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ABSTRACT

Extensive research efforts in the subdisciplinary field of geobi-
ology have focused on the interactions between Earth and life
through time. As a consequence, gaps in our knowledge of
Earth’s history are closing, and the search for life beyond Earth
is expanding. A few examples of geobiology studies designed
to advance our understanding of life on early Earth and to im-
prove the chances of finding life on other planets are provided
to highlight recent developments and research areas that are
on the verge of new discoveries.

INTRODUCTION

A central theme in geobiology is the coevolution of biologi-
cal and surficial geological processes. As illustrated in Figure 1,
the synthesis of data sets gleaned from modern ecosystems,
ancient deposits, and experimental systems enables geobiolo-
gists to test hypotheses generated from key interdisciplinary
questions. Such an integrated approach makes it possible to
refine increasingly sophisticated models designed to recon-
struct past environmental and evolutionary events, predict fu-
ture fluctuations over a range of spatial and temporal scales,
and improve experimental study of the influence of biology on
chemical and physical processes, and vice versa. Never before
has the potential for interdisciplinary research among geoscien-
tists and bioscientists been more fruitful, as is reflected in our
expanding comprehension of Earth’s history and early life.

LIFE’S IMPRINT—DECIPHERING ANCIENT
BIOSIGNATURES

An understanding of the coevolution of life and its physical
and chemical settings relies on the ability to decipher evidence
of life preserved in the rock record. While any phenomenon
produced by life (modern or ancient) can be considered a bio-
signature (cf. Steele et al., 2005), the main challenge in ancient
and extraterrestrial life detection is determining whether the
phenomenon (or suite of phenomena) can be uniquely attrib-
uted to life. Taphonomic changes inevitably alter the chemical
and structural fidelity of all biosignatures over time.

Biosignatures of microorganisms fall into one of three cat-
egories (Cady et al., 2003): (1) bona fide cellular fossils (cf.
Cady, 2002) and carbonaceous remnants of microbial cells
and their extracellular matrices (Cady, 2001); (2) microbially
influenced fabrics and sedimentary structures (which include
some laminated stromatolites; cf. Grotzinger and Knoll, 1999);
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and (3) chemical fossils (e.g., organic compounds, such as
biomarkers; inorganic phases, such as some minerals, miner-
aloids, and gases; stable isotopic patterns associated with life
in organic and inorganic constituents; and disequilibrium
phase enrichments [Des Marais et al., 2008aD.

A dramatic secular change in Earth’s history has been the
impact of life on the diversity of minerals. Hazen et al. (2008)
estimated that, over the past 4.56 billion years, the number of
different minerals has increased from about a dozen to more
than 4300 known types. Though only a small number of these
can be considered biominerals (i.e., chemical fossils), even
their use as definitive evidence for life remains, justifiably,
problematic (e.g., Golden et al., 2004; Altermann et al., 2009).
In any case, biology has altered the relative abundances of
different groups of minerals (most notably since the oxidation
of the atmosphere), expanded the range of compositional
variants (which include solid solutions and minor and trace
element variations), affected the kinetics of mineral formation
(hence the degree of ordering and density/type of defect
microstructure), and created distinctive morphological habits.
The emergence of key microbial metabolic innovations
throughout Earth’s history and development of bioskeletons
during the Phanerozoic resulted in the biomineralization
mechanisms that persist today (cf. Ehrlich and Newman,
2009). Collectively, the diverse metabolic and behavioral ac-
tivities of life have created and sustained chemical gradients
in geochemically dynamic environments, which has led to an
abundance of mineral varieties distributed over scales that
range from microenvironments around, and within, cells to
regional-sized terrains.

Deciphering biosignatures and evidence of microbial activity
in ancient rock remains a central challenge in geobiology stud-
ies (e.g., Rosing, 1999; Fedo and Whitehouse, 2002; Lepland et
al., 2005). When surface-derived, organic-bearing rocks are
transferred to Earth’s shallow interior, the combination of buri-
al and deformation can ultimately make it impossible to distin-
guish a biological signature in relict carbonaceous compounds
(Pasteris and Wopenka, 2003; Brasier et al., 2005). Consequent-
ly, determination of the degree of metamorphism beyond
which life’s signatures are no longer recognizable in ancient
carbon is a research topic of considerable interest in early Earth
and extraterrestrial studies (e.g., Schopf and Kudryavtsev, 2009;
Glikson et al., 2008; Oehler et al., 2009). For example, a recent
approach focuses on the applicability and limitations of using
Raman spectroscopy to characterize evidence of ancient life
(e.g., van Zuilen et al., 2002; Schopf et al., 2005; McKeegan et
al., 2007; Schiffbauer et al., 2007; van Zuilen et al., 2007; Mar-
shall et al., 2007).

Isotopic studies continue to reveal new insight about the range
of metabolic diversity on early Earth. For example, isotopic
evidence for ancient sulfur-based metabolisms has recently been
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advanced by the use of integrated 325, 33S, and S isotopic studies
of sulfides and sulfates from chert-barite deposits at North Pole,
northwestern Australia (Dresser Formation). Though the record
of heavy sulfur (31S/3S) isotopes in microscopic sulfides pre-
served in early Archean barites has been known for some time
(Shen et al., 2001), recent analyses of North Pole samples indicate
that the combination of negative 8S and positive 8%3S values of
these sulfides cannot be accounted for by microbial sulfate reduc-
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Figure 1. Schematic flow chart illustrating the logical outgrowth of the inter-
disciplinary science of geobiology. As hypotheses that involve topics and
concepts from more than one discipline (i.e., from the parent disciplines
geology and biology and related subdisciplines) arise, interdisciplinary ap-
proaches can be applied to study ancient deposits, experimental (abiotic
and biotic) systems, and modern ecosystems. When such data sets are syn-
thesized with one another in an iterative fashion, a new level of under-
standing can be achieved, one that makes it possible to reconstruct parts of
Earth’s history, expand our range of understanding across temporal (e.g.,
since the Archean Eon) and spatial (e.g., greater than planetary) scales, and
refine our experimental approaches in laboratory and field settings. Results
that improve the ability to model future events across the full range of spa-
tial and temporal scales are particularly important at this time in Earth’s
history and allow us to predict the future impact of life on our planet. All of
these outcomes can feed back into concepts needed to advance the parent
disciplines of geology and biology and the subdisciplines of geobiology.
They also typically contribute to fields like astrobiology. lllustration modi-
fied after Noffke (2005).
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tion (Philippot et al., 2007, 2008; Ueno et al., 2008). Microbial
disproportionation of elemental sulfur is proposed as an alterna-
tive to sulfate reduction to explain the anomalous isotopic char-
acter of Archean sulfides from the Dresser Formation (Philippot
et al., 2007, 2008).

New evidence for a wider range of diversity in early metazoans
and the microbial communities with which they lived has been
found in recent years (e.g., Narbonne, 2005), in part because of
the application of new analytical tools to characterize the mor-
phology of these ancient life forms. A particularly rich contribu-
tion to our understanding of early metazoan life has come from
synchrotron-radiation X-ray tomographic microscopy studies of
the lower Ediacaran Doushantuo Formation in the Yangtze
Gorges area in China, which contains centimeter-sized chert nod-
ules that preserve metazoans, cyanobacteria, multicellular algae,
spiny acritarchs, and animal eggs and embryos (Hagadorn et al.,
2006; Donoghue et al., 2006; Xiao et al., 2007). For a recent
review of the variety of synchrotron-based X-ray spectroscopy
and microscopy techniques, see Templeton and Knowles (2009).
It is worth noting that the application of a variety of nanotomo-
graphic techniques is on the rise. For example, three-dimensional
renderings of different forms of acritarchs have been obtained
with the use of optical microscope (Sugitani et al., 2009) and
focused ion-beam (Kempe et al., 2005; Schiffbauer and Xiao,
2009) nanotomography.

MODERN ECOSYSTEM AND EXPERIMENTAL STUDIES:
INSIGHTS INTO EARLY LIFE ACTIVITIES

Though the use of modern analog (similar but not identical)
settings to gain insight into the processes that may have oc-
curred in ancient environments is not new, such strategies have
been key drivers in recent geobiology studies. For example, an
ancient sedimentary deposit inextricably linked to biological
activity is the banded iron formation (BIF). These iron-rich
(~20%—-40% Fe) siliceous (~40%—50% SiO,) rocks, which often
contain carbonate and sulfide facies, accumulated as sediments
throughout much of the late Archean (2.7-2.5 Ga) and Paleo-
proterozoic (2.5-1.8 Ga) (e.g., Trendall, 2002; Klein, 2005).
Though the mineralogy of BIFs dictates that some oxidation of
Fe(II) had to have occurred, the relative contributions and na-
ture of different types of abiotic and biotic (oxygenic photosyn-
thesizers and Fe?* oxidizers) mechanisms responsible for the
formation of the iron in these deposits continues to be debated.
Recent studies of ancient BIFs indicate that bacteria could have
contributed in a number of ways to the accumulation of these
visually stunning ancient deposits, which formed as sedimen-
tary precipitates (e.g., Konhauser et al., 2002, 2007; Kappler et
al., 2005; Johnson et al., 2008; Planavsky et al., 2009). Efforts to
elucidate BIF accumulation mechanisms by studying modern
analog ecosystems (e.g., Trouwborst et al., 2007; Parenteau and
Cady, 2009) support the early hypothesis of Cloud (1965),
which stressed the key role played by cyanobacteria. Recon-
ciliation of theoretical arguments that focus on the range of
possible microbial impacts with results from studies of modern
ecosystems and ancient deposits may be possible by way of
another approach essential to geobiology (e.g., Fig. 1); that is,
a methodology based on the inclusion of experimental studies.

An example of an experimental approach carried out in
a modern ecosystem involves recent studies of microbially



induced sedimentary structures (MISS) (Noffke and Paterson,
2008). Given that physical interactions between microbes and
their environment are unlikely to have changed in a significant
way throughout Earth’s history, actualistic studies of such inter-
actions can reveal the various ways in which microbial life af-
fects the accumulation of detrital sediments. Studies in modern
settings make it possible to observe and quantify the response
of benthic microbiota to physical sediment dynamics. Biostabi-
lization (Fig. 2) and baffling, trapping, and binding of micro-
biota associated with loose sediments generate a multitude of
MISS (Noffke, 2009). For example, the sediment-stabilizing
properties of the indigenous microbial consortium can be mea-
sured with a portable Manzenrieder flume chamber deployed
in a modern ecosystem (Fig. 2A). In this experiment, an artifi-
cial water current that crosses the microbial mat surface is pro-
duced. A digital system analyzes the first release of sand grains
from the flume chamber, an event that marks the start of ero-
sion of the microbial mat. The effect of the microbial consor-
tium on biostabilization of the sandy deposits is illustrated by
the Shield’s diagram in Figure 2B. Endobenthic microbial mats
that colonize the uppermost millimeter of the sandy tidal sur-
face reduce the erosive forces of the currents by 3-5 times
compared to sterile sand (stars, Fig. 2B). Therefore, the mat-
covered sand withstands currents of up to 0.90 cm/s. The bio-
stabilization effect is caused by the lower degree of roughness
of the mat-interwoven sedimentary surface. Since the grains do
not protrude through the viscous sublayer, the flow across a
microbial mat is hydrodynamically smooth, and only laminar
flow, not the more intensive turbulent stress, affects the mat
surface. Epibenthic microbial mats that cover the tidal sands
like a carpet reduce the erosive forces up to magnitudes of 12
(dots, Fig. 2B). As a consequence, such thick mats withstand
currents of up to 1.60 m/s. This biostabilization effect is due to
the “slippery” mat surface, which prevents the direct influence
of turbulent waters on the sand grains. This microbial effect

can be expressed by a simple modification of the Shield’s rela-
tion for sediment movement:

0 =pu?/(p;—pp g D", D

where u- is the shear velocity; p/is the density of fluid; p, is the
density of sediment; g is the gravity constant; D is the actual
grain diameter under the influence of biostabilization; and 7 is
the exponent to which D is raised for the data to comply to the
Shield’s relationship (cf. Fihrboter and Manzenrieder, 1987).
Microbial sediment fixation is well documented in field and
laboratory experiments (e.g., Neumann et al., 1970; De Boer,
1981; Grant, 1988, Dade et al., 1990; Schieber, 2007; and con-
tributions in Noffke and Paterson, 2008).

RECOGNIZING BIOSIGNATURES IN EXTRATERRESTRIAL
SYSTEMS

Geobiological approaches provide a foundation for astrobio-
logical studies that focus on the search for extraterrestrial life
on other planetary bodies. Conceptual frameworks for research
in astrobiology (Des Marais et al., 2008b; Worms et al., 2009)
pose the most intriguing questions in this field of inquiry: How
does life begin and evolve? Does life exist elsewhere? What is
the future of life on Earth and beyond? The possibility that Mars
samples could be returned to Earth in our lifetime provides ad-
ditional impetus to identify and characterize a wide range of
biosignatures, even if they are present in minute amounts and
altered from their pristine state (Farmer et al., 2009). Geobiol-
ogy studies of ancient environmental settings, where life could
have thrived, or of modern ecosystems, especially extreme
ecosystems, are key in this regard. It has become apparent that
a wide variety of environmental settings (e.g., Nisbet and Sleep,
2001) may have supported a diverse range of anaerobic (Can-
field et al., 2006) and extremophilic life on early Earth (e.g.,
Rothschild and Mancinelli, 2001).
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Figure 2. An example of a geobiological approach to the study of biostabilization of sediment by a microbial consortium (e.g., a microbial mat or biofilm).
Photograph: Portable Manzenrieder flume chamber on a modern tidal flat surface. The Shield’s diagram illustrates the impact of biostabilizing microbial
mats on the potential for sediment transport. Dots—values of biostabilization by epibenthic microbial mats; stars—values of biostabilization by endoben-
thic microbial mats. Measurements from Portsmouth Island, USA, Aug. 2003—Nov. 2006, following Fihrboter and Manzenrieder, 1987.
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It is possible that life emerged and became widespread on
Earth prior to the Archean. Abramov and Mojzsis (2009) have
used thermal models to argue that life would have persisted in
subsurface niches during the late heavy bombardment period, a
time when Earth’s surface was being reworked by impactors of
all sizes. Such findings reinvigorate the hypothesis that wide-
spread hydrothermal activity, which produced subsurface biomes
for chemotrophic hyperthermophilic communities, facilitated
life’s emergence and early diversification (Pace, 1997). Carbona-
ceous morphological remains of subsurface biofilms have now
been found in hydrothermal precipitates produced by meteorite
impacts (Hode et al., 2008, Fig. 3). Given the variety of fossil bio-
signatures likely to survive in hydrothermal deposits (e.g., Rey-
senbach and Cady, 2001; Konhauser et al., 2003), the possibility
that ancient microbial life survived in hydrothermal niches has
important implications for those involved in the search for an-
cient and extraterrestrial life (e.g., Farmer and Des Marais, 1999).
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Rock outcrops that could have resulted from hydrothermal activ-
ity on Mars have recently been reported (Squyres et al., 2008;
Allen and Oehler, 2008).

Stromatolites have remained essential biological mileposts
throughout Earth’s history and are associated with a diverse
range of microbial communities and environments (e.g., Reid
et al., 2000; Grotzinger and Knoll, 1999; Cady et al., 2003; All-
wood et al., 2007). Paleoarchean stromatolites, in particular,
reveal the nature of Earth’s earliest biosphere and the environ-
mental conditions that supported and led to the preservation of
this evidence for early life (e.g., Allwood et al., 2009). Studies
of modern and equivalent fossil microbially induced sedimen-
tary structures, the sandy counterpart of stromatolites (Noffke,
2009), will likewise be helpful in recognizing Earth’s oldest
environments and deciphering life’s imprint on such structures,
should they be found on Mars.
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Figure 3. Examples of possible biosignatures revealed after chemical etching of calcite-filled veins that formed as a result of impact-induced hydrothermal
activity associated with the Siljan Impact Structure, Sweden (see Hode et al., 2008, and references therein, for information on sample preparation and
analytical methods). (A) Scanning electron microscope (SEM) photomicrograph montage of three low-magnification images provides an overview of the
locations shown in B—G (arrows). Pyrite assemblages comprise the topographical highs because etching removed the top few tenths of micrometers of the
surrounding calcite. Crack along the right side of image is the center of the hydrothermal vein. (B) Bundle of thread-shaped features shown in center of
SEM image. (C) Adjacent area includes curved and torn features still partly embedded in the calcite crystal. (D) Filamentous feature attached to and ex-
tended between pyrite (topographical high) and the calcite matrix. (E) This perforated carbonaceous film (arrow) between a pyrite crystal and the calcite
matrix was exposed after etching. A nuclear microprobe was used to identify the carbonaceous composition of the biofilm remnant. (F) Film-like feature
wrapped around the edge of a pyrite aggregate (arrow) is fully pyritized as no evidence for carbonaceous matter could be found. Etching has removed the
surrounding calcite and left the pyrite exposed as topographical highs. (G) Pyrite framboid inside the calcite matrix. Pyrite framboids are often found in
reducing hydrothermal systems rich in carbonaceous matter. Figure originally published in Hode et al. (2008) and reprinted with permission.
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CONCLUSION

The topics covered here exemplify some of the most recent
approaches in geobiology and illustrate the link with astrobiol-
ogy. They also serve to remind us that, though some of the
most intriguing questions about early life’s impact on rocky
planets are yet to be answered, a geobiological approach is
essential to our understanding of life and the role it has played
throughout Earth’s history.
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