growth and thick dark anoxic material,
with a consistency of swamp sediments up to 1 meter in depth. An expanding
landfill with trash, old vehicles, and other debris several hundred yards northwest
of Storrs Lake could be a threat, due to leachate groundwater contamination. Re-
cent, anthropogenic activity on San Salvador indicates that the future of Storrs
Lake could bein danger from proposed coastal devel opment (Don Gerace, Personal
Communication).

Dead Sea: The Dead Seais different from sea level evaporite systems similar to
Storrs Lake and most nonmarine evaporite systems such as Mono Lake, California
and the Great Salt Lake, Utah. For example, the pH level in the upper water massis
dlightly acidic, 6.3, rather than basic, and the dominant ions are chlorine and mag-
nesium for both the northern and southern basins (Nissenbaum 1975; Ehrlich and
Zapkin 1985; Domagalski et al., 1989; MacIntyre et al. 1999). The Dead Sea water
levels have dropped over 20m since the 1950s (Gavrieli et al. 2006; Lyakhovsky
and Gertman 2006). The drop in water levels is accompanied by a gradual increase
in salinity and as the sulfate and bicarbonate are depleted, precipitation of aragonite
and gypsum is decreased (Nissenbaum 1975; Gavrieli et al. 2006; Lyakhovsky and
Gertman 2006). These events have been responsible for the increased halite precip-
itation (Gavrieli 1997). The changes in minera precipitation may in part be due to
the evaporation ponds in the southern basin (Gavrieli et al. 2006; Lyakhovsky and
Gertman 2006). Nitrate levels have increased but are still low, asthe areaisarid and
lacks significant numbers of cars, and there are no coal-burning industries (Berner
and Berner 1996; Stiller and Nissenbaum 1999).

5.5 Hydrologic Systems

Sorrs Lake: The hydrologic system on San Salvador has been documented by
Davis and Johnson (1990). As is typical of karst areas, there are no surface water
streams. Potential reasons for the trends demonstrated here are not certain as the
water flow patterns can vary. Various vents feeding the water supply were noted
on the north end of the Lake. Smaller vents were observed on Cactus Island. An-
other factor is tidal influence indirectly through subsurface seeps (Teeter 1995).
These seeps may change with fluctuations in sediment deposition due to storm
events. One possibility is when rain fals, water flows in towards the middle of
the lake, making the hydrogen gradient stronger (pH) in the middle than on the
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banks. This is evident in its hypersaline nature. The ocean side was higher in
salinity, suggesting that this could be due to westhering of atmospheric salt depo-
sition. The potential of biogeochemical interactions influencing the water chem-
istry due to the thick biofilm evident throughout the lake is also an aternative
reason.

Dead Sea: The lake is roughly rectangular in shape with no outlet and is sep-
arated into a northern and southern basin. The northern basin is 400m in depth
and the southern basin is shallower, varying from 6 m to 8m. The only fresh wa-
ter source is the Jordan River and limited seasonal rain waters. The Dead Sea
is dominated by a variety of salts, most of which emanate from springs in and
around the lake (Nissenbaum 1975; Lensky et al. 2005). Many of the salts and
the high levels of strontium are a result of meteoritic water circulating through
residual depositional brines beginning with the Sedom Lagoon (Lensky et al.
2005).

5.6 Biofilms Mats, Stromatolites

Microbial film formation is dependent upon different factors for growth and
metabolism. Marine biofilms form on a variety of biotic and abiotic surfaces. In
intertidal systems these can be quite extensive (Decho 2000). Development of ma-
rine biofilms on abiotic surfaces begins with the attachment of microbes to surfaces
and the secretion of ECPS (Decho 2000; Kawaguchi and Decho 2002). Cell to cell
signals influence both community profiles and metabolic activities within the poly-
meric matrix (Davies et al. 1998). These can develop into mats with the addition
of photoautotrophs to the community, which then can stimulate the precipitation or
trapping of sediment.

The evolution from biofilms to mats to stromatolites is closely linked to wa-
ter chemistry and the absence of invertebrate herbivores. Stromatolites are found
in many different regions of the world and in a variety of habitats, including hy-
persaline environments. All of the stromatolites have a similar microbial ecology,
including phototrophic microorganisms and photosynthetic microbial mats com-
bined with fossilization (Reid et al. 2003). In akaline hypersaline conditions both
cyanobacteria and algae enable CaCOj; precipitation, thus encouraging extensive
microbialite structures.

Examples of modern stromatolites growing in a normal, tropical-marine, inter-
tida environment have been described from Stocking Island, Bahamas
(Pickney et al. 1995). At this site, the activities of herbivores are restricted by
the physical environment (i.e., tidal currents and shifting channel sands). The stro-
matolites described by Pickney et al. 1995 appear to be actively growing due to
the association with microbial mats covering the stromatolite surface, an impor-
tant discovery that explains the ecophysiological properties controlling stromatolite
formation. As the organic mass ages and older components die, new growth of
cyanobacteria and microbes ensure their continued existence with the open ocean
conditions.
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Sorrs Lake: Hypersalinity, which can over time limit invertebrate grazing
biofilms, selects for certain microorganisms (Elliott 1994). The stromatolites at
Storrs Lake have been estimated to be around 2500 years old (Zabielski and Neu-
mann 1990). These San Salvador stromatolites are similar in age to those on Stock-
ing Island, Bahamas.

Total microbial densitiesin the Storrs Lake stromatolites were as high as 1.58 x
10%° cells/gdw in Site 2 and live microorganisms up to in 9.46 x 10° CFUS/gdw in
Site 1 (Fig. 16), demonstrating high aerobic metabolic activity. While these plates
were grown on GASW medium utilizing artificial seawater at 37° C, the resultant
densities do not represent all viable bacteria present. Certain bacteria that could not
grow in these conditions include obligate anaerobic or extreme halophilic microor-
ganisms (Oren 1993). In addition, the salt requirement and tolerance of many bac-
teria vary according to other growth conditions including temperature and medium
composition (Ventosa et al. 1998). A majority of environmental bacteria are often
nonculturable when using one medium in any given location. The geochemical gra-
dient observed in this study could yield a related gradient in microbial speciation
due to the different available nutrients.

Symbiotic sulfur oxidizing bacteria including Thiothrix spp. forms laminated
mats around detrital particles and builds nodules in the hindgut caecum of marine
spatangoids (De Ridder and Brigmon 2003). Anaerobic conditions and hence the
mutualism prevail in these small microbialites because Thiothrix spp bacteria re-
move sulfide. It is thought that the symbiosis provides a detoxifying effect with
nutritional consequences to the echinoid (Brigmon and De Ridder 1998). Sulfur
nodules (i.e., anucleus wrapped by alayered microbial mat) are structurally similar
to oncoids, atype of biolaminated particle in sedimentary structures (Visscher et al.
1998). No other algal types including green algae or red algae were observed in
the stromatolite samples. This could have been to due their low densities, nutrient
deficiencies (e.g. lack of nitrogen), or the high salinity.

Marine Systems: Corals form a similar biofilm, except much of the polymeric
material is produced by mucus cells in the coral polyp (Harvell et a. 2007). The
microbial community develops within the surface mucopolysaccharide layer, but
does not appear to adhere to the epidermal cells (Ritchie 2006). Microbial cell-
to-cell communication occurs by the production of homoserine lactones in marine
systems to maintain biofilm structure (Johnson 2005). The microbial community
profile is determined, in part, by the production of antibiotics and other allelopathic
compounds (Ritchie 2006), and by carbon source availability. Distinct differences
in biofilm species composition appear to be structural and functional. For example,
in contrast to biofilms formed on microbialites and stromatolites, establishment of
significant numbers of cyanobacteria only seems to occur on corals during black-
band disease (Weil et a. 2006).

Dead Sea: The Dead Sea lacks obvious stromatolites, microbialites or biofilms,
and cursory investigation did not produce any evidence of microbially induced cal-
cium carbonate precipitation in the form of stromatolites. Microscopic investiga-
tions negate the visual finding, as there are a number of microbes present that are
adapted to aquatic saline environments (Nissenbaum 1975; Oren and Anati 1996;
Oren 1997).
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Biofilm development was observed to be minimal in the Dead Sea samples. This
was in contrast to Storrs Lake, which produces thick, viscous biofilms as well as
stromatolites. The stromatolites in Storrs Lake are similar to those described in
Stouts Lake (San Salvador, Bahamas) with active microbial mats (Elliott 1992).
The Dead Sea hiofilms were primarily detected with an environmental scanning
electron microscope, and in contrast to Storrs Lake there was minimal fossiliza-
tion (Figs. 19A,B,C and 21B). Fossilization in the biofilms and microbes is being
controlled by the depletion of HCO3; and the slightly acidic pH.

5.7 Nutrient Systems

Studies of the nutrient distribution, particularly carbon and nitrogen, within ecosys-
tems can provide useful insightsinto the structure and function of those ecosystems.
While N-fixation was not measured in Storrs Lake, the extreme N limitation in the
system as demonstrated by both field (Test Kits) and laboratory techniques (IC)
makes it apparent that this analysis needs to be addressed. A wak down of the
surrounding area combined with the IC data (Tables 3 and 4) demonstrates that local
sources of nitrogen are negligible. While not measured in this study, the uptake of
dissolved organic carbon (DIC) from the water column is essential for photosynthe-
sizing microbial mats as those at Storrs Lake. DIC that comes in contact with the
biofilms are either fixed into organic matter abiotically or biotically, or diffused out
to the water (Des Marais and Canfield 1994).

In aclosed evaporite system like Storrs Lake the movement of DIC would not be
as dynamic asin an open water system. Studies that compare extreme environments
such as evaporite systems will enable us to better analyze the data, as it appearsin
comparing Storrs Lake and the Dead Seathat visual identification of organic activity
can be difficult. Microscopic analysis, if they are directed towards stromatolitic or
microbialite remains, can aso fail, since life may be sparse and the chemistry may
limit fossilization.

Biofilms can form under a wide range of conditions including extreme environ-
ments. Acidic streams from mines may contain metal-containing leachate including
iron, sulfur, and arsenic that select for certain microorganisms. These materials have
been shown to be accumulated as ferric arsenate and arsenate-sul phate precipitates
in rapidly growing bacteria-made microbialite structures (Leblanc et al. 1996). The
ongoing development of bacterial biofilms alternating with sand deposition, drying,
and erosive cycles results in the formation of As-rich ferruginous accretions. These
laminated and dome-shaped bacterial structures are similar to those of stromatolites
but lack the abundance of cyanobacteria. Thisincorporation of minerals and metals
into biofilms layered with sand and sediment is similar to those processes in natural
systems (Krumbein 1978). Biofilms as well as microbialites and stromatolites are
organosedimentary structuresthat can grow in awide range of environments, where
water temperature, nutrients, geology, and pH vary widely. While they are most
often observed in neutral and alkaline waters, stromatolites can form in acid-sulfate
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springs and geyser systemsincluding geothermal areasin New Zealand (Jones et al.
2000) and the United Sates (Farmer and Des Marais 1994). As might be expected,
the growth and development of stromatolites from acidic thermal waters compared
with those from neutral and alkali waters have been found to be microbiologically
and geochemically distinct (Jones et al. 2000).

While biofilms of varying quality and quantity can be observed worldwide, stro-
matolites are only seen in places where environmental conditions are conducive to
growth and development of these unique structures. The formation of stromatolites,
which are basically laminated microbial mats constructed from layers of filamentous
and other microorganisms, requires certain environmental conditions. These condi-
tions include the geochemistry, temperatures, water flow, depth, and microbiology
similar to those found at Storrs Lake. Storrs Lake, due to its proximity to the ocean,
shallower depth, and environmental factorsis more dynamic in terms of spatial and
temporal changes that have an obvious impact on the geomicrobiology of the site.
Microbia diversity and densities were observed to be much greater in Storrs Lake
compared to samples from the Dead Sea. The Dead Sea microorganisms, athough
in lower densities and apparent diversity, were observed to be actively attached to
abiotic substrates.

Recent research on the microbiology of hypersaline systems (Yannarell et al.
2007) will likely provide valuable information in a number of fields. Much of the
interest in microbiology of hypersaline systems is limited due to problems with
isolation of organisms from environmental samples (Brigmon et al. 1994). Here,
we extensively employed electron microscopy to allow direct examination of sam-
ples from those sites. Both culture and microscopy techniques have demonstrated
an extremely active microbial community in Storrs Lake's stromatolites. However,
the methods used to determine aerobic and heterotrophic microbial densities here
were performed with GASW medium made with artificial seawater. Some extreme
hal ophilic species may not grow at this salinity, and therefore this method may have
underestimated the actual population.

6 Conclusions

In this review we have discussed and compared microbiology and geochemistry
from two distinct hypersaline environments, Storrs Lake (San Salvador, Bahamas)
and the Dead Sea (Israel). We have described the devel opment of microbialitesfrom
biofilms to microbial mats, to more complex structures like stromatolites in Storrs
Lake. We conclude that the Dead Sea has a very different, but limited, microbial
ecology and point out the importance of biofilm establishment due to biotic and
abiotic processesin evaporite systems. This ecological range does show the diversity
and adaptability of microorganismsto their extreme environments, aswell as highly
dependent nature of the microbiology of these evaporite systems on the geology and
other key, associated environmental influences. The devel opment of stromatolitesin
Storrs Lake was related to oxygen, water flow, pH, and associated geochemistry
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for the evaporite system. The characteristics of hypersaline microbialitesin the Ba-
hamas were compared with those in the Dead Sea.

We have observed unique interactions between geochemical (e.g. crystals) and
possible microbiological activity. Future work on identifying specific microbial pro-
cesses involved (e.g. redox coupled reactions) is needed to understand the func-
tion of those interactions in extreme geochemical environments. Here, we have
shown how the diversity of the geological settings and microbial communities rise
to unique ecosystems and structures. The incorporation of diatom tests adds to
the strength and structure of the stromatolite biofilms. Bacterial products includ-
ing ECPS were shown cross-linking various crystal types and fossilized bacteria to
“cement” the structure together.

Biofilms are also excellent environments for stabilization of fossilized filaments,
diatoms, and inorganic detritus. These conclusions are supported by other research
indicating the importance of microbial —substrate interactions due to precipitation of
carbonate “cement” asrecently described in other tropical environments (Diez et al.
2007). Cyanobacteriain Storrs Lake make up most of the evaporite crust, aswell as
the fossilized material below and some other functions including UV-resistant pig-
ments. These microbially produced pigmentsin evaporite most likely allow thesere-
silient microorganisms to survive under awide range of conditions. The interaction
of an extremely active bacterial population with cyanobacteria evident here most
likely accelerates calcium carbonate precipitation and fossilizations as documented
in microbial mats in other sites studied by Chafetz and Buczynski (1992). We hy-
pothesize that the nitrogen limitation is made up by the nitrogen fixing cyanobacteria
and associated mat bacteriain the Storrs Lake biofilms.
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Microbial Life in Extreme Environments:
Linking Geological and Microbiological
Processes

Hailiang Dong

Abstract The last decade has seen extraordinary growth of Geomicrobiology, the
interdisciplinary field between Geology and Microbiology. Microorganisms have
been studied in numerous extreme environments on Earth, ranging from crystalline
rocks from the deep subsurface, hypersaline lakes, to dry deserts and deep-ocean
hydrothermal vent systems. This chapter reviews several active research frontiers
in Geomicrobiology that demonstrate the importance of linking geological and mi-
crobiological processes in such studies: deep continental subsurface microbiology,
microbial ecology in saline lakes, microbial formation of dolomite, geomicrobiol-
ogy indry deserts, fossil DNA and its use in paleoenvironmental reconstruction, and
microbia weathering of oceanic crust. The author has no intention to provide acom-
prehensive review of all areas of Geomicrobiology, as this daunting task deserves a
dedicated book on its own.

1 Introduction

The last decade has seen extraordinary growth of Geomicrobiology, the interdisci-
plinary field between Geology and Microbiology. Microorganisms have been stud-
ied in numerous extreme environments on Earth, ranging from crystaline rocks
in the deep subsurface, hypersaline lakes on the Tibetan Plateau, to dry deserts in
Atacama, Chile and Antarctic, and hydrothermal vent systemsin deep oceans. Even
signatures of possible ancient life on Mars and other planets are being revealed. In
Geomicrobiology, scientists with diverse expertise work together to study how life
on this planet interact with geological media (water, minerals, rocks, gases), and
how life may have originated and evolved over billions of years.

Since the publication of an important paper “Life in extreme environments” in
2001 by Rothschild and Mancinelli (2001), this field continues to explode as evi-
denced by many recent books (Banfield et al. 2005; Bull 2004; Castello and Rogers
2005; Fredrickson and Fletcher 2001; Gerday and Glansdorff 2007; Konhauser
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2006; Wilcock et a. 2004) and numerous review papers. Because of the diversity
of the topics and rapid developments in this areg, it is nearly impossible to write a
comprehensive review chapter. Below isareview of some recent advancesin certain
selected areas. The paper is focused on prokaryotes (Bacteria and Archaea), as the
scientific literature on eukaryotic microorganisms is relatively scarce. | hope that
thisreview will promote more focused research in Geomicrobiology, and encourage
collaboration among geologists, geochemists, soil scientists, microbiologists, and
environmental engineers.

2 Continental Deep-Subsurface Research

Dark life, those microorganisms that exist in the subsurface independent of sun-
light, comprises more than 50% of all biomass on Earth, yet many questions re-
main unanswered. For example, what is the lower limit of the biosphere? What is
the energy source for dark life? How does subsurface life evolve in isolation from
photosynthesis?

In addition to answering the above questions, investigations of geomicrobiologi-
cal processes in the continental deep subsurface are driven by a number of theoret-
ical and practical motivations. The theoretical reasons include our curiosity of the
origins of life and possible presence of life in the deep subsurface of other planets
such asMars. Because of extreme conditions on the surface of early Earth (for exam-
ple, intensive UV radiation), life processes on Earth surface would not be possible.
It is speculated that life may have originated in the subsurface. Thus, studies of how
life survive and function in the modern subsurface may shed some light on the orig-
ination of life on early Earth. Likewise, Martian surface conditions are not suitable
for life, but life may potentially exist in the subsurface. On the practical ground,
microorganisms isolated from the deep subsurface often contain unique assets, and
they areideal for environmental bioremediation, microbially enhanced oil recovery,
and biotechnology and bioenergy applications.

The extreme conditions of the deep continental subsurface are typically repre-
sented by anaerobic environments, high (>13) or low pH (<1), high temperature
(~120° C) and pressure, high radiation (from decay of radioactive elements such
as K, U, and Th), and high sdinity (Rothschild and Mancinelli 2001). These ex-
treme conditions are encountered either through deep drilling or establishment of
underground laboratories. Worldwide only a few boleholes have been drilled with
various depths. A few example include the Taylorsville Basin in Virginia (~3km
below land surface, bls) (Onstott et al. 1998), Cerro Negro drilling in NW New
Mexico (200-300m bls) (Fredrickson et al. 1997), and Chinese Continental Sci-
entific Deep (CCSD) drilling project (5200 m bls) (Zhang et al. 2005; Zhang et al.
20064). In the CCSD drilling, continuous cores were retrieved from the land surface
down to 5200 m. Profiles of porosity, permeability, fluid and gas composition, rock
types and structurally weak shear zones are established at high spatial resolution
scales (meters). Despite the crystalline nature of the high pressure metamorphic
rocks at the CCSD site, there is sufficient pore space to allow microorganisms to
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live within them. Gas and fluid anomalies exist at certain depth intervals, and these
are potential sites for harboring novel microorganisms. The CCSD site isidea for
addressing important questions such as: what is the bottom limit of the biosphere?
Dai et a. (unpublished data) used multiple approaches to define thislimit, including
DAPI (4',6-diamidino-2-phenylindole) counts, quantitative PCR (qPCR), phospho-
lipid fatty acid analysis (PLFA), and hydrogenase activity. All these results appear
to suggest that ~4200 m is the lower limit of the biosphere at this site, which corre-
sponds to ~120° C in temperature.

Deep underground laboratories provide a more direct way to study the deep sub-
surface biosphere. Although many underground laboratories have been devel oped
worldwide to study particle physics and astrophysics, engineering, and rock me-
chanics, their utility for biological investigations is a relatively new concept. The
Deep Biosphere Laboratory (DBL) at Goteborg University, Sweden, isone of the best
and it has been in operation since 1987. The DBL is situated at 450 m depth in the
Aspd igneous rock, and various borehol es have explored depthsto 1700 m (Pedersen
2001). The research activities of the DBL comprise both basic and applied research
about life in various deep geological underground formations. The basic research
focuses on biomass, diversity, activity and distribution of subsurface microorgan-
isms, and on the interaction between microbes and metals, especially radionuclides.
The applied aspect of the DBL lies at the microbiology of high level nuclear fuel
waste disposal and on microbial degradation of hydrocarbon contaminants.

The underground gold mine in South Africa is another well-studied site, where
extensive geomicrobiol ogical investigations have been madein the past 8 years. The
minetunnels extend to depths of ~5km. Conditionsin the mines approach the limits
for life (high temperature, salinity, and ambient radiation; low availability of nutri-
ents, energy sources, and water) and novel “extremophiles’ are isolated from these
environments (DeFlaun et al. 2007; Kieft et a. 2005; Takal et a. 2001; Trimarco
et al. 2006). One exampleis Geobacillus thermoleovorans GE-7 that isisolated from
pH 8.0, 50° C water from a dripping fracture near the top of an exploration tunnel at
3.2km depth (DeFlaun et al. 2007). This aerobic, thermophilic, chemoorganotroph
shows a strong resistance to gamma radiation (Fig. 1A), and this resistance may be
related to itsthick cell wall (Fig. 1B).

Readers are directed to recent review papers for comprehensive coverage on
deep continental subsurface microbiology (Amend and Teske 2005; Fredrickson
and Balkwill 2006; Kieft and Phelps 1997; Parkes and Wellsbury 2004; Pedersen
1997; Pedersen 2000). In light of some most recent developments, | focus on two
specific aspectsin this review: novel metabolic functions and energy sources.

2.1 Some Metabolic Functions of Continental
Subsurface Microorganisms

Because of the unique geochemical, hydrological, and geological conditions of the
deep subsurface, microorganisms that inhabit these environments are expected to be
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Fig. 1 (A) Radiation resistance of Ge-7. After exposure to 400 krad of gamm radiation, 0.001%
GE-7 cells survived and were culturable. After DeFlaun et a. (DeFlaun et al. 2007); (B) Transmis-
sion electron micrograph of GE-7 cells stained with ruthenium red showing thick cell wall which
may be related to its strong resistance to gamma radiation

different from surface organismsin their metabolic traits. However, our understand-
ing of these organisms and their metabolic functionsis hampered by the difficulty of
cultivation. This difficulty is due to multiple reasons, among which our inability to
duplicate the subsurface conditionsin the laboratory and their slow growth rates are
the major ones. Nonetheless, our current knowledge based on culture-independent
approach, limited successin cultivation, and isotope geochemistry, and environmen-
tal metagenomics, suggests that the subsurface microorganisms are often anaerobic
and thermophilic chemolithotrophs that are distinctly different from surface organ-
isms. Specific characteristics of subsurface microorganisms depend on local geolog-
ical and geochemical conditions. There are generally three categories of continental
subsurface environments:. subsurface aquifers and/or hydrothermal waters; sedimen-
tary basing/oil reservoirs, and crystalline metamorphic/igneous rocks. Below is a
summary of several major metabolic processes that occur in these environments.

2.1.1 Metal Reduction by Thermophilic Microorganisms

Metal reduction by thermophilic organismsis of great interest for a number of rea-
sons. First, metal reduction by thermophilic organisms could have been an important
process on early Earth (Vargas et al. 1998). Second, metal-microbe interaction is
relevant as we search for life on other planets. For example, magnetite, a possible
product of microbial reduction of iron, may be used as a biomarker for extraterres-
trial life (Nealson et al. 2002). Third, metal reduction by thermophilic organisms
isintimately connected to human life, such as bioremediation of heavy metals and
radionuclides in abandoned nuclear facilities and landfill sites.

Thermophilic metal reducers are virtually present in all possible habitats, rang-
ing from sedimentary basins (oil reservoirs) and terrestrial hydrothermal waters to
deep subsurface crystalline rocks. They are widely distributed in 15 bacterial and
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4 archaeal genera, and most of which are only capable of reducing Fe(l11) in either
aqueous or chelated form, with afew being able to reduce Fe(l11) in crystalline iron
oxides (Slobodkin 2005). Magnetite and siderite are usual products depending on
specific environmental conditions. Heterotrophy is a dominant metabolic pathway
for metal reducers with a few organisms capable of autotrophic growth. Interested
readers are directed to a recent review paper (Slobodkin 2005). Most recently, a
new anaerobic, thermophilic, facultatively chemolithoautotrophic bacterium is iso-
lated from terrestrial hydrothermal springs that is capable of dissimilatory Fe(lll)
reduction (Zavarzina et al. 2007). Thermincola ferriacetica (Isolate Z-0001) is able
to grow chemolithoautotrophically with molecular hydrogen as the only energy
substrate, Fe(l11) as electron acceptor and CO, as the carbon source (Zavarzina
et al. 2007). Strain Z-0001T is the first thermophilic bacterium capable of both
dissimilatory iron reduction and the anaerobic growth on CO coupled with hydrogen
formation.

One interesting feature with certain thermophilic, acidophilic metal reducersis
the ability to conserve energy from both Fe(l11) reduction and Fe(l1) oxidation under
different conditions (Acidimicrobium ferrooxidans, Sulfobacillus thermosulfidooxi-
dans, Sulfobacillus acidophilus) (Bridge and Johnson 1998). These organisms are
capable of iron redox cycling when they are grown in batch cultures. Zhang et .
(2007) recently observed iron cycling with a neutrophilic thermophile (Fig. 2). Ini-
tialy, it was thought that iron redox cycling was carried out by a mixed culture,
however, iron cycling persisted after multiple transfers and isolation. The reduction
of Fe(ll1) in iron oxides and clay minerals and oxidation of Fe(ll) in iron sulfides
operated at different pH conditions, with slightly acidic pH favoring Fe(l11) reduc-
tion, and alkaline pH favoring Fe(I1) oxidation. Lactate served as an electron donor
during Fe(I11) reduction and acetate was believed to be the electron acceptor during
Fe(I1) oxidation. Acetate as a possible electron acceptor is consistent with aprevious
observation that acetate is necessary to oxidize Fe(l1) (Kappler and Newman 2004).
Molecular analysis identified a single organism (Thermoanaerobacter ethanolicus)
that may be responsible for both Fe(l11) reduction and Fe(l1) oxidation. However,
further work is necessary to confirm these data.

2.1.2 Organic Carbon Degradation by Heterotrophic
and Fermentative Organisms

In petroleum reservoirs or groundwater aquifers within sedimentary rocks, because
of availability of abundant organic matter, subsurface organisms are generally char-
acterized by organotrophic thermophiles/hyperthermophiles. Magot et al. (2004)
and Van Hamme et a. (2003) reviewed the current state of knowledge of mi-
croorganisms from petroleum reservoirs, including mesophilic and thermophilic
sulfate-reducing bacteria (SRB), methanogens, mesophilic and thermophilic fer-
mentative bacteria, and iron-reducing bacteria. Many of these organisms can de-
grade sedimentary organic carbon (Krumholz et a. 1997; McMahon and Chapelle
1991) and oil components as energy and carbon sources. Among major groups
of organisms identified (Thermoanaerobacter, Thermodesulfovibrio, Thermotoga,



242 H. Dong

10

Co-culture (dups)

Controls

Fe(l1) mM
o N ~ o)} 0]

Days

Fig. 2 Left: 0.5 N HCI extractable Fe(ll) with time showing Fe reduction-oxidation cycles in
clay mineral nontronite (23.4% structural Fe(l11)) inoculated with a co-culture (mixture of rods
and cocci) at pH 9.5. The no-cell controls do not show significant change in Fe(I1) concentration.
Right: SEM image showing a close association between rod-shaped and coccus-shaped cells. The
scale bar is 400 nm. From Zhang et a. (2007)

Thermococcus, Methanothermobacter, Methanococcus, and Methanobacterium
(Nazina et al. 2000; Orphan et al. 2000), SRB and methanogenic archaea are
abundant. Thermophilic SRB are mainly various species of Desulfotomaculum,
Thermodesulforhabdus, and Desulfacinum (Amend and Teske 2005).

In petroleum reservoirs, abundant organic compounds provide growth substrates
for these heterotrophic sulfate reducers. In arecent study, Cai et al. (2007) reported
that SRB are capable of coupling U(V1) reduction with oxidation of petroleum com-
pounds with implication for amicrobial rolein uranium ore deposit formation in the
Shashadetai deposit, the northern Ordos basin, NW China.

In sedimentary basins without petroleum reservoir, microorganisms, which live
in highly-permeable sandstones, actually depend on organic materials from adja-
cent shales for growth (Krumholz et al. 1999; Krumholz et a. 1997). The interface
between aquifer (high permeability) and aquitard (low permeability) appears to be
the most important location for a number of important biogeochemical reactions
including sulfate reduction (McMahon 2001). More recently, several thermophilic
and hyperthermophilic SRB have been isolated, mainly in hydrothermal springs
(Kaksonen et al. 2006; Kaksonen et al. 2007; Thevenieau et a. 2007). Because of
more oligotrophic nature in these springs, SRB are typically capable of autotrophic
growth with H, as an electron donor and CO, as a carbon source.

2.1.3 Sulfur Oxidation

In geothermal vents, solfataras, and hot springs, reduced sulfur compounds may
be more important electron donors than organic carbon compounds. These envi-
ronments often contain high concentrations of inorganic compounds such as CO,,
SO,, Ny, CO, Hy, nitrate, and various metal oxides and sulfides (H,S). As aresult,
the primary production of biomass is energized by chemolithoautotrophic redox
reactions of these inorganic compounds. Synthesized biomass may be oxidized by
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heterotrophic organisms. Among chemolithoautotrophs, oxidizers of sulfur com-
pounds coupled with reduction of nitrate and oxygen are commonly isolated (Aragno
1992; France et al. 2006; Skirnisdottir et al. 2001), as elemental sulfur and sulfur
compounds can serve as both electron acceptors and donors and are used by a num-
ber of microorganisms for growth.

The pathways and biochemistry of thermophilic, sulfur-oxidizing prokaryotes
have been recently reviewed (Friedrich et al. 2005; Kletzin et a. 2004). Most ar-
chaeal sulfur oxidizersare aerobic or facultatively anaerobic, chemolithoautotrophic,
thermoacidophilic, with Acidianus ambivalens, A. infernos, and A. brierleyi from
the Sulfolobales order of the Crenarchaeota kingdom as representative organisms.
Some of the Sulfolobales are facultative anaerobes growing either by hydrogen ox-
idation with Sy as electron acceptor, forming H,S, or by Sy oxidation with oxygen,
forming sulfuric acid. In the sulfur-oxidizing organisms, the cytoplasmic sulfur oxy-
genase reductase (SOR) catalyzes the conversion of sulfur in the presence of O, to
give sulfite, thiosulfate and hydrogen sulfide as products (Friedrich et al. 2005).

Because geothermal fields are commonly rich in inorganic reduced sulfur com-
pounds and, therefore, they are particularly suited for thermophilic sulfur-oxidizing
bacteria (Aragno 1992; Ehrlich 2005; Friedrich 1998). However, relatively few
thermophilic sulfur-oxidizing bacterial species have been isolated. Aragno (1992)
divides sulfur-oxidizing thermophiles in the domain Bacteria into four main cat-
egories according to their metabolism. The first group contains hydrogen- and
sulfur-oxidizing bacteria. Among this group are obligate chemolithoautotrophic
bacteria in the Aquifex-Hydrogenobacter group and the spore-forming facultative
chemolithoautotroph Bacillus schlegelii. The second group contains two Thermoth-
rix species, strictly thermophilic sulfur oxidizers. The third category includes mod-
erately thermophilic, acidophilic Thiobacillus-like bacteria. The fourth category
includes moderately thermophilic, strongly acidophilic sulfur- and iron-oxidizing
bacteria (Aragno 1992). Chemolithoautotrophic sulfur bacteria are diverse and are
either alkaliphilic (Banciu et a. 2005; Sorokin et al. 2003), neutrophilic, or aci-
dophilic (Friedrich 1998; Kelly et al. 1997; Lueders et al. 2001).

2.2 Energy Sources

The extent of deep continental subsurface microbial life is ultimately controlled by
whether sufficient energy existsto sustain aminimal metabolism. Chemolithotrophic
communities depend on geochemical energies for growth. H; is the most abundant
source (Chapelle et a. 2002; Pedersen 2001; Stevens and McKinley 1995) and a
variety of organisms can use Hy, including nitrate reducers, Mn (111) and Fe(ll1)
reducers, sulfate reducers, and methanogens. A substantial amount of energy is gen-
erated when H, oxidation is coupled with these various electron acceptors (Amend
and Teske 2005). The high diffusivity of H, makes it readily available to microor-
ganismsin confined pore spaces in the deep subsurface.

There are multiple mechanisms for production of H, in the deep subsurface.
The first two pathways are thermal decomposition and fermentation of organic
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matter, respectively (Chapelle 2000). The third pathway is via reactions between
ultramafic/mafic rocks and fluids, a process caled serpentinization. Interest in
studying the serpentinization process has been increasing in the recent years. This
process can produce strongly reducing condition and high H, concentration. The
H,, CH4, and other reduced compounds generated during this process may repre-
sent a substantial and widespread source of chemical energy for carbon fixation
by autotrophic microbial communitiesin both surface and subsurface environments
(Alt and Shanks 1998; Chapelle et al. 2002; Charlou et al. 2002; Charlou et al.
1998; Kelley et al. 2001; Kelley et al. 2005; Nealson et a. 2005; Sleep et a. 2004;
Stevens and McKinley 1995). Because such ecosystems exist with no input from the
sun, they could represent a significant source of primary biomass production in the
subsurface. Such communities may be modern analogs of ancient communities that
were present on the early Earth or existed on Mars and Europa (Fisk and Giovannoni
1999; Holm and Andersson 1998; McCollom et a. 1999; Shock 1997; Sleep et al.
2004; Zolotov and Shock 2004). Because of abundance of both H, and CO, during
the serpentini zation process, methanogens are usually the dominant organismsinthe
community (Chapelle et a. 2002; Stevens and McKinley 1995; Takai et al. 2004).

The strongly reducing conditions developed during the serpentinization process
also favor abiotic synthesis of methane and other organic compounds from the re-
duction of CO,, suggesting that serpentinites and the fluids discharging from them
may be enriched in abiotically synthesized organic compounds (Abrajano et al.
1990; Berndt et a. 1996; Charlou and Donval 1993; Charlou et a. 2002; Charlou
et al. 1998; Holm and Andersson 1998; Holm and Charlou 2001; Horita and Berndt
1999; McCollom and Seewald 2001; McCollom and Seewald 2003; McCollom and
Seawald 2006; Shock and Schulte 1998). These organic compounds provide addi-
tional chemical energy for microorganisms in subsurface and hydrothermal envi-
ronments, and may have been a primary source of prebiotic compounds during the
early evolution of life (Holm and Andersson 1998; Russell 2003; Russell et al. 1998;
Shock 1990; Shock and Schulte 1998). A variety of heterotrophic organisms could
depend on abiotically synthesized organic compounds.

A few recent studies have strongly demonstrated the fourth pathway for H, gen-
eration in the continental subsurface, i.e., radiolytic H, production. In this pathway,
H, is produced by radiolytic dissociation of H,O during radioactive decay of U,
Th, and K in the host rocks (Lin et al. 2005). This radiolytic H, is consumed by
methanogens and abiotic hydrocarbon synthesis. Lin et al. (2005) demonstrated that
this abiotic source of H; is sufficient to account for high concentrations of H, and
to sustain the lithoautotrophic communities detected in fracture water of the deep
mines of South Africa (Lin et al. 2007). Analysis of gases in crystalline igneous
rocks from South Africa and Canada (Heidelberg et a. 2004; Lollar et a. 2006)
has shown that these gases are composed predominantly of H, and CH,4 with some
fractions of light hydrocarbons. The isotopic and chemical composition appears to
suggest that they are a mixture of abiotic hydrocarbons and biotic CH, produced
from methanogenic microbes utilizing the radiolytic H,. In such settings, radiolytic
H, may be the predominant source powering the deep subsurface microbial com-
munities (Lin et a. 2005; Lin et a. 2007).
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3 Saline Environments

Saline environments are globally distributed on Earth (Oren 2002b) and they are
considered extreme environments for microbial life (Oren 1999). Although the
oceans are the largest saline water bodies, hypersaline environments are generally
defined asthose containing salt concentrationsin excess of seawater (3.5% total dis-
solved sdlts). A variety of hapersaline environments have been surveyed for micro-
bial diversity such asthe Great Salt Lakein Utah, the Great Salt Plains of Oklahoma,
the Dead Sea, the Mediterranean Sea, the Solar Lake in Sinai, Egypt, Antarctic
hypersaline lakes, deep-sea brine sediments, and various salterns (salt-recovering
ponds) (DasSarmaand Arora 2001). Hypersaline lakes fall into two categories. tha-
lassohaline and athalassohaline. Thalassohaline lakes are those that originated by
evaporation of seawater with Nat and Cl~ as the dominant ions. An exampleisthe
Great Salt lake in the Western United States. Athalassohaline lakes are derived from
evaporation of freshwater that have ionic compositions different from that of sea
water. Examples include soda lakes that contain high concentrations of carbonate
and bicarbonate and an alkaline pH, but are depleted in Mg?+ and Ca?*. The Dead
Seaisan example, and it is slightly alkaline with higher concentrations of Mg and
Ca?* than Nat and K.

Tibet is Earth’'s largest and highest plateau, and is often referred to as the roof
of the world. Occupying an area of 2.3 million km? and rising 4000 m above sea
level (Zheng and Yao 2004), it is one of the most sensitive areas to global climate
change. The Tibetan Plateau is a unique place in the world that has developed
thousands of lakes, most of which are saline or hypersaline (Fig. 3). As a result
of uplift of the plateau from intercontinental convergence between India and the
Asia continent tens of millions of years ago, atmospheric circulation underwent
repeated vertical and horizontal changes. These climatic changes caused variations

Fig. 3 Topography of the
Tibetan Plateau and
distribution of lakes (in blue).
The largest oneis Qinghai
Lake, with the longest
dimension of 106 km (lake
area 4635 km?)
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in salinity of waters in the lake basins, the nature of sediments deposited, and the
formation of numerous glacial lakes and the general evolution of lake basins (Zheng
1995). Thetotal lake areais 4.5 x 10* km?. The ages of the lakes are on the order of
2-8 millions (Zheng and Yao 2004; Zheng 1995). Available data suggest that some
lakes have developed high salinity over a time scale of a few tens of thousands
of years, mostly because of prolonged arid climate (Liu et a. 2007a; Liu et al.
2007b; Shen et a. 2005). Because the Tibetan lakes are at various stages of evo-
Iution (evaporation), they possess multiple environmental gradients such as salinity
(from 0.1 to 426.3g/L) and pH (5.4-9.8). Lake water chemistry are dominated by
cationsNa+, K+, Ca?*, and Mg?+, and anions Cl~, SO;~, CO5~, and HCO3 . Boron
concentrations (B,Oz) can reach as high as 8000 mg/L and boronismined in certain
places.

Microbiological investigations have been made in various saline lakes for multi-
ple reasons. First, biotechnological applications of halophilic microorganisms were
recognized and employed even centuries ago, with arecently renewed interest (Oren
2002a). Potential exists to find novel applications with more in-depth research.
Second, because of the presence of salt deposits and saline environments on Mars
(Gendrin et al. 2005; Langevin et a. 2005; Squyres et a. 2004), studies of mi-
crobial diversity in terrestrial saline environments may shed light on the forms of
extinct and/or extant life on Mars (Mancinelli et al. 2004). Third, primordia life
on Earth might have started in hypersaline environments (Dundas 1998; Knauth
1998), thus research on microbial survivability and adaptation in saline environ-
ments bears relevance to our understanding of the early evolution of the biosphere
on Earth.

Halotolerant and halophiles thrive in saline and hypersaline environments and
include both prokaryotes and eukaryotes (DasSarma and Arora 2001). Among
halophilic microorganisms are found a variety of heterotrophic and methanogenic
archaea; photosynthetic, lithotrophic, and heterotrophic bacteria; and photosynthetic
and heterotrophic eukaryotes. Previous studies have shown that the taxonomic di-
versity of microbial populationsin terrestrial saline and hypersaline environmentsis
low (DasSarmaand Arora 2001; Oren 2001) and that, in general, microbial diversity
decreases with increased salinity (Jiang et al. 2007b; Oren 2002a).

Hal ophilic microorganisms occur in a variety of shapes, sizes, and colors. Their
surface tends to be rough with abundant appendages (flagella etc.) (Fig. 4). Some
halophiles are extremely resistant to UV and gamma-radiation, such as Halobac-
terium NRC-1 (Baliga et a. 2004; Kottemann et al. 2005), although the halophilic
nature is not necessarily linked to the UV/gamma radiation resistance. It is in-
teresting to note that halophiles isolated from the Tibetan lakes show extreme
stress resistance (Jiang et al. 2006), including UV and gamma radiation (Fig. 5)
and antibiotics (Jiang et a. unpublished data). It is not yet clear if the eleva
tion of the Tibetan lakes preferentially select UV and gamma radiation resistant
organisms.

A few books are dedicated to the ecology and biogeochemistry of halotolerant
and halophilic microorganisms (Kushner 1993; Oren 1999; Ventosa 2004; Vreeland
and Hochstein 1993). Here | review a few important topicsin this area.
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Fig. 4 A and B: Secondary
electron image of a halophilic
archaeal isolate 15N. The
scalebaris2pm; C:
Transmission electron image
showing thick cell wall of this
Gram-positive archaeon
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Fig. 5 Comparison of survival rate between 15N (solid squares) and Halobacterium NRC-1 (solid
triangles) following ultraviolet light and gammaradiation. (A) UVB (312 nm) radiation. (B) UVC
(254 nm) radiation. (C) ®Co gammaradiation. N = number of viable cells after radiation; No = the
initiadl number of viable cells in unradiated sample; Error bars represent standard errors from
duplicate experiments. From Jiang et a. (unpublished data)
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3.1 Effect of Salinity on Microbial Composition

Previous studies have shown that the taxonomic diversity of microbial populations
in saline and hypersaline environmentsis low (Benlloch et a. 2002; DasSarma and
Arora 2001; Oren 2001), consistent with general ecological principles that more
extreme environments are inhabited by less diverse communities (Frontier 1985).
In saline environments, microbial composition is primarily controlled by salinity
(Oren 20028, Wu et a. 2006). Wu et a. (2006) studied bacterioplankton (free-
living) community composition along a salinity gradient of high-mountain lakes
located on the Tibetan Plateau, China and reported succession of proteobacterial
groups as a function of salinity. With increasing salinity, the relative abundance of
the Alphaproteobacteria and the Gammaproteobacteria increases, but the Betapro-
teobacteria decreases. This observation is consistent with many other studies on
inland waters (Bockelmann et al. 2000; Brummer et al. 2000; Glockner et a. 1999),
dynamic saline systems such as estuaries (Bouvier and del Giorgio 2002; Cottrell
and Kirchman 2003; Crump et al. 1999; del Giorgio and Bouvier 2002; Henriques
et al. 2006; Kirchman et al. 2005; Zhang et a. 2006b) and costal solar salterns
(Benlloch et a. 2002). Henriques et al. (Henriques et al. 2006) examined succes-
sions of multiple groups of bacteria and reported dominance of the Alphaproteobac-
teria and Gammaproteobacteria in the marine-brackish section of the Ria de Aveiro
estuary (Portugal) and the Betaproteobacteria, the Deltaproteobacteria and the Ep-
silonproteobacteria in the freshwater section of the estuary. The reasons for such
succession have been suggested to be related to cell inactivation/death due to dy-
namic hydrological conditions such as mixing of riverine and estuarine waters (Bou-
vier and del Giorgio 2002), but observed successions in stable water bodies appear
to suggest that dynamic mixing is not necessarily a pre-condition (\Wu et al. 2006).
Other studies have shown different succession patterns with increased salinity. For
example, Langenheder et a. (2003) showed that the Alpha- and Betaproteobac-
teria, and Gammaproteobacteria were more abundant under freshwater conditions.
Bernhard et al. (2005) analyzed bacterioplankton community structurein Tillamook
Bay, Oregon and its tributaries to evaluate phylogenetic variability and its relation
to changes in environmental conditions along an esturine gradient. The authors
observed that the Gammaproteobacteria and Betaproteobacteria and members of
the Bacteroidetes dominated in freshwater samples, while the Alphaproteobacteria,
Cyanobacteria and chloroplast genes dominated in marine samples. When bacteria
are attached to solid particles, such successions are generally not observed (Jiang
et al. 2007b; Selje and Simon 2003). Indeed, particle-attached and free-living bacte-
rial community composition is fundamentally different (Acinas et al. 1999; Crump
et al. 1999; Delong et al. 1993; Phillips et al. 1999; Schweitzer et al. 2001).

3.2 Strategy of Microbial Adaptation to High Salinity

With increasing salinity, bacterial abundance decreases, but archaeal abundance
increases (Jiang et a. 2007b). Most halophilic bacteria can only live at moderate
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salinity up to 2.5M salt concentrations (Ventosa et a. 1998), but halophilic archaea
can survive up to salt saturation. Because of their different requirements for salt,
halophilic bacteria and archaea tend to occupy different salinity niches with the
former being dominant at low salinity and the latter being dominant at high salinity
(Oren 1993). However, most halophilic species exist and function within a range
of salinity. Within this range, adaptation to increase in salinity is achieved in dif-
ferent ways. The first (and the most important) one involves the accumulation of
organic compatible solutes within cytoplasm without the need for change of intra-
cellular proteins (thus called compatible). This mechanism, referred to as “organic-
osmolyte strategy”, is widespread among the domain Bacteria and Eukarya and
some methanogenic Archaea. The major solutes are the amino acid derivatives
glycine-betaine and ectoine (Galinski and Truper 1994). The genes encoding the
enzymes for biosynthesis of these solutes have been isolated and sequenced. The
second adaptation mechanism is the intracellular accumulation of high concentra-
tion of KT, This strategy, referred to as “ salt-in-cytoplasm strategy”, requires exten-
sive adaptation of the intracellular enzymatic machinery and therefore energetically
expensive. This mechanism is used by a minority of the known halophiles, includ-
ing Halobacteriales of the domain Archaea and Haloanaerobiales of the domain
Bacteria.

3.3 Metabolic Processes in Saline Environments

There are avariety of metabolic processesin saline environments (Oren 2001). Here
we summarize some recent advances in afew examples.

3.3.1 Ammonia Oxidation

Ammonia-oxidizing bacteria (AOB) are chemolithoautotrophs that use ammonia
as the sole energy source and carbon dioxide as the carbon source. AOB catalyze
the “nitrification process’ (NH; — NO,~ — NO;3™), which has a key position in
natural nitrogen cycling. Ammonia oxidation takes place either aerobically or anaer-
obically. Different AOB tend to occupy different environmental niches and respond
to environmental changes (ammonium concentration, pH, redox state, and salinity)
in adifferent way (Prosser and Embley 2002). In estuary and coastal environments,
AOB respond to freshwater-marine salinity gradient and nitrogen inputs (among
others) through changes in community composition and abundance (Francis et al.
2003; Freitag et al. 2006; Urakawa et al. 2006).

Energetic considerations suggest that aerobic autotrophic ammonia oxidation is
not a favorable process in highly saline environments, because nitrifying bacteria
gain little energy from oxidation of ammonium and nitrite, and a large fraction of
generated energy has to be used to produce NADPH required for autotrophic CO,
reduction (Oren 2001). Oren (2001) estimated that ammonia oxidation can exist
at salinity up to ~16%. This consideration appears to explain the salt tolerance
of AOB in pure cultures (0.6-11% salt with Nitrosococcus halophilus being the
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most halophilic at 11% salt) (Koops et a. 2004) and in the saline Mono Lake in
California (8.8% salinity, pH 9.8, ammonia concentration 0-30 wmol/L) (Joye et al.
1999; Ward et al. 2000). Using molecular techniques, AOB have been detected in
various saline environments including some that have higher salinity than 16%,
such as saline lakes in Antarctic and Greenland (salinity up to 10 times seawater)
(Voytek et al. 1999), salineand alkalinelakesin Mongolia (up to 6 % salinity and pH
10) (Sorokin and Kuenen 2005), Negev desert soils (nitrification at 2.3 % salinity)
(Nejidat 2005), salt saltern (up to 22% salinity) (Benlloch et al. 2002), and estuaries
(Francis et al. 2003; Freitag et a. 2006). The members of the Gammaproteobacte-
ria (Nitrosococcus) appear to be present only in saline lakes (Ward and O’ Mullan
2005).

Recent molecular studies have discovered that ammonia oxidation can also be
carried out by nonthermophilic crenarchaeota (Beman and Francis 2006; Francis
2007; Francis et a. 2005; Konneke et al. 2005; Mincer et al. 2007; Nicol and
Schleper 2006; Park et a. 2006; Schleper et al. 2005; Treusch et al. 2005; Venter
et al. 2004). A marine chemolithoautotrophic strain was isolated from a sea aquar-
ium that uses ammonia as a sole energy source (Konneke et al. 2005). Archaeal am-
monia oxidation has been shown to be an important process in a wide variety of
natural environments including oceans (Coolen et a. 2007a; Francis et a. 2005;
Mincer et al. 2007; Wuchter et a. 2006), marine and freshwater sediments (Beman
and Francis 2006; Francis et al. 2005), soils (He et al. 2007; Leininger et a. 2006),
and wastewater treatment bioreactors (Park et al. 2006). Further studies have shown
that ammoniaoxidizing archaea (AOA) are more abundant than their bacterial coun-
terparts in certain soils (Leininger et a. 2006) and oceans (Mincer et al. 2007;
Wuchter et al. 2006). These studies are largely based on quantitative polymerase
chain reaction (QPCR) of amoA, a gene encoding the alpha-subunit of ammonia
monooxygenase (the enzyme responsible for catalyzing the rate-limiting step in
ammonia oxidation).

These exciting new discoveries have challenged the accepted view of microor-
ganismsinvolved in the global nitrogen cycle, and have created ample opportunities
for future research (Francis 2007; Nicol and Schleper 2006). Are AOA more abun-
dant than AOB in other environments (such as lakes)? Are AOA more active than
AOB (i.e., RNA-based approach)? How do AOA and AOB differentially respond to
environmental changes, such as salinity, anmonia concentration and pH? How do
AOA and AOB each contribute to the overall nitrification rate under different envi-
ronmental conditions? The freshwater and saline lakes on the Titeban Plateau, NW
China, are ideal for answering these important questions: (1) These lakes represent
pristine environments, where perturbations from human activities have been min-
imal, allowing a focused study of natural (not anthropogenic) ammonia oxidation
processes; (2) These lakes possess multiple environmental gradients such as salinity
(from 0.1 to 426.3g/L), pH (5.4-9.8), and ammonium concentration (a range but
typicaly at <1 uM), alowing studies of environmental impacts on aerobic nitrifiers;
(3) High elevation, dry climate, and closed basins of the lakes alow development
of stable microbial communities and metabolic functions so that the effects of envi-
ronmental conditions on the AOA/AOB community structure and functions can be
discerned (Dong et al. 2006).
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3.3.2 Chemolithotrophic Oxidation of Sulfur Compounds

Although chemolithoautotrophic sulfur-oxidizing bacteria (SOB) have been well
studied in acidic (Madigan et a. 2004; Pronk et a. 1990) and neutral environments
(Robertson and Kuenen 1999), the presence of this group in saline environments is
not well understood. In the last decade, Sorokin and his co-workers have isolated
a number of haloakaliphilic SOB functioning at pH > 9.5 and inhabiting various
saline soda lakes (sodium carbonate/bicarbonate instead of NaCl) of varying salin-
ity, mostly in Central Asia (Sorokin and Kuenen 2005). These authors described
three new genera in the Gammaproteobacteria: Thioalkalimicrobium, Thioalka-
livibrio, and Thioalkaspira. Many specieswithin these generahave an optimal pH of
9-10 and can tolerate atotal NaCl concentration of up to 4.5M. They are capable of
autotrophically oxidize a number of sulfur compounds such as thiosulfate, sulfide,
polysulfide, elemental sulfur, and sulfite. While most of these species are obligately
aerobic, some can oxidize these compounds under microaerophilic and denitrifying
conditions. The same authors, also using cultivation-based methods, have isolated a
high diversity of moderately and extremely halophilic chemolithoautotrophic SOB
in various hypersaline, but neutral-pH habitats, including four new genera and rep-
resentatives of Halothiobacillus and Thiomicrospira (Sorokin et al. 2006a; Sorokin
et al. 2006b). The highest NaCl concentration that some of species can tolerate is
5M. Despite these recent advances in isolation and characterization of SOB, quan-
titative understanding of the importance of these organisms in the overal sulfur
cycleisstill lacking, especialy in saline environments. Future studies should focus
on measurements of rates of sulfur oxidation by various SOB species under in-situ
conditions.

3.3.3 Sulfate Reduction

Sulfate-reducing bacteria (SRB) have been shown to use organic solutes (trehalose
and glycine betaine) to provide osmotic balance in saline environments (Welsh et al.
1996). Thisisenergetically expensive. In contrast to this demand, little energy isre-
leased when acetate is used as electron donor to couple with sulfate reduction (Oren
2001). When H, and lactate are used as electron donors, more energy is released
(Oren 2001). This consideration explains why most SRB have an optimal salinity
of no higher than 100 g/L, although the upper limit may be much higher (Belyakova
et al. 2006; Jakobsen et al. 2006). In general, sulfate-reducing rateisinversely corre-
lated with salinity (Brambilla et al. 2001; Kerkar and Bharathi 2007; Sorensen et al.
2005). A recent study reported that sulfate-reducing acitivity is optimal between
a salinity of 6-12%. At 25% salinity when salt saturation begins, sulfate-reducing
activity does not stop but becomes retarded untill 35%, after which it is aimost
negligible (Kerkar and Bharathi 2007).

4 Biogenic Formation of Dolomite

Dolomite, with a chemical composition of [CaMg(CO3),] and an ordered struc-
ture, is an important mineral both economically and scientifically. The physical and
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chemical properties of dolomite rocks in sedimentary basins determine the size and
quality of oil reservoirs. Dolomite formation plays an important role in global car-
bon cycling. Sequestration of the atmospheric CO, into dolomite may have partialy
contributed to gradual cooling of the Earth to the extent that life became possible.
Dolomite may contain valuable information about the evolutionary history of the
Earth.

Despite the economic and scientific importance of dolomite, the mechanism of
itsformation remains enigmatic. Thewell known “dolomite problem” can be stated:
dolomite rock is one of the most common sedimentary materials, yet efforts to syn-
thesize dolomite in the laboratory under simulated conditions (i.e., low temperature
and pressure) have largely failed (Land 1998). Dolomite formation isthermodynam-
ically favorable, but kinetically slow, i.e., there exists a kinetic energy barrier in its
formation (Krauskopf and Bird 1995).

Dolomite can form via the following three pathways:

Table 1 Possible pathways for dolomite formation

Mechanism Reaction Ca Mg S Mg/Ca Sr/Ca Casestudy

Replacive  CaCOs; + Mg** +2HCO; - — | ¢ 1 4+ (Baker and
CaMg(CO3), + CO, + H,0 Burns 1985)

Replacive ~ 2CaCOs; + Mg?t — R 1 + (Kastner et dl.
CaMg(COs), + Ca®* 1990)

Primary Ca?* + Mg?" + 4HCO; — RN 0 1+ (Wrightand
CaMg(CO3),+2C0,42H,0 Wacey

2005)

After (Rodriguez et al. 2000).

4= increases in aqueous concentration, | = decreases in concentration. — = no changein
concentration.

The relative decrease or increase in Caand Mg is obvious from the reactions. Sr substitutes for Ca
more easily than Mg. Thus, Sr is released to solution when calciteis replaced by dolomite
(reaction1 & 2).

Geological observations (i.e., poor preservation of fossils, the coarseness of
grains, cavities, and pore spaces) indicate that many dolomite rocks form via re-
placement of pre-existing calcite (Reaction 1 and 2) over a long time under con-
ditions of high salinity and pH, a low Ca/lMg ratio, and an elevated temperature
(Krauskopf and Bird 1995). Dolomite can also form via primary precipitation from
aqueous solution (Reaction 3), especially for those dolomites that are associated
with saline evaporite deposits (Vasconcelos and McKenzie 1997; Wright 1999;
Wright and Oren 2005; Wright and Wacey 2005) and methane-bearing sediments
and gas hydrates on ocean floor (Baker and Burns 1985; Cavagnaet al. 1999; Pierre
and Rouchy 2004; Rodriguez et a. 2000; Sassen et al. 2004). However, neither the
replacement nor direct precipitation mechanism has been rigorously demonstrated
in the laboratory at low temperatures in the absence of microbial activity.

The recent discovery of microbially mediated dolomite formation in culture ex-
periments with sulfate reducing bacteria (SRB) suggests that bacteria can overcome
the kinetic energy barrier to dolomite formation by increasing pH and carbonate
akalinity (Vasconcelos et a. 1995; Warthman et al. 2000) and by removing sulfate,
a known inhibitor to homogeneous nucleation of dolomite in solution (Baker and
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Kastner 1981). SRB may beimportant in mediating dolomite precipitation in nature,
such as modern saline lakes and lagoons (Vasconcel os and McKenzie 1997; Wright
1999; Wright and Oren 2005; Wright and Wacey 2005). Among these, dolomitesin
the distal ephemeral lakes of the Coorong Region of South Australia are probably
the best studied example. The role of SRB in dolomite precipitation in these lakes
has been demonstrated with a combination of mineralogical, geochemical, isotopic,
and microbial studiesin both laboratory and in the field (Wacey et al. 2007; Wright
1999; Wright and Wacey 2005; Wright and Wacey 2007). One halophilic SRB that
can promote dolomite precipitation has recently been isolated from a hypersaline
coastal lagoon, Lagoa Vermelha, Rio de Janeiro, Brazil (Warthmann et a. 2005).
Some halophilic bacteria can precipitate dolomite even in the presence of sulfate
(Sanchez-Roman et a. 2005) and they may account for primary precipitation of
dolomite in modern hypersaline environments. Methanogens may also be impor-
tant in mediating dolomite precipitation (Roberts et al. 2004). These results collec-
tively suggest that SRB, halophiles, and methanogens all play an important role in
dolomite formation, especialy in saline environments.

Gas hydrate and methane-seep deposits in deep oceans are the largest potential
fossil fuel reservoir on Earth, and they play an important role in regulating global
carbon cycle. Formation of dolomite in these environments is globally significant,
both in modern (Aloisi et al. 2000; Formolo et al. 2004; Greinert et a. 2001; Kulm
and Suess 1990; Roberts and Aharon 1994; Rodriguez et al. 2000; Sample and
Reid 1998; Sassen et al. 2004; Stakes et a. 1999; vonRad et al. 1996) and ancient
(Cavagna et al. 1999; Jorgensen 1992; Peckmann et al. 2001; Peckmann and Thiel
2004; Peckmann et al. 1999; Pierre and Rouchy 2004; Terzi et al. 1994) methane
seeps and gas hydrate deposits. Multiple studies have published negative 8*3C values
of authigenic dolomite associated with these deposits (Aloisi et a. 2000; Campbell
et a. 2002; Greinert et al. 2001; Peckmann et al. 2001; Pierre and Rouchy 2004,
Roberts and Aharon 1994; Sample and Reid 1998; Sassen et al. 2004; Stakes et al.
1999), implying that dolomite may be formed by microbial oxidation of methane
or organic matter coupled with sulfate reduction (Mazzullo 2000). A recent study
shows that dolomite formation in organic-rich marine sedimentsis controlled in part
by competition between anaerobic methane oxidation and methanogenesis, which
controls the speciation of dissolved CO,. Anaerobic methane oxidation (AMO) in-
creases the concentration of CO32~ through sulfate reduction, favoring dolomite
formation, while methanogenesis increases the pCO, of the pore waters, inhibiting
dolomite formation (Moore et al. 2004). However, a direct link between a micro-
bial function and dolomite formation pathways has not been established for impor-
tant carbon reservoirs such as gas hydrate and methane seep deposits. Moreover,
dolomite formation under the in-situ conditions of gas hydrate deposits (i.e., in-situ
pressure, temperature and water chemistry) has not been attempted.

5 Dry Deserts

Deserts are defined as areas that receive an average annual precipitation of lessthan
250 mm. Deserts and arid lands cover approximately one-third of the Earth’s total



254 H. Dong

land surface, making them important ecosystems worldwide. Extreme deserts are
found in both temperate and polar regions, such as Chile (Atacama Desert), the US
(Mojave Desert), Antarctica, the Arctic and western China (e.g. Tibet, Taklimakan
Desert).

Photosynthetic cyanobacteria are the primary inhabitants in these environments
(Wynn-Williams 2000). These primary producers typically live a few millimeters
below the surface of translucent rocks, such as quartz (Schlesinger et al. 2003;
Warren-Rhodes et al. 2007; Warren-Rhodes et al. 2006), sandstone pebbles (Wynn-
Williams 2000); halite (Wierzchos et al. 2006), and gypsum (Dong et al. 2007)
(Fig. 6). This micro-habitat is apparently achieved as aresult of balance between a
sufficient supply of CO,, N, and light to allow photosynthesis and N, fixation on
one hand (Rothschild et al. 1994) and protection from intolerable levels of irradia
tion, high temperature, and arid surface condition (Cockell et al. 2005) on the other.
Even 1 mm of rock matrix could provide sufficient shielding effect of UV-radiation
(Cockell et al. 2005) to alow photosynthesis to proceed. Douglas and Yang (2002)
found different types of cyanobacteria colonizing gypsum, bassanite
(2CaS04-(H20)), and halite in distinct layers of color in an evaporite deposit
from Death Valley, California, USA. From top down, the color changes from un-
colonized, to orange-brown, to blue-green, and finally purple. This color change
reflects different cyanobacterial community composition and suggests that differ-
ent phototrophic communities may have different demand for water moisture and
tolerance of UV radiation.

The distribution of cyanobacterial communities in desert pavements is not uni-
form, but instead in patches (Warren-Rhodes et al. 2007). The inter-site (from one
desert site to another) differences in cyanobacterial spatial distribution pattern (e.g.
mean inter-patch distance) are linked with mean annual precipitation and tempera-
ture, whereas patchiness within sites is correlated with local geology (greater col-
onization frequency of large rocks) and biology (dispersal during rainfall). On the
continental scale, geographic isolation appears to be more important in controlling
spatial distribution patterns of desert microorganisms.

Fig. 6 A green layer of
colonized cyanobacteriain
gypsic crust from Atacama
Desert. The colonization
depth is optimized for
photosynthesis. Adopted
from Dong et a. (2007)
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Heterotrophic bacteria aso occur widely in desert environments and their abun-
dances appear to be related to mean annual precipitation. In the hyperarid core re-
gion of the Atacama Desert, the heterotrophic community preferably inhabits the
soil subsurface (25-30cm in depth) (Dress et a. 2006), rather than more hostile
surface (Navarro-Gonzalez et al. 2003). The heterotrophic community composition
is mainly composed of Alphaproteobacteria, Actinobacteria, Flexibacteria, Fir-
micutes, Gemmatimonadetes, Planctomycetes, and Thermus/Deinococcus (Chanal
et al. 2006; de la Torre et al. 2003; Dress et a. 2006; Nagy et al. 2005; Navarro-
Gonzalez et a. 2003). Metabolic functions of these groups in such environments
remain largely speculative. Some members of Alphaproteobacteria may be poten-
tially capable of aerobic anoxygenic photosynthesis (de la Torre et a. 2003).

Deserts have been proposed to be a good analog for Mars, because these two
environments share many common characteristics. Among these are presence of
sulfate deposits (Aubrey et a. 2006; Cooper and Mustard 2002; Dong et al. 2007,
Gendrin et al. 2005; Hughes and Lawley 2003; Langevin et al. 2005; Squyres et al.
2004), low levels of refractory organic material, low number of detectable bacteria,
and equal oxidation of L and D amino acids (Wierzchos et a. 2006). Organic ma-
terials may be preserved for geologically long periods in sulfate minerals (Aubrey
et a. 2006). Indeed, salt deposits (halite and possibly sulfate) are one of the four
possible life habitats on Mars as predicted by a radiative transfer model (Cockell
and Raven 2004), and microbia life and their signatures in such deposits may be
remotely detected by non-destructive spectroscopy methods, even when microbes
colonize a few mm below the rock surface (Edwards et a. 2005). In addition mi-
croorganisms from desert environments have typicaly been adapted to extreme
desiccation (Billi et al. 2000) and radiation (Rainey et al. 2005), two prevalent
conditions on Mars and possibly other planets. When these organisms colonize the
subsurface of rocks, their ability to resist radiation and desiccation is significantly
enhanced (Cockell et al. 2005), apparently due to the shielding effect from rock
matrix.

6 Fossil Microbial DNA in Ancient Sedimentary Rocks

Recent devel opments in molecular microbiology in the last decade have allowed us
to investigate the abundance, distribution, and identity of microorganisms in var-
ious extreme environments (Barns et al. 1996; Del.ong 1992; Giovannoni et al.
1990; Hugenholtz et al. 1998; Pace 1997; Takai and Horikoshi 1999). These new
techniques have been used to not only study microorganisms in modern envi-
ronments, but also in ancient rocks, i.e., fossil microbial DNA in ancient rocks.
Studies have shown a great promise in reconstructing paleo microbial communi-
ties and paleoenvironmental conditions through investigations of fossil DNA and
molecular biomarkers preserved in sediments and sedimentary rocks (Brocks et al.
2005; Coolen et al. 2004a; Coolen and Overmann 1998; Coolen and Overmann
2007). Coolen and his colleagues, as well as others, have recently demonstrated
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that DNA can survive in organic carbon-rich anoxic and sulfidic sediments of strat-
ified basins (Coolen et al. 2004a; Coolen et al. 2006a; Coolen et a. 2004b; Coolen
and Overmann 1998; Coolen and Overmann 2007; Coolen et a. 2007b; D’ Andrea
et al. 2006). Measurable quantities of DNA buried within the Holocene sediments
were as well preserved as the carotenoids of the sulfur bacteria (Coolen et al.
2006b; Coolen and Overmann 1998). The same level of preservation was observed
between up to 9400-year-old DNA and recalcitrant alkenones of haptophytes in
Ace Lake (Antarctica) (Coolen et al. 2004b) and in the Black Sea (Coolen et al.
20064).

In parallel to Coolean and his colleagues, a group in Japan explored the concept
of fossil DNA and its utility. Inagaki et al. (2001) studied microbial community of an
oceanic subseafloor core sample of the Pleistocene age (1410 cm long, ~2-2.5Ma)
recovered from the West Philippine Basin at a depth of 5719m. The authors re-
ported the discovery of vertically shifted community structures of archaea. Beneath
a surface community of ubiquitous deep-sea archaea, an unusual archaeal commu-
nity consisting of extremophilic archaea, such as extreme halophiles and hyperther-
mophiles, was present. These organisms were interpreted to be microbial relicts of
more than 2 million years old. The discovery of an unusual archaeal community in
this core sample, inconsistent with the deep-sea environment, was inferred to reflect
past terrestrial volcanic and submarine hydrothermal activities surrounding the West
Philippine Basin.

In 2005, Inagaki et al. (2005) proposed the concept of “Paleome” for the first
time: “the use of preserved DNA and/or microbesto interpret the past”. The authors
successfully extracted and amplified DNA from a core sample of black shale of the
Cretaceous age (100 Ma) collected from Serre des Castets, near Marseilles, France.
The authors used fluorescene particulate tracer beads (0.5 wm) during the coring
and attempted to cultivate bacteria from the core material. No fluorescent particles
were detected inside the core at depths greater than 2mm. No viable cells were
detected in the inner core samples, whereas abundant viable cells were detected in
thedrilling fluid and outer core material. The authors concluded that the cores were
contamination free, and the microorgani sms observed were indigenous.

The DNA sequences from the Cretaceous rocks were most similar to those com-
monly found in deep-sea sedimentary environments, which prevailed during the
deposition of the black shales, but different from those commonly found in the
modern terrestrial environment of the drill core (Inagaki et al. 2005). Moreover,
the inferred aerobic/anaerobic habitats, based on relatedness of the detected DNA
sequences to cultivated microorganisms, were consistent with the inferred paleo-
environmental conditions. In particular, a number of 16S rRNA gene clones of
oceanic sulfate-reducing bacteria within the Deltaproteobacteria predominated at
the oceanic anoxic event (OAE) layer of the Cretaceous black shale, but the number
of clones of sulfate-reducing bacteria dramatically diminished in the sediment lay-
ers above and below the OAE layer. Instead, extant deep-sea genera predominated
in these layers, including some psychrophilic and piezophilic members. Based on
this correlation, the authors proposed the idea of “fossil DNA”. The detected DNA
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sequences were inferred to represent the relics of fossil microbial communities, not
the modern microorganisms living within the black shale.

If proved to be genuine, this discovery has significant implications for the fol-
lowing three reasons:

1. Fossil DNA in the black shales can be used to understand microbial community
structure, growth habitats, and their rolesin global elemental cycling during the
Cretaceous.

2. Because of global distribution of black shales and abundant information that
they contain, fossil DNA within these rocks can be used to reconstruct global
environments during the Cretaceous.

3. Fossil DNA provides an effective means to study biological evolution. Evolu-
tion of various processes throughout geological time, such as elemental cycling,
chemical composition of the oceans, the atmosphere, and the crust, diversifi-
cation of metabolism, and origins of multicellular organisms, is all intimately
correlated with microbial evolution.

Despite the fact that the concept “Paleome” is supported by strong evidence, it is
faced with many challenges and issues. The most important issue to be addressed
iswhether or not DNA can be preserved for such along time (~100Ma). Although
previous studies have shown that dormant bacteria and archaea have been detected
or cultivated within fluid inclusions of ancient halite crystals of 112250 Main age
(Fish et a. 2002; Kminek et a. 2003; Vreeland et al. 2007; Vreeland et al. 2000),
Inagaki et al. (2005) are the first to detect DNA (not live microbes) in ancient, low-
salinity black shales. Unlike DNA molecules, living microbes have mechanisms to
repair damaged DNA, so the concept of ancient living microorganisms may be more
acceptable than ancient DNA molecules. However, the topic of whether or not live
organisms cultivated from brine fluid inclusions are indigenous is even debatable
(Hazen and Roedder 2001; Powers et a. 2001), although recent accumulative evi-
dence appears to support the indigenous nature of these organisms in ancient halite
crystals (Vreeland et a. 2007).

In natural environments, aqueous solution, oxidizing environment, and radiation
can all damageisolated DNA (outsideliving microbes) (Kminek et al. 2003; Lindahl
1993). Laboratory experiments have shown that under conditions of water avail-
ability and moderate temperature, DNA can not be preserved for more than a few
thousands of years (Lindahl 1993). Similar to this result, in lake sediments of up to
11,000 years, the DNA abundance of phototrophic microorganisms decreases by six
orders of magnitudes (Coolen and Overmann 1998). However, DNA preservation is
favorable under low temperature and high salinity (ionic strength) conditions, espe-
cialy under conditions of dry, anoxic, and clay-rich environments. Recent studies
have shown that clay minerals can stabilize adsorbed DNA molecules (Ciaravella
et al. 2004; Scappini et al. 2004). Inagaki et a. (2005) believe that therelatively dry,
anoxic and clay-rich environments within their black shale are favorable factors to
preserve ancient DNA molecules for as long as 100 Ma (Cretaceous).

In addition to the issue of DNA preservation, many other issues remain, com-
mented on by Hoehler onthe Inagaki et al. (2005) paper (Hoehler 2005): (1) Doesthe
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age of the black shale represent the detected microorganisms? (2) When did the
microorganisms enter the black shale to become isolated from the outside world?
(3) When did the detected microorganisms stop metabolic activity to become
fossils? Available evidence suggests that metabolic activity can exist long after
sedimentation, ranging from hundreds of thousands of years to millions of years
(D’'Hondt et al. 2004; Parkes et al. 1994). Thus, ancient rocks may not necessar-
ily contain ancient DNA. If not all microorganisms stopped metabolic activity and
became preserved when the rock formed, but a small fraction of the population
remained active, then the preserved (and detected) DNA does not represent the
microbial community at the time of rock formation, and cannot be used to infer
the paleoenvironmental conditions. These issues are important to study microbial
evolution in ageological context, but they were not addressed in that study (Inagaki
et al. 2005). Lack of archaeal DNA in the black shale (Inagaki et al. 2005) is another
important issue to be resolved, because in general, archaea should be abundant in
marine environments (Kuypers et al. 2001; Kuypers et a. 2002; Sinninghe Damsté
and Coolen 2006).

In 2006, Sinninghe Damsté and Coolen (2006) published a comment paper and
pointed out a few weaknesses of the original Inagaki et al. paper (2005). The main
criticisms are reflected in three aspects:

1. TheInagaki et al. (2005) study lacks biomarker work. Although not specific in-
dividual microbial species, molecular biomarkers can be used to infer microbial
functional groups in ancient rocks, because these compounds can be preserved
in rocks much longer than DNA molecules (Brocks et a. 2005). A few studies
(Kuypers et al. 2001; Kuypers et a. 2002; Tsikos et a. 2004) have detected
archaeal lipid biomarkersin similar black shalesto those studied by Inagaki et al.
(2005), which isinconsistent with the lack of fossil archaeal DNA as reported by
Inagaki et a. (2005). This inconsistency raises the possibility of DNA contami-
nation in the Inagaki et a. study (Sinninghe Damsté and Coolen 2006). However,
archaeal DNA may be degraded easier than bacterial DNA (Inagaki and Neal son,
2006), as evidenced in modern sediments (MacGregor et al. 1997; MacGregor
et a. 2001). Thus, thisissue remains to be resolved.

2. Sinninghe Damsté and Coolen (2006) believes that molecular clock rate of the
rRNA genein diatomsis 1% per 14 million years (Damste et al. 2004). With this
molecular clock rate, it is expected that fossil DNA sequences of 112 million
years should be 8% different from those of modern organisms. The DNA se-
guences detected by Inagaki et al. (2005) are closely related to those of modern
organisms. However, the molecular clock rate is not well determined and this
inference may not be quantitative.

3. If the sulfate-reducing bacteria are related to methane emissions in deep-sea
cold seeps, then the 8*3C of lipid compounds should be very negative, be-
cause the lipid compounds should have been derived from biogenic methane
(3%3C = —80%) (Sinninghe Damsté and Coolen 2006). However, Inagaki et al.
(2005) did not measure carbon isotopes of lipid compounds.
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The debate of the concept “Paleome” will likely continue in the foreseeable future.
The only way to validate this concept is through further testing. Fortunately, more
opportunities have become available for such tests. For example, the Songliao Basin
in the Northeastern China (near the Daging oil field, Helongjiang Province, China)
hosts aterrestrial record of Cretaceous black shales as thick as 5000 m (Chen 1987;
Chen and Chang 1994). One unique feature in this sedimentary record isthe aterna-
tion of black and red beds, presumably reflecting alternating reducing and oxidizing
conditions during the Cretaceous time (Haskin et al. 2005). These rock formations
have not been heated to more than 100° C, and they are ideal for microbiologi-
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cal work. Furthermore, abundant information on paleoclimate, pal eogeography, and
paleoenvironment is available, based on which microbial data can be interpreted.

Our preliminary data on the Songliao basin samples appear to support the “ Pale-
ome” concept. Employing the tracers and aseptic techniques during the coring, the
extent of contamination was minimized. The innermost portions of two core sam-
ples, B2-03, a black mudstone from 1117 m depth, and B2-05, ared mudstone from
1215 m depth, were analyzed for mineralogy, geochemistry and microbiology. The
salinity islow (0.1%), and pH is alkaline (~10). Similar to the findings of Inagaki
et al. (2005), no archaeal DNA was extracted or amplified. Despite the fact that it is
aterrestrial basin today, bacterial 16S rRNA gene sequences are closely related to
those in GenBank that are previously recovered from agueous environments, such
as lakes and oceans (Fig. 7). The Songliao basin was a lake during the Cretaceous
time, suggesting that the fossil DNA may have reflected the ancient environmental
conditions of the basin. However, more data are necessary to confirm these initial
findings.

7 Ocean Geomicrobiology

Oceans cover more than two thirds of the Earth’s surface and they are full of life.
Geomicrobiological processesin the global oceans have received increased interests
in the last decade, as exemplified by many excellent research papers and books
(Edwards et a. 2005; Teske 2006; Wilcock et al. 2004). Considering the rapid
pace of the recent developments in this area, it is nearly impossible to write a
comprehensive review. Below | touch five aspects: biomass abundance, diversity,
some important metabolic functions, carbon sources, and the impacts of subsurface
microorganisms on geological processes. We discuss these aspectsin three represen-
tative environments of oceans: “normal” deep-sea sediments, gas hydrate deposits,
and hydrothermal vents.

7.1 Biomass Abundance and Distribution

Microbial biomass generally decreases with increasing depth in deep-sea sediments,
from 1.4 to 4 x 10°%cm® at the surface sediment to 2.76 x 10%/cm? at the average
ocean sediment depth (500 m) (Parkes et a. 2000). However, prokaryotic popula
tions have been detected in sediments as deep as 800 m below the seafloor (mbsf)
by both intact cells and intact membrane lipids. The total prokaryotic biomass in
marine subsurface has been estimated to be 50-80% of Earth’s total prokaryotic
biomass {4-6 x 10% cells, (Whitman et al. 1998)}. The living prokaryotic biomass
isestimated at 1.3 x 10?° cells. Bacterial populations and activity can increase near
geochemical hotspots in deeper sediment layers, such as brineincursion or the pres-
ence of thermogenic methane (Parkes et a. 2000). Temperature, age, and porosity
appear to be three factors responsible for decreased biomass with sediment depth.
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Ancient sediments contain less biodegradable organic matter and are less likely to
support microbial growth. One exception is gas hydrate deposits in deep sediments,
where low molecular weight fatty acids are produced by thermogenic and biogenic
processes. In such settings, biomass tends to be high.

7.2 Microbial Diversity

The known diversity on Earth includes approximately 6000 species of prokaryotes
(http://www.bacterio.cict.fr/number.html), based on cultivated species (Pedros-Alio
2006). The unknown diversity is currently explored by using molecular microbiol-
ogy techniques. Estimated bacterial diversity in the oceans is a few thousand taxa
(Hagstrom et al. 2002), and more recently, many new bacterial taxa are being sub-
mitted to GenBank each year (Pommier et al. 2005). Because of the insufficient
nature of clone library based estimates of microbial diversity, the actual diversity is
probably much higher.

Microbial communities of deep marine sediments harbor members of distinct,
uncultured archaeal and bacterial lineages (Teske 2006). There are 9 groups of the
Archaea, as reviewed by Teske (2006). Among these, the Marine Benthic Group
B Archaea (MBG-B) show a cosmopolitan occurrence pattern in a wide spectrum
of marine sediments, surficial as well as subsurface, and normal marine sediments
as well as hydrothermal vents. The second maor group is the Marine Group |,
which is abundant in both water column and subsurface sediments. This group may
be facultatively autotrophic or of broad metabolic diversity. An autotrophic aero-
bic ammonia oxidizer, Nitrosopumilus maritimus, belongs to this group (Konneke
et al. 2005). Unlike MBG-B and MGlI, Archaea of the Marine Benthic Groups A
and D are not abundant in deep-sea sediments. A few other groups occur in both
marine and terrestrial subsurface, such as the MCG (Misscellaneous Crenarchaeo-
tal Group), the SAGMEG (South African Gold Mine Euryarchaeotal Group), and
the TMEG (Terrestrial Miscellaneous Euryarchaeotal Group) (Jiang et a. 2007a).
Inagaki et al. (2006) reported the dominance of deep-sea archaeal group (DSAG)
in gas hydrate-bearing sediments, which appears to be absent in the gas hydrate
free sediments. The Proteobacteria, the candidate division JS-1 (Newberry et al.
2004), and the Chloroflexi division are three groups of the domain Bacteria iden-
tified in norma marine sediments by molecular methods. Cultivation yields a
somewhat different picture: the Firmicutes (specifically Bacillus and Thermosed-
iminibacter) and the Actinobacteria, a range of Alphaproteobacteria (Rhizobium
radiobacter) and Gammaproteobacteria (genera Photobacterium, Mbrio,
Shewanella, and Halomonas), and a novel member of the Bacteroidetes phylum
are commonly recovered (Teske 2006).

In contrast to norma marine sediments, thermophilic and hyperthermo-
philic archaesa and bacteria dominate deep-sea hydrothermal environments
(Miroshnichenko and Bonch-Osmolovskaya 2006). Archaea are represented by
thermophilic, lithotrophic methanogens (Methanococcales and Methanopyrales);
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hyperthermophilic sulfate- and thiosulfate-reducing Archaeoglobales; hyperther-
mophilic, lithoautotrophic Pyrolobus fumarii; and thermophilic, organotrophic Ther-
mococcales, Pyrodictium, and Staphylothermus. Recently, afew novel archaeal iso-
| ates have been obtained, including hyperthermophilic, lithotrophic, sulfur-respiring
Ignicoccus pacificus of the family Desulfurococcaceae of the Crenarchaeota king-
dom; hyperthermophilic, ferric iron reducing Geoglobus ahangari and Geogemma
barossii; hyperthermophilic methanogens of the genera Methanothermococcus,
Methanocaldococcus, and Methanotorris;, and hyperthermophilic organotrophic
species within the order Thermococcales. Molecular surveys and cultivations have
revealed the following bacterial diversity: the order Aquificales; the subclass Ep-
silonproteobacteria; the order Thermotogales; the families Thermodesulfobacteri-
aceae, Deferribacteraceae, and Thermaceae; the family Geobacteraceae; Firmicutes,
and a novel phylum represented by the genus Caldithrix. Most isolates within these
orders and families are obligate or facultative lithotrophs, oxidizing molecular hy-
drogen in the course of different types of anaerobic respiration or microaerobic
growth (Miroshnichenko and Bonch-Osmol ovskaya 2006).

7.3 Metabolic Functions

Large sulfate and methane gradients are typically observed in normal marine subsur-
face sediments (D’Hondt et a. 2004; D’ Hondt et al. 2002) and are usually assumed
to be caused by verticaly stratified sulfate reducers and methanogens. Sulfate-
reducers are expected to dominate in the sulfate-containing upper sediment layers,
methanogenic archaea are expected in the methane-rich deeper sediment layers;
and sulfate-dependent, methanotrophic consortia analogous to those found at gas
hydrate deposits and hydrothermal sediments (Boetius et al. 2000; Hinrichs and
Boetius 2002; Hinrichs et al. 1999; Michaglis et al. 2002; Orphan et a. 2001; Teske
et al. 2003; Teske et a. 2002) are expected to dominate the sulfate-methane tran-
sition zone. However, functional gene surveys do not detect abundant dissimilatory
sulfate reductase (dsrAB) and methyl-coenzyme M reductase (mcrA). One possible
explanation is that sulfate reducers and methanogens may be minor components
in the overall community. Low rates of methanogenesis and sulfate reduction may
be sufficient to maintain the observed sulfate and methane profiles (D’Hondt et al.
2004), or some uncultivated prokaryotes may be sulfate-reducers and methanogens
(Teske 2006).

Knowledge of metabolic functions in hydrothermal sedimentsislimited, largely
because of the difficulty of obtaining isolates in this environment. Among the do-
main Archaea, three main functions have been identified: reduction of elemental
sulfur with oxidation of H, (by Ignicoccus pacificus), iron reduction, and methano-
genesis (Miroshnichenko and Bonch-Osmolovskaya 2006). Among the domain
Bacteria, identified metabolic functions include organotrophy (thermophilic and
piezophilic representatives within the order Thermotogales, representatives within
the family Thermaceae and Firmicutes) (Reysenbach 2001a); lithoautotrophy {i.e.,
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Aquificales using Hy, S, S, or S,052" as energy sources and O,, NOs~, or S°
as electron acceptors (Reysenbach 2001b); representatives of the subgroup A of the
Epsilonproteobacteria}; sulfate-reduction (representatives within the Thermodesul-
fobacteriaceae family); iron reduction (within the order Deferribacterales and the
family Geobacteraceae within the subclass Deltaproteobacteria); and H, oxidation
coupled with reduction of elemental sulfur and nitrate (representatives of the Ep-
silonproteobacteria).

In gas hydrate deposits, main metabolic functions are sulfate reduction cou-
pled with oxidation of methane and/or hydrocarbons (Joye et al. 2004; Nauhaus
et al. 2002; Orphan et a. 2001; Teske et al. 2003; Thomsen et a. 2001; Valen-
tine and Reeburgh 2000). Methane is either microbial or abiotic in origin and it
migrates upward from deep sediments, where it meets sulfate that diffuses down-
ward from seawater. When methane and sulfate meets at the transition, steep
gradients of methane and sulfate develop, where sulfate-reducing bacteria and
methane oxidizing archaea work together to form a coupled reaction (Valentine
and Reeburgh 2000). A few studies have shown that the rate of sulfate reduction
generally exceeds the rate of anaerobic oxidation of methane and the two processes
are loosely coupled, suggesting that the majority of sulfate reduction is likely fu-
eled by the oxidation of other organic matter (Formolo et a. 2004; Joye et a.
2004). Increased alkalinity from oxidation of methane and other organic matter
results in formation of authigenic carbonates (Moore et a. 2004; Sassen et al.
2004).

7.4 Carbon Sources Fuelling Marine Subsurface Microorganisms

Onthe Earth’s surface (both terrestrial and ocean surfaces), within the water column,
and in marine sediments, essentialy al life forms rely either directly or indirectly
on the energy supplied by the sun and incorporated into biomass by photosynthetic
organisms. In marine subsurface, microorganisms essentially depend on “dark en-
ergy”, reduced chemical species (including H,) derived from the oceanic crust, asa
main energy source. Using chemical energy, lithoautotrophic organisms are aive
and well (Teske 2005). Using catalysed reporter deposition-fluorescence in situ
hybridization (CARD-FISH), Schippers et a. (2005) identified that a fraction of
the sub-seafloor prokaryotes (~4%) is alive, even in very old (10 million yr) and
deep (>400m) sediments. All detectable living cells belong to the Bacteria and
have turnover times of 0.25-22 yr, comparable to surface sediments. This raises
a question of energy source in the deep marine subsurface. Unlike organic-rich
continental shelf sediments and gas hydrate deposits, carbon sources in deep-sea
sediments are usually limited. For lithoautotrophic organisms, carbon sources are
abundant, in the form of CO, CO,, and CH,4. For heterotrophic organisms, organic
matter isscarce and it is not clear what possible organic carbon substrateis. While it
is known that fluids from 3.5-Ma oceanic crust are capable of supporting microbial
growth (Cowen et al. 2003), including nitrate reducers, thermophilic sulfate reduc-
ers, and thermophilic fermentative heterotrophs, whether or not abiotically produced
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carbon substrates can be used by microbes was not demonstrated until recently.
Horsfield et al. (2006) demonstrated that abiotically driven degradation products
of buried marine sedimentary organic matter can provide substrates for microbial
activity in deep sediments at convergent continental margins and possibly in other
deep-sea sedimentary environments. This study is highly significant in showing that
refractory organic matter can be important sources of carbon for marine subsurface
microorganisms.

7.5 The Impacts of Subsurface Microorganisms
on Geological Processes

Microorganisms at and beneath the ocean floor play an important role in rock/glass
ateration (Fisk et al. 1998; Furnes and Staudigel 1999; Staudigel et a. 2006), chem-
ical and isotopic exchange between the oceanic crust and the seawater (Furneset al.
2001), and biogeochemical cycles of C, Fe, S and other elements (Edwards et al.
2005; Fisk et al. 1998). The prominent role of microorganisms in weathering of
basalt and glass has been demonstrated in both laboratory culture study (Bach and
Edwards 2003; Staudigel et a. 1995; Staudigel et al. 1998; Thorseth et al. 1995z;
Wau et a. 2007) and in-situ incubation experiments (Bach and Edwards 2003). In
these studies, Fe- and Mn-oxidizing lithoautotrophs obtained from deep-sea envi-
ronments have been demonstrated to be capable of growth on basalt glass as the
sole source of energy and they are found to enhance the rate of basalt dissolution by
up to an order of magnitude (Edwards et a. 2004; Templeton et a. 2005). In these
processes, they derive energy from oxidation of sulfides, methane, ferrousiron and
manganese, and Hy, reduction of ferric iron, sulfate, and CO,, and respiration and
fermentation of organic matter.

Some unique textures result when microorganisms weather basaltic glass in the
oceanic crust, such as tubular structures (Fisk et al. 1998; Thorseth et al. 1995b).
These textures are typically accompanied by characteristic enrichments of certain
elements and depletion of others as well asisotope variations (Banerjee et a. 2006;
Fisk et al. 2003; Furnes et al. 2001; Storrie-Lombardi and Fisk 2004; Thorseth
et a. 2003; Thorseth et al. 1995h). Taken together, these features have been used
as hiosignatures to determine biogenicity of ancient rock records on early Earth and
Mars (Fisk et a. 2006; Furnes et al. 2005; Furnes et a. 2004; McLoughlin et al.
2007). However, cautions have to be exercised not to over-interpret the importance
of these textural and geochemical evidence, unless other supporting evidence, such
asnucleaic acids and lipid biomarkers, is presented.
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Marine Methane Biogeochemistry
of the Black Sea: A Review

Thomas Pape, Martin Blumenberg, Richard Seifert, Gerhard Bohrmann
and Walter Michaelis

Abstract Both the anaerobic and the aerobic oxidation of methane are fundamen-
tal microbial processes with far reaching influences on global element cycles and,
conseguently, on the physico-chemical nature of the hydro- and atmosphere. These
processes lead to substantial removal of the radiatively active gas methane and are
powerful factors in controlling the composition of ecosystems and the distribution
of authigenic deposits at methane-rich sites. For instance, the sulfate-dependent
anaerobic oxidation of methane (AOM) mediated by methanotrophic Archaea and
sulfate-reducing Bacteria yields hydrogen sulfide and bicarbonate ions, which sub-
sequently react with ions derived from pore waters and the water column to form
sulfidic and carbonaceous minerals. The aerobic oxidation of methane, performed
by obligate aerobic Bacteria particularly effective at oxic-anoxic boundaries, leads
to the generation of carbon dioxide, which is a less radiative gas than methane but
has higher residence times in the atmosphere.

The geochemical characteristics of the contemporary Black Sea promote pro-
cesses associated with the conversion of methane and are considered to resemble
those of the Paleo/Mesoproterozoic global ocean. Geochemical and molecular mi-
crobiological considerations support the ideathat the microbesinvolved in the AOM
emerged before the Archaean — Proterozoic transition, and became more impor-
tant in the Paleoproterozoic, when oceanic deep waters are thought to contain high
amounts of methane and adequate amounts of sulfate. With the rise of atmospheric
oxygen in the Paleo/Mesoproterozoic, substantial parts of the global ocean became
oxygenated, which promoted the spreading of aerobic methanotrophs. Since then,
biogeochemical remnants, like fossil seep deposits or lipid biomarkers strongly de-
pleted in 13C, demonstrate the relevance of methanotrophy in Earth history.

Methane in the contemporary Black Seais mainly sourced from sedimentary gas
reservoirs at emission siteslike cold seeps and mud volcanoes. Detailed seismic and
hydroacoustic investigations at deep-water cold seep areas on the Ukrainian shelf
(northwestern Black Sea), the continental slope off Georgia (southeastern Black
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Sea) and at mud volcanoes located in the Sorokin Trough (northern Black Sed)
provided insights into their subsurface structures, fluid migration pathways, and
extents of gas plumes in the water column. This review considers recent studies
on sources and migration pathways of methane, and its fate in the sediments in the
water column of the Black Sea with special emphasis on the anaerobic and aerobic
microbial methane consumption.

1 Introduction

Since the onset of life strong chemical feedbacks arose between biosphere and
geosphere. Because methane apparently was an abundant constituent of the Early
Earth’s atmo- and hydrosphere (Pavlov et al. 2003; Kasting 2005) the metabolisms
of recent methane-consuming microorganisms might mirror feasibilities established
by the earliest forms of life. Though considerable progress could be achieved during
the last 30 yearsin elucidating geochemical and microbia methane dynamics, many
aspects of microbial methanogenesis and methanotrophy are still under debate.

1.1 Methane Generation and Migration in Marine Environments

Beside abiotic formations of hydrocarbons in hydrothermally affected systems and
crystalline rocks, methane is generated by the activity of methanogenic Archaea
(‘biogenic’ methane) and by thermocatalytic degradation (‘thermogenic’ methane)
of organic matter. Biogenic methane is mainly produced either by CO, reduction
with hydrogen (chemical reaction I)

CO; +4Hy; — CHs 4+ 2H,0 )]
or by acetate fermentation (reaction I1)
CH3COO™ + H,0 — CHy4 + HCO3™ (n

Moreover, avariety of methylated compounds like methanol or methylamines serve
as substrate for microbial methanogenesis (Balch et a. 1979), but this process ap-
pearsto be of minor quantitative relevance for the global methane budget compared
to methane production from CO, reduction or acetate splitting.

In addition to microbial methane from shallow sediments and the water column,
methaneissupplied from underlying sedimentsforced by sediment compaction, tec-
tonic compression or a combination of both mechanisms. In case the concentration
of dissolved methane in pore fluids exceeds its solubility, the excess of methane ei-
ther forms free gas or, under appropriate physico-chemical conditions, gas hydrates
(Bohrmann and Torres 2006; Sloan and Koh 2007). Hence, sedimentary methane
is transported either by fluid migration or diffusion of dissolved gas, or as free
gas, which is released into the water column at cold seeps and mud volcanoes.
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Furthermore, it iswell known, that substantial amounts of methane can be adsorbed
to mineral surfaces and protected against microbial degradation (Brekke et al. 1997,
Knieset a. 2004).

The relative partitioning of methane into its major sedimentary reservoirs (dis-
solved in interstitial waters, as free gas, adsorbed to mineral surfaces, bound in gas
hydrates) during its rise to the seafloor is crucia for an assessment of the methane
bioavailability and calculations of methane budgets and fluxes. However, the re-
sponse of sedimentary methane pools to environmental changes is highly dynamic
and quantitative estimations are adapted from few investigations only. For example,
high amounts of methane are sequestered in the lattices of gas hydrates (Buffett
2000; Bohrmann and Torres 2006; Sloan and Koh 2007). The formation of theseice-
like clathrates is mainly governed by the local pressure-temperature regime, which
confines their occurrences to a certain depths range, as well as by the supply of
the guest molecules (mainly methane) and water. In case ambient conditions drop
out of the gas hydrate stability zone (GHSZ) due to environmental changes, gas
hydrates decompose rapidly and may provide large quantities of free gas for seep-
age from the seafloor (Kvenvolden 1988). Substantiated by their highly dynamic
physico-chemical nature, sediment destabilizations on continental margins (Mienert
et al. 1998, 2005) and past global climate variations (Dickens et al. 1995, Hag 1998;
Clennell et al. 1999; Dickens, 2001, 2003) were related to extensive dissociation of
gas hydrates. A decreasein 8*3C of carbonates and organic matter by —2.5%, across
the Paleocene/Eocene therma maximum (ca. 55.5Myr) was attributed to extensive
release of 13C-depleted carbon from decomposing gas hydrates. The negative excur-
sion in 3'3C was accompanied by a significant increase in global surface and deep
ocean temperatures by about 4—6° C and by ashoaling of thelysocline depth by up to
400 m (Kennett and Stott 1991; Tripati and Elderfield 2005). These scenarios are of
major concern for modern atmosphere properties, since the methane flux generated
by present-day anthropogenic activity is of similar magnitude to that calculated to
have caused such considerable changes in the past (Dickens et al. 1997).

1.2 Methanotrophy in Marine Environments

In marine settings, methane consumption is performed by phylogenetically diverse
microorganisms under oxic and under anoxic conditions.

1.2.1 The Aerobic Oxidation of Methane

In oxygenated marine environments, methane oxidation is performed by obligate
aerobic Bacteria, preferentialy thriving at oxic-anoxic boundaries where methane
and oxygen often co-occur. Using molecular oxygen, methane is sequentially oxi-
dized to carbon dioxide according to the following carbon pathway

CH; — CH30H — HCHO — HCOOH — CO,
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Aerobic methanotrophs are found among bacteria groups belonging to the gamma-
(type |, type X methanotrophs) or the alpha- (type I1) proteobacteria (Hanson and
Hanson 1996). Type | methanotrophs comprise genera like Methylobacter, Methy-
lococcus, and Methylomonas, while among type I methanotrophs Methyl osinus and
Methylocystis are found.

1.2.2 The Anaerobic Oxidation of Methane

The anaerobic oxidation of methane (AOM) was uncovered as a geochemical key
process within anoxic, methane-rich and sulfate-bearing marine sediments (Barnes
and Goldberg 1976; Reeburgh 1976) and is believed to be a much more effective
biological sink for methane than the aerobic methane oxidation (Reeburgh 1996,
2007). Supported by geochemical and molecular biological findings, the sulfate-
dependent AOM (net chemical reaction V) is considered to be mediated by a con-
sortium of methanotrophic Archaea and sulfate-reducing Bacteria (Hoehler et al.
1994; Hinrichs et al. 1999; Boetius et al. 2000; Michaelis et al. 2002; Nauhaus et al.
2002) according to the proposed equations (111) and (1V):

CHy + 2H,0 — CO; + 4 H; (1
SO, +4Hy+H" - HS +4H,0 (V)
CHg4 + S04~ — HCO3~ + HS™ + H,0 (V)

Assuch, the process of AOM includes CO,-based methanogenesisin reverse. AOM-
driven sulfate reduction and archaeal methanogenesis have thought to be spatial mu-
tually exclusive for along time. However, several methodol ogical approaches point
to aconjoint operation of both processesin the marine environments (Pimenov et al.
1997; Hoehler et a. 2000; Inagaki et a. 2004; Kriger et a. 2005). Moreover, there
is evidence that some Archaea can be involved in both, AOM and methanogenesis
(Kruger et al. 2003; Hallam et al. 2004; Orcutt et a. 2005; Seifert et a. 2006), but
their metabolic capabilities and physiologies are till poorly understood.

It is well established by now that the sulfate-dependent AOM is driven by
a least three anaerobic methanotrophic archaeal clades (ANME-1 to ANME-3)
related to the orders Methanosarcinales, or Methanococcoides and Methanol obus,
frequently observed in physical and physiological coupling to sulfate-reducing pro-
teobacteria (SRB) of the Desulfosarcina/Desulfococcus group (Hinrichs et al. 1999,
2000; Boetius et al. 2000; Orphan et al. 2001, 2002; Hinrichs and Boetius 2002;
Blumenberg et a. 2004; Knittel et al. 2005) or the Desulfobulbus group (Niemann
et a. 2006; Losekann et al. 2007). Even though the co-occurrence of multiple phy-
lotypes is known, characteristic population structures, including the prevalence of
a certain ANME group, were found at several AOM sites (Hinrichs et al. 1999;
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Boetius et al. 2000; Orphan et a. 2001, 2002; Michaelis et al. 2002; Teske et al.
2002; Blumenberg et al. 2004; Niemann et a. 2006).

1.3 Chemical Indicators for Methanotrophy in Marine Ecosystems

Due to concomitant bicarbonate release, precipitates of authigenic carbonates are
commonly found at ancient and contemporary sites of sulfate-dependent AOM
(Ritger et al. 1987). Depending on the signature of the stable C-isotopes of the
methane consumed and the kinetic C-isotope fractionation during its conversion,
AOM-related carbonates are commonly characterized by extreme depletions in
13C. Furthermore, biochemical remnants of AOM -performing microorganisms, like
shells of seep-associated metazoa and lipid biomarkers, are incorporated to some
degreeinto the carbonate matrix (Peckmann and Thiel 2004; Campbell 2006). Com-
monly, a suite of archaeal and bacterial lipids strongly depleted in 13C are related
to AOM consortia (e.g. Elvert et a. 1999; Hinrichs et al. 2000; Pancost et al. 2001;
Pancost and Sinninghe Damsté 2003; Peckmann and Thiel 2004) and, moreover, the
distribution patterns of these lipids allows for a differentiation between the ANME
consortia (Blumenberg et a. 2004; Niemann et al. 2006).

It is generally believed that authigenic carbonates might persist through geo-
logical times and that the organic matter entrapped is protected against diagenetic
transformation to alarge extent (Peckmann and Thiel 2004). Hence, authigenic car-
bonates bear an excellent historical record of (sub)recent and fossil AOM settings.
Further, they affect the ocean-atmosphere carbon transfer, since they arein principle
terminal sinks of methane.

2 The Black Sea

The Black Sea basin represents an extraordinary areafor studies of recent processes
related to the cycling of methane-derived carbon. It comprises the world’s largest
anoxic and sulfidic marine water body and the largest surface water reservoir of
dissolved methane being more than 96 Tg (Reeburgh et al. 1991).

2.1 Geologic Setting and Geochemical Characteristics

The Black Seais a Cretaceous-Pal acogene back-arc basin (Starostenko et al. 2004),
which is separated into a western and an eastern sub-basin by the Andrusov Ridge
(Fig. 1). Deepening of the basins existed since the latest Eocene to recent times
(Nikishin et a. 2003). Currently, both basins are covered with 12-16km thick
organic-rich sediments, which, inferred from seismic studies, represent up to five
stratigraphic units from the Upper Cretaceous to the Pliocene-Quarternary (Jones
and Gagnon 1994; Nikishin et al. 2003; Starostenko et al. 2004). With respect to
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Fig. 1 Bathymetric map of the Black Sea indicating areas discussed in the paper located on the
Ukrainian shelf (1), in the Sorokin Trough (2), and on the Georgian shelf and continental slope (3).
Study area (1) covers the GHOSTDABS-field. Major tributaries are the Danube, the Dnepr and the
Dnestr rivers as well as the Don river through the Sea of Azov. Water outflow from the Black Sea
isrestricted to the Bosporus Strait

recent oil and gas supply, the Late Oligocene— L ower Miocene Maikopian complex,
which is composed of organic rich clay sediments of 4-5km thickness, is of major
interest.

The Black Sea was a freshwater lake during the last glaciation, and more ma-
rine conditions were caused by the intrusion of high saline Mediterranean waters
through the Bosporus Strait, which is considered to have started at about 9.4 kyrs
B.P. (Ross et a. 1970; Jones and Gagnon 1994; Ryan et a. 1997). The contempo-
rary Black Seais a semi-closed basin with its sole drainage through the Bosporus
Strait into the Mediterranean. Freshwater supply is sustained by river run-off of the
Danube, Dnepr, Don (via the Sea of Azov) and several minor tributaries (Murray
and Yakushev 2006). As a consequence of constant water column stratification due
to strong salinity and density gradients, the present-day ventilation of deeper wa-
ter masses (maximum depth about 2200 m) is restricted, leading to a permanently
anoxic zone that has evolved in the deeper Black Sea basin during the last 8000
years (Lamy et al. 2006). Today, the oxic-anoxic transition zone is positioned at
varying water depths between 80 and 140 m (Ozsoy and Unliiata 1997; Murray and
Yakushev 2006). Methane concentrations > 15uM have been measured in depths
below 1000m (Fig. 2). Sulfate is present at concentrations sufficient to sustain the
sulfate-dependent AOM in euxinic waters and within the sulfate-methane transi-
tion zone at 2-4m sediment depths (Weber et al. 2001; Jorgensen et a. 2004).
As indicated by sulphide concentration profiles and distributions of bacterial lipid
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Fig. 2 Combined depth distributions of dissolved methane compiled from several stations located
on the Ukrainian shelf and in the central western Black Sea basin. The genera position of the
oxic-anoxic transition zone separating the oxic and the anoxic water bodiesis illustrated

biomarkers, sulfate reduction also occursin the oxic-anoxic transition zone (Murray
and Yakushev 2006; Wakeham et al. 2007).

2.2 Gas Generation, Migration Pathways and Emission Sites

Due to its rapid subsidence, the Black Sea sedimentary basin is characterized by
sediment deformations, which create pathways for ascending fluids and hydrocar-
bons. Several areas of pronounced gas seepage und mud volcanic activity were ex-
amined by means of seismic profiling and hydroacoustic measurements in recent
years. These investigations provided insights into subsurface structures, fluid mi-
gration pathways, spatial distributions of sedimentary gas and shallow gas hydrate
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accumulations, and extents of gas plumesin thewater column. Gas bubble flares, in-
dicating intense gas discharge into the water column, were documented for instance
in the central Black Sea (Ivanov et al. 1996; Limonov et al. 1997; Shnukov et al.
2004), on the Bulgarian, Romanian, and Ukrainian shelf and slope (Egorov et al.
1998; lvanov et a. 1998; Luth et al. 1999; Naudts et al. 2006; Artemov et al. 2007),
in the Sorokin Trough southeast of the Crimean Peninsula, (Greinert et al. 2006) and
on the slopes offshore Georgia and Turkey (Sahling et al. 2004; Klaucke et al. 2006;
Bohrmann et a. 2007) within alarge water depth range. These gas bubble streams
could generally be attributed to cold gas seep structures or mud vol canoes.

Given the appropriate pressure-temperature conditions, gas hydrates often oc-
cur spatially related to such gas accumulations. Adapted from its physico-chemical
conditions, the upper boundary of the GHSZ for pure methane in the Black Sea
was calculated to be situated around 700 m water depths (Bohrmann et al. 2003).
Sincethe early findings by Yefremovaand Zhizhchenko (1974), shallow gas hydrate
occurrences were inferred from geophysical surveys or proven by recovery from
severa places in the Black Sea. By means of acoustic measurements, gas hydrate
accumulations are indicated by a ‘bottom simulating reflector’ (BSR), which marks
the thermobaric base of the GHSZ. So far BSR-like structures are only reported
from restricted areas, like in the northwestern Black Sea west of the Dnepr canyon
(Ludmann et al. 2004; Zillmer et a. 2005), offshore Georgia in the southeastern
Black Sea (Akhmetzhanov et al. 2007; Bohrmann et a. 2007), and in the southwest-
ern Black Sea off Turkey (Sahling et a. 2004). For the Danube deep-sea fan on the
Romanian slope, Popescu et al. (2006) reported the detection of multiple bottom-
simulating reflections, which the authors interpret as former positions of the base
of the GHSZ. In some cases, however, Black Sea gas hydrate occurrences became
evident although no BSR was found. An exampleis the Sorokin Trough, where gas
hydrates were recovered (Ivanov et a. 1998; Blinova et al. 2003; Bohrmann et al.
2003; Aloisi et al. 2004) and ‘bright spots' in the seismic record might indicate
accumulations of gas hydrates and free gas at flanks of diapiric structures (Bouriak
and Akhmetjanov 1998; Krastel et a. 2003), despite the apparent absence of aBSR.

For some sites located in the GHSZ, vigorous gas discharge into the water col-
umn and the co-occurrence of shallow-buried gas hydrates were documented. For
example, temporary formations of huge gas plumes (Greinert et a. 2006) and wide
distributions of gas hydrate pieces in sediments (Aloisi et al. 2004) were observed
at the Dvurechenskii mud volcano (DMV) located in the Sorokin Trough in about
2000 m water depths. Consequently, a shift of the local thermodynamic conditions
towards the boundaries of the GHSZ was proposed due to the ascent of warm and
saline fluids in the centre of the structure, where gas bubbles escaped the seafloor
(Fig. 3; Bohrmann et a. 2003; Aloisi et a. 2004). These findings underline the
sensitivity of shallow-buried gas hydrates to changes of the environmental setting
and are of great relevance for the till uncertain estimates of methane fluxes from
decomposing gas hydrates.

Specifically within the UNESCO-IOC ‘ Training-trough-Research’ -programme
and joint German and European research projects (‘GHOSTDABS ‘METRO’,
‘CRIMEA’) geologica settings, and geochemical and microbiological aspects at
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Fig. 3 Hydrate stability field caculated for pure methane and Black Sea water chlorinity of
355mM (1) and elevated pore water chlorinity of 900 mM (2) in sediments from the Dvurechenskii
mud volcano (DMV) (modified from Bohrmann et a. 2003). At the centre of the DMV thermo-
dynamic conditions are close to the boundaries of the hydrate stability field. A location outside of
mud volcano structures at the Sorokin Trough was taken as reference station. GHSZ = Gas hydrate
stability zone; BGHSZ = Base of GHSZ

cold seeps in the northwestern and southeastern Black Sea as well as at mud vol-
canoes in the Sorokin Trough were explored (see Fig. 1 for study areas). Dur-
ing several cruises, remotely operated vehicles and a submersible were deployed,
which allowed for comprehensive visual inspections and detailed sampling of seep-
associated sediments and authigenic carbonates, biological material, and discharged
gases at selected locations.

2.2.1 Mud Volcanoes

A number of mud volcano structures are known from deep waters (1000—2000 m)
in the central Black Sea (Ivanov et a. 1996; Limonov et al. 1997; Gaynanov et al.
1998), and in the Sorokin Trough (Bohrmann et al. 2003; Krastel et al. 2003;
Greinert et a. 2006). In contrast to the majority of Black Sea cold seepsinvestigated
so far, the mud volcanoes are often characterized by strong bathymetric reliefs due
to the expulsion of fluid mud and mud breccia (Limonov et a. 1997).

In recent years, mud volcanoes of the Sorokin Trough (Fig. 1; area 2) came
into the focus of intense research. It is believed that fluid migration in the Sorokin
Trough is facilitated by mud diapirism within the general compressional tectonic
regime. Due to mobilization of the deeply buried (6-10km in the western basin;
Nikishin et al. 2003) clay-rich Maikopian formation, mud diapirs and diapric ridges
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are formed in the overlying sediments (Krastel et a. 2003). Faults created in these
sediments serve as potential fluid migration pathways. Accordingly, degradation of
organic matter from the Maikopian series is considered to form the principal gas
source for mud volcanoes in the Sorokin Trough. This assumption was supported
by the seismic prove of deep-rooted mud diapirism and the direct observation of
Maikopian fragments in expelled mud breccia (Ivanov et al. 1998).

The Dvurechenskii mud volcano (DMV, 44°17'N; 34°59E) is one of the in-
tensely studied out of a suite of mud volcanoes located in the Sorokin Trough in
depths of approx. 2000m (Fig. 4). During recent years the DMV came into the
focus of intense research with respect to subsurface structures (Krastel et al. 2003),
compositions and extends of ascending fluids and gases (Bohrmann et al. 2003;
Aloisi et a. 2004; Wallmann et al. 2006), aswell asthe presence of gas hydrates and
carbonate precipitates (Blinovaet al. 2003; Bohrmann et al. 2003). Morphol ogically,
the DMV isan oval structure of about 1000 m in seabed diameter characterized by a
flat top. Asillustrated by seismic profiling, it ismost probably located on afault zone
on top of adiapiric structure of ascending Maikopian clay (Krastel et al. 2003). De-
duced from the subsurface structures and the chemical characteristics of gasesin the
porewaters, gas generation for some Sorokin Trough mud vol canoes was attributed
to thermocatalytic organic matter degradation (Mazzini et al. 2004; Stadnitskaia
et al. 2005). For instance, 5!3C values of about —56%o for methane (relative to the
V-PDB standard as for all 8'3C values herein) and relatively high concentrations of
higher methane homologues were found in deposits of the Kazakov mud volcano,
which is closely located to the DMV. For several other Sorokin Trough mud vol-
canoes, including the DMV, strong depletions in 3C (up to —70.4 %o) of methane
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Fig. 4 Bathymetric map of the central Sorokin Trough southeast of the Crimean Peninsula
(modified from Bohrmann et al. 2003). Locations of major mud volcanoes (MV) including the
Dvurechenskii MV are shown
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in surface sediments were interpreted as significant admixture of biogenic methane
(Blinova et a. 2003; Mazzini et a. 2004). Consequently, Blinova et a. (2003) as-
sume biodegradation of hydrocarbons accumulated in deep sediment layers below
the DMV to release 13C-depleted methane.

As indicated by pore water geochemical modelling for the DMV, about 80% of
the methane transported with ascending fluids during periods of quiescent dewa
tering is consumed by AOM within the surface sediments (Wallmann et al. 2006).
However, periods of high activity causing vigorous gas seepage were aso recog-
nized and Egorov et al. (2003) reported a vertical extension of a gas bubble plume
released from the DMV of up to 1300m. Strong fluctuations in the gas emissions
as observed by Greinert et al. (2006), complicate accurate long-term cal cul ations of
the total gas discharge from the DMV.

2.2.2 Cold Seeps

Cold seeps and decomposing gas hydrates are considered to contribute the majority
(86-91% of all sources) of the entire Black Sea methane reservoir (Kessler et al.
2006). Numerous cold seepswere well documented on the Ukrainian shelf and slope
around the Dnepr paleo-delta area during earlier studies (Polikarpov et a. 1992;
Egorov et a. 1998; Luth et al. 1999). Naudts et a. (2006) and Artemov et al. (2007)
detected more than 2200 gas seeps between 66 and 825 m water depth by means of
echosounding (Fig. 5). Most of these seeps are located above 725m water depth,
which coincides with the upper boundary of the GHSZ calculated for the formation
of pure methane hydratein the Black Sea. Thus, the authors suggested that in deeper
parts of the survey area gas hydrates form and prevent major gas seepage into the
water column.

A shallow-water seep area (GHOSTDABSield; 44°46'N; 31°59'E) in the Dnepr
paleo-delta, which is characterized by intense bubble discharge and a high density
of methane-related microbial mats, was investigated during several cruises (Egorov
et al. 1998; Luth et a. 1999; Michaelis et a. 2002). Methane (>95%) is the major
volatile escaping from the GHOSTDABS-field seafloor, and, indicated by its sta-
ble isotope composition (8'3C = —62.4 to — 68.3%0; 8°H = —245 to — 255%
V-SMOW [unpublished data)), is predominantly sourced by microbial methanogen-
esis(Michaeliset a. 2002). By its position on amorphological ridge, the areaispro-
tected from sediment slumping, which is common along the shelves and continental
slopes. Seepage throughout an extended time period promoted long-term biomass
accumulation through AOM-performing microbial mats. At many sites of effusive
gas discharge, the mats formed tower-like structures which extend up to about 4 m
from the seafloor and consist of cm- to dm-thick biomass with a skeleton of authi-
genic cavernous carbonates (Fig. 6). Benthic and sub-seafloor methanotrophic mi-
crobia mats have also been reported in the eastern Black Sea off Russiaand Georgia
(Akhmetzhanov et al. 2007; Bahr et al. 2008), but only in the GHOSTDABS-field
they were recognized to establish seep-related towers of several metersin height, so
far (Fig. 6).
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Fig. 5 View from SW on a bathymetry map of a part of the Ukrainian shelf and upper continental
slope (adapted from Naudts et al. 2006). The position of the GHOSTDABS-field isindicated. Seep
locations are depicted as red dots and some seeps are shown as 3D flares. Seeps predominate above
the gas hydrate stability zone, delineated by the 725m contour line. Reprinted with permission
from Marine Geology (Naudts et a., Marine Geology 227, 177-199). Copyright (2007) Elsevier
B.V.

Deep-water cold seeps were also discovered on the continental slope offshore
Georgia, southeastern Black Sea (Fig. 1; area 3; Akhmetzhanov et a. 2007). Gas
flaresin the water column and several individual seafloor gas emission siteswere de-
tected by hydroacoustic measurements, video observations, sidescan sonar mapping
and seismic profiling (Klaucke et al. 2006). The seeps are located in water depths
between 850 and 1200 m on the tops and flanks of ridge structures. A prominent
seep site, the Batumi seep area (41°58' N and 41°17' E; approx. 850 m water depth),
is characterized by a high number of gasflares (Fig. 7).

Like for the mud volcanoes in the Sorokin Trough, the Maikopian series is con-
sidered as a probable source for hydrocarbons emanating from cold seeps offshore
Georgia (Klaucke et a. 2006; Akhmetzhanov et a. 2007). In the eastern Black Sea
the Maikopian has been deformed into a number of ridges due to tectonic loading
(Tugolesov et a. 1985). Seismic profiling showed that seepages at the Batumi seep
area are related to fluid migration along faults and fractures caused by the diapiric
uplift (Akhmetzhanov et a. 2007). Low-molecular-weight hydrocarbons in shallow
sediments at the Batumi seep area were strongly dominated by methane (> 99.9%;
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Fig. 6 View frominside of asubmersible on tower-like structures growing in anoxic waters (230 m
water depth) of the Black Sea on the Ukrainian shelf. The tower-like bioherms are up to 4m in
height, constructed by massive microbial mats and internally stabilized by carbonate precipitates.
For position of the study arearefer to Fig. 1, area (1)

Bohrmann et al. 2007) indicative of gases predominantly of microbial origin. In
addition, oil seeps, where oil is associated to fluid and gas seepage, were reported
from the Georgian continental slope west off Batumi (Akhmetzhanov et al. 2007,
Bohrmann et a. 2007) and the Eastern Black Sea at the Turkish shelf and slope
off Rize (Kruglyakova et a. 2004). Consistently, relative enrichments of higher
methane homol ogues point to significant admixtures of gases from deeper sources
at oil seeps, close to the Batumi seep area (Bohrmann et a. 2007; Heeschen et al.
2007).

Contrary to shallow-water cold seeps in the northwestern Black Sea, where gas
streams were found to percolate huge microbial formed towers, at the Batumi seep
area the gas mostly seeped from holes perforating the seafloor. Microbia mats at-
tached to carbonate pieces and randomly distributed carbonaceous pinnacles of cm-
to dm-height erecting from the seafl oor were al so recognized in this area (Bohrmann
et a. 2007).
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Fig. 7 Mosaic of sidescan sonar data obtained with a deep-towed chirp sidescan sonar system
(DTS-1) illustrating the deep-water Batumi seep area offshore Georgiain about 850 m water depth
(taken from Klaucke et al. 2005, EOS transactions, 86). High backscatter is shown as light tones.
(A) Unprocessed 75-kHz sidescan sonar data indicating several acoustic anomalies in the water
column (gas flares). (B) Sonograph of 410kHz sidescan sonar data possibly showing fluidized
upper sediments around individual gas seeps

3 Microbial Processes Affecting Methane Turnover
in the Black Sea

3.1 Methanogenesis

In addition to main methane release from underlying reservoirs and decomposing
gas hydrates, the Black Sea water column methane budget is as well maintained by
microbial methanogenesis in shelf and slope sediments (Kessler et al. 2006) and to
amuch lesser extent in the euxinic water body (Ivanov et a. 2002).

3.1.1 Methanogenesis in Shallow Sediments

Methane production is the terminal step in organic matter degradation, hence,
methanogenesisrates are in principle affected by the availability of organic matter at
agiven location. Sedimentary methanogenesis was estimated to contribute between
8.9 and 13.9% of the total Black Sea methane reservoir (Kessler et a. 2006). For
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surface sediments on the Ukrainian shelf, Kriiger et al. (2005) calculated potential
methanogenesis rates (0.005-0.01 wmol methane gc‘hjd‘l) which might be an order
of magnitude lower than potential methanotrophy rates (0.02-0.04 pmol methane
gg\jdfl). Thus, the authors state that microbia methanogenesis primarily takes place
in deeper, sulfate-depleted sediment horizons. However, phylogenetic affiliations of
methanogens in shallow Black Sea sediments are poorly constraint so far, to the best
of our knowledge.

3.1.2 Methanogenesis in the Water Column

It is common view that water column microbial methane production in the Black
Sea plays only a minor role (Pimenov et a. 2000; Reeburgh 2007). Microbial
methanogenesis is thermodynamically unfavoured compared to sulfate reduction,
and methanogenic Archaea and SRB often compete for the same substrate (in the
case of CO, reduction for available hydrogen). Hence, biological methane genera-
tion was generally considered to be restricted to anoxic environments where sulfate
is close to zero (Martens and Berner 1974).

Minor contributions to the Black Sea water column methane reservoir might be
derived from methanogens thriving in anoxic waters, which do not compete with sul-
fate reducersfor substrates (Balch et a. 1979), and from the guts and fecal pellets of
zooplankton in the suboxic zone. Microbial methanogenesis in zooplanktonic guts
is indicated by increasing methane concentrations, accompanied by a relative 2C-
enrichment observed in the upper, oxygenated water column of the Black Sea (den-
sity o of 15.2; Fig. 8, left). Using 1*C-bicarbonate as tracer, Pimenov and Neretin
(2006) observed methanogenesis in a depth interval which was aso characterized
by sulfate-reduction. The phylogenetic classification of water column methanogens
is not well investigated so far, but affiliates of the orders Methanobacteriales
and Methanosarcinales might be responsible for water column methanogenesis
(Vetriani et al. 2003). Interestingly, recent studies revealed the co-occurrence of
sulfate reduction and methanogenesis on a very small scale most likely due to dif-
ferent substrates used by both microbial groups (Seifert et al. 2006). However, water
column methanogenesis does not contribute more than 1% to the entire methane
reservoir (Kessler et al. 2006).

3.2 Methanotrophy

Effective methane dissolution and oxidation mechanisms proceeding in upper sed-
iment layers and the water column result in less than 2% of methane annually sup-
plied to the Black Sea basin escaping into the atmosphere (Reeburgh et a. 1991;
Kessler et al. 2006). In conclusion, more than 98% of the total Black Sea methane
reservoir is converted by the AOM in euxinic waters and effective methanotro-
phy was also reported for the suboxic water column (Reeburgh et a. 1991, 2006;
Gal’ chenko et al. 2004; Kessler et a. 2006).
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Fig. 8 Methanotrophic activity and microorganisms at the chemocline of the Black Sea at about
100 m water depth (modified after Blumenberg et al. 2007).

Left: Concentrations, carbon stable isotope ratios of methane, and turbidity in the water column
in close vicinity to the GHOSTDABS-field plotted against density (o). Depth intervals according
to Konovalov and Murray (2001): Average depths for ot values of 14.4 and 16.5 are 50m and
186 m, respectively. The turbidity maximum indicates the water depth with suboxic conditions
(oxic-anoxic transition zone) that overlies the anoxic sulfidic zone (according to Eremeeva and
Degterev 1993).

Right: Chemical structures of amino-group bearing bacteriohopanepolyols (BHPs) indicative of
methanotrophic Bacteria, and their distributions and relative amounts in particulate material re-
trieved by filtering water samples taken above, within, and below the oxic-anoxic transition zone.
Relative concentrations were calcul ated from responses of compound specific fragment losses dur-
ing LC-MS-MS collision experiments and were normalised to the most abundant BHP (aminatriol
in particulate matter retrieved from the transition zone)

Despite this effective filter for uprising methane, hydroacoustic flare imaging
and geochemical studies demonstrated that some part of gas reaches the seawater-
atmosphere boundary. For anindividual high-density seepage areain the deep north-
western Black Sea (Artemov et al. 2007) calculated that less than 2% of gas bub-
bles discharged from the seafloor reaches the atmosphere. Based on modelling the
sea-atmosphere methane exchange in the Dnepr paleo-delta area and the Sorokin
Trough, fluxes above arelatively shallow cold seep (90 m depth) were estimated to
be 5 times higher than for open Black Seawaters (Schmale et al. 2005). The authors
suggested that only methane gjected close to the sea surface can escape methane
oxidation and enter the atmosphere.

3.2.1 Aerobic Methanotrophy in the Suboxic Water Column

The aerobic methanotrophy (MO) in oxygenated waters of the Black Seais quantita-
tively only of minor relevance (e.g. Reeburgh et al. 1991), when compared to AOM
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in anoxic settings. Kessler et a. (2006) estimated rates of methane consumption in
the upper 100 m of the water column to be 0.36 nM yr~! whereasin the underlying
waters methaneis consumed with 0.6 .M yr—1. With respect to MO, the oxic-anoxic
transition zone, where methane and various el ectron acceptorsincluding oxygen co-
occur in high amounts, is most relevant (Saydam et al. 1993; Pimenov et al. 2000;
Ivanov et a. 2002). In this depth interval a steep gradient in methane concentration
and 83C profiles (Fig. 8, left) indicates that methane consuming microorganisms
significantly reduce the amount of dissolved methane. Although they represent only
aminor constituent of the bacterial population (about 4% of bacterial cellsin the
suboxic water column; Schubert et al. 2006a), methanotrophic Bacteria accumulate
in the oxic-anoxic transition zone (Gal’ chenko et al. 1988; Schubert et al. 2006a).
By use of immunofluorescence techniques it was observed that the type | and type
Il aerobic methanotrophs Methylobacter, Methylococcus, Methylomonas, Methylo-
cystis, and Methylosinus, are the prevailing MO mediating generain suboxic waters
(Gal’ chenko et al. 1988).

For a water column station close to the GHOSTDABS-field on the Ukrainian
shelf, Blumenberg et al. (2007) traced vertical distributions of phylogenetically
diverse aerobic methanotrophic Bacteria. The authors analyzed intact bacterioho-
panepolyols (BHPs), of which some are indicative of specific bacterial lineages
(e.g. Talbot et al. 2001). Strong enrichments of BHPs demonstrated accumulations
of aerobic methanotrophs in the oxic-anoxic transition zone compared to over- and
underlying water layers (Fig. 8, right). Moreover, the occurrence of specific BHPs
suggests type | (y-proteobacteria) rather than type Il (a-proteobacteria) methan-
otrophs as dominant methane consuming Bacteria (Blumenberg et al. 2007). This
isin line with recent microbiological studies, which showed a high density of -
proteobacteria of the Methylococcaceae (type | methanotrophs) in this depth in-
terval (Schubert et al. 2006a). Consequently, the results argue for the activity of
aerobic rather than anaerobic methanotrophs effecting strong *3C-enrichments of
methane as observed for this water column depth range (Fig. 8, left; Blumenberg
et al. 2007). Consistent with these findings, the presence of BHPs characteristic for
methanotrophic Bacteria was also recently published from the central Black Sea
water column (Wakeham et al. 2007).

3.2.2 Anaerobic Methanotrophy in Anoxic Settings

The most effective sink of methane in the Black Sea is the anaerobic oxidation
of methane (AOM) in anoxic sediments and the euxinic water column (Kessler
et al. 2006). The process of AOM was thoroughly studied in the shallow water
cold seep area of the GHOSTDABS-field in the northwestern Black Sea (Fig. 1;
areal). Thislocation is characterized by ahigh density of microbial mats construct-
ing tower-like bioherms, which are internally stabilized by carbonate precipitates
(see Fig. 6). Strong depletions in *C of both, bulk microbial biomass (3°C =
—72.2%0) and of carbonate (13C = —25.5to —32.2%y), indicate amajor portion of
carbon to originate from the uptake of methane (Michaelis et a. 2002). Considering
arelatively low energy yield provided by the process of AOM (Hoehler et al. 1994),
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arelatively low growth rate of the indigenous methanotrophic consortia and in con-
sequence, geochemical and —morphological conditions having remained stable for
along time period, have to be assumed for that area. However, the upper age limit
of the microbial tower-like structuresis given by the limnic-marine transition of the
Black Seaand the subsequent devel opment of a permanent anoxic water body about
8.0kyr ago (Lamy et al. 2006).

Evidenced by molecular biological approaches, the massive microbial mats
mainly consist of consortia of densely aggregated Archaea (ANME-1 cluster) and
SRB of the Desulfosarcina/Desulfococcus-group (Michaelis et al. 2002). Later stud-
ies uncovered that in addition to the ANME-1 dominated mats, ANME-2 associa-
tions are also present in specific parts of the bioherms (Blumenberg et al. 2004;
Treude et a. 2007). By means of lipid biomarker distributions and molecular micro-
biological techniques (fluorescence in situ hybridization and transmission electron
microscopy), ANME-2 were observed to prevail in black gas-filled globules grow-
ing on top of the structures (Blumenberg et al. 2004). This approach additionally
led to the identification of ANME-specific patterns of archaeal and bacterial lipid
biomarkers strongly depleted in *3C (Fig. 9). It wasfound that ANME-1 Archaeaare
the exclusive producers of individual tetraether lipid-derived C4o isoprenoids (813C
down to —91%.), whereas members of the ANME-2 cluster contain, for instance,
high concentrations of sn-2-hydroxyarchaeol (3'2C down to —102%o; Blumenberg
et al. 2004). In addition, ANME-1 associated Bacteria were observed to contain
mainly ether-bound lipids (i.e. dialkyl glycerol diethers), whereas Bacteria associ-
ated to ANME-2 appear to synthesize specific fatty acids (e.g. hexadec-11-enoic
acid; data not shown). Remarkably, although both bacterial associates belong to
the Desulfosarcina/Desul fococcus-group, they show pronounced differencesin their
lipid biomarker inventories (Fig. 9).

The vertical distributions and phylogenetic affiliations of AOM-mediating mi-
croorganismsliving in Black Seawaters were followed in recent years by molecular
biological and lipid biomarker approaches. Lipids diagnostic for AOM-performing
microorganisms were well distributed in the euxinic water body (Schouten et al.
2001; Wakeham et a. 2003; Schubert et a. 2006a; Wakeham et a. 2007). It was
observed that ANME-1 (below 600m water depth) and ANME-2 (above 600 m)
related lineages preferentially occur in certain depth ranges (Vetriani et al. 2003;
Durisch-Kaiser et a. 2005; Schubert et a. 2006a, b). In contrast, affiliates of the
ANME-3 group were not reported from the Black Sea so far, to the best of our
knowledge. An accumulation of ANME-1 communitiesin deeper watersisin accor-
dance with previousfindings of Wakeham et a. (2003), who reported the presence of
tetraether lipid-derived C, isoprenoids (813C down to —67%o) in suspended partic-
ulate matter of the euxinic zone below 700 m water depths. However, AOM-specific
biomarkers from euxinic waters were not significantly incorporated into sinking
particles. Thus, the authors concluded that sediments may not always record AOM
in the overlying water column.

The occurrence of massive AOM-derived pure biomass in the GHOSTDABS-
field facilitated studies on metabolic and biosynthetic capabilities of the AOM-
associated prokaryotes in vitro. For instance, long-term feeding experiments with
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Fig. 9 Images of atower-like structure combined with results from molecular microbiological and lipid biomarker investigations (modified after Blumenberg
et al. 2004).

(A), Predominating black parts of the gas- and water-filled globules at the top of the towers (ANME-2 dominated consortium). (D), Part of a broken microbial
structure with the massive pink-orange predominating mat (ANME-1 dominated). The inner part of the bioherms consists of gray-greenish porous carbonate.
(B and E), Images obtained by fluorescence in situ hybridization on thin sections using group-specific oligonucleotide probes. (B), ANME-2-dominated
mat (probes. EelMS932 (ANME-2), fluorescence green; Desulfosarcina/Desulfococcus-group DSS658cy3, fluorescence red) and (E), ANME-1 dominated
mat (probes: ANME-1 fluorescence green; Desulfosarcina/Desulfococcus-Group DSS658cy3, fluorescence red). Note the lesser abundance of SRB in the
ANME-1 association compared to the ANME-2 association. Scale bars indicate different microscopic magnifications
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13C-labeled methane revealed significant enrichments in 3C (~10%o) for the bulk
microbial mat after 12 months (Blumenberg et al. 2005). Remarkably, general
higher 3C-accumulationsin the bacterial compared to the archaeal lipid components
as well as strong differences in the 3 C-incorporation into individual archaeal and
bacterial cell membrane lipids were found. The variations in the *C-incorporation
into cell lipids were interpreted as indications for different anabolic rates as well as
different responses of the phylogenetically diverse methanotrophic communities to
the experimental conditions adjusted (ANME-1 associations appear to prefer low
methane partial pressure habitats, Blumenberg et a. 2005; Nauhaus et al. 2005).
In a subsequent experiment, another mat subsample was incubated over a period
of 242 days and concentrations and stable C-isotopes of isotopically non-labelled
methane were traced to gain information on the turnover of methane carbon. During
this approach a decrease in concentration, accompanied by a relative enrichment
of 12C of the residual methane (Fig. 10, left; Seifert et al. 2006) was measured.
These results indicate that in contrast to the classical view of microbial transfor-
mation processes, the mats performed both, sulfate-dependent methane oxidation
and methanogenesis. Calculations of the turnover rates for methane oxidation and
methane production gave aratio of about 2:1 (Fig. 10, right). Thus, parallel investi-
gations of concentrations of methane and its stable C-isotope signatures uncovered
variable methane dynamics of these mats, which question previous rate calcul ations
based on methane concentration changes only.
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Fig. 10 Left: Measured changes of the concentration and isotopic composition of methane during
242 days of incubation of amicrobial mat.

Right: Modelled shifts of the concentration and isotopic composition of methane in a closed
system during methane oxidation, methane production, and both processes taking place concur-
rently. Initial conditions chosen are a CHy4-concentration of 100% and a 8'3C-CH,; of —45%
(dlike the 83C of the CHy4 used for the incubation experiments). AOMR = Rate of anaerobic
CHj-oxidation; MPR = Rate of CH,4-production. Note that the observed variations are very well
mirrored by the curve calculated for a concurrent presence of CH4-oxidation and CH,4-production
with a AOMR:MPR of 2:1 (black curve in the right figure). Reprinted with permission from
Organic Geochemistry (Seifert et a., Organic Geochemistry 37, 1411-1419). Copyright (2007)
Elsevier B.V.
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3.3 Authigenic Carbonates in the Black Sea

In recent years, a number of studies dealt with the formation mechanisms, mor-
phologies, chemistry, and petrography of methane-derived authigenic calcium car-
bonates recovered from cold seeps and mud volcanoes in the Black Sea, as well
as the phylogenetic compositions of associated microbia populations (Peckmann
et a. 2001; Thiel et al. 2001; Lein et a. 2002; Michaelis et al. 2002; Blinova et al.
2003; Bohrmann et al. 2003; Mazzini et al. 2004; Sahling et a. 2004; Pape et a.
2005; Pimenov and lvanova 2005; Reitner et al. 2005a, b; Stadnitskaia et al. 2005;
Bahr et a. 2008). Although considered to result from the AOM in general, as in-
ferred from 3C-depletions of the carbonate, a variety of morphologies including
slabs, crusts, massive blocks, and towers, imply different geochemical settings at
the carbonate precipitation sites, like in different sediment layers, at the sediment —
seawater boundary or in the water column (Peckmann et al. 2001; Michaglis et al.
2002; Mazzini et al. 2004). Accordingly, 8*3C-cabonate Values ranging from —8.5 to
—46.9%, for a suite of carbonates sampled in the northern and central Black Sea
suggest that variable portions of carbon derived from AOM, oxidation of organic
matter, and from sea water bicarbonate are incorporated into the carbonate matrix
(Mazzini et a. 2004).

Site-specific geochemical characteristics, like chemical compositions of ascend-
ing fluids, methane flux rates, sulfate availability, and sediment structurelead to vari-
ationsin the carbonate mineralogy basically comprising high portions of Mg-calcite
or aragonite (Peckmann et al. 2001; Mazzini et a. 2004; Bahr et al. 2008). Carbonate
cemented deposits of consolidated hemipelagic sedimentary units and mud breccia
are frequently reported (Peckmann et al. 2001; Mazzini et al. 2004). However, the
suppression of Mg incorporation into the calcite matrix at the presence of sulfate,
as well as a preferential precipitation of aragonite over calcite at high sulfate con-
centrations is well established (Burton 1993; Kralj et al. 2004). Bahr et al. (2008)
observed strong discrepancies with respect to Mg contents between different miner-
alogical facies constructing a massive authigenic carbonate piece retrieved from the
Dolgovskoy Mound in the deep northeastern Black Sea. The authors concluded that
these differences might be correlated to spatially or timely different environmen-
tal conditions affecting carbonate precipitation. Thus, carbonate mineralogy might
be used to characterize sulfate availabilities at carbonate formation sites. Reitner
et a. (2005b) suggested that the mineralogy of authigenic carbonates is affected
by the phylogenetic affiliation of the AOM consortia involved in the precipitation,
sincein laboratory studies ANME-1 populations were found to have lower methane
turnover rates than the ANME-2 communities (Nauhaus et a. 2005). Consequently,
high methane turnover rates as performed by ANME-2 consortia are considered to
result in low sulfate concentrations in interstitial waters and may favour Mg-calcite
Versus aragonite precipitaiton.

Distribution patterns and signatures of stable C-isotopes of specific lipid biomak-
ers incorporated in Black Sea carbonates were analyzed to obtain insights into
the composition of microbial communities involved in carbonate precipitation and,
consequently, into the respective environmental settings. 5*°C values of carbonate-
associated lipids attributed to AOM-mediating Archaea and Bacteriawere generally
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lower than —70%o (Thiel et al. 2001; Michaelis et al. 2002; Stadnitskaia et al. 2003,
2005). These ratios of stable C-isotopes indicate that methane was the major car-
bon source for the microorganisms involved in carbonate precipitation, since they
reflected those of methane in surrounding sediments.

Pape et al. (2005) found similar lipid biomarker patterns for a carbonate crust
associated to an intense seepage site in the GHOSTDABS-field (230m) and for a
carbonate retrieved from the deep northwestern Black Sea (about 1555m depth).
The lipid inventory of both carbonates, including high abundances of strongly *C
depleted (8'3C between —82.8 and —101.1%0) compounds like dialkyl glycerol
diethers, archaeol, and sn-2-hydroxyarchaeol, implied the prevalence of ANME-2
consortia (Blumenberg et al. 2004). Accordingly, these observations were inter-
preted as indicators for comparably high microbial methane turnover rates at these
individual shallow-water and deep-water sites. For several carbonate pieces sampled
at mud volcanoes located in the Sorokin Trough, Stadnitskaia et al. (2005) deter-
mined the prevalence of ANME-1 Archaea by use of 16S rRNA gene sequences
and lipid biomarker data. Members of the ANME-1 group were also found to prevail
in three different facies constructing a massive carbonate block retrieved from the
deep northeastern Black Sea (Bahr et al. 2008). These observations indicate that
fossil carbonates offer potential information on the geochemical (relative methane
flux, formation depths) and biological (affiliation of microbial communities) char-
acteristics at AOM sites during their precipitation.

3.4 The Black Sea — A Recent Analogue of Methane-Rich
Ancient Oceans

It is generally accepted that the Neoarchaean-Pal eoproterozoic ocean geochemistry
is complied with the requirements of microbial methane consumption and that both,
aerobic aswell as anaerobic methanotrophy emerged in early stages of the biological
evolution (Battistuzzi et al. 2004). Although some aspects on the compositions of
the Early Earth’s hydro- and atmosphere are speculative, severa findings suggest
that the Neoarchaean (2.8-2.5 Gyr ago) ocean was essentially devoid of molecular
oxygen and poor in sulfate, but contained significant concentrations of methane pro-
vided by methanogens (Canfield et al. 2000; Catling et al. 2001; Habicht et al. 2002;
Pavlov et a. 2003; Kasting 2005) and potentially by hydrothermal activity (Horita
and Berndt 1999; Touret 2003). Microbial methanogenesiswas assumingly based on
CO;,-reduction through H,, which both were released by terrestrial volcanism and
introduced to the waters of the early ocean via diffusion through the atmosphere-
seawater-boundary (Kasting et al. 2001), by submarine hydrothermalism, and by
the alteration of mafic rocks.

The oceanic sulfate concentration is considered to have gradually increased sub-
sequent to theinitial atmospheric oxygenation, which induced continental weathering
of sulphur-containing minerals (Canfield et al. 2000; Farquhar et al. 2000; Habicht
et al. 2002). Photosynthetic release of molecular oxygen most probably commenced
in the course of the Meso/Neoarchaean (3.2—2.5 Gyr) and amounts of atmospheric
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oxygen and oceanic sulfate were aready present in the Paleoproterozoic (Canfield
1998; Kasting et a. 2001; Holland 2002; Kaufman and Xiao 2003; Kah et a. 2004;
Kopp et al. 2005; Baudouin-Cornu and Thomas 2007). However, some geochemical
indicators (e.g. accumulation rates of organic carbon, trends in sulfate and sulphide
concentrations, density of iron sulphide precipitates, trends in sulphur and molyb-
denum isotopes) signify oceanic oxygenation considerably lagging that of the at-
mosphere, and point to euxinic conditions persisting widely in deep waters until the
Mesoproterozoic (Des Marais et a. 1992; Canfield 1998; Shen et al. 2002; Arnold
et al. 2004; Holland 2006). In this context, the set of Neoarchaean organic matter
(about 2.7 Gyr) strongly depleted in *3C was recently suggested to mirror anaero-
bic methanotrophy (Hinrichs 2002) rather than aerobic methane consumption, as
previously thought (Strauss and Moore 1992; Hayes 1994; Rye and Holland 2000).

The geochemical situation of the early Proterozoic global ocean might be as-
sumed as having been quite similar to that of the modern deeper Black Sea with the
absence of oxygen, and methane and sulfate concentrations sufficient to facilitate
sulfate-dependent AOM. With the rise in oxygen, aerobic methanotrophy became
more important in the Proterozoic ocean, while AOM-performing prokaryotes were
pushed back into remaining anoxic, methane-rich niches present only within the
sedimentsfor most marine areas. Genome sequence-based estimations of divergence
times for major microbial phyla quite well support the geochemically-substantiated
assumptions on the evolution of methanotrophy. Battistuzzi et al. (2004) proposed
the Mesoarchaean as date of origin of anaerobic methanotrophic Archaea (after
3.1Gyr), while aerobic methanotrophic Bacteria (2.8-2.5 Gyr) would have evolved
later in the Neoarchaean. Consequently, aerobic and anaerobic methanotrophy ap-
pear to be an effective and widespread processes promoting carbon cyling since
Proterozoic times.

Petrological, biological and organic geochemical remnants in methane-seep as-
sociated deposits, like authigenic carbonates, fossilized seep metazoans and micro-
bial lipid biomarkers prove the relevance of anaerobic and aerobic methanotrophy
until modern times (Peckmann and Thiel 2004; Birgel et a. 2006; Campbell 2006).
Authigenic carbonates have been found at numerous locations covering atime span
from Recent to Palaeozoic (Peckmann and Thiel 2004). In contrast, the composition
of fossil methanotrophic communities mediating carbonate precipitation has only
poorly investigated to the best of our knowledge. For Black Sea methanotrophs,
where aerobic and anaerobic methanotrophs occur in many placesin high cell den-
sity, detailed insights into their population structures and physiological capabilities
were gained in recent years. These findings will help to identify and evaluate the
impact of methanotrophy on fossil ecosystems. For instance, processes related to the
probable chronologically successive emergence of anaerobic and aerobic methan-
otrophs and their specific impact on methane budgets might be well studied in the
stratified Black Seawaters.
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From Volcanic Winter to Snowball Earth: An
Alternative Explanation for Neoproterozoic
Biosphere Stress

Robert J. Stern, D. Avigad, N. Miller and M. Beyth

Abstract The ~450 million years of Neoproterozoic time (1000-542 Ma) was a
remarkable episode of change in the Earth system and the biosphere. Here we de-
velop and explore the hypothesis that explosive volcanism was at least partly re-
sponsible for Neoproterozoic climate change, synopsized as the “ Vol canic winter to
snowball Earth” (VW2SE) hypothesis. We review how climate cools as a result of
sulfuric acid aerosols injected into the stratosphere by violent volcanic eruptions. A
protracted increase in explosive volcanism could disrupt Earth’s radiative balance
by continuously injecting sulfur aerosols into the stratosphere, causing cooling that
could lead to glaciation. This mechanism would be especially effective when acting
in concert with other agents for cooling. We show that the global Neoproterozoic
magmatic flux was intense, so that explosive volcanism episodicly had a major
effect on climate. Neoproterozoic volcanism and glacial activity happened about
the same times in the Cryogenian and Ediacaran periods with no glaciation and re-
duced igneous activity in the Tonian Period. Glaciation followed soon after igneous
activity increased as the supercontinent Rodinia broke apart, suggesting a causal re-
lationship. The tectonic setting of climate-controlling explosive volcanism changed
systematically over the Neoproterozoic supercontinent cycle, from extension-rel ated
early to arc-related late. Marinoan (~635Ma) glaciation in particular correspondsto
apeak time of subduction-related igneous activity in the Arabian-Nubian Shield and
the East African Orogen. Isotopic chemostratigraphies are generally consistent with
VW2SE hypothesis. These observations cumulatively support the VW2SE hypoth-
esis as a viable explanation for what solid Earth processes caused Neoproterozoic
climate oscillations.
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1 Introduction

The ~450 Myr -long Neoproterozoic Era is subdivided into three periods: Tonian
(1000-850Ma), Cryogenian (850-635Ma) and Ediacaran (635-542Ma; Fig. 1).
The first two periods are associated with microscopic biota of low complexity, but
the Ediacaran Period yielded macroscopic, soft-bodied, complex metazoans. These
typically were centimeters to decimeters in greatest dimension, with some giants
more than a meter long. Ediacaran fossils include discs, fronds, and segmented
shapes that are similar in some ways to modern animals, accompanied by fossils
unlike anything seen in Phanerozoic assemblages (Narbonne 2005). By the begin-
ning of Cambrian time all major animal phyla were established.

We are starting to delineate the Neoproterozoic record of life, and how lifeforms
of increasing complexity and size evolved over this time. The rate of biological
diversification was affected by changes in the physical world, including oceanic
and atmospheric composition (especialy rising oxygen contents; Knoll 2003), cli-
mate and tectonics. These variables interacted in ways that are still being discov-
ered. The nexus of these Earth system changes is showcased by the controversial
Snowball Earth hypothesis, which seeks to explain climate change, especialy for
the Cryogenian (Allen 2006; http://www.snowballearth.org/). There were several
Neoproterozoic ice ages (Fig. 1), and these events give the name “Cryogenian”
(greek for “birth of ice”) to middle Neoproterozoic time, although more limited
glaciation also occurred in the Ediacaran Period. Some scientists think that extreme
biosphere stress caused by Neoproterozoic climate change stimulated biological
change leading to the development of metazoa (Hoffman 1999). Others conclude
that Neoproterozoic biosphere stress due to Neoproterozoic ice ages was more sub-
tle (Corsetti et al. 2006) or that glacial extremes did not preclude photosynthesis
and therefore were not analogous to the hard snowball model originally proposed
by Hoffman et al. (1998).

Neoproterozoic glaciations  Tectonic and Magmatic Episodes
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Fig. 1 Neoproterozoic time (left) showing the timing of glacial episodes (center) and timing of
magmatism. Not that Tonian period has little igneous activity and no glaciation, and that glacial
episodes overlap times of maximum igneous activity
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The chronology of Neoproterozoic glacia episodes is still being revised as new
radiometric ages are obtained. Evidence for climate change comes from direct and
indirect indicators. The most direct evidence of Cryogenian glaciation is lithostrati-
graphic: tillites, with clear genetic indications of glacial derivation (e.g., striated or
faceted clasts, dropstones), and less diagnostic diamictites, which are often consid-
ered glaciogenic. The oldest Neoproterozoic glacial deposits probably were small
in extent, poorly preserved, and thus difficult to find, but the oldest may be the
~780 MaMahd adh Dhab tillites of Saudi Arabia(Stern et al. 2006). Another candi-
datefor first Neoproterozoic glaciation isrepresented by the ~800 MaBitter Springs
negative 8'3C anomaly, but the age and inferred glaciation are poorly constrained,
as discussed below. With these possible exceptions, the ~754 Ma Kaigas glacial
episode (Hoffmann et al. 2006) is the oldest certain Neoproterozoic glaciation.

Indirect indicators of Neoproterozoic climate change are preserved in carbonate
sediments. Tillites may be abruptly overlain by distinctive carbonate successions
(cap carbonates) and are typically preceded by pronounced decrease of seawater
313C (as proxied by marine carbonates). Although the specific origin of these nega-
tive 313C excursionsis controversial, their common association with glacial deposits
suggests an effective way to correlate carbonate units deposited in association with
Neoproterozoic ice ages (Knoll et al. 1986). Yet correlation on the basis of negative
513C anomalies can be ambiguous (i.e., cf. Halverson et al. 2005 vs. in press) and
arobust 313C (and 7Sr/%Sr) global chemostratigraphy remains to be constructed,
particularly for early Cryogenian time (Melezhik et al. 2001). Halverson et d. (in
press) propose that the ~800 Ma age inferred for the Bitter Springs negative §°C
anomaly in Australia correlates with similar pre-Sturtian excursionsin Svalbard and
NW Canada. However, none of the latter excursions are obviously associated with
glaciogenic strata, and alternative correlations with pre-Sturtian excursions demon-
strably younger than the Bitter Springs anomaly are possible (Miller et ., in prep.).

Until recently the Sturtian was thought to be a global episode of glaciation but
these depositsrangein agefrom ~712 Mato ~650Ma(Allenet al. 2002; Lund et al.
2003; Kendall et al. 2006; Fanning 2006). Only the ~635 Ma Marinoan episode still
appearsto have been global and long lasting (Bodiselitsch et al. 2005). Thelast clear
Neoproterozoic glaciation occurred ~580 Ma, known as the Gaskiers or Varanger
glaciation (Bowring et al. 2003). Thisis also about the time of the “main erosional
phase” of the Arabian-Nubian Shield (Garfunkel 1999), possibly due to continental
glaciation (Stern et al. 2006).

It isnot surprising that our understanding of Neoproterozoic biogeological events
and Earth system interactions is changing rapidly, as an international and inter-
disciplinary group of researchers find new pieces of the Neoproterozoic climate
change puzzle. Although far removed in time from modern concerns about global
warming, the stratigraphic record of these Neoproterozoic events demonstrates the
“limits of global change” (Hoffman and Schrag 2002). This global search for new
perspectives is one of the most interdisciplinary and international geoscientific ef-
forts underway. It is to be expected that such an inquiry into deep time spawns
controversy. The scope and significance of this controversy encourages exploration
of both the broad fabric of the Neoproterozoic solid Earth-climate-life system as
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well as detailed examination of individua disciplinary threads. This essay follows
one of these threads, namely the hypothesis that explosive volcanic activity was an
important cause of Neoproterozoic climate change.

What caused Neoproterozoic ice agesisacentral controversy, because we cannot
pretend to understand Neoproterozoic global change if we do not understand what
caused it. The sun was fainter in the Neoproterozoic than today (Tajika 2003), but
this was not the principal trigger because the Sun was significantly fainter earlier in
Earth history, with modest climatic effects. The oldest known glaciation is recorded
by glaciogenic diamictites of the ~2.9 Ga Pongola Supergroup, and glaciation also
occurred ~2.2-2.5Ga (Kirschvink et a. 2000). There is no evidence for glaciation
for the next 1.5 hillion years prior to the oldest Neoproterozoic glaciations. The
distribution of landmasses may also have been important. Hoffman et al. (1998)
suggested that the relatively close dispersal of continents about the equator greatly
enhanced continental weathering. By this scheme, carbon was buried in continental
margin sediments, thereby drawing down atmospheric CO, and cooling climate.
This ultimately led to a runaway increase in planetary albedo as glaciation spread
to low latitudes, culminating in global glaciation and stopping the hydrologic cycle.
This “hard snowball” interpretation has been increasingly challenged as more is
learned about the number and intensity of Neoproterozoic ice ages and as we better
understand the range and controls of greenhouse gas feedbacks (e.g., Hyde et al.
2000). Some researchers support the hypothesis that cooling resulted mainly from
weathering-related carbon burial and CO; fixation (Schrag et al. 2002; Donnadieu
et a. 2004), perhaps stimulated by increased clay formation (Kennedy et a. 2006).
Other mechanisms include the loss of a once more significant atmospheric methane
component (a much more effective greenhouse gas compared to CO,) due to rising
oxygen contents (Schrag et al. 2002), and Earth’'s passage through an intergalactic
cloud (Pavlov et a. 2005).

It is remarkable in this wide-ranging discussion that explosive volcanism has
not been explicitly considered as a possible cause, because this is known to affect
climate on many timescales (Robock 2000), and has been suggested as a way to
counteract modern “global warming” (Crutzen 2006). The fact that this possible
mechanism has not been considered motivates this essay. The argument isempirical,
progressing from the well-documented and modern to the speculative and ancient.
We begin by reviewing the cause of volcanically-induced cooling, then examine
evidence from three Holocene and Pleistocene eruptions (Pinatubo, Tambora, and
Toba). We then discuss whether or not a prolonged increase in explosive volcanism
could affect climate sufficiently to trigger an ice age, using Pleistocene glaciation
of the N. Hemisphere as an analog. We document prolific global igneous activity
during the Neoproterozoic, and link this to the scale of explosive volcanism. We
note that there was elevated igneous activity during the part of Neoproterozoic
time that witnessed glaciation and that explosive volcanism could have been an
important cause. We conclude that explosive volcanism is a viable explanation for
Neoproterozoic climate change and propose a mixed acronym for the hypothesis:
VW2SE (volcanic winter to snowball Earth). It isour hope that the VW2SE hypoth-
esis broadens discussions about the causes of Neoproterozoic climate change and
about how solid Earth processes affect climate and life.
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2 Explosive Volcanism and Atmospheric Cooling

Benjamin Franklin was perhaps first to note that climate was affected by intense
volcanism, linking a severe winter in Europe during 1783-1784 to the euption of
Laki, Iceland (Franklin 1784). Almost 200 years elapsed before the idea was resur-
rected by Lamb (1970), who developed the Dust-Veil Index to quantify the cooling
effects of volcanic ash in the atmosphere. The idea of volcanically-induced cooling
was further developed by Kennett and Thunnell (1977), who inferred that volcanic
pulsesat 02, 5, 10, and 14-16 Ma caused cooler climate. It is now widely accepted
that explosive eruptions of sufficient magnitude — especialy Plinian eruptions —
can cause cooler climate (Robock 2004). This linkage led to development of the
“Volcanic Winter” concept (Rampino et a. 1988), which focusses on short-term
(1-3 years) climate cooling caused by explosive volcanism.

Explosive volcanism mainly affects climate by injecting sulfur dioxide (SO;)
into the stratosphere. Volcanic ash is also injected but this settles quickly out of
the atmosphere and so causes little cooling; in contrast, sulfur aerosols can remain
suspended for a year or more. A globe-encircling volcanic cloud forms in several
weeks as the SO, is converted in the lower stratosphere (18-25km) to frozen par-
ticles of sulfuric acid (H,SO,), 0.1-1mm in diameter. Cooling of the troposphere
and Earth surface results because these microdropl ets reflect a significant fraction of
incoming solar radiation back into space. The geographic extent of cooling resulting
from volcanic aerosols depends on eruption latitude and stratospheric winds, with
equatorial eruptions having the greatest effect (Self 2006)

Because S aerosols disrupt Earth’s radiative balance, the short-term effect of ex-
plosive volcanism is usually cooling of the Earth’s surface and troposphere. The
historical relationship between injection of sulfur into the stratosphere by explosive
volcanism and cooling is so strong that Sigurdsson (1990) proposed the following
empirical relationship between avolcano's sulfur yield (Ms) and the ensuing maxi-
mum surface temperature anomaly, AT:

AT = —5.9 x 107° x M2* (Ms in grams) 1)

This relationship has been reconsidered by Blake (2003), who found that the
mass of emitted SO, is 0.1-1 % of magma mass, with a best fit mass for SO,:

Megatons SO, = 1.77(mass of magmain gigatons)®** 2

Blake (2003) also concluded that the volcanic SO, is effectively converted into
stratospheric aerosols when the ratio of eruption plume height to tropopause height
is greater than ~1.5. Blake (2003) also noted that of the stratospheric eruption
clouds in the period 1400-1994, those <5 Gt magma appear to have had insignif-
icant effects on Northern Hemisphere summer temperature whereas data for erup-
tions of >10 Gt magma suggest a mean cooling of ~0.35° C.

Figure 2 shows various volcanic inputs to the atmosphere, emphasizing interac-
tions and fates for various vol canic inputs and their impacts on Earth’s radiative heat
balance (after McCormick et al. 1995; Robock 2000). Apart from the formation of



318 Robert J. Stern et al.

Sun

6% lower output
than today -~ -

N\
o Incoming solar
| radiation partly
Volcanic Plume reflected

. -w ;O N ..
Stratosphere - el Ash § 0 > H,50, Stratospheric aerosols: lifetime ~1-3 years

= [’
L ~10km \\\I\In,/ | 'I 'I | : 1
|
Troposphere Lt ! !
posp S 2 2"

\E/rt);l)iinotn Ash falls out quickly {(hours to days)
\ Surface cooling
lagma body
(pluton)

Fig. 2 Schematic diagram showing how explosive volcanism leads to climate cooling through
the formation of sulphuric acid aerosols in the stratosphere. Figure is greatly simplified after Self
(2006) and Robock (2000)

sulfuric acid aerosols, however, the influence of volcanic eruptions on atmospheric
chemistry has not been explored in detail. Chlorine (and HCI in gaseous or aerosol
form) may also be injected and thisislikely to be detrimental to stratospheric ozone,
but its specific climatic effects are unknown (Tabazadeh and Turco 1993; Robock
2000). Water and carbon dioxide are aso injected into the atmosphere, but CO, in
particular has warming effectsthat operates on alonger timescal esthan stratospheric
cooling.

To better illustrate how explosive volcanism affects climate, three examples are
presented. In this discussion we refer to the Volcanic Explosivity Index (VEI) of
Newhall and Self (1982) to indicate the relative intensity of an explosive eruption.
The VEI is a semi-quantitative logarithmic scale (0-8), based on a combination of
erupted tephra volume and eruption plume height.

2.1 Pinatubo 1991

This eruption was relatively modest (VEI = 5-6) but is the largest to have occurred
since remote sensing satellites began measuring global atmospheric sulfur and
temperature. Along with petrologic investigations of eruptive products, these cou-
pled observations provided a remarkably complete example of how one explosive
eruption affected climate. Until there is a comparable or larger eruption that can
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be studied, testing whether or not explosive volcanism could have triggered Neo-
proterozoic glaciations largely requires scaling up from understanding the Pinatubo
eruption.

Pinatubo’ s vol canic ash and lavas were unusually rich in sulfur with bulk contents
of 1500-2400 ppm, and even contained anhydrite phenocrysts. Satellite-measured
sulfur levels were orders of magnitude higher than that expected from simple de-
gassing of the involved melt volume (Keppler 1999). The eruption appears to have
been triggered by injection of S-rich, oxidized basalt into dacitic magma (De Hoog
et al. 2004). In this scenario, the magmamixture released a S-rich fluid (possibly ex-
tracted as exsolved hydrous fluids) that may have collected at the top of the magma
reservoir, and this provided the SO, injected into the atmosphere.

The eruption, and its effect on the stratosphere, were monitored by two important
satellite systems; the Total Ozone Mapping Spectrometer (TOMS) and the Strato-
spheric Aerosol and Gas Experiment Il (SAGE 11). TOMS provided daily sulfur
dioxide and ozone concentrations, and showed that Pinatubo injected atotal of ~20
million tons of sulfur into the atmosphere (Bluth et a. 1992). SAGE Il measured the
stratospheric optical depth (D) through the atmospheric limb at sunrise and sunset.
Knowing D, the vertical transmittance of the solar radiation through the atmosphere
was calculated (higher D equals smaller transmittance). In general, non-transmitted
solar radiation is either absorbed by the stratospheric gases and aerosols or is scat-
tered back into space. It is through this mechanism that explosive eruptions reduce
incoming solar radiation to Earth’s troposphere and surface. TOMS and SAGE I
thus measured Pinatubo-related volcanic ash as well as the sulfuric acid aerosols.
Before Pinatubo erupted, D was globally low, ~ 10~3. Forty days following the
eruption, an aerosol cloud completely encircled the globe in a narrow zone, with
maximum D ~ 101, about two orders of magnitude higher than D before the erup-
tion. Twenty months after the eruption, the aerosol cloud was dispersed globally,
with D lowered to between 10~2 and 1071

Global cooling caused by Pinatubo’s S in the stratosphere lasted for years. Sur-
face air temperatures over Northern Hemisphere continents were lower than normal
by up to 2°C in the summer of 1992 and warmer than normal by up to 3°C in
the winters of 1991-1992 and 1992—-1993. Global warming may have been retarded
for several years after the Pinatubo eruption because of the cooling effects of its
volcanic aerosols (Robock 2000).

2.2 Eighteen Hundred and Froze to Death: Tambora 1815-1816

The greatest volcanic impact on climate in historical time resulted from the eruption
of Mount Tambora in Indonesia. The April 1815 explosive eruption was one of
the largest in the last 10,000 years (Rampino et a. 1988). The eruption gected
~100km? of pyroclastic trachyandesite (VEI~7), forming a caldera ~7 km across
and reducing the summit by 1400m. The rapid eruption rate and the area of ash
dispersal suggest that the eruption column may have reached 50 km, well into the
stratosphere. An estimated 60 million tonnes of sulfur rose into the stratosphere.
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Within 3 months unusual optical effects due to the volcanic cloud were observed.
Spectacular sunsets and twilights were observed in England in the summer of 1815.
In the spring and summer of 1816 a persistent “dry fog” was observed in the north-
eastern USA. Rampino et a. (1988) conclude that the haze must have been located
above the troposphere, since neither surface winds nor rain dispersed it and because
the total lunar eclipse of 9-10 June was extremely dark. In New York, the Sun
dimmed enough that sunspots were visible to the naked eye. Some of the painter
JM.W. Turner’'s work, characterized by vivid orange and red skies, captured the
unusual appearance of the atmosphere during this period (Oppenheimer 2003). This
great climate-affecting eruption may have inspired Byron to write “Darkness’, a
portion of which may have attempted to capture the mood spawned by the eruption:

| had a dream, which was not all a dream.
The bright sun was extinguish’d, and the stars
Did wander darkling in the eternal space,
Rayless, and pathless, and theicy earth
Swung blind and blackening in the moonless air;
Morn came and went — and came, and brought no day,
And men forgot their passionsin the dread
Of thistheir desolation; and all hearts
Were chill’d into a selfish prayer for light

Extract from Darkness by Lord Byron 1816

It is generaly accepted that the Tambora eruption caused a brief but intense
episode of cooling as aresult of injecting massive quantities of sulfur into the strato-
sphere (Self 2006). 1816 became known as the “ Year without a Summer” because
of the impact on North American and European weather. Harvests were poor in the
Northern Hemisphere and livestock suffered. Post (1977) characterized 1816-1819
the last great subsistence crisis to affect the Western world; 1816-1817 witnessed
the worst famine in over a century. He used grain prices as a proxy for harvest
outcomes through the second half of the 1810s. Prices doubled between 1815 and
1817, indicating that harvests were deficient over much of the Northern Hemisphere.
Thisisagood indication that climatic effects associated with the Tambora eruption
severely stressed the biosphere.

2.3 Toba, 74 Ka

The greatest eruption known from the past 110,000 years was at Toba, Sumatra
744+ 2Ka ago (Oppenheimer 2002), with VEI~8 (Zielinski et al. 1996), ~3500
times greater than Tambora 1815. Not surprisingly for such an ancient eruption,
estimates of the sulphur yield vary by two orders of magnitude (35-3300 million
tonnes; Oppenheimer 2002). Greenland | ce Sheet Project 2 (GISP2) cores neverthe-
less provide indirect evidence of the importance of eruptive sulfur fluxes over the



From Volcanic Winter to Snowball Earth 321

last 110 Ka, with sulfate spikes observed at 69.4, 71, 72, and 73.6 Ka (Zielinski et a.
1996). Using the latest GISP2 chronology, the 71 Ka anomaly is dated to 70+ 5Ka
(Oppenheimer 2002). This anomaly, thought to be due to the Toba eruption, is the
largest sulfate anomaly in the entire GISP2 record.

Numerica modeling of the Toba eruption indicates that the residence time
of stratospheric SO, was two to three times longer than the observed effects of
Pinatubo, requiring 5-6 years to return to normal levels (Bekki et al. 1996).

The increased atmospheric opacity caused by the eruption should have strongly
cooled Earth’'s surface and troposphere. It might have produced a volcanic winter
followed by a few years when surface-temperatures decreased by 3-5° C, inferred
from equation [1]. The eruption occurred during the oxygen isotope stage 5a-4
transition, close to the beginning of the last glacial period (Wisconsin glaciation,
~70,000-10,000 years ago), thus the Toba eruption may have either triggered this
glaciation, or accelerated a shift to glacial conditions already underway (Rampino
and Self 1992). It has also been suggested, based on genetic RNA “clocks’, that
cooling caused by the Toba eruption triggered an environmental catastrophe that
almost extinguished the human race (Ambrose 1998).

The paleoclimatic effects of Toba are still being investigated, with alternate in-
terpretations regarding timing, the amount of sulfur injected into the atmosphere,
the degree of cooling, and the possibility that the GISP2 sulfur spike was caused by
another eruption. Oppenheimer (2002) summarizes this controversy.

3 Can Episodes of Increased Explosive Volcanism
Cause Ice Ages?

The Pinatubo and Tambora examples demonstrate that individual volcanic events
can cool the Earth’s surface for periods of afew years, and the Toba example sug-
gests that a single large eruption can have a greater effect. It is also recognized that
several sequential eruptions can cool climate over longer intervals, up to decades
(Zielinski 2000). The next temporal scale that needs to be considered is whether
protracted explosive volcanism could force enough cooling to trigger an ice age.
This question was answered in the affirmative by Pollock et a. (1976), but very
little published work on the subject has followed. Explosive volcanism would have
to be sufficiently intense and persistent to cause cooling leading to a significant in-
creaseintheannual cryosphere (the proportion of Earth’s surface covered by seaice,
snowfields and glaciers). Thisin turn could have tipped the radiative heat balance to
arunaway ice-albedo feedback, a climate instability in which the absorption of sur-
face radiation over open-ocean regions does not balance heat loss from ice-covered
regions reflected to space, thereby accelerating cooling and ice growth (Hoffman
and Schrag 2002). Runaway ice-albedo feedback is recognized as a key aspect of
Neoproterozoic glaciation, regardless of what initially caused cooling.

Increased explosive volcanism may have catalyzed extensive N. Hemisphere
glaciation during the Late Pliocene. The beginning of the widespread N. Hemisphere
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“ice age” ~2.65Ma ago is often explained as the result of closing the isthmus of
Panama, drastically changing Atlantic ocean circulation or uplift of the Tibetan
Plateau, but these events probably occurred too early to be the exclusive mechanism
(Prueher and Rea 2001). The change from a precession-dominated orbital regimeto
an obliquity-dominated orbital regime may also have contributed to N. Hemisphere
glaciation (Maslin et al. 1998). In contrast, Prueher and Rea (1998, 2001) suggested
that N. Hemisphere glaciation was at least partly caused by a major increase in
explosive volcanic activity. This idea derives from empirical observations that ash
layers and glacigenic depositsin ODP Leg 145 cores coincide.

A rapidincreasein Late Pliocene glacial erosion and sedimentation by ice-rafting
isinferred from ODP Leg 145 cores. Evidence of deposition by ice-rafting is sug-
gested by sand-sized or larger material on the deep seafloor that is not volcanic ash,
mixed with pelagic sediments, and deposited too far from continental margins to
have been transported by downslope processes (Prueher and Rea 2001). |ce-rafted
debris first appeared in the North Pecific in the latest Miocene or earliest Pliocene,
indicating that some glaciers around the N. Pacific reached sealevel by that time, but
there is little evidence of ice-rafted debris during middle Pliocene time. The resur-
gence of Late Pliocene ice-rafted sediments coincides with an order-of-magnitude
increase in the frequency and thickness of volcanic ash layers. ODP Leg 145 ship-
board scientists noted that the first ash layers aways occurred just below the first
dropstones, suggesting that the enhanced volcanic activity just preceded the onset
of full-scale Northern Hemisphere glaciation (Prueher and Rea 2001). Magnetic
susceptibility measurements of ODP Leg 145 cores indicate that the change from
pre-glacial pelagic diatom ooze to glacia-age clay-rich ooze happened within afew
thousand years, an interval seemingly too rapid for tectonic or orbital forcing but
consistent for a sudden increase in explosive volcanism (Prueher and Rea 1998,
2001).

Prueher and Rea (2001) suggested the following scenario: the Northern Hemi-
sphere had been cooling slowly since ~3.5Ma. A million years of slow cooling
brought it to the threshold of continental ice sheet formation, and a sudden upsurge
in explosive volcanism provided the final impetus for rapid ice buildup. “The com-
bination of widespread volcanism at climatically sensitive latitudes of 50-60°N, the
natural sensitivity of the Arctic to volcanic forcing, and the coeval insolation mini-
mum brought on full scale Northern Hemisphere glaciation quite rapidly, within the
2000 or 3000 years indicated by the sediments of the North Pacific” (Prueher and
Rea 2001; p. 228).

4 Evidence that Explosive Volcanism Caused Neoproterozoic
Ice Ages

The preceding discussion indicates that increased explosive volcanism can disrupt
Earth’'s radiative balance by repeatedly injecting sulfur aerosols into the strato-
sphere, thereby fostering cooling that, in extreme cases, could lead to glaciation.
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Explosive volcanism need not be the sole cause of cooling, but would be especialy
effective when coincident with other agents of cooling, such as depletion of a prior
greenhouse gas source such as methane, position of continents, orbital forcing, or
intergalactic dust. Explosive volcanism could also have stimulated cooling by feed-
backs related to atmospheric CO, drawdown. Such mechanisms for cooling climate
have been considered by many other researchers, but here we focus on the possibil-
ity that explosive volcanism was primarily responsible or contributed significantly.
Explosive volcanism could also serve to help decrease atmospheric CO,. Ash dis-
persal fertilizes the oceans by greatly increasing the supply of nutrients (i.e., P and
Fe: Anbar and Knoll 2002). This would have spurred photosynthetic marine life,
leading to reduced atmospheric CO,. Abundant ash and associated lava flows on
land aso stimulates chemical weathering, further drawing down atmospheric CO,
(Goddéris et a. 2003). Of course, igneous activity also adds a lot of atmospheric
CO, which warms climate although this acts over longer time periods and could
be overridden in the short term by volcanic winter effects and in the long term by
weathering and fertilization.

Numerical global climate models have yet to address VW2SE, so the following
discussion is qualitative and empirical. Discussion builds on the conclusion that
the VW2SE hypothesis is broadly viable, and considers four related fundamental
queries: How important was Neoproterozoic explosive volcanism? How did explo-
sive volcanism intensity vary throughout the Neoproterozoic supercontinent cycle?
How did the timing of peak explosive volcanism correspond with glacial episodes?
Isthe hypothesis consistent with Sr, C, and O isotopic chemostratigraphy?

4.1 On the Importance of Neoproterozoic Explosive Volcanism

We need a quantitative assessment of how vigorous was Neoproterozoic explosive
volcanism — especially compared to Mesoproterozoic and Paleozoic time - in order
to test the VW2SE hypothesis. We know of no such assessment, so an indirect and
qualitative assessment is developed here. Primary focus is naturally on direct evi-
dence of explosive volcanism of great geographic extent, especially beds of airfall
tuff, but this flux has not been quantified. Neoproterozoic ash beds are important
targets for geochronology, especially where interbedded with carbonates (Condon
et al. 2005; Hoffmann et a. 2004, 2006; Halverson et a. 2005). Because direct
evidence for explosive volcanism (highly weatherable or chemically labile tuffs and
pyroclastic rocks) are often obliterated by erosion, deformation, metamorphism, or
in the case of VW2SE mixed with glacial deposits, we use the global distribution of
Neoproterozoic igneous rocks as proxy for explosive volcanism. Plutonic rocks may
not always form below explosive volcanoes, but they often do, especialy if these
magmas arerich in water and silica(Lipman 2007). Whiteet al. (2006) conclude that
the ratio of intrusives emplaced to extrusives erupted (I/E) ranges widely but shows
no systematic variation with tectonic setting. They further suggest that an I/E ~5,
with considerable uncertainty, applies to a wide range of magmatic compositions
and tectonic settings.
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This suggests that the intensity of Neoproterozoic expl osive volcanism can bein-
ferred from rel ative volumes of Neoproterozoic intrusions, comprising both juvenile
continental crust that formed and of older crust that was remelted during Neopro-
terozoic time. The area of such crust is controversial. For example, Condie (1998,
2000) infers modest Neoproterozoic crustal growth and igneous activity, whereas
other estimates indicate that the Neoproterozoic was an important time of crustal
growth (Reymer and Schubert 1984; Goodwin 1991; Rogers et al. 1995; Trompette
2000). Some of this disagreement may reflect a bias towards well-studied areas of
N. America, Europe, and Australia. However, the greatest tracts of Neoproterozoic
igneous rocks are in more poorly studied regions, especialy Africa, South America,
and Asia. Another complexity is common overprinting of Neoproterozoic crust in
Eurasia and N. America by Phanerozoic orogens, such that even in well-studied
European basement exposures it is difficult to determine how much was originally
Neoproterozoic crust; al that can be stated with certainty is that much of it was.
Finally, Neoproterozoic crust is often preferentially exploited by younger rifts and
orogenic belts, thus complicating estimates of original distribution and abundance.
Rifts related to the breakup of Gondwana preferentially exploited Neoproterozoic
orogens, and much of this crust is now buried beneath subsiding passive margins.
Orogenic reworking of these leading edges tectonically mixes Neoproterozoic and
Phanerozoic terranes and the nonfossiliferous nature of the Neoproterozoic elements
makes them difficult to recognize. This problem is particularly large for the Neo-
proterozoic of Eurasia, but the problem is diminishing as especially U-Pb zirconion
probe dating of this basement advances.

Disagreement about the abundance of Neoproterozoic igneous rocks also reflects
different approaches: for example Condie (1998; Fig. 5) focuses on juvenile crust
and subdivides Earth history in a way that neglects most of Neoproterozoic time,
whereas Goodwin (1991) considers Precambrian time within four specific intervals
(Early, Middle, and Late Proterozoic and Archean), and estimates areas of conti-
nental crust that formed during each time. Figure 3 presents our view of the global
abundance of Neoproterozoic crust, based on a literature survey that is explained
elsewhere (Stern and Stewart, in press). Comparing Goodwin’s estimates or Fig. 3
to that of Condie (1998; Fig. 5) resultsin avery different impression about the im-
portance of Neoproterozoic igneous activity. The contrast is especially striking for
Africa, where Condie (1998; Fig. 5) shows minor Neoproterozoic crust compared
with Fig. 3 and Goodwin's (1991) estimate that ~51 % of the continent consists of
Neoproterozoic crust.

Disagreement about the area of Neoproterozoic crust discussed above empha-
sizesthe challengesinvolved in quantifying igneous activity. Thisis further compli-
cated because multiple ages are reported for tracts of continental crust, including
isotopic “mantle extraction” model ages, zircon crystallization ages, and ther-
mochronologies. These different ages provide different insights about how conti-
nental crust formed and was thermally reworked; correspondingly, what is meant by
the age of a crustal tract must therefore be defined for each compilation. Progress
in understanding crustal growth and how this may have affected exterior Earth sub-
systems (e.g., hydrosphere, climate, etc.) requires a GIS database for global crust,



From Volcanic Winter to Snowball Earth 325

[_] Mesozoic & Cenozoic orogens Regions with significant Neoproterozoic crust
[ Paleozoic orogens Pre-Neoproterozoic crust

Fig. 3 Neoproterozoic crust worldwide (modified by Stern (in press), after Ernst et a. (2007)).
Numbers correspond to pre-Neoproterozoic cratons. 1=North American-Greenland craton;
2 =Baltic-East European craton; 3= Siberian craton; 4= N. China craton; 5= Australia craton;
6= Indian craton; 7= Uweinat; 8= West African craton; 9= Congo craton; 10=S. African cra
ton; 11 = Amazon craton; 12 = Sao Francisco craton; 13 = Rio de la Plata craton; 14 = E. Antarc-
tic craton. Italicized abbreviations are Neoproterozoic terranes (clockwise from North Amer-
ica: Su= Suwanee; Cr = Carolinia; Av = Avaonia; Gc = Greenland Caledonides; Sv = Svalbaard;
Nc = Norwegian Caledonides, CAA = Cadomian, Avalonian, and Amorican; Ct= Cadomian of
Turkey; Tm= Trans-caucusian massif; Ti = Timanides; CAOB = Central Asian Orogenic Belt;
L-H =Lut and Helmut blocks; S-I = Southern India and Sri Lanka; ANS= Arabian-Nubian
Shield; Mb=Mozambique Belt; SV = Saharan Metacraton; Ou= Oubangides, Za= Zambezi
Belt; Sa= Saldanian; Gp= Gariep Belt; Da= Damaran; Wc=West Congo; Dh= Dahomides;
Go = Gourma; Ph= Pharusian Belt; Aa= Anti-atlas, R-B-M = Rokelides, Bassalides, and Mau-
retides; Br = Brasiliano belts)

which does not yet exist but which would be invaluable for a wide range of fun-
damental geoscientific queries, including the question of Neoproterozoic igneous
activity and explosive volcanism. Such a GIS will require a concerted international
effort to build, update, and maintain and is far beyond the scope of this essay.

Absent such a global crustal GIS, we must nevertheless attempt to objectively
estimate the volume of Neoproterozoic crust. Estimates available for this survey
broadly support a concensus view that volumes of Neoproterozoic crust produc-
tion were large. For example, Goodwin (1991) estimated that ~17 % of the present
continental crust formed or was thermally reworked during Neoproterozoic time.
Similarly, Maruyamaand Liou (1998) suggested that perhaps 20 % of the area of all
orogenic belts formed between 0.7 and 0.6 Ga. On a more regional scale, Reymer
and Schubert (1984) concluded that 80 % of the entire Phanerozoic growth rateswas
required to generate the Neoproterozoic Arabian-Nubian Shield alone, although this
estimate has been revised considerably (Stern 1994).
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Table 1 Global Inventory of Neoproterozoic Crust

Continent area (10°km?) % of Areal % Neoproterozoic
continental  Neoproterozoic area (10°Km?)
area

Africa 30.37 20.36 50.60 15.37

N. America 24.49 16.42 1.60 0.39

S. America 17.84 11.96 14.90 2.66

Antarctica 13.72 9.20 8.30 1.14

Asia 43.81 29.38 9.10 3.99

Australia+ NewGuin 8.5 5.70 2.80 0.24

Europe 10.4 6.97 8.40 0.87

Eurasia 52.21 35.01

total 149.13 100 24.65

(From Table 5-1 of Goodwin, 1991)

Figure 3 shows where a significant part of the continental crust is Neoprotero-
zoic, for al of the continents. Table 1, modified from Goodwin (1991), is to our
knowledge the only areal estimate of Neoproterozoic crust. Although this estimate
considers only exposed continental areas, and thus excludes perhaps an additional
~30% of continental crust in submarine shelval areas (Cogley 1984), we use these
areasto infer minimal volumes of Neoproterozoic crust production and, derivatively,
asageneral proxy for Neoproterozoic igneous activity likely to have been associated
with explosive volcanism.

It is beyond the scope of this essay to consider in any greater detail the nature of
Neoproterozoic igneous activity preserved on the continents. Theinterested reader is
encouraged to read Stern (in press) for a more detailed overview of Neoproterozoic
crustal growth.

4.2 Neoproterozoic Igneous Activity and the Supercontinent Cycle

Modern plate tectonic processes form and rejuvenate continental crust largely by
igneous activity within the context of a supercontinent cycle, and similar processes
operated in Neoproterozoic time (Murphy and Nance 2003). The Neoproterozoic
witnessed the breakup of the supercontinent Rodinia and the reassembly of its frag-
ments into a new supercontinent, known as Greater Gondwana or Pannotia, by the
end of the era. Rodinia remained intact during the Tonian period (tonos is Greek
for tension or stretching) and the first 150 Ma of Neoproterozoic time witnessed
little igneous activity. In contrast, the Cryogenian period — when Rodinia broke
up beginning ~830Ma ago (Li et a. 1999; Torsvik 2003) — experienced intense
magmatic activity. Early Cryogenian igneous rocks related to Rodinia breakup are
well preserved in western N. America, China, Australia, and Siberia, leading to the
inference that some of these were adjacent crustal tracts prior to early Cryogenian
rifting (Burret and Berry 2000; Sears and Price 2003; Wang and Li 2003). Rodinia
fragmentation required formation of new subduction zones, and Cryogenian mag-
matism reflected the increasing vigor of volcanic activity at rifts, volcanic rifted
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margins, and island arcs. Breakup continued throughout the rest of Neoproterozoic
time. Completion of the Neoproterozoic supercontinent cycle during Ediacaran time
was associated with orogenic collapse and the start of anew cycle of rifting.
Progression from breakup of Rodinia to assembly of Greater Gondwana repre-
sents a ~300 Ma long supercontinent cycle (Nance et al. 1988), over which time
the efficacy of divergent- and convergent-margin volcanism to inject S into the
stratosphere and thus affect climate would have evolved (Fig. 4). Fragmentation of
Rodinia was protracted and continued throughout the rest of Neoproterozoic time
(Hoffman 1999; Goodge et a. 2002; Lund et al. 2003). Increased igneous activity
was an inevitable result of Rodinia breakup, both in and around the widening rifts
and at new subduction zones and island arcs that formed to allow the rifts to widen
into oceans. Explosive volcanism is associated with both convergent and divergent
plate boundaries (Mason et a. 2004), but eruptions must be subaeria or nearly so

A. Rodinia breakup (beginning ~830 Ma)

Subaerial Rift-related volcanism
and Continental Flood Volcanism

—
sealevel = ==

— —/\ A= =
] Continental crust
Oceanic crust ’/

New arcs are largely submarine

B. Maximum continental dispersal (~700-750 Ma)

Extension-related volcanism Arc volcanoes are mostly subaerial
(seafloor spreading) is submarine —
A

==~
4

C. Beginning of Gondwana assembly (~630 Ma)

Arc volcanoes are mostly on continental crust;
Very tall and explosive
== Yy P

_ AN—.
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N puling

D. Gondwana terminal collision (~570 Ma)

Collision-related volcanic activity on continental crust;
New rifts and subduction zones form as well

=
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Fig. 4 Progressions in volcanic activity during the Neoproterozoic supercontinent cycle, greatly

simplified. Figure is greatly simplified after Stern (in press). Important styles of volcanism for
controlling climate are shown in bold letters
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for volcanic plumes to rise into the stratosphere. Over the Neoproterozoic super-
continent cycle, explosive volcanism would at first have been dominated by rifts,
with arcs and collision-related igneous activity becoming progresively more impor-
tant. This progression can be inferred because maturing rifts tend to subside below
sealevel as rifting progresses to seafloor spreading whereas arc volcanoes and the
crust on which they are built become increasingly emergent (subaerial). Continental
rifting volcanism could inject SO, into the stratosphere, but the extent to which this
could cause cooling is controversial (see different views of Wignall 2001 and Self
et a. 2005). Convergent margin igneous activity is likely to become increasingly
subaerial over the Neoproterozoic supercontinent cycle, as submarine and barely
emergent island arc volcanoes are replaced by continental Andean-type arc volca
noes. Arc volcanoes, near sealevel when they formed at the start of the cycle, would
have been dominated by low-K tholeiitic and medium-K calc-alkaline magmas.
Because of their relatively low explosivity, injection of S into the stratosphere is
less likely, thus these volcanoes would have modest effects on climate. Submarine
volcanoes could not inject Sinto the stratosphere in any case, and emergent arc vol-
canoes would have been relatively low, further making it difficult to inject Sinto the
stratosphere. The effect of arc volcanism on climate should progressively increase
over the supercontinent cycle, as juvenile arcs coalesced to produce thicker crust,
and arc volcanoes became taller and erupted more fractionated and thus explosive
magmas. In summary, extension-related vol canism would have been a more impor-
tant agent of climate changein early Cryogenian time whereas arc volcanism should
have become more important in the late Cryogenian and Ediacaran periods (Fig. 4).
This progression may be part of the reason why the first significant Neoproterozoic
glaciations followed afew tens of millions of years after Rodinia began to break up
~830Ma.

The Ediacaran period witnessed significant glaciation and igneous activity at di-
verse tectonic settings, reflecting magmatic activity associated with collision and
post-orogenic collapse. Such atransition is observed in the Arabian-Nubian Shield
at ~600Ma, when convergent margin magmatism was replaced by post-tectonic
or anorogenic magmatism (e.g., Beyth et al. 1994); a similar transition is inferred
for Neoproterozoic crust of eastern North America and western Europe (Nance
et a., in press). The end-Neoproterozoic supercontinent started to breakup almost
immediately, with transtension and rifting on its northern and western margins
(Nanceet al., in press) along with formation of new subduction zones with Andean-
type arcs along its southern margins (Terra Australis Orogen of Cawood 2005).

4.3 Synchroneity of Neoproterozoic Glaciation
and Igneous Activity

Indirect support for the VW2SE hypothesis comes from the overlapping ages of
igneous activity and glaciation, and from the observation that both are missing from
the 150 Ma long Tonian record (Fig. 1). We agree with the conclusion of Fairchild
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and Kennedy (2007, in press): “ The most plausible root causesfor long-term change
in the surface Earth System are deep-earth processes and biological innovation. . .”
Other resesearchers have also inferred a causal relationship between Neoproterozoic
tectonics and magmatism on the one hand and glaciation on the other. Hoffman et al.
(1998) concluded that cooling began about the time of Rodinia breakup ~830Ma,
and inferred a link between breakup and cooling. Widespread igneous activity be-
gan globally about thistime, especially in China, Africa, and western N. American.
Flood basalt volcanism related to Rodinia breakup, forming especially the Lauren-
tian magmatic province at ~780Ma, was inferred by Goddéris et al. (2003) to have
caused climate cooling, due to decreased atmospheric CO, resulting from acceler-
ated weathering of basalt. Donnadieu et a. (2004) also linked cooling to reduced
atmospheric CO, caused by Rodinia breakup, but emphasized the role of increased
runoff. Further support for the idea that vigorous tectonic movements are associated
with glaciation is found in the distribution of Neoproterozoic Banded Iron Forma-
tion (BIF) — one of the hallmarks of the Snowball Earth Hypothesis. Young (2003)
noted that Neoproterozoic BlIFswere generally deposited in tectonically active (rift)
settings. Most Neoproterozoic BIFs are broadly Sturtian (700 £ 30Ma), recording
an important episode of tectonic and perhaps seafloor hydrothermal activity. The
observation that Neoproterozoic glacial sediments were deposited during times of
strong tectonic movements is consistent with the VW2SE hypothesis.

Below we consider a very interesting line of evidence in support of the VW2SE
hypothesis: the similar timing of Marinoan glaciation and peak igneous activity in
the Arabian-Nubian Shield (ANS) and East African Orogen (EAO). Among the
Neoproterozoic glacial episodes, the comparatively well-studied ~635Ma Mari-
noan glaciation displays evidence that best supports atruly global glaciation (Allen
2006). Thus, if the VW2SE hypothesis has any merit, evidence for it should be ap-
parent in association with the Marinoan glaciation. Figure 5 compares the timing of
major Neoproterozoic glaciations with igneous rock agesin the ANS (Fig. 5A) and
the entire EAO (Fig. 5B,C). We recognize that the EAO (including the ANS) pre-
servesonly afraction, perhaps 30 %, of total global Neoproterozoic igneous activity,
that geochronologic results are partly biased toward datable units (zircon-bearing or
high Rb-Sr plutonic rocks), and that the relationship between age distributions of
dominantly plutonic rocks and the record of explosive volcanism is not resolved.
Nevertheless, taken at face value, the comparison suggests that Marinoan glacia-
tion closely corresponded to a time of peak igneous activity in the EAO and ANS,
providing specific if coincidental support for the VW2SE hypothesis.

Detrital zircon U-Pb SHRIMP ages from Cambrian and Ordovician strata de-
posited on various segments of the Arabian-Nubian Shield (N. Ethiopia, southern
Israel) provide an additional perspective on the timing of igneous activity along the
EAO. A preponderance of the detrital zircon ages are concentrated at 650-600 Ma
(Avigad et a. 2003, 2007; Kolodner et al. 2006) strengthening the notion that Mari-
noan glaciation coalesced with intense igneous activity along the EAO.

In addition to evidence of near-equatorial glaciation at sealevel (Sohl et al. 1999),
the global extent inferred for the Marinoan glaciation is supported by identical ages
retrieved from ash beds associated with Neoproterozoic glacigenic sediments in
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Fig. 5 Relationship between Neoproterozoic glaciations and igneous activity in the Arabian-
Nubian Shield. (A) Robust radiometric ages of the ANS (Johnson and Kattan 2007). (B)
Ages for East Africa and Madagascar (n=695; Meert 2003). (C) Eastern Africa and
Madagascar, zircon ages only (Meert 2003). Bold | etters signify major Neoproterozoic glaciations:
KM = Kaigan-Mahd (~ 780 — 750 Ma); S= Sturtian (~ 680 — 750 Ma); M = Marinoan (635 Ma);
GV = Gaskiers/Varager (580 Ma)

Namibiaand China (ash bed at top of Nantuo tillitein south Chinais635.2 4+ 0.6 Ma
(Condon et a. 2005); ash bed in Ghaub dropstone bedsin Namibiais635.5+ 1.2 Ma
(Hoffmann et al. 2004); the Marinoan Flinders Range glaciogenic sequence has
not been similarly constrained by high precision dating. We do not know if these
geographically disparate ash beds were derived from the same eruption or from the
ANS, but these results demonstrate that explosive volcanism and glaciation were
then intimately associated and nearly synchronous (if not coeval) on awidespread (if
not global) scale. Regardless, the strong correlation between peak Neoproterozoic
magmatic activity in the ANS-EAO and ~635 Ma ashes associated with geograph-
ically disparate Marinoan glacial deposits currently forms a strong argument for
further considering the VW2SE hypothesis.

A secondary peak in the ANS and EAO igneous rock record at ~580Ma could
similarly indicate an episode of increased explosive volcanism that was coincident
with the Gaskiers/Varanger glaciation. We also note that there are no clear peaksin
the histograms that correspond to the times of pre-Marinoan glacial episodes (Mahd,
Kaigas, and Sturtian). This may partly reflect the under-representation of older Neo-
proterozoic igneous rocks on these histograms. This in turn suggests that tests of
this hypothesis should focus initially on the Marinoan glaciation. Some potentially
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corroborating studies already exist. For example, Bodiselitsch et al. (2005) found
Ir anomalies at the base of post-Marinoan cap carbonates from the Eastern Congo
craton. Although attributed to an extraterrestrial origin, Ir anomalies could also re-
sult from enhanced volcanism at 635Ma. Ir has been found in airborne particul ates
from Kilauea eruptions (Zoller et al. 1983) and in ashes of the British Tertiary
province (Elliot et al. 1992; Schmitz and Asaro 1996). Furthermore, Bodiselitsch
et al. (2005) also found very high element/Al ratios of Th, Ta, Hf, K, and Ti, consis-
tent with inclusion of a silicic or Hawaiian-like vol canic component.

4.4 Isotopic Constraints

Sr, C, and S isotopes provide environmental constraints. The & Sr/Sr record of
marine carbonate sediments, which proxy for seawater, reveal an ocean with sources
of Sr that changed from dominantly oceanic ~800Ma to dominantly continental
~600Ma (Walter et al. 2000; Melezhik et al. 2001; Halverson et a., in press). It
must be noted that, although low seawater 8 Sr/®8Sr indicates mantle activity, it does
not proxy for explosive volcanism because major, climate-affecting eruptions may
involveremelted ol der crust at Andean-type marginsand continental collision zones.
Such magmas will have elevated 8'Sr/%8Sr, so that increased igneous activity and
explosive volcanism could in different circumstances act to raise or lower seawater
87Sr/865y. For this reason, Sr isotopic data provides a relativiey weak test of the
VW2SE hypothesis.

Carbon isotopes provide a better test of the VW2SE hypothesis. It iswell known
that Neoproterozoic glacial episodes are associated with negative §*C excursions,
which often begin before the glacial episodeitself and endure after glacial recovery,
as recorded in cap carbonate successions (Halverson et al. 2002, 2005). Negative
813C excursions are variously explained (e.g., large scale methane release, collapse
of biosphere, etc.), but it is also possible that these §°C excursions at least partly re-
flect increased addition of mantle CO, (§*C ~ —6 %), released by volcanic activ-
ity. Estimates of C flux from the solid Earth suggests that inputs from arc vol canoes
today are about twice that from mid-ocean ridges and that hot spot contributions are
insignificant (Sano and Williams 1996), although major flood basalt eruptionsintro-
duce massive amounts of CO, (Wignall 2001). Volcanic inputs will have variously
negative 8*3C (~ —1 to —10%o), in the range appropriate for the negative 8*C
excursions. Of course the addition of large amounts of CO, should warm climate,
not cool it, unless sufficient SO, was a so injected into the stratosphere to overcome
the greenhouse warming effect of volcanic CO, until Earth’'s ice-covered surface
was extensive enough and planetary albedo low enough for runaway cooling. This
would have been most likely when explosive, S-rich arc vol canism wasimportant, as
would be expected during the middle of the Neoproterozoic supercontinent during
the Cryogenian Period. Arc volcanism would have been less important at the be-
ginning and end of the Neoproterozoic cycle, thus the ~800 Ma Bitter Springs and
~ 600-540 Ma Shuram anomaly (Halverson et al. 2005; Le Guerroué et al. 2006)
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may have been associated with subordinate arc volcanism, stratospheric sulfur, and
climate cooling.

Sulfur isotopic compositions of Neoproterozoic sedimentary rocks may provide a
key test for the VW2SE hypothesis. Mantle inputs should have §**S ~ 0% (Hol ser
et al. 1988) but the effect of significant inputs of such sulfur on the composition of
sedimentary sulfate and sulfide is not clear. This is because coexisting sulfide and
sulfate strongly fractionate sulfur isotopes, given by A%S (= §** Sqjtae — 8°*Saiide),
the difference for the Phanerozoic being >46%0 (Canfield and Teske 1996). The
8%S for pyrite decreases by several tens per mil during Sturtian and Marinoan
glaciations; the 8**S sulfate record is less complete but significant §**S decreases
are al so suggested by the compilation of Hurtgen et a. (2005) and is expected from
equilibrium with coexisting sulfides (Hurtgen et al. 2005).

Could the large negative excursions observed for §**S during glacial episodes
be due to magmatic inputs of S? Variations in 5%'S for sedimentary sulfate and
sulfide are generally explained as a change in the bal ance between removal of sulfur
from seawater as sulfide vs. sulfate (Hurtgen et al. 2002). Thisvariableis significant
because 32Sis preferentially removed by sulfide burial . Positive §**S excursionsthus
reflect a greater ratio of sulfide to sulfate burial, whereas negative excursions result
when a greater fraction of total sulfur is buried as sulfate. Neoproterozoic negative
8%*S excursions could reflect increased sulfate burial, but it is difficult to imagine
why more sulfate —which is most commonly found in evaporates —would be prefer-
entially deposited during the cold climate of aglaciation; furthermore, some models
for Neoproterozoic glacial episodes predict oceanic anoxia, which should result in
much more sulfide than sulfate deposition (Hurtgen et al. 2002). However, it isby no
means agreed that the oceans during Neoproterozoic glacial episodes were anoxic.
Using the Sisotopic chemostratigraphy of Neoproterozoic rocksto test the VW2SE
hypothesis is thus difficult because we do not yet understand what effect increased
volcanic Swould have on the marine S cycle. Hurtgen et al. (2002) suggested §*'S
inputs from rivers are ~6%o but this is poorly constrained. What would volcanic
arc input be? Bulk Earth and MORB-like §**S ~0%y or like modern arc volcanics,
which range widely: 0 to +10%c (De Hoog et al. 2001). In summary we conclude
that although the S isotope system was greatly disrupted about the time of Neopro-
terozoic glaciations, thereis not currently a sufficient basis to interpret the cause of
variations, including the possibility of a VW2SE hypothesis.

5 Conclusions

The hypothesis that explosive volcanism was at least partly responsible for Neo-
proterozoic climate change is viable if not proven. The mechanism of cooling by
sulfuric acid aerosols in the stratosphere is well-established from studies of re-
cent volcanic eruptions. It is possible — as demonstrated by recent analogs — that
a persistent episode of plinian eruptions alone could cause ice ages. A qualitative
inventory of Neoproterozoic igneous rocks shows that these are very abundant, so
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that the derivative Neoproterozoic explosive magmatic flux could have seriously im-
pacted climate. The general timing of Neoproterozoic volcanism and glacial activity
correspond, with no glaciation and reduced igneous activity in the Tonian era.
Glaciation followed soon after increased igneous activity began as Rodinia broke
apart. The Marinoan (~635Ma) glaciation in particular corresponds to a peak time
of igneous activity in the Arabian-Nubian Shield and the East African Orogen. Ex-
plosive volcanism need not be the sole cause of cooling, and would be especially
effective when happening in concert with other agents of cooling, such as lowered
atmospheric CO, due to enhanced weathering, methane oxidation, latitudinal posi-
tion and configuration of continents, orbital forcing, intergalactic dust, etc. These
observations indicate that the hypothesis that some if not all of the Neoproterozoic
ice ages were at least partly caused by increased explosive volcanism warrants fur-
ther testing.
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and Rhizophora mangle leaves, 201
site descriptions, 207
spherical microstructures, 212, 213-214
and stromatolites, 227-228
strontium, 223
water properties, 216218, 222
Stratigraphic section
Barberton greenstone belt, 27
Jormua ophiolite, 16
Kizildag ophialite, 16
lithological logs of ocean crust, 13-14
Mirdita ophiolite, 16
Pechenga greenstone belt, 27
Pilbara Supergroup, 27
Solund-Stavfjord ophiolite, 16
Troodos ophiolite, 16
Strelley Pool sandstone
ambient inclusion trails from, 123,
126-128, 131
characteristics of ambient inclusion
trails, 124
map of, 121
modern contamination of ambient inclusion
trailsin, 132
See also Pilbara Supergroup
Stromatolites
Bahamian, 179-193
definition of, 177
and diagenetic processes, 192
diverse morphologies, 180
on firmground substrates, 187, 193
formation of, 178-179, 193, 198-199,
202, 226
geologic occurrence of, 177-178
on hardground substrates, 193
history of study of, 179
on inherited substrates, 183, 193
maps of, 181-182
microbialite on hardground, 184
Pethei Group, 178
on renewable substrates, 183, 185, 186,
189, 191-193
sediment supply for Holocene, 190
Shark Bay, 179
Storrs Lake, 227
substrate limitations for, 191
in Upper Cambrian rocks of Maryland,
189, 190
Srombus gigas, 185
Strontium, 223, 331
Subaerial exposure of Pleistocene limestone,
as inherited stromatolitic substrate, 183
Substrates, of stromatolites, 183-190



348

Suiko Seamount, age of, 77

Sulfate reduction, and carbonate
precipitation, 178

Sulfate-methane transition zone, 136,
165-166, 263

Sulfate-reducing microbes, 214-215, 241242,
251, 262264, 284

Sulfate-reduction genes, 162, 168

Sulfobacillus acidophilus and
S thermosulfidooxidans, 241

Sulfolobales, 243

Sulfur aerosols and cooling, 317-322, 328

Sulfur isotope signatures, 331-332

Sulfur oxidation, 242243, 251, 264

Sulfur-metabolizing bacteria, 10

Supercontinent cycle, and Neoproterozoic
igneous activity, 326-328

Surface-area changes, 5

Syndepositional substrates for stromatolites,
183, 185-186

Syngenicity, bioalteration and rock age, 6

T
Tambora (1815-1816), 319-320
Taylorsville Basin, Virginia, 238
Terrestrial miscellaneous Euryarchaeotal group
(TMEG), 261
Thermaceage, 262
Thermincola ferriacetica, 241
Thermoanaerobacter ethanolicus, 241
Thermococcales, 262
Thermococcus, 242
Thermodesul fobacteriaceae, 262—-263
Thermodesulforhabdus, 242
Thermodesulfovibrio, 241
Thermophiles
and deep-sea hydrothermal environments,
256, 261-262
Fe reduction-oxidation cyclesin, 242
from gold mine, 148, 262
metal reduction by, 240-241
molecular H and carbon dioxide
metabolism, 10
sulfur oxidizing, 242-243, 263
Thermosediminibacter, 261
Thermothrix, 243
Thermotoga, 241
Thermotogal es, 262
Thermus/Deinococcus, 255
Thiobacillus-like bacteria, 243
Thiothrix spp., 203, 227
Tibetan Plateau, lakes of, 245, 250

Index

Time of flight secondary ion mass
spectrometry (ToF-SIMS) image,
filamentous structure, 89

Timeline, ophiolites and greenstone belts, 56

Toba (74 Ka), 320-321

Tongue of the Ocean, 181, 183, 185

Troodos ophiolite, 15-16
age of, 56
carbon isotopes, 47-48, 54
drill hole CY-1, 16
images of bioalteration, 43
map of, 20
photomicrographs of bioalteration, 37
pillow lavas, 17
stratigraphic section, 16

Tubular texture, 4-5, 264
and carbon lining, 6
See also Ambient inclusion trails

Tunnel structures, in volcanic glass, 83, 85

Turbidity at Black Sea chemocline, 296

\%
Vibrio, 261
Volcanic glass
changed surface area due to bioalteration
vs. abiotic alteration, 5
experimental dissolution of, 11
limited age range of, 7
and microhabitats, 70-71
tunnelsin, 83
“Volcanic winter to snowball Earth” (VW2SE),
313, 316, 323, 328-332
Volcanism and climate cooling, 318, 327

w
Warrawoona Group, 114, 116, 119
See also Pilbara Supergroup
Water properties, 216-218, 221, 222
Wutai Group, 31-32
age of, 56
carbon isotopes in carbonate associated
with pillow lavas, 47

X
X-ray maps, 6

Y
Yellowstone National Park, 139, 213
Yonaguni Knoll, 148

Z
Zeolite-greenschist facies metamorphism and
carbon isotopes, 48



	Contents
	Oceanic Pillow Lavas and Hyaloclastites as Habitats for Microbial Life Through Time &#8211; A Review
	Microbial Colonization of Various Habitable Niches During Alteration of Oceanic Crust
	Ambient Inclusion Trails: Their Recognition, Age Range and Applicability to Early Life on Earth
	Spatial Distribution of the Subseafloo Life: Diversity and Biogeography
	Analysis of Deep Subsurface Microbial Communities by Functional Genes and Genomics
	Diversity of Bahamian Microbialite Substrates
	Evaporite Microbial Films, Mats, Microbialites and Stromatolites
	Microbial Life in Extreme Environments: Linking Geological and Microbiological Processes
	Marine Methane Biogeochemistry of the Black Sea: A Review
	From Volcanic Winter to Snowball Earth: An Alternative Explanation for Neoproterozoic Biosphere Stress
	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	V
	W
	X
	Y
	Z




