Fig. 2. Ascochyta conidia photographed in aqueous mounts. (Left) Photomicrograph
(x 1000) made with blue light. This is a contact print from the negative. Note
sharply defined cell walls and gutulae conspicuously revealed by blue light. (Right)
The print is an enlargement (X 1000) from a contact negative made with 2600-
angstrom monochromatic radiation. Note absorbance in areas where nucleic acids
presumably occur, wide cell wall bands due to lens effect of curved edges of conidia,
and substances extruded from cells. The nature of the substances revealed by this

photograph has not been determined.

Negatives are made by placing ob-
jects on plates the same size as micro-
scope slides (2.5 by 7.5 cm) and by ex-
posing them to monochromatic ultra-
violet radiation. The resulting negatives
are printed to the size desired with
appropriate microscope lenses. The re-
quirements for critical images of cells
and their contents are as follows. (i)
The rays must be collimated before they
strike the object. (ii) The subject must
not be of such shape and composition
that it itself functions as a lens. For
example, starch grains on the surface
of the emulsion function as little lenses
and produce “hot spots” that do not
resemble starch grains. (iii) Resolution
is directly proportional to the closeness
of the object, or part of the object,
to the emulsion and inversely propor-
tional to the wavelength of light.
Depth of field, expressed as a function
of usable magnification, is, however,
far greater than can be obtained with
microscope optics. Fortunately, this is
especially true in the ultraviolet region,
from 2300 to 3000 angstroms, where
critical focus with quartz optics is dif-
ficult and time-consuming. There are
no focus problems whatever in this
approach to ultraviolet photomicrog-
raphy. Tissues, blood smears, thin
masses of cells, and other materials
can be placed on a plate and exposed
to monochromatic light; then the plate
can be developed and a permanent
record of absorbance phenomena in
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literally thousands of cells can be made
in less than 10 minutes.

We make negatives in the ultra-
violet with a 250-mm Bausch and Lomb
diffraction grating monochromator, il-
luminated with a 900-watt xenon lamp,
and a bandwidth of 60 angstroms.
The high-resolution plates are mounted
at the focal point of the light beam
and a camera shutter is mounted near
the exit lens. A metal shield with a
4- by 15-mm slit is placed in front of
the emulsion to reduce scattering of
light. Exposures average around 1/50
second at 2600 angstroms when the
plates are developed as recommended
by the manufacturer (3). Figures 1 and
2 show examples of the technique.

FrRaANK P. MCWHORTER
CHARLES M. LEACH
Department of Botany and
Plant Pathology, Oregon State
University, Corvallis 97331
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Microorganisms Three Billion
Years Old from the
Precambrian of South Africa

Abstract. 4 minute, bacterium-like,
rod-shaped organism, Eobacterium iso-
latum, has been found organically and
structurally preserved in black chert
from the Fig Tree Series (3.1 X 10?
years old) of South Africa. Filamentous
organic structures of probable biologi-
cal origin, and complex alkanes, which
apparently contain small amounts of
the isoprenoid hydrocarbons pristane
and phytane, are also indigenous to this
Early Precambrian sediment. These or-
ganic remnants comprise the oldest
known evidence of biological organiza-
tion in the geologic record.

During the past decade, and particu-
larly within the past few years, there
has developed a marked revival of in-
terest in the classical problem of the
antiquity of life on earth. Although
parallel to a current expansion of inter-
est in theoretical and experimental ap-
proaches to the origin of living systems,
paleobiological research on the antiqui-
ty of life is developing within a geologi-
cal and geochronological framework
which is unique in the history of
paleontology. To a great extent this de-
rives from a firmly based and fast-grow-
ing body of data on the radiogenic age
of the earth and, in particular, on the
age of its Precambrian sedimentary rock
systems. The application of electron
microscopy to organic sediments, more-
over, has made it possible to transcend
the limits of optical microscopy in ob-
serving minute objects of possible bi-
ological origin. In addition, develop-
ment of analytical instruments for the
detection and characterization of or-
ganic compounds in sediments provides
refined techniques for the detection of
correlative evidence of past biological
systems.

We now report results of the applica-
tion of optical and electron microscopy
to sediments exceeding 3000 million
(3 X 109) years in age. The sediments
are organic-rich black cherts, interpret-
ed as primary chemical precipitates, in
which are found discrete microfossils
of bacterium-like size and form, as well
as larger remnants of partially orga-
nized organic matter. Unpublished re-
sults of organic geochemical analyses
establish that small concentrations of
complex, high-molecular-weight alkanes
are also present in this Early Precam-
brian sediment (I). Chromatographic
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analyses indicate that the isoprenoid hy-
drocarbons, pristane and phytane, are
minor constituents of the indigenous al-
kanes (). These hydrocarbons, thought
to be “of definitely biological origin”
(2), have been identified in other fos-
siliferous Precambrian sediments (2, 3)
and are commonly suggested to have
been derived by the chemical altera-
tion of carotenoid or chlorophyll pig-
ments (2, 3, 4).

The black cherts under consideration
were collected by E. S. Barghoorn in
February 1965 from rocks of the Fig
Tree Series of the Swaziland System,
eastern Transvaal, South Africa. The
exact locality of collection is an out-
crop excellently exposed by road cut-
ting, close to the entrance to the
Daylight Mine (Barbrook Mining Co.),
28 km east-northeast of Barberton,
South Africa. The Barberton district has
long been an area of gold mining, and
extensive geological study has been
made of the complex geology of the
Swaziland System and the immediately
overlying Moodies System of sediments.
The structural relations of the “Bar-
berton Mountain Land” have been dis-
cussed by Ramsay (5), from whose ex-
tensive discussion of the Fig Tree Series
we have drawn in part (6).

The Fig Tree sediments comprise a
thick series of graywackes, slates, and
shales, with interbedded well-developed
horizons of banded chert, jasper, and
ironstone. The cherts are the only wide-
ranging reliable stratigraphic markers in
little-deformed as well as in folded and
contorted areas of the sedimentary
sequence. Although it is probable that
the thickest of the green and gray chert
units (up to 175 m thick) are secondary
replacements, it is our interpretation
that the thinner black fossiliferous cherts
of the Fig Tree strata represent pri-
mary chemical precipitates. In this re-
spect they appear to be of the same
or comparable chemical mode of ori-
gin as those of the Middle Precambrian
Gunflint Iron Formation of Ontario,
Canada (7) and the biohermal chalce-
donic cherts of the Late Precambrian
Bitter Springs Limestone of central Aus-
tralia. (8), both of which contain re-
markably well-preserved three-dimen-
sional microorganisms of considerable
morphological diversity. In the field, the
black cherts of the Fig Tree Series
show a striking megascopic resemblance
to certain of the massive blocky
and waxy cherts of the Gunflint Iron
Formation. Unlike the Gunflint cherts,
however, they are not associated with
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stromatolitic gross algal structure. Ram-
say (5) notes the presence of “oolites”
incorporated as sedimentary constitu-
ents in one unit of the graywackes of
the Fig Tree Series. These siliceous
bodies appear to contain organic matter
surrounding a finely crystalline silica

~core, and Ramsay suggests that they

may be of algal origin (9). These
“oolites” are stratigraphically and litho-
logically unrelated to the black cherts
described here.

The age of the Swaziland System and
that of the mineral belts in both South
Africa and Southern Rhodesia has been
the object of considerable geochrono-
logical study (7/0). The results have con-
sistently indicated a very great age, cer-
tainly among the oldest determined
from Early Precambrian rocks current-
ly exposed on the earth’s surface. Re-
cent unpublished measurements on
shales and graywackes from the Fig
Tree Series, with the rubidium-stron-
tium whole-rock method, indicate an
age greater than 3100 million years for
the last period of strontium isotopic
homogenization for the sediments (/7).
These results confirm studies indicating
an age for the Fig Tree sediments of
at least 3 billion years (/0).

The physical organization of organic
matter in chert from the Fig Tree Series
has been studied in thin sections and
in macerations by optical microscopy,
and in surface replicas and in macera-
tions by electron microscopy. Optical
examination of thin sections of the chert
shows that the abundant dark-colored
organic material is arranged in irregular
laminations approximately parallel to
the bedding planes, a distribution indic-
ative of its original sedimentary deposi-
tion. The fact that much of the or-
ganic material transgresses chalcedony
grain boundaries, as seen in thin sec-
tions in polarized light, indicates that it
was emplaced prior to the crystalliza-
tion of the surrounding silicic matrix,
and is consistent with a primary sedi-
mentary origin for the chert.

Although the laminar organization of
the organic matter is evident, individual
constituents of the layers are generally
too small to be optically well resolvable.
The organic lamellae appear to be com-
prised of discrete, minute, apparently
branching, threadlike structures and
isolated, spheroidal or rod-shaped par-
ticles, but neither precise morphology
nor definite biological organization is
apparent. In chert residues resistant to
hydrofluoric acid these minute organic
objects appear to retain their individual

filiform or particulate character, a fact
that suggests they possess distinct or-
ganization and are not random aggre-
gates of organic material.

We have used electron microscopy
to determine the morphology of or-
ganic structures in the Fig Tree chert.
Application of this technique is based
on our similar studies of chert from
the . approximately 2-billion-year-old
Gunflint Iron Formation. Electron mi-
croscopy of surface replicas of the Gun-
flint chert has demonstrated the oc-
currence of organically well-preserved
rod-shaped and coccoid bacteria (12).
Other investigators have used electron
microscopy to detect remarkably well-
defined imprints of fossil bacteria in
pyrite 300 million years old (13, 14),
and micrographs of minute structures
of possible biological origin have been
figured from a sediment at least 2.5
billion years old (15).

Although similar organic objects were
micrographically observed in surface
replicas and in hydrofluoric acid
macerations of the Fig Tree chert, the
maceration technique appears to be
somewhat unreliable (Z6). Original or-
ganic microstructure is often altered or
destroyed when fragile carbonaceous
fossils are freed by the acid digestion of
their encompassing silicic matrix. In
addition, any contaminants introduced
in the maceration technique are often
very difficult to differentiate from in-
digenous organic particles.

Electron microscopy of surface repli-
cas of the rock is not subject to the
disadvantages inherent in the process
of maceration. In this technique, min-
ute organic fossils can be separated in-
tact from their encompassing mineral
matrix and micrographically examined
in their original state of preservation.
Moreover, evident physical relationships
between the microfossils, their imprints,
and associated mineralogical structures
of the replicated matrix establish the
indigenous nature of the organic en-~
tities. ’

Examination of surface replicas of
thin sections of the Fig Tree chert
proved the most rewarding method of
studying the morphology of indigenous
organic structures. Replicas of each of
the several thin sections investigated
were prepared in the following manner.
A polished thin section was ground
according to standard procedures with
0.05-micron y-alumina on a rayon lap
for the final polish (Z7). The thin sec-
tion was optically examined at high
magnification, and areas where organic
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matter was exposed at the rock sur-
face were noted on a traced outline
map of the section. After washing with
distilled water, the section was etched
for 2 minutes by immersion in a 4.88-
percent (by volume) solution of reagent-
grade hydrofluoric acid and distilled wa-
ter. After the section had dried under
cover, the etched surface was flooded
with a S-percent (g/ml) solution of
parlodion in amyl acetate (reagent
grade) and allowed to dry.

The outline map was turned over
to show an inverted image of the thin-
section outline; transparent tape (sticky-
side-up) was placed on top of the
map, and half-centimeter squares of
one-ply paper were attached to the tape
at positions corresponding to areas of
organic concentration noted on the map.
The outline of the section was traced
from the map onto the tape, and the
tape was turned sticky-side-down and
superimposed on the parlodion-coated
thin section. The tape and the adhering
parlodion surface replica were then
stripped free from the etched rock sur-
face.

In a vacuum evaporator the parlodion
replica was shadowed with platinum
at about a 2:1 angle and was replicated
with an evaporated carbon film. The
parlodion-platinum-carbon sandwiches
overlying each of the small squares of
paper were easily separated from the re-
mainder of the replica and were im-
mersed in amyl acetate (reagent grade).
After a few hours the parlodion film
dissolved and the remaining platinum-
carbon replicas were picked up on mi-
croscope grids. Micrographs were taken
with an RCA-EMU-3F electron mi-
croscope.

This double replica technique allows
the correlation and morphological com-
parison of objects visible in the light
microscope with those revealed by elec-
tron microscopy, and enables the in-
vestigator to ignore relatively unpromis-
ing areas of the rock surface. In addi-
tion, the outline map of the thin sec-
tion serves as a record of the areas
investigated and can be used repeatedly
as a guide in the repeated replication
of specific areas, with or without addi-
tional etching.

Minute organic structures, exposed on
the rock surface by dissolution of their
surrounding mineral matrix, often ad-
here to and are physically supported
by the original parlodion replicas. Some
of these structurally intact bodies, those
which are transferred to the final
platinum-carbon replicas, can be micro-
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graphically examined in their original
state of organic preservation. In this
way, organically preserved rod-shaped
cells and filamentous structures were
separated from the chert and studied in
their unaltered relationships to min-
eralogical structures (Figs. 4, 11, and
12).

In those cases in which the rod-
shaped cells were not transferred from
the parlodion film to the platinum-car-
bon replicas, imprints, shadowed as if
they represented raised structures, were
obtained in the final platinum-carbon
replicas (Fig. 3). In some cases, upon
dissolution of the parlodion film, the
rod-shaped cells became displaced from
their original positions in the replicated
surface but adhered nearby to the
platinum-carbon film (Figs. 1 and 2);
these unusual occurrences show clearly
the relationships between the organical-
ly preserved microfossils, their imprints
in the rock surface, and the mineralogi-
cal structures of the replicated matrix.

Several types of organic structures
having a characteristic and consistent
morphology have been observed in sur-
face replicas of the Fig Tree chert.
Additional studies are necessary to fully

and we here limit our discussion to
two of the more interesting types—
short, broad, bacterium-like rods (Figs.
1-9) and fibrous, branching threads
(Figs. 11 and 12).

Isolated, rod-shaped bacterium-like
cells occur as constituents of the or-
ganic lamellae in the chert and are
similar in morphology and in distribu-
tion to spheroidal or rod-shaped or-
ganic particles seen optically in thin
sections. Forty-five of the cells, pre-
served either organically (Figs. 1, 2,
and 4-6) or as imprints in the rock
surface (Figs. 1-3) have been observed
in surface replicas. Both intact, relative-
ly undistorted cells (Figs. 1-3, and
5) and deformed or greatly altered cel-
lular remnants (Figs. 4 and 6) are pres-

. ent. Well-preserved cells typically have

rounded ends (Figs. 1, 4, and 5) and
are longer than twice their breadth,
characteristics exhibited by modern
bacillar bacteria. The twelve organic,
relatively undistorted cells plotted in
Fig. 10 have an average length of 0.56
p and an average width of 0.24 . The
rod-shaped imprints appear to be slight-
ly longer and broader than are the
organic cells they originally contained

characterize many of these structures (Figs. 1, 2, and 10).

Figs. 1-9. Negative prints of electron micrographs of platinum-carbon surface replicas
of chert from the Fig Tree Series showing FEobacterium isolatum, n. gen., n. sp.,
preserved both organically and as imprints in the rock surface:; line in each figure
represents one micron.

Fig. 1. Electron dense, organically preserved rod-shaped cell about 0.6 x long (white,
below) and its imprint in the chert surface (above). During preparation of the
sample the bacterium-like fossil was displaced from its original position in the
chert matrix. The presence of imprints and the fact that they transgress structures
of the mineralogical matrix, such as grain boundaries and polishing scratches, indicate
that the minute organism is indigenous to the rock.

Fig. 2. Organically preserved cell about 0.5 x long (white, below) displaced from
its imprint in the rock surface (above). Note the irregular, granular texture of the
cellular imprint. Subparallel, horizontally oriented lineations in the rock surface are
polishing scratches; a prominent grain boundary is present to the right of the imprint.
Fig. 3. Rod-shaped imprint in chert surface. About 0.75 » long, this is one of the
longest imprints of E. isolatum observed.

Fig. 4. Organic, somewhat flattened bacterium-like cell transgressing chalcedony grain
boundary. The continuity of the grain boundary, passing through the fossil organism,
demonstrates that E. isolatum is indigenous to the rock and is consistent with a
primary origin for the chert.

Fig. 5. Organically preserved cell of E. isolatum showmg the short, broad, rod-shaped
morphology of the fossil organism. This well-preserved cell demonstrates the morpho-
logical similarity of the ancient organism to modern bacillar bacteria.

Fig. 6. Thin organic film, probably representing the remnants of a bacterium-like
cell which was deformed during preservation,

Fig. 7. Circular structure interpreted as a transverse section through a cell of
E. isolatum. Although the cellular contents appear to have been replaced by silica,
the cell wall is organically preserved. The cell wall, about 0.015 u thick, has a two-
layered organization (shown at point of arrow) and is comparable in thickness and
structure to cell walls of many modern bacteria.

Fig. 8. Circular imprint about 0.28 w in diameter interpreted as a transverse section
through the bacterium-like organism. The morphological uniformity of these structures
(Figs. 7 and 9) and their size range (Fig. 10) support their interpretation as trans-
verse sections of E. isolatum.

Fig. 9. Poorly preserved organic structure thought to be a transverse section of
E. isolatum. The arrows point to a chalcedony grain boundary which passes through
the circular structure and establishes the indigenous nature of these ancient organic
remnants.
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Fourteen circular structures, pre-
served both organically and as imprints,
have been observed in replicas of the
chert (Figs. 7-9). These structures,
interpreted as transverse sections of the
rod-shaped cells, are approximately 0.26
p in diameter and typically have an
outer wall about 0.015 , thick (Figs.
7 and 8). In the best preserved struc-
tures the wall is seen to be composed
of two layers (Fig. 7) and is com-
parable in thickness and in organiza-
tion to cell walls of many modern bac-
teria (/8).

Our interpretation that these struc-
tures represent transverse sections of
the bacterium-like cells is supported
by the following observations: (i) the
circular structures are morphologically
quite uniform (Figs. 7-9); (ii) their
diameters are very similar to the widths
of the rod-shaped cells (Fig. 10); (iii)
they have been observed only in areas
of thin sections in which the rod-shaped
forms are also present; (iv) the oc-
currence of transverse sections is con-
sistent with the apparently random
longitudinal orientation exhibited by the
rod-shaped cells. This interpretation is
further strengthened by the bacterium-
like morphology of both the elongate
cells and the circular structures. The
fact that no sheath or sheath-like resi-
due has been observed in either trans-
verse or longitudinal views of the mi-
croorganism is consistent with its ap-
parently isolated, noncolonial growth
habit. Although the apparent lack of
flagella suggests that the organism may
have been nonmotile, this lack may be
the result of loss of such structures at
death.

That these minute fossils are indige-
nous to the rock rather than laboratory
contaminants is supported by the fol-
lowing six considerations: (i) the forms
occur in replicas both organically pre-
served and as imprints in the rock sur-
face and show variation in complete-
ness of preservation; (ii) they are orient-
ed in a variety of positions, not only
parallel with but passing into the pre-
pared rock surface; (iii) they trans-
gress mineralogical structures of the
chert matrix such as polishing scratches
(Figs. 1 and 3) and chalcedony grain
boundaries (Figs. 4 and 9); (iv) they
are present in repeated replicas of spe-
cific areas of the same thin section,
and in several areas of several thin
sections; (v) they are similar in mor-
phology and in distribution to organic
structures seen optically in thin sec-
tions; and (vi) they are absent from
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Fig. 10. Scatter diagram showing size dis-
tribution for 28 well-preserved cells of
Eobacterium isolatum n. gen., n. sp., ob-
served in surface replicas of chert from
the Fig Tree Series. “O’s” show diameters
and lengths of organically preserved cells;
“X’s” show diameters and lengths of rod-
shaped imprints in rock surface. Asterisks
show diameters of circular structures in-
terpreted as transverse sections of the bac-
terium-like organism (note that lengths
cannot be measured for these bodies). The
rod-shaped imprints are generally slightly
broader and longer than are the organic
cells they originally contained.

glass microscope slides replicated side-
by-side with thin sections of the chert,
and are absent from preparations of
Lakeside Cement, the mounting medium
for the thin sections.

That these microorganisms are both
organically preserved and often relative-
ly undistorted is consistent with the
occurrence of complex organic mole-
cules within the rock, and is not sur-
prising in view of the occurrence of

similar bacterial fossils in other Pre-
cambrian cherts (12). The Fig Tree or-
ganisms are comparable in size, shape,
complexity of structure, and isolated
habit to many modern bacillar bac-
teria. Although they may have had a
nonphotosynthetic metabolism, there is
insufficient information available about
their paleobiochemistry to realistically
evaluate such a suggestion. In view of
the fact that more than 3 billion years
of evolutionary history separate these
forms from possible modern counter-
parts, and more than 1 billion years
separate them from the oldest previous-
ly reported bacterium-like microfossils
(12), physiological and environmental
conclusions based upon a morphologi-
cal comparison between them and more
recent microorganisms would be of
questionable significance.

For purposes of reference, it seems
desirable to propose a formal taxonomic
designation for this ancient bacterium-
like microorganism. The photographic
record must serve as ‘“type material”
for this taxon inasmuch as the original
replicas are perishable and unique (19).
In the absence of definitive informa-
tion regarding the physiology of this
organism, the binomial here proposed
designates a morphological genus based
solely on form.

Eobacterium, new genus.

Diagnosis: Short, broad rods, usually
with well-rounded ends and approxi-
mately circular in transverse section.
Length usually between two and three
times greater than diameter. Thickness

of cell wall usually between 0.05 and
0.10 times the cell diameter. Cell wall
may have two distinct layers; external
surface may appear granular.

Etymology: With reference to Early
Precambrian age and rod-shaped form
of type species.

Type Species: Eobacterium isolatum,
new species.

Diagnosis: Unicellular, isolated rods.
Length usually between 0.45 and 0.70
u, With average length of about 0.55 y;
diameter usually between 0.18 and 0.32
p, with average diameter of about 0.25
p. Cell wall approximately 0.015 4
thick, composed of two layers of ap-
proximately equal thickness. Cells lack
sheath or sheath-like residue. External
surface often appears granular.

Etymology: With reference to non-
colonial, unicellular growth habit.

Type Locality: Black chert facies in
upper third of Early Precambrian Fig
Tree Series, exposed by road cutting
100 m northwest of surface opening
to Daylight Mine (Barbrook Mining
Co.), 28 km east-northeast of Barber-
ton, South Africa.

Type Material: Figures 1-9 show
representative members of species; Fig.
10 shows ranges of size and shape of
species; Figs. 1, 2, 5, and 7 are cited
as primary “type material.”

In addition to E. isolatum, electron
microscopy of surface replicas has re-
vealed the presence of filamentous or-
ganic structures in the Fig Tree chert
(Figs. 11 and 12). Although these
organic residues lack the regularity and

Figs. 11 and 12. Filamentous organic material of probable biological origin shown in negative prints of micrographs of platinum-

carbon replicas of chert from the Fig Tree Series; line in each figure represents one micron.

Fig. 11. Threadlike organic structure

approximately 8.5 u long. The branching, fibrillar nature of this organic residue, comparable in appearance to degraded plant
Fig. 12. Linear organic residue similar to that shown in Fig. 11. The texture and
varying thickness of the structure and the fact that it transgresses chalcedony grain boundaries demonstrate that it is indigenous
to the rock. Arrow at right points to the origin of a lateral branch.

material, is suggestive of biological origin.

762

SCIENCE, VOL. 152



clearly biological character of the bac-
terium-like organism, they are signifi-
cant inasmuch as they appear to show
a greater degree of structural complexi-
ty. Their evident physical association
with mineralogical structures of the
matrix (Figs. 11 and 12) and their
similarity in morphology and distribu-
tion to filiform structures seen optically
in thin sections establish that these
elongate threadlike forms are indige-
nous to the chert. Their origin, how-
ever, is difficult to determine.

The fibrillar (Fig. 11), branching
(Figs. 11 and 12) morphology of these
complex structures is suggestive of the
high degree of molecular and poly-
meric order characteristic of living sys-
tems; their general appearance is not
dissimilar from degraded plant ma-
terial. However, the fact that they ap-
pear to lack such structures as cell
walls or transverse septae, and are gen-
erally quite irregular in form, suggests
that although their molecular compo-
nents are probably biogenic the branch-
ing morphology may be an artifact of
inorganic processes operating during
crystallization of the matrix. Additional-
ly, these forms might represent ordered
remnants of organic material produced
abiotically in the early stages of or-
ganic evolution (20). Although we re-
gard these threadlike forms as almost
certainly biogenic, additional investiga-
tion is necessary to clarify their mode
of origin.

The Middle Precambrian Gunflint
chert from southern Ontario contains
the oldest known structurally preserved
evidence of multicellular plant life (2,
7). The diversity and complexity of this
approximately 2-billion-year-old micro-
fossil assemblage, and the occurrence
of possible biogenic remnants in sedi-
ments thought to be older than 2.5
billion years (15, 21), have constituted
putative, yet somewhat equivocal, evi-
dence suggesting that biological sys-
tems originated early in Precambrian
time. The occurrence of bacterium-like
microfossils, presumably biogenic or-
ganic filaments, and complex biologi-
cally important hydrocarbons in the
Early Precambrian Fig Tree chert es-
tablishes that organisms were in exist-
ence at least 3.1 billion years ago,
and indicates that life on earth must
have originated during the preceding
30 percent of the earth’s history.

Eiso S. BARGHOORN

J. WILLIAM SCHOPF
Department of Biology and Botanical
Museum, Harvard University,
Cambridge, Massachuseits 02138
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Upper Atmosphere and Ionosphere of Mars

Abstract. It is argued that the single-layer ionosphere at 125 kilometers dis-
covered in the Mariner IV occultation experiment is an Il region coinciding
with the ultraviolet photoionization peak. The CO, density there must be of the
order of 101! molecules per cubic centimeter. Such a density is consistent with
the properties of the lower atmosphere by Mariner IV and the temperature
model of Chamberlain and McElroy if the atmosphere is mainly CO, below 70
kilometers. The absence of an F2 region can be explained even if the density ratio
of O to CO, is 100 at 230 kilometers on the basis of the rapid conversion of
O+ to O, by CO,. Thus a model with an exospheric temperature of 400°K, a
modest degree of CO, dissociation, and diffusive separation above 70 kilometers

is possible.

Chamberlain and McElroy (I) have
shown that radiation from CO, and CO
in the Martian upper atmosphere is not
rapid enough to inhibit the develop-
ment of a thermosphere in the region
where the solar ionizing ultraviolet is
absorbed. According to their calcula-
tions the temperature must rise from
the neighborhood of 160°K at 100 km
to about 400°K at 300 km. Thus the
low densities required at 125 km that
would permit the single ionospheric lay-

er there (2) to be an F2 region (3) are
not attainable. It is also difficult to un-
derstand why, if the ionosphere is an
F2 region, it disappears in the Martian
night (2).

If the temperature profile above 50
km calculated by Chamberlain and Mc-
Elroy (/) is correct and if the Martian
lower atmosphere consists mainly of
CO, (or CO, and another heavy gas)
with density and scale height similar to
those measured by Mariner IV, then the
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