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A SEARCH FOR BIOGENIC STRHUCTURES IN Tﬁé AYOLLO 12 LUNAR SAMPLES
J. William Schopf N 71 -1 7 7 1 8

- | ABSTRACT

Optical and electron microscopic studiles |
of rock chips and dust returned by Apollo
12, and of a petrographic thin section of
microbreccia have yielded no evidence of
lunar organisms, Terrestrial contamination
of these samples by particulate organic
matter is less than that typical of Apollo

11 samples,



A SEARCH FOR BIOGEKIC STRUCTURES IN THE APOLLO 12 LUNAR SAMPLES

J. William Schopf

INTRODUCTION

The goal of this study has becen to examine samples
of lunar rocks and dust returned by Apdllo 12 in search of
morphologlic evidence of present or former life on the moon,
The rationale mvnderlying these investigations has been

discussed elsewherei.

SAMPLES STUDIED

The Apolloc 12 semples investigated in this study consisted
of the following: 1) lunar fines (sample number 12001,36)
from the selected sample container; ii) fines (12032,15;
12033,103 12037,11; 120#2,i5} from the documented sample
containers iii) fines (12023,16) from the lunar environment
vsample container; iv) rock chips from the exterior (12034,13)
and interior (12034,22) of a microbreccias and y) a polished
vetrographic thin section (12034,33) of a portion of the rock
from which chips had been obtained, As a member of the Lunar
Sample Preliminary Examination Team for the Apollo 12 mission,
I also examined rocks, chips, fines and the two bloguarantine
samples (one of which included portions of drive~tube core
sample 12026 and the lowest portion of sample 12028, the

deepest core recovered}.



ANALYTICAL TECHRIQUES

Samplecs of the fines, placed -on glass microscope slides
either as free powder or dispersed in glycerine jelly, were
studied with a light microscope at magnifications ranging
from 4 to 1500 using normal and polarized transmitted light,
phase~contrast optics, and reflected white and ultraviolet
light, Bimilaﬁoptical microscopic studies were made of the
chips and thin section of the microbreccia, Other samples
of the fines and selected glass particles and rock fragments
were ooated with a thin gold-palladium film and studied with
a scanning electron microscope at magnifications ranging
from 30 to 30,000, Previous studies have demonstrated that
acid maceration of lunar material does not provide additional

1,2

significant information 3§ this destructive technlique was

therefore here omitted,

RESULTS AND SUMMARY

' These investigations have ylelded no evidence of living,
recently dead or fossil miecroorganisms., In contrast with
material returned by Apollo 11, which contained numerous
celinlose fibers and other biogenic substances of terrestrial

1, the samples here studied appear to be essentially

origin
devoid of particulate organic contaminants., If organic

.contamination of other types has been equally minimal, there
Seems 8 strong possiblility that much of the migute amount of

total carbon {undifferentiated as to chemical species) detected



in the Apollo 12 sample.33 is of lunar origin, If this

possibility can be further substantiated (e.g., by carbon
isotopic analyses of the type developed by Kaplan and co-
workersh), uncertainties as to the probadble origin(s) and
significance of organic materials found to be assoclated

with Apollo 11 samples should be alleviated for Apollo 12.
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Aaropﬁlcomological Studies of Lunar Samples

Abstract, Optical and electron microscoplec studles of rock chips and dust from
the bulk sample box returned by Apollo 11 and of petrographic thin sections
and acid-resistant residues of lunar material have yielded no evidence of indige-

nous biological activity.

Although the present lunar environ-
ment is inimical to known biological
systems, more favorable conditions rjay
have existed in the geologic past, Urey
(1) has suggested that the moon may
have become “contaminated” with ter-
restrial organic maiter early in the evo-
lution of the earth-moon system, If
this suggestion is correct, and if life

became established, evidence of fossil

organisms might be detectable in lunar
rocks. It is even conceivable that such
organisms might have been the pro-
genitors of an extant biota, adapted to
the harsh conditions of the lunar sur-
face; such organisms probably could
not survive in the terresirial environ-
ment and therefore would not be recog-
aakied in studies designed to detect vital

{such as metabolism, growth,

’ nad pathogenicity). The approach and

techniques successfully used in Pre-
cambrian paleobiology (2), and the
criteria developed to establish the in-
digenous and biogenic nature of Pre-
cambrian microfossils, seem well suited
for the detection, characterization, and
interpretatior: of any fossil or recently
dead microorganisms that might occur
in lupnar materials (3).

In an effort to detect evidence of
lunsr organisms in the Apolio 11
samples, studies were made with a light
microscope (L) st magnifications rang-
ing from 4 to 1500, and, after the
specimens had been coated with & thin

film, with a scanning
electron microscope (SEM) at mag-

nifications ranging from 30 to 30,000, 1
examined samples as follows: (i) lunar
dust (sample 10086,18 from the bulk
sample box), divided into four size-
fractions by sieving (>246 um, 246 to
124 pm, 124 to 74 pm, and < 74 pm)—
L and SEM; (ii) residue resulting from
dissolution of lunar dust in hydrofluoric
and hydrochloric acids—L; (iii) sur-
faces of rock chips from the exterior
and interior of a microbreccia (sample
10002,54 from the bulk sample box),
and fragments of these chips—L and
SEM; (iv) petrographic thin sections
of microbreccias (samples 10019,15,
10046,56, 10059,32, 10059,37, 10061,
27, 10061,28, and 10065,25)—L; (v)
as a member of the Ames Lunar Sample
Consortium, I studied (L) samples be-
ing investigated by Ponnamperuma et
al. (4) (sample 10086, bulk A fines);
{vi) as a member of the Lunar Sample
Prelininary Examination Team for
the Apollio 11 mission, I studied (L)
rocks, chips, dust, and bioguarantine
samples (including portions of both
cores) (3).

Several thin sections (among them
10046,56, 10059,32, and 10061,27)
contain elongate, spheroidal, spinose, or
actinomorphic structures (Fig, 1) that
superficially resemble terrestrial micro-
fossils; many of these mineralogic
“pseudofossils” are the result of partial
devitrification of glassy inclusions. Dur-
ing preliminary studies at the Lunar
Receiving Laboratory 1 detected bire-
fringent organic fibers, & few microns in

Fig. 1. Optical photomicrograph showing
actinomorphic  pseudofossil, apparently
produced by partial devitrification of the
surrounding glassy matrix, in a petro-
graphic thin section of a microbreccia
(sample 10046,56); the scale represents
10 am,

diameter, in the lunar dust and bio-
quarantine samples; a few similar fibers
were noted in samples i and ii listed
above, and in the mounting medium
(but not within mineral grains) of
several petrographic thin sections. With
the exception of these terrestrial con-
taminants, apparently derived from lens
tissue or similar substances, no biogenic
materials were detected in these in-
vestigations.

J, WiLLiaM SchoPp
Department of Geology,
University of California,
Los Angeles 90024

Raferences and Noles
}-I . Urey, Sdmu 151, 157 (1968).

ibid, 168, 1211 {1969).
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Q. Oeric} and 1. Christie for suggestions. This
m‘vu supporied by NASA contract NAS
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Search for Organic Compounds in the Lunar

Dust from the Sea of Tranquillity

Abstract, A sample of lunar dust was examined for organic compounds,
Carbon detected in concentrations of 157 micrograms per gram had a 83°C per

- ~mil (PDB) value of +20. Treatment with hydrochloric acid yiclded hydrocarbons of

low molecular weight, suggesting the presence of carbides. The gas chromatogram
of the acylated and esterified derivatives of the hydrolyzate was similar 1o that
obtalned for the Pueblito de Allende meteorite, There were no detectable amounis
of extractable high-molecular-welght alkanes, aromatic hydrocarbons, isoprenold
hydrocarbons, normal alkanes, fatry aclds, amino aclds, sugars, or nucleic acid
bases. Traces of porphyrins were found, perhaps arlsing from rocket exhaust

materiuls,

A useful approach to the study of
chemical evolution is the examination
of organic matter in ancient rocks and
sediments, The oldest known micro-
fossils are about 3 X 10° years old,
indicating that life was aiready well es-
tablished at this period (/). The possibil-
Iy, however, of finding rocks on the
earth older than 3% billion years ap-
pears to be small. On the other hand,
the samples from the moon may give
us some clues to preblotic organic syn-
thesis in the solar system: {2).

This report contains the results ob-
tained by & group of investigators es-
tablished as the NASA Ames Research
Center Consortium to ansiyzs the sam-
ple labeied “10086 bulk A fines.” Since
this sampie comsisied of s relstively
fine powder, no further grinding was
waderiaken befors analysis,

mwmmmm
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organic carbon, isotope fractionation,
microfossils, and mincralogy. Sequen-
tiai treatment of the sample by a ben-
zene-methanol mixture, water, and hy-
drochioric acid provided extracts for
examination by chromatographic and
spectrometric methods (Fig. 1).

To monitor every stage of the analy-
sis, paraliel experiments were conducted
on an interlor sample from & 6-kg plece
of the Pueblito de Allende meicorits
{3), and a sand blank was prepared by
heating & sample of Ottawa sand for 48
hours at 1000°C. To minimize contam.
ination, the analyses were carried out
in 2 clean laboratory ventliated with
flltered alr, and the entirs sequence of
solvent extractions of the lunur dust
was sccompiished in a singic glas
vessel,

Total carbon was delermined by
messuring the volume of CO, volved

wmzt-gumpkmwtnne&d



150°C at & pressure of less than 1
pm-Hg and burned at 1050°C. The
values ranged from 140 ug/g to 200

g. The most consistent values were
between 140 and 160 pg/g. The com-
parable figure for a sample of the Pueb-
lito de Allende metcorite was 3000 n2/8.
The sand blank showed no detectable
carbon.

The amount of carbon that could be
converted into volatile carbon-hydrogen
compounds was determincd by pyrolyz-
ing about 30 mg of the dust at 800°C
in an atmosphere of hydrogen and he-
Hum (4). The resulting volatile com-
pounds were estimated by a hydrogen
flame ionization dctector. The average
, value obtained was 40 pg/g. For a
: «ample of the Pueblito de Aliende me-
o ;»ritc this amounted to approximately

4 ug/g, and for the sand biank, 1
18’8

Isotope measurements on the total
sample resulted in a 8:2C value of +20
relative fo the PDB standard and the
8%8 of +8.2 relative to the Canyon
Diablo meteorite. These figurcs are con-
siderably higher than those generally
reporied for intact metcorites (8'°C,
—4 to —20; 88, —2 to +2). A de-
tailed account of these findings and
their significance are described by Kap-
lan and Smith (5).

A portion (20 mg) of the sample
was pyrolyzed from 80° to 300°C in
the ion source of a CEC 110 high-reso-
lution mass spectrometer. The analysis
was repeated at 700°C with the high-
resolution mass specirometer (MS 9)
at the Jet Propulsion Laboratory in
Pasadena. Ions indicating the possible
presence of formic acid, acetic acid,
and SO, were found above the back-
ground concentration. However, no
conclusive identification was possible.
«arbon dioxide was identifled in the
aBvrolysis products at 250°C to 750°C.
bservations of dust, surfaces of the
microbreccias, and thin sections of
microbreccias made by light and elec-
tron microscopy yielded no evidence
of indigenous biological structures (6).

To detect extractable organic come-
pounds, 54.6 g of the lunar dust were
treated with & mixture of benzene and
methanol (9 : 1), Twenty-three percent
of the extract was examined for por-
phyrins (7). Fluorescence excitation
and emission spectra of these exiracts
are suggestive of porphyrins. Since sim-
flar spectral responses were observed in
exhaust products from tests of the lunar
descent rocket engines, it i3 possible
that these pigments were formed from
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Fig. 1. Scheme of analysis.

components of the rocket exhaust (8).
The amount of porphyrins detected was
approximately 10 ug/g.

The remainder of the benzenc-meth-
anol extract was chromatographed on 2
silica-gel column and ecluted with hex-
ane, benzene, and methanol, Capillary
gas-liquid chromatography of the hex-
ane fraction showed that no single
n-alkane from C,, to C;, was pres-
ent at concentrations of 2 X 10-% ug/g.
The absorption spectrum of the ben.
zene eluate showed bands at 224, 274,
and 280 nm. Since these absorption
bands were also present in the sand and
solvent blanks, the presence of aromat-
ics in the lunar sample cannot be in-
ferred. The methanol eluate from the
silica-gel chromatography was esterified
and examincd for fatty acids by gas-
liquid chromatography. The C,, to C,,
fatty acids were not detected at levels
of 10-? ug/g.

After treatment with benzene-metha-
nol, the bulk fines were dried in a
rotary evaporator and extracted with
water. This extract was desalted and
analyzed for free amino scids and car-
bohydrates by gas-liquid chromatog-
raphy as N-trifluoroacetyl-n-butyl esters
of amino acids, as trimethylsilyl deriva-
tives of sugars, and as trifluoroacetyl
derivatives of sugar alcohols. In the
water extracts, the amino acids were
not detected at a concentration of 10-%
pg per gram of sample. Sugars were
not present at concentrations of 6 X
104 ug/g.

The residue, after the water extrac-
tion, was hydrolyzed with HC!. Hydro-

gen sulfide evolved during the hydroly-
sis was collected. The concentration was
about 700 ng/g, with an average 3:S
value of +8.0, The 1N hydrolyzate was
treated with Norite charcoal to absorb
any bases that may have been present,
The charcoal was cxtracted with formic
acid, and the extract was treated with
bis(trimcthylsilylitrifluoroacetamide and
analyzed for the bases as trimethyl-
silyl derivatives. Purines and pyrimidine
bascs were not present at concentrations
of 4 X 10-3 p.g/g.

The hydrolyzate obtaincd after re-
fluxing the sample with 6N HCl at
125°C for 19 hours was desalted and
examined for amino acids by ion-ex-
change chromatography and gas chro-
matography of the N-triffuoroacetyl-n-
butyl ester derivatives, Although as little
as 2 X 10~ ug/g could be detected by
this method, none of the amino acids
commonly found in protein appeared
to be present.

However, in the HClI hydrolyzates
several compounds were found which
did not appear on the gas chromato-
gram unless the hydrolyzates were both
esterified and acylated, These molecules
were present in & similarly treated acid
hydrolyzate of the Pueblito de Allende
meteorite but not in the s~nd blank or
the rocket exhaust meoiciial (Fig. 2).
Organic compounds, as derivatives, ap-
pear to be present in both samples. _

Since approximately 100 ug of car-
bon per gram of sample still remained
to be accounted for, an attempt was
made 1o determine whether some of
the residual carbon was present as car-
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bides. A fresh sample, outgassed in a
vacuum at 150°C, was therefore hy-
drolyzed with 6N HCI in a sealed tube,
and the resuiting gases were distilled or
extracted with n-hexane. Analysis by
gas-liquid chromatography and mass
spectrometry revealed the presence of
C,, C,, C,, and C, hydrocarbons. The
total added up to almost 20 ug per
gram of the lunar sample. A sample of
Mighei meteorite and cohenite (Fe,C)
from the Canyon Diablo meteorite were
similarly analyzed (Fig. 3), hydrocar-
bons being identified in each case.
Our examination of the Apollo 11
sample from the Sca of Tranquillity
leads us to conclude that the concen-
tration of carbon is about 157 ug per

gram of sample. If we assume that the
hydrocarbons gencrated from the acid
hydrolysis come from carbidcs, the
amount of carbon accounted for is ap-
proximately 20 pg/g. The isotopic com-
positions of carbon and sulfur are
significantly different from the composi-
tion determincd for other cxtraterres-
trial samples, The 8'°C value of +20
relative to the PDB standard and the
84S value of ‘! 8.2 relative to the Can-
yon Diablo meteorite are unusual by
comparison with both terrestrial and
meteorite samples, Although the limits
of detectability of our tcchnigues were
in the nanogram range, normal altancs,
isoprenoids, hydrocarbons, aromatic
hydrocarbons, fatty acids, amino acids,

Methone pha

non-condeneobie
paset
Luner savple x\8)
Lunar_sompin
bor 1ee
seoere,
R
Propoe
~p - S
Propone
®02)
J M' mateorile
ihore hydrocarbong
o) /“ wo2)
i,

Fig. 2 {left), Gas chromatograms of N-triflucroacetyl-s-butyl esters of 1IN hydrolyzates
of the Puebiitc de Allende meiecrite and the lunar sample, on & glass column (I m by
6 mm), packed with 1.5 percent (by weight) OV-17, on heat-ireated 80/100 mesh
Chromosorb G, temperature programmed from 60°C to 250°C, at 4°C per minute.

Vertical lines represent atienuation changes.

Fig. 3 (right). Gas chromatograms of

hydrocarbons from 6N HCI treatment of the lunar sample (0.1 g), Mighei meteorite
{0.05 8), and FexC (0.0014 g}, on a stainiess steel column (2 m by 3 m), packed with
150 mesh Poropack Q, programmed from ambient temperature to 150°C, at 10°C per
minute. Standard mixture attenuated at X 160,

sugars, and nucleic acid bases were not
present at this level of concentration.
There is a striking but yet unexplaincd
similarity betwecn the chromatogram’
of the compound that formed the de-
rivative in the acid hydrolyzates of the
lunar sample and of the Puchlito de
Allende meteorite. These findings should
be considered to b2 specific for a single
surface samp'e from the Sca of Tran-
quillity. Samples from the highlands,
or corc samples, may be expected to
yield different results,
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Abstract-—Optical and clectron mlcmwopic studies of rock chips and dust from the Bulk Sample Box
returned by Apotlo 11, and of petrographic thin scctions and acid-resistant residues of lunar material,
have yielded no evidence of indigenous biological activity.

Avtiiouct the present lunar environment is inimical to known biological systems,
more favorable conditions may have existed in the peologic past. Urey (1966) has
sugpested that the moon may have become *contanunated™ with terrestrial organic
matter early in the evolution of the earth-moon system. If this concept is correct,
and if life became established, evidence of fossil organisms might be detectable in
lunar rocks. It is even conceivable that such organisms might have been the pro-
genitors of an extant biota, adapted to the harsh conditions of the lunar surfuce; such
organisms probably could not survive in the terrestrial environment and therefore
would not be recognized in studies designed to detect vital processes (c.g. metabolism,
growth, pathogenicity). The approach and techniques successfully used in Pre-
cambrian paleobiology (Scrorr, 1970), and the criteria developed to establish the
indigenous and biogenic nature of Precambrian microfossils, scem well-suited to
detect, characterize and interpret any fossil or recently dead microorganisms that
might occur in lunar materials (ScHorr, 1969).

In an effort to detect evidence of lunar organisms in the Apolio 11 samples, studics
were made with a light microscopc (L) at magnifications ranging from 4 to 1500 x
and, after coaimg specimens with a thin gold- pauadlum film, with a scanning
electron microscope (SEM) at magnifications ranging from 30> to 30,000x. |
examined the following sampler: (i) lunar dust (sample 10086,18 from the Bulk
Sample Box), divided into four size-fractions by sieving (=246 i, 246-124 p,
124-74 u, <74 ), L and SEM; (ii) residue resulting from dissolution of Junar dust
in hydrofluoric and hydrochloric acids, L; (iii) surfaces of rock chips from the cx-
terior and interior of a microbreccia (sample 10002,54 from the Bulk Sample Box),
and fragments of these chips, L and SEM (iv) petrographic thin sections of micro-
breceias (samples 10019,15, 10046,56, 10059,32, 10059,37, 10061,27, 10061,28, and
10065,25), L. (v) As a member of the Ames Lunar Samplc Consortium, 1 studied (L)
samples being investigated by C. PONNAMPERUMA ef al. (1970) at the Ames Research
Center (sample 10086, Bulk A Fines). (vi) As a member of the Lunar Sample Pre-
liminary Examination Team, during the Apollo 11 mission I studied (L) rocks, chips
dust and bio-quarantine samples (inclu ling portions of both cores) (LSPET, 1969).

Several thin sections (e.g. 10046,5, 10059,32 and 10061,27) contain clongate,
spheroidal, spinose or actinomorphic structures (Fig. 1) that superficially resemble
terrestrial microfossils; many of these mineralogic *‘pseudofossils’™ are the result of
partisl devitrification of glassy inclusions. During preliminary studies at the Lunar
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Fig. 1. Optical photomicrograph showing actinomorphic pscudofossil, apparently
produccd by partial devitrification of the surrounding glassy matrix, in a petrographic
thin section of a microbreccia (Apolio |1 sample 10046,56); line for acale represents 10 4.

Receiving Laboruiory | detected birefringent organic fibers, a4 few microns in diameter,
in the lunar dust and bio-quarantine samples; & few similar fibers were noted in
samples (i) and (ii), above, and in the mounting medium (but not within mincral
grains) of several petrographic thin sections. With the exception of these terrestrial
contiuninants, apparently derived from lens tissue or similar substances, no biogenic
materials were detected in these examinations.

Acknowledgements—] thank Mrs. Carot Lewis for assistance, and G. OerteL and J. Cunisuir for
sugpestions. Supporied by NASA Contract NAS 9-9941,
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Extractable organic matter in Precambrian cheris®
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Abztract—The conoontrations of hydrocarbons snd fatty acids, and tho ratios of the stable
inotopos of earbon and sulfur were dotornined for Procambrian cherta from the Gunflint Jron.
Formation, the Paradise Creok Formation, and tho Hitter S8prings Formation. All threo chorts
aro known to contsin organically prosarved microfossils. For comparison, studies were sonducted
on two fossiliforous I’haneroxoic ehorts (from the Rhynie Chert Bods and Berian Voleanio
Formation) of comparable origin and peologic history. ‘T'he highest conoontrations of n.alkancs,
pristane and phyt-ne, and saturatod and unsaturated fatty acids wero generally roooverod from
the untreated surfacce of tho sainplos; thess compounds arv primarily, and probably ontirely,
of recent origin., Kxtremely smail conocontrations (n few ppb) of similar compounds were
extracted from inturior portions of the Procambrian samples; although in part apparontly
indigonous to tho sediments, thoso compousuis are not demonstrably syngenetis with original
sedimentation, and the major portion of thoso extraocts also nppoars to be of rolatively rocens
origin. Permeability and porosity moasuremonta conductod on soparate rook sampies from the
oollootion on which the organio studies were mado, showed ths presonce of microfrocturcs
that oould aliow the passage of ground water under a pressuro gradient. In the absenco of
chomiocal critoria firmly establishing the syngenetic nature of extracted organis aonstituonts,
such studies of Procambrian sediments may only provido ambiguous evidence of carly biochomi.

eal procosses.
InrrODUOTION

PALEONTOLOGICAL evidenoe suggests that Precambrian time was charaoterized by
gradually accelerating biological evolution (Scuory, 1969); tho detection of chemical
foesils in early sodiments should serve to sugment the morphological fossil record,
possibly yielding evidence for the time of origin of major biochemical innovations,
To data, however, organio geochemical siudies have provided little evidence of
early evolutionary development. In fact, no major differences hetween the ox-
tractable components of Precambrian and younger rocks have beon demonstrated
and, therefore, no specific chemical tests for “Precambrian origin” now exist.

- The yields of extracts from Prccambrian sedimentary rocks vary considorably,
In the work here reported, the totul yields of isolated material rarety exoeed 0-1 ppm;
it may be noted that these yields are two to three orders of magnitude lower than
those previonaly reported from Precambrian cherts, including the well-known
Gunilint chert (Ono e al., 1065; Vaw Horvex ef al., 1089) which we have here
reinvestigated. Clastic sediments, however, mey contain much greater amounts of
exiractablo organic matter, and yields as great as 1500 ppm have been reported from
Precambrian shales (Hoznivg, 1967). Since mobile fizids may migrate along bedding
planes in shales, constituting a potential source of in sty contamination by materials
of younger geological age, we have restricted this investigation to highly indurated,
and relatively impormeable, carbonaceous cherts. We have studied five sediments

* Publiostion No. 803, Inctituie of Geophysios and Planetary Physics, UCLA.
-} Permaneni address: CBIRO, Division of Mineru! Chemistry, P.O. Box 176, Chatswood,
NBW, Australia.
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of varying goological aggo known to contain well-preserved plant fossils in an attempt
to relate the extractable constitueits of these cherts to the biota extant during
thelr deposition.

Pristane, phytane, normal paratfing and fatty acids have boen proviously reported
from chert of the Gunflint Iron Formation by Ono el al. (1865) and Vax Hogvex
el al, {1060). Amino acids wore isolated by Schory ef al. (1968) and AncrLsox and
Hane (1008), and C'3/('? ratios wore measured by HokriNag (1967) on the organio
constituents. Amino acids were also identificd in extracts from black cherts of the
Bitter Springs Formation (Scuory ef al., 1008).

Sovornl approaches have been used in the present study to differentiate between
Procambrian organic matter and contaminants of more recent origin, Primary
among these is an analysis of the eficet of progressive particle size reduction on the
nature and yleld of tho oxtracts obtained. Tho results of this analysis have been
substantiated by replicate studiea of threo of tho sediments investigated, and by a
comparative study of cherts ranging in ago from about 02 x 10°yrto 1-9 x 10° yr,

DxscrirrioN oF SAMPLYS

The black, fossiliferous cherts selocted for analysis were obtained from: (1)
the Gunflint Iron Formation, Middle Precambrian, Ontario, Canada (ca. 19 X
10 yr old); (2) the Paradise Creck Formation, Late Precambrian, Queensland,
Aurtralia (ca. 1-8 x 10° yrold); (3) the Bitter Springs Formution, Lato Precambrian,
Northern Territory, Australia (ca. 0-0 X 10% yr old); (4) the Rhynie Cherts Beds,
Lower Devonian, Aberdeenshire, Bcotland (ca. 039 x 10° yr old); and (5) the
Borian Volcanic Formation, Upper Triassio, Barawak, Borneo (ca, 02 x 10°yr
old).

All five cherts are black, waxy, and somoewhat lustrous on fresily broken con-
choidel faces, and all are noted for the collularly preserved, perminerulized plant
fossils thoy contain. The cherts ar¢ composed predominantly of cryptocrysialline
quertz and, excopt for the Triassic chert, have &n organioc carbon content of sume-
what less than 19%,; they appear to bo chemical sodiments displaying little diagenetio
change. Thothree Procambrian sediments exhibit fine, irregular laminations reflecting
the presence of stromatolitic algal mats; the younger cherts are more coarsely
bedded and are thought to represent silicified peat doposits. The petrology of these
cherts, and of assoclated rediments, indicates a gencral absence of metamorphism;
the brown-to-amber color of the preserved organic matter, as seen in thin sections,
presumably reflects a m.id thermal history. The origin, lithology, niode of preserva-
tion of organic oonstitusnts, as well as the thermal history of the five deposits appear,
therefore, to be quitr «milar,

The specimens of black chert from the Gunflint Iron Formation were collected
by J. W. Schopf (June, 1068) from a stromatolitio horizon (the Lower Algal Chert
Momber) exposed on the northern shore of Lake Buperior, about 64 km west of
Schreiber, Ontario. A well-preserved microbiota, including 12 species of plant fossils,
has been described from this locality (Barornoory and TYLER, 19053). The chert
samples from the Paradise Creek Formation were collocted by J. W. Bchopf and
F. DeKeyser (May, 1868) from silicified stromatolites occurring in the upper third
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of the formation, exposed on low hilitops about 13 km southcast of Lady Agnes
Mine (72km northcast of Camooweal, Quoensland); organically preserved uni-

. ooilular algae recently have heen roported from these Late Procambrian stromatolites

(Lrcars ef al., 1000). The bedded earbonaccous cherts of the Bitter Springs Forma-
tion were noliect«xl by J. W. Bchopf, R. Bhaw and A. Magoc (May, 1908) from the
uppermost strata of the formation, oxposcd on a low ridge about 1-6 km north of
the Ross River Tourist Camp (lLove's Creck Homostead), 64 km oast-northeast
of Alice Bprings, Northern Territory. Thirty species of algno, bacteria, possible
fungl and other microorganismas have boen described proviously from tho Bitter
Springs cherts (Scrory, 1068).

Bpocimens of the Rhynie Chert (Old Red Sanstone), secured from the A"l zone
of KmnsTox and Laxa (1817-1821) and eontaining numerous axes of the primitive
vascular plants Rhynic and Asleroxzylon, were obtained from E. W. R. Stollery
{Portsoy Minerals, 12 S8andend, Portsoy, Banflshire, SBcotland). The highly carbon-
accous Trinssio cherts of the Berian Volcanic Formation were collected by G. E.
Wilford in the Penrisson regtion of West SBarawak (WiLrorp and Kno, 1045), and
were obtained for our study from E. 8. Barghoorn; a varioty of plant fossils,
including dipteridacecus fern sporangia (GasToNy, 1870), are oollularly prescrved
in these cherts.

ExPERIMEXTAL
Coniaminalion conirols

To monitor the lovel, nature and origin of contamination throughout the analytical teshnique,
samples of powdered, freshly ignited firebriok (880°C; 12 hr) were subjootod to the entire
seperation procedurs inoluding hydroflucric acid treatmment. These controls showed quite
eonclusively that, dospite all precautions, some deteotable contamination of ths final produots
might be expected, In the oase of ihe saturated hydrocarbons, the total contamination detected
never oxoeedsd 0:1 x 10~ g; as much as 04 X 10% g of contaminating saturated and unsatu-
rated fatty acids could be found in the final mothy! ester fraction. When firebrick was omitted
from thoso tosts, howover, the detectod level of contamination was reducod by soveral orders of
magnituds, presumably reflecting the offect of large surface areas in concentrating contaminants.

Recognizablo laboratory contamination was finally reduced ic an acceptable lovel (<1
ng/ml) by carefully distilling all solvents, by oliminating all organic materials (e.g. plastio,
:iu:rhm-, paper, oto.} from the experimental proocedures, and by limiting the acoess of laboratory

The degree of contamination of the cherts in the geological environment prior to collection
and laboratory analysis in more diffioult to assess. ‘Lo obtain sone indication of the amount of
i sfiu contamination, the untreatod surface of each samplo of chert was repeatedly extracted
with & benzens/methanol solution. Details of this procedure are given below.

It should be noted that procedures to reduoe tho leve! of surface contamination of the rooks
prior to extraction were deliberately avoidod. Instead, an effort was made to collect and
analyze thoso organic constituents reodily extractable from acoessible rock surfaces. Such
material presumably contains the major portion of recent sontamination, and 8 eompamon of
this fraction with materials axtmtod from the interior of the rock, and from acid.resistant
organio residues, proﬁduabuuformngthedepeennddcp&hofmmmam
and for determining the origins of various extractable components.

Analytical procedurs

Samples of the Gunilint, Bitter Springs and Rhynie cherts were examined in duplioate;
single analysee wore made of the Paradise Creek and Borneo cheris. For each extraction,
individual pieoes of the black chorts, each weighing at least 100 g, were taken as starting material;
total sample weights rangsd from 100 to 1300 g.
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Solvens sxiractions

Threo soparate solvont extrastions of organic matter from the chorts, a$ progrossively
smaller particlo sixos, were mado on cach of the rock specimens analyzod,

{1) Chipe. Aftor brushing the surfaces of the spocimons undor running distilled water to
remove Jooso or friable matorial, the samples were shatterod by hammering, and those picces
1-2 em in sizo wore oollectod. Thewe chips wero inmorsed it a solvens solution (30/70 methanol--
bensene) in a covered boaker, boilod gently on a stoam bath for 30 min, and thon allowed to
stand at ambiont tomperature for 24 r. After decanting the solvent, the chips were washod
three times with a hot solution of the same solvont, whish was docaited into the original solvent
extracs. This fraction eonstituted the “extract of the chipa.”

{8} Powdcr. The chips wore dried under cover at 60° and thon immorsed in & chromie/
suiphurio acid solution overnight to oxidize any umainiug surface contaminants. Afler repoatoed
washing with distilied water, tho chipe were etohed by itninersion in 26 % hydrofiuorie acid for
2 hr; this trontment resulted in a loss of 6-8 por oent in weight, and offocted the romoval of
proviously extrasted outer surfnocs. Following washing and drying, tho etclied chips wore
ground in a shatier box mill (8pox Industries) for 4 min. Prolonged grinding was avoided in
order to reduoo possible sontamination und formation of artifacts. Typically, tho ground produoct
oonsisted of the following powdor:

889, < 120 mesh; 8% < 60 mesh > 120 mush; and 6% > 60 mesh

This powdor was refluxed overnight in the benrene/methano! mixture, and the bulk of the
solvont was docanted. After repeating this extraction twice with small quantitios of solvent,
the powdor was iransforred to a fritted funnel and washod several timos with solvent. The
washings and oxiracts were combined to form the “extrast of the powdor.”

(3) Asid-resistant residue. The extracted ohert powdor was transferred to & covored Teflon
besker and dissolved in & minimum amount of 50 % hydrofluoris acid (Baker-Analyzod Reagent).
After ¢ or § days when the reastion was comploto, the acid-rosistant organio residue wes rocov.
erad by dooantation of the aoid followed by centrifugation. The mult.ing residue was gaxwrany
composed of about 859, amorphous, brown.to-amber-oslorod organis mattor, 2-4 % organie
miorofossils and plant fragments and minor conoontrations of insoluble minerals (e.g. pyrite,
filuorite). Extraoction of this water-washod and dried residue with the bonzeno/methanol solvent
under reflux gave the third solvent extract.

Ohronaiography

The solvent extraots from the chips, powder, and acid-rosistant residue were $reated idonti.
oally. Most of the solvent from each extract was removed by evaporation on a steam bath;
the few remaining drops were removed unde a stream of nitrogen at ambient temporature.

Alkanes wore separated from the extiracts by chromstngraphy on pre.washed solumns of
silion gol and olution with hexano. The extracis resulting from further elution with benzene
snd methanol were combined and evaporated to near drynees, redissolved in benzons and the
solution shaken with & 2% sclution of sodium hydroxide to remove free faity acids. The froe
saids were separsted from the sodium hydroxide sclution and convorted to their methyl ester
derivatives by treatment with diazomethans,

Hydrosarbons were identifled by gas-liquid chromatography on 8.E. 80 and P.P.E. (Poly-
pheny! ether) columns using an instrument equipped with & flame ionization detestor. Identi.
fiosiion was based on & comparison of the retention times of the individual components with
ﬂmofm&henﬁopw@m,phytuwmdn-a&amm&hemwlmm&bywmmm

with known standards. Mothy! esters of fatty acids were identified nmxhr}y, oxoops
thai the P.P.E. column was replaced by a D.E.G.8. (disthyleno glysol suoecinate) oclumn,
sad satursied and unsaturated methyl ester dorivatives wore used for comperison.

For positive identification unssiurated methyl esters in the exirscie were converted to
sstursiod esters by redustion with hydrogen in the presence of platinum oxide st atmospheric
on the products.
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The method of analysis onablod 8 ng of both n-alkanes and mothy! estor derivatives of fatty
solds t0 bo unqueationably dotootad above noiso lovol, and quantitatively rosolved.

In the caso of the Gunflint, Bitter S8prings and Rhynie chorts, an additional procedure was
iniroducod to recover bound futty acids. Following bonzene/mothanol extraction of the chips,
powder, and acid-rosistant residuo, fresh solvont was addod and the solution was stirred while
drope of hydrochlorio acid were added until & pH of approximately 2:0 porsisted for 30 min,
After flitration, the bound acids were recovered from the solvent solutions, converted to their
m?! osior dorivatives, and identifled by gas-liquid chiromatography as deseribod above.

$/C iaotopo ratios wero measured on the CO, released by combustion of the acid-rosistans
organio residues following an adaptation of tho method doscribod by Crata {1053). 8C» values
were measurcd in comparison with a PDB stantard. 83!/S% dotomminations wore made
on elementa! sulfur dissolved in the benseno/methancl extracts of the acid rosistant rosidues;
the sulfur was isolated by its reaction with froshly cleaned copper wire, to produce a black
surface layer of coppor sulfide. Btrands of wire were addod sequontially to the solution until
the coppor no longer turned biack, indicating that dissolved aulfur had boon completely removed
from solution. Tho isotopie ratio of pyritio sulfur from the Gunflint chert was analyzod following
the procodure desoribod by Kartax ef ol. (1063). All 38¥ valuos are bassd on the Canyon
Disblo metecrite standard.
Permeability and porosity

Permeability and porosity measurements wers mads on the samples by Chevron Oil Field
Rescarch Company on l.in. dia. cores. Permeability was dotorinined from measuromonts of
the flow rate of air through the sore which was oxposoed to a pressure of 300 psi. Porusity was

oalsulsted from the weight of brins trapped within the coro after an initial ovacuation to 18
#mHg and a final exposure to a known brine at 1000 psi. ‘The brine was foroed into socosaible

No messuremonts wers made on the Paradise Creck chert, sinos extenaive fracturing within
the availablo samples provented the cutting of a suiiable oore.

Rzsvrrs axp Disocussron
Alkanes
The ylelds of alkanes obtained from solvent extraction of the cherts are summa-
ized in Table 1; chromatograms of tho extracts from the chips, powder, and acid-
resistant residue from each chert are shown in Figs. 1 and 2,

Precambrian cherts

As is shown in Fig, 1, the extracts from chips of the throe Precambrian cherts
investigatod contain very similar alkane suites. These simiilarities, and other features
to these three extraocts, may be summarized as follows:

1. Relatively large extract ylelds, substantially greater than those detected in
subsequent extractions, were obtained by immersing tho freshly broken chips of
chert in solvent for 24 hr. This distribution indicated that most of the soluble
organioc matter associsted with these rocks is readily accessible and must, therefore,
be present on the surface of the chipe or in micro-fissures or pors systems of dimen-
sions allowing penetration and extraction by benzene or methanol.

2. The easo with which the organic matter was extracted from the chips suggests
that it is of relatively recent, rather than of Precambrian origin, since comparable
interchange with mobile, organic materials must also have been possible in the
geological environment.

8. In general, the exiracts from the chips show a smooth distribution of n-

lkanes with the maximum concentrstinn ocourring closs to the Cyy member., All
three also exhibit & marked predominance of n-slkanes with an odd number of
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Table 1. Total alkanocs oxtractod from ohorls

Chyeet ormco Rhynio Bitter Bprings
. Axe (y1) 02 » 0 037 X 100 0P x 100
Eample wt. {g) 14¢ 380 100 1100 200
Lstraction stage® | ¢ P R} C : 4 R 14} P R ¢C P R cC P R
Total yield of
alkanes (ppb) 17 19 3 1180 1640 2370 | €70 3500 3300 8 1 1 4 1 1
Carbion prefercnes
index (1 .3.‘(/“;)
Odedjoven 4 13 .31} 11 10 1} 11 10 10|28 13 12116 14 138
Prictann |
{7 Alkancs) 11 31 — | 60 88 6 — 25 04} 32 4 o} o = -
Phytane ;
. ("2 AMkancs) » 283 —~ j 21 1 28 — 14 57138 4 -} d -
‘ri-tane
Piry tane 0é 08 — |19 17 23 | —" 18 34109 — ] o= = o
Choert Paradise Crook QGuaflint
T T ARe (vT) 16 % 100 19 x 100
Samplo wt, (g) 1020 1800 300
T hzturuon sugo‘ C P R (4] P R o P R
Total yield of
alkunes {ppb) | 1 1 3 26 [} 1 33 ] 1
Caurbon preference 4 ‘
indox (Cgy~Cyy)
Oddfever 13 12 i-0 14 1-8 12 20 18 13
Pristane
(A lkanes) 33 + 13 19 01 + 06 0-¢ 02
Phytane
(% Alknnes) &1 t 33 20 38 o3 + 18 08 o4
Pristane
ﬁm& 07 — 07 05 08 -— 08 o7 o5

* C = chips; P w= powder, R = residue, - trace, — not dotected.

carbon atoms for members of the homologous series above Cyy. Values for the C.P.1.
{(Carbon Preference Index) (Bray and Evaxs, 1861) for Cyy through Cyy range from
23 to 1-2, In addition, the concentration of pristane is less than that of the phytane,
with the ratio of these isoprenoids varying between 0-46 and 0-88 for the three samples.

Organic compounds from a variety of sources and at differont stages of diagenesis
numost certainly contribute to the extracts of the intact rocks. For example, tho
low ratio of pristane to phytune, similar to that in many crude oils, seems suggestive
of a marine environment and considerable geologic age (Brooxs and Surrm, 1967).
In rontrast, the marked predominance of alkanes with odd number of carbon atoms
in the range C;,~Cyq in the Bitter Springs extract suggests contamination, possibly
{rom a recent soil.

Dizappearance of the odd-carbon number preference during diagenesis (assumed
¢+ ovcur with inereasing age of burial) has been demonstrated for a very large
tumber of Phanerozoie erude oils and coals (Bray and Evaws, 1961; Brooxs and
“=:7u, 1467). The continued persistence of a CPI > 1 in n-alkanes of Precambrian
&5 1 not to be expected in view of the age unless the sediment had experienced an

¢ tioemely mild thermal history or the alkanes had been protected from diagenesis in
® oo very special fashion. The general abundance distribution of the alkanes
_» " mt i the surficinl extracts, however, appears to be similar to that found in
mrivet eatracts of higher rank coals, indicating it is not primarily of recent origin.
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Fig. 1. mmmwamummmmmdhmm
soid residues from three Precambrian cherts.

Tn view of thess considerations and the fact that this materis i readily acosesible
to ths exterior as demonstrated by solvent extraction, it seems unlikely that
any significant portmmof the exm from the atha consisu ei' midm of Pre-

sxtracts Is &ctuaﬂy omemh , tha oocurrence of such mﬁeris% wouw be
mm@mwm, sdominating wmtitm’uofmhﬁv&ymtm
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¥ig. 3. Distribution of exiractsble alkanes in chips, powder and hydrofiuorie
sold residues from s Dovonian and o Triassio ohert.

Bolvent extraction of the powder obtained by grinding the chips yielded small
quantitios of soluble material. The extraots from both the powdered Bitter Bprings
and Paradise Creek cherts were qualitatively different from those from the chips;
in both cases the high concentrations of saturated hydrocarbons in the Cyy region,
and the associated “hump”, were no longer in evidence (Fig. 1). The odd-carbon
number preference in the longer chain n-alkanes was decreased noticeably although
the relative conocentration of higher molecular weight compounds increased.
Pristans and phytane cccurred in trace quantities only.

The extract from the powdered Gunflint chert, although in many ways resembling
the oorvesponding extracts from the other Precambrian cherts, illustrated several
unigue features. The general distribution of the n-alkanes did not differ greatiy
from that in the oxtract from the chips; but the marked decresse in the concentra-
tions of pristans and phytane relative to the total extract and, more significantly,
to the C,, and C;y n-alkanes, was olearly demonstrated. It seems ovidens, therefors,
that the major of these isoprenoid hydrocarbons must be located on surfac
scnnected to the exterior, which facilitate their removal by solvents.

In all the Precambrian samples studied, yields of hydrocarbons from the extrao-
mwmmcmmmmmmmmmmmmhm
flucrio acid were very small, the greatest being some 2 ppb. At this level of recovery,
the poesibility of contamination is sc high that the value of further investigation
beoomes doubtful. However, the yleld in iteelf is of considerable significance sinoe
it demonstrates that the argmic residues in richly fossiliferous Procambrian chorts,
even m cthﬁw!y sxtracted, ynem only {rece quantities of soluble

Mm
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In ali three Precambrian sediments, the material extracted from the chips
differs significantly from that extracted from the acid-resistant organio residues
(m 1), strongly suggesting that the two oxtracts have different origins; whether

the iatier is of Precambrian age, howover, is uncertain. Although the C.P.1. value

unity in the rosidue extracts, it is nevertholess significantly above unity
{soe Gunflint residue, Table 1) thus arguing against an ags > 10° yr. Trace quantitics
of pristane and phytane were observed in extracta of the acid-resistant residues from
the (unflint and Paradise Creek cherts. In general, their concentration was lowest
in these extracts but the pristane/phytanc ratio was not significantly different from
thoso of othor extracts.

Phanerosoic cheris

Triassic cheris {Bornec). The extracts obtalned from this chert (Fig. 2) were
gumuﬂy very similar to those from the Precambrian samples, although the ylelds

of products were move equitably distributed between tho three extracts, with a
eormpmdingiy larger portion of the total alkanes being recovered from the acid-
resisiant organio residue.

mummmhdmmmwm«amwmﬁmof
n-alkancs exhibiting & maximum concentration at C,; has not been doscribed in
either blologioal products or their diagenetio derivatives. Presumably, such &
distribution might arise from the fractionation of » crude oil with the higher molecular
weight n-alkanes remaining behind in the residue, It isalso possible that this material
represonis & laboratory contaminant or artifact. The marked similarity betwesn
these Trisssic exirsots and the corresponding fractions from the Precambrian
cherts serves to strongthen the view that most of the laiter originated during
post-dspositional times, and although in part apparently indigenous o cherts,
they were primarily not syngenetic with Precambrian deposition. Although the
sarbon content of the Triassio chert was the highest of all the samples investigated
gﬁ? residus, 7:4%), the amount of extractable organic matter was surprisingly

WMM(M} mw.mmmpuwmwwmmw
agnitud ; nding extracts from ths older cherts; & sirict
oompuiwa of the pmdum ebwned is, therefore, difficult. For example, if the
yislds and composition of alkanes reported from the Precambrian ssmples (and
from the Triassic chert) were significantly influenced by contaminants, & similar
kva!oim&&mimﬁminthe%mﬁca&m«mﬁmtbawﬂm

The close similarity in composition between the thres fractions extracted from
the Rhynis chert strongly suggests that the extracted materials have a common
origin; thavaryhighyﬁaidsabtmmdfromma-mtmzrmdmmmwm«h

that this fraction contain genetioally emplaced m'gamo mm If 80, diffusio:
Mmm&mmmmwmm ' , ;

cane in the azm from Hm eﬁm‘w‘m& mens rad&u.
mwwwm-aawa-w the phytene: :
w@@m Itm '
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siove, preferentially retaining tho isoprenoid molecules, which have a relatively
large cross-scotional ares, while allowing the outward diffusion of n-alkancs of
corresponding chain length., It further indicates that when significant amounts of
* soluble matorials are presont thoy can be extracted from the kerogen by the pro-
ocdure used,

The increase in tho proportion of the lower molecular weight alkancs in the
extract from tho acid-resistant residue argues strongly against a significant loes of
such hydrocarbons by evaporation or solution during the acid treatment.

The distribution of n-alkanes in the Rhynie chert is generally similar to that of
high rank coals and mature crude oils; it seems unlikcly, therefore, that the silicio
matrix has served to protect the organic constituents from diagenetic alteration,
In this respeet, the ratio of pristanc/phytane as well as concentrations of these
isoprenoids, also indicate that the degrec of diagenesis is quite advanced since
similar values have been observed in coals of the highest rank only (Brooxs ei al.,
1969). The high content of fossil vascular plants in the Rhynie chert, and its origin
as & silicified peat deposit suggest that features similar to thoso of coal might be
expeoted.

Sinoe tho Triassio chert from Borneo yielded only trace guantities of soluble
organic compounds and is substantially younger than the Devonian Rhynie chert,
ago alons cannot be the factor controlling the preservation of this material, Further-
more, these two sediments appear to be very similar in lithology and the mode of
preservation of their organic constituents, and appear to have had similar origins
and mild thermal histories. Differences in the amounts of extractable material
obtained from the two cherts are not correlative with total carbon content, which
points to differences in the diagenoctic mechanisms not yet recognized. A comparison
of the distribution of the alkanes extracted from the Triassio chert with those from
the much older Precambrian chert does not reveal significant differences in the degree
of geochemical maturation, as might be expected from on the great differences in
age between these sodimonta.

Porosity and permeability of the host rock oould be of the greatest significance
In explaining differences in preservation of organic matter in cherts since they
might oontrol the early entrapment of organic compounds, and could certainly
influonce their subsequent elution and displacoment by other materials. It seems
possible that the rate of diffusion of isoprenocid hydrocarbons relative to n-alkanes
oould be controlled by pore size. Diffusion oulward of these molecules previously
sssociated with the insoluble organic residues of the Rhynie chert, and migration
$nio the Gunflint chert from its surroundings, may be of this nature. Bimilar sieve
effects have been suggested previcusly when it was noted that grinding of rock prior
to extraction yielded extracts with an increased content of branched-chain alkanes
{(Menescaxne, 1085).

B8mall quantities of fres fatty acids were exiracted from all three fractions of
each chert investigated. Although the concentration of any individusal acid never
exoseded 111 ppb, there were marked variations in the concentrations detected.

v,
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Hoexadeeanole acid was almost invariably tho largest single component; the n-
saturated C,, and C,; acids woro also prominent, and significant concentrations of
~ the mono-unsaturated n-C, and n-C,q acids were usually observed.

The yields and distributions of tho freo acids (analyzed as their methyl ester
derivatives) extracted from the various chert fractions are given in Table 2. In
every case, unsaturated fatty acids were prominent in tho chromatograms of the

Tablo 2. Distribution of free acids (ppb of dry sodimont)
Carbon No, 11 12 13 14 15 1d* 16 17 18% 18 18 20 3 2 23 24
Borneo

——,

Chipa i1 146 54 98 058 36 320 14 48 282 — 8 - 80-3(8) — 4
Powder — ] - 26 O5 18 141 O3 43 40 — + - + — -+
Residue — 8 — 382 10 10 160 w= 10 70 ~—~ @ = 158(3) o}
Rhynie

Chips — o - 310 18-0 853 111:0 60 355 370 —~ 80-B(1) 4 + + o+
Powdor — e - e o + o+ o o = e - + - -
Residue -— %4 110 53 33 10 160 30 20 60 4 N + + -+
Bitter Bprings

Chips — = e e 08 08 4 08 4 — 90fl) — — — e
Powder ——— o Ol = e e — - - =
Residue — 18 — 50 09 20 300 4+ &3 06 — @ - — -—
Paradise Creek

Chipe 03 40 02 116 80 24 215 38 10 108 — 4 - i) — +-
Powder —_ 4 03 046 O3 0% 2001 1¢ O9 O3 O3 01 01 -+ o+
Residuo 03 50 08 237 78 50 61'3 B8 101 840 —~ 1B o~ 1D — 50
Gunflint

Chips —— - 13 08 09 115 01 18 T8 4 168{l) — — _— -
Powder — e e o o 8D 4 O] O] e e — —_— -
Reoidue — e e 04 01 04 85 4 21 28 — 02{()) — — a—— —
(1)} and (2} Unident!fiad scids.

¢ % Trace,

+ Unsaturated seids.

freshly collected products; however, the concentration of theso acids commonly
, or even completely disappeared, within a few days on storage of microgram
quantities of these esters in sealed containers.

Reduction of these unsaturated esters with hydrogen in the presence of platinum
oxide produced their saturated derivatives and confirmed the identity of the products.
The products from the reduction of the unsaturated fatty acids extracted from the
hydrofiuorio acid-resistant residue of the Gunflint chert ars given in Table 8.

Table 3. Hydrogenation of free acids from Gunflint residue
Distribution as sxizasted  Distribution afler reduotion

Onrbon No, (% (%)
Cie -5 o4
Cys 16 oé
03. unast, 114 o
iy Y R e
011 1‘1 ."
01' unsas, 144 —

Ojs io-g} 33 911
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+  Relatively high conoentrations of unidentified fatty acids were proscnt in extracts
from the chips of all five cherts; the retention times of the mothyl ester dorivatives
of those acids wore slightly less than those of mothylatod C,y and Cyy n-saturatod
acids. In Fig. 3 are shown typical chromatograms of the mothy! ester dorivatives
obtained from oxtracts of tho chert chips. These {llustrate tho high ooncentration
of unsaturated acids and the distribution of the fatty acids detected in theso oxtracts,
This high degree of unsaturation indicates a much moro recent origin than the Pre-
cambrian, and suggests that these free acids may be contaminants acquired during
storage or extraction.

e T D - .1

Porcdise Creek  (Cio} !
Cheri

g

chips

Pig. 3. Examples of free-fatty acid disteibution in the ohipe from ono Precambrian
and one Dovonian chers.

In many cases, the lowest yields of free fatty acids were obtained by extraction
of the powdered cherts. Since this extraction was preceded almost immediately
by treatment with chromic/sulphuric and hydrofluoric acids, a technique designed
to produoo a contamination-free surface, a small yield of free acids would be expected
if they originated solely from laboratory contamination, Furthermore, the high yields
of froe acids usually obtained by extraction of the chips were to be expected, since
the chips would contain the major portion of contaminants on their surfaces. In
soms cascs, the yield of free fatty acids from extracta of acid-resistant residues was
surprisingly high; this may be related to long exposures of the residues to the
laboratory atmosphere during the treatment with hydrofiuoric acid.

The similarity in composition between the free acids detected in all samples
studied suggests that these compounds represent laboratory contamination, possibly
of bacterial origin (TORNABENE, 1867). If indeed this is the case, their presence
may be partly attributable to the large weight of sample extracted. The purely
mechanica! difficulties in handling large quantities of powdered rock and tho reia-
tively long periods of time required to complete standard laboratory procedures
(e.g. filtration, extraction, hydrofluoric acid maoceration, etc.) in thess samples
may greatly increase the probability of contamination.

Bound falty acids ,
The yields and distributions of fatty acids released from three of the cherts
aliication wim h G000 .B &Bﬁé are mw ia T‘bk ‘v
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Table 4. Distribution of bound acids (ppdb of dry sedimont)
CorbouNo. 31 12 33 14 35 16 36 17 18° 18 19 B0 81 ] 23

Rhynie

Chips -—_ e — O 6 38 63 02 390 36 — I(1) — 34(3) - e
Powder T R e e e — -— -
Residue — e m. e ew = -— re = e e - —_ -
Bitter Springs

Chips el P R R & 1§ ) I — — —
Powder e - B R T -— — -
Residue -~ e = e 4 O 10 4 O3 O3 - — e - -— -
QGuaflint

Chipe —— = o M T~ = = -
Yowder - e e 4 o f 3O - 4 o - 4 - - -— ==
Residue — e =— O] 93 10 168 03 28 18 - 4 - 12(8) — -
(1) and (2) Unidentified acids.

® Unsaturated ashds,

Unlike the froe fatty acids, the bound acids do not appear to exhibit a regular
pattern of distribution. A degree of unsaturation similar to that found in the free
acids was apparent in some extracts; in others, particularly those from the Gunilint
chips and powdered chert, only saturated compounds wero detooted. A similar
distribution of bound fatty acids from the Gunflint chert has rocently been reported
by VAN HokveN eé rl, (1069) who interpret the acids as being of probable Precambrian
ago, preserved by being bound to the chert matrix. Our results ncither refute nor
oonfirm this interpretation, but since the greatest yicld of saturated acids was
oblained from the chips, rather than from the powdered chert, and since unsaturated
oumpounds were detected in the most interior, hydrofluorio acid-resistant residue,
the evidence argues against thess acids being preserved in the manncr suggested.

Particular attention must be drawn to the stability of unsaturated fatty acids,
A decrease in conocentration of these compounds has definitely been observed on
storage of microgram quantities of extracts in the laboratory. Presumably, oxidation
reduction or polymerization reactions can effectively alter these unsaturated acids
in solution; and the inability to demonstrate their occurrence should not be taken
as » firm indication that they were not recently present.

Carbon and sulfur isolopes

Btable isotope data for 8C'3 and 4S™ are presented in Table 5. The carbon values
were measured on hydrofluoric acid-resistant residucs, whercas the 48% data
were obtained on elemental sulfur extracted from these residues with a methanol/
benzene solution. One pyrite sample, freed from the matrix of the Gunflint chert
by hydrofluoric acid maceration, was also analyzed.

At first sight it would appear that an inverse correlation may exist betwoen
8C'3 values and the age of the sample analyzed. Hokrixng (1867) aiso reports low
valuos of &C™ for insoluble organic matter from several Procambrian sediments.
Such enrichment in C*3 is difficult to understand, since diagenetic and metamorphic
prooesses acting on the sediment would result in liberation of isotopically light



61’ J. W. Barrn, J. WiLnian Kciory sud 1. R. Karian

Tablo 8. Ratios of the stable isotopes of carbon and
sulfur in chort fractions

&N AR
HY Revidue ¥reo sulfur
Qunflint® - 331 4+ 198
Paradise Creck : -—20:3 + b4
Bitter Bprings -—34-8 -~ 03
Rhynie —24-1 -173
Horneo — 234 —~10-0

® 48% of pyrite from this fruotivn was - 164,

methane and other short-chained hydrocarbons and the remaining polymer should
thus becomo enriched in C!? (Siuvermax, 1064). One possiblo explanation is that
biosynthesis of tho Precambrian organie matter may ha* - zeurred under higher
partial pressures of C(, in acidio or mildly acidic envire.. .ents. Growth under
such conditions may result in a higher enrichmant of C'* in the organic matter
produced (KArLaN and Secxknack, 1970). An aiternative explanation is that the
insoluble organic fraction represents a high molecular weight polymer, formed by
condensation of smaller, unsaturated molecules, that was subsequently mectamor-
phosed during preservation. The 8C!* valucs for the Bitter Springs, Rhynic and
Borneo cherts are cou.parable to values characteristio of organic matter derived
from both terrigenous and marine sources, and it is not possible to dotormine their
probable origin based on these data alone (SiLvERMAN, 1064),

The sulfur isotopic measurements show a wide range in values. 'The 68% value
of sulfur extracted from the Gunflint chert is procisely that of present-day sca water
sulfur (dissolved sulfate). Tho pyrite is 5:-6%, lighter, as is usual in co-oxisting scdi-
montary sulfur and pyrite (KarPLAX et al., 18063). Such a high value of 4S¥ is unusual
for biogenic sulfur, and it seems more than a coincidence that it is identical to that
of sea wator sulfur. Tho most obvious explanation is that the Gunflint sulfur repre-
sonts trapped sca water sulfate that was quantitatively reduced to hydrogen sulfide,
followed by subsequent oxidation to elemental sulfur, 1f this interpretation is
correct, it would indicate tl.at connate water probably of marine origin or con-
taining dissolved gypsum (presumably of relatively recent origin) has permeated
the Gunflint cherts; such solutions might also carry organic contaminants,

The 8% values for the Bitter Springs and Paradise Creok cherts are very similar
to that characteristic of meteoritic sulfur. This suggests that the sulfur in these
deposits is of igneous origin and that little or no biogenic fractionation occurred
during the deposition of these Late Precambrian sediments. The sulfur present in
theso samples may have been dissolved in the water from which these primary
cherts precipitated.

The two Phausrozoio cherts (Rhynie and Borneo) display 3S* values {(—17-3
and —10-0) typical of biologically formed sulfur in present sediments. It scems
likely that the sulfur in these two doposits is biogenic; the sulfur isotopo ratios
of the Precambrian samples provide no evidence for such an origin.

Permeubility and porosity measuremenis
Permeability and porosity data for chert samples collected at the same locations
and at the same time as those studiod for organic components are given in Table 6.
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Table 6. Pormoabdility and porosity moeasuromonts on four chert

specimons studied
Pormoability  I'orosity
(nd) (%
Oherd ‘
- Gunfiing 100 O-4¢
Gunfling 26 988
Bitter Bprings 220 o682
Hitter Bprings 170 318
Rhynie 80 401
hynie T 488
Borneo 100 059
Sandatone 108-109 8-20
Lisocstons 10°%-8 x 108 1-16
Shale <}e? 1=18
Granite . <1

For comparison, ranges of permoability and porosity for sendstones, limestones,
shales and granitcs moasured in the same laboratory by identical prooedure are
also listed. The data show that the bodded cherts possess & finite permeability,
not evident from microscople examination, presumably resulting from micro-
fractures in tho matrix, The large variation in permeability measurements obtained
for the Rhynie Chert samples is probably due vo the presence of larger flssures in
the more permeable specimen and may not be entirely representative of other rock
samples from this formation. With the exception of the Rhynie chert samples,
the porosity of the rocks measured was 1 per cont or less.

It oan be seen from Table 8 that measured permeabilities range betwoen 7-650
#d and fall in the general range of many shales. It is not known, of course, whether
the microfracturing of theso cherts ococurred during burial at dopth (from tectonic
movements) or after exposure at tho surface (from diurnal heating and cooling).
In eithor event, if fracturing is present it could permit the entrance of solutions,
and under hydrostatic pressure at depth by capillary action at the surface, or
the entranoe of pamcia-laden alr through ‘“‘breathing”, under the influenoce of tem-
perature changes.

The porosity is low for all chert samples measured with the exception of the
Rhynis chert. The presence of pore spaces may therefore be important in the roten-
. tion of relatively low-moleculsr-weight compounds.

Coxorvsions

The data presented here raise the same questions that provious studies have
posed. Is it feasiblo to interpret the extractable organic constituents of very ancient
sediments as evidence of the biochemical complexity and evolutionary status of
the primitive bictal To answer this question a second, more fundamental problem
must be considered: Can it be established that the extractable organic compounds in
Precambrian sediments are syngenetic with original sedimeniation! To approach
this problem, we selected three, m}atzvely jmpermeable, unmetamorphosed, primary
Precambrian cherts, known from paleontological studies to contain weii-med
syngenetically-emplaoced, m‘gunia microfossils. For comparison, two Phaneroz
cherts of similar origin, lithology, and geologis history were also investigated. me
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our studies of the oxtractable hydrocarbons and fatty acids of thoss sediments, we
oonclude that only traces of theso compounds, in the range of a few ppb or less, are
indigenous to the Precambrian chorts. Furthcermore, there is no strong evidence to
indicato whether this extractable material was emplaced at the time of sedimentation,
Some portion of this organic matter may bo a product of Procambrian biological
activity, derived from the permincralized microorganisms organjoally preserved in
theso deposits; tho results strongly suggest, however, that the majority of this
extractable matcrial is of post-depositional origin. This conclusion seems further
supported by B%/858 measuroments which, for the Gunflint chert, seem indicative of
relatively recent contamination. The poaucity of extractable compounds in these
sedimonts may reflect an almost complete diagenetio conversion of the original
organic materials to gases of jow molecular weight and to insoluble polymers, a
process analogous to that observed during coalification.

In view of these considerations and the studies of AsrisoN and Hanx (1068),
who have drawn comparable conclusions regarding indigenous, hut not demonstrably
syngenetic, umino acids in Precambrian cherts, it appears likely that unless chemical
criteria clearly indicative of a ““‘Precambrian origin” can be established, the extract-
ablo constituents of very ancient scdiments will provide little or no interpretable
evidenoe of early biological processes. As has often been concluded previously, we
suggest that the key to tho study ef early biochemical evolution lies not in the
analysis of extractable traces, but rather in the dominant insolublo kerogen-like
{fraction, and in particular, that material comprising organically preserved mioro-
fossils.
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