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Beginnings of biospheric evolution and their

biogeochemical consequences
preston Cloud

AlM"mCt-f—Tillf belgi:llgngs 1of biospheric evolution had far-
uences for the related evolutions of atmospher i

gu sedimentary record from these several sﬁfultaie?ﬁ;(’fﬁt};ﬁ’tiﬁgdasliffé’fsp?fe rc‘?usf;?efl’;ﬁl% -
provides the evidence from which historical biogeology is reconstructed. The inte retatigg
of that evidence, however, is.beset with pitfalls. Both biogenicity and a'primary orll:gin need
to Dltli dgm{)x}stra-';ed, or conf1dence: Iimits‘ established for each supposed morphological and
biochemical fossil. Relevance ‘to biospheric or related evolutions must be critically evaluated
for every geoqhemlcal and sedimentological anomaly.

Indirect ewdenf:e suggests primitive, oxygen-generating autotrophy by ~ 3.8 X 10° years
ago (3.8 Gyr or glga)_fears), while free O: first began to accumulate only ~ 2 Gyr ago. Various
reduced.substanc.tes in the atmosphere and in solution functioned as oxygen sinks, keeping
photo:ytlc and biogenic O at levels tolerable by primitive anaerobic and microaerophilic pro-
caryotes.

The oldest demonstrably biogenic and certainly primary microstructures are procaryotes
from ~ or > 2 Gyr old strata around Lake Superior. Improved biologic O. mediation, contin-
ued carbon segregation, and filling of O. sinks initiated atmospheric O: buildup, leading to an
ozone screen ~ or < 2 Gyr ago. Consequences were essential termination of banded iron
formation, onset of red beds, and O; shielding of anaerobic intracellular processes, heralding the
eucaryotic cell.

Probable eucaryotes appear in ~ 1.3 Gyr old rocks in California as large unicells and large-
diameter, branched, septate filaments. Likely consequences of eucaryotic evolution were in-
creased atmospheric O, increased carbonate and sulfate ion, and the rise of sexuality. Meiosis
had definitely evolved > 0.7 Gyr ago and probably > 1.3 Gyr ago, perhaps simultaneously with
the mitosing cell. Whatever the timing, it completed the evolution of the eucaryotic heredity
mechanism and foreshadowed (given sufficient free O.) the differentiation of tissues, organs,
and advanced forms of life—with all their potential for biogeochemical feedback to sedimen-
tary, diagenetic, and metallogenic processes. The first Metazoa appeared ~ 0.7 Gyr ago. Being
dependent on simple diffusion for O,, they lacked exoskeletons. The latter appeared, pt"—:rhaps
0.8 Gyr ago, when increasing O levels favored the emergence of more advanced respiratory

systems.

reaching biogeochemical conse-
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Introduction

Some 85% of Earth history had elapsed be-
fore the appearance of the Metazoa and even
more before the first vascular plants. 'Yet con-
Ventional historical geology deals mainly with
the record of multicellular evolution and that
of the physical world in which Metazoa and
“ascular plants prevailed. In contrast to the
"o rather detailed knowledge of this Phan;
ozoic history, what we think we know 0O
ctlier Earth h’istory is by no means univer
wly agreed upon among students of the prob-

lem and is widely misunderstood among those
who are not involved in the study. Eve‘n some
recently published papers share t_he 111us19n
that the possibility of a record of h.fc_a anterior
to Phanerozoic times was largely rejected by
our predecessors, whose works go unread. Qn
the contrary, the existence of an e:\'tefms%vg
record of lowly forms of_ plan_t life, inferre
from the primarily biogenic sed1men.tary St'mecé
tures called stromatolites, has bee}l 1eci(;%nexzth d
for at least 60 years. And geologists s
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time of Darwin have hypothesized a long
interval of sub-Cambrian diversification from
unknown but inferred metazoan ancestors.

Indeed the search for that presumed meta-
zoan record, although partly successful (e.g.
Ediacarian fauna of Glaessner and Daily 1959;
Claessner 1966), to an important extent di-
verted investigation from the truly significant
records of early biospheric evolution, which
we now realize are microscopical and primarily
microfloral. Although the weight of conven-
tional judgment was too great for its general
acceptance when first proposed (Cloud 1948),
and even as late as 1965, it is now widely con-
ceded that the relatively abrupt appearance of
a metazoan record late in geologic time is a
reality and not simply an artifact of poor pres-
ervation, metamorphism, nondeposition, or
erosion, (e.g. Glaessner 1972; Schopf 1974,
1975; Stanley 1976). It is also now widely
conceded that the time of the initial metazoan
appearance was ~ 680 to 700 X 108 years ago,
and that the diversification observed in early
Phanerozoic faunas, while real and relatively
abrupt, was also much more gradual in reality
than it is in some textbooks. By etymology, if
not by definition, the appearance of Metazoa
dates the beginning of Phanerozoic history, in-
cluding the sub-Cambrian rocks that contain
the mainly soft-bodied Ediacarian fauna, now
known to occur on 4 or 5 different continents.
Older rocks and older history thus are pre-
Phanerozoic, and it is to the biological and
biogeochemical aspects of that pre-Phanero-
zoic history that this paper is devoted.

Modern investigation of pre-Phanerozoic
paleomicrobiology began with the discovery of
the now-classic Gunflint microbiota by eco-
nomic geologist Stanley Tyler in 1953 (Tyler
and Barghoorn 1954). It gathered momentum
and became wedded to biogeochemistry and
biosynthesis following the Woodring Confer-
ence on major biologic innovations and the
geologic record, convened by Cloud and Abel-
son in 1961, since which time some 95% of all
the relevant papers have been published.

In effect a new interdisciplinary subject
emerged from the Woodring Conference, as
people from diverse fields of paleontology,
biology, geology, and chemistry sought to
communicate with one another. That is the
field which I call biogeology, as an inclusive
designation for the entire body of subject mat-
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ter that bears on our understanding of Jyg,
processes in crustal evolut1_on—b1olog1ca1, Pa.
Jeontological, sedimentological, z?.nd Chemical,
including biochemical, geoche_rmca}, and cos.
mochemical. Thus the present inquiry is a b,
geological one, and it starts with a bioge,.
logical reflection. _

The present biosphere comprises less thay
three billionths of the total mass of the earth,
while biosphere, atmosphere, hydrosphere
and lithosphere together represent less thay
half of one percent of the same mass (Gijl.
bert 1964). Yet the record from which we at.
tempt to reconstruct Earth’s past history i
almost restricted to this tiny fraction of our
planet and to the surface of the moon. Insig.
nificant though the mass of the biosphere may
be at any given time, however, its affect on
surface processes and thus on the sedimentary
record of Earth history is enormous. Some, if
not all, major steps in biospheric evolution are
inevitably, if subtly, reflected in the develop-
ment of Earth’s growing sedimentary pile, and
perhaps, more subtly still, in the kinds of ig-
neous rocks that ascend from molten sources
within the crust.

What can we say about events in biological
and biogeochemical evolution that took place
between the final aggregation of our planet
~4.65 Gyr? ago and the appearance of rela-
tively advanced forms of life ~ 700 Myr ago?
[Gyr, for gigayear, and Myr, for megayear, are
the preferred international symbolism for
years X 10° and years X 10° respectively, in
keeping with current usage for corresponding
physical measurements. Equivalent designa-
tions are BY, b.y., Ga, and aeon for 10° years
and MY, m.y., and Ma for 108 years.] And
what is a biogeochemical consequence of bio-
spheric evolution?

Most students of the primitive earth would
probably agree that a major biogeOChemical
consequence of biospheric evolution is the oxi-
dation of solid and dissolved substances and
gases at or near Earth’s surface by Oz of photo-
synthetic origin, even though such oxidation
could not occur without the simultaneous
or prior segregation of equivalent carbon.
Granted this, how can we tell what part of the
total oxidation of surficial and atmospheric
materials over geologic time is biogeochemic?
and what part due to O, resulting from purely
photolytic dissociation of H,O with gravitd-
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papur 1. Main events enroute to higher organisms
livent or -
ccondition Lik imulj i
. P T ely stimuli Probable consequences (’Iy::;n ;(;.foﬁvgig)
9, ‘lissues, Sexuality, i
1 g - et);ti Metazoa, higher plants, changed
competition, CaCO, patterns, land biota,
increased O, intensified weathering, ~ 01
B subsequent evolution
1. ,,(m .1{ ly)(:f;c; sexuality E.ucaryotxc cell, Complete eucaryotic > 0.7
meios increased free Q. hereditary mechanism probably > 1.

3
possibly > 1.5

10, 1 Cuéaryotes

> 1% PAL free O,,
(mitosis)

shielding of intra-
cellular anaerobic
functions

More O;, COy - and

SO -, less CO..

2>13
Higher algae -

possibly > 1.5

9. Fully oxidative 1% PAL free O,,

Increased O., ozone shield,

3. Amino acids,

polypeptides

metabolism enzymic neu- red beds, eucaryotes
(superoxide tralization, ~2
dismutase) of H:0; and Oy
8. Cyanophytes Heme proteins, Microaerophilism, BIF, COs -
(or proto- Mg porphyrin, increase, finally O. increase and ~ 3.8
cyanophytes) biophotolysis of H.O fully oxidative metabolism
7. Primitive Competition for com- Cyanophytes, subsequent
autotrophs ponents and energy evolution
6. Life Energy transfer, Procaryotic diversity,
(anaerobic heterotrophs) genetic code biogeochemistry
5. ATP, RNA, DNA Transient negentropy,
reproducibility
4 Sugar-phosphate .
bonds, Che?‘f-a L
cleotide s >38
ll::\lses autocatalysis ATP, DNA, RNA

2. Simple organic UV irradiation

Amino acids, polypeptides

molecules of O: free
(HCN, HCHO, etc.) atmosphere

1 Atmosphere and Outgassing Chemical evolution
hydrosphere of earth

tional escape of Ho—or even to more arcane
sources of O, such as (at low Eh) the physico-
chemical reaction 2S + 2H.0 = 2H.S + -02.
Most might agree also that biogeoche.xmcal
Consequences are observed in the formation of
topical laterites by silica-accumulator plar};s
Lovering 1959) or the leaching of other soils
Y plant acids, not to mention the concentra-
tion. of Fe, Cu, Zn, Mn, Ni, Mo, a1.1d other
Letals by plants. Indeed all true soil formsjl-
0, most rock weathering, and some metallic
Ore formation are at least in part biogeochem-
‘AU manifestations of biological Processes,

while biospheric evolution itself is a kind of
biogeochemical consequence of the hereditary
mechanisms of antecedent biotas.

The subject of this discussion is thus both
broad and complex. But if anything can be
called the scientific method, it is the instinct
that scientists have for dealing_ with broad and
complex problems by breaking them dow.n
into researchable componen'ts. Eventually:thﬁ
enough separate investigatations are Ilnfade’d 3
orderly cumulation of data a1.1d well- ounde
interpretation from different lines of evidence
can be brought to bear simultaneously on the
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main problem. Here, therefore, I attempt to
bring together the main lines of information
and testable hypotheses that have arisen from
study to date of these researchable compo-
nents up to the time of origin of the Metazoa
and the land plants.

It turns out that much of what we can infer
from the geologic past about the beginnings of
biospheric evolution is based on the biogeo-
chemical consequences rather than the reverse.
From this arises a central biogeological ques-
tion: What are the biogeochemical and other
evolutionary preconditions for the origin of
higher organisms, and what sorts of discover-
able traces might they leave in the geologic
record?

Twelve main preconditions or related groups
of preconditions (“events” of Table 1), to-
gether with some of their likely stimuli, prob-
able consequences, and currently estimated
times of origin are listed in Table 1. Research
has as yet revealed no records of the first 7 of
these 12 preconditions, although indirect
evidence suggests that they, and perhaps pre-
condition 8, had all been achieved before the
oldest known sedimentary rocks were depos-
ited ~ 3.8 Gyr ago. The balance of this work
deals, all too briefly, with what I perceive to
be the best of the still dismayingly scanty evi-
dence for the time of origin of these main steps
and their hypothetical geochemical conse-
quences. This is a progress report, outlining
some views which are supported but not neces-
sarily demanded by the evidence; trying to
distinguish clearly between evidence, conclu-
sions, and levels of confidence; suggesting
some possibiliies for future research; and
warning of hazards along the way.

Some Cautionary Remarks on the
Nature of the Evidence

The evidence of interest consists of demon-
strable or highly probable remains of life
found as primary components in rocks of
known or reasonably estimated age, as well
as the probable sedimentary consequences of
life processes, both chemical and physical.
Once life originated, interactions among bio-
spheric, atmospheric, hydrospheric, and litho-
spheric evolutions would commence; and, with
the appearance of photoautotrophs, the sedi-
mentary record would be irreversibly changed.
Reduced carbon, enriched in the light isotope
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12, would become a conspicuous sediment
Component, and carbo_n and Oth.er biological
products would enter into .chemlcal reactiong
that leave traces in the sedimentary record,

I will go into both the direct and indireq
kinds of evidence shortly. First, howeye,
consider some pitfalls. Space does not permit
a detailed consideration at this place of the
hazards of radiometric numerology. Suffice
it to say that basic though it is to the elucidg.
tion and time-calibration of pre-Phanerozoje
history, and careful though its practitioners
are in citing methods, materials, limits of lab-
oratory error, and cautionary admonitions, the
numbers tend to appear devoid of qualifica-
tion in geological (including biogeological)
publications. They are also sometimes derived
by very indirect approximations, involving
inferred correlations with and bracketing by
dated rocks. In this paper also, in the interest
of brevity, I will not specify method, limit, or
refinements, where that has previously been
done (in Cloud 1976, or references there
cited), but the reader should understand that
all numbers mentioned are approximate, some
more than others.

In this cautionary prelude I am more con-
cerned with the question: how can we be sure
that a given microstructure, reported as a
microorganism of great age, is both biogenic
and contemporaneous with enclosing sedi-
ments (primary) when similar-appearing
microstructures can be shown to have a non-
biogenic origin and when opportunities for
contamination begin with the settling of sedi-
ments below the depositional interface and
never end? Even under a clean-laboratory re-
gime one does not eliminate, but merely re-
duces, the prospects of contamination. Caution
and a knowledge of “in-house” contaminants
is still in order.

It is, in fact, so difficult to demonstrate that
a given assemblage of microstructures is, in
reality, both biogenic and primary that few of
the now numerous published reports of poten-
tially informative microbiotas older than about
700 Myr can be considered well authenticated,
and the most ancient of these cannot be much
more than 2 Gyr old. A good tabulation is that
of Schopf (1975). Adding the recently 37
nounced Nabberu Basin microbiota (Waltef
Fltinall 1976), the Biwabik phase of the GV

t microbiota (Cloud and Licari 19682):
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proi,mbly some of the late pre-Phanerozojc oc-
curences in the USSR (e.g. Timofeey 1969,
19732-b) and some t11<3w an(il yet undescribed
occurrences, we get a total of roba

mere than 40 reliable data poh]i)ts.b}’]ﬁgidrig
though our da_ta base for early biospheric evo-
lution is growing, the array of compelling pa-
l(~.~;xl1C}'ob10tas is, as yet distressingly sparse.
Visualize, for instance, that we wish to paint
a grand panorama of life antecedent to the
\etazoa where one km equals a million
vears of history. It is as if, on a strip of canvas
stretching from Nairobi to the southern tip of
India we had to reconstruct this panorama
rom perhaps 40 widely separated images
along the younger half of the strip, with a few
blurred outlines between and toward the older
end. :

As for a primary origin, that is difficult to
demonstrate except from paragenetic relation-
ships between microstructures of interest and
mineral grains or demonstrably primary tex-
tures in the rocks, observable best in thin
section or under the scanning electron micro-
scope (SEM). A primary origin may, of
course, be suggested by the distinctiveness of
assemblages observed or by performing identi-
cal maceration procedures on control samples;
but it is hazardous to rely too strongly on such
criteria, as Cloud and Hagen (1965) have
shown. .

To suggest a biological origin for a given
assemblage of non-living microstructures 1
permissible if they are demonstrably carbo-
naceous, reasonably abundant, ShOVf’ a narrow
or approximately polymodal size d{strlbuh(_)r;;
and have a morphology that is cox.ls1st'ent wit
the proposed origin (Cloud and Licari 196;@)-
A degree of confidence is justified only if, in
additio bserves a level of complexity

n, one observ

ot known to occur as 2 result o_f purely
physical processes. And a given microstruc-
ture can be considered demonstrably l;logemc
only if some of its representatives dlsplay a
level of cellular, microstructural, or jmogeO-

. : ot ble with that
themica] differentiation comparabie W% - o
% living organisms and implying a simt abe)i
o function and continuity Of evolution

: : e
tween them., Such considerations becom

ur
oubly important where we seek to extend 0

Mowledge of biospheric evolution in tim:t (t);
sp.ace- Here it becomes crucial, if Ordmg vi-
lute the credibility of well establishec ¢
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d‘ence, to differentiate between levels of con-
fidence, both as to biogenicity and primary
origin.

A comprehensive tabulation of the artifacts
and contaminants that have been illustrated as
P{'G-Phanerozoic microorganisms would be a
disheartening exercise; yet a few examples are
needed to illustrate the problem, Some com-
mon pseudomicrofossils are the strings of bub-
bles that appear in the formvar used for
mounting microtome slices and replicating
surfaces for transmission electron microscopy
(TEM), as well as wrinkles and breaks in the
same formvar. I have been misled by these
myself (Cloud et al. 1965), as have Schidlow-
ski (1970, Oberlies and Prashnowsky (1968),
and a competent Phanerozoic paleontologist
who not only pronounced my “Archean” micro-
problematica (and almost certainly artifactual
“fossils”) from the Soudan Iron Formation to
be Foraminifera but, in addition, suggested
(perhaps correctlyl) an affinity with forms
described by Pflug (1966) from the much
younger Belt Supergroup of Montana.

Other deceptive non-biogenic look-alikes for
real microorganisms are provided by various
spherulitic or colloform structures in glassy or
cherty rocks (e.g. Tyler and Barghoorn 1954,
figs. 1-2). In addition, spheroidal, framboidal
pyrite or antecedent marcasite of non-biologic
origin may take on a very lifelike appearance,
(Plate 1, figure 2), or, by growing in car-
bonaceous sediments, may aquire a carbona-
ceous exterior coating or even, and apparently
commonly, may also infiltrate real microor-
ganisms (e.g. Moorman 1974). Some of the
roughly 3.4 Gyr old carbonaceous Onverwacht
microstructures described by Brooks and Shaw
(1973, pp. 980-291; also Plate 1, figures 1 & 3
of present paper) display a crude morphology
resembling that of FeS, aggregates, while
lacking microstructural deta.ll. or size range
indicative of a biological origin. Maceration
residues may clump on strewn slides, oxdcar-
bonaceous matter in sediments to pro “:fe
circular, spherical, or linear aggregates ( 4.
Pflug 1966; also present Pl':lte 1, fllgllres 5
6-7). Or bubbles of nlf)lllltlllg me ull(m ?:1

erhaps natural fluids in porous e ‘Hy

earance of spheroidal unicells

take on th'e app ted with and engulfing par-

by becoming coate: her thin sections or porous

ticulate matter in either 1) o strewn slides

rock (Plate L, flgures 9—1 ) figures 6-87).
of maceration residues (Plate 1,
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Key Microbiotas
Discussed

SABLINO
(PYRROPHYTES)

CLOUD

HECTOR (ENDOSPORES)
BITTER SPRINGS (MEIOSIS?)

BECK SPRING (MITOSIS)

PARADISE CREEK

GUNFLINT (HETEROCYSTS)
POKEGAMA (CYANOPHYTES)

BULAWAYAN STROMATOLITES
(CYANOPHYTES ?)

PONGOLA STROMATOLITES
(CYANOPHYTES ?)

Lithological-
Historical
Events 8 trends o
Divisions
; | SED. OXIDIZED
Approximate age in CaS04 EPICRATONAL
YEARS x 10° BP METAZOA COMMON SEDIMENTS Y
+ METAZOA
(PHANEROZO/C)
0.7 GLACIATION i
1
Ma(COs), RED |OXIDIZED
0, INCREASING Cole 022 BEDS g:ll)cmﬁeTONAL
DECREASING COMMON NTS,
€02 NO METAZOA v
EUCARYOTA (PALEOPHYTIC)
Y ]
_ p  Q2.TO ATMOSPHERE L o o - - - Ty” | unoxioizeo
GLACIATION : EPICRATONAL
| t SEDIMENTS 1T
TRUE GRANITES
(PROTEROPHYTIC)
NLY | |roooommommeees =
2.5 PROCARYOTA O | zarvaw "
BIOLOGICAL O IN HYDROSPHERE | WEDGE) .-"
IN BALANCE WITH Fe** BIF \ .-~
4Fe**+0,+80H—=2 Fap 03 +4H, 0 Pt
3 6Fe 03 +C>4 Fe304+C0p GREENSTONES
GRAYWACKES
sopIc "GRANITES" 1L
— _ 3.4 — — — OLDEST WELL-PRESERVED- — — [— f:?’cgz_ﬂf}s‘s
SEDIMENTS AND OCEANIC LAVAS
3.8  — HIGH GRADE GNEISSES & METASEDS. —'— |
FIRST AUTOTROPHS? ?
CHEMICAL EVOLUT
LUTION—>BIOGENESIS ? NO CERTAIN
MAJOR OUTGASSING | TERRESTRIAL
(NO FREE 03) RECORDS I
ORIGIN OF EARTH'S CONCENTRIC STRUCTURE |(HADEAN)
GRAVITATIONAL HEATING
4.65 AGE OF METEORITIC Pb, ORIGIN OF EARTH J

Ficure 1. Major divisions

of earth history and related aspects of biological and geochemical evolution

(modified after Cloud 1965, 1972, 1974a, and amplified in Cloud 1976).

Many kinds of microlites in volcanic and
other glasses (Plate 1, figure 19; Ross 1962)
also resemble microorganisms, as do curving
septate threads 4 ym in diameter and emerald
crystals, symplectites, and some sorts of frac-
tures and inclusions in glasses, first brought to
my attention by my mineralogical colleague
Edwin Roedder.

A variety of probable microcrystallites have
been mistaken for fossils—for instance those
described from a reportedly 2.7 Gyr old
quartzite from Western Australia (Marshall
et al. 1964) and interpreted both as likely
microorganisms and as contemporaneous with
sedimentation, even though they are restricted
to a supposedly opaline matrix such as does
not elsewhere on Earth have an age greater

than ~ 60 Myr. Knoll and Barghoorn (1974)
have described tracks of ambient pyrite grains
in pre-Phanerozoic cherts that are so like non-
septate filamentous procaryotes that even
careful workers might be fooled by them if the
pyrite itself were not preserved at the ends of
tracks the exact breadth of the pyrite crystal.
Then there are Fox’s microspheres (e-g:
Fox and Yuyama 1963). On Plate 1, figure
16 illustrates a breakage pattern of micr-
spheres under stress that at some places reser”
bles the trilete scars formed in spore tetrads
and at others simple cell division, while fig®®
18 shows branching chains of microsph .res
that mimic filamentous algae. Where sim ar
forms or simple isolated spheroids are foun
in very ancient rocks they could represent f
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100 T T
50 | I 1 T
Origin of "]
land plants Mammals |
50 | Angiosperms
Chordata 7
1 L_und
y animals
< -
“1 Exoskeletons
n |0 =
g s L Metazocﬁ |
< Origin of |
E 6 L sexuality
s _
$ 5T ]
QC 4 - Origin of
30 eucaryotes |
3 - . )
5 Begin O,
growth ]
Oldest ‘
rocks
| | ! ' . -
4654 3 2 | 0.7 0.4 0.l

Years X 10° before present

Ficure 2. Apparent timing in L
mospheric oxygen. (Both scales logarithmic;

record of pre-biologic evolution rather than
One of early life. )

In other instances, structures of genumely
bi0]0gical origin are not truly ancient but bﬁ-
g to younger fossil or living forms, while
%ill others are laboratory artifacts. The spiny
Pear-shaped microspheroids illustrated _by

berlies and Prashnowsky (1968) as being
" carhonate rocks of the Bulawayan Group,
t}‘l‘ earlier accepted by Schopf (1970) as :1'11'
“ntic Archean fossils, strongly resemble the
O%es of certain modern hyphomycetean fungi

*€ Kendrick and Carmichael i Ainsworth

of events in biospheric evolution compared with hypothetical levels of at-
curve highly generalized, excursions from the mean likely.)

et al. 1973, Pls. 22-24). Other forms illustrated
by Oberlies and Prashnowsky (1968) and by
Prashnowsky and Oberlies (1972) from South
Africa, Brazil, and Finland also resemble ob-
served contaminants or artifacts of preparation.
Filamentous structures similar in morphology
and composition to those illustrated by Hall-
bauer and van Warmelo (1974) and by Hall-
bauer (1975) as microorganisms from carbona-
ceous Witwatersrand sediments havre begn
replicated experimentally by David Pierce in
my laboratory by heating mixtures of carbon
with lead and zinc powder and filings, follow-
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ing the procedures emplo
and van Warmelo, Studies
in my laboratory have reye
t;l!]lill\]flnt sfxlgal and fungal mj
cracks in fresh looking J;
P;-U-Phanerozpic Ban%bll,lxrinesﬁg?: fcf? 11113:l ]e'llate
fact that ad\flses a cautious approach t: po h-a
modern-looking microorganisms from (1)'t o
stone. As Keller (1959, pp. 33-34) and Kol
(1968, p. 47) have related, many of thely "
Ifnsedly pre-Phanerozoic spores described fsrlcl)p_
the USSR up to the middle 1960’s have be;n
shown to be Paleozoic or younger contaminantn
that washed down along cracks in the oldei
~-ock.s from overlying microfossiliferous strata
Finally, a variety of diagenetic and meta-.
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f‘rllr?irgglchstru.etu’l:es have been interpreted as
Ny (1157§t011tes of biogenic origin by Kolo-
Drosdor> Pls. 14, 15, 25, 30), Vologdin and
o ‘,/a (1964), and some other Soviet
proba ﬁ, not to mention a variety of other
e e artifacts and contaminants noted by
>chopt (1975, pp. 235 940), who has now
]C{;ned Cloud (1974b) in his “reservations
?h :ut e1thgr tht’a’ demonstrable biogenicity or
e g;g\é?ggflce of all Archean microbiotas so
Thus the problem is real, but it is far
hopeless. Although intrusion of contamirf:l(x)g
from burial to laboratory may plague us, al-
Fhough pseudofossils and dubiofossils may lie
in ambush, and although radiometric ages we

&«

PLATE _1. Non-biogenic and doubtfully
photomicrographs, except for figures 9 and 19).

biogenic structures resembling microorganisms (all are optical

Ficures 1 & 3. Carb i : : .
ation residues of Sv:;rt(])c%:)c;%u;‘ Irl')%lﬂ;;se r?nf(t::: gﬁo(:f dloslslt‘)}:rtvglhotf synte (Fegz) Af;e:l.mboi?s fr02m }-IF macer-
o 3 . E o equence, S. i , .
}1:‘ ray dlfgract;‘on o}f) fl;;lslnbzlds by W. W. Wise shows 90% pyrite, 107:,l quaitz). oa. (loc. 2 of 16/5/65;
IGURE 2. Framboids of marcasite (FeS:) made in laboratory b i i

X 2 SIC ¢ ry by passing H:S thro luti f
ffarrot.ls chlopde and aging precipitate in sealed solution with excess S. Compare ap:rtgllllre?liks: l;n((i):nt:—
Egrensl ipgzc%nen on right (from crystallization around end of a sulfur crystal) with similar features in
FIGURE: 4, .“Filamentous type D microfossil” of Pflug (1966, Pl 3, fig. 14) from maceration residue of
shale in Fig Tree sequence, eastern S. Africa.
.FIGUBE 5. “Type E Pseudofossil” of Pflug (1966, Pl. 3, fig. 19), recognized by him as a fracture filling
in thin section of chert from Fig Tree.
Ficures 6-7. “Globular type A microfossils” of Pflug, 1966, Pl 1, figs. 8 & 14) from maceration resi-
dues of shale in Fig Tree. Compare with figures 10-15.
Ficure 8. A “Sphaeromorph with two prominent plastid bodies” (Gowda and Sreenivasa 1969, PL 9,
fig. 5) from maceration residue of weathered and caliche infiltrated sediments in > 2.34 and probably
> 2.6 Gyr old Dharwar System, Chitradurga (formerly Chitaldrug) Schist Belt, S. India. See figure
9 on this plate and description of loc. 1 of 8/ 12/71.
Ficure 9. Polished surface of rock from which object illustrated in f_igure 8 is reported to have come
(loc li of 8/(;25/7(;.). The light colored bands and spots throughout this deeply leached clastic rock con-

. Figures 10-12 are of bubbles from this specimen.

sist of modern, caliche-like infiltrations.

and engulfed particulate

matter trapped in microcavities in thin

: t ;
Prcons 10-12. Bubbles wils e o diments from rock illustrated in figure 9; same locality as figure 8

section of caliche-infiltrated weathered sediments
(loc. 1 of 8/12/71). Note in figure 11 pinching

Center.
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thought were real may give way with little or
no notice to new numbers, we can, with pa-
tience, a guarded outlook, and a synergistic
blending of all lines of relevant evidence, ex-
tract some crumbs of biological reality from
the obstinate rocks.

Indirect Evidences of Early
Biogenic Evolution

The commonest and most readily visible, al-
though indirect, evidences of pre-Phanerozoic
life are the domal or bun-shaped to columnar
and commonly branching biogenic sedimen-
tary structures called stromatolites (Cloud and
Semikhatov 1969; Hofmann 1969, 1973), of
which samples are illustrated on Plate 2, fig-
ures 3-6. Stromatolites are ordinarily found
in carbonate rocks, commonly associated with
wavy crinkled lamination suggesting algal mat
construction. Oblites and flat-pebble conglom-
erates are common associates. Stromatolite
distribution among pre-Phanerozoic rocks, is in
fact, closely related to the presence or absence
of dolomites and limestones. However, they
may also be associated with bedded cherts,
and even in carbonate sequences they often
consist of diagenetic or secondary silica in the
form of chert. Some of these ancient columnar
and domal structures, particularly the ones
comprised of dark chalcedonic chert, actually
display concentrations of filamentous and coc-
coidal microorganisms along the upwardly
convex accretionary laminae of which they are
constructed. But most of them reveal only
their gross morphology and details of branch-
ing, surface structure, lamination, and grain
arrangement.

CLOUD

Study of modern analogs, reinforciald by the
preservation of demonstrable_ cyanop fy,tes (or,
as some prefer, cyanobacteria) in a few stro.
matolites having ages up to 2 Gyr, points to
the conclusion that most are, in fa(ft, the synop-
tic growth products of successive m:elts of
CaCO; precipitating and s-edlmer.lt-blnding
cyanophyte or cyanophyte-like microorgan.
isms. In modern sediments they are commonly
associated with bacteria and occasionally
chlorophytes. Similar structures also are seen
in deep-sea manganese crusts, boiler crusts,
and non-biogenically bonded precipitates of
hot springs silica, while the morphology of
other siliceous aggregations in certain Yellow-
stone hot springs (Walter et al. 1972) appears
to be controlled primarily or in part by asso-
ciated filamentous bacteria. Granting such ex-
ceptions, well defined stromatolites, especially
of distinctive columnar morphologies of wide
areal extent, may be taken as presumptive evi-
dence of life, most probably dominated by
photoautotrophic cyanophytes, or at some
remote time perhaps by protocyanophytes for
which we know no close living analogs.

Now stromatolites first became locally com-
mon ~ 2.25 Gyr ago, when the oldest areally
extensive, although not yet generally preva-
lent) carbonate rocks are seen in the middle
Transvaal beds of South Africa. They do, how-
ever, appear sporadically in older strata where
carbonate rocks are present (commonly dolo-
mites or ferrodolomites). In fact, the oldest
stromatolites yet known are tiny forms that oc-
cur in wavy laminated (“cryptalgal”) dolomites
near the base of the Pongola System of north-
ern Natal Province, South Africa (Plate 2, fig-

PLATE 2.
banded iron formation (BIF).

Ficure 1. Deformed ~ 3.8 Gyr old BIF from main ore body

Indirect evidences of early biospheric evolution—vertic

>
al profiles through stromatolites and

at Isua, SW Greenland (white meso-

bands are iron-poor silica, black mesobands are iron-rich; loc. 9 of 27/8/74).

Figure 2. Microlaminated ~ 2 Gyr old BIF from Krivoi Rog

Figure 3. Oldest knoYvn“‘cryptalgnl” dolomite with microstromatolites at 1
3 to 3.1 Gyr old Insuzi Group, Pongola System, section on White Mfolozi

Africa.

Ficure 4. Compound domal stromatolite from ~ 2.6-2.7 G
Syncline, ~ 15 km airline SSW from Shabani, S. central Rhodesia
recognized in unpublished work of Antony Martin, ;
litic limestones of Bulawayo Group (Hawkesworth et al,

Ficure 5. Large columnar stromatolite from dolomite in the > g

of S. Africa (loc. 1 of 9/9/65).

Ficure 6. Columnar stromatolite Inzeria tjomusi Kr

Territory, Australia (loc. 2 of 2/8/65).

Ukraine.

ower center; lower part of
River, Northern Zululand, S.

yr old limestone on west flank Mumpurumu

Age is vssentialzlonetl 2? off 38 camrelatable zonss
; y tha X ho-
1975; Bickle et al, 1o75) 0 O S

25 Gyr old Transvaal sequence

ylov from ~ 0.7 Gyr old Hinde Dolomite of Northern
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ure 3; see also Mason and von Brunn, in press),
having a zircon age of 3.1 Gyr (Burger and
Coertze 1973). Somewhat younger (~ 2.6-
2.7 Gyr per Hawkesworth et al. 1975) are the
often-cited Bulawayan stromatolites, originally
noted by MacGregor (1941) and most recently
reviewed by Schopf et al. in 1971. More abun-
dant and varied stromatolites of similar age to
the Bulawayan (e.g. Plate 2, figure 4) have
recently been described from the Shabani dis-
trict of south central Rhodesia (Bickle et al.
1975).

Valid caveats aside, the wavy laminated to
microstromatolitic dolomite of the lower Pon-
gola System strongly suggests the existence of
a CaCO; precipitating and sediment binding
cyanophytic microbiota ~ or > 3 Gyr ago, and
thus a cyanophytic biochemistry (although not
necessarily identical in detail to that of living
cvanophytes). And stromatolites occur inter-
mittently through the stratigraphic record
from then until now.

Other unusual sedimentary structures that
may have important biogeological significance
are the alternately iron-rich and iron-poor
laminated rocks, most commonly cherty, that
comprise the so-called banded iron formation
or BIF (see James and Sims 1973 and
UNESCO 1973). This interesting rock is also
known in its cherty aspect as taconite or jas-
pilite. and, where the chert is recrystallized, as
itabirite or ferruginous quartzite. The kinds
of BIF need not delay us beyond noting that
the two main types (Plate 2, figures 1-2) do
not generally occur in rocks younger than ~ 2
Gyr (although conspicuous exceptions to that
rule are noted by Young 1976, and Cloud
1973a). What is important is the remarkable
continuity and cyclicity that the BIF often
shows in well preserved deposits.

A major geochemical dilemma is posed
when we consider how the iron in an individ-
ual iron-rich lamina of BIF could have re-
mained in suspension over areas of sea bottom
up to 300 km or more across (e.g. Trendall
1973) except as dissolved or colloidal ferrous
hydroxides, and how it could have been
abruptly and episodically precipitated except
as a result of episodic, temporary exposure to
dissolved O,

Two possible explanations come to mind,
One calls on periodic transfer of fe

( rrous
iron from the depths of anaerobic

basins into
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oxygenous surface Vyaters. T'his resul.ts in the
precipitation of ferric hydroxides, which 20 to
[Fe,Oy upon loss of H20 and then to Fe,0, op
reaction with C (Perry a".d Tan 1'973; Perry ot
al. 1973). Meanwhile silica continues to pre-
cipitate from ocean waters locally saturated i,
volcanic §i0, or generally so saturated befoye
the evolution of eucaryotic silica precipitators
The second explanation invokes a biolc)gica]
source of oxygen that is in some way depen-
dent on the oxidation of ferrous iron tq keep
free O, at sublethal levels, and which itse]
has an episodic aspect.

I have called on the first mechanism tg e.
plain certain unusual and lir{lited Paleozoic
and later pre-Phanerozoic BIF’s such as those
associated with the marginal facies of eugeo-
synclinal basins in southern Transuralian
USSR (Kalugin in UNESCO 1973) where a sub-
marine volcanic source of iron and silica can be
visualized. This might work also for late pre-
Phanerozoic BIF’s associated with diamictites
and steep topography (Young 1976). The
common association of these and older BIF's
with evidences of glaciation, as noted by
Young (1976) would also be consistent with
glacial control of episodic upwelling of waters
rich in basinally stored Fe*, as suggested by
Cloud (1973a).

A mechanism dependent on oxygen-rich sur-
face waters, however, while it might work for
lenticular deposits in basins of limited extent,
can hardly explain the very extensive, thinly
and continuously laminated, mainly shallow
shelf to shelf-basin deposits of cherty BIF, so
characteristic of post-Archean deposits in the
age range of ~22 to 2 Gyr ago. Here it is
necessary to keep the iron in solution over vast
areas before it is converted to the ferric state:
this is hard to visualize if the contemporaneous
atmosphere were generally oxidizing. It also
runs into serious difficulties of scale even for
the less extensive and commonly lenticular
Archean deposits. If the surface waters of
basins in which Archean BIF was precipitating
were generally oxidative, that would imply
that the Archean atmosphere was also oxida-
tive. And, if the atmosphere had been oxida-
tive, we might expect to see oxidized sediments
other than BIF in arkosic fluviatile and basin
margin deposits such as are associated with
the >3 Gyr old Moodies and ~ 3 to 3.1 Gyr
old Pongola sequences of eastern South Africa.
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Wwe might also expect to see more Archean
carbonate rocks, and those we do see should
not include ferrodolomites as they commonly
do. Finally, we should not see extensive easily
oxidized detrital uraninite and pyrite as we do
in the stream and delta deposits of rocks older
than ~ 2.3 to 2.2 Gyr in South Africa, Austra-
lia, Brazil, and Canada (e.g. Ramdohr 1958;
Robertson 1974; Roscoe 1969; Salop 1972;
Reimer 1975).

The alternative possibility (Cloud 1965) is
that BIF older than the oldest clearly oxidized
terrestrial or marginal marine sediments is in
some way related to a biological source of oxy-
gen. I have discussed this in detail at other
places (e.g. Cloud 1973a, 1974a). Briefly, I
visualize cyanophytic (or proto-cyanophytic)
0. producing photosythesis as the source of
the O that converted ferrous to ferric hydrox-
ides and then oxides in the BIF, the ferrous ion
serving as an O depressant and possibly elec-
tron donor that permitted the early oxygen-
sensitive cyanophytes to survive. Some blue-
green algae even today prefer anaerobic or
nearly anaerobic conditions, depending on re-
duced substances such as sulfides to keep the
0. down to tolerable levels (e.g. Stewart and
Pearson 1970). They include the active stro-
matolite builder at Yellowstone Park, the genus
Phormidium, and perhaps other mat-forming
and benthic blue-greens generally (Weller et
al, in press). Thus it is consistent with what
is known both about living cyanophytes and
BIF to hypothesize that BIF 2 Gyr old or older
is primarily a biogeochemical consequence of
cyanophytic evolution and hence evidence for
it. The episodicity that gave rise to the alte.r-
nating iron-rich and iron-poor microbands in
at least one major BIF basin is probably an-
nual (Trendall 1973)—presumably reflecting
seasonal upwelling of either nutrients for algal
blooms, or ferrous iron in solution, Or both..

This line of reasoning has some interesting

implications for plant evolution. It suggests
that not only life itself but probably a low

]evel of 02 producing phOtOSYﬂtheSiS was al-

ady in existence > 3.76 Gyr ago when tl?e

dest known BIF was being deposited in

“uthwest Greenland (Plate 2, figure 1; Moor-

theet g, 1973)—some 700 to 800 Myr before

Ven the oldest known stromatolites!

dih'ocorrect: that means that events Or pre(ifn&

s 1 through 8 at the left of Table 1 ha

363

already occurred >3.76 Gyr ago, along with
their likely stimuli and most of their probable
consequences. Event 1, on the other hand, the
outgassing of Earth to form the initial atmo-
sphere and hydrosphere, presumably began
as soon as the accretion temperature of the
earth reached the melting point of rock, with
water condensing out as soon as the surface of
the accreted earth cooled below its boiling
point. Major outgassing may have lasted a
good part of the time from shortly after plane-
tary origin ~ 4.65 Gyr ago to the deposition of
the very ancient BIF in southwest Greenland.
Of course, events or event-sets 2 through 5,
representing the reactions of prebiotic chemis-
try (e.g. Calvin 1975), were probably going on
almost simultaneously with the initial develop-
ment of hydrosphere and atmosphere accom-
panying and following the primordial outgas-
sing. Thus life probably came into existence
almost concurrently with the primary hydro-
sphere, perhaps while it was still limited and
disconnected enough to present relatively
small warm pools, rich in the molecular pre-
cursors of life, somewhat as Darwin visualized
in his often cited letter to Hooker (1 Feb., 1871,
per Calvin 1975), or on crystal templates as
suggested by Bernal (1967) and Cairns-Smith
(1972).

Although we do not and never can know
with certainty, what the first organism looked
like, the likeliest chemistries of its origin say
that it was anaerobic, most probably hetero-
trophic, and certainly procaryotic. Most likely
it consisted of minute, subspherical unicells
that we would be unable to identify with con-
fidence as once-living objects even if we were
to find them. The above reasoning neverthe-
less envisages the ancient BIF of southwest
Greenland as indirect evidence that all steps
up to the origin of procaryotic organisms with
the biochemical equipment for oxygen-gener-
ating photosynthesis were taken before ~ 3.8
Gyr ago; presumably over a geological inter-
val of no more than ~ 400 Myr, following the
condensation of the initial hydrosphere.

Now one may well ask, if all that happened
so early in Earth history, why did it take
another 1.8 Gyr to evolve the oxygen defe.nses
that made possible fully oxidative metab'ohsn??
To that I can respond only that I see biologic
evolution as basically 2 shaping of existing bio-

systems to changes in environments, geog:
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raphy, and antecedent biosystems that create
new evolutionary opportunities, new niches,
and new isolating mechanisms. The geologic
record of life, as I read it, implies that evolu-
tion is strongly opportunistic, that successful
biologic innovations happen or expand in a
geological sense when appropriate ancestral
types and suitable opportunities exist (Cloud
1973b). In the case of oxidative metabolism,
the stimuli were probably the filling of all sur-
ficial O sinks, with buildup of O. above the
Pasteur Level (10-2 present atmospheric level
or PAL) and evolution of advanced oxygen-
mediating enzymes. Indeed, as we know from
the works of Gerschman (1962), Gilbert (1964,
1972), and Haugaard and others in Dickens
and Neil (1964) and Hayaishi (1974), and as
we have understood dimly since Lavoisier and
clearly for nearly a century, oxygen was prob-
ably as much an obstacle as an opportunity to
evolution. As Gilbert (1972) points out, pho-
tosynthesis itself is inhibited by O, toxicity
which thereby acts as a brake on O; increases.
Thus, as Singer and Edmondson (1974) have
suggested, the main evolutionary advantage of
the invention of a respiratory apparatus able
to reduce O to H-O may have lain in the elim-
ination of the toxic products of the univalent
and divalent reduction of O, rather than in the
greater efficiency of aerobic respiration as
compared with anaerobic fermentation.

To cope with oxygen toxicity so that free
0. could increase, it was necessary for primi-
tive anaerobic or microaerophilic photosynthe-
sizers to evolve a variety of antioxidant en-
zymes—among them cytochromes, carotenoids,
perhaps catalases, and eventually superoxide
dismutase. Most important, it turns out, is
superoxide dismutase, ubiquitous in aerobic
cells and the only suppressant of the super-
oxide O, an intermediate product in the re-
duction of O, to H,O, and water (McCord et
al. 1971; Singer and Edmondson 1974). Thus
we must add to the filling of all of the primi-
tive O, sinks and the evolution of a proper
complement of cytochromes and catalases, the
ability to manufacture a continuing supply of
superoxide dismutase, before a fully oxidative
metabolism (and an eucaryotic level of devel-
opment) is possible. In view of the fact that
there were no obvious selective pressures
toward the latter until all major O, sinks were
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filled or nearly filled, it does not seem Surprig
ing that oxidative metabolism and the eyggy,.
otes were late in making their appearance

A few words, finally, about organic éeo.
chemistry, which can, in theory, provide in.
direct evidence about early plant evolutiop but
which is beset with problems. Extractap),
organic geochemicals all contain the uncer.
tainty that the same volatility which make,
them extractable would also have made it
possible for them to move through evey
minutely permeable rocks and thus to be intyo.
duced secondarily at various post-deposi.
tional times. Solid carbonaceous residyes
(kerogen) on the other hand, while presumably
(but not necessarily) both indigenous and
coeval with sedimentation or diagenesis, are
generally so altered in pre-Phanerozoic sedi-
ments that they provide little information
about organic molecules at a level of complex-
ity of interest for biogeochemical evolution
(Leventhat et al. 1975).

Of more than ordinary interest are the car-
bon isotope (13C/!2C) ratios (8'3C) of car-
bonaceous residues, where enrichment in light
carbon has been taken as indicative of photo-
synthetic fractionation. But even granites and
volcanic rocks (at least young ones) give
813C values for noncarbonate carbon as low as
—20 to -12 parts per mil (Feux and Baker
1973), while the minimal 813C value observed
by Calder and Parker (1973) for cyanophytic
algal mats in Holocene sediments was -18%.
Indeed the latter authors conclude that ob-
served 8'8C values, taken literally, “are not
consistent with the idea that blue-green alga¢
were the primary source for organic matter
during pre-Phanerozoic time—which suggests
the possibility either of evolution of C(?a
fixation pathways in early protocyanophytic
populations or of metamorphic alteration
carbon ratios in ancient sediments. The cor-
clusion I regrettably draw from these an
other suggested implications of C isotope ratios
(e.g. Broecker 1970; Becker and Clayton 197‘?‘;
Oehler et al. 1972; Schidlowski et al. 1975)
that we do not yet understand enough about
them or other organic geochemical data from
pre-Phanerozoic rocks to go very far beyor
the inference that abundant reduced carbf
in sediments suggests (but does not of itsel

. ; :stence
prove) the contemporaneous or prior existen
of life,
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Oldest Demonstrable Fogsils and

the Biogeochemicg] Implications of
Procaryote Evolution

If mm‘pho'log_\r can bhe deceiving it can also
be .illumnmtn}g. Disoriminating micromorpho-
logical a}mlysm of objects and structures known
to be primary may suggest a great deal aboyt
probable function, bioohe‘mistl‘y. and affinities,
It may, in fact, tell us more about biochemieal
evolution thfm the most refined organic geo-
chemistry of mobile substances that may be
contaminants or graphitic residues whose in-
duced lysis reveals only simple precursor
molecules. But if we are to get at biochemical
evolution through refined morphology, it is all
the more important to establish a high level of
confidence that entities studied are truly fos-
sil organisms of the same age as the enclosing
scdimentnry rocks and not themselves contam-
inants, artifacts, or abiotic precursors of living
systems.

On Plates 3-5 are illustrated representatives
of seven selected microstructural assemblages
that I consider to be demonstrable fossil micro-
biotas on grounds of distinetive cellular differ-
entiation or ultrastructural similarity to living
organisms, combined with a carbonaceous
composition and with paragenetic relations to
associated mineral grains indicative of primary
origin,  Six of these illustrate the variety of
norphology extant between ~ 0.7 and 2 Gyr
0. The seventh (Plate 3E) illustrates the

vel of complexity that had been reuched' by
- 500 Myr ago, emphasizing the bm“r-hke.
liiry, or spiny, commonly bipolar, acid re-
Yiitant organic structures such as firs't appear
A primary components in Phnnemz?w r(‘)cks.
"o relative positions of these ll'llC}‘()bl(?tl\S
With reference to major lithological-historical
div isions recognized is shown in Figure 1,
Mo dified from and amplified in Cloud, 1976.

The beautifully preserved, diverse‘. and
abusdant ~ 9 Gyr old Gunflint microbiota of
0uthiern Ontario, first announced by T)‘rler and
Bare hoom (1954) and partially descr.nb(;*sd) bi)\f
Bm-z,hnorn (in Barghoorn and T}'l“_" 19 t‘u;‘

~800d one to start with. Here the fﬂumeilln >

Wlintia minuta Barghoorn, from Lo

i Oatolitic chert of the Gunflint Irp‘n } 0;:}‘::

il‘gl,lllluxtrates well .the .powc(;l' ((>ij 0‘1:210‘ (n1]968)

ot “lehology. Licari and 00 Jow ans
¢ that some of these filaments sh

Uga e o A at places seem-
Sed cell interspersed in and at pla
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ingly terminal to linear arvangements of short
bead-like colls (Plate 3, Figures 3,7.8). The
enlarged cells are of two types, one subspherd-
cal and about twiee the diameter of the
intervening normal cells, the other longer an
lavger. T.icari and Cloud (1968) noted that
the subspherical enlarged cells rosembled the
heterocysts and the large oblong colls the
akinetes, which, together with absence of false
branching and tapering, differentinte living
nostocacean eyanophytes from all other filn-
mentous forms, Ag in living blue-green algno,
the formation of akinete-like cells adfacent to
heteroeyst-like cells is consistent with the iden
of Tyagi that the heteroeyst plays a rolo in
akinete formation, Although these enlarged
cells are generally rare in Gunflintia minuta,
they are loeally common, as if their develop-
ment might have responded to seasonal or
microhabitat variations. Tn similar living forms
the heterocysts, which scem to serve among
other things as sites for biological nitrogen
fixation (e.e. Tyagi 1965: Fay and Stewart in
Carr and Whitton 1973), are commonly clear,
in contrast to adjacent vegetative colls, The
akinetes, however, which apparently perform
as restina cysts from which new filaments ger-
minate ofter intervals of desicention or chilling,
are piemented, Tn the fossil material the sig-
nificance, if any, of the fact that both tvpes of
enlarered cells tend to he clearer than adjacent
normal cells is not obvious. Perhaps it reflects
a difference in primary pigmentation due to
presence or absence of heme proteins or por-
phvrine. but in that case the larger oblong
cells, if akinetes, should also he pirmented
(e.e. Ticari and Clond 1968, figs. 2 4). Per-
hans they are just large heterocvsts, which
mivht be sueeested by ficure 3 of Plate 3.

The cellular differentintion noted. as well
as other evtological similarities to the Nostoea-
ceae. warrants a high level of confidence in the
conclueion that Gunflintia is not only a ¢en-
uine fossil. eauipned with heterocvsts and

nrobablv akinetes, but is, in all probability, an

whral nostocacean evanophyte,

nn'(l“‘l:::llu::e is true of Gunflintia-like filaments
in non-stromatolitic cherts at the bnse‘ of tll\((‘\.
Pokegama Quartzite, }\'hich undvrliwsi 13)0{5
correlated with the Gunflint Format (';-‘[\\ :
northeastern  Minnesota (‘Plutc; -aﬁ?{lctiul-;li;
however, although shpnth-hkv ultras .x ‘qt-likc‘)
preserved (Plate 3, figure 2), heterooys
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cells are extremely rare, akinete-like structures
have not been observed, and very thin (<1um),
aseptate, associated filaments may be filament-
ous bacteria.

Intercalary heterocyst-like cells are also
found occasionally along the trichomes of fila-
mentous forms in the ~ 1.3 Gyr old Beck
Spring microbiota (Plate 54 ), although none
are here illustrated. I am unsure how to inter-
pret the records of ILois Nagy (1974) and
MacGregor et al. ( 1974) from thin sections of
dolomite > 2.25 Gyr old near the middle of the
Transvaal sequence, S. Africa. The ease with
which microorganisms seem to be able to
penetrate carbonate rocks causes me to pause
short of an unequivocal acceptance of these
records. Yet the material looks plausible, and
Dr. Nagy (letter of 15 June, 1976), in kind
response to earlier inquiry, assures me that
tests for porosity and microcracks imply van-
ishingly small prospects of post-solid intro-
duction of microorganisms. In addition, my
long held reservations concerning either the
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biogenicity or the primary nature, or both of
all Archean microbiotas reported until now
have recently been seconded by Schopf (1975).
Although some objects that are surely in-
digenous may well be microorganisms (e.g,
Eobacterium isolatum, Barghoorn and Schopf
1966), and it is permissible so to interpret
them; we agree that evidence for a biogenic
origin is permissive only and not compelling.
Thus the filaments of the Pokegama micro-
biota are the oldest surely biogenic and pri-
mary microstructures known, and the record
of cellular and microstructura] differentiation
from then onward is strong evidence for a con-
tinuing record of biospheric evolution from
somewhat more than 2 Gyr ago until the
present.

To retum to the slightly post-Pokegama
Gunflint microbiota, however, its biogenicity
is further reinforced by the presence in it of
two genera that are here interpreted as bud-
ding bacteria (cf. Hirsch 1974). These are
the forms that Barghoorn (in Barghoorn and

&

PLATE 3. Procaryotic microbiotas from ~ 2 to ~ 0.7 Gyr BP (A

otes (E).

-D) and some ~ 035 Gyr old eucary-

A. Pokegama microbiota, ~ 2.1 to 2 Gyr BP (loc. 3 of 3/10/64, N. E. Minnesota ).

Ficure 1. Photomicrograph of mass
‘ate larger filament.

work structure.

B. Gunflint microbiota, ~ 2 Gyr BP (loc. 1 of 25/8/63

thin sections of stromatolitic chert.

Ficres 3 & 7. Gunflintia minuta Barghoom, interpreted as a mnostocacean BGA
fer ntiation (letters h and a suggest comparison with heterocysts and akinetes).

of micro-filaments in thin section
Rare heterocyst-like structures found in such fil

¥icure 2. TEM micrograph of HF-isolated empty sheath of probable

of chert. Arrow points to sep-
aments not shown in this figure.
cyanophyte showing fibrillar mesh-
» southern Ontario). Photomicrographs from

showing cellular dif-

Fiire 4. Kakabekia umbellata Barghoom, a probable budding bacterium.
Ficore 5.8, Eosphaera tyleri Barghoorn, affinities problematical.

Fic,

‘£ 8. Typical view of a Gunflint thin section from stromatolitic chert at this locality, showing

abuiridant septate filaments of Gunflintia minuta Barghoom and polymodal spheroids of uncertain af-

finit; ¢ Huroniospora).
Crp
from 1in sections of stromatolitic chert.

9. Probable cyanophytic septate filament,

10. Cubical Eucapsis-like colonies.

Ficuy

ICUR,

radise Creek microbiota, ~ 1.6 Gyr BP (loc. 3 of 20/ 7/65, N. W. Queensland).

Photomicrographs

D. 3. for microbiota ~ 0.7 Gyr BP (loc. 3 of 2/9/67, S. W. Alberta).

Ficyp;.

i ior hs of maceration isolates of Sphaero-
i TEM (figures 12-13) micrograp ne : Masrs-
f ] ’1—13.' v (rigure lflgmari)(}ack mudstone of Hector Formation; 11 = ei“_dlo Spf’r:?eguc;nlll’ :r?vgo;f}s
trathu"':‘;fl';aniﬁt”s glf 001:;:? ofrc]onal coenobium, 12 = detail of juncture of multi-lamin
! iection throy ce

~ 30 km SE of Leningrad, USSR)_. Nomar-
/57 1f’rom basal Ordovician (Tremadoc) siltstone.

dinophycean cyst showing open archeopyle at

Shown, 2t lower edge of fig. 13 (arrows in figures 12 and 13 point to same location).
ﬁ;, Sabiing microbiota ~ 0.5 Gyr BP (loc. 3 Of‘loolgge

'Fl Wterference photomicrographs of maceratu'm is

FmUnE 14, Trichosphaeridium annolovaense Txmofe'ev. b vone 252t

FI,%RE 5. Acanthodiacrodium sp. (a probable dl;ngll) hyee

: 6 able

has:;‘_E 16, Archaeohystrichosphaeridium sp. (pro
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Tyler 1965) called Kakabekiq (Plate 3, figure
4) and Eoastrion (Plate 4), at the samo F;iL e
as Cloud (1965) was recownivi Pt v
as ¢ \ ) was gnizing a striking
morphological similarity hetween Eoastrion
and the ]i\(i11g I\’In—oxidizing bacterium Mem]-
logenium from Karelian lakes (Perfil'ey ot al
1965). Specimens from my collection have
since been studied by Kline (1975), who
kindly prepared Plate 4 of this work to show
the detailed micromorphological resemblance
between Gunflint Loastrion, modern Metallo-
centum, and a similar organism from the ~ 1.6
Gyr old Paradise Creeck microbiota of north-
west Queensland (Licari et al. 1969; Licari
and Cloud 1972). Figures 1-9 on Plate 4 com-
pare the modern and ancient species at similar
stages of development, while figures 10-12 and
14 show distal swellings on fossil trichomes
similar to the terminal reproductive cells of the
living Metallogenium. Similar forms, as well
as other elements of the Gunflint microbjota
have also recently been reported from the
Frere Formation, Nabberu Basin, northeast
edge of Yilgarn Block, Western Australia
(Walter et al. 1976), of about the same age
as the Gunflint. We need not pursue the ques-
tion of whether Metallogenium and its ancient
look-alikes might be actinomycetes, spiro-
‘haetes, or something else rather than a bud-
ling bacterium. The point of interest here is
iat there is no reasonable doubt that, what-
cver these structures may be, they are all re-
1arkably similar over a range of rnatch.ing ﬂr}d
complicated morphotypes. If one is b1ogen.1c,
it seems likely that all are, and the clearly bio-
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genic one is at the procaryotic or non-mitosing

and microaerophilic evolutionary level,
Authentic, probably microaerophilic, pro-
caryotes thus were unequivocally extant by ~ 2
Gyr ago, but associated with them are also mi-
croorganisms that from time to time are sug-
gested as possible eucaryotes (e.g. Kazmierczak
1_.976;.'[‘1[[)[)11" 1976; Darby 1974; Edhorn 1973,
Licari and Cloud 1968; Barghoorn and Tyler
1965). The most persuasive evidence for an
cucaryotic presence is that of Kazmierczak
(1976), who compares the Gunflint Eosphaera
with a strikingly (but I believe superficially )
similar Devonian form which he has named
Eovolvox and compares with the living “colo-
nial” (coenobial) Volvocales. Eovolvoz, how-
ever, clearly displays internal daughter colonies
which are absent or obscure in Eosphaera, lacks
the well-defined thick-walled inner sphere of
the latter, and has an external diameter of 42 to
135 pm, as compared to ~ 28 to 30 um for Eo-
sphaera. There may be eucaryotes in the Gun-
flint microbiota, but the evidence for them can
hardly be considered stronger than permissive.
Although Kazmierczak has argued skillfully
that the photoorganotrophic coenobial Volvo-
cales tolerate, or even prefer, low oxygen con-
centrations and that some have a high require-
ment for iron, the simplest explanation for the
Gunflint microbiota, and that most consistent
with contemporaneous geochemical evidence
and evolutionary developments up the geologi-
cal column, is that it is wholly procaryotic.
What then are the biogeochemical implica-
tions of the supposedly wholly procaryotic

«

i i i jia ~ 1.6 Gyr old
Pu.e 4, Metallogenium-like budding bacteria
scalos all 5 um. Photomicrographs of thin sections (A & C)

i d (loc. 4 of 20/7/65).
Formation, N. W. Queenslans' (Ontario s

figurc 6 from GF-69-4E; figure 9 from loc. 1 of 25/8/63 of Cloud).

Crl_" :’
fror chert of Gunflint Formation,

(A), modern (B), and ~ 2 Gyr old (C). Bar
and cultures (B). (A) from chert of Paradise
(B) from Perfilev et al. (1965). (C)
3 and 12 from S. Awramik loc. GF-69-4D and
Plate presents some findings of a

; s venport
Masier's thesis by Gary Kline and was prepared by him for this repor

Ficunes 1-9, Comparable morphological grad(alt;()mf (Erms.

y encrusted stage.

“usted stages in fossil (A & C) and living |
o 6 miﬁ]]y encrusted stage; 7 to 9, heavil

i os exhibiting
FiGuny, 10. Cluster of fossil tri(;}:;sg};zﬁfngs B Blaments.

s with - enlarged termina

< of living form may ¢
Cells of o to start

is not from an ¢
of budding bacteria.

® heavily encrusted. Note termi
clﬁU"Es 11-12. Fossil microsphere
S of living Metallogenium. V)
Mhile attgoheg (acs ot upper left of figure 1‘tle)r
Toupg 13, Branching of filament at tOL-)t xcl(:]t]ic
"ol g the “hyphal” branching characteris
giﬁ”“‘* 14, Filament trending to UuPPer
“h of 3 secondary trichosp

left shows & te
herical microcolony 85 in

downward) from non-encrusted tricbosphercs_; tg en-
Figures 1 to 3, trichospherical microcolonial stage,

gradation of associated microcolonies from lightly

1 bodies analogous to terminal veproductive
lethch to form a new trichosphere or bud

i ichosphere.
a satellite trichosy .
enlarged terminal body, but instead

minal body with two branches, starting the
"
living Maetallogenium.
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microbiota that seems to have existed in sev-
eral parts of Canada, the north-central United
States, Australia, and probably wherever BIF
is found, up to ~ 2 Gyr ago or later?

I have already outlined a hypothetical rela-
tion between cyanophytic or protocyanophytic
O, production and the chemical sedimentation
of BIF. In this model a critical feature is the
nature of the advance of photoautotrophy be-
yond the stage of merely nascent Oz produc-
tion with immediate recombination (as in
bacterial photosynthesis), to the actual re-
lease of extracellular free O,. It seems unlikely
that this step would have been accompanied
by immediate full enzymatic protection against
high levels of ambient O. Simple cyto-
chromes, of course, or their antecedents, plus
chlorophyll @ and probably carotenoids would
have been minimal prerequisites. But, as
previously observed, at that stage of evolution
cyanophytic metabolism may well have been
microaerophilic and dependent on some mech-
anism for maintaining very low free O; levels,
as apparently continues to be the case among
some stromatolite-forming and other blue-
green algae today (Stewart and Pearson 1970;
Weller et al., in press).

Thus I see the prevalence of ferrous iron in
solution in the older pre-Phanerozoic seas as
one of the major Oy sinks that assured the sur-
vival of the perhaps initially anaerobic but
later microaerophilic protocyanophytes from
their origin ~ 3.8 Gyr ago, until the appearance
of efficient enzymatic protection against in-
creasing levels of free O, perhaps 2 Gyr ago.
As long as O, levels stayed low and oxygen
sinks remained to be filled, there would have
been no great selective pressure favoring the
evolution of higher O, tolerance and a fully
oxidative metabolism. For evolution, as noted
above, is not so much a function of elapsed
time as it is, given suitable ancestry, of oppor-
tunity; which would explain, among other
things, why we were wrong so long in our
guesses about the length of time required for
the emergence of the Metazoa.

What could have stimulated greater O,
tolerance among the early cyanophytes? Was
it merely a chance mutation for the production
of superoxide dismutase in the larger popula-
tions associated with the vast marine iron
deposits between ~ 2.2 and 2 Gyr ago, or a
selective consequence of the exhaustion of con-
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temporaneous O, sinks? Wh?.tever the cauge
we may infer from the essential termination of
BIF and onset of red beds about 2 Gyr 4,
that this was when enzymatic mediation of that
particular early atmospheric pollutant (eg.
Fridovich 1975; Singer and Edmondson 1974,
McCord et al. 1971) became efficient enOug};
to tolerate free O: at levels above ~ 1% PAT,

The biogeochemical consequence of iy.
creased Os tolerance was the saturation in Q,
of the photic zone of the hydrosphere as the
sedimentary segregation of carbon continueq
initiating the growth of free O, in the atmo.
sphere. This, in turn, initiated the growth of
the ozone screen, the termination of BIF
sedimentation, the retention of ferric oxides in
the weathering profile, and the burial and pres-
ervation of oxidized sediments, of which the
most conspicuous evidence is the formation of
continental and marginal marine red beds
throughout the last 2 Gyr.

The challenges that this collection of hy-
potheses have encountered since first proposed
a decade ago (Cloud 1965) have produced
constructive revisions but no major changes.
On the contrary, relevant new or previously
unfamiliar evidence has so far been either
supportive or permissive of the model. As I
have noted elsewhere for instance (Cloud
1974a), the prevalence among procaryotes of
repair mechanisms for UV-disrupted DNA and
of UV-shielding pigmentation suggests a re-
sponse to the primitive absence of an ozone
screen as a result of the rarity and evanescence
of free O,. Similarly the evolution of nitrogen-
fixing enzymes, now limited to the anaerobic
environment of heterocysts, may have oC-
curred in response to the difficulty of achiev-
ing abiological nitrogen fixation in an atmo-
sphere devoid of free O,. And the ever more
voluminous geochemical evidences for the
earliest generally oxidative and latest gener-
ally anoxygenous environments converge t0-
ward the vicinity of 2 Gyr before the present
(BP).

Here it is relevant to return to the eatliéf
mentioned manganese-oxidizing bacterium
Metallogenium and its fossil analogs (E06%
trion), now known also from other localities ?
probably ~ 2 to ~ 1.6 Gyr old rocks in Aust?”
lia (Walter et al. 1976; Muir 1974). Perfil®¥
who has written, coauthored, or sponsored the
most definitive works on living Metallogeniv™
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(e g. Perfil'ev et .al. 1965), notes that its habitat
is microaerophilic, with growth normally cop.
fined to zones of !ow O; tension. Hirsch (1974
p.429) in hlS. review of budding bacterig adds
the o.b_servatlo.ns that an “iron-oxidizing and
-requiring,  acid-tolerant Metallogenium has
(now) been isolated from streams” and that
a UV mutant has been obtained that proved
incapable of manganese oxidation and deposi-
tion but still grew well. Although the associa-
tion of the Metallogenium-like Eoastrion with
dolomite and riebeckite implies a saline and
presumably marine environment for pre-Phan-
erozoic forms, Metallogenium itself is a fresh
water form. But euryhalinity is common
among procaryotes, and the oxygen require-
ments and tolerances of the Metallogenium-
like fossils may have been as similar to recent
forms as is their micromorphology. If so, the
presence of the fossils in rock-encrusting shal-
low-water stromatolites would support the hy-
pothesized very low O. levels and probable
exposure to UV irradiation ~ 2 Gyr ago. Their
persistence in the shallow to intertidal stro-
matolitic habitat to as recently as ~ 1.6 Gyr
ago in Australia might even suggest that the
increase in free O, levels after the termination
of BIF was for some time not much greater
than was needed to account for red bed sedi-
mentation, which would still go on at re]a.tlvely
low partial pressures of O,—especially in the
presence of small quantities of ozone and
atomic oxygen. .
In short,y fhe model of interacting biospheric,
atmospheric, and related geochemical evolu-
tion that I partially sketch above and sum-
marize in Figure 1 has verifiable conseqy‘?n(‘l:e:"
and enough of these have now been verllfle L to
justify some confidence in its approximation

to reality.

Oldest Eucaryotes and Their
logeochemical Consequences N
With the inferred evolution of eff1c1en;

“zymatic O, mediating systems ~ 2 Gythfic

“nd the resultant rapid increase of atmosp .
210 above 1% PAL, intracellular 1solat1(2151en_

"erobic vital processes would become Z b

il For, as Wald (1964) has emphasized, e
nost basic metabolic processes are anaero

In ,

. o
h il Organisms, and biochemical evolutio

at most bio-
“ gone o great lengths to se€ th

thereafter O, reacheq 1% PAL, the mitosing
Or eucaryotic cell might have arisen as a result
of the breakup of the single circular procary-
otic chromosome into several linear chromo-
somes, their enclosure within a double nuclear
membrane, and the origin of mitochondria,
peroxisomes, other membrane-bound organ-
elles, and, except in red algae, the 9+ 9
flagellum. A currently popular view holds
that the eucaryotic cell arose from anaerobic,
protoeucaryotic ancestors as a result of a suc.
cession of endosymbiotic events (Merechkow-
sky 1905; Echlin 1966; Margulis 1970). Others
have argued for emergence from a procaryotic
ancestor by normal selective processes (All-
sopp 1969; Klein 1970; Raff and Mahler 1972).
And Taylor (1974) sees virtues in both pro-
cesses.

The most articulate and imaginative recent
advocate of serial endosymbiosis is Margulis
(1970 and elsewhere), who, with fine disdain
for Occam’s Razor, calls on up to 5 separate
endosymbiotic events for the ancestral eucary-
ote and 27 independent transitions from mito-
tic to meiotic cell division (her fig. 2-6, p. 62).
The fascination of the endosymbiotic hypothe-
sis is that it is a known process that could ex-
plain the transition if one is willing to accept
the many coincidences required. The difficulty
is that the number of independent events
called for strains credibility.

The most effective counter-arguments are
those of Cavalier-Smith (1975). He points out
that the presence of polyunsaturated fatty
acids in blue-green algae and eucaryotes but
not in bacteria implies a cyanophytic ancestor
for the eucaryotes (although I must”dlsag{:ﬁ
about it being “unable to f%x nitrogen )- Wi
Stanier, he sees phagocytosis (and pmocyltos.ls)

f key importance in eucaryote evo ution
as o 4 biosis as an almost inevitable
and endosym tosis, But endosym-

uence of phagocyto X
i s unable to explain the central
biosis is seen a o tator the membrane-
feature of the eucaryotic s for the origin

d nucleus—and unnecessary or
b?l‘ltf; other characteristics. Most 1mpl)ortanlfly,
of 1 . . logical alternative
Cav;]ier.-smltillll p?i);l;)llzssta tergms comprising

echanism— ; docytosis,
?:litial Joss of cell wall, leading to endocy

mosome fractiona-
. d cleavage, chro
budding an
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vion, microtubules, and the rest. An interesting
wrollary of Cavalier-Smith’s model is that it
envisages the evolution of mitosis and meiosis
a5 essentially simultaneous—“the most distinc-
tive feature of eukaryotic [sic] chromosomes,
mitosis, meiosis and sex probably all evolved
in a very short space of time.”

\s with the origin of life itself, we will never
know the answers to exactly how the eucary-
otes arose. In fact, even the spelling is dis-
puted, although Chatton (1938), who coined
the terms eucaryote and procaryote used c’s
rather than K’s, and I do not find kosmos or
kosmology, even as alternate spellings, in
cither Webster or the Oxford English Dictio-
nary. Fortunately we are not here concerned
with the problem of origin or transliteration,
but with the more tractable one of when the
eucaryotic cell arose.

Although Barghoorn and Tyler (1965),
Licari and Cloud (1968), Edhorm (1973),
Darby (1974), Tappan (1976), and Kazmier-
czak (1976) have all suggested that some of
the ~ 2 Gyr old Gunflint nannofossils could be
eucaryotes, the evidence cited remains unim-
pressive. Kazmierczak’s arguments, as noted
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above, are interesting and may be true but are
inconclusive. Edhorn’s “desmid-like” and “ra-
diolarian-like” organisms are simply fuzzy im-
ages of the probable budding bacterium Kaka-
bekia and perhaps Eoastrion (Barghoorn and
Tyler 1965). Darby’s comparisons involve
superficial resemblances that could as well be
procaryotic. And Barghoorn and Cloud have
retreated from their earlier tentative sugges-
tions. It has also been proposed by Tappan
(1976) that the Eucapsis-like organism from
the indirectly dated ~ 1.6 Gyr old Paradise
Creck microbiota (Plate 3, figure 10; Licari
et al. 1969) could be an eucaryote, but the
sizes of the cells and shapes of the cell-packets
do not support such an interpretation. Thus,
although it would suit the geochemical evi-
dence perfectly well for the eucaryotic cell to
have emerged at any time from about 2 Gyr
onward, the oldest really persuasive morpho-
logical evidence for that development is not
found until about 1.3 Gyr ago.

I refer to microorganisms preserved in lo-
cally chertified stromatolites at the top of the
indirectly dated Beck Spring Dolomite of

&=

PraTe 5. Eucaryotes (figures 3-6,

and perhaps 2, 7, and 9-14) and other microbial forms from cherts

~ 1.3 Gyr (A) and ~ 08 Gyr (B) old. All figures are photomicrographs of thin sections.
\. Beck Spring microbiota, eastern Califonia (loc. 3 of 8/11/68, except figure 2).

Meunre 1.

The dominant mat-forming nostocacean cyanophyte responsible for stromatolite construction.

“eunt 2. Highly refractive spheroidal structure with central plug similar to mineralized cysts of chryso-

‘hyeean algae such as Uroglena (e.g. Huber-Pestalozzi 1962, pp. 179-181).

_onstromatolitic chert.

Ficunes 3-4. Large diameter,
tiio, probably eucaryotic filaments wi
specimens 30-50 am in diameter; range
sttomatolitic chert.

Fioones 5- arce diameter unicells interpreted as
GRES B0, g range for form 19-62 um.

chlorophytes. Diameter these specimens 2045 um;
Ficune 7. Unicells of possible
specimens ~ 8-12 um, but range

B Bitter Springs microbiota, cent
65 km ENE of Alice Springs excep
Ficore 8, Cluster of smooth
“mmon sheath. Note dark shrunken
tents of one cell at lower left.

Bownes -1, 12-14. Unicells with
- chlorophytes (GIenobotrydimu).
ound just-divided cells of figures 1
Sunted by Schopf 7-12 wm.
Ilﬁbmj 11. Tetrahedral tetrad o ;
. “URES 1516, Degraded cyanophy
i;lc-l‘?“: 17, Pmbablge nostocalean cyanophytes
m)uili\' S(‘lmpf,

f Eotetrahedrion

sinacean affinity ! hese
Chloff.gialf-;nn 6-25 um. Note dark subcentrally located spots which Licari
(1971) observed in 134 of 165 unicells of thisf type counted.
ral Australia (from .
t for Figure 11; see Schopf 1968 for details).
chroococcacean cyanophytes (M
cell contents in

peripheral dark inclusions inte
Note punctate

9 & 14. Cell diameter these specimens 7-10 pm, range

princeps Schop

cean filaments within well-defined sheaths.

Anabaeni

Loc. 3 of 24/11/66, a

dichotomously and laterally branched, sparingly but unequivocally sep-
th similarities to siphonaceous chlorophytes and chrysophytes. These
for form 15-60 xm. Note fungus-like septum in figure 4. From

probable chlorococcalean (and chlorosaréinacean)

embedded in sheath-like brownish residue. These

gift collection by Alistair Stewart at locality about
yxococcoides minor Schopf) embedded in
three cells at top and similar but light cell con-

rpreted as probable chlorosarcina-

ltiple sheaths in figure 10 and common sheath

my of 129 cells

f & Blacic (after Schopf 1972, Fig. 38b).

dium johnsonii Schopf and Caudiculophycus trivu-


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

CLOUD

374

eastern California (Plate 5A). The conclu-
sion that eucaryotes are represented in this
microbiota is based on micromorphological
evidence first noted by Cloud et al. (1969)
and explored in detail by Licari (1971). The
two main features that strongly imply an eu-
caryotic component in the Beck Spring micro-
biota are:

(1) Apparently smooth, dichotomously and
laterally branched, organic walled, fila-
ments with diameters from 30 to 60 um
and rare septa or cross-walls (Plate 5, fig-
ures 3—4)—resembling certain siphona-
ceous chlorophytes (e.g. Derbesia) and
chrysophytes (e.g. Vaucheria).

(2) Reticulate to granular, organic walled,
subsphaeroidal wunicells that commonly
exceed 40 pm and range up to 62 pm in
diameter (Plate 5, figures 5-6), locally
crowded or dispersed in a common matrix
of sheath-like matter. Showing probable
binary cell division reminiscent of the
chlorophyte family Chlorosarcinaceae.

Additional evidence that may be supportive
but is possibly spurious includes:

(3) Small (~ 5um diameter), mineralized,
cyst-like structures with crystalline spikes
and plugs (Plate 5, figure 2) reminiscent
of the resting spores of chrysophycean
algae such as Uroglena.

Abundant subspheroidal unicells 6-25 pm
(mean 14.5 pm) in diameter that are
typically crowded, strung out in linear
aggregates, or dispersed within what ap-
pears as a common sheath-like material
(Plate 5, figure 7). A count of such cells
by Licari showed that 134 out of 165 cells
had subcentrally located dark spots or
aggregates of spots that differ from the
usual collapsed cell contents (e.g. Plate
5, figure 8) in their much smaller size and
regular Jocation. Their prevalence would
be consistent with an interpretation as
ghosts or pyritic replacements of organ-
elles of some sort, and at least six well-
authenticated instances of the preserva-
tion of cell organelles as fossils are known
(Schopf 1974). In addition the manner
of dispersal of the cells within a common
sheathlike matrix looks suggestively eu-
caryotic. Nevertheless, as Knoll and Barg-
hoorn (1975) have properly insisted, a

(4)

case for eucaryotic affiliation cannot },
made on such evidence alone. If these
“spotted” cells were to prove to be ey.
caryotes, however, their apparent binary
cell division would suggest assignment t,
the chlorosarcinacean Chlorophyta.

I hasten to qualify the 2d and 3d lines of
evidence mentioned in the paragraphs above—
relating to cell size and chrysophycean-like
cysts. Although the large-diameter unicels
are much larger than nearly all known pro.
caryotes, one living coccoidal cyanophyte Ang.
cystis dimidiata, is reported to attain a diam.
eter as great as 50 um (Drouet and Daily 195,
p. 71). It is also reported, though not con-
firmed by published records with which I am
familiar, that diameters up to 60 and even §)
pm are now known among several different
cyanophyte species (Lynn Margulis, oral com-
munication, 8 July, 1975). In the case of the
chrysophycean-like structures we do not ob-
serve plausible active stages or microcytologi-
cal data that would clinch the suggested
affinities, and other characteristics of these
bodies suggest that they could be diagenetic or
secondary artifacts of some sort.

Despite these qualifications, as well as the
absence of diagnostic ultramicroscopical or
biochemical data on cell organelles, it is statis-
tically much more probable that unicells with
diameters of 40 to 62 um are eucaryotes than
that they are procaryotes, particularly if we
allow for shrinkage on fossilization. In addi-
tion the large-diameter, branching, sparingly
but unquestionably septate tubes come close
to compelling evidence for an eucaryotic affili-
ation. The suggestion by Schopf (1975) that
they might be boring cyanophytes or aban-
doned cyanophytic sheaths is simply not ten-
able for structures displaying such cross walls
(Plate 5, figure 4) no matter how uncommon
the cross walls may be. .

In dealing with the fossil record it doesnt
make sense either to argue that we must
demonstrate electron-microscopically the exis-
tence of membrane bound organelles, 9 +2
flagella, basal bodies, etc., before an eucaryotic
affinity can be considered likely in the face ©
the large dimensions and distinctive micro-
morphology noted above.

On the subject of cell size and eucary®’
affinities, it has long been realized by Soviet

otic
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workers that the individual members of their
«sphaeromorph” assemblages increase in size
with decreasing age and that maximum cell
size in an assemblage might have stratigraphic
significance, as recently summarized by Timo-
feev (1973b). Indeed it was the Soviet
data, plus my own confirmation and extension
of it in both unicells and filaments, that
initially caused me to question the alleged
biological affinities of aberrantly large micro-
structures described by various authors from
Archean rocks in the Barberton Mountain
Land and by Gowda and Sreenivasa (1969)
from the Archean of south India. The limited
data available, in fact, indicates that the preva-
lent size of cells and filaments in authentic
microbiotas ~ 1.6 Gyr old and older ranges
from barely 1 to rarely as much as 30 pm. In
the ~ 1.3 Gyr old Beck Spring and microbiotas
of equivalent or younger age, unicells and fila-
ments > 40 um and even > 60 pm in diameter
are added. This shift in size has recently been
quantitatively evaluated by Schopf and Oehler
(1978), who place it at 1.4 Gyr and correlate it
with the appearance of the eucaryotic cell.
This is certainly a defensible working hypoth-
esis, even though the dating is shaky on all
counts and the actual transition from procary-
ote to eucaryote may have occurred as early as
~ or > 1.5 Gyr (Oebhler et al. 1976) or possibly
carlier (although probably not before ~ 1.8 to
perhaps 2 Gyr ago, when atmospheric O, con-
centrations first reached or exceeded ~ 1%
PAL).

On up the geological column above the Beck
Spring Dolomite we encounter younger micro-
biotas that probably also contain eucaryotes.
The most impressive of these so far is the per-
haps 800 to 900 Myr old Bitter Springs micro-
biota described by Schopf (1968), by Schopf
and Blacic (1971), and recently, in ultrastruc-
tural detail, by Oehler (1976). That will be dis-
cussed in the next section. Here it suffices to
Mte that, although I would not rule out com-
Pletely the possibility of an eucaryOti_C compo-
%nt in the ~ 2 Gyr old Gunflint microbiota,

¢ oldest convincing eucaryotes are, in f{“’t’

Ose from the ~ 1.3 Gyr old Beck Spring
?“CFObiota. By convincing 1 do not mean to

trlll:?tly that there is no room for 'arg'ument, btut
o the probability of their being eucaryotes
Oso high that the burden of proof rests on
% Who would claim a procaryotic affinity.
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As to the broader biogeochemical conse-
quences of the Eucaryota, they are extensive,
Because such organisms cope well with oxy-
gen, and because the level of O, required for
eucaryotic metabolism would assure the pres-
ence of an ozone screen, they could grow
abundantly under higher levels of O, and in a
wide spectrum of shallow aquatic habitats
that had previously been excluded as perma-
nent sites of life because of high energy UV
irradiation. The probable consequences of this
are that sedimentary segregation of carbon
increased, more O, accumulated, more COg4~2
and SO,~2 became available for formation of
carbonate sediments and later sedimentary
sulfate, and the stage was set for the origin of
sexuality (if it did not originate at the same
time as the eucaryotes themselves), of Meta-
zoa, and of advanced plants.

In addition, the biogenic precipitation of
silica becomes possible and perhaps probable
with the appearance of eucaryotes (no pro-
caryotes are known to precipitate silica). That
could lead (after silica precipitators arose) to
the reduction of dissolved silica in the oceans
toward present undersaturated levels, with the
result (among others) that direct chemical
precipitation of silica from open marine waters,
such as is associated with the deposition of the
typical BIF, would come to an end.

Less obvious is the implication that cyto-
chrome-c, superoxidase dismutase, and the
oxygenases, the latter essential for the oxida-
tion of cell membrane steroids and implying
a minimum O, pressure of 10 PAL (M. Ycas,
personal communication), had to have existed
before the eucaryotic cell itself, although the
common occurrence of red beds in rocks as old
as 1.8 Gyr or more suggests that such an O.
level of 105 PAL was exceeded long before
the Beck Spring eucaryotes.

In brief, the appearance on Earth of a bio-
logically generated level of free Oz > 102 PAL,
followed by or accompanied by the emergence
of an eucaryotic level of organization was, after
initial outgassing and the origin of life itself,
the most important set of related events, not
only in the history of life, but also of biogeo-
chemical, atmospheric, and sedimentary evolu-
tion. The timing and circumstances of eucary-
cts whose surpassing

tic origin are subje
oe 4 y by the need for fur-

interest is exceeded onl
ther research on them.
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Origin of Sexuality and its
Consequences

Given the presence of eucaryotic ancestors,
the next big step on the evolutionary path to
Metazoa and vascular plants—unless it hap-
pened simultaneously with the eucaryotic
state (Cavalier-Smith 1975)—was the origin
of sexuality, as manifested by meiotic cell divi-
sion, with all its potentiality for subsequent
evolutionary diversification via sexual recom-
bination and selection (Table 1). Again we do
not know how or precisely when it happened,
but we know that sexuality was already prev-
alent by about 680 to 700 Myr ago, because
that is the age of the oldest known Metazoa
(Ford 1958; Cloud 1968b).

As the development of eucaryotic sexuality
was a prerequisite to the metazoan level of
evolution, it must have originated before ~ 700
Myr ago, in pre-Phanerozoic time. One late
pre-Phanerozoic record of probably sexual
organisms is provided by the dasycladalean-
like Papillomembrana, described from rocks
beneath the Moelv glaciogene deposits of
southern Norway by Spjeldnaes (1963). An-
other comprises megascopic, probably brown
algae (Vendotaenia and Tryrasotaenia) de-
seribed from sediments of similar stratigraphic
position near Leningrad by Gnilovskaja (1971).
And a third may be the suggested limber
megascopic algae that made curvate drag-
marks in central Australian deposits estimated
to be ~ 760 Myr old (Milton 1966).

Thus one is prepared to consider favorably
evidence advanced by Schopf (1970, pp. 340-
341, 1972, 1975) for an eucaryotic component
in the perhaps 800 to 900 Myr old Bitter
Springs microbiota of central Australia. His
key points concern the presence of (1) regu-
larly located internal bodies in many cells of
the genera Glenobotrydium and Caryosphaer-
oides that can be interpreted to suggest nuclei
or other cell organelles (Plate 5, figures 9-10,
12-14), (2) triradiate surface markings and
one tetrahedral tetrad (Plate 5, figure 11)
suggesting the tetradal spore formation of eu-
caryotes, most commonly resulting from meji-
otic cell division, (3) forms that generally re-
semble pleurococcacean, chlorosphaeracean
and chlorellacean chlorophytes, and (4) un.
branched, predominantly nonseptate filaments
2 to 45 pm in diameter (Eomycetopsis)
interpreted by Schopf as probable fungi. Al-
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together 9 out of 50 named Bitter Springs spe.
cies have been assigned to the Eucaryoty
(Schopf 1970, 1972; Schopf et al. 1973).

Unlike Knoll and Barghoorn (1975), I fing
the total effect of the evidence summarizeq
strongly persuasive for the presence of eucary.
otes in the Bitter Springs microbiota, especially
in view of the highly probable presence of ap
eucaryotic component in the much older Beck
Spring microbiota discussed above. Although
disagreement has arisen about the likelihood
of preservation of cell organelles in fossils,
such preservation is well documented by the
work of Bradley (1962) and others cited by
Schopf (1974), and Schopf’s data is highly
suggestive, presented with appropriate reser-
vation, and backed up by the ultrastructural
studies of Oehler (1976) and a recent review
of the problem by Schopf and Oehler (1976).
Thus, although the evidence may not be as air-
tight as a molecular biologist or biochemist
might like, I hold serious reservations only
about the affinities of the proposed fungi and
the strength of the argument that triradiate
markings and tetrahedral tetrads are sufficient
evidence of meiotic cell-division and thus of
sexuality.

The problem with a fungal presence is that
Eomycetopsis, either from Australia or from
much older rocks in the Belcher Islands (Hof-
mann and Jackson 1969), shows no features
suggestive of fungi beyond the fact that it is
a sparingly septate tube with constrictions at
the sites of the septa. It may, to be sure, be 2
fungus, but it might also be a siphonaceous
alga of some type, perhaps even a cyanophyte.
To interpret it as a fungus is not only to hy-
pothesize the existence of fungi at a time when
O was probably still barely 1% PAL or less
(Belcher Islands record) and without an ob-
vious host or symbiotic organism, but als0 to
take issue on slender grounds with the growing
judgement that “the derivation of the fung!
from the algae presents more difficulties th”;n
does a theory of protozoan origin” (Martil
1968, p. 639; summarized by Broda 1970, PP
191-192). In this connection, it is perhaps
noteworthy that Protozoa have not yet been
observed in pre-Phanerozoic rocks and prob-
ably did not long antedate the appearanc®
the Metazoa. Thus, a protozoan ancestry
the 'fungi would not only eliminate Eomycet:
opsis as a fungus, but also Archaeorestis Barg’

for
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hoorn and the lopsided divisi '
Gunflint strata suggested by ];lz?rrll)yp?irgsﬁgom
advanced yeast-like fungi. Even if the funa‘?
were polyphyletic we lack convincing evidencg;
for their pre-Phanerozoic presence.

That leaves the triradiate markings and the
tetrad (Schopf 1970, 1972; Schopf and Blacic
1971; Schopf et al. 1973). Brown and Bold
(1964 ), however, find the formation of tetrads
to be common in the chlorosarcinacean green
algae Tetracystis, while Y-shaped triradiate
scars defining ~ 120° angles are common
among living coccogonophycean (Cloud et al.
1975) cyanophytes and easily produced in
abiogenic microspheres (Plate 1, figure 16).
In a comprehensive review of this matter,
Ochler et al. (1976) bave noted some 8 addi-
tional coccoid cyanophytes that form non-mei-
otic tetrahedral tetrads in ome of which
(Mycacanthacoccus cellaris) they are thickly
ensheathed. They also note the formation of
non-tetrahedral tetrads by accidental cluster-
ing or division (as in Plate 5, figure 14) and
the formation of real tetrahedral tetrads even
in the procaryotic Synechocystis (per S. Golu-
bic). They point out that enveloped tetra-
hedral tetrads of algal cells are mainly the
product of mitotic reproduction among coccoid
chlorophytes.

That seems to dispose of the argument for
meiosis and sexuality in the Bitter Springs
nicroflora based on evidence presented, and
perhaps that was the main extrapolation to
which Knoll and Barghoom (1975) objected.
Indeed, Schopf (1975, p. 232) now concedes
that point, although still finding the tetrahe-
di1] tetrads of Eotetrahedrion (Plate 5, figure
11) “strongly suggestive of the existence of eu-
caryotes” (letter of 1 April, 1976, to _Cl‘)“d)'

However, the existence of meiotic, sexual,
reproduction long before the wave of meta-
an diversity that initiated the Phanerozoic
Eon is supported by other evidence. That evi-
dence is not compelling by any means, but

sufficiently strongly suggestive 10 warrant
yone not already

serious consideration by an

Ommitted to the view that meiosis Was the
tigee: for metazoan evolution and therefore
Wcessarily barely preceded the oldest Metad:
. Although scarcely in the realm of har

“iderce, the views of Cavalier-Smith (1975)
oyt eucaryote origins (summan'zed above)

Mradict those of Schopf et al. (1973) that
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so many steps are involved in the transition
from simple haploid-dominant mitosing cells
to mainly diploid-dominant meiotic cell divi-
sion that the process may have consumed
much time (i.e. from ~ 1.3 Gyr or more ago to
~ 0.8 to 0.9 Gyr ago), and that attainment of
meiosis may be the evolutionary trigger that
set off the burst of multicellular evolution for
which we see evidence in rocks younger than

about 700 Myr.

More explicit evidence is found in a recent
restudy by Walter et al. (1976) of long ribbon-
like megafossils referred by Walcott to “Hel-
minthoidichnites” and a second megascopic
form, Beltina, from the ~ 1.3 Gyr old Greyson
Shale (Belt Supergroup) of Montana. Walter
et al. reasonably conclude, on grounds of size
and complexity, that the forms in question are
eucaryotic multicellular algae. This would
support the idea that not only eucaryotes but
also sexuality were extant much earlier than
has previously been directly suggested by any-
one. If their interpretation is correct, and
see no reason at this time to dispute it, Gava-
lier-Smith’s conjecture about the essential
simultaneity of origin of mitotic and meiotic
cell division would be consistent with the bio-
geological evidence to date that mitosis almost
certainly and meiosis probably were both ex-
tant by 1.3 Gyr BP. I say probably rather than
possibly on theoretical grounds highlighted by
Cavalier-Smith (1975). If too long a space of
time is allowed between the origin of mitosis
and that of meiosis, one is forced to hypothe-
size (as Margulis 1970 did) multiple indepen-
dent origins of eucaryotic sexuality. Indeed, if
a tetrahedral tetrad from the Amelia Dolomite
of northern Australia is a meiotic product and
is correctly dated at ~ 1.5 Gyr old (Oehler et
Al 1976), eucaryotes, and, consistent with
Cavalier-Smith, sexuality may both have been
present by ~ 1.5 Gyr ago- )

Whatever the timing, an interesting conse-
quence of eucaryotic sexuality is th.at. it ful-
fills one of the two essential precond'ltlons for
the advance from a cellular to the tissue aqd
organ Jevel of somatic complexity Pbservedllf’
the subsequent origin of differentiated multi-
cellular animals and plants. The other pre-
condition is 2 sufficient Ievel_of free Og, fseen
at the onset of Phanerozoic trme. Apart from

ti
this we would th the genetiC

expect th at, wi A
volution
diversity generd ©

ted by sexuality;
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generally might be speeded up; that later-
deposited fine-grained or chemical sediments
would eventually come to contain a diversity
of Protista (including Protozoa), some ances-
tral to Metazoa; and that biogenic concentra-
tion of trace elements might become a more
prevalent aspect of sedimentation. All of these
effects should be sought in the rocks as addi-
tional clues to the time of origin of eucaryotic
sexuality.

Metazoa, Exoskeletons, and Early
Land Plants

The origin of multicellularity in the sense
of cellular differentiation into function-specific
tissues, and later organs, is the last step in
early evolution, antecedent to Phanerozoic
metazoan diversification and the advanced
land plants, culminating in tracheophytes with
roots and vascular tissue.

The oldest known metazoan fauna is the
soft-bodied Ediacarian fauna, now recorded
from South Australia, S. W. Africa, England,
Sweden and both the European and Asiatic
parts of the USSR (Glaessner and Daily 1959;
Glaessner 1966, 1971; Germs 1974; Ford 1958;
Krylov in Rosanov et al. 1969, pp. 258-264;
Sokolov 1972; Keller et al. 1974; Stanley 1976,
pp- 58-60). It may also be represented by
soft-bodied metazoans from Newfoundland
(Anderson and Misra 1968) and perhaps by
large wormlike imprints from North Carolina
(Cloud et al. 1976), as well as British Colum-
bian trace fossils of unknown affinity (Young
1972). The age of this fauna appears to be ~
or slightly > 680 Myr in England, where it is
well dated on essentially coeval porphyroids
(Evans et al. 1968). A similar age is suggested
for the Soviet occurrences (e.g. Sokolov 1972).
The volcaniclastic sediments that contain the
wormlike imprints from North Carolina are
correlated with volcanics that give a Pb-U zir-
con concordia age of 620 = 20 Myr, and
Anderson (1972) reasonably estimates from
indirect evidence that the age of the New-
foundland material is about the same. The
Edicarian-like fauna from S. W. Africa is brack-
eted between ~ 700 and ~ 550 Myr (H. L. All-
sopp, letter of 7 October, 1975) and probably
lies high in that range, as it is associated with
shelly cribricyathids of Early Cambrian aspect
(Germs 1972). Thus, rounding off, the interval
from ~ 700 to ~ 600 Gyr ago is the approxi-
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mate age range of the rather impoverished by,
highly significant, mainly soft-bodied, initiq)
Metazoan fauna—the Ediacarian fauna, yseq
in a somewhat sweeping sense.

What is the nature of this basal Phanerozojo
soft-bodied, Ediacarian fauna and its relatiop
to the succeeding shelly faunas of Cambrigy,
and younger age? The most recent tabulatioy,
of the type Ediacarian fauna (Stanley 197g)
lists only 27 species, of which fully 19 ape
cnidaria (“coelenterates”) and 5 are flat.
bodied annelid-like forms, two of which may
be transitional to arthropods. The remaining
3 are oddities that may be ancestral arthropods
and echinoderms. A few trace fossils of pos-
sibly annelidan or molluscan affinities may be
added to round off the diversity at maybe 30
species. Forms described from other conti-
nents add a bit of specific diversity but no sig-
nificant change in the general picture beyond
the cribricyathids mentioned.

This reads, not unexpectedly, like the earli-
est metazoan fauna predicted either from con-
siderations of oxygen supply and diffusion
mechanisms (Raff and Raff 1970) or from
conventional zoological phylogenies, with per-
haps one surprise. Some of these organisms,
although thin and flimsy as predicted, had
very large surface areas. I have collected frag-
ments of the sheetlike annelid Dickinsonia that
imply the whole animal would have attained 2
length of perhaps 40 to 50 cm and a width
65 to 75% as great. Specimens and fragments
of Dickinsonia, however, are commonly Wrin-
kled and folded on themselves, indicating
inconsequential thickness. The cnidarians aré
jellyfish-like or frondose. Some S. W. African
forms bulk larger in the rock but appM?T}tl)'
had flimsy walls and large central cavies:
Thin walled but large wormlike organisms
from ~ 620 Myr old rocks in North Carolina
(Cloud et al. 1976) attained lengths of more
than a meter and diameters of around 1.2 ¢
They seem to have been large but flimsy o
ganisms, as do the Ediacarian-age trace foss}“S
from British Columbia ( Young 1972) and the
Conception Group imprints from Newfound-
land (Anderson and Misra 1968).

The matter of size, of course, is & e
because many have argued that the ""haa
metazoans must have been so tiny as t0 haY‘;
low probability of being found or recogni?

if found, On the face of it that sounds Tikelys

critical 0n€
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L is it? In the injy

lation + tial phages
e e o g s
nay echanicg] o
“ipply. In the maripe ;upport and_ oxygen

presumabl
1 critical fy er)lved, oxygen would have been
actor. The first Metazo bef:
evolution of advanced resp; Sy s the
would h imited 1 g Systems,
ave been limited in tissue thickn
but not in area by their dependence fo N
on its diffusion from the ambient h dr phare
to thei ; ydrosphere
eir cytochrome oxidase systems. The
“:)ere neceslsdarlily soft-bodied because a .skeletaﬁ
cover would have viti i i
cion provess. ated the essential diffu-
Raff and Raff (1970) have employed a
Taylor series expansion method to sol\}z’e the
steady state diffusion equation governing tis-
sue thickness at different pressures of O, and
rates of Oz consumption. Their graphs indi-
cate that at 1% present atmospheric level of
O: (PAL = ~ 160 mm of Hg) maximum thick-
ness of whole animal or of cellular or tissue
sheets surrounding a freely circulating body
cavity could have been only ~ 0.1 mm. But
studies cited by the Raffs show that the mod-
ern polychaete Arenicola marina is able to
operate at oxygen tensions as low as 4.2 to
8.4% PAL, while the cytochrome oxidase res-
piratory system of Siphonosoma ingens can
operate at 1.9 to 6.2% PAL (3-10 mm Hg).
At the latter level, which may have been high
enough for the evolution of a respiratory sys-
tem more advanced than diffusion systems,

tissues ~ 1 mm thick are possible at low rates
of O, consumption.

It is fair to hypothesize therefore, tha
first Metazoa may have arisen from protozoan
ancestors when, as a result of photosyr.mthesm
accompanied by sedimentary segregation of
carbon, O, tension approached or attame:d
~6.2% PAL—corresponding to 10 mm ng 13
the atmosphere and 0.6 to 0.3 ml/1 dissolve

' alinity over a tempeér-
O, in seawater of normal s y i

t the

ature range of 2 to 30°. That is. ConSiliy Cloud
but refines previous SuggeStwnsnhoads and

(e.g. 1968a, 1968b, 1974a) and by nd
Morse (197’1). It is, however, six HmeS the fre

Quently quoted O2 Jevel proposed bytf}flr:rflzlr
nd Marshall (1964 and later) as S%
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m
inetazoan €mergence in their se
g assessment of the problem.

I suggest, in eff
of free O, was first‘:aCt’ that the 1% PAL lefvel
of the onset of red lfxgeededharound the: time

eds or the possible emer-
gﬁ;lce of eucaryotes. As eucaryotes, and pT:E-
ably eucaryotic sexuality, howe
alread Y, however, were
n fea y tIl)lresent hundreds of millions of years
ore the first Metaz i
attractive to hypothesiz: at’h;.: t?]l: ntﬁbecomes
metazoan emergence may have begeg:r tfl?;
(probably gradual) attainment of a level of
O: sufficient to bring on first the evolution of
improved diffusion systems, and then systems
advanced beyond simple diffusion. From the
il)bove, that would appear to have been ~ 6%
AL,‘ and the geologic record seems to tell us
that it happened ~ 700 Myr ago.

Because of their dependence on diffusion for
their O, supply, primitive metazoans were thin
and weak-bodied but some of them had large
surface areas. As many of them were floaters,
and others probably had planktonic larvae,
they became widely distributed and are now
found, although rarely, in suitable facies of
marine sedimentary rocks over a large part of
the planet. In addition to their cytochrome
oxidase respiratory systems, another metazoan
biochemical innovation probably was the en-
zyme DNA polymerase-8 (Chang 1976),
although how this might be reflected in bio-
geochemistry is hard to imagine.

The step in metazoan evolution that for rea-
sons perhaps related to preservation and abun-
dance seems to impress Phanerozoic paleonto-
logists as more significant than the origin of the
Metazoa themselves is the evolution of a cal-
careous exoskeleton. Many explanations have
been offered for this, but we owe to Raff and
Raff (1970) the clue to the probable one. As
O, levels continued to increase and circulatory
systems evolved, body surfaces no longer
needed to be in contact with an external
source of O Thus mutations toward integ-
umentary shielding and stiffening, previously
Jethal, would be viable, and the way would be
open for the evolution of calcareous, calcareo-
phosphatic, and chitinous exoskeletons, fal onsg

; e complicated an
~vith the more plicat d d'dwerse orms

f life that became possible with hard parts
0 ace and articulation. This may have
for leverag Myr ago, perhaps at ~ 10%
happened ~ 600 Ny " ds and
{\)fiALsel(1971~)’ from their analysis of faupal

or

minal pioneer-
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types at different dissolved Oy levels in exist-
ing mavine basins, And that would vlnsvl_\!‘
approximate the time of first appearance ol
the currently conventional basal Cambrian
skeletal biotas (e.g. Rosanov 1967, Rosanov ot
al. 1969; Zhuravleva 1970; Semikhatov 1074;
Cowie and Rozanov 1973).,

Indeed, as Stanley (1976) has stressed,
there is really nothing mysterious about the
appearance of skeletal biotas when viewed in
biological context—"Major skeletal taxa ap-
peared sequentially, not simultaneously, as one
aspect of the initial divergence of the Metazon.
The appearance of a skeletal record in the
Cambrian was simply part of the general di-
versification.” What remains as the “Cambrian
problem,” as Stanley aptly puts it “is the delay
of the origin of multicellularity”—a delay
that 1 would relate first to the suppressed and
then to the gradual accumulation of free Qg in
the face of thermodynamic forces that makes it
a biogeochemical anomaly of first magnitude,
The hypothesized relationships of Q. to meta-
zoan and other aspects of biospheric evolution
are indicated in Figure 2.

The biogeochemical consequences of skele-
tonization are, of course, enormous. Skeleton-
ized Metazoa, in combination with algae, have
been reef-builders from Early Cambrian to the
present. And, they, in combination with the
Protozoa and calcareous algae, have tended to
suppress dissolved CaCOyj in the surface waters
of the earth to levels such that the balance in
the formation of carbonate rocks was shifted to
the biosphere. From processes perhaps mainly
physicochemical during sub-Cambrian history
(with some assistance from CO, assimilation
by algae), the formation of carbonate sedi-
ments seems to have become increasingly a
function of the accumulation of skeletal debris
and the biologically induced precipitation of
CaCOj from the Cambrian onward.

At last we come to the early plants. As ob-
served previously, available evidence says that
multicellular eucaryotic algae were present by
700 Myr ago and possibly much earlier, Such
plants show an alternation of sporophyte and
gametophyte generations and may be expected
to have further differentiated into reproduc-
tive and somatic tissues in the gametophyte
generation.

The consequences of this could have been
far reaching. At any time thereafter, given

GrLOun

sultable mutational stimull, mosses, Hverwop,
and vaseular plants may have arlson, and i
of these could have colonized the land, WI(K
profound effects on rook wvnthpl'lng. soll fop.
mation, stream regimons, and fluviatile gy,
mentation,  Although the oldest hody fonstly
dofinitoly nssignable to tracheophytie plagg,
aro still late Stlurlan (Banks 1070, pp, 565
Kovan ot al, 1975) and thus only ~ 4(x) My;
old, and although bryophytes are not suroly
identified until lator, wo should not he gyy.
prised i it turns out that these records do not
represont the first appearance of the levels of
plant  evolution ruprummlm!. lot alone the
oldest land plants. Studies of Paleozoic spores
by Gray and Boucot (1971, 1972), for instance,
have revealed tetrahedral tetrads of carly §$i.
lurian and late Ordovician age (~ 450 Myr)
that these authors beliove to represent the
spores of vascular land (or semiaquatic) plants,
although “a bryophyte origin cannot be pre.
cluded” (nor, I dare say, an advanced algal
origin).

In any event, somewhere between ~ 400 and
~ 700 or more Myr ago, a terrestrial vegetation
came into being; probably, according to cur-
rent convention, from polyphyletic sources. It
was most likely a wetland vegetation to begin
with, located along estuaries, rias, and their
upstream  continuations, but spreading vie
wind transport of spores to wet sites inland.
And it may have started from things like the
probable dasycladalean Papillomembrana from
the late pre-Phanerozoic of Norway (Spjeld-
naes 1963). With time and evolutionary ad-
vancement, the lands generally became colo:
nized and prepared for the later invasion o
Metazoa.

Clues to the timing of such changes m.ight
come from sufficiently perceptive geochemical,
textural and structural studies of older Phe-
nerozoic and younger pre-Phanerozoic terres
trial sediments, Uncommon though the latter
ave, they do exist, and the ion-exchange effects
of plant acids on feldspars and micas ought ¥
show up in the chemistry and crystullog“‘phy
of paleosols, terrestrial sediments, and perhaps
even marine clays, The effeots of a land flord
even a primitive flora, in stabilizing streun:
courses and retaining sediments from overbs?
floods ought to show up in the local 808"“"3“‘
tion and channeling of fluviatile gediments: )

Itis a happy aspect of our times that, €V

)
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a5 specializations proliferate, sciences once
co! ;.--zdered'separate 8row closer to one another
and new interdisciplinary pursuits like bio-
geology arise. Given g continuing healthy
interplay between related aspects of biology
p»'!eontology, chemistry, and geology, we ma);
yet come to apprehend and perhaps even to
understand the beginnings of biospheric evolu-

tion and to perceive more clearly their biogeo-
chemical consequences.

Summary

Biogeochemical consequences of biospheric
evolution react upon their generative base, and
both interact with the related evolutions of
atmosphere, hydrosphere, and lithosphere.
Such mutual feedbacks provide the evidence
from which historical biogeology is recon-
structed. This evidence is beset with pitfalls.
Both biogenicity and primary origin need to
be demonstrated, or confidence ratings esti-
mated, for each supposed geochemical and
micromorphological fossil. Relevance to bio-
spheric or related evolutions must be critically
evaluated for every geochemical and sedi-
mentological anomaly.

The highest level of confidence rests on
distinctive cytological or microstuctural dif-
ferentiation, comparable with that of living
organisms and implying a similarity of func-
tion and a continuity of evolution betweep
them. Post-depositional introduction (?f mi-
crobiological and geochemical contaminants,
and a variety of pseudofossils and dubiofossils
are ubiquitous hazards. o _

Suggestive, if not compel}mg, indirect evi-
dence (banded iron formation, stromatolites,
red beds, and other data bearing on likely
types of microbiological activity and ambient
0, levels) offers important clues to both ITllCl'O};
biological and biochemical evolution. S\;)q
data imply that the first presumably anaiero Y
and heterotrophic forms of life had a rﬁaﬁ}é
appeared and evolved to protocyanop 3’

ears X 10° or
photoautotrophs by ~ 3.8 Gyr (y

gigayears) ago. Free Oz, on the other hand,

atmospheric and hydrospheric gas .
Gyr ago. Meanwhile ferrous 1ron in 22111{)1?(2
was probably an jmportant accept?;ﬁtive an-
genic O, produced in €Xcess of pr;s ‘
aerobic or microaerophilic tolfzranc' Y
The oldest demonstrable biogenic & P
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mary fossils are cyanophytes, probably bud-
ding bacteria, and forms of uncertain affinities
frpm rocks of the ~ or > 2 Gyr old Gunflint,
Blwab_ik, and Pokegama strata of southern
Ontario and northeastern Minnesota (micro-
organisms from the > 2.25 Gyr old Transvaal
carbonates from South Africa are clearly bio-
genic and seemingly indigenous, but reserva-
tion has arisen concerning their primary
origin). Advances in enzymatic O, mediation,
with continued segregation of carbon, led to
final filling of O, sinks, the beginning of large-
scale evasion of O, to the atmosphere, and the
development of an ozone screen about or
shortly after 2 Gyr ago. Biogeochemical con-
sequences were the termination of banded iron
formation as a common sedimentary rock, ini-
tiation of widespread red-bed sedimentation,
and the need for biological shielding of essen-
tial intracellular anaerobic processes—evolving
toward membrane-bound cellular organelles
and the eucaryotic cell.

Unicells up to 62 um in diameter and large-
diameter, branching, sparingly but definitely
septate filaments imply an eucaryotic origin for
elements of the ~ 1.3 Gyr old Beck Spring
microbiota of eastern California. Thus the
eucaryotic level of development appears to
have been reached by ~ 1.3 Gyr ago. Indeed
from inferred O, tensions, it could have ap-
peared at any time after ~ 1.8 to perhaps as
much as 2 Gyr ago (Figure 2). The biogeo-
chemical consequences of this crucial biologi-
cal innovation, itself subordinate in importance
only to the origin of life, were probably in-
creases in atmospheric O., carbonate and
sulfate ion in the sea, carbonate rocks, and
eventually the deposition of sedimentary sul-
fates, coupled with the stabilization of the
ozone screen and the rise of sexuality.

Since sexuality had to precede the origin of
the Metazoa, it necessarily evolved before the
oldest known Metazoa ~ 680 to perhaps 700
Myr (years X 10° or megayears) ago. Older
advanced algae imply sexuali well before
700 Myr ago. And, as separate origins for
meiosis in different mitosing ancestors compli-
cates the evolutionary model beyond belief,
it seems likely that sexuality may have origi-
nated with or soon after mitosis itself. The
origin of sexuality completed the. evolutif)n. of
the eucaryotic hereditary mechanism. This im-

portant development, along with the growth of
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atmospheric oxygen, paved the way for multi-
cellular differentiation into tissues and organs,
with all its potentialities for subsequent biologi-
cal elaboration and biogeochemical feedback to
the evolution of hydrosphere, sedimentary and
diagenetic processes, and even the formation
of some of the ore deposits that have allowed
mankind to charter new modes and directions
of evolution.

The earliest Metazoa were thin and soft-
bodied because they obtained their oxygen by
diffusion alone. Skeletons would have blocked
the diffusion of O, and hampered a floating
existence in the better aerated surface waters.
Some of these primitive Metazoa, however,
had large surface areas. With further increase
of O, and the evolution of more advanced
respiratory systems, skeletonization became
possible, and, with it, new opportunities for
increasing complexity and protection. Subse-
quent biospheric evolution is common knowl-
edge.

- Data and ideas central to this model of early
biogeology are summarized in Table I and
Figures 1 and 2.
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MICROFLORAL LOCALITIES

The following collections were made by the writer on the
dates indicated (day/month/year as in international usage):

1 of 25/8/63 Animikie Group, Gunflint Iron Form
stromatolitic chert; age ~ 2 Gyr (Goldich in
Sims 1973). About 4 km west of Schreiber
6.5 km west-southwest of the town of Schreib.
Canada, north shore of Lake Superior oppos
island called Slate or Flint Island, Nb. 34,

3 of 3/10/6.4 Animikie Group, Pokegama Quartzite. basal
cherty facies; age ~ 2 Gyr (Goldich in James nn(,i Si
1973). About 670 to 740 m N 60° E b o

Om prominen
water tower near center of Eveleth, nnrtheasterrl: Minxexef

ation, basal
James and
Beach and
er, Ontario,
ite a small
p. 20,

CLOUD

o

w

w

—

, USA. Nb. 35, p. 17. Fossiliferous chert taken
f\":;“ck-filling in underlying Archean metasediments thatr:
parently comprised a low rocky coast at the time of basal
Pokegama sedimentation. )
of 20/7/65 Paradise Creek Formation, lower Alpha 20ne
of Robertson (1960); age ~ 1.6 Gyr (Licari et al. 1969)
About 113 km airline N of Mt. Isa and downstream from
Lady Annie Mine on south bank of Paradise Creek,

1/250,000 Camooweal Sheet, northwest Queensland, Ay
tralia. Nb. 36, pp. 23—-24. Early chert replacement of
small, branching, columnar stromatolites (Eucapsipho,n)

coating prior dolomitic pinnacle to make small stromatoljtie
dome.
of 20/7/65 Paradise Creek Formation, Beta zone of Rob.
ertson (1960), age and locality as 3 of 20/7/65 but ~ 15
m lower in section. Nb. 36, p. 25. Sample taken withi
large chert-replaced domal bioherm.
of 2/8/65 Tolmer Group, Hinde Dolomite; age 600-700
Myr (Dunn et al. 1966). East slope of Mt. Hinde, ~.15
m above surrounding flats, 1/63,360 Burnside Quadrangle,
Northern Territory, Australia. Nb. 36, pp. 42—43,
of 9/9/65 Transvaal System, Dolomite (or Oliphants River)
Group, ~ 100 m below top in cherty stromatolites of
“main_stromatolite horizon,” age > 1.95 (Nicolaysen et
al. 1958; Davies et al. 1970) and probably > 2.95 Gyr
based on new Rb/Sr whole rock ages on the overlying
Pretorin Group (A. Button, oral communication). About
8 km north of Lime Acres at north boundary of Farm
Adams, N. Cape Province, S. Africa. Nb. 37, p. 36.
of 16/9/65 Onverwacht Group, Swartkoppie Formation,
chert at top; age ~ 3.4 Gyr (Hurley et al. 1971). From
Sheba Mine, ~ 20 km northeast of Barberton, Transvaal,
S. Africa. Nb. 37, p. 45.
of 24/11/66 Pahrump Group, Beck Spring Dolomite, non-
stromatolitic chert ~ 12 m below contact with overlying
Kingston Peak Formation; age ~ 1.3 Gyr (Cloud et al.
1969). Ridge ~ 1.5 km east-southeast of Acme Talc Mine,
1/62,500 Tecopa Quadrangle, southeastern California, USA.
Nb. 38, p. 29.
of 2/9/67 Miette Group, Hector Formation, Black mud-
stone 7.5 cm below contact with overlying St. Piran Quartz-
ite (Lower Cambrian); age ~ or > 700 Myr (Moorman
1974). At 2370 m elevation on north slope of northeast
spur of Mt. Bell, just south of Taylor Lake, 1/50,000 Lake
:Iz.ts)uise f.snst Quadrangle, southwest Alberta, Canada. Nb.
, p. 13,
of 8/11/68 Pahrump Group,
matolitic chert in uppermost
(Cloud et al. 1969).
~ 0.8 km east of Horse
along base of spur on
Horse Thief Sprin
USA. Nb. 38, p.

of 10/9/71 Basal Ordovician, Tremadoc age siltstone and
shale; age ~ 500 Myr. Small borrow pit on east side of
road to Leningrad, at northwest edge of village of Sablino,

on left bank of Sablinka River, ~ 30 kn theast of
Leningrad, USSR, Nb. 41, p. 91. n

of 8/12/71 Dharwar System, Guddadarangappanahalli beds;
age > 2.34 Gyr (Crawford 1969), probably 2.6 Gyr (As-
wathanaryana 1968), and possibly > 3 Gyr BP (Picha-
muthu 1971). Collected at an elevation of ~ 830 m, at
crest of small spur extending east from 945 m ridge ~ 11
km N 10° E from Chitradurga, Mysore, south India. Nb.
42, p. 21. The rock at this place was pointed out by
"I‘. N. Sreenivasa, who guided me to the locality, as the
‘shale” from which material illustrated by Gowda and
Sreenivasa (1969) was obtained. It is a deeply weath

and  caliche-infiltrated impure clastic sediment heavily
coated with lichens and a black algal growth. I expected
it to be contaminated with algal cells from the surface and
infiltrating caliche but found instead that the common
spheroidal cell-like structures observed in thin section were
bubble-like features mainly associated with porous caliche.
Particulate matter on the surface and interior gives the
Appearance of poorly preserved cell wall and internal bodies
The outer surfaces of these bubbles are or were tOug
enough to bend and rupture. Specimens illustrated bY
Gowda and Sreenivasa, although said to be entirely from
maceration  slides, include forms similar to the cO8

bubbles anq other patterns of clustered debris. Others:
more  cell-like, are considerably larger than one would °:'
gect from rocks as old as the basic outcrop appears tg
® and, if biologic, are probably modern contaminan

Beck Spring Dolomite, stro-
bed of unit; age ~ 1.3 Gyr
South side of Tecopa Pass Road,
Thief Spring, at 1230 m elevation

east Kingston Range, 1/62,500

383 Quadrangle, southeastern California,
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t came in with the infiltrating caliche.
rures 8-15.
{ 27/8/74 Isua supracrustals; age ~ 3.8 Gyr (Moorbath
zq. 1973). Banded iron formation on west slope of
hill just no_rth of Kryolitselskabet’s Greenmines camp, edge
of inland ice, Isua area, Godthibsfjord region, southwest
Greenland. Nb. 44, p, 10.

See Plate 1,

Il:l addition to above, materials are illustrated from two thin
sections loaned by S. M. Awramik: GF-69-4D and 4E. Both
Fro.m same sample of bedded, non-stromatolitic chert from
unit shown as upper Gunflint on Map 1960p (Loon Lake
Area) of Ontario Department of Mines; age ~ 2 Gyr (Gol-
dich in James and Sims 1973). About 1.8 km due east of
O’Conner Point and west of Sibley Peninsula, north shore
of Lake Superior, Ontario, Canada.
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