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INTRODUCTION

Bacteria and archaea make up the para-
phyletic group of prokaryotes, and together
with eukaryotes they form the three major
domains of life. One can easily envi-
sion a world without eukaryotes, but it is
difficult to imagine a biosphere without
prokaryotes. Today prokaryotes colonize
virtually every corner of the surface Earth
system, from human guts to oceanic gyres
to hydrothermal vents. Earth is home to
millions of prokaryote species (SCHLOSS
& others, 2016), which amount to a stag-
gering number of individuals (WHITMAN,
CoLEMAN, & WIEBE, 1998; FLEMMING &
WuERTZ, 2019; LocEy & LENNON, 2019)
and account for ~14-50% of carbon in the
biosphere (WHITMAN, COLEMAN, & WIEBE,
1998; BAr-ON, PHiLLIPS, & MILO, 2018). In
fact, the biochemical capability to fix carbon
and to produce oxygen can be evolutionarily
traced to prokaryotes (cyanobacteria to be
exact), and nitrogen fixation in nature is
exclusively carried out by prokaryotes. Thus,
it is safe to say that there would not be a
biosphere without prokaryotes.

There are no credible reasons to doubt
that prokaryotes were as abundant and
important in the geological past as they are
today. Yet, the fossil record of prokaryotes is
extremely poor. This poor record is largely
related to the fact that most prokaryotes—
with the prominent exception of magneto-
tactic bacteria (BAZYLINSKI & FRANKEL, 2003)

and some cyanobacteria (BENZERARA &
others, 2014)—do not perform biologically
controlled mineralization. Thus, the pres-
ervation of prokaryotes as fossils requires
specific taphonomic conditions. Further-
more, the microscopic size and simple
morphology of prokaryotic fossils means that
they are difficult to study because of poten-
tial problems related to contamination from
younger microbes, conflation with abiotic
structures, and convergence with eukaryotic
microbes. Despite these challenges, there have
been many reports of fossil prokaryotes since
the late ninteenth century. This chapter is an
overview of fossil prokaryotes, with a focus on
bacteria, particularly cyanobacteria, preserved
in Precambrian rocks.

HISTORY OF THE STUDY OF
BACTERIAL FOSSILS

More detailed accounts of the history of
fossil prokaryote research can be found in
FENTON (1946), BANKS and others (1967),
ScHorr (1992a), and TAYLOR, TAYLOR, and
KRINGS (2009). Prokaryotic fossils had been
reported in the literature by the late nine-
teenth century, although some were not
originally identified as such, others may be
eukaryotic, and still others were later proven
abiotic. For example, the tubular microfossil
Girvanella NICHOLSON & ETHERIDGE, 1878
was first described as a foraminifer from
Ordovician strata but later understood as
a cyanobacterium (Woob, 1957; RIDING,
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1991). RENAULT (1896) described coccoidal
and rod-shaped microstructures preserved in
Carboniferous-Permian plant fossils under
the extant bacterial genera Micrococcus
ConN, 1872 and Bacillus EHRENBERG, 1835.
These structures were originally interpreted
and subsequently accepted as bacterial fossils
(P1a, 1927; Banks & others, 1967), but
many of them probably represent inorganic
particles (TAYLOR & KRINGS, 2005). During
the early twentieth century, definitively
biogenic and possibly bacterial fossils were
reported in the literature. Worth mentioning
are Gloeocapsomorpha ZALESSKY, 1917 from
Middle Ordoviclan kukersites of the Baltic
Shale Basin in Estonia, as well as the middle
Cambrian fossils Morania WarcorT, 1919
and Marpolia WarLcotT, 1919 from the
Burgess Shale in Canada. Glococapsomorpha
was compared with extant chroococcalean
cyanobacteria such as Gloeocapsa KUTZING,
1843 and Entophysalis KUTZING, 1843
(FOSTER, REED, & WICANDER, 1989; STASIUK
& OsADETZ, 1990), but a cyanobacterial
interpretation remains uncertain (BLOKKER
& others, 2001) and some authors have
interpreted Glococapsomorpha as a eukaryotic
organism (e.g., a green alga) on the basis of
organic geochemical evidence (HOFFMANN &
others, 1987; DERENNE & others, 1991). The
interpretation of Marpolia is also uncertain.
It is commonly regarded as a cyanobacterium
(WaLcorT, 1919; STEINER & FATKA, 1996),
although WarcorT (1919) also compared
it with modern green and red algae, and
fossils described as Marpolia may belong to
different taxa or indeed different domains
(LoDuca & others, 2017). Morania, on the
other hand, has been generally accepted as a
colonial organism consisting of cyanobacter-
ial filaments (WaLcoTT, 1919).

In addition to marine prokaryotes men-
tioned above, terrestrial cyanobacterial fossils
have also been known from Phanerozoic
deposits since the twentieth century. Among
these, the most famous examples are various
coccoidal and filamentous bacterial fossils
from the Devonian Rhynie chert (KipsTon
& LANG, 1921; see also CROFT & GEORGE,

1959; Epwarps & Lyon, 1983; KrINGS
& others, 2007; KrinGs, 2019; KrinGs &
HARPER, 2019).

By the first half of the twentieth century,
alleged bacterial microfossils had been
reported from Precambrian rocks (WALCOTT,
1914, 1915; MOORE, 1918; GRUNER, 1922,
1923, 1924, 1925; AsHLEY, 1937). Many of
these were later confirmed to be pseudofos-
sils. For example, tubular structures illus-
trated in GRUNER (1923) and possibly those
in AsHLEY (1937) are likely ambient pyrite
trails (TYLER & BARGHOORN, 1963; KNOLL &
BARGHOORN, 1974). Such trails are common
in cherts and phosphorites ranging from
the Archean (WACEY & others, 2008) to the
Ediacaran (X1a0 & KnoLL, 1999; SHE &
others, 2016), and they were likely produced
by pyrite crystal movement related to local
build-up of degradational gas and pressure
dissolution (KNOLL & BARGHOORN, 1974).
However, some of these early reports likely
included bona fide Precambrian microfossils
from the Proterozoic Belcher Supergroup
(MoorE, 1918, fig. 14), Gunflint Forma-
tion (GRUNER, 1922, pl. 7; GRUNER, 1924,
pl. 11), and Belt Supergroup (WaLcorr,
1914, pl. 20,2-6). In particular, GRUNER’s
reports were from the same stratigraphic
unit—the Gunflint Formation—where
paradigm-shifting discoveries were reported
three decades later (TYLER & BARGHOORN,
1954; BARGHOORN & TYLER, 1965; CLOUD,
1965). But these earlier reports did not spark
much interest at the time, perhaps because
the quality of photomicrographs was poor
(indeed, some reports had only camera
lucida drawings), the great antiquity of these
fossils was not appreciated, and preserva-
tion of bacterial fossils was not expected,
as pointed out by KNOLL, BARGHOORN, and
AWRAMIK (1978).

During the second half of the twentieth
century, the study of Precambrian prokary-
otes opened a new chapter. This was initiated
by several high-profile reports of silicified
bacterial microfossils from the Paleopro-
terozoic (~-1880 Ma) Gunflint chert in
Canada (TyLER & BARGHOORN, 1954; BARG-
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HOORN & TYLER, 1965; CLouD, 1965).
The Gunflint fossils include stromatolite-
associated coccoidal and filamentous fossils
(Fig. 1.1) (BARGHOORN & TYLER, 1965),
as well as coccoidal planktonic microbes
(KnoLL, BARGHOORN, & AWRAMIK, 1978).
These fossils were compared with extant
cyanobacteria, iron-oxidizing bacteria, and
fungi (BARGHOORN & TYLER, 1965; CLOUD,
1965). Serving as a search image in the
field and in the laboratory, Gunflint-type
stromatolitic cherts and microfossils soon
opened the floodgates to numerous discov-
eries of Precambrian microfossils. Within
a decade, Precambrian microfossils had
been reported from many Precambrian
cherts in North America and Australia,
including the Neoproterozoic Bitter Springs
Formation in Australia (Fig. 1.7) (BarG-
HOORN & ScHOPF, 1965; ScHOPF, 1968;
ScHorr & Bracic, 1971), the Neopro-
terozoic Skillogalee Dolomite in South
Australia (ScHOPF & BARGHOORN, 1969;
K~oLL, BARGHOORN, & GOLUBIC, 1975), the
Neoproterozoic Beck Springs Formation in
eastern California (CLouD & others, 1969),
the Paleoproterozoic Belcher Supergroup in
Canada (HormaNN, 1974; HOFMANN, 1976),
Archean strata in South Africa (ScHorF &
BARGHOORN, 1967; KNOLL & BARGHOORN,
1977), and many other units. These were
followed by reports of silicified microfossils,
many of which are interpreted as cyano-
bacteria, from Precambrian cherts around
the world (see summary in ScHoPF, 1983;
ScHorr & KLEIN, 1992; SERGEEV, SHARMA, &
SHUKLA, 2012). Among these, Paleoarchean
microfossils from Western Australia are
the most contentious (AWRAMIK, SCHOPF,
& WALTER, 1983; Buick, 1984; ScHOPF &
PACKER, 1987; ScHOPF, 1993; BRASIER &
others, 2002; ScHorF & others, 2002). The
combined geochemical, paleontological,
and sedimentological data indicate the exis-
tence of a microbial ecosystem on Earth at
~3500 Ma or earlier (ROSING, 1999; SCHOPF,
2006b), perhaps with diverse microbial
metabolic pathways (ScHorr & others,
2018).

Since the 1960-1970s, paleontologists
have also been investigating Precambrian
organic-walled microfossils preserved in
fine-grained siliciclastic rocks or shales using
hydrofluoric acid maceration techniques
(XinG & Liu, 1973; TiIMOFEEV, HERMANN, &
MIKHAILOVA, 1976; VIDAL, 1976), and some
of these are filamentous microfossils that
are interpreted as cyanobacteria (HERMANN,
1974). This line of research opened a new
taphonomic window onto the Precambrian
microbial world (VipaL, 1981; HorMANN &
JACKSON, 1994; GREY, 2005; TANG & others,
2013). Together, microfossils preserved in
cherts and shales provide a broader view of
the paleoecology and taphonomy of Precam-
brian microbes.

MODES OF PRESERVATION

Because most prokaryotic microfossils
are preserved in cherts and shales, silicifi-
cation and carbonaceous compression are
the main modes of preservation. However,
prokaryotic microfossils can also be repli-
cated by phosphate, pyrite, gypsum, and
other minerals; and they have been reported
from ambers. These taphonomic modes are

briefly described below.
SILICIFICATION

As a major permineralization pathway,
silicification is responsible for the preserva-
tion of the majority of prokaryotic micro-
fossils (Fig. 1), including those preserved
in cherts of the Gunflint Formation (Fig.
1.1-1.3) and Bitter Springs Group in
Australia (Fig. 1.7). Generally understood
as a taphonomic process through which
organisms are replaced by diagenetic silica,
silicification of microbes is neither molecule-
by-molecule replacement of cellular struc-
tures by silica nor wholesale replacement
of the entire organism by silica, as some-
times occurs in silicification of animal skel-
etons (ButTs, 2014). Rather, at the micro-
scopic level, silicification is fundamentally
a casting and molding process, with silica
precipitating on organic substrates, such
as cell walls and laminae of cyanobacterial






