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There is diverse, yet controversial fossil evidence for the existence of photosynthesis 3500 million years
ago. Among the most persuasive evidence is the stromatolites described from low grade metasedimen-
tary rocks in Western Australia and South Africa. Based on the understanding of the paleobiology of
stromatolites and using pertinent fossil and Recent analogs, these Early Archean stromatolites suggest
that phototrophs evolved by 3500 million years ago. The evidence allows further interpretation that
cyanobacteria were involved. Besides stromatolites, microbial and chemical fossils are also known from
the same rock units. Some microfossils morphologically resemble cyanobacteria and thus complement
the adduced cyanobacterial involvement in stromatolite construction. If cyanobacteria had evolved by
3500 million years ago, this would indicate that nearly ail prokaryotic phyla had already evolved and
that prokaryotes diversified rapidly on the early Earth.

Introduction

The pre-Phanerozoic (Precambrian) refers to
geological time from the oldest terrestrial rocks
known, 3960 million years ago, to the first re-
cords of diverse skeletal animals from the base of
the Cambrian, about 540 million years ago. This
immense span of geological time, some 3420
million years, is divided into two eons, the Ar-
chean (from 3960 to 2500 million years ago) and
the Proterozoic (from 2500 to about 540 million
years ago). The pre-Phanerozoic has a fossil
record that is very distinct from that of the
Phanerozoic. The biosphere was microbial. Pro-
karyotic phototrophs, including cyanobacteria,
go back 3500 million years ago. Microbial pro-
karyotes dominated the first 70% of pre-
Phanerozoic time while prokaryotes and micro-
bial eukaryotes dominated the remaining 30%.
There were no plants; however, photosynthetic
organisms represented by macroscopic algae are
known from rocks as old as 1400-1500 million

years (Peat et al. 1978); yet, they are relatively
rare in the fossil record. Microbial eukaryotes
start to become abundant in the fossil record
about 1000 million years ago. Animal fossils are
found in only the youngest portion of the pre-
Phanerozoic, the Vendian (from about 680 to 540
million years ago), and they consist of centi-
meter-size, soft-bodied animals (the so-called
Ediacaran fauna) and relatively uncomplicated
trace fossils produced by animals (Glaessner
1984). Animals diversified very rapidly in the
latest pre-Phanerozoic and in the earliest Cam-
brian (Valentine et al. 1991).

The bulk of pre-Phanerozoic fossils falls into
three categories: (1) microbial fossils, (2)
stromatolites and (3) chemical fossils. Chemical
fossils in the broad sense refer to chemical evi-
dence for past life and include organic com-
pounds and biologically fractionated stable iso-
topes, in particular, carbon. Stromatolites are
macroscopic biosedimentary constructions, often
in laminated domical to columnar shapes, pro-
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duced by the sediment trapping, binding, and/or
precipitation activity of microorganisms. Photo-
synthetic microbes, in particular cyanobacteria,
are integral to stromatolite construction. Micro-
bial fossils refer to the remains of microscopic
organisms preserved in rock. There are two
broad informal categories of microfossils that are
often defined by (1) the manner in which they
are prepared for study — acritarchs, and (2) the
rock that preserves the microfossils — chert mi-
crofossils. Chert microfossils are microbial fossils
that are studied in petrographic thin sections of
chert. Chert is a chemical sedimentary rock com-
posed of microcrystals of silica. Typically, these
fossils are viewed as they were three dimension-
ally permineralized by silica entombing them in
the rock. Most chert microfossils are preserved
in stromatolites and interpreted to be the re-
mains of cyanobacteria (viz. Schopf 1968). Ac-
ritarchs are organic walled microfossils that are
freed from the host sedimentary rock by dissolv-
ing the rock matrix using acids. Fine-grained,
clastic sedimentary rocks, such as shale and mud-
stone, are the rocks of choice. The organisms
that typify acritarchs had durable walls that sur-
vived the processes of fossilization and also at-
tack by acid in the laboratory. They are often
interpreted to represent cysts-forming phyto-
planktonic algae (Vidal 1984).

Pre-Phanerozoic paleontology

The overall record of life in pre-Phanerozoic
rocks has bearing on the interpretation of the
oldest records of life from the early Archean. It
provides experience in working with and under-
standing the nature of the fossil record before
large, multicellular organisms appeared. Studies
on well preserved, compelling Proterozoic mi-
crofossils (e.g., the ca. 2000 million-year-old
Gunflint Iron Formation, Barghoorn and Tyler
1965, and the ca. 800 million-year-old Bitter
Springs Formation, Schopf 1968) have furnished
standards with which to evaluate putative mi-
crofossils, in particular those from the Archean
(Cloud and Morrison 1979, Schopf and Walter
1983). These studies provide a guide for dis-
tinguishing fossil material from abiogenic fea-

tures and examples of textural relationships in-
dicating that the microfossils are of the same age
as the sediment that made up the rock. Unfortu-
nately, the success of these studies have also
provided biases in searching for and interpreting
pre-Phanerozoic fossils. Often, microbial fossils
found in silicified stromatolites are interpreted as
cyanobacteria because of their presence in
stromatolites (e.g., Awramik and Semikhatov
1978). Rarely are lithologies other than chert,
shale and mudstone collected and analyzed for
microbial fossil content. Metamorphosed sedi-
mentary rocks can also preserve microbial fossils
(e.g., Kidder and Awramik 1990).

Stromatolites are commonly recognized by the
total geometry of the structure. Laminated
domes and columns, centimeters to decimeters in
size, convex away from the site of initiation, are
the most easily recognized shapes. Debate with
regard to the definition of a stromatolite is
semantic stemming, in part, from various transla-
tions and interpretations of Kalkowsky (1908)
who introduced the term (see Hofmann 1969a,
Semikhatov et al. 1979, Krumbein 1983).
Biogenic versus abiogenic, laminated versus un-
laminated, domical versus flat are questions dis-
cussed in those papers. Most stromatolite re-
searchers follow, in a slightly modified form, the
definition of Awramik and Margulis (in Walter
1976b, p 1): ‘organosedimentary structures pro-
duced by the sediment trapping, binding, and/or
precipitation activity of microorganisms, princi-
pally [cyanobacteria].” Therefore, by this defini-
tion, a stromatolite is a biogenic feature pro-
duced by microbes.

If some of the carliest microfossils were cyano-
bacteria preserved in a fossilized microbial mat
(which is the interpretation in this paper), then,
based on modern analogs (see Cohen and Rosen-
berg, Editors 1989), the microbial mat environ-
ment must have been metabolically diverse with
anaerobes and aerobes. Repeatedly through the
microfossil record in stromatolites, cyanobacteria
are often the only type of microfossil found. One
curious aspect of the pre-Phanerozoic fossil re-
cord is the predominance of remains that indi-
cate photosynthesis: fossilized cyanobacteria and
algae, stromatolites and the chemical fossils
found. Why other groups of organisms posses-



sing different metabolic pathways are not repre-
sented or are exceedingly rare is uncertain. Prob-
ably, for microbial fossils, it was some combina-
tion of chemical and physical processes of fossili-
zation that favored these photosynthetic organ-
isms because of readily permineralizable struc-
tures (such as sheaths or envelopes; Horodyski et
al. 1977) and the eanvironments they inhabited
favored their permineralization (Knoll 1985).
With regard to stromatolites, they are preserved
almost exclusively as carbonate (limestone and
dolostone), which suggests a possible relation-
ship between photosynthesis (uptake of CO,)
and carbonate precipitation (Golubic 1973).

The evidence for life 3500 million years ago

Fossilized microbial remains, stromatolites and
chemical fossils have been reported from early
Archean rocks. The early Archean evidence is
subjected to the highest standard of critical
evaluation on the biogenicity and/or age of the
alleged fossils with debates not uncommon. Why
are these fossils subjected to this apparently
inordinate scrutiny? Such fossils provide the ma-
terial evidence for the existence of the earliest
life on Earth and provide important benchmarks
and/or constraints for evolutionary models on
the earliest development of life.

Two regions, the Pilbara of Western Australia
and the Barberton Mountain Land of South
Africa, have been the focus of most of the
activity with regard to the oldest evidence of life
on Earth. Both areas contain thick sequences of
the most ancient, relatively unmetamorphosed
sediments known. The stratigraphic unit in South
Africa is termed the Swaziland Supergroup and
the Australian unit is called the Pilbara Super-
group. Each supergroup is subdivided into
groups and formations. Microbial fossils, stro-
matolites, and chemical fossils have been re-
ported from these regions (e.g., Awramik et al.
1983, Hayes et al. 1983, Byerly et al. 1986)
indicating that the initial appearance and diversi-
fication of prokaryotes had already occurred.
The discussions that follow are based on evi-
dence for life discovered in these two super-
groups.
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Chemical fossils

Kerogen is insoluble, high-molecular-weight or-
ganic matter that represents the geologically sta-
ble end product of the burial of organic matter
(McKirdy and Hahn 1982). Extreme care must
be taken to ascertain the kerogen analyzed is
syngenetic with deposition of the sediments and
not a post-lithification contaminant (Hayes et al.
1983). Kerogen of an apparently syngenetic
origin is found in the sedimentary rocks of both
supergroups. The presence of the kerogen sug-
gests the presence of ancient life. In these and
younger Archean rocks, the kerogen preserves
very few biosynthetic molecular skeletons and
thus precludes detailed biogeologic conclusions
(Hayes et al. 1983). More revealing, and a firmer
foundation upon which to base chemical evi-
dence for the existence of life, are the data on
the ratios of the stable isotopes of carbon in the
kerogen. The transformation of inorganic carbon
(CO,) via biosynthetic pathways associated with
autotrophy into biological material involves the
preferential incorporation of the lighter isotope,
"2C, into the organics leaving behind a reservoir
enriched in the heavier isotope, *C. This heavier
isotope can be incorporated in precipitated car-
bonate (see review by Schidlowski 1987). Carbon
isotopic analyses of kerogen in chert from the
Warrawoona Group (lowest lithostratigraphic
group of the Pilbara Supergroup) and the
Swaziland Supergroup vary from —34.3 to —36.1
37C (x=-354 6C; n=4) and -26.6 to
—32.0 8°C (x=—30.8 6 °C; n = 7), respectively
(Hayes et al. 1983). These stable carbon isotope
values fall well within the range of autotropic
carbon fixation involving ribulose-1,5-bis-phos-
phate carbolxylase (Schidlowski 1982, Brock
1989).

Stromatolites

Demonstrating the biogenic nature of early
Archean stromatolites is not straightforward.
Abiogenic, laminated, stromatolite-like struc-
tures are known such as laminated calcretes
(formed in soils, Read 1976), spelothems (e.g.,
stalagmites, Thrailkill 1976) and geyserites (Wal-
ter 1976a). Thus, caution must be exercised
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when assigning a microbiological origin for vari-
ous laminated sedimentary structures. A con-
servative approach would require the preserva-
tion of the microbial builders to prove the
biogenic nature (Buick et al. 1981). However,
based on many modern analogs and a rich Pro-
terozoic record of stromatolites (some containing
microbial fossils), one can conclude with a high
degree of confidence the biogenic origin of a
stromatolite based on its morphology at the
microscopic and macroscopic level, and the in-
terpreted environment of formation (see Walter
1983, pp. 189-190 for a detailed discus-
sion). Stromatolites with wavy-laminated strati-
form shapes, domes, columns (especially branch-
ing columns), possessing laminae greater 5 or
10 um thick that show gradational boundaries
between the dark and light lamina, and which
formed on the surface at the sediment/water
interface in an aqueous setting (sea, lake,
stream, thermal spring) are known to be the
products of phototrophic microbial activity.
Stromatolites with wide ranges of shape
(stratiform, domical, pseudocolumnar, colum-
nar-layered, encapsulated or oncolitic) have been
discovered in both the Pilbara and Swaziland
sedimentary sequences. The domical stromato-
lites in the Warrawoona are up to 20 cm wide
(Walter et al. 1980). Swaziland stromatolites are
morphologically more complex than known Pil-
bara stromatolites. Individual domes and col-
umns are smaller, ranging from 1 to 3 cm in
diameter. Some constructions appear to have
been bicherms or mounds, > 25 c¢cm across, com-
posed of pseudocolumnar stromatolites (Byerly
et al. 1986, Fig. 3). In both regions, the
stromatolites are well laminated with laminae
ranging in thickness from 50 to 100 uwm for
Swaziland (Byerly et al. 1986) and 20 to 100 pm
for Warrawoona stromatolites (Walter 1983).
The Warrawoona stromatolites have been sub-
jected to some morphological modification by
non-biological processes. The stromatolites
formed in shallow, periodically exposed areas of
the Pilbara basin associated with evaporite min-
eral formation (Groves et al. 1981). Growth of
the evaporite mineral gypsum (CaSO,-H,0) in
or on the sediment would increase the volume of
material and result in crinkling and folding of
sediment layers. Gypsum formed syngenetically

with sedimentation (Buick and Dunlop 1990)
thus, it is uncertain how much volumetric expan-
sion occurred. Periodic drying and wetting of
sediment with a cohesive fabric also could have
produced a wavy to folded configuration of the
sedimentary layers. Gas within the sediment
(possibly from microbial activity) trapped below
an impermeable layer can produce a domical
structure. The domical Warrawoona stromatolite
described by Walter et al. (1980) has a hollow
center that might represent a gas cavity.

These abiogenic processes, however, appeared
to have modified the configuration of War-
rawoona microbial mats and were not the pri-
mary processes responsible for the structures.
Not all stromatolite domes have hollow centers
(Fig. 1). The evaporite growth and the expan-
sion/contraction caused by periodic wetting and
drying would most likely produce fold-like struc-
tures with greatly exaggerated elliptical plan
views (cross sections) rather than the circular to
oval cross sections of the domes that are ob-
served (see Fig. 3 in Lowe 1980b). The associa-
tion of Recent and ancient stromatolites with
evaporites and periodic wetting and drying is not
uncommon (Muir 1987, Javor 1989). The irregu-
lar configurations imparted to the sediments by
these processes are most likely possible if the
sediment is cohesive and can respond plastically.
The activity of microbes living in and on the
sediment often confers the cohesive consistency
necessary to support the plastic deformation
(Fig. 2). Laminated, domical to cylindroidal

Fig. 1. Field photograph of domical to pseudocolumnar
stromatolites from the early Archean Warrawoona Group,
Western Australia. Formerly gypsum crystals are seen just
above the centimeter scale.



Fig. 2. A Recent crinkled and folded microbial mat con-
structed by the oscillatoriacean cyanobacterium Lyngbya aes-
tuari; Shark Bay, Western Australia.

structures resembling stromatolites can form
abiogenically in mud pools due to gas emanation
(de Wit et al. 1982). However, these structures
exhibit crosscutting and overlapping relation-
ships that allow them to be differentiated from
biogenic stromatolites.

Based on lamina thickness, the nature of the
dark-light lamina boundaries, the domical to
pseudo-columnar morphology of the structures,
environmental setting, and comparisons with
younger fossil and Recent analogs, the War-
rawoona structures are interpreted as biogenic
stromatolites.

The stromatolites described by Byerly et al.
(1986) from the upper Onverwacht Group,
Swaziland Supergroup, are morphologically
more complicated than Warrawoona stromato-
lites. They consist of forms that range from
domical to columnar-layered to pseudocolumnar
in shape (Fig. 3). The stromatolites have com-
pelling analogs among numerous Proterozoic and
Phanerozoic stromatolites (for example, com-
pare Fig. 3 with the stromatolite from the Gun-
flint Tron Formation illustrated in Hofmann
1969b, Plate 1, p. 35). Primary laminae in the
stromatolite illustrated in Fig. 3 are 50 to
100 wm thick (Byerley and Palmer 1991).
Another clue consistent with their interpretation
as biogenic stromatolites is the interpretation
that the structures formed in a shallow, marine
environment (Byerly et al. 1986, Byerly and
Palmer 1991). No abiogenic processes are known
that can produce laminated structures with this
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Fig. 3. Columnar-layered stromatolite from the early Ar-
chean Onverwacht Group (Swaziland Supergroup), South
Africa. The photograph is courtesy of MM Walsh and GR
Byerly, Louisiana State University.

morphology in shallow, marine environmental
settings.

No microbial fossils are found in any of these
domical, pseudo-columnar and columnar-lay-
ered early Archean stromatolites and thus their
biogenicity might be questioned. However, the
vast majority of fossil stromatolites despite age,
lack microbial fossils. The interpretation of the
early Archean stromatolites relies heavily on the
understanding of, and comparison with, younger
stromatolites and abiogenic, stromatolite-like
structures, all within their environmental con-
text. This is a powerful approach. Comparison of
the Warrawoona and Swaziland stromatolites
with younger, compelling examples of microbial-
ly produced stromatolites, is strong evidence for
their biogenic origin.

Microfossils

Microbial fossils have been found in both the
Swaziland and Pilbara sequences. In chert of the
Warrawoona Group, four types of filamentous
microbial fossils (Figs. 4 and 5, Awramik et al.
1983, Schopf and Packer 1987) and two types of
coccoidal (spheroidal) microfossils (Schopf and
Packer 1987) have been described. Controversy



80

&

Fig. 4. Cylindrical, tubular microfossil within dark lamina in
first generation chert of the early Archean Warrawoona
Group, Western Australia. Photomontage constructed by
photomicrographs taken at different focal depths within the
petrographic thin section.

Fig. 5. Partitioned filamentous microfossil in first generation
chert of the early Archean Warrawoona Group, Western
Australia. Photomontage constructed by photomicrographs
taken at different focal depths within the petrographic thin
section. Bar =10 pym.

exists with regard to the biogenic and/or
syngenetic nature of the filamentous Warra-
woona microfossils (Awramik et al. 1983, 1988,
Buick 1988, 1991). The two key elements of the
controversy are: (1) At Locality A (one of two
localities discussed in these papers), the exact
layer and position from which a small piece of

chert (about 5.5 X4 x 6.5cm) collected in 1977
by Awramik containing the microfossils has
never been pegged. The locality, outcrop and
general portion of the outcrop for the sample are
known (Awramik et al. 1983, 1988); however,
attempts (as recently as July 1990 by Awramik)
to relocate the precise spot where the sample
was taken have failed. It is because of this failure
to ascertain the precise position where the small
sample was collected, combined with the com-
plexities within sedimentary units of the War-
rawoona and his work at Locality B that led
Buick (1984, 1988, 1991) to doubt the syngenici-
ty of the filamentous fossils. He apparently does
not question their biogenicity (Buick 1991). (2)
Buick (1984, 1988, 1991) has elegantly demon-
strated that microfossil-like objects from Locality
B of Awramik et al. (1983) are not verifiably
biogenic nor are they syngenetic with the pri-
mary sediment. This confirmed what Awramik et
al. (1983) originally presented and reaffirmed
what Awramik et al. (1988) concluded with re-
gard to the microfossil-like objects from this
locality. This point appears to be lost by casual
readers of the literature and played down by
Buick. It was never stated or implied in Aw-
ramik et al. (1983, 1988) that bona fide mi-
crofossils of Warrawoona age occur in the chert
at Locality B. Buick has misrepresented the
evidence.

Detailed reexamination of petrographic thin
sections of the fossil-bearing chert from Locality
A, both those made for the initial study and new
ones made for additional study, establish the
following: (a) the filamentous microbial fossils
originally described in Awramik et al. (1983)
occur in the first generation of chert; (b) first
generation chert preserves a laminated, strati-
form fabric similar to fabrics observed in Pro-
terozoic and younger stromatolites; (c) no micro-
bial fossils were detected in later generations of
chert; and (d) no filamentous microbial fossils or
pseudofossils were found in cracks, fissures, or
void spaces (Awramik et al. 1988). The filament-
ous fossils found at Locality A do not occur in
chert from Locality B, 4.7 km away.

Schopf and Packer (1987) have reported on
additional microbial fossils from two new War-
rawoona localities. In addition to filaments about
3 pm in diameter, two types of pluricellular



spheroidal cell aggregates occur. One of these
contains four cells (17 to 24 pm in diameter)
arranged in a multilammelated envelope. These
most closely resemble chroococcalean cyano-
bacteria. The Schopf and Packer findings con-
firms the earlier evidence of bona fide microfos-
sils in the Warrawoona.

The Swaziland Supergroup has been under
investigation for microbial fossil evidence of life
for many years starting with Pflug’s 1966 report
of filamentous and coccoidal microfossils from
the 3300 million-year-old Fig Tree Group (Pflug
1966). Schopf and Walter (1983) summarized the
status of putative microbial fossils in published
reports and concluded that all, except the small
spheroids described by many authors (e.g., Pflug
1966, Strother and Barghoorn 1980), were non-
fossils. The spheroids are best referred to as
‘dubiomicrofossils’ because of great difficulty in
confidently ascribing a biogenic nature to car-
bonaceous spheroids in such ancient rocks. Re-
cent work by Walsh and Lowe (1985) and Walsh
(1992) reports on new microfossil finds in the
3500 million-year-old Onverwacht Group of the
Swaziland Supergroup. Summarized in Walsh
(1992) and presented in Table 1, the putative
microbial fossils are quite diverse and include
small and large coccoids, threadlike (Fig. 6) and
tubular filaments, in addition to spindle-shaped

Table 1. Morphotypes of early Archean microfossils
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Fig. 6. Threadlike filamentous microfossils found coating
and radiating from a sediment grain in chert of the early
Archean upper Onverwacht Group, South Africa.

carbonaceous and pyritic morphs. Biogenicity
and syngenicity of the microfossils are discussed
and the Onverwacht age appears well estab-
lished. Walsh (1992) discusses in detail the
biogenicity of each morphotype and her conclu-
sions range from bona fide microfossils to pos-
sibly dubiomicrofossils. As she points out, confi-
dently establishing a biogenic origin is difficult.
All these recently described microbial fossils will
be the subject of future debate. The threadlike
filaments, tubular filaments and small coccoids
are strong candidates for bona fide microfossils.

Type Diameter

Number found Reference

Warrawoona Group, Western Australia (CA. 3500 MA)

1. pluricellular coccoid 5.5t010.2 um
2. pluricellular coccoid 16.81024.2 um
3. threadlike filament 0.3t00.7 pm
4. tubular filament 0.8t01.1 um
5. tubular filament 3.0t09.5 um
6. septated filament 1.8t06.0 um

Swaziland Supergroup, South Africa (CA. 3500 MA)
1. solitary coccoid 1.0t04.0 pm
2. ghost-like spheroid 4.5t012.8 pm
3. thick-walled ellipsoid
4

18t0 45 pmby47to 78 um

. granular-walled 10to 84 pm
spheroidal to ellipsoidal
5. threadlike fillament <0.5t02.5 pum
6. hollow cylindrical filament 1.5t02.5 pm
7. large filamentous sheath 5 pm
8. spindle-shaped structure 13to 135 um
9. lenticular structure 30to 50 pm by 10to 20 um

N =28 Schopf and Packer (1987)
N=4 Awramik et al. (1983)

N> 1200 Awramik et al. (1983)
N > 260 Awramik et al. (1983)
N> 180 Awramik et al. (1983)
N=10 Awramik et al. (1983)
N =200 Walsh and Lowe (1985)
N=75 Walsh (1992)

NA Walsh (1992)

N=41 Walsh (1992)

NA Walsh (1992)

NA . Walsh (1992)

N= Walsh (1992)

N=27 Walsh (1992)

NA ‘ Walsh (1992)
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Other evidence

Besides the direct evidence for life in the early
Archean discussed above, circumstantial evi-
dence of a mineralogical nature, also exists.
Gypsum was precipitated during Warrawoona
and Onverwacht sedimentation in shallow,
periodically exposed subaqueous environments
not influenced by hydrothermal activity (Lam-
bert et al. 1978, Worrell 1985). Gypsum precipi-
tates from SO}~ in water. Sulfate forms from the
oxidation of S° or H,S by sulfur-oxidizing bac-
teria and/or O,. Based on the current under-
standing of the sulfur cycle, this suggests that
sulfur-oxidizing bacteria and/or oxygen-releasing
photosynthesis were present in the early Ar-
chean (Lambert et al. 1978, Groves et al. 1981,
Buick and Dunlop 1990). Sulfur-oxidizing bac-
teria include aerobic and anaerobic phototrophic
(such as the green filamentous bacterium Chloro-
flexus, the purple sulfur bacterium Chromatium,
and the green sulfur bacterium Chlorobium),
and non-phototrophic (Beggiatoa) bacteria (Starr
et al. 1981). Sulfur-oxidizing bacteria that oxid-
ize S° to SO, such as Beggiatoa and Thiobacil-
lus, can do so under aerobic conditions (Kuenen
and Tuovinen 1981, Schidlowski et al. 1983).

Although a surprisingly large array of diverse
evidence has been presented for the existence of
life 3500 million years ago, a number of the
individual elements of the evidence are con-
troversial while others are not compelling. When
dealing with such ancient fossil material, there is
no definitive test to prove the biogenicity and
syngenicity of each type of evidence under con-
sideration. In the absence of such ‘proofs’, it is
prudent to proceed cautiously. However, the
independent lines of evidence (chemical fossils,
microfossils, stromatolites, gypsum, banded iron-
formations) taken together, converge on the one
reasonable interpretation permitted: life existed
3500 million years ago.

The evidence for photosynthesis 3500 million
years ago: A case for the existence of
cyanobacteria

Banded iron-formations of the Archean and
early Proterozoic have been used to imply the

existence of oxygen-releasing photosynthetic or-
ganisms (e.g., Cloud 1973). Banded iron-forma-
tion is known from rocks as old as 3800 million
years (Appel 1980) while the greatest volumes of
banded iron-formation were deposited during
the early Proterozoic (2500 to 2000 million years
ago; Cloud 1988). The most likely source for the
O, necessary for the oxidation of Fe’" to the
iron oxides that produced the great volumes of
iron-formation in the early Proterozoic, would
be a biological source (Walker 1978). However,
for older banded iron-formations that make up
substantially less volume than their early Pro-
terozoic counterparts, the photodissociation of
water in the atmosphere can be considered
another source for O, and possibly the principal
source 3800 million years ago (Walker et al.
1983). Alternatively, Cairnes-Smith (1978) pro-
posed that iron-formation could form by photo-
chemical reactions that extract oxygen from sea-
water. It is plausible that all three processes
operated at different times in different environ-
ments in the Archean with biological oxygen
becoming the major source by the early Pro-
terozoic.

If the oxidation of reduced iron to produce
banded iron-formations came exclusively from
O, released during photosynthesis, then this
would provide definitive evidence for the exist-
ence of cyanobacteria. However, as discussed
above, there are two other hypotheses, both
abiogenic, for the origin of iron-formation.

Gypsum, as outlined above, indicates the pres-
ence of sulfur-oxidizing bacteria and/or oxygen-
releasing cyanobacteria. Without sulfur-oxidizing
bacteria, reduced sulfur can only be oxidized to
sulfate by O,. The most likely source of geo-
chemically useful O, on the early Earth was
oxygen-releasing phototrophy (Cloud 1976).
With regard to sulfur-oxidizing bacteria, many
are phototrophs (among the exceptions is Beg-
giatoa). The gypsum thus presents weakly con-
strained evidence for photosynthesis.

The carbon isotopic data on early Archean
organic matter in sediments indicate that auto-
trophy existed: the Warrawoona rocks have 6 >C
values ranging from —34.3 to —36.1 and the
Swaziland rocks —26.6 to 32.0 6 *C (Hayes et al.
1983). These values are within known ranges of
autotrophic carbon fractionation as outlined in



Schidlowski (1982) but are on the light side for
autrotrophs using ribulose-1,5-bisphosphate car-
boxylase (Brock 1989). It must also be kept in
mind that at least three other CO, fixation path-
ways are known in autotrophic, but non-photo-
trophic bacteria with 8'°C values ranging from
—8.2 to —35.1 (Preuss et al. 1989). In the photo-
trophs, green sulfur bacteria (e.g., Chlorobium
limicola) and green filamentous bacteria (Chlo-
roflexus aurantiacus) also do not have Rubisco
(Evans et al. 1966, Holo and Grace 1987). For
Chloroflexus the carbon isotopic fractionation is
small, 8°C=—13.7 (Holo and Sirevag 1986).
Nevertheless, Schidlowski (in press) concludes
that the carbon isotopic data from the early
Archean are consistent with the interpretation
that cyanobacteria had already appeared by 3500
million years ago.

Paleobiological interpretations with regard to
the function, physiology, and affinities of the life
represented in the early Archean fossil record
are fraught with difficulties. Independent lines of
evidence indicate that phototrophy had already
evolved by 3500 million years ago (e.g., Aw-
ramik et al. 1983, Walter 1983) and support the
carlier contentions that cyanobacteria were
among these phototrophs (e.g., Lowe 1980b,
Awramik 1981).

Microbial fossils, representing direct evidence
of ancient life and the focus of the greatest
attention, often do not provide definitive
paleobiological information on the level of evo-
lution. As outlined in Awramik et al. (1983),
Schopf and Walter (1983), and Walsh 1992),
assigning affinities to 3500 million-year-old mi-
crofossils is difficult. With fossil microbes, only
the three-dimensional morphology, commonly
defined by carbonaceous material, is observed.
Many phyla of prokaryotes contain morphologi-
cally similar taxa, a number of which resemble
the fossil morphs and taxa described from South
Africa and Australia. Thus, interpretations of
the paleobiology of microbial fossils are limited.
A variety of other evidence, much of it circum-
stantial, often comes into play.

There are, however, some morphological lines
of evidence that permit the conclusion that
phototrophs and even cyanobacteria existed 3500
million years ago. The presence, in Warrawoona
rocks, of empty, tubular structures, and par-
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titioned filaments resembling trichomes, suggest
that some of the microbes were motile and
photoresponsive (Awramik et al. 1983, Schopf
and Walter 1983, Schopf and Packer 1987). The
preservation of the filaments commonly parallel
to and within the dark laminae that resemble
stromatolitic laminae (Fig. 4) support this con-
tention. The large coccoids enclosed in a com-
mon wall-like structure described by Schopf and
Packer (1987) from Warrawoona rocks provide
striking morphological evidence for the existence
cyanobacteria.

Stromatolites also provide presumptive evi-
dence for the existence of cyanobacteria 3500
million years ago. It is my opinion that stromato-
lites provide stronger evidence for cyanobacteria
than do many microfossils. Walter (1983, p 212)
summarized his assessment of the microbes re-
sponsible for known early Archean stromatolites
as follows: ‘[they| were constructed by filament-
ous prokaryotes (e.g., those of the Warrawoona
Group) and possible by unicellular prokaryotes
(e.g., those of the Onverwacht Group), among
which were autotrophs. It is probable that the
principal stromatolite-builders were phototactic,
photoautotrophic and produced mucus sheaths’.
These attributes, however, are also found in
Chloroflexus-like mat-building organisms and
therefore caution must be exercised in cyano-
bacterial interpretations.

Construction of stromatolites is not a simple,
straightforward enterprise for microorganisms.
Keep in mind, a stromatolite is a biosedimentary
construction produced by the interaction of sedi-
ment and microbes. The activity/influence that
microbes impart to sedimentary processes result
in microbe-sediment laminae that often depart
from the horizontal, planar layering that normal-
ly occurs with the deposition of fine-grained
sediments. The microbes produce an actively
accreting surface at the sediment-fluid interface
that, through a poorly understood combination
of environmental factors and behavioral respon-
ses in the microbes, generate convexities (domes,
etc.) away from their site of initiation (Semik-
hatov et al. 1979). In order for a benthic, at-
tached, non-dormant microbe that has required
resources in the overlying fluid to live at the
sediment-fluid interface in an environment sub-
ject to sedimentation, certain attributes are
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necessary. With regard to the benthic habit,
there are at least four conceivable solutions: (a)
density greater than the fluid, (b) entwinement
with sedimentary particles, (¢) an attachment
system that anchors a portion of the microorgan-
ism in or on the sediment and (d) a sticky
outside covering that secures the microbe to the
substrate. Besides being secured to the sediment,
rapid growth and/or motility is necessary. Unless
the microbe has some means to maintain itself at
a minimally functional level in or on the sedi-
ment, it will get buried. If attached to the sub-
strate, tropism or tactic response to some
stimulus is necessary in order for the microbe to
orient in a manner that will minimize the effects
of sedimentation and maximize exposure to use-
ful and necessary resources in the overlying fluid
medium. Motility or movement is a distinct ad-
vantage to organisms living at or near the sedi-
ment-fluid interface. It normally requires a
stimulus, either to or away from something.
Burial by sediment can be avoided by the ability
to move or grow in the direction of accretion
faster than the rate of sedimentation.

There are many chemical and physical stimuli
that could provide the signal for responses men-
tioned above. The environments where
stromatolites commonly form, narrow the pos-
sibilities. Stromatolites are most common in shal-
low, aqueous environments. This was the setting
for early Archean stromatolites and is true for
almost all Proterozoic (e.g., Bertrand-Sarfati and
Moussine-Pouchkine 1985), Phanerozoic (e.g.,
Kennard and James 1986), and Recent stromato-
lites (e.g., Dill et al. 1986). Sunlight would be a
most readily available resource and provide an
excellent stimulus for taxes and tropisms in mi-
crobes living at the sediment-fluid interface. The
designer microbe for stromatolite construction
would therefore be a positive photoresponsive
microbe capable of movement and/or growth in
an environment subject to sedimentation. Posi-
tive photoresponsive prokaryotic microbes are
often phototrophic.

Recent stromatolites are commonly built by
cyanobacteria { Golubic 1976) and sometimes, by
combinations of cyanobacteria and other photo-
trophs (cyanobacteria and green filamentous bac-
teria such as Chloroflexus, Castenholz 1984,
cyanobacteria and diatoms, Awramik and Riding

1988). Two notable exceptions to the cyano-
bacterial generalization occur in (1) some ther-
mal springs where combined high temperature
and elevated hydrogen sulfide concentrations ex-
clude cyanobacteria but allow such phototrophs
such as Chloroflexus, Chromatium and Chloro-
bium (Ward et al. 1989) and (2) hydrothermal
vents where non-phototrophic microbes produce
mats (Belkin and Jannasch 1989) but it is uncer-
tain if organosedimentary structures are pro-
duced. Analysis of the depositional environment
of ancient stromatolites can distinguish between
ancient thermal springs, hydrothermal vents and
marine, lacustrine and fluviatile environments.
The environment for the early Archean
stromatolites is interpreted as shallow, near
shore, and probably marine that excludes serious
consideration of thermal spring and vent set-
tings.

A testable consequence of the hypothesis that
ancient stromatolites were primarily the products
of cyanobacterial activity is the record of mi-
crofossils in ancient stromatolites. Schopf and
Walter (1983) in Photo 9-10 illustrate a striking
example of asheathed, oscillatoriacean-like cyano-
bacterium from late Archean stromatolites. A
number of Proterozoic stromatolites and Cen-
ozoic (younger than 65 million years ago)
stromatolites contain microbial remains. Based
on size and morphological similarities, the pre-
dominant microfossils found preserved within
stromatolic laminae have strong resemblances to
cyanobacteria (Schopf 1968, Hofmann 1976,
Schopf and Sovietov 1976, Awramik and Barg-
hoorn 1977, Casanova and Nury 1989). Few
microbes preserved in fossilized stromatolites re-
semble phyla other than cyanobacteria.

Cyanobacteria 3500 million years ago

The existence of cyanobacteria 3500 million
years ago can be inferred from the stromatolite
evidence and some of the microfossils as was
discussed above. All the additional evidence
known is consistent with such an hypothesis al-
though less probable models do merit considera-
tion (i.e., the stromatolites were constructed by
phototrophic bacteria other than cyanobacteria,
such as Chloroflexus, or by non-phototrophic



bacteria). Whereas the fossil evidence is taken by
some researchers of bacterial photosynthesis to
indicate phototrophs by 3500 million years ago,
there is a reluctance to conclude that cyano-
bacteria and oxygenic photosynthesis evolved by
this time (e.g., Olson and Pierson 1986). Photo-
system II (oxygenic photosynthesis) is a much
more complex bioenergetic system (Vermaas
1989) than Photosystem I (anoxygenic photo-
synthesis, Olson and Pierson 1987) and is viewed
as a major evolutionary innovation (e.g., Olson
1978) that would have evolved later (Pierson and
Olson 1989). With regard to the timing and the
evolution of complexity, major innovations and
diversifications can occur over geologically short
intervals of time. For instance, animal phyla
diversified rapidly over a few to several tens of
millions of years during the latest Proterozoic
through Early Cambrian (Valentine et al. 1991).
It is not known, however, which takes longer,
the evolution of new physiological/metabolic
pathways or the evolution of new structural de-
signs (body plans). A long interval of time re-
quired for the biochemical and structural
changes necessary for evolution within photo-
trophic bacteria leading to cyanobacteria may be
unnecessary.

If cyanobacteria had evolved by 3500 million
years ago, were they oxygen releasing, i.e., oxy-
genic phototrophs? Both anoxygenic (Photosys-
tem 1) and oxygenic (Photosystem II) photo-
synthesis occur in extant cyanobacteria (Cohen
et al. 1975). There are no a priori reasons to
exclude oxygenic photosynthesis 3500 million
years ago. The fossil record permits the interpre-
tation. Oxygen releasing phototrophy, once it
evolved, could have played a relatively minor
role in the microbial biosphere during the Ar-
chean because of difficulty maintaining relatively
stable microaerophilic conditions in an environ-
ment rich in reduced compounds. The O, pro-
duced by the cyanobacteria may have remained
and been utilized within the microbial mat.
Oxygen-releasing cyanobacteria occur within Re-
cent microbial mats under anoxic sulfide condi-
tions without any O, exchange with the sur-
rounding environment (Jgrgensen and Nelson
1988). In addition, the dominant depositional
settings of the Archean were sites of somewhat
rapid sedimentation in tectonically active basins,
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the so-called greenstone belts (Lowe 1980a).
Shallow, well-lit aqueous environments were of
limited extent along the margins of the basins,
and provided a somewhat small habitable area
for phototrophs. This would have put selective
pressures on the benthic microbes that required
resources in the overlying water column to cope
with sedimentation to maintain themselves at
functional levels. Of all the microbial photo-
trophs known, cyanobacteria appear to be the
best adapted to coping with active sedimenta-
tion. Nevertheless, compared with the Pro-
terozoic, Archean stromatolites are rare (Walter
1983); less than 20 occurrences are known. It
was not until the development of thicker, rela-
tively stable continental crust (starting about
3000 million years ago) that characterizes the
Proterozoic, that widespread shallow marine en-
vironments were common, sedimentation rates
were reduced and stromatolites began to become
common. An adaptive radiation of cyanobacteria
occurred during this interval (see Cloud 1976 and
Knoll 1984).

The consequences of cyanobacteria having
evolved by 3500 million years ago are significant.
Based on 16S rRNA sequence comparisons of
eubacteria (Fig. 7), cyanobacteria were among
the most recent of all eubacterial phyla to have
evolved (Woese 1987). Just within the five phyla
of phototrophic eubacteria, cyanobacteria are
the most recent (Fig. 7, Pierson and Olsen
1989). Therefore, the presence of cyanobacteria
would indicate that prokaryotic evolution and
diversification at high taxonomic levels occurred
very early on the Earth.

Early Archean cyanobacteria do not necessari-
ly require that the origin of life be pushed back
before some of the current estimates of 4000
million years ago (Miller 1982, Pace 1991).
There is a complication to this. Life, had it
originated before about 3800 million years ago,
would have been subjected to large asteroidal
impacts that possibly led to its extinction in
shallow environments (Sleep et al. 1989). This
nevertheless leaves 300 to 500 million years for
life’s origin and diversification to the cyano-
bacterial level as postulated here. The fossil
record will determine the time of appearance of
new organisms. Rates of evolution must be tied
to the fossil record. The possibility of cyano-
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bacteroides-
spirochetes flavobacteria
deinococci
; GREEN SULFUR BACTERIA, planctomyces
and relatives L (e.9, Chlorobium ) ] and relatives

GREEN NON-SULFUR BACTERIA,
(Chloroflexus)

chlamydiae

GRAM-POSITIVE BACTERIA
(Heliobacterium chlorum)

CYANOBACTERIA
(e.g.Oscillatoria)

Thermotoga

[ PURPLE BACTERIA
| (e-g.Chromatium)

Fig. 7. Eubacterial phylogenetic tree based on 165 rRNA. The phototrophic bacteria are in boxes (modified somewhat from

Woese 1987 and Pierson and Olson 1989).

bacteria 3500 million years ago must not be
excluded on the grounds of a ‘slow’ model for
prokaryotic evolution that requires many hun-
dreds of millions of years for the development of
new metabolic pathways and for new phyla. The
300 to 500 million years is considered adequate
time for all the evolutionary innovations neces-
sary to achieve the cyanobacterial level of evo-
lution.

The fossil record indicates that by 3500 million
years ago, cyanobacteria had evolved. Early Ar-
chean prokaryotes were diverse and probably
occupied many habitats. Most or all prokaryotic
phyla had evolved by this time and subsequent
prokaryotic evolution was at lower taxonomic
levels.
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