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2.1 Overview of the Microbial Fossil Record
2.1.1 Introduction

Geological time is divided into two major segments: (1) the
Phanerozoic Eon, the younger and much shorter of the
segments, that begins with the first appearance of shelly inver-
tebrate animals ~542 million years (Ma) ago and includes the
familiar evolutionary successions from algae to spore plants
and then to seed plants, and from marine invertebrates to fish
and then to terrestrial vertebrates; and (2) the Precambrian
Eon, the longer of the segments that spans the earlier seven-
eighths of Earth history, extending from the formation of the
planet, ~4,500 Ma ago, to the beginning of the Phanerozoic.
The Precambrian, in turn, is subdivided into two exceedingly
long segments — each some 2,000 Ma in duration — the
Archean, extending from the formation of the planet to
2,500 Ma ago, and the Proterozoic, spanning the time from
2,500 Ma ago to the beginning of the Phanerozoic. The oldest
known fossils date from ~3,500 Ma ago (Schopf 1993, 2006;
Schopf et al. 2007; DeGregorio et al. 2009), with hints of life
being present in ~3,830-Ma-old rocks, among the oldest
known on Earth (Mojzsis et al. 1996; McKeegan et al. 2007).

Though it is likely that the earliest forms of life were
heterotrophs, originating within and metabolically dependent
on abiotically produced “primordial soup” (Oparin 1938;
summarized in Schopf 1999), evidence from the rock record
(primarily, microbially produced stromatolites, cellular
microscopic fossils and the carbon isotopic composition of
preserved organic matter) establishes that photoautotrophy
has served as the foundation of the world’s ecosystem since at
least 3,500 Ma ago. The principal unsolved problem is not
whether photosynthesis was an exceedingly ancient evolu-
tionary innovation, but, rather, when did Oz-producing
photosynthesis originate, a metabolic process that arose as an
evolutionary derivative of a more primitive form of photoau-
totrophy, anoxygenic photosynthesis, characteristic of non-
cyanobacterial photosynthetic bacteria (Blankenship 1992;
Blankenship and Hartman 1998). Among all evolutionary
innovations, the one which probably had the greatest impact
on Earth’s ecosystem and subsequent biotic history was the
origin of O, -producing photosynthetic cyanobacteria — dating
from the earliest, Archean, segment of geological time. Their
advent altered the world’s environment forever and provided
the biologically useable O, required for aerobic respiration, a
decidedly more efficient energy-generating process than its
anaerobic (fermentative) precursors (Schopf 1999).

The time of origin of this globally altering event can be
addressed by answering a single question: “When did
cyanobacteria originate?” Firm fossil evidence of the
existence of cyanobacteria, the earliest-evolved “complete
aerobes” capable of both O,-producing photosynthesis and
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O,-consuming respiration, would establish that the sequence
of metabolic innovations that led to their emergence (anaerobic
heterotrophy, followed by anaerobic photoautotrophy and
then aerobic autotrophy and aerobic respiration) had already
evolved, giving rise to an ancient, but metabolically fully
modern, ecosystem (Schopf 1996, 1999). Evidence to
answer this question should be expected to be preserved in
the Precambrian rock record. Stromatolites, microbially
layered deposits dominated today by filamentous and coccoid
cyanobacteria, are present throughout virtually all of the
known geological record; cellularly preserved fossils of
cyanobacteria dominate the record of Precambrian life;
and rock-derived carbon isotopic data are consistent with
the presence of photosynthetic microorganisms back to
~3,500 Ma and possibly to >3,800 Ma ago. Nevertheless, a
firm answer to the question of the time of origin is not yet
available: the earliest known stromatolites might have been
formed by anoxygenic photosynthesizers; the cyanobacte-
rium-like fossils in rocks ~3,200- to 3,500-Ma-old might
be remnants of non-O -producing microbes; and though a
vast amount of carbon isotopic data are consistent with the
presence of oxygenic photosynthesis as early as ~3,500 Ma
ago, they do not rule out the possibility that the role of primary
producer in the world’s most ancient ecosystems was played
by anaerobic, anoxygenic, photosynthetic bacteria.

It is not surprising that the question of time of origin of
cyanobacteria and thus O,-producing photosynthesis is still
unresolved. In contrast to palaeontological studies of the
Phanerozoic history of life, the outlines of which were
already known in the mid-1800s (Darwin 1859), successful
investigation of the earlier, Precambrian, fossil record did
not begin until the mid-1960s (Barghoorn and Schopf 1965;
Barghoorn and Tyler 1965; Cloud 1965; Schopf 1968).
Although much progress has been made during the ensuing
decades (e.g. Schopf and Bottjer 2009) in showing that
Precambrian microbes were abundant, ubiquitous, metaboli-
cally diverse, and biotically predominant, knowledge of the
early fossil record remains far from complete. Moreover, due
to the “geologic cycle,” the repeated sequence of mountain
building, erosion, and deposition of the eroded products into
sedimentary basins, the average “lifetime” of a geological
unit is only some 200 Ma. For this reason, the rock record
that has survived to the present rapidly diminishes with
increasing geological age, which severely limits the ancient
fossil record available for study. About half of the potentially
fossil-bearing sedimentary rocks that have survived date from
the Phanerozoic (the recent one-eighth of geological time);
most of the rest are Precambrian, spanning the earlier seven-
eighths of Earth history; Archean-age rocks — those older
than 2,500 Ma in which evidence of the earliest oxygenic
photosynthesizers is expected to occur — represent only about
5% of the surviving rock mass (Garrels and Mackenzie 1971).
Although the known fossil record of cellularly preserved
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microbes extends deep into the Precambrian — throughout
all of the Proterozoic and much of the Archean, it becomes
increasingly sparse and patchy in units older than ~2,000 Ma
and the history of the various microbial lineages becomes
increasingly difficult to decipher.

2.1.2 The Great Oxidation Event (GOE)

Despite the problems posed by the petering-out of the rock
and fossil records over geological time, the records that have
survived are sufficient to establish the presence of molecular
oxygen in the Earth’s atmosphere — and, by implication, of
cyanobacterial oxygen-producing photoautotrophs — at least
as early as ~2,450 Ma ago. As summarized by Holland
(2002) and Canfield (2005), from about 2,200 Ma ago to the
present, sandstones known as red beds have been deposited
on land surfaces by meandering rivers and windblown dust.
The beds are coloured red by the presence of the mineral
hematite (Fe,O,), iron oxide that typically forms a thin
veneer on individual quartz sand gains and the presence of
which indicates that the atmosphere at the time was oxidizing.
In contrast, in numerous terrains older than about 2,400 Ma,
conglomeratic rocks occur that contain detrital grains of
pyrite and uraninite deposited in shallow-water deltaic
settings, minerals that in the presence of molecular oxygen
are rapidly converted to their oxidized forms — for pyrite
(FeS,) to the mineral hematite (Fe,O,); and for uraninite
(UO,) to its soluble more-oxidized form, UO,. If there had
been appreciable oxygen in the overlying atmosphere when
these shallow-water sediments were laid down, hematite,
rather than pyrite, would occur in such conglomerates and
uraninite would have oxidized and been dissolved.

The distinctly differing temporal distributions of red beds
and of pyritic uraniferous conglomerates indicates that there
was an increase in the amount of oxygen in Earth’s atmo-
sphere some 2,200-2,400 Ma ago, a date that has recently
been more firmly set by studies of sulphur isotopic ratios
preserved in the rock record that evidence a major rise in
atmospheric O,-content at ~2,450 Ma ago (Farquhar et al.
2000, 2007). Since photosynthesis produces well over
99% of the oxygen in the atmosphere, and since no other
large-scale source of free oxygen is known, this increase of
atmospheric O, can be firmly attributed to the activities of
cyanobacterial oxygenic photosynthesizers. Nevertheless,
the timing of this major increase, dubbed the Great Oxidation
Event (Holland 2002), sets only a minimum age of ~2,450 Ma
for the presence of these O,-producing microbes. Because
Earth’s primordial environment was anoxic, the molecular
oxygen generated by the earliest cyanobacteria would
have been rapidly sequestered, removed from the atmo-
sphere by its reaction with previously unoxidized substrates
(e.g. volcanic gases, unoxidized minerals, and massive
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amounts of ferrous iron dissolved in the world’s oceans) to be
“sponged-up” and buried in rock-forming minerals such as
the hematitic iron-oxides of banded iron-formations (BIFs)
that are globally abundant in geological sequences older than
2,500 Ma. Only after all such substrates had been more or
less completely oxidized — after the “rusting of the Earth”
had drawn to close — could the oxygen content of Earth’s
atmosphere have permanently increased, a time lag from
the origin of cyanobacterial O,-producing photosynthe-
sizers that evidently lasted for many hundreds of millions
of years.

Three principal lines of evidence can be used to assess
the fossil record of cyanobacteria and to address the closely
related question of the time of origin of oxygenic photosyn-
thesis — stromatolites, cellular microfossils, and the chemistry
of ancient organic matter — each of which is discussed in
turn below. Taken as a whole, the evidence indicates that
O,-producing cyanobacteria were extant earlier than 2,450 Ma
ago; that such microbes had originated by 2,700 Ma ago; and
that the origin of oxygenic photosynthesis may date from as
early as, or even earlier than, 3,500 Ma ago.

2.2  Microbial Stromatolites

As preserved in the geological record, stromatolites are finely
layered rock structures, typically composed of carbonate
minerals (e.g. calcite, CaCO,), that formed by the microbially
mediated accretion of laminae, layer upon layer, from the
surface of an ancient seafloor or lake bottom. Their mode of
formation has been well documented by studies of modern
stromatolites, structures known to microbiologists (including
those specializing in studies of cyanobacteria) as “microbial
mats.” The layered organization of such structures reflects
the photosynthetic metabolism of the mat-building and
stromatolite-forming microorganisms. Thin (mm-thick) mats
composed of such microbes formed as the microorganisms
multiplied and spread across surfaces that were typically
intermittently veneered by detrital or precipitated mineral
grains that blocked sunlight. To maintain photosynthesis,
mobile members of such communities, such as gliding
oscillatoriacean cyanobacteria, moved upward through the
accumulated mineral matter to establish a new, overlying,
microbial mat. The repeated accretion and subsequent lithi-
fication of such mats, augmented commonly by an influx of
non-mobile microbes (such as colonial chroococcacean,
entophysalidacean, and pleurocapsacean cyanobacteria), can
result in the formation of geologically preservable stroma-
tolitic structures that range from small millimetric pustular
mounds and columns to large, decimetric, bioherms. In rela-
tively rare instances, during diagenesis (the series of changes
that lead to the lithification and geological preservation of
such structures), silica from ground water, precipitated as the
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mineral quartz (SiO,), replaces the initially formed carbonate
matrix. If replacement occurs early in the history of a deposit,
before the mat-building microorganisms decay and disinte-
grate, cellularly intact microbes can be preserved. However,
the vast majority of fossil stromatolites, unaltered by such
replacement, are devoid of cellularly preserved microbes:
during diagenesis, carbonate grain growth crushes and oblit-
erates the stromatolite-forming microorganisms, leaving only
an amorphous thin coaly residuum of microbe-derived car-
bonaceous matter.

Cyanobacterium-dominated microbial mat communities,
living analogues of those that produced the stromatolites of
the fossil record, are known today. One such example, from
Baja, Mexico, is shown in Fig. 2.1a through ¢ and compared,
in Fig. 2.1d, with a similarly laminated fossilized stromatolite
~1,300 Ma in age. Among the best known and most studied
lithified modern stromatolites are those shown in Fig. 2.1e
through g, carbonate microbial stromatolites that in size,
shape, and laminar structure are much like those known from
the Precambrian (compare Fig. 2.1g with h and i, and j and k).
Such modern stromatolites are usually restricted to refugia,
settings such as hot springs and hypersaline lagoons
(Fig. 2.1a—g, j) in which the slow-growing microbial mats
are not disrupted by grazing and burrowing metazoans. For
this reason, stromatolites are not particularly abundant in
sediments of the Phanerozoic, deposits laid down in environ-
ments dominated by diverse metazoans. However, in the
absence of grazing and burrowing animals, as was the situa-
tion until the very end of the Precambrian, stromatolites were
abundant worldwide in photic-zone carbonate-depositing
settings. Known earliest from rocks ~3,500 Ma in age,
their distribution over time parallels that of the surviving
Precambrian rock record — that is, stromatolite-bearing rock
units gradually become decreasingly abundant as the rock
record gradually peters out (Fig. 2.2). Such structures
establish the presence of flourishing photosynthesis-based
microbial communities, but only rarely do they preserve the
cellular fossils that might evidence whether the stromatolite-
building photoautotrophs were oxygenic, like cyanobacteria,
or anoxygenic, like photosynthetic bacteria.
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2.2.1 Archean Stromatolites

As is shown in Fig. 2.2, an impressive number of Archean-age
geological units — of particular interest because of their
potential bearing on the time of origin of cyanobacteria — are
known to contain microbially produced stromatolites. Shown
in Fig. 2.3 are representative examples: carbonate sediments
of the ~2,723-Ma-old Fortescue Group of Western Australia
contain domical, pseudocolumnar and branching stromato-
lites (Fig. 2.3a, b); those of the ~2,985-Ma-old Insuzi Group of
South Africa include stratiform and conical forms (Fig. 2.3c,
d); and those of the ~3,388-Ma-old Strelley Pool Chert of
Western Australia contain domical (Fig. 2.3e), stratiform
(Fig. 2.3f) and close-packed conical stromatolites patchily
distributed over many tens of square-kilometers (Fig. 2.3g—1).
The presence of conical stromatolites in such deposits — like
those shown in Fig. 2.3c, d, and g through i and reported
from 17 of the 48 units listed in Fig. 2.2 (Hofmann et al. 1999;
Hofmann 2000; Allwood et al. 2006; Schopf 2006) — is
particularly noteworthy since such distinctive structures
cone-shaped structures evidently require for their forma-
tion “highly motile mat builders” such as oscillatoriacean
cyanobacteria (Grotzinger and Knoll 1999, pp. 342-343).

2.3 Cellular Microbial Fossils
Two principal processes preserve organic-walled cyano-
bacterial fossils: compression and permineralization.
Compression-preserved microorganisms occur in fine-grained
detrital sediments such as shales and siltstones, pressed
and flattened along bedding planes as the sediment lithified.
Although such carbonaceous compression-preserved mic-
robes are poorly known from the Phanerozoic, largely
neglected by Phanerozoic palacontologists who focus chiefly
on megascopic fossilized remains, they are appreciably better
documented in the Precambrian (e.g. Butterfield 2009).

The microbial fossil record is best known from micro-
organisms preserved by permineralization. Of all modes of
fossil preservation, this process (known also as petrification)

Fig. 2.1 Modern and fossil stromatolites: (a—c) Modern unlithified stro-
matolites (microbial mats) at Laguna Figueroa (Laguna Mormona), Baja,
Mexico: (a) mound-shaped stromatolites (machete, at right, for scale);
(b) vertically sectioned stromatolite comprised of stacked, laterally conti-
nuous, microbial mats; (¢) uppermost part of the specimen in (b) showing
the cyanobacterium-dominated growth surface (green layer, at top) and an
immediately underlying pinkish layer populated by purple photosynthetic
bacteria. (d) The vertically sectioned modern stromatolite in (b), at right,
for comparison with a vertically sectioned fossil carbonate stromatolite
(left) from the ~1,300-Ma-old Belt Supergroup of Montana, USA. (e)
Modern lithified (carbonate) columnar and domical stromatolites at
Shark Bay (Hamelin Pool), Western Australia (geologic hammer, at

right, for scale), exposed at low tide. (f, g) Modern Shark Bay columnar
stromatolite, in (f) showing its cyanobacterium-coated growth surface
and, in a vertical section of this specimen shown in (g), its lithified,
upwardly accreted, microbially produced internal layers. (h, i) For
comparison with the lithified modern stromatolite in (f) and (g), verti-
cally sectioned fossil stromatolites from the ~1,300-Ma-old Belt
Supergroup of Montana, USA (h) and the ~3,350-Ma-old Fig Tree
Group of the eastern Transvaal, South Africa (i). (j, k) Modern lithified
Shark Bay stromatolites (j) for comparison with (k) fossil carbonate
stromatolites from the ~2,300-Ma-old Transvaal Dolomite, Cape Province,
South Africa; the scale for (j) and (k) is shown by the red-circled
geological hammer in (k)
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Fig. 2.2 Comparison of
temporal distribution of the 48
Archean-age stromatolite-bearing
rock units now known (e) with
that of Archean-aged rocks that
have survived to the present
(dashed line) (Data from
Hofmann 2000; Schopf 2006)
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provides the most faithful representation of life-like
morphology. Such preservation results from the pervasion of
mineral-charged solutions into cells during the early stages
of diagenesis, prior to their decay and disintegration. The
permeating fluids infill microscopic voids — replacing the
watery milieu of the cellular components — to produce
a mineral-infused inorganic—organic mix that preserves
physically robust structures such as organic-rich cell walls.
As a result, both the organismal morphology and cellular
anatomy of such fossils can be preserved in three-dimensional
microscopic detail. The most common such permineralizing
matrix is silica, fine-grained (cryptocrystalline) quartz and
the mineral that comprises the rock-type known as chert.
Hundreds of microbe-preserving cherts are now known from
the Precambrian when silica was abundant in the world’s
oceans, well before the Phanerozoic appearance of silica-
biomineralized sponges, diatoms and radiolarians that today
regulate the oceanic silica budget. As shown here, such cherts
can contain exquisitely preserved fossil microbes.

2.3.1 Modern and Fossil Cyanobacteria

Microbial classifications based primarily on biomolecular
data (e.g. rRNA-, genome-, and DNA base-compositions) are
for many modern microbial taxa consistent with traditional
morphology-based groupings. For example, cyanobacteria

3000 3500
AGE (Ma)

have been assigned on the basis of their organismal
structure and pattern of development to five “sections”
(cf. morphology-defined taxonomic families) that for many
genera mesh well with biochemically based classifications
(Herdman et al. 1979a, b; Rippka et al. 1979). Section I
(cf. Chroococcaceae) is comprised of predominantly sphe-
roidal, solitary and colonial unicellular cyanobacteria
that reproduce by fission or by budding (e.g. Gloeocapsa).
Section II (cf. Pleurocapsaceae) consists of unicellular or
pseudofilamentous forms that by multiple fission give rise to
small daughter cells known as baeocytes (e.g. Pleurocapsa).
Section III (cf. Oscillatoriaceae) encompasses uniseriate
cyanobacterial filaments that lack cellular differentiation (e.g.
Oscillatoria and Spirulina). Section IV (cf. Nostocaceae)
includes simple uniseriate filaments that exhibit cellular
differentiation into akinetes and heterocysts (e.g. Nostoc).
Section V (cf. Stigonemataceae) is composed of morphologi-
cally more complex heterocystous cyanobacterial filaments
that exhibit true branching. Representatives of all five groups
are known from the fossil record, Sections I-IV dating from
well into the Precambrian, whereas representatives of
Section V are known earliest from Stigonema-like fossils of
~400-Ma-old Rhynie Chert of Scotland (Kidston and Lang
1922). In general, taxa included in Sections II, IV and V are
consistent with biochemically-based phylogenies, whereas
the cyanobacteria of Sections I and III may not comprise
monophyletic lineages. However, because the biochemical
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Fig. 2.3 Archean-age microbially laminated stromatolites: (a)
Domical, pseudocolumnar and branching stromatolites, overlain by rip-
pled sediments, and (b) a domical stromatolite from the ~2,723-Ma-old
Tumbiana Formation (Fortescue Group) of Western Australia. (¢) Conical

components of such microbes, like those of all living systems,
are geochemically labile — converted over geological time to
coaly kerogen, a geochemically stable complex mix of inter-
linked polycyclic aromatic hydrocarbons — the classification
of cyanobacterial fossils is necessarily based on their mor-
phology, not on their original biochemistry.

2.3.2 Identification of the Major Fossil Types

Four major categories of prokaryotic microbes are known
from the fossil record: (1) cyanobacteria; (2) prokaryotes of
uncertain systematic relations; (3) sulphate-reducing bacteria;

stromatolite and (d) stratiform and conical stromatolites from the
~2,985-Ma-old Insuzi Group, South Africa. (e-i) Domical (e), strati-
form (f), and laterally linked conical stromatolites (g through i) from
the ~3,388-Ma-old Strelley Pool Chert of Western Australia

and (4) methane-producing archaeans. Of these, the fossils of
uncertain relations (viz., Prokaryotes Incertae Sedis) are all
regarded as members of the Bacterial rather than the Archaeal
Domain, the uncertainty of their systematic position reflecting
their morphological similarity both to cyanobacteria and to
members of noncyanobacterial bacterial groups. The sul-
phate-reducers and the methane-producers are known only
from isotopic evidence, not from morphologically preserved
cellular fossils. Of the four categories, cyanobacteria have the
best-documented fossil record, known from thousands of
specimens cellularly preserved in hundreds of geological
units. Many such fossils are indistinguishable from members
of extant cyanobacterial taxa, not only in their morphology
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and cellular structure but also in their life cycles and inferred
processes of cell division as well as their ecological setting,
the biotic structure of the communities in which they occur,
and the types of stromatolites they produce.

In comparison with other prokaryotes, whether bacterial or
archaeal, most cyanobacteria have somewhat larger cells and
more complex morphology. Because of their light-requiring
photosynthetic metabolism, cyanobacteria occupy the upper-
most surface of microbial mats, rather than lower regions of
such biocoenoses where decay and cellular disintegration are
prevalent. For this reason, cyanobacteria have a higher prob-
ability of becoming incorporated in the fossil record as cellu-
larly intact specimens than do other prokaryotes, especially
if they are preserved by permineralization during the early
stages of sediment lithification. Of the various morphologi-
cal components of cyanobacteria, extracellular sheaths and
envelopes, initially composed largely of carbohydrates and
relatively resistant to degradation, are the most commonly
preserved. Although physically robust and organic-rich, cell
walls are somewhat less commonly preserved, and in the
cells of fossilized cyanobacterial filaments, the originally
peptidoglycan-containing thick lateral walls are more com-
monly preserved than the thinner peptidoglycan-deficient
transverse walls. The intracellular biochemical and structural
components of such cells (e.g. ribosomes, proteins, strands
of DNA, RNA and the like) are evidently never preserved
intact. Not only are such components geochemically unsta-
ble (degrading to their monomeric constituents within a few
to tens of thousands of years), but also, along with the watery
intracellular milieu, such organics are typically leached out of
such cells during preservation or, if recombined into kerogen,
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occur as constituents of small coaly carbonaceous intracel-
lular bodies, collapsed remnants of degraded protoplasm.

2.4  Cyanobacterial Fossils

The fossil record of cyanobacteria, summarized here based
on specimens preserved in Precambrian-age deposits where
the group is well-known and best documented, is composed
primarily of oscillatoriacean and nostocacean filaments and
of chroococcacean, entophysalidacean and pleurocapsacean
coccoid to ellipsoid unicells and colonies. Members of these
five cyanobacterial families — each of which is discussed, in
turn, below — are the principal components also of modern
mat-building microbial stromatolitic communities.

2.4.1 Filamentous Cyanobacteria

2.4.1.1 Oscillatoriaceae

Among the five families of cyanobacteria that are well
represented in the fossil record, the Oscillatoriaceae,
cyanobacteria characterized by simple unbranched uniseriate
trichomes composed of discoidal, equant, or elongate cells,
has the most extensive record, represented by diverse fossils
inhundreds of ancient microbial communities. Representative
Precambrian examples (~775- to ~800-Ma in age) are shown
in Fig. 2.4b d, through f, compared with modern morpho-
logical analogues (Fig. 2.4a, c). Although the trichomes of
many extant oscillatoriaceans maintain a uniform diameter
throughout their length (e.g. Fig. 2.4a, i, n, 0), some typically
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Fig. 2.4 Modern and fossil oscillatoriacean cyanobacteria: Fossil
specimens are in petrographic thin sections of stromatolitic cherts
from the ~800-Ma-old Bitter Springs Formation of central Australia
(b, d, g, h, aa and bb) and the ~775-Ma-old Chichkan Formation of
southern Kazakhstan (e, f, k through m, and p through x), and in acid-
macerates of siltstones from the ~1,020-Ma-old Lakhanda Formation
(j) and ~850-Ma-old Miroedikha Formation (z), both of Siberia, Russia.
(a, b) Optical images of modern Oscillatoria sp. (a) and the morpho-
logically similar fossil Oscillatoriopsis breviconvexa (b). (¢, d) Optical
images of modern Oscillatoria amoena (¢) and its fossil counterpart,
Cephalophytarion grande. (e, f) Optical montage (e), composed of six
micrographs (denoted by the white lines) and, in (d), a confocal laser
scanning microscopy (CLSM) image of fossil Oscillatoriopsis sp. show-
ing its discoidal medial cells. (g, h) Optical montage (g), composed of
ten photomicrographs (denoted by the white lines) and a CLSM image
(h) of a cellular trichome (Cephalophytarion laticellulosum) that descends
from where it transects the upper surface of the thin section (at the far
right) to a depth of 20 um (at the far left). (i, j) Optical images of mod-
ern Lyngbya sp. and its fossil counterpart, Paleolyngbya helva; arrows
point to trichome-encompassing tubular organic sheaths. (k—-m) Optical
(k and 1) and a CLSM image (m) of Siphonophycus solidum, the extra-
cellular tubular sheath of an oscillatoriacean cyanobacterium, the red
rectangle in (k) denoting the area imaged in (I) and (m). (n, 0) Optical
images of two specimens of modern Oscillatoria sp. showing the rounded
terminal cells (left), disc-shaped medial cells, and partial septations
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(arrows) characteristic of oscillatoriacean cyanobacteria. (p) Optical
image of fossil Oscillatoriopsis media descending into a thin section at
a low angle from left to right, shown in a photomontage in which the
red rectangles denote the areas of the trichome shown in CLSM images
(q through u) and three-dimensional Raman images (v through x).
(q) The trichome terminus, showing its rounded end-cell and subtending
disc-shaped medial cells. (r) Part of the trichome situated ~14 pm deeper
in the section than the trichome terminus (and ~28 pm below the upper
surface of the section) that exhibits partial septations (arrows) like
those shown in (n) and (0). (s—u) A deeper part of the trichome (~39 um
below upper surface of section) that similarly exhibits partial septations
(arrows), in (s) and (t) showing the specimen as viewed from above its
upper surface [the same perspective as shown in (p), but in (t) with the
trichome tilted slightly to the right to show its interior], and in (u) showing
the trichome as viewed from its side. (v—x) Three-dimensional Raman
images (acquired in a spectral window centered in the kerogen “G” band
at ~1,605 cm™) showing the kerogenous composition of the trichome
and its partial septations: (v), the part of specimen denoted by the red
rectangle in (s), as viewed from above the trichome; (w), the part denoted
in (t), titled slightly to the left; (x), the part denoted in (u), showing the
specimen from its side. (y—bb) Optical photomicrographs (y through aa)
and a CLSM image (bb) showing modern Spirulina (a) for comparison
with its helically coiled fossil counterparts, a Spirulina-like trichome in
(z) and, in (aa) and (bb), Heliconema funiculum, in (aa) shown in
montage composed of five photomicrographs (denoted by white lines)
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taper toward their apices (Fig. 2.4¢), tapered trichomes that are
also recorded in fossil examples (Fig. 2.4d, g, h). In addition,
although many modern oscillatoriacean trichomes lack (or are
enclosed by a very thin) extracellular tubular sheath (e.g.
Oscillatoria: Fig. 2.4a, c, n, 0), others, such as Lyngbya are
encompassed by a prominent mucilaginous sheath (Fig. 2.41)
which, like the cell walls of oscillatoriacean trichomes, can
be preserved in fossil specimens (Fig. 2.4j—m).

The trichomes of the great majority of members of the
Oscillatoriaceae are characterized by rounded terminal cells,
disc-shaped medial cells, and partial septations, incipient
cell walls that grow inward to produce daughter cells (arrows
in Fig. 2.4n, o). Although in fossil specimens such thin incip-
ient cell walls are rarely evident by optical microscopy, two
techniques recently introduced to such studies (Schopf and
Kudryavtsev 2005; Schopf et al. 2002, 2005, 2006) — confocal
laser scanning microscopy (CLSM) and Raman imagery — can
be used to establish their presence. For example, compare
the photomicrographs of modern Oscillatoria (Fig. 2.4n, o)
with that of its fossil equivalent, Oscillatoriopsis media,
shown in Fig. 2.4p in a thin slice of chert (a ~100-pum-thick
petrographic thin section) from the ~775-Ma-old Chichkan
Formation of southern Kazakhstan. Because of the CLSM
detectable laser-induced fluorescence of the coaly kerogen
(primarily, interlinked polycyclic aromatic hydrocarbons)
that comprises the cell walls of the fossil, its detailed cellular
structure is appreciably better defined in the CLSM images
(Fig. 2.4q—u) than in the corresponding optical image
(Fig. 2.4p), whereas 3-D Raman imagery documents the car-
bonaceous composition of its permineralized (quartz-infused)
cells (Fig. 2.4v—x).

The cells of modern oscillatoriaceans divide by the
centripetal invagination of partial septations that fuse in the
center of a cell to produce transverse cell walls. The lateral
cell walls of such trichomes are about twice the thickness of
their transverse walls and they contain rigidifying pepdido-
glycans that are absent from partial septations and transverse
walls except at the cell periphery (Pankratz and Bowen 1963;
Frank et al. 1971; Halfen and Castenholz 1971; Drews 1973).
Because of these differences, lateral cell walls tend to be
relatively well preserved in fossil specimens whereas the
thinner transverse walls, like their precursor partial septations,
are typically preserved only in part. Despite these differ-
ences, use of CLSM to analyze fossil specimens shows the
presence of such partial septations (arrows in Fig. 2.4r—u),
with 3-D Raman imagery (Fig. 2.4v—u) confirming their
carbonaceous composition. Not only do such data establish
the oscillatoriacean affinities of such fossil cellular trichomes,
showing that they are morphologically essentially identical
to living members of the family, but they indicate also that
their cell division occurred by the same genetically deter-
mined processes as their modern counterparts. Data such
as these show that the fossil record of the Oscillatoriaceae
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extends deep into geological time and that such cyanobacteria
have changed little or not at all over thousands of millions of
years (Schopf 1994a, 1999, 2009).

In addition to cellular (e.g. Oscillatoria) and prominently
ensheathed trichomes (e.g. Lyngbya), the Oscillatoriaceae
includes distinctive spirally wound filaments such as the
modern Spirulina shown in Fig. 2.4y. As shown in Fig. 2.4z
through bb, such Spirulina-like helically coiled filaments are
known also from the Precambrian fossil record.

2.4.1.2 Nostocaceae

In comparison with the fossil record of oscillatoriaceans, that
of similarly filament-forming nostocaceans is poorly known.
A characteristic of the Nostocaceae is the presence of inter-
calary heterocysts, thick-walled cells that permit the nitroge-
nase enzyme complex of filaments living in a well-oxygenated
environment to fix N,, and which only develop when the
organism is deprived of other usable N sources (Schopf
1978). As bacterially generated ammonia is plentiful in stro-
matolitic microbial communities, neither fossil nor modern
filamentous cyanobacteria in them are heterocystous. Such
differentiated cells being first known from the Devonian
Rhynie chert (Kidston and Lang 1922). Nevertheless, based
on organismal and cellular morphology, numerous
Precambrian fossils have been assigned to the Nostocaceae.
Two such examples are shown in Fig. 2.5b, c,compared with
modern Nostoc (Fig. 2.5a). Nostocaceans are also repre-
sented in the Precambrian record by elongate spore-like cells
such as Archaeoellipsoides (Horodyski and Donaldson 1980)
that date back to ~2,100 Ma ago and closely resemble the
reproductive akinetes of extant members of the family
(Golubi¢ et al. 1995). One such fossil (Archaeoellipsoides
longus) is shown in Fig. 2.5d through f. The temporal distri-
bution of the Nostocaceae fits well with the timing of the
Great Oxidation Event, ~2,400 Ma ago, before which the
nitrogenase-protecting heterocysts of akinete-producing
nostocaceans would have been of little selective
advantage. Further, rRNA phylogenies indicate that the
Nostocaceae, like other heterocystous cyanobacterial fam-
ilies, originated in a burst of evolution well after the
appearance of families composed of non-heterocystous
coccoid, ellipsoid and filamentous taxa (Giovannoni et al.
1988; Zehr et al. 1997). Like other cyanobacteria, nosto-
caceans appear to have evolved little or not at all since their
origination more than 2,000 million years ago (e.g. compare
Fig. 2.5a with b and ¢).

2.4.2 Coccoid and Ellipsoid Cyanobacteria
2.4.2.1 Chroococcaceae

Figure 2.6 shows numerous specimens of fossil chroococca-
ceans, characterized by their typical occurrence in envelope-
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Fig.2.5 Modern and fossil nostocacean cyanobacteria: (a) Modern
Nostoc PCC 7936 for comparison with two specimens of Veteronostocale
amoenum (b, ¢) shown in a petrographic thin section of stromatolitic
chert from the ~800-Ma-old Bitter Springs Formation of central
Australia. (d-f) Archaeoellipsoides longus, ankinete characteristic of
nostocacean cyanobacteria, from a thin section of the ~775-Ma-old
Chichkan Formation of southern Kazakhstan, shown in an optical
photomicrograph (d) and in (e) and (f), in confocal laser scanning
micrographs: in (e), from above the specimen, the same perspective as
in (d); in (f), from below the specimen, showing its smooth lower side

enclosed colonies composed of a few to many coccoid cells.
Although chroococcaceans are usually major components of
stromatolitic communities, they are almost always of lesser
abundance than filamentous mat-building cyanobacteria.
Fossils referred to the Chroococcaceae range from isolated
single cells, not uncommonly enveloped by multilamellated
sheaths (Fig. 2.6a), to pairs (Fig. 2.6b, c¢) or quartets of
sheath-enveloped (Fig. 2.6d-h) or sheath-lacking (Fig. 2.6k—s)
spheroidal cells. Some such specimens exhibit a flat-sided
“lima bean-shape” (Fig. 2.6b, c, h, p—s) that evidences their
formation by cell division like that of modern chroococca-
ceans, whereas others occur in large aggregates of geometri-
cally ordered (Fig. 2.6i) or irregularly distributed (Fig. 2.6j,
t, u) close-packed colonial cells. As shown in Fig. 2.60, 1, s,
studies by CLSM provide high-resolution three-dimensional
images of such rock-embedded fossils unavailable from stan-
dard photomicrography. Virtually all fossil chroococcaceans

are similar in salient characteristics (e.g. cell size, cell shape,
ensheathed habit, colonial organization, environmental set-
ting) to extant members of the family (compare, for exam-
ple, Fig. 2.6g, h).

2.4.2.2 Entophysalidaceae

Other fossil cyanobacteria, typically occurring in globose to
pustular colonies composed of large numbers of small ellip-
soid cells and known from deposits as old as ~2,600 Ma
(Altermann and Schopf 1995), are notably similar to modern
members of the cyanobacterial family Entophysalidaceae. A
rather typical example is shown in Fig. 2.7b, a part of
a colony of fossil Eoentophysalis belcherensis (Hofmann
1976) preserved in stromatolitic chert of the ~2,100-Ma-old
Kasegalik Formation of Canada, compared with living
Entophysalis (Fig. 2.7a) present in a modern stromatolitic
microbial mat community. The similarities between such
modern and fossil cyanobacteria are striking: not only are the
fossil and modern species morphologically indistinguishable
(in cell shape, and in the form and arrangement of originally
mucilaginous cell-encompassing envelopes), but they exhibit
similar frequency distributions of dividing cells and essen-
tially identical patterns of cell development (resulting from
cell division in three perpendicular planes); they form micro-
texturally similar stromatolitic structures in comparable
intertidal to shallow marine environmental settings; they
undergo essentially identical postmortem degradation
sequences; and they occur in comparable microbial commu-
nities, similar both in species composition and in overall
diversity (Golubi¢ and Hofmann 1976). Moreover, both in
modern and in fossil stromatolites, such entophysalidaceans
can be sufficiently abundant to be important mat-formers as
shown for a fossil in Fig. 2.7¢c, stromatolitic layers formed by
laterally linked colonies of Eoentophysalsis in Kasegalik
Formation stromatolites.

2.4.2.3 Pleurocapsaceae

Like entophysalidaceans, baeocyte-producing pleurocapasa-
cean cyanobacteria have an ancient fossil record (Zhang and
Golubi¢ 1987). Shown in Fig. 2.8b, for example, is a part of a
colony of the Precambrian pleurocapsacean Paleopleurocapsa
reniforma compared with modern Pleurocapsa sp., its living
morphological counterpart (Fig. 2.8a). Such fossil and living
pleurocapsaceans can be compared in detail. The most studied
such example, Polybessurus bipartitus, first reported from
~775-Ma-old stromatolites of South Australia (Fairchild
1975; Schopf 1977), is a morphologically distinctive cylin-
drical fossil pleurocapsacean composed of nested cup-shaped
envelopes that extend into long tubular stalks oriented per-
pendicular to the substrate (Fig. 2.8c—h). Specimens of this
taxon in rocks of about the same age from East Greenland
have been described as being “a close morphological,
reproductive, and behavioral counterpart” to the modern
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Fig. 2.7 Modern and fossil entophysalidacean cyanobacteria:
(a) Modern Entophysalis sp. for comparison with (b) Eoentophysalis
belcherenisis, in a petrographic thin section of stromatolitic chert of the
~2,100-Ma-old Kasegalik Formation from the Belcher Islands, Canada.

pleurocapsacean Cyanostylon present “in Bahamian envi-
ronments similar to those in which the Proterozoic fossils
occur” (Green et al. 1987, p. 928). Another fossil pleuro-
capsacean (Palaeopleurocapsa wopfnerii), described from
the ~770-Ma-old Skillogalee Formation of South Australia,
has been compared with its living morphological and eco-
logical analogue (Pleurocapsa fuliginosa) and interpreted
as “further evidence of the evolutionary conservatism of
[cyanobacteria]” (Knoll et al. 1975, p. 2492). Two other
species of morphologically distinct fossil pleurocapsaceans
(the endolithic Eohyella dichotoma and E. rectroclada),
regarded as “compelling examples of the close resemblance
between Proterozoic prokaryotes and their modern counter-
parts” (Knoll et al. 1986, p. 857), have been described from
the East Greenland geologic sequence as being “morphologi-
cally, developmentally, and behaviorally indistinguishable”
from living Hyella of the Bahama Banks (Green et al. 1988,
pp. 837-838).

<

(c) Low-magnification optical image of pustular stromatolitic laminae
formed by laterally interlinked (at arrows) entophysalidacean colonies
in these stromatolitic cherts

2.4.3 Synopsis

Given the foregoing, it is well established that:
* the fossil record of the cyanobacterial lineage extends deep
into geological time, to earlier than the GOE at ~2,450 Ma;
¢ this record, based on thousands of fossils from hundreds
of geological units, is particularly well documented
for five cyanobacterial families: the Oscillatoriaceae,
Nostocaceae, Chroococcaceae, Entophysalidaceae, and
Pleurocapsaceae; and
* many members of these families have evidently evolved
little or not at all over thousands of millions of years.
One major question has yet to be resolved, namely, When
did O,-producing cyanobacteria first emerge? Evidence from
Archean-age (>2,500-Ma-old) rocks may hold the answer.
Two key lines of evidence must be considered: (1) the
Archean record of microbial fossils and (2) the organic
geochemical evidence of ancient microbes preserved in such
ancient rocks. Each of these is addressed below.

<

Fig. 2.6 Modern and fossil chroococcacean cyanobacteria: Fossil
specimens are in petrographic thin sections of stromatolitic cherts
from the ~1,000-Ma-old Sukhaya Tunguska Formation of Siberia,
Russia (a and i), the ~800-Ma-old Bitter Springs Formation of
central Australia (b through f and j), the ~1,500-Ma-old Satka
Formation of Bashkiria, Russia (h), and the ~775-Ma-old Chichkan
Formation of Siberia, Russia (k through u). (a-h) Sheath-enclosed
Gloeocapsa-like cyanobacteria, spanning a range of morphologies
from a multilamellated single cell (a), to a sheath-enveloped cell-pair
(b and c¢), to four-celled sheath-enclosed colonies (d through h) that
illustrate the similarity of modern Gloeocapsa sp. (g) and its fossil
counterpart (Gloeodiniopsis uralicus, shown in h). (i, j) Many-celled

colonies of fossil chroococcaceans. (k—-o0) 4-celled colony of fossil
chroococcaceans showing that, in comparison with optical images
obtained at sequentially increasing focal depths (k through n), appre-
ciably more information can be provided by a single confocal laser
scanning microscope (CLSM) image (0). (p—s) Optical (p and q) and
CLSM (r and s) images of a four-celled fossil chroococcacean colony
of decussate cells (Myxococcoides dilutus): (p), upper cell pair;
(q), lower cell pair; (r), CLSM image from the perspective shown in
(p) and (q); (s), the image shown in (r) rotated to show the underside
of the decussate tetrad. (t, u) Optical (t) and CLSM (u) images of a
many-celled fossil chroococcacean (Myxococcoides inornata) envel-
oped by a diaphanous sheath
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Fig. 2.8 Modern and fossil
pleurocapsacean cyanobacteria:
(a) Modern Pleurocapsa sp. (PCC
7327) for comparison with (b)
Paleopleurocapsa reniforma in

a petrographic thin section of
stromatolitic chert from the
~775-Ma-old Chichkan Formation
of southern Kazakhstan.

(c-h) Specimens of the colonial
stalk-forming pleurocapsacean
cyanobacterium Polybessurus
bipartitus in petrographic thin
sections of stromatolitic chert from
the ~775-Ma-old River Wakefield
Formation of South Australia:
longitudinal (c) and transverse
sections (d) of a colony of
pincushion-like vertically oriented
and originally mucilaginous
extracellular stalks; (e) a
multilamellated ellipsoid cell

at the upper end of a stalk; (f and g)
longitudinal sections of
asymmetrically laminated
mucilaginous stalks, in (f) capped
by the ellipsoid stalk-forming cell;
(h) interpretive drawings (based
on tracings of photomicrographs)
showing from (/) through (4)

the ontogeny of stalk-formation

2.5 Archean Microbial Fossils

Although cyanobacteria are certain to have been extant by
2,450 Ma ago, and though the O,-producing photosynthesis
that characterizes the group must have originated appreciably
earlier, exactly how much earlier remains to be established.
Is this uncertainty due to the petering-out over time of the
rock record (and the fossil-destroying metamorphic alteration
to which the older surviving rocks have been subjected), or,

rather, does the fossil record, as now known, evidence the
true evolutionary history of the cyanobacterial lineage?
Fossils classed as Bacteria Incertae Sedis — that is, fossil
prokaryotes of the Bacterial Domain that cannot be referred
with certainty to a particular bacterial group — are known
throughout the geological record. For virtually all such fossils,
the uncertainty in their classification stems from their morpho-
logical similarity both to cyanobacteria and to noncyanobac-
terial bacteria. Such remnants constitute the great majority of
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the fossils now known from Archean-age rocks. Because of
geologic recycling, only about 5% of rocks exposed at the
Earth’s surface date from the Archean (Garrels and Mackenzie
1971). Not surprisingly, therefore, the record of Archean
microbial fossils is sparse, in the interval between 2,500 and
3,500 Ma reported from only some 40 rock units and com-
prising only six broad bacterium-like morphotypes (Schopf
2006). Nevertheless, of these geological units, 14 date from
the interval between 3,200 and 3,500 million years ago, well
evidencing the presence of microbe-level life this early in
Earth history.

The Archean fossil microbes most studied are those of the
~3,465-Ma-old Apex chert of northwestern, Western Australia
(Schopf 1992a, 1993, 1999; Schopf et al. 2002, 2007). Shown
in Fig. 2.9. are specimens of Primaevifilum conicoterminatum
(Fig. 2.9a, b) and P. amoenum (Fig. 2.9c—m), two of 11 taxa
of filamentous microorganisms described from this unit
(Schopf 1993). These distinctly cellular microscopic fossils,
and many of the nine other taxa reported from the deposit, are
“cyanobacterium-like” in their morphology and cellular
anatomy (e.g. compare Fig. 2.9c—g with Fig. 2.4b, d, g).
Nevertheless, because of microbial mimicry — the occurrence
of more or less identical morphologies in taxa of oxygenic and
non-oxygen-producing microbes (Schopf 1992b, 1999) —
organismal and cellular morphology, in and of themselves,
cannot provide firm evidence of the physiological capabilities
of such very ancient microbes (Schopf 1993). This uncer-
tainty could be resolved were the Archean fossil record, like
that of the Proterozoic, sufficiently continuous and well-
documented to unambiguously link younger fossils of well-
established affinities to their older, and typically less well
preserved, evolutionary precursors.

2.6 Organic Geochemical Evidence

of Archean Microbes

The existence both of microbially laminated stromatolites and
of “cyanobacterium-like” microscopic fossils in rocks dating
from ~3,500 Ma ago suggests — but does not establish — that
cyanobacteria were extant at this very early stage in Earth
history. Rather, such stromatolites and fossils might actually
evidence the presence of non-O,-producing photosynthetic
bacteria, evolutionary precursors of the cyanobacterial lin-
eage. In an effort to resolve this question, we will now turn
to the data provided by the chemistry of preserved Archean
organic matter.

2.6.1 Hydrocarbon Biomarkers

Extraction, isolation, and identification by gas chromatogra-
phy-mass spectroscopy of organic biomarkers, particularly
of various types of hydrocarbons, have provided useful
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insight into the nature of Precambrian life. For example,
identification of the protozoan biomarker tetrahymenol in
~930-Ma-old sediments of the Grand Canyon, Arizona
(Summons 1992), supported by the presence of fossils of
testate amoebae in the same sedimentary sequence (Bloeser
et al. 1977; Bloeser 1985; Schopf 1992c; Porter and Knoll
2000), has established a minimum age for the Proterozoic
origin of protozoan protists.

In general, however, such studies have not proven useful
to Archean-age deposits. Among the most promising of the
few such reports is that of steranes (hydrogenated deriva-
tives of steroids, such as cholesterol) identified in extracts
of ~2,700-Ma-old carbonaceous shales of northwestern
Australia (Brocks et al. 1999). This finding is unexpected,
since steroids occur almost exclusively in eukaryotic cells
(e.g. Summons et al. 2006), principally as the components of
intracellular membranes, and assured fossil eukaryotes
(relatively large-celled spheroidal phytoplankton) are known
earliest from sediments ~1,800 Ma in age (Schopf 1992c)
that are nearly a billion years younger than the sterane-
containing rocks. However, if the reported steranes date from
~2,700 Ma ago, their occurrence would seem to indicate
that biologically produced molecular oxygen must have
been present in the local environment: steroid biosynthesis
involves numerous O,-requiring enzyme-mediated steps
(for cholesterol, 11 such steps, beginning with the cycliza-
tion of squalene: Schopf 1978; Summons et al. 2006), and
the presence of ~2,700-Ma-old steranes would therefore
imply that O,-producing photosynthesizers must also have
been present, since there is no other plausible source for pro-
duction of the free oxygen required for steroid synthesis.

The interpretation of these reported biomarkers is compli-
cated. Although it seems clear that the sterane-containing
shales have been dated correctly, potential contamination
from modern sources (e.g. from drilling fluids or introduced
during laboratory analyses) is an ever-present problem in
such studies. All organic compounds are soluble to some
extent in ground water and for this reason can be introduced
into rocks long after their deposition, from not only modern
but also geologically ancient sources. Moreover, because
there are no techniques by which to determine directly the age
of organic compounds extracted from ancient sediments, it is
difficult to show definitively that such organics are synge-
netic with the rock in which they occur. Because of these
and related problems, Rasmussen et al. (2008) suggested that
the Australian shale-associated steranes are much younger
than ~2,700 Ma, most probably less than ~2,200 Ma in age.
However, subsequent, more detailed studies that correlate
the distribution of these biomarkers with their carbon isoto-
pic compositions and their differing paleoecologic settings
provide convincing evidence that they are syngenetic with
rocks from which they have been reported (Eigenbrode
et al. 2008). And these results showing the syngenicity of
such biomarkers with their enclosing sediments have even
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Fig.2.9 Thin section-embedded filamentous bacteria Incertae Sedis
(of uncertain systematic position) from the ~3,465-Ma-old Apex chert
of northwestern Western Australia; all Raman images (h through m)
were acquired in a spectral window centred in the kerogen “G” band at
~1,605 cm™. (a, b) Optical images of two specimens of Primaevifilum
conicoterminatum, characterized by their discoidal medial cells and
conical terminal cells. (c—g) Optical images of four specimens of
Primaevifilum amoenum, in (f) and (g) showing two views of the same
specimen situated 3—9 pum below the thin section surface; the red rectangle

more recently been duplicated in studies of essentially the
same suite of biomarkers extracted from multiple horizons of
South African rock units ~2,600 Ma in age obtained from
two boreholes geographically separated by some 24 km
(Waldbauer et al. 2009).

in (g) denotes the part of the filament shown in (h) through (m).
(h) 3=D Raman image; the organic (carbonaceous, kerogenous) filament
(gray) is cylindrical and, like younger Precambrian chert-embedded cel-
lular fossils (Figs. 2.4b through h and p through x; 2.5b and c; 2.6a through
i and h through u; 2.7b; and 2.8b, e and f), is composed of quartz-filled
cells (white). (i-m) 2-D Raman images at sequential depths below the
filament surface (i, at 0.75 pm; j, 1.5 pm; k, 2.25 um; 1, 3.0 um; m,
3.75 um); arrows in (i) point to quartz-filled cell lumina (black) defined
by kerogenous cell walls (white), evident also in (j through m)

Taken together, the available data indicate that sterane
biomarkers date to ~2,700 Ma ago, well before the Great
Oxidation Event of the early Proterozoic. As such, these
biomarkers represent strong presumptive evidence of O,-
producing photoautotrophy during Archean Earth history.
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2.6.2 Carbonaceous Kerogen

In contrast to extractable biomarkers, kerogen, the insoluble
particulate organic matter of ancient sediments — whether in
cherts or shales, and whether occurring as the carbona-
ceous constituents of cellularly preserved fossils, such as
those illustrated here, or as finely divided dispersed coaly
particles — is immobile, locked within its embedding rock
matrix. In all carbonaceous rocks, whether Phanerozoic or
Precambrian and whether or not they contain identifiable
fossils, such kerogen occurs entirely or almost entirely as
small particles of carbonaceous debris. Because this carbo-
naceous matter is demonstrably syngenetic with its encom-
passing mineral matrix, and because it comprises the great
bulk of the carbonaceous components of ancient rocks, most
analyses of Precambrian organic matter, and virtually all
studies of Archean organic matter, have focused on the
chemistry of kerogen. Three types of analyses have proved
useful: (1) Raman spectroscopy of its molecular structure;
(2) solid-state '*C nuclear magnetic resonance (NMR)
and X-ray absorption near-edge spectroscopy (XANES)
studies of its elemental composition and functional groups;
(3) mass spectrometric measurements of its carbon isotopic
composition.

As shown in Figs. 2.4v through x and 2.9h through m,
2-D and 3-D Raman imagery provide firm evidence of the
carbonaceous (kerogenous) composition of cellular pre-
served Precambrian microorganisms. Moreover, the Raman
spectra on which such images are based can be analyzed to
yield the Raman Index of Preservation (RIP) value of the
kerogen that comprises the fossils (Schopf et al. 2005).
These analyses provide an objective quantitative measure of
the geochemical maturity (i.e. fidelity of preservation) of the
fossilized organics that is of increasingly widespread use in
palaeontology (e.g. Chen et al. 2007; Schopf et al. 2008,
2010; Schopf and Kudryavtsev 2009; Igisu et al. 2009).
Thus, the oscillatoriacean trichome from the ~775-Ma-old
Chichkan Formation shown in Fig. 2.4p through x has an RIP
value of 8.6 (Schopf et al. 2010) indicating that it kerogenous
components are only slightly more geochemically altered
than those of the especially well-preserved Precambrian
cyanobacteria from the ~800 Ma Bitter Springs Formation of
central Australia shown in Figs. 2.4b, d, aa, 2.5b, ¢, and
2.6b through f and j (RIP=9.0; Schopf et al. 2005). In con-
trast, the kerogenous cell walls of ~3,465-Ma-old filamentous
fossil microbes from the Apex chert of northwestern Western
Australia shown in Fig. 2.9a through m are geochemically
more mature, having an RIP value of 5.0 (Schopf and
Kudryavtsev 2009), but are decidedly less altered than the
organic components of cyanobacteria preserved in many
other Precambrian deposits (Schopf et al. 2005), such as the
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highly graphitized stalk-forming pleurocapsaceans from the
~750-Ma-old River Wakefield Formation of South Australia
shown in Fig. 2.8c through h (RIP=1.0; Schopf et al. 2005).
Although such data provide strong evidence of the biogenic-
ity of the individual fossils analyzed (Schopf et al. 2008),
they do not reveal their physiological characteristics.

Similarly, while studies using 'C nuclear magnetic
resonance and X-ray absorption near-edge spectroscopy have
provided compelling evidence of the biological origin of the
carbonaceous kerogen preserved in ~3,500-Ma-old deposits,
they, too, are incapable of demonstrating the presence of
O,-producing cyanobacteria. Two recent publications illus-
trate the applicability of these techniques. Derenne et al.
(2008) used 'C NMR to analyze pyrolysates of kerogen
isolated from the ~3,490-Ma-old Towers Formation of
northwestern Western Australia by which they documented
the presence of aliphatic carbon (CH, and CH,), aromatic
C=C (present in the polyaromatic hydrocarbons of which
such kerogens are predominantly composed), and C-O and
C=0 functional groups, and demonstrated also the occurrence
of an homologous series of long chain (C,-C ;) aliphatic
hydrocarbons exhibiting an odd-over-even carbon number
predominance, “a unique characteristic of organics formed
biologically since it reflects biosynthesis using addition of
C2 units” (Derenne et al. 2008, p. 479). DeGregorio et al.
(2009) used XANES, backed by other techniques, to estab-
lish the biological origin of kerogen in the ~3,465-Ma-old
Apex chert, also of northwestern Western Australia and
the source of the cellular filamentous Archean microbes
illustrated in Fig. 2.9. Their comparative study of the Apex
kerogen and that of the well-known microfossil-bearing
~1,900-Ma-old Gunflint chert of southern Ontario, Canada
(Barghoorn and Tyler 1965; Cloud 1965), showed that the
Apex kerogen contains functional groups — specifically,
“carboxyl [-COOH] and phenol [C_ . -OH] peaks” —and
that “Apex carbonaceous matter and Gunflint kerogen are
chemically complex ... [both containing] similar amounts
of nitrogen, sulfur, and phosphorous [in which the presence
of phosphorus, in particular] implies a biogenic origin”
(DeGregorio et al. 2009, p. 632). Like two- and three-
dimensional Raman imagery and the Raman spectral analyses
discussed above, these studies establish “that the Apex
microbe-like features represent authentic biogenic organic
matter” (DeGregorio et al. 2009, p. 631) — an important
conclusion that lays to rest the claim that the cellular fossils
of the Apex chert and the organic matter of which they are
composed are of non-biological origin (Brasier et al. 2002).
Nevertheless, and again like the Raman data, even such
detailed NMR and XANES analyses do not resolve the
question of the Early Archean presence of oxygen-producing
cyanobacteria.
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2.6.3 Carbon Isotopic Evidence
of Photosynthesis

Beginning with the pioneering studies of Park and Epstein
(1963) and Hoering (1967), data have been amassed from
thousands of analyses of the carbon isotopic compositions of
inorganic carbonate minerals and carbonaceous kerogens
coexisting in Precambrian sediments (e.g. Strauss and Moore
1992). Such data show a consistent difference between
the inorganic and organic carbon analyzed in the relative
abundances of the two stable isotopes of carbon, ?C and *C,
that extends from the present to ~3,500 Ma ago (Fig. 2.10).
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The enrichment of the fossil organic matter in the lighter
isotope, 1°C, relative to coexisting carbonate (a proxy for the
seawater-dissolved CO, required for its precipitation),
and the magnitude of the isotopic difference (expressed as
8"C,, values) between the inorganic and organic carbon
reservoirs that invariably falls within a range of 6"°C, .
values of 25 = 10%o, are consistent with the carbon isotopic
fractionation that occurs as a result of Rubisco- (ribulose bis-
phospate carboxylase/oxygenase-) mediated CO,-fixation in
O,-producing cyanobacteria (e.g. Hayes et al. 1983, 1992;
House et al. 2000, 2003). Such evidence of carbon isotopic
fractionation is well documented in rocks ~3,200 to ~3,500 Ma,
the oldest fossil-bearing deposits known (Fig. 2.11).

Despite this strong continuous carbon isotopic evidence
of photosynthesis, dating to ~3,500 Ma ago, it does not nec-
essarily reflect the Archean presence of cyanobacteria.
Because of the mixing of carbonaceous matter from diverse
biological sources that occurs as sediments are deposited and
the alteration of carbon isotopic compositions that can occur
during geological metamorphism, the 8°C,_ . values of the
analyzed kerogen range broadly (£10%0) and, thus, are con-
sistent not only with primary production by cyanobacteria
but by non-O,-producing photosynthetic bacteria as well.
Archean kerogens may have been derived from either or both
of these sources. Moreover, interpretation of the data is com-
plicated by the presence in Archean sediments of carbona-
ceous matter so enriched in "*C as to be plausibly derived
only from CH -metabolizing methanotrophs, indicating that
methane-producing Archaea played a significant role in the
ancient ecosystem (Hayes 1983; Schopf 1994b). [As an
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aside, it should be noted that isotopic analyses of sedimentary
pyrite (FeS,), enriched in S* due to microbial activity, indi-
cate that that sulphate-reducing bacteria were also present in
Earth’s early biota (Schopf 1999, 2009) and that the presence
of C-rich graphitic carbon in the oldest sedimentary rocks
now known, from Akilia Island off southwestern Greenland,
suggests that photosynthetic microbes may have existed as
early as ~3,830 million years ago (McKeegan et al. 2007).]

2.7  Conclusions

Microbial communities composed of members of diverse
prokaryotic lineages have been extant since early in Earth
history (Fig. 2.12). Among such microbes, the most abun-
dant and best documented are cyanobacteria, represented by
members of five families: Oscillatoriaceae, Nostocaceae,
Chroococcaceae, Entophysalidaceae, Pleurocapsaceae.
Perhaps the most striking aspect of the cyanobacterial fossil
record is the large body of evidence that documents the
evolutionary stasis of diverse members of the group over vast
segments of geological time. Such stasis may, or may not
be characteristic of microbial lineages generally, but for
cyanobacteria it is established firmly by the essentially
identical morphologies, life cycles, and ecologic settings
exhibited by cyanobacterial fossils and their modern
counterparts. In this regard, and despite the fact that
cyanobacterial fossils are now known from hundreds of
ancient geological units, it is important to note that active
studies of the fossil record of the group are of relatively
recent vintage and that the documented cyanobacterial fossil

record pales in comparison with that of many animal lineages
such as trilobites, ammonites, corals, clams, brachiopods,
fossils of which have been collected and catalogued for more
than two centuries. While much more evidence would be
needed to sort out rapid evolution like that typical of eukary-
otic plants and animals, even the relatively depauperate
cyanobacterial fossil record now known is sufficient to show
lack of change, maintenance of an evolutionary status quo,
over geologically vast periods.

Given the evidence currently available, the times of origin
of the various cyanobacterial families can be estimated only
approximately (Fig. 2.12) from geological records. Not only
is their known fossil record limited by the fact that studies
are relatively recent, but their preservation in the rock record,
whether as permineralized (petrified) cells in cherty stroma-
tolites or as compressed carbonaceous remnants in shales or
siltstones, requires unusual conditions. Moreover, even for
more readily preservable organisms such as shelled inver-
tebrate animals the oldest detected occurrence of a given
lineage is certain to be younger (and for cyanobacteria,
perhaps very much younger) than first actual occurrences.
For truly ancient organisms like cyanobacteria this problem
is compounded by the incompleteness of the surviving,
potentially fossil-bearing rock record, which becomes
increasingly sparse and patchy in units older than ~2,000 Ma,
a deficiency particularly acute for rocks of Archean-age
(>2,500-Ma-old), which comprise only a miniscule percentage
of deposits that have survived to the present. Yet here, too,
the available data are sufficient to establish that microbial
communities were extant and flourishing early in Earth
history: microbially produced stromatolites are known from
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48 Archean geological units, of which ten date from between
3,200 and 3,500 Ma ago (Fig. 2.2). Bona fide microfossils,
comprising six broad bacterium-like morphotypes, have been
reported from 40 Archean rock units, of which 14 date from
the interval between 3,200 and 3,500 Ma ago (Schopf 2006).
Organic geochemical evidence in the form of sterane bio-
markers in ~2,700-Ma-old rocks and biogenic carbonaceous
kerogen and carbon isotopic evidence in rocks dating to
~3,500 Ma ago well document the presence of microbe-level
life early in Earth history. Taken as a whole, the evidence
indicates that O,-producing cyanobacteria originated earlier
than the Great Oxidation Event at ~2,450 Ma ago; that such
microbes were extant by 2,700 Ma ago; and that the origin of
oxygenic photosynthesis may date from as early as, or even
earlier than, 3,500 Ma ago.

Regardless of their time of origin, the early evolutionary
success of cyanobacteria can be attributed to their photosyn-
thetic production of gaseous oxygen, a toxin lethal to the
earlier-evolved strictly anaerobic photosynthetic bacteria
with which they initially competed for photosynthetic space
(Schopf 1999). Once established, their evolutionary stasis
(hypobradytelic rate of evolution; Schopf 1994a) was in part
a result of their microscopic size and correspondingly huge
populations, their ease of global distribution (by water
currents, winds, hurricanes and the like), and their asexual
reproduction and the lack of genetic variability it provides. The
root of such stasis, however, seems almost certainly to lie in
their exceptional ecologic tolerance (Schopf 1994a). Over
their exceedingly long evolutionary history, cyanobacteria
adapted to the slowly changing global environment — from
anoxic to oxygenic, UV-rich to UV-deficient, CO,-rich to
CO,-deficient, short to increasingly longer day-lengths and,
perhaps, from relatively high ambient temperatures (~60°C)
to that of the present-day Earth (~15°C). The genomes of
cyanobacteria thus encode a history of adaptation unparalleled
by virtually any other group of organisms. Throughout their
remarkably long-term existence, prokaryotic cyanobacteria
have survived and thrived to rank among the most successful
forms of life ever to have emerged in life’s long history.
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