
Analysis of kerogen in Precambrian stromatolites

Item Type text; Dissertation-Reproduction (electronic)

Authors Sklarew, Deborah S., 1950-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:06:25

Link to Item http://hdl.handle.net/10150/565423

http://hdl.handle.net/10150/565423


ANALYSIS OF KEROGEN IN PRECAMBRIAN STROMATOLITES

"by
Deborah S. Sklarew

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF GEOSCIENCES
In Partial Fulfillment of the Requirements 

For the Degree of
DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

19 7 8



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE

I hereby recommend that this dissertation prepared under my 

direction by Deborah S. Sklarew_________________________
entitled Analysis of Kerogen in Precambrian Stromatolites

be accepted as fulfilling the dissertation requirement for the 

degree of _______Doctor of Philosophy________________________

TH. 3/ s/ w 7*>
Dissertation Director Date

As members of the Final Examination Committee, we certify 

that we have read this dissertation and agree that it may be 

presented for final defense.

Final approval and acceptance of this dissertation is contingent 
on the candidate's adequate performance and defense thereof at the 
final oral examination.

% Izjrhj5________

7% ^ . ^  '77*



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and 
is deposited in the University Library to be made available to bor
rowers under rules of the Library.

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or re
production of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is in the in
terests of scholarship. In all other instances, however, permission 
must be obtained from the author.



ACKNOWLEDGMENTS

• It is a pleasure to acknowledge the numerous persons who have 
contributed to this study through their advice, comments, or support.

The suggestion for the Precamhrian portion of this research 

originated with my adviser, Professor B. Nagy. He provided most of the 
Precamhrian samples and did a petrological study of some. I am grate
ful to him for his support and suggestions. The research was funded hy 
grants from the National Aeronautics and Space Administration (Grant 
No. NGR-03-002-171) and the National Science Foundation (Grant No.

EAR75-1 8̂59 AOl) to Professor B. Nagy and Mrs. L. A. Nagy.
I wish to express my appreciation to the members of my com

mittee, Professors R. Glass, H. K. Hall, Jr., J. F. Schreiher, Jr., and 
T. L. Smiley who read this manuscript and contributed constructive 
comments. Discussions with colleagues in the Laboratory of Organic 
Geochemistry, Dr. E. Bandurski, Mr. M. Engel, Mr. M. Greenhouse, Mrs. J. 
Modzeleski, Mr. V. Modzeleski, Mrs. L. A. Nagy, Dr. A. Sigleo, and
Dr. J. Zumberge were most helpful. Although most of the research was

£
conducted independently, several people provided invaluable assistance. 
Professor J. Anthony, Mr. K. Bladh, and Mr. F. Koutz aided with the 
x-ray work; Professor R. Beane did the fluid inclusion analyses and 
interpretations. I thank them for thpip comments.

The individuals who first excited my interest in organic geo
chemistry deserve a special note of thanks. I am indebted to Dr. W. 
Henderson, Dr. G. Steel, Dr. A. Toste, Mr. W. Newman, and Dr. W. E. Reed

iii



iv‘
for sharing their enthusiasm and knowledge with me. Trips to Mono Lake 
with A. Toste, G. Steel, and ¥. Newman for collection of the Recent 
samples were very enjoyable. Mr. J, L. Kelley of Lee Vining, California 
allowed us to camp on his lake-front property and was most cooperative.

Aside from the technical aspects, other factors are involved in 
reaching this last stage in the dissertation. The typing of the manu
script was a task of major proportion which my mother undertook with 

skill and dedication. She deciphered my original scribblings, edited 
the manuscript, and typed and proofread it in its several preliminary 
and final forms. Nobody else would have put in the time, effort, and 
love involved in this task. All the chores involved in assembling this 
final copy were made considerably easier by the help and support of my 
mother and father.

Not the least of the factors involved in getting through 
graduate school is the love and moral support of family and friends.
My husband has not only encouraged me in my goals with his love and 
support, he also somehow managed to put up with me through this first 
hectic year for which I am deeply grateful.

The most special thank you goes to my parents. Without their 

love, understanding, encouragement, and generous cooperation, I never 
would have reached this goal. This thesis is, therefore, dedicated to 
them.



TABLE OF CONTENTS

Page
LIST OF ILLUSTRATIONS..........      vii
LIST OF TABLES ............  ix
ABSTRACT. . . . . . . . . . . . . . . . . . . . . . . . . . . .  . x
INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . .  1

Kerogen ..............  .   . . . . . .  2
Stromatolites   .   . . . . . . .  8

GEOLOGY................................. .............. 12
Belingwe and Bulawayan Stromatolites....... ... 12
Kidd Creek Chert. . . . . . . . . . . . . . . . . . . . . .  15
Transvaal Stromatolites . . . . .  ..........  . . . . . .  15
Mescal Stromatolite . . . . . . . . . . . . . .  ......... 18
Copper Harbor Conglomerate Stromatolite . . . . . . . . . .  18
Mono Lake Bottom Mud.  ..........  18
Sample Locations and Collection . . . . . . . . . . . . . .  20

EXPERIMENTAL. . . . . . . . . . . . .  ..........  . . . . . .  22
General Preparatory Procedure . . . . . . . . . . . . . . .  22
Elemental Analyses.  ............  . . . . .  23
X-ray Diffraction . . . . . . . . . . . . . . . . . . . . .  23
Vacuum Pyrolysis-Gas Chromatography-Mass Spectrometry ... 2h
Diagenesis Experiment . . . . .    . . . . . .  26
Porosity and Permeability............   29
Control Experiments . . . . . . . . . . . . . . . . . . . .  29
Carbohydrate Analysis       . 32

RESULTS..........     34
Elemental Analyses.   . . . . . . . . . . .  34
X-ray Diffraction . . . . . . . . . . . . . .  .......  . . 36
Vacuum Pyrolysis-Gas Chromatography-Mass Spectrometry ... 36

Kidd Creek Chert. . . .  .............   38
Belingwe Stromatolite . . . . .  ....... . . . . . . .  38
Bulawayan Stromatolite. . . . .  ....... . . . . . . .  45
Transvaal Stromatolites ... ............  . . . . .  48
Mono Lake Bottom Mud................. . ...........  57
Standards . . . . . . . . . .    . . . . . .  65

v



vi
TABLE OF CONTENTS —  Continued

. Page
Diagenesis . . . .  ................ . . . . . . . . . . .  75
Porosity and Permeability. . . . . . . . . . . . . . . . . .  75
Results of Control Experiments . . . . . . . . . . . . . . .  77
Carbohydrate Analysis..  .......  79

DISCUSSION AND CONCLUSIONS   . . . . . . . . . . . . . .  83
Structure of the Precambrian Xerogens.  ............  84-

Comparison of the Transvaal Stromatolites. . . . . . . .  85
Mono Lake Kerogen. . . . . . . . .  .......  . . . . . . . .  92
Components of Special Interest —  Potential Chemical Fossils 95

Furans . . . . .  ......... . . . . . . . . . . . . . .  95
Other Components . . . . . . . . . . . . . . . . . . . .  104-

LIST OF REFERENCES . . . . . . . . . . . .    . . . .  107



LIST OF ILLUSTRATIONS

Figure Page
1. Gas chromatogram of the products from the 450°G

pyrolysis of the Kidd Greek chert, S-I85 . . . . . .  39
2. Gas chromatogram of the products from the 450°G

pyrolysis of the Belingwe stromatolite, R-l. . . . .  4l
3. Gas chromatogram of the products from the 450°G

pyrolysis of the Bulawayan stromatolite, Bul-1 ... 46
4. Gas chromatogram of the products from the 450°G

pyrolysis of the Transvaal stromatolite, Trans-1 . „ 49
5. Gas chromatogram of .the products from the 450°G

pyrolysis of the Transvaal stromatolite, TRO 9a. . • 50
6. Gas chromatogram of the products from the 450°G

pyrolysis of the Transvaal stromatolite, TRO 9b. . . 51
7. Gas chromatogram of the products from the 450°G

pyrolysis of the Transvaal stromatolite, TRO 13. . . 52
8. Gas chromatogram of the products from the 450°G

pyrolysis of the Transvaal stromatolite, TRO 19. . . 53
9. Gas chromatogram of the products from the 450°C

pyrolysis of the Mono Lake bottom mud, DS-l' . . . .  58
10. Gas chromatogram of the products from the 450°G

pyrolysis of cellulose . . . . . . . . . . . . . . .  66
11. Gas chromatogram of the products from the 450°G

pyrolysis of DNA . . . . . . . . . . . . .  ......... 68
12. Gas chromatogram of the products from the 300°G

pyrolysis of a polypeptide  ..............  70
13. Gas chromatogram of the products from the 450°G

pyrolysis of Mono Lake, DS-l* diagenesis 150°. . . .  76
14. Gas chromatogram of Mono Lake DS-l' hydrolyzate IMS . . 80
15. Gas chromatogram of standard TMS sugars . . . . . . . .  81

vii



LIST OF ILLUSTRATIONS —  Continued

Figure Page
16. Mechanism of the degradation of a sugar to furfural . . 97
17. Mechanism of formation of the m/e = 67 peak in the

mass spectra of dimethylfurans  ..............   98
18. Mass spectral comparison of two standard dimethylfuran

isomers with dimethylfuran from pyrolysis of
Belingwe . . . . . . . . . . . ........  . . . . . .  100



3ag!

2?
35

40

42

47

54

59
67
69

71
72

82

87

LIST OF TABLES

Representative pyrolysis and GO conditions .........
Carbon and hydrogen weight percents and ratios . „ „ .
Pyrolysis products from the Kidd Greek chert, S-185 

(450°G pyrolysis) . . . . . . . . . . . . . . . . .
Pyrolysis products from the Belingwe stromatolite

(450°G pyrolysis) . . . . . . . . . . . . . . . . .
pyrolysis products from the Bulawayan stromatolite 

(450°G pyrolysis) . . . . . . . . . . . . . . . . .
Pyrolysis products from the Transvaal stromatolites 

(450°G pyrolysis) ... ......... . . . . . . . .
Pyrolysis products from.Mono Lake DS-l* and DS-1*

diagenesis 150° (450oC pyrolysis) . . . . . . . . .
Pyrolysis products from cellulose (450°G pyrolysis). .
Pyrolysis products from DMA (450°C pyrolysis), . . . .
Pyrolysis products from a polypeptide (300°G 

pyrolysis)........
Pyrolysis products of various amino acids. . . . . . .
Comparison of Mono Lake DS-1' hydrolyzate TMS with 

standard sugars TMS . . . . . . . . . . . . . . . .
Comparison of the pyrolysis products from the various 

Transvaal stromatolites .......  . . . . . . . . .

ix



ABSTRACT

The insoluble organic matter, or kerogen, in Precambrian stro
matolites ranging in age from ~2.8 to 2.2 b.y. has been analyzed by 
vacuum pyrolysis-gas chromatography-mass spectrometry. The products 
consist of alkyl-substituted aromatic hydrocarbons, a series of 
aliphatic hydrocarbons (as high as Cgg-alkane in one sample), and 
heteroatomic components. Among the products are a number of potential 
chemical fossils including 2-methylfuran, 2,^-dimethylfuran, n-alkanes 
and br.-alkanes. The furans may represent diagenetic remnants of 

sugars; the alkanes may be derived from fatty acids and/or alkanes. 
Arguments presented indicate there is a reasonable chance that the 
precursors were deposited approximately syngenously with the sediments. 
Laboratory contaminations or analytical artifacts are improbable; post- 
depositional contaminations seem unlikely though this has not been 
proven. Since the rocks were subjected to only Aild temperatures and 
pressures, it is possible for these compounds to have survived since 
the Archean.

Kerogen from a Recent unlithified sample was also analyzed for 
comparison. It is less aromatic and more susceptible to degradation 
than the Precambrian kerogens and its products show a much greater 
diversity especially among the unsaturated 9-liphatics and the hetero
atomics . However, its components are basically similar to those found 
in the Precambrian samples. The furan derivatives, n-alkanes and

x



"br.-alkanes are also identified. Their presence indicates a relatively 
rapid formation and incorporation into a young kerogen.



INTRODUCTION

The early evolution of life has "been a topic of continuing 
dehate —  philosophical, religious, and more recently scientific. Two 
main paths have heen followed in recent scientific experimentation: the
first starts with the raw materials and attempts to construct the build
ing blocks leading to a living cell; the second involves analyses of 
ancient rocks for chemical evidence of life. A branch of the latter is 
the analysis of Recent"rocks to determine the types of evidence that 
might be profitably pursued. In this study, the second path has been 
followed in an attempt to find potential "chemical fossils" which might
shed some light, albeit oblique, on the presence of life in the Early

/

Rrecambrian, Chemical fossils are geologically stable organic com
pounds with molecular structures that are similar to or readily trace
able to biochemicals.

Working with Early Precambrian rocks necessitates dealing with 
two major problems, First, sedimentary rocks must be found which have 
the potential for containing chemical fossils, i.e., originally they 
should have been sites of concentration of organic matter and, subse
quently, this organic matter should neither have been destroyed by 
oxidation, etc., nor severely altered by metamorphism. Second, the 
organic matter must have a high probability pf being indigenous to th§ 
rock. To satisfy these conditions, kerogen, the insoluble organic 
polymeric matter, was analyzed in stromatolites, laminated structures



formed "by "the trapping and "binding of detrital sedimentary particles 
"by an algal film" (Logan, Rezak and Ginsturg 1964).

Kerogen
Kerogen, as solvent-insoluble solid organic matter found in 

rocks of sedimentary origin, is more likely to be indigenous than 
solvent-soluble organics which can easily percolate through the rocks 
(e.g., Myers and McGready 1966; B. Nagy 1970). However it may be sug
gested that the kerogen is not necessarily entirely free of subsequent 
contamination from percolating material. By exposing isolated kerogen 
to radiolabeled compounds, Oehler (1977) has demonstrated that kerogen 
may be irreversibly contaminated at the ppm level by younger organic 
compounds. But he also observed that there appears to be a saturation 
level above which contamination does not occur. This saturation level 
is reached during the early stages of diagenesis implying that contami
nants in kerogen are essentially syngenous with the kerogen. Nonethe
less, as a precautionary measure, it is often deemed advisable to 
determine the permeability and porosity of the rocks analyzed.

Whereas its insolubility has made kerogen the component of 
choice from a contamination standpoint, this property also renders it 
less amenable to analysis. It has been only relatively recently that 
a number of workers have made a concentrated effort to analyze kerogen. 
Four general degradation methods have been used primarily: pyrolysis,
oxidation, reduction, and hydrolysis. The conditions must be mild 
enough so that the products resemble their original structures within 
the kerogen. In addition, x-ray analysis has added information



concerning the structure of kerogen (Yen 197̂ 0 • ' Different kerogens 
have yielded different data probably due largely to diverse source 
materials and diagenetic and metamorphic histories. Comparisons are 
also complicated by the many techniques the various investigators have 
used. Unfortunately, not much work has been done on Precambrian kero

gens, nor on stromatolites, so this brief review will not be restricted 
to these categories.

Perhaps the most concentrated work has dealt with kerogen from 
the Green River Shale (Eocene) because of its availability and commer
cial interest. Pyrolysis has resulted in the detection of hydrocarbons 
including n-alkanes, branched alkanes, terpanes, steranes, and minor 
aromatics (Hoering and Abelson 1963; Achari, Shaw and Holleyhead 1973; 
Cummins, Doolittle and Robinson 197̂ ; Gallegos 1975; Schmidt-Collerus 
and Prien 1976). 0-, N-, and S-containing structures are present but
were not identified (Cummins et al. 1974). Oxidation studies using 
potassium permanganate or chromic acid as the oxidizing agent yielded 
70% carboxylic acids based on original organic matter (Djuricic et al.
1971)« The carboxylic acids include unbranched aliphatic acids, 
saturated unbranched dicarboxylic acids, and isoprenoid acids, with 
small quantities of keto acids, aromatic acids, and cyclic acids 

(Burlingame and Simoneit 1969; Djuricic et al. 1971; Djuricic et al.
1972). The relative stereochemistry of the asymmetric centers of some 
of these isoprenoid acids has tentatively been shown to be compatible, 
with derivation from phytol (Simoneit et al. 1975)• Alkaline hydrolysis 
by KOH/MeOH (probably of ester groups) yields unbranched aliphatic acids 
with an even carbon number preference, unbranched di carboxylic acids,



isoprenoid acids, monomethyl branched acids, and unsaturated acids 
(Murphy et al. 1971). X-ray diffraction shows a 3""dimensional, non- 
uniform saturated carbon structure with almost no aromaticity (Yen 
1974). Together these data have led to the conclusion that Green River 
Shale kerogen is mainly aliphatic, consisting.of cross-linked saturated 
alkanes with abundant interspersed saturated ring structures, and long 
chain normal and isoprenoid branch points with heteroatomic bridges 
(Burlingame and Simoneit 1969; Djuricic et al. 1971; Schmidt-Gollerus 

and Rrien 1974; Yen 1976).
A number of other kerogens appear to be mainly aliphatic also. 

The McMinn shale (Northern Territory, Australia, ^ 1.6 b.y.) kerogen 
upon oxidation yields mainly straight chain acids with no even/odd • 
preference (Hoering and Abelson 1965). Rhynie chert kerogen from 
Aberdeen, Britain (Devonian), also degrades to aliphatic compounds, 

mainly n-alkanes and 1-alkenes with little even/odd predominance 
(Dungworth and Schwartz 1972). Oxidation of Tasmanian tasmanite 
(Permian) produces straight chain mono- and dicarboxylic acids plus 
polycyclic acids with smaller amounts of aromatic acids (Simoneit and 
Burlingame 1973)• Aleksinac kerogen (Yugoslavia, Miocene) produces 

mainly saturated unbranched dicarboxylic acids (Djuricic et al. 1972).
A number of Russian scientists have oxidized a type of kerogen called 
kukersite kerogen resulting in a predominance of straight chain dicar
boxylic acids, with lesser amounts of tricarboxylic acids, o(.-methyl 
dicarboxylic acids, and minor straight monocarboxylic acids (Bondar, 
Veski and Fomina 1972; Mannik et al. 1972; Pobul, Mannik and Fomina 
1974). There is a controversy in the literature regarding Fig Tree



kerpgen (/-■' 3.1 b.y. old) (Kvenvolden 1972). According to Scott, 
Modzeleski and Nagy (19?0) and Dungworth and Schwartz (1972), pyrolysis 
yields mainly n-alkanes; hut aromatics are also a major component ac
cording to Hoering (1967) and Simmonds, Shulman and Stemhridge (1969)- 

However, there are a considerable number of kerogens in which 
aromatic moieties predominate„ Pyrolysis of the kerogens from the 
Theespruit and Kfomberg Formations (Onverwacht Group, South Africa, 

b.y.) gives mainly aromatics (Scott et al. 1970), as does the 
Soudan slate (Michigan, •~2.3 b.y.) (Hoering 1967). ' These kerogens are 
considered to consist of nuclei with varying degrees of condensation of 
the aromatic structures, cross-linked by short- or long-chain aliphat- 
ics with hydrocarbon chains and heterocyclic structures on the periph
ery (Djuricic et al. 1972). The Witwatersrand Vaal Reef sediments

2.6 b.y.) contain kerogen that consists'mainly of alkyl substituted 

aromatic hydrocarbons, low molecular weight aliphatic hydrocarbons, and 
aromatic sulfur compounds (Zumberge 1976). Oxidation and pyrolysis of 
the kerogen in the Malmani Dolomite (mixed zone) of the Transvaal 

Sequence (^2.3 b.y.) indicate a strongly bonded random polymer consist
ing of highly condensed aromatic hydrocarbon (Ĉ - through G^-alkylben- 
zenes and G^-naphthalenes)-heteroatomic components (nitriles, furans, 

and thiophenes) connected by aliphatic hydrocarbon (Cg- through C^- 
alkanes, straight and branched) and nitrogenous bridges (Zumberge, 
Bandurski and Nagy 1975)- Australian torbanite (Permian-Carboniferous) 
and Kimmeridge shale kerogen (Jurassic) both yield mainly aromatic 
acids on degradation (Djuricic et al. 1972).



Thus, it appears that there are two major types of kerogen, 
mainly aliphatic or mainly aromatic, probably depending on differences 
in source material and/or diagenetic and metamorphic histories, but 
apparently not on age. The degree of aromaticity can be most simply 
estimated by a determination of the carbon-hydrogen (c/h ) atomic ratio 
of the kerogen. The ratio can then be compared with that of unaltered 
biochemicals and various ranks of coal.

How kerogen forms initially and how it matures are other prob
lems now being dealt with in the literature. Recent sediments also 
contain kerogenous material, implying that its formation is a rapid 
process. For example, "proto-kerogen". in algal mats- from Laguna 
Mormona, Baja California, has been analyzed by Philp and Calvin (1976a) 
and Philp et al. (1976). This immature kerogen is not very highly con
densed and is more susceptible to degradation than older kerogens. The 
major oxidation products are n- and isoprenoid monocarboxylic acids, 
monomethyl branched mono carboxyl!c acids, and n-dicarboxylic acids; the 
main pyrolysis products are n-alkanes and n-alkenes (Cg through C^), 
pristenes and phytenes, sterenes, and triterpanes. Thus the kerogen 
appears to be mainly aliphatic consisting of cross-linked polymethylene 
chains with unbranched and isoprenoid hydrocarbon chains on the periph
ery. Some components can be readily traced to precursors in the algae 
and bacteria which formed the mats though the organisms give less 
complex degradation,products (Philp and. Calvin 1976b). However, some 
of the component distributions are different from those found in the 
organisms and in the soluble fraction of the mats implying that kerogen 

formation involves rapid changes. To elucidate these changes, these



authors and Eglinton (1972) suggest incubating G^-labeled "biolipids 
with the sediments in the hope that these will become incorporated into 
the kerogen. Laboratory simulation experiments to determine maturation 
processes in sediments have also been proposed by Eglinton (1972).
These diagenetic experiments involve heating of the kerogen either 
isolated or as part of the sediment under a variety of conditions to 
determine how diagenesis and/or metamorphism can affect the structure 
of kerogen. Whereas a number of experiments have been performed on the 
soluble portion of the sediment (e.g., Henderson et al. 1968; Steel,
Reed and Henderson 1972; Toste 1976), effects of diagenesis on the kero
gen structure itself have been largely ignored. Most of the work 
involving kerogen diagenesis has been concerned with the hydro carbons 
and gases generated (i.e., possible mechanisms of petroleum generation) 
(e.g., Albrecht, Vandenbroucke and Mandengue 1976; Dow 1977) rather 
than with the residue left after heating. Ishiwatari et al. (1977) do 
deal with the residue left after heating. They found that with in
creasing time and temperature the percentage of carbon increases, the 
C/H ratio increases, the graphite peak becomes sharper, carbonyl groups 
are eliminated followed by GH^ and GH^ groups. Oberlin, Boulmier and 
Durand (1974) similarly found that heating (at 600°C for several hours) 
causes kerogens to form clusters of aromatic stacks that orient them
selves in a parallel manner. Heating due to metamorphism yields results 
similar to laboratory diagenetic experiments; using x-ray diffraction, 
French (1964) found a progressive increase in graphitic crystallinity 
on approaching an intrusion. Thus, the degree of alteration of a sedi
ment appears to have an important effect on the kerogen structure.



Stromatolites
Stromatolites are essentially algal mats which through various 

mechanisms have trapped and bound loose sand-, silt-, and clay-sized 
sediment (often carbonate in composition) to form alternating laminae 
of organic-rich and organic-poor material (Logan, Hoffman and Gebelein 
19?4). The sediment is frequently, though not necessarily, calcareous 
and the dominant microorganisms are generally blue-green algae though 
bacteria, red and green algae, etc., also may play a role (Horodyski 

and VonderHaar 1975)■ Stromatolites may be found in supratidal through 
subtidal environments where there is a balance between mat growth and 
abrasion and where the sediment supply is sufficient for trapping but 
not so great as to overwhelm the mat (Bathurst 1975)• A number of 
extant stromatolites or algal mats, mainly intertidal or supratidal, 
have been studied extensively as to origin and morphology. These 
include ones in Hamelin Pool, Shark Bay, Western Australia (Logan et al.
1974); Laguna Mormona on the west coast of Baja California (Horodyski 

and VonderHaar 1975)> Bermuda (Sharp 1959); Bahamas-Florida platform 
(Black 1933)5 and the Persian Gulf (Kendall and Skipwith 1969). How
ever, the zenith of the stromatolites was in the PreCambrian, especially 
the middle Precambrian when atmospheric conditions (cy and biogenic UV 
screens) were sufficient for the development of intertidal organisms 
(Gebelein 1976). A marked decrease^in abundance and diversity after the 
early Paleozoic was probably due to the evolution of metaphytes and 

metazoans which resulted in competition (Logan et al. 1974). The fact 
that they are relatively common in the Precambrian is a boon to organic 

geochemical (and mieropaleontological) studies of this time, because



these distinctive structures were presumably formed then by the same 
mechanisms as the ones growing now. In addition to implying that life 
probably existed once stromatolites appeared, their presence also 
implies a concentration of organic material for current studies.

Since blue-green algae and bacteria are the dominant organisms 
involved in forming stromatolites, it seems appropriate to briefly re
view their characteristics here. Blue-green algae occur as single 
cells, colonies of individuals, and filaments, with individual cell 
size ranging from cl to >20 microns in diameter. The cells are sur
rounded by a cell wall which is usually enclosed in a gelatinous sheath. 
The cell wall encloses the^plasma membrane which in turn encloses the 
cytoplasm. Although the cytoplasm contains no nuclei or organelles, 
it does include a variety of bodies: photosynthetic lamellae or
thylakoids, fibrils in the nucleoplasmic region, ribosomes, polyglucan 
granules, lipid droplets, polyphosphate bodies, etc. In addition, there 
are two specialized cell types, the akinetes, or spores, and hetero

cysts, each containing variations on the inclusions found in the typical 
vegetative cell (Fogg et al. 1973; Fuhs 1973)■ The overall abundance of 
the major cellular components in blue-green algae (depending on species) 

is 18-73% protein, 12-7^% carbohydrate, and 4-9% lipid on a dry weight 
basis (Wolk 1973)• Many of the polysaccharides were found in the cell 
walls, including cellulose (Lewin 1962), pectins (acid-containing poly
saccharides), chitin, murein (a glycopeptide of glucosamine and muramic 
acid, comprising '-'50% of the dry weight of the cell wall), lipopoly- 
saccharides (Drews 1973)> mucilaginous polysaccharides (Bishop, Adams 

and Hughes 1954; Fogg 1956). The major storage polysaccharide is a



polymer of glucose (23-26 units/chain) with a degree of branching 
between glycogen and amylopectin (Stander 1973)• The most abundant of 
the monosaccharide monomers of these polysaccharides are glucose, 
galactose, arabinose, mannose, xylose, glucuronic acid, and rhamnose.
The lipids include chlorophyll a, carotenes, diglycerides, fatty acids 
(mainly G^q through C^s straight chain and branched, saturated and un
saturated), quinones, sterols, and hydrocarbons (C^ through 0^ with 
nO^y predominant, saturated and unsaturated, a few branched) (Gelpi et 

al. 19705 Holton and Blecker 1970; Krogmann 19735 Nichols 1973)■
Bacteria, as procaryotes, have a relatively simple morphology 

generally similar to that of blue-green algae (Lamanna, Mallette and 
Zimmerman 1973)• Bacteria have three main shapes, spherical, cylindri
cal, and spiral, and are generally 0.2 to 1.5 micron in diameter though 
they can be as large as 40 microns. The cells are surrounded by a 

rigid cell wall which is surrounded by an outermost slime layer. The 
cell wall encloses the cytoplasmic membrane which in turn encloses the 
cytoplasm. The cytoplasm contains a variety of bodies including drop
lets and structures corresponding to nuclei. The overall abundance of 
the organic matter is 40-80% protein, 1.5-36% carbohydrate and 0.4-39% 
lipid on a dry weight basis (water comprises 70-90% of bacteria). Of 
the protein, a portion is in the form of peptides and some free amino 
acids. All the common amino acids have been identified and one has 

been found ,€ -diaminopimelic acid, H00GGH(NH2)GH2GH2GH2GH(NH2)G00H7 
which is peculiar to procaryotes (Work and Dewey 1953)• Nucleoprotein 
may comprise up to 80% of the organic matter in some species with 

nucleic acids as high as 30%. Lipid content is usually <10% of the dry



weight, with fatty acids generally most abundant (nC^-fatty acid pre
dominates ) (0'Leary 1962). The most abundant free carbohydrates are 
trehalose and inositol (Myrback 194-9) •

Since lipids are the most stable of these classes of compounds 
it seems reasonable to expect to find some traces of these as chemical 
fossils in stromatolites despite their relative paucity. The relative 

instability of carbohydrates and proteins makes it unlikely that these 
will survive for geological periods of time. However, their great 
abundance in organisms makes it reasonable to expect that at least some 
of their more stable breakdown products may remain as chemical fossils.



GEOLOGY

A number of Precambrian samples, all stromatolites except one, 
and one Recent sediment were analyzed.. A brief description of the 
geological settings of these samples will be given.

Belingwe and Bulawayan Stromatolites 

The Belingwe (Rupemba) and Bulawayan (Huntsman Quarry) stro

matolites are the oldest stromatolites studied; indeed, they are among 
the oldest known stromatolites. Both are included in the Upper Green
stone sequence of the Belingwe greenstone belt of Rhodesia which has 
been dated by Rb/Sr at ~ 2700 m.y. (~ 2800-2500 m.y.) (Hawkesworth et 
al. 1975; Wilson et al. 1978) and therefore will be discussed together 
here. The Belingwe greenstone belt unconformably overlies a granitic- 
gneissic basement (3500-2900 m.y.) (Bickle, Martin and Nisbet 1975) 
and is itself divided into two sequences, the Lower and Upper Green

stones, which are separated by an unconformity» The Lower Greenstones 
consist mainly of quartzites and conglomerates, mafic lavas, felsic 
flows, and some banded iron formations. The basal unit of the Upper 
Greenstone is the thin but widespread Manjeri formation which consists 
of clastic shallow water sediments and limestones including the 
Belingwe Rupemba stromatolites (description below) (Wilson et al.
1978). These shallow water sediments consist of ripple-marked and 
flaser-bedded siltstones and a beach sand. Above the siltstones are 
carbonate- and hematite-facies banded iron formations, trough

12



cross-bedded arenites, a flysch-type sequence of alternating thin 
argillites and graded arenaceous beds, all capped by sulfide-facies 
banded iron formation. This sequence is basically indicative of a 
change in depositional environment from beach to tidal flat to deeper 
water conditions (Bickle et al. 1975) • The Manjeri formation is 
succeeded by thick tholeiitic volcanics including both massive and pil
lowed basalts. Above this tholeiitic pile are conglomerates, cross
bedded sandstones, flaser-bedded siltstones, banded iron formations and 
stromatolitic limestones. The siltstones and stromatolites are inter- 
bedded implying a very shallow water environment, most likely intertidal 
(Bickle et al.. . Wilson et al. 1978). The-latter stromatolites
include the Bulawayan (Huntsman Quarry) .(description below). Succeeding
these upper sediments in some locations is a calc-alkaline volcanic

'

assemblage (Maliyami Formation) and unconformably above this is an 
arkosic unit (Shamvaian Group). Wilson et'al̂  (1978) conclude that the 
basal volcanics may correspond to continental rifting and the younger 
volcanics to subduetion zones.

The Belingwe stromatolites are described as TLC modular 
(tabular, or domical, linked columnar) and TO corrugate, crinkled 

(tabular angulate crinkled, or tufted) and have diameters from 2 to 5 cm 
and heights from 3 to 15 cm (Bickle et al. 1975)• The laminae consist 
of alternating calcite- and dolomite-rich layers up to 1 cm thick. The 
Belingwe (R-l) stromatolite analyzed in this study is dark gray and. 
consists of a very fine grained calcitic dismicrite with sparry calcite 

intergrowths (Nagy 1976; Nagy et al. 1977)« There is less than 5% Mg 
with traces of Fe in the calcite grains analyzed by electron microprobe
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(Sklarew and Nagy 1978). Partial replacement by fine grained quartz has 
occurred, e.g., the laminae contain spheroidal and lens-shaped particles 
mineralized with quartz. Metamorphism in the Belingwe sediments con
taining this stromatolite appears to be very minimal; only fine chlorite 

and sericite appear on a slaty cleavage in the argillites (Biekle et al.
1975)• In particular, the relatively uniform, fine grained texture of 
the sample studied suggests that it has not been subjected to severe 
recrystallization or more than low to moderate temperatures (Sklarew and 

Nagy 1978).
The Bulawayan stromatolites exhibit three types of structures 

(Macgregor 1941): columnar forms 5 to 7-5 cm in diameter and 30 cm in
height with widely spaced laminae that have:beenV'described-as graphitic; 
domical forms 1.2 m in diameter and 80 cm in height with widely spaced 
strongly arched "graphitic" laminae; and extensive laminated beds 2.5 to 
8 cm thick with an undulatory upper surface and a conical dentate 

secondary organization. One sample studied by Schopf et al. (1971) con
sisted mainly of carbonaceous and calcareous laminae with sparry calcite 
lenses. These lenses are suggestive of infilled gas bubbles and can be 
interpreted as additional evidence of a biological origin (i.e., in 
addition to gross morphology) in a supratidal to intertidal environment. 
Carbon isotope analysis of the kerogen carbon in the Bulawayan stromato
lite yielded a <f C"*"̂ value of ~ -32 °/oo (compared to -0.1 °/oo for 
carbonate carbon), again interpreted as evidence of biological origin. 
The Bulawayan (Bul-l) stromatolite used in the present study is composed 
of a very fine grained calcitic dismicrite with sparry calcite inter
growths. Its laminae consist of polymeric organic matter which is



mineralized with dolomite (Nagy 1976; Nagy et al. 1977). Coccoid-, 
rod-, and lens-shaped particles, interpreted as microfossils, have also 
been found in this sample (L. A. Nagy and Zumberge 1976). Unfortunate
ly, the Bulawayan stromatolites appear to be less well preserved than 

the Belingwe stromatolites (Nisbet 1976).

Kidd Greek Chert 
The Kidd Greek carbonaceous chert (S-185) from the Kidd Greek 

Mine in Ontario, Canada, is the only non-stromatolitic Precambrian 
sample studied. It is dated at — 24-00 m.y. The mine is located in the 
Abitibi greenstone belt which contains mafic (4-5.7%) to felsic (3.6%) 
volcanics, clastic and chemical sedimentary rocks (16%) and granitic to 

peridotitic intrusions (Walker et al. 1975)* The ores are stratiform 
base metal sulfides which are associated with the felsic volcanics and 
also with discontinuous stratiform segments (possibly formerly contin
uous) of carbonaceous argillite and chert. This carbonaceous horizon 
is black in color due to a variable content of carbonaceous material, 
not necessarily graphite (Walker et al. 1975)• The whole area appears 
to have been metamorphosed to the greenschist facies; in addition the 
ores appear to have been deposited directly above a fumarole; and the 
numerous intrusions would lead to localized areas of higher metamor
phism .

Transvaal Stromatolites 

The Transvaal stromatolites studied are contained in the Malmani 

Dolomite of the Olifants River Group within the Transvaal Supergroup.

The Transvaal Supergroup, dated at ~ 2300-2100 m.y., contains the



Wolkberg Group (protobasinal stage), the Black Reef Quartzite, the 

Olifants River Group, and the Pretoria Group (mainly shales) (Button
1973)• The Malmani Dolomite is the most widespread formation of the 
Olifants River Group and is largely a succession of stromatolitic car
bonate rocks, with interbedded chert and minor shale and quartzite. 
Overlying the Malmani Dolomite in certain areas are the Penge Formation 
(mainly banded iron formation) and the Duitschland Formation (carbonates 
with terrigenous clastic sediments), all part of the Olifants River 
Group. The Malmani Dolomite has been subdivided into five lithostrati- 
graphic zones in the Eastern Transvaal (Button 1973)s the transition 
zone (A), the lower dolomite and chert zone ‘ (b),, .the chert-poor zone 
(C), the upper dolomite and.chert izone .(D),, and the mixed zone (e). The 
transition zone includes a large component of clastic sediments inter

bedded with dolomite and for the most part lacks chert. Its stromato
lites include crinkle mats, lateral-linked domes (which may be quite 
large) and a few linked columns (Button 1973)- The lower dolomite and 
chert zone is characterized by the abundance of chert and the light 
color of the associated dolomite. Its stromatolites are similar to 
those of the transition zone, though the domes are usually somewhat 

smaller. The chert-poor zone is defined by the paucity of chert and the 
dark color of the dolomite; some mudstone, quartzite, and limestone are 
present. Its stromatolites also include crinkle mats and lateral-linked 
domes with minor columns, but here the domes may be rather large 
( >10 m) and elongated (Button 1973)• The upper dolomite and chert zone 
is characterized by the light color of the dolomite; the chert is 

thought to be of replacement origin. Its stromatolites are similar to



those in the lower dolomite and chert zone; however, there is one 
assemblage dominated by smooth, blister, and tufted mats. The mixed 
zone is heterogeneous, consisting of dolomite and chert alternations, 
with limestone, banded iron formation, and carbonaceous shale also 
present. Various types of stromatolites are present including lateral- 
linked domes, both small and large, small well preserved columnar 
stromatolites which show a color grading probably due to carbonaceous 
matter. The five zones are thought to represent cyclical deposition 
(Button 1973; Truswell and Eriksson 1975) In which the lowest zone 
basically represents a transgression from the Black Reef beach or near
shore environment. This transgression is followed by an uplift repre
sented by a disconformity (and a chert breccia) which gives way to a 
series of relatively minor transgressions and regressions in the second 
zone. The third zone is dominated by a major transgression and regres
sion, followed by minor cycles in the fourth zone, and more pronounced 
ones in the fifth. Most of the stromatolites are thought to be 
intertidal, of varying energy environments, especially those in the 
lower and upper dolomite and chert zones; however, some of the larger 
domes in the chert-poor zone and transition zone (also chert-poor) may 
reflect a subtidal (possibly lagoonal) environment (interstitial water 
remains alkaline and silica remains soluble) (Truswell and Eriksson

1975).
The Transvaal stromatolites analyzed in this study include one 

(TRO 19) from the upper mixed zone and two (TRO 9a and b and TRO 13) 
from the upper Hennops River Formation. This latter formation 

(Eriksson and Truswell 1975) apparently correlates with the upper



dolomite and chert zone of Button (1973) • The fourth stromatolite 
(Trans-l) was collected prior to detailed stratigraphic study of the 
area, hut from descriptions (Toens 196l) appears to belong to a dolomite 
and chert zone. TRO 13, TRO 9, and Trans-l appear to be domical stro
matolites, with TRO 9 and Trans-l possibly containing Mn (Nagy 1977)•

Mescal Stromatolite 

The Mescal Limestone is the uppermost subdivision of the Apache 
Group of central Arizona which has been dated at ~ 1400-1200 m.y. Algal
stromatolites comprise a 20-25 m thick section of the Mescal Limestone
and include digitate forms grading upward into domal and undulatory 
laminated forms. ,This succession shows a replacement of lower inter
tidal and subtidal forms with upper intertidal and possibly supratidal 
forms (McConnell 1975)• The stromatolites are dolomitic in composition 
with laminae alternating between sparry dolomite and fine-grained
dolomite containing iron oxide (McConnell 1975)•

Copper Harbor Conglomerate Stromatolite 

The Copper Harbor Conglomerate (CHC) is from the Zeweenawan 

Series of Michigan and has been dated at ~  1200-1100 m.y. The Conglom

erate actually consists of beds of conglomerate and sandstone associated 

with mafic lava flows and contains hematite (Ridge 1968). The stromato

lite (CHC-l) studied is a laterally linked hemispheroid (LLH-S).

Mono Lake Bottom Mud 

A Mono Lake bottom mud (DS-11) was used as a Recent ( < 1000 

years) sample for comparison with the Rrecambrian stromatolites.
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Unfortunately, it is not stromatolitic (such a sample was not readily 

available); however, a number of features allow a reasonable comparison. 

Mono Lake is located in a closed drainage basin east of Yosemite, 

California. It is a sodium carbonate-bicarbonate, sodium chloride lake 

with a high salt content (twice as salty as the ocean), high pH (9«7 in 
one location), and reducing conditions in the muds (Mason 1967). These 

evaporitic conditions are not unusual in an algal mat setting. The 

biological productivity is high but, due to the high salt content, the 

biological community is relatively simple being comprised mainly of 

bacteria, diatoms, green and blue-green algae, a few protozoa, and brine 

shrimp. Again this is fairly comparable to an algal mat community.

Even though stromatolites are not present, thrombolites are located near 
the lake shore (Monty 1976) and near the sample collection site. Throm
bolites are related to stromatolites in that they are algal structures 
but they lack laminations. The thrombolites or "tufa towers" at Mono 
Lake are built mainly with the aid of blue-green algae. In addition, 
post-depositional alteration of the sediments has not occurred and human 
impact on the lake has been minimal (Reed 1972). Furthermore, numerous 
studies have been done on the limnology (Mason 1967), geology (Lajoie 
1968), algal formations (Scholl and Taft 1964), hydrocarbon content 
(Reed 1977) and steroid content (Henderson et al. 1971; Toste 1976) of 
the lake. A minor extension of this work involves the sugar content of 
the lake which will be briefly discussed in this study, For this part 
of the work DS-1* and a sediment sample (3-L-35) were used. The age of 
the latter, based on an average sedimentation rate of ~ 2  ft/lOOO yrs,
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is ~ 37,000 yrs. In composition it is a thinly laminated silty clay 

(Reed 1972).

Sample Locations and Collection 

The Bulawayan stromatolite was collected in 1968 hy K. 
Kvenvolden from the Huntsman Limestone Quarry 60 km north of Bulawayo 
in S. ¥. Rhodesia /see Schopf et al. (1971) for map/.

The Belingwe stromatolite was collected on the east slope of 

the Rupemba range near Belingwe, Rhodesia /see Wilson et al. (1978) for 
map/ and was provided by D. A. Eretorius.

The Kidd Greek carbonaceous chert was collected from the west 
side of the north ore body (13th bench at 214600 It-215200 E) in Kidd 
Greek Mine, Ontario, Canada.

Three of the Transvaal stromatolites (TR0 9, 13, and 19) were 
collected in 1976 by B. Nagy and L. A. Nagy. TR0 9 and 13 were" col
lected at sites ^10 km apart north of Johannesburg, South. Africa, more 
specifically TR0 9 at 0.7 km northeast of the Agricultural Station at a 
road cut on the Hartebeespoort Dam Road and TR0 13 at 14.9 kms north of 
the Lanseria turnoff on the Breederstroom Road /see Truswell and 
Eriksson (1972) for map/. TR0 19 was collected from a cliff face near 
Ottoshoop, Zeerust District.— 180 km west of the TR0 9 and 13 sites.
The fourth Transvaal stromatolite (Trans-l) was collected in 1964 by 
T. Hoering at Adam's Farm, southeast of Kuruman, South Africa /see 
Toens (1961) for map/, which is ~300 km southwest of Zeerust (TR0 19 
site).
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The Mescal stromatolite was collected in 1975 "by D. Schumacher 

and the author near ffinkelman, Arizona.
The Copper Harbor Conglomerate was collected by P. Larson in 

Michigan.
Th'e Mono Lake bottom mud (DS-l*) was collected by G. Steel,

A. Toste, and the author in 1973• It was located at the southwest end 
of the lake, —" 300 ft offshore in ^5 ft of water. The HgS odor at the 
site was quite strong indicating anaerobic conditions. The sample was 
kept in ice after collection and freeze-dried as soon as feasible 
(~ 1 week after collection) in order to inhibit bacterial changes in 

the mud. The sediment (3~L-35) was collected by ¥. E. Heed and C. M. 
Gilbert on the south shore of Paoha Island, one of the islands near 

the center of the lake.

The organic analyses of the preceding samples will be described 
in the following sections in an effort to elucidate the kerogen struc
tures and to find potential chemical fossils.



EXPERIMENTAL

General Preparatory Procedure 
The main purposes of the general preparatory procedure were to 

reduce the whole rock to a powder, and to remove the non-kerogenous 
organic material insofar as was possible, while avoiding introduction of 
contaminants. A number of precautions were habitually observed; all 

glassware, teflon and ceramic were acid cleaned with hot H^SO^/hNO^
(85:15» vsv); all organic solvents used were spectral or pesticide grade 
and were re-distilled. All water was triple distilled with KMnO^ in the 
first still; all HOI was distilled; and blanks were run periodically.
The rocks were examined for cracks and signs of weathering and these 
areas were sawed off. One sample, TRO 9» was divided into two parts,

TRO 9a and b; TRO 9b appeared free from cracks and oxidation whereas 
TRO 9a was not. The surface layer of the rocks was removed with a high 
speed drill to eliminate surface weathering or other surface contamina
tions. Next, the rocks were crushed with a hammer and sonicated three 
times in water/using a Mettler Electronics Model ME 1.5 ultrasonic 
cleaner. After drying, the fragments were pulverized in a ceramic ball 

mill fitted with a teflon gasket. The powder was weighed after which it 
was treated with hot 6N HOI to remove carbonates. . Even if carbonates 
were not present, HOI treatment' was employed for consistency since the 

HOI would undoubtedly affect a number of possible contaminants (e.g., 
proteins, carbohydrates) and might affect the kerogen. The residue was
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then extracted "by sonication with benzene;methanol (3:2, v;v) and washed 
consecutively with methanol and water to remove all soluble organics, 
non-polar and polar, whether indigenous or contaminants. This consecu
tive extraction procedure also had the advantage of removing the solvent 
benzene from the kerogen before further analytical procedures were used, 
implying that any benzene found was not an artifact of the extraction 

(Bandurski 1975)• A control experiment designed by Nagy, Zumberge and 
Nagy (1975) showed the efficiency of this extraction procedure in 
removing at least non-polar organics. They saturated fine silica powder 
with kerosene and after extraction with the above solvents and degassing 
under vacuum (see Vacuum Pyrolysis-Gas Chromatography-Mass Spectrometry, 
p. 24), no products were detected by vacuum pyrolysis-mass spectrometry. 
After the extractions, the residue, which consisted of kerogen and any 
HC1- and solvent-insoluble components (including silica, silicates, 
pyrite), was allowed to dry and was weighed to determine the percentage 
remaining.

Elemental Analyses 
The extracted powders (12 samples) were sent to Schwarzkopf 

Microanalytical Laboratory (Woodside, New York) for elemental analyses 

of organic carbon and hydrogen by oxidative combustion. The c/h atomic 
ratios were calculated where feasible.

X-ray Diffraction 
The x-ray diffractometer was used to determine the gross 

composition of the Mono Lake bottom mud, TRO 19, and TRO 9 (range of 
20“ was 6° to 70° or d = 14.7 to'1.34 8). In addition, two other
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samples, Kidd Greek (S-185) and Belingwe (R-l) were examined for 
graphite hy x-ray diffraction (French 1964). These were treated with 
hot HF (48?£) to remove SiO^ and other silicates and then with hot 
concentrated HG1 to remove the resulting fluorides and fluorosilicates. 
This procedure was necessary "because quartz and the silicates mask the 
major graphite x-ray diffraction.

Vacuum Pyrolysis-Gas Chromatography- 
Mass Spectrometry

The main technique employed for analysis of the kerogen was 

vacuum pyrolysis-gas chromatography-mass spectrometry (pyrolysis-GG-MS). 
Pyrolysis uses heat to degrade the polymeric kerogen into numerous 
smaller components which are amenable to separation by GG followed by 
identification by MS. A variety of conditions may be. used for pyrolysis 
but the absence of oxygen is essential. Vacuum pyrolysis has the dual 
advantages of minimizing secondary reactions and. of providing a means of 
transferring the breakdown products to a cold trap by increasing their 
volatility.

The pyrolysis-GG-MS system has been described in detail by 

Bandurski (1975) and Bandurski and Nagy (l9?6). Briefly, the sample was 
introduced into the pyrolysis furnace, the pyrolyzer was evacuated to 
xv/10  ̂torr and the sample degassed at 100°G for •§■ hr. The degassing 
was intended to insure the removal of volatile non-bonded and non
adsorbed material. The pyrolysis furnace was rapidly brought to the 
desired temperature and the sample pyrolyzed for the desired time, 
during which the products were trapped in a liquid Ng cold trap. Next 
the system was pressurized with helium and the products transferred to
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a small injection loop from which they were introduced onto a capillary 
GG column in a Perkin Elmer 226 GC, The GG was interfaced via a 
Watson-Biemann molecular separator with a Hitachi RMU-6E mass spectrom
eter, an electron impact, magnetic sector, rapid scan instrument. Mass 
spectral identifications were made by comparison with known published 

mass spectra of standards (ASTM 1969). In a few key cases, a computer
ized mass spectral search system (ADP Network Services, Inc.) aided the 
identifications.

In all instances, prior to the introduction of each sample, a 
blank pyrolysis-GG was run under the same conditions as a sample until 
the system was clean to prevent cross-contamination of samples and to 
insure absence of laboratory contamination. The rocks were prepared as 
described in the General Preparatory Procedure section and all were de
gassed at 100°C for •§• hr. In general, the pyrolysis temperature was 
450°G and pyrolysis time was 1 hr, although 300°G and -§• hr were also 
used. On occasion, in addition to a single run, a sequential run was 

performed —  i.e., a given sample was subjected to the entire 
pyrolysis-GC-MS procedure at each of several increasing temperatures, 
usually 150° (optional), 300°, 450°, 600°, and ?50°C (optional). The 
purpose of the sequential pyrolysis-GG-MS was to determine if different 
products appear at different temperatures due to differences in bond 
strength or tightness of the kerogen matrix.

In addition to the rock samples, a number of standard biochem

icals were subjected to pyrolysis-GC-MS. These included the biopolymers 

cellulose, DNA, and a polypeptide, and the amino acids alanine, phenyl

alanine, glycine, aspartic acid, and glycyl-aspartic acid. The
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polypeptide was synthesized by D. Upson at The University of Arizona and 

consists of the following amino acids: Cys-Tyr-Phe-Gln-Asn-Cys-Ero-

Arg-Gly, It is similar to arginine vasopressin but is cross-linked to 

an unknown degree. The purpose of pyrolyzing standards was to observe 

the products formed from known compounds under identical conditions and 

to try to relate these to the products from the kerogen. Perhaps these 

products could be potential chemical fossils. Several other pyrolyses 

of known compounds will be described under the Contaminations Control 

section.

Representative pyrolysis and GC conditions used for the various 

samples and standards are noted in Table 1. The GC columns used were 

S.C.O.T. columns (support coated open tubular, capillary). One was 

coated with polyphenyl ether (03-138, 150* x 0.02" i.d.), the other with 
methyl silicone (SE-30, 100' x 0.02" i.d.). Both columns were main

tained at 40°C for 10 mins and then temperature programmed at 2.5°/min 

to 190°C (OS-138) or 230°C (SE-30). The weight of sample used varied 

according to its percentage of carbon and the condition of the instru

mentation. In most cases, pyrolysis-GC was run in addition to

pyrolysis-GC-MS in order to obtain a better GC trace.
\

Diagenesis Experiment 

In order to determine the effect of heat on a "proto-kerogen", 

a portion of the Mono Lake DS-1' bottom mud was subjected to a diagenet- 

ic experiment. About 2 g of sample were placed in a test tube and 

enough water was added to cover the material. To insure that the 

experiment was conducted in a non-oxidizing environment, was bubbled



Table 1. Representative pyrolysis and. GO conditions.
Pyr. Time GO

Sample Wt. (g) Type** Pyr. Temp. (°C) (mins.) Column Comments

Kidd Creek -(S-185) *0.26l3 Seq,

OO 600°, 750° 30, 60, 60 OS-138 GC-MS
Belingwe R-l *0.9573

0.9120
0.9586

Single
Seq.
Seq. g: 450°

300°, 450°
60
30,
30,

60
30, 30

OS-138
OS-138
SE-30

GC
GC
GC-MS

Bulawayan (Bul-l) *0.3165
*0.50730.5026

Single
Single
Seq.

:$
150°, 300°, 450°, 600°

60
.60
30, 30, 30, 60

OS-138
OS-138
OS-138

GC-MS
GC-MS
GC-MS

Trans-1 *0.9643 Single 450° - 60 08-138 GC

TRO 9a *0.9529
*0.9049

Single
Single

450°
600°

60
60

OS-138
OS-138

GC
GC

TRO 9b *0.9828
0.9855

Single
Single

60
60

OS-138
OS-138

GC
GC

TRO 13 *3.0746
1.1551

Single
Single

60
60

OS-138
OS-138

GC
GC

TRO 19 *0.9213 Single 450° 60 OS-138 GO

Mono Lake DS-•1' *0.3059
0.2964

Single
Seq. 300°, 450°, 600°

60
30, 30, 35, 30

OS-138
03-138

GC
GC-MS

Mono Lake DS- 
diagenesis

1'
150°# *0.2662 Single 450° 60 08-138 GC



Table 1 Continued. Representative pyrolysis and GO conditions.

Sample Wt. (g) Type** Pyr. Temp. (°o)
Pyr. Time 
(mins.)

GO
Column Comments

Cellulose *0.0358 Single

OO 30 08-138 GO-MS; no degas; 
no isothermal 
period on GO

DM *0.0120 Single

OO 30 03-138 GO; no degas
Polypeptide *0.0120 Single .

000cn 30 03-138 GO-MS; no degas
Alanine 0.0555 Single

000cn 30 SE-30 GO-MS; no degas
Phenylalanine 0.0591 Single 300° 30 SE-30 GO 5 no degas
Glycine 0.0378

0.0547
Single
Seq.

0 0 
0 0 
0 in 
on 

th OO. Ocn ft
O 
O

on rv

03-138
08-138

GO; no degas 
GO; no degas

Aspartic Acid 0.0564 Seq.

0 " 0 V) § 0
OO 30, 30, 30 os-138 GO 5 no degas

Glycyl-Aspartic 
Acid 0.0311 Seq. 150°,

000 OO 30, 30, 30 OS-138 GC; no degas
nC^-alkane 0.0130 Single

OO 30 SE-30 GO-MS; no degas5 
with quartz wool

Dimethylfuran 0.04 Single

OO-P 30 SE-30 GC-MS; no degas; 
with activated 
charcoal

"^Indicates that a figure in the Results section is based on these conditions. 
**Type = single or sequential (seq.) pyrolysis.
#See Diagenesis part of Experimental section for explanation.
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into the test tube "before and during .sealing with a torch, The sample 
was kept in an oven at 150°G for 86 days (2064 hrs) during which time 
it remained moist. At the end of this period, the test tube was re
moved from the oven, allowed to cool, and opened. The rest of the 
analytical procedure was identical to that described in the General 

Preparatory Procedure (starting at the addition of 6h HG1 since the 
sample was already a powder), Elemental Analysis, and Pyrolysis-GG-MS 
sections.

A further diagenesis experiment using ̂ 6,3 g of sample at 
225°C for z~6 months is currently in progress. The other conditions 
are identical as is the analytical procedure that will be followed.

Porosity and Permeability 
Four samples (Belingwe, TRO 9a, TRO 9b, and Trans-l) were sent 

to the Gore Laboratories, Inc. in Dallas, Texas, for porosity and water 
permeability determinations to discover the likelihood of penetration 
of soluble material into the rock (and potentially into the kerogen).
For the Belingwe sample, permeability to a dodecane-dimethylfuran 
mixture was also determined. After water was forced through the sample 
under pressures up to 68 atm, the G^-dimethylfuran mixture was forced 
through the water-saturated rock.

Control Experiments 

A variety of control experiments were performed to try to 

determine the reliability of some of the results. That is, it was 

desirable to determine whether some of the compounds found (or their 

precursors) had actually become a part of the kerogen around the time of
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its initial formation as opposed to much later in its geological 
history. This was especially important for those compounds with the 
greatest potential as chemical fossils. Also it was important to show 
that these compounds were not Recent or laboratory contaminants. The 
experiments are listed here and their rationale is presented in the.. 
Discussion section. Many of the control experiments center around the 

furans because of their potential as chemical fossils.
a. As was mentioned previously, pyrolysis blanks were run 

frequently. HC1 and solvent extractions, degassing of the samples at 
100°C, and sequential pyrolyses may also be considered controls.

b. DimethyIfuran (0.04 ml) mixed with clean activated charcoal 
(4-00 mg) was subjected to pyrolysis-GO-MS. First the mixture was de

gassed at room temperature for 15 mins to remove non-adsorbed dimethyl-
furan and then pyrolyzed at 450°C for y hr.

c. The same experiment was done using and quartz wool.
d. Dimethylfuran was treated with 6n HG1 both in the presence 

and absence of CaCO^ under conditions similar to that of the samples'.
The solution was neutralized with KOH, extracted with ether and the
ether extract examined by liquid inlet MS.

e. Glucose.(50 mg) was heated in the presence of a freeze-dried 
Mono Lake bottom mud (DS-11) (250 mg) and CaCO^ (250 mg) in simulated 
diagenesis experiments. Heat treatment was at 75° or 375° for 428 hrs 
under in sealed test tubes. The samples were allowed to cool, ben
zene was added and any excess glucose was extracted with water. The 
benzene fractions were "evaporated and heated solid inlet MS (70° to 
300°C) used to analyze the residues. The water extracts were analyzed
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for sugars by the phenol-sulfuric acid colorimetric method of Dubois et 

al. (1956).
f. The stability of glucose in an aqueous solution at pH 9-7 

(the pH of the Mono Lake mud) at room temperature during a period of 

3 yrs was determined by the phenol-sulfuric acid colorimetric method. 
Since bacteria may have had an effect on the sugars, the possibility of 

their presence was examined by microscopy and by the ninhydrin test for 

amino acids.

g. The products of glucose degradation were analyzed in another 

set of pseudo-diagenesis experiments. Glucose (50 mg) in various en

vironments (dry; with 5 Al H^O at pH 65 with 5 hi H^O at pH 9-5> and 
with 5 hi HgO at pH 6 in the presence of silica gel and modern blue- 
green algae) was heated under in sealed test tubes at 375°G for 20

7min. The liquid product and the GHGl^ extract of the charred solid were 

examined by liquid inlet and solid inlet MS and by GG-MS.

h. Determination of the stability of 5_methylfurfural was the 

goal of another experiment. A 0.001 M solution of 5-methylfurfural in 

HgO (ph ~'6) was sealed under in test tubes and heated at —'75°G.
One sample was removed every 2 weeks for a total of 10 weeks and 

analyzed by UV.

i. In another 5-methylfurfural stability test, 0.1 ml of the 

neat liquid was sealed under in a test tube and heated at 75°Go The 

solid formed was extracted with benzene and the residue subjected to 

pyrolysis (450°G, 1 hr) both with and without prior degassing (100°G,

2 hr).
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j. The porosity and permeability measurements discussed pre

viously may also be considered controls.
k. A simplified diffusion experiment was designed to test 

whether sugars might be able to diffuse into an outcrop due to differ

ential concentrations of.contaminants on the surface (e.g., sugars from 
algae or.lichen) and in the dry interior of the rock. Diffusion could 
have occurred in such an outcrop during a rainstorm. A small chip of 
the Belingwe stromatolite was exposed to 100 ml of a solution containing 
10 mg glucose. After 1 hr, the chip was removed and its surface 
thoroughly washed with water. It was then crushed into several pieces, 
extracted with water, and the extract tested for sugars by the phenol- 
sulfuric acid method.

Carbohydrate Analysis 
In conjunction with other studies on the hydrocarbon (Reed 1972, 

197?) and steroid (Toste 19?6) content of Mono Lake muds and sediments, 
a limited study of the carbohydrate content of one mud sample (DS-l*) 
and one sediment (3-L-35) was done. The analytical procedure has been 
described in Modzeleski, Laurie and Nagy (1971) and will be briefly 
reviewed here. To remove soluble carbohydrates, the sample was first 
extracted with water and then chloroform:methanol (1:1, v: v) until the 
extract was colorless. The residue was hydrolyzed twice with 2N H^SO^ 
at 100°C for ly hrs to release bound and polymeric carbohydrates. The 
hydrolyzate was neutralized with Ba(0H)2 (to pH 4-5) and desalted 
using a mixture of anion (AG 3%4, Cl-) and cation (Bio Rex 40, H+) ex

change resins (2:1, v:v). The total sugar content in the hydrolyzate



was determined both before and after ion exchange using the phenol- 

sulfuric acid colorimetric method of Dubois et al. (1956)- Beer's law 

curves were plotted for an absorbance maximum at 485 nm« The individual 

sugars present were characterized by thin layer chromatography (TLC),

GO, and GO-M3. The TLC solvent system used was EtOAc s pyridine s H^O 
(10:4:3). For GO, derivatization of the sugars was necessary for 
volatilization; silylation using Tri-sil concentrate (a mixture of 
hexamethyldisilazane and trimethylchlorosilane) was the method of 
choice. In order to properly silylate the sugars, millipore filtration 
of the hydrolyzate to remove the clays was helpful. The GO column was 
a methyl silicone (SE-30, 150' x 0.02" i.d.) open tubular capillary 
column which was temperature programmed from 150° to 240°C at 3°Aiin, 

Control blanks were run for the entire procedure to insure the 
absence of laboratory contamination. Also a simple test was made of the 
efficacy of freeze-drying the sample by comparing the total sugar con
tent of the freeze-dried DS-l’ to that of an identical sample which had 
not been freeze-dried.



RESULTS

To facilitate comparison of the Experimental section and this

Results section, both adhere to the same format.

Elemental Analyses 
Table 2 lists the organic carbon and hydrogen percent values of 

the 12 samples studied. The c/H atomic ratios have also been calculated 
and tabulated. It is not known whether all the carton and hydrogen 
present are detectable due to analytical difficulties when there is a 
sizable residue after combustion. Also, because the hydrogen may derive 
from water of hydration of, or from OH groups in, clay minerals as well 
as organic hydrogen, this ratio may not reflect an accurate assessment 
of the kerogen composition. However, in most cases the clay mineral 
content is sufficiently low to be undetectable at high magnification 
under the petrographic microscope (Nagy 1978) so it is felt that the 
ratio is fairly accurate (Mono Lake is a notable exception). Comparison 
of this ratio with that of a number of organic substances is made.

The % C and % H figures are percentages of the kerogenous
residue which in most cases is predominantly siliceous. Therefore the 
percent the residue comprises of the original rock along with the cal
culated carbon percent of the original rock are also included in Table
2. The color of the rock is probably a function of the mineral constit

uents and of the amount of organic carbon. It ranges from a dark gray 
in S-185, Bulawayan, Belingwe, and Trans-1 through medium gray in TRO 9a

34
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Table 2. Carbon and hydrogen weight percents and ratios.

% % 
residue organic C

% organic C 
in original 

rock % H
C/H
atomic
ratio

Sample
S-185 n.d/ 1.76 n.d.# 0.00
Bulawayan — 0.4 8.61 0.03 0.52 1.38
Belingwe B-l 3.2 2.86 0.09 0.12 1.99
TRO 19 4.7 2.40 0.11 0.19 I.05
TRO 9a 2.8 1.11 0.03 0.07 1.3
TRO 9b 2.8 1.21 0.03 0.05 2.0
TRO 13 10.1 0.10 0.01 0.00 X
Trans-1 a* 

b* 3-5 2.54
2.14

0.09
0.07

s-a
O 

O 1.06
1.27

Mono Lake DS-1' 6.0 2.28 1.4 0.91 X
Mono Lake DS-1' 
diagenesis 150° n.d.# 1.22 n.d/ 0.90 X

CHC-1 22.1 0.00 0.00 O.38 X
Mescal 12.5 0.00 0.00 0.09 X

Standard**
lignites .93-1.28
sub-bituminous coal 1.00-1.25
bituminous coal 1.11-1.82
anthracites 1.67-3.33
metamorphosed anthracite (Rhode Island) 23.0
humic acid 1.49
unaltered biochemicals
nucleic acid 0.83
protein 0.69
cellulose 0.60
stearic acid 0.50

*a = results from July 1976 
b = results from December 1977

**From Schopf and Long 1966; Nandi and Walker 19665 Butcher, Campbell 
and Thornton 1966; Flaig 1966; and Zumberge 1976.
n̂.d. = not determined



and "b and TRO 19 to very light gray in TRO 13, and from tan in both 
Mono Lake samples to very light tan in Mescal and GHG-1.

Since Mescal and CHC-1 contain 0% G, possibly due to oxidation, 
as evidenced by the presence of hematite, no pyrolyses were done on 
either sample.

X-ray Diffraction

X-ray diffraction analysis of Mono Lake DS-l* bottom mud shows 
the following major components: quartz (2 = 26.6° or d = 3-3^ $)>
halite {Z& = 31.4°,. 43.2° or d = 2.84, 2.01 X), illite (2 &  = 8.3°, 
26.4° or d = 10.4, 3«37 and calcite (2 0'= 29.4° or d = 3.04 X). In 
TRO 19, the major component is dolomite (2 6' = 30.9°, 41.1°, 50.4°,
51.0° or d = 2.89, 2.19, 1.81, 1.79 X) with fluorite (2(5' = 28.2°,

46.9°, 55.6° or d = 3.16, 1.94, I.65 X) also present. TRO 9 also con
tains dolomite as the major component but in this stromatolite quartz is 
present.

Of the two samples treated with HP, • the one from Kidd Greek 
shows strong graphite peaks (26 = 26.6°, 54.7° or d = 3«35, 1.68 X) 
comparable in strength to a graphite standard; the one from Belingwe 
does not contain any graphite.

Vacuum Pyxolysis-Gas Chromatography- 
Mass Spectrometry

A wide variety of results have been obtained using this 
technique. Examples of a typical chromatogram and corresponding table 
containing peak identifications have been included for all of the 

samples arid several of the standards analyzed to allow comparison of the



results. In some cases, the chromatogram may he a composite of two 
runs due to problems with attenuations and split control between the GG 
and MS. The labeling of the GO peaks with letters has been designed to 
group the components according to major categories (A = aliphatic hydro
carbons; B = hydrocarbons containing an aromatic ring; G = compounds 
containing a heteroatom); numbering is in order of elution of the 
components. Due to the complexity of the samples and concomitant 
overlap of components, mass spectral identification of each peak is not 
always possible; nor is precise identification of isomeric components 
by mass spectra alone always possible. (GG retention times are general
ly too variable under conditions of pyrolysis and temperature program

ming though relative retentions may be useful.) Therefore "monounsat'd 
hydrocarbon" is used instead of alkene or cycloalkane, though, in 
general, the compound is probably an alkene; "diunsat'd hydrocarbon" is 
used instead of alkyne, cycloakene, diene, or bicyclic alkane;
"monounsat'd alkylbenzene" indicates either a double bond or ring in 
the alkyl group; a C^-alkylbenzene (for example) could be either 
propyl-(C^=nG^), isopropyl-(C^=iC^), ethylmethyl-(G^=G2 + Ĝ ) or
trimethyl-(C =3C ) benzene. Where more definite identification of the 

-> 1
alkylbenzenes is available, it is included in parentheses after the 
generalized compound, as in the case of the G^-alkylbenzenes above. In 
a few instances, due to lack of a molecular ion in the mass spectrum, 
the number of carbon atoms in an aliphatic hydrocarbon is uncertain; 
these are denoted as C^-alkane or alkene. In addition, due to problems 
with the split between the GG and MS, it is sometimes difficult to
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correlate the spectra with the peaks (especially the weaker ones); 
however, for the most part, this is managed successfully.

Kidd Greek Chert
The Kidd Greek (S-185) carbonaceous chert was the first sample 

pyrolyzed (Figure 1, Table 3) and the results initially were quite dis
appointing. Only a few low molecular weight gases, benzene, and toluene 
were detected. However, after results from other samples proved more 
promising, a more optimistic interpretation of the S-185 results was 
forthcoming. For here is an ideal, albeit originally unexpected, 
complete blank run under conditions identical to those used for the 
other samples. The dearth of components and consequent "blank" results 
because the carbonaceous substance consists essentially of graphite.

Belingwe Stromatolite
The Belingwe stromatolite yields a considerably more complex 

chromatogram upon 450°G pyrolysis (Figure 2). The compounds, identified 
in Table 4, consist (quantitatively) mainly of aromatic hydrocarbons 
with aliphatic hydrocarbons and heteroatomic components as sizable 
minorities. The aliphatics identified range from 0^- through C^g- 
alkanes (actually G^q on other chromatograms) (mainly straight chain but 
including some branched) and from C^- through C^g-monounsaturated hydro
carbons, mainly alkenes. The nC^- through nC^g-alkanes do not show an 
odd or even carbon number preference. The Cy-diunsaturated hydrocarbon 
may be isoprene. Aromatics include benzene, naphthalene, and a variety 
of alkylsubstituted isomers of both. The alkyl substituents range from 

monosubstituted C^- through C-ĵ -benzenes to multisubstituted rings.
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Figure i. Gas chromatogram of the products from the 450°C pyrolysis of the Kidd Creek 
chert, S-185.
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Table 3- Pyrolysis products from the Kidd Greek chert, S-I85 (450°C
pyrolysis). —  Mass spectral identifications of corresponding 
gas chromatographic peaks (Figure l).

GG Peak No.* Compound 1 GG Peak No.* Compound
benzene ! ci co2 + COS

B2 toluene I G2 SO2+ GSg
i 03 methanol + ethanol+ water

*B = hydrocarbons containing an aromatic ring 
G = compounds containing a heteroatom
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Figure 2. Gas chromatogram of the products from the 450°C pyrolysis 
of the Belingwe stromatolite, R-l.
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Table 4. Pyrolysis products from the Belingwe stromatolite (450°G

pyrolysis), —  Mass spectral identifications of correspond
ing gas chromatographic peaks (Figure 2).

GG Peak 
No.* Compound**

GG Peak 
No.* Compound**

. A1 propane + propene + Cĵ -alkane 
+ Cij,-monounsat' d 

hydrocarbon
A2 butadiene + C^-monounsat'd

hydrocarbon
A3 Cj-diunsat'd hydrocarbon
A4 nGg-alkane
A5 Gg-monounsat'd hydrocarbon

+G^-diunsat'd hydrocarbon
A6 G^-triunsat'd hydrocarbon

(eyelopentadiene)
+Gg-monounsat'd 

hydrocarbon
A? Cy-alkane
A8 Gy-monounsat'd hydrocarbon

(heptene)
A9 Gy-monounsat1d hydrocarbon
A10 Cg-monounsat'd hydrocarbon

(cyclohexane)
All Gg-monounsat1d hydrocarbon
A12 Gg-monounsat1d hydrocarbon
A13 Cg-alkane
A14 Gy-alkane
A15 G y-monounsat1d hydrocarbon
Al6 G j_Q-alkane (br. ?)
Al? br. O^Q-alkane
A18 br. Gn-alkane (n=ll?)^
A19 nC^Q-alkane
A20 G ̂g-monounsat'd hydrocarbon
A21 br. Gn-alkane (n=ll?)^
A22 br. Cn-alkane (n > 9)^
A23 Cn-alkane (n=ll?)#

A24 nĜ -̂ -alkane
A25 G ̂ ̂-monounsat'd hydrocarbon
A26 G -triunsat'd hydrocarbon 

(limonene)
A2? nC ̂g-alkane
A28 G^g^monounsat*d hydrocarbon
A29 G^g-monounsat'd hydrocarbon
A30 nC^g-alkane
A31 0^^-monounsat1d hydrocarbon
A32 G ̂-monounsat'd hydrocarbon
A33 nG j^-alkane ?
A34 nG ̂ -alkane
A35 G ̂-monounsat'd hydrocarbon
A36 nG^g-alkane ?
A'37 C ̂g-monounsat*d hydrocarbon?
A38 nG^y-alkane
A39 G j_y-monounsat' d hydrocarbon
A40 G j_g-alkane (nC ]_g? )
A4l Cig-monounsat'd hydrocarbon?
B1 benzene
B2 toluene
B3 ethylbenzene
b4 p-xylene
B5 m-xylene
b6 o-xylene
B7 styrene
B8 G-̂ -alkylbenzene (CygCy)
B9 Go-alkylbenzene

(c3=i.G3 or c2 +gi)
BIO G^-alkylbenzene (Ĉ =3Ĝ )



Table 4 Continued. Pyrolysis products from the Belingwe stromatolite
(450°C pyrolysis). —  Mass spectral identifications of corres
ponding gas chromatographic peaks (Figure 2).

GC Peak 
No.* Compound**

GC Peak 
No.* Compound**

Eli C^-alkylbenzene (Ĉ =3Ĉ )
B12 O^-monounsat'd 

alkylbenzene 
(methylstyrene)

B13 C-̂ -monounsat' d
alkylbenzene 
(methylstyrene)

B14 C^-alkylbenzene

B31

B32
B33

(C4=C3 + C1 or SC4) 1 B34
B15 C^-alkylbenzene (Ĉ =3Ĉ ) |

B35Bl6 C^-alkylbenzene (C4=4Ĉ ) *
Bl? C-Qi-monounsat' d alkylbenzene| B36+ Cjij,-alkylbenzene | 

(Cjj,=C2 + 20 or C-̂ + 0 )̂|
B18 Czj,-alkylbenzene 1 

(C^=C2 + 2C. or C +0 ) | 
+ Cĵ -monounsat' d . 1 

alkylbenzene 1

Cl

C2
(ethylstyr ene?) 1 C3

B19 Cjj,-monounsat1 d alkylbenzene j 
(dimethylstyrene?) | C4

B20 indene 1 C5
B21 Cjj-alkylbenzene (Ĉ =nĈ ) | C6
B22 C^-alkylbenzene * C7
B23 Cij,-alkylbenzene ( 0̂ =40 ̂ ) | C8
B24 Czj,-diunsat' d alkylbenzene 1 

(methylindene?) * 09
B25 Cg-alkylbenzene (0^=n%?) 1 CIO
B26 naphthalene * 011
B2? 2-methylnaphthalene | 012
B28 1-methyInaphthalene 1
B29 methylbiphenyl | C13
B30 biphenyl * Cl4

dimethylnaphthalene 
+ C ̂-alkylbenzene 
+ CiQ-alkylbenzene 

(Gio=iG10?) 
dimethylnaphthalene
dimethyInaphthalene 
+ C j_o-monounsat' d 

alkylbenzene
CiQ-alkylbenzene 

(c10=̂ GiÔ
C -̂ -alkylbenzene

C ̂ -alkylbenzene

C02 + COS + h2s
+dimethyl ether
chloromethane + chloro- 
ethane + ethanethiol
furan
CS2
C^-ketone
methylfuran
acrylonitrile 
+ ethanenitrile
methanol + ethanol +water
propanenitrile
Cjj-aldehyde

(methylbutyraldehyde?)
methylpropanenitrile
dimethylfuran 
+ tri chioro ethylene
thiophene
methyl methacrylate ??
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Table 4 Continued. Pyrolysis products from the Belingwe stromatolite

(450°C pyrolysis). —  Mass spectral identifications of corres
ponding gas chromatographic peaks (Figure 2).

GC Peak 
No.* • Compound**

1 GO Peak 
| No.* Compound**

G15 phenol I 023 benzonitrile
Cl6 methylthiophene 1 024 trichlorobenzene
017 methylthiophene ? i 025 benzylcyanide
018 methylis othiazole ? j 026 benzothiophene ?
019 pyridine ! 027 methylbenzothiophene
020 acetylfuran ' 028 indanone
021 benzofuran 1 029 quinoline or isoquinoline
022 methylfurfural .... 1.......
*A = aliphatic hydrocarbons 
B = hydrocarbons containing an aromatic ring 
C = compounds containing a heteroatom

**monounsat'd hydrocarbon = alkene or cycloalkane
diunsat'd hydrocarbon = alkyne, cycloalkene, diene or bicyclic alkane 
monounsat1d alkylbenzene = one degree of unsaturation in the alkyl

group
diunsat'd alkylbenzene - two degrees of unsaturation in the alkyl

group(s)
= number of carbon atoms is uncertain
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Perhaps the most interesting are the heteroatomics which include a 
number of N-containing compounds (nitrides, pyridine, pyrrole, quino

line), thiophenes, and furans. The heteroatomics also include a number 
of chloro-compounds, perhaps an indication that during extraction the 
HG1 penetrates into the kerogen matrix.

Sequential pyrolyses at 150°, 300°, and 450°C (after degassing 
at 100°C) were also performed to determine if the compounds released 
during the single 450° run are held fairly tightly in the kerogen. At 
150°G, very little material is released, the main products being low 
molecular weight gases and alkanes and a few low molecular weight 
aromatics. Significantly, no heteroatomic components are detected other 
than the chloro derivatives. At 300° and 450°C the products qualita
tively resemble those in the single 450°C run. For the most part, 
quantitatively fewer products are released at 300°C (non-sequential) 
than at 450°C (non-sequential). In general, the heteroatomics and 
alkanes are present at both 300° and 450°C. At 300°C about twice as 
much methylfuran is released as at 450°C pyrolysis; for dimethylfuran 

and the n-alkanes, the abundances at both runs are similar.

Bulawayan Stromatolite
The Bulawayan stromatolite gives a much simpler chromatogram 

(Figure 3) and correspondingly fewer components (Table 5) than Belingwe. 
Basically, the alkanes range from nC^ through nO^ with a few of lower 
molecular weight also present and no odd or even carbon preference noted; 

the aromatics range from benzene through G^-alkylbenzenes (again with 

various numbers of substituents) plus naphthalenes and biphenyl; the
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Figure 3« Gas chromatogram of the products from the 450°G pyrolysis of the Bulawayan
stromatolite, Bul-1.



Table 5* Pyrolysis products from the Bulawayan stromatolite (450°G
pyrolysis). —  Mass spectral identifications of correspond
ing gas chromatographic peaks (Figure 3)•

GO Peak ' GO Peak
' No.* Compound 1 No.* I Compound

A1 ethene + ethane 
+ C^-alkene

i B13 
1

C^-monounsat'd 
alkylbenzene**

A2 nC^-alkane t (methylstyrene)

A3 C^-alkene 1 B14 
|

C2j,-alkylbenzene 
(0̂ =1103 + Ci)

A4 nC^Q-alkane 1 B15 Cjj,-alkylbenzene
A5 nC j_-alkane 1 (Qli,=G2 + 2C1)
a6 nCi2-alkane ' Bl6 C^-alkylbenzene
A? nC ̂-̂ -alkane

1
1 (C4=C2 + 2C1 or 4C1)

A8 nC^-alkane t Bl? 
1

Cg-alkylbenzene
(C6=iP6?)

A9 nC •]_ cj-alkane j BIS naphthalene
A10 nOj^-alkane 1 B19 2-methylnaphthalene
B1 benzene 1 B20 1-methylnaphthalene

, B2 toluene i B21 biphenyl
B3 ethylbenzene | Cl co2 + COS

p-xylene 1 02 CSg + SOg + furan
B5 m-xylene | 03 ac etaldehyde
b6 o-xylene 1 04 methanol
B? styrene J 05 thiophene
B8 C o-alkylbenzene 

(03=̂103) 1 C6 
(

2-methylthiophene
B9 C o-alkylbenzene j 07 dimethylthiophene

(03=10^ or Gg + Ĉ ) 1 08 furfural
BIO Co-alkyIbenzene ! 09 benzaldehyde

or Gg + Ĉ ) 1
1 010 benzonitrile

Bll C 0-alkylbenzene 
(C3=3Ci) .

! on trichlorobenzene
B12 O^-alkylbenzene i 012

| 013
benzothiophene
methylbenzothiophene

*A = aliphatic hydrocarbons 
B = hydrocarbons containing an aromatic ring 
C = compounds containing a heteroatom

**monounsat'd alkylbenzene = one degree of unsaturation in the alkyl
group
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heteratomics include a nitride, thiophenes, and several oxygen-contain

ing compounds (e.g., furan and furfural). A semiquantitative analysis 
of the GC peak areas indicates that aromatics comprise 90% and 
aliphatics '--10% of the components.

In sequential pyrolyses at 150°, 300°, 450°, and 600°C much less 
material evolves. At 150° and 600°C, there are only low molecular 
weight compounds; most products result from 300° and 4_50°C pyrolyses. 
These are not as numerous as in the single run; however, the same types 
of compounds are generally present.

Transvaal Stromatolites
The chromatograms from the 450°C pyrolyses of the Transvaal 

stromatolites are shown in Figures 4, 5> 6, ?, and 8. The compound 
identifications are listed in Table 6. To facilitate comparison a 
given compound in any of the chromatograms is assigned the same peak 
number; i.e., if a component is missing from the sample, there is no 
corresponding number on the chromatogram. Aromatic compounds predomi
nate with aliphatics fairly strong and heteroatomics in the minority.
The aliphatics are similar to Belingwe and range from G^- through 
C^g-alkanes (mainly normal but including some branched) and from C -̂ 
through C^g-monounsaturated hydrocarbons, mainly alkenes. The G^- 
diunsaturated hydrocarbon may be isoprene. The aromatics are also very 
similar to Belingwe ranging from alkylsubstituted benzenes to naph
thalenes, again with varying degrees of substitution. The heteroatomics 
are again most interesting; however, they are less diverse than in
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Table 6. Pyrolysis products from the Transvaal stromatolites (450°C

pyrolysis). —  Mass spectral identifications of correspond
ing gas chromatographic peaks (Figures 4-8).

GC Peak 
No.* Compound**

GG Peak 
No.* Compound**

A1 ethane + ethene+ propene A23 br. Ĉ ji-alkane

A2 O^-alkane A24 br. Gn-alkane (n > 11)^

A3 C^-monounsat'd hydrocarbon A25 br. Gn-alkane (n > 9)^
A4 C5-monounsat1 d hydrocarbon A26 Ĝ -̂alkarie

A5 C^-alkane A27 Gn-alkene (n=ll or 10?)#
A6 C^-monounsat’d hydrocarbon A28 nC^j-alkane

A7 C^-diunsat1d hydrocarbon A29 G ̂ •]_-monounsat' d hydrocarbon
A8 Cg-alkane A30 nG ̂2-a-lkane

A9 C^-diunsat'd hydrocarbon A31 Ĉ 2_:nioriounsâ ' & hydrocarbon

A10 Cg-monounsat'd hydrocarbon A32 O ro § S- p] hydrocarbon

Ail Gy-alkane A33 •nC-̂ g-alkane

A12 Gy-monounsat'd hydrocarbon A34 0 § 1 P] hydrocarbon

A13 Gg-alkane A35 nG^-alkane

A14 Gg-monounsat'd hydrocarbon A36 0 | 1 hydrocarbon

A15 Gg-monounsat'd hydrocarbon A37 C -monounsat' d hydrocarbon

Al6 br. G^-alkane A38 nCi^-alkane

A17 . nG^-alkane A39 Ci^-monounsat'd hydrocarbon

A18 Gg-monounsat'd hydrocarbon A40 nC^g-alkane

A19 br. C^Q-alkane A4l G ĵ g-mono unsat' d hydrocarbon
A20 br. G^-alkane A42 C ĵ g-monounsat' d hydrocarbon

A21 br. Gn-alkane (n=ll?)^ A43 nG ]_y-alkane

A22 nGĵ Q-alkane A44 nC^g-alkane



Table 6 Continued. Pyrolysis products from the Transvaal stromato
lites (450°C pyrolysis). —  Mass spectral identifications of
corresponding gas chromatographic peaks (Figures 4-8)„

GC Peak 
No.* Compound**

GC Peak 
No.'* Compound**

B19 C^-monounsat'd alkylhenzeneB1 benzene

B2 toluene

B3 ethylbenzene

B4 p-xylene

B5 m-xylene

B6 o-xylene

B? styrene

B8 C-^-alkylhenzene (C-̂ =nC-̂ )

B9 C-^-alkylhenzene
(Cy=iCy or C2 + C1)

BIO G^-alkylhenzene (C-̂ =3Ĉ )

Bll Co-alkylhenzene 
^3=G2 + G1 or 

B12 C^-alkylbenzene (C^=3C^)

B13 Ci|.-alkylhenzene
(GzpvCg + 20^ or iC^ + C^)

Bl4 C^-monounsat'd alkylhenzene
■ (methylstyrene)

B15 C^-alkylhenzene
(C ^o+C ^^ or sCjij, 
or Cg+20^)

B16 C^-alkylhenzene

Bl? C^-alkylhenzene

B18 Czj,-alkylhenzene
(Gzj.=G2 + 2C1 or C3 + C1)

B20 C^-alkylbenzene (C^^g + 2C ̂ 
or C3 + Ĉ  or sĈ )

B21 C^-alkylhenzene (C^^Gg + 2C ̂ 
or C^ + C^ or sĈ )

B22 Cij.-alkylhenzene (C^iCo + C^ 
or C2 + 2Ĝ )

B23 C/j,-alkylhenzene (0̂ =40̂ ) 
+ C^-alkylhenzene

B24 C^-alkylhenzene (Ĉ n̂Ĝ )

B25 Ĉ j.-monounsat1 d alkylhenzene
B26 C^-alkylhenzene

(Cj=methylhutane?)

B2? Cij,-alkylhenzene + C^-mono- 
unsat'd alkylhenzene

B28 C^-alkylhenzene

B29 C5-alkylhenzene (Cg=nCg?)
B30 C^-diunsat1d alkylhenzene 

(methylindene?)

B31 C^-monounsat1d alkylhenzene 
(dimethylindane?) •

B32 naphthalene

B33 Cy-alkylbenzene (Cy=nCy?)

B34 2-methylnaphthalene

B35 Gg-alkylbenzene (Cg=nCg)
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Table 6 Continued. Pyrolysis products from the Transvaal stromato

lites (450°C pyrolysis). — Mass spectral identifications of
corresponding gas chromatographic peaks (Figures 4-8).

GO Peak 
No.* Compound**

1 GC Peak 
j No> Compound**

B 36 Cg-alkylbenzene (Cg=iCg?) I  06 acetaldehyde

B37 1-methylnaphthalene | 0? methylfuran

B38 diphenylmethane ! 08 methanol + ethanol +water

B39 biphenyl J  09 acrylonitrile

B40 dimethylnaphthalene | CIO ethanenitrile

B4l CiQ-alkylbenzene j  Oil propanenitrile( O i Q = n p i 0 ? )
\ 012 trichloroethylene

Cl C02 + cos
] 013 thiophene

C2 chloromethane
| 014 methylthiophene

03 S02
I 015 dichlorobenzene

04 furan !  c i 6 benzonitrile
05 cs2

*A = aliphatic hydrocarbons 
B = hydrocarbons containing an aromatic ring 
C = compounds containing a heteroatom

**monounsat'd hydrocarbon = alkene or cycloalkane
diunsat'd hydrocarbon = alkyne, cycloalkene, diene or bicyclic alkane 
monounsat ’ d alkylbenzene = one degree of unsaturation in the alkyl

group
diunsat'd alkylbenzene = two degrees of unsaturation in the alkyl

group(s)
#Cn = number of carbon atoms is uncertain
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Belingwe. Non-sequential pyrolysis at 600°G reveals essentially the 

same pattern as at 450°G.

Mono Lake Bottom Mud
Not surprisingly, the most complicated chromatogram (Figure 9) 

with the most diverse list of compounds (Tahle 7) results from pyrolysis 
of the only Recent sample analyzed. The aliphatic hydrocarbons range 
from 0^ through G^q with 0 through 3 degrees of unsaturation, straight 
chain, branched, and cyclic; the aromatic hydrocarbons range from ben
zenes through naphthalenes with a wide variety of substituents'1 and 
degrees of unsaturation both in the alkyl groups and in the ring sys
tems; the heteroatomics include diverse N-, S-, and O-eontaining 
compounds. In the straight chain aliphatic hydrocarbons, there appears 
to be no odd carbon preference, though overlap of peaks leaves this 
statement open to question.

Sequential pyrolyses at 150°, 300°, 4-50°, and 600°C lead to 
similar conclusions as in Belingwe. At 150°C. only low molecular weight 
gases, benzene, and chloroform are released. Most of the products are 

given off at 300° and 450°G and in both cases are generally similar to 
those from the single 4-50° run; however, more heteroatomics are identi
fied at the 300° than at the 4-50°■ sequential run. By 600°C the products 
decrease considerably both in diversity and in quantity; however, an - 
assortment of alkanes, alkenes, aromatics, nitriles, and thiophenes are 
present.
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Table 7° Pyrolysis products from Mono Lake DS-1' and DS-1' diagenesis
150° (450°C pyrolysis). —  Mass spectral identifications of
corresponding gas chromatographic peaks (Figures 9? 13, p. 76).

GG Peak 
No.* Compound**

GG Peak 
No.* Compound**

A1 ethane + ethene + propene A13 G^-triunsat'd hydrocarbon
A2 O^-monounsat'd hydrocarbon A14 Gy-diunsat1d hydrocarbon 

+ G5-diunsat'd hydrocarbon
A3 Gr-monounsat1d hydrocarhons 

+ G^-alkane .
+ C2j,-diunsat' d hydrocarbon

+ Gy-monounsat'd 
hydrocarbon

(butadiene) A15 br. Cg-alkane
a4 G^-alkane

+ Gĵ -diunsat' d hydrocarbon 
(isoprene?)

Al6

A17

Pg-trixmsat *d hydrocarbon 
+Gy-diunsat1d hydrocarbon
Gg-alkane

A5 G^-alkane ?
+ Gc;-diunsat * d hydrocarbon 
+ -monounsat'd hydro

carbon (cycloalkane?)
A18

+ Cg-monounsat1d 
hydrocarbon 

+Gy-diunsat*d hydrocarbon

Gy-diunsat*d hydrocarbon
A6 Ccj-monounsat * d hydrocarbon 

(cyclopentene?)
+ Cg-monounsat'd 

hydrocarbon

A7 G^-triunsat'd hydrocarbon 
(cyclopentadiene)

A19 Cg-monounsat'd hydrocarbon
+ G^-monounsat'd 

hydrocarbon
A20 Cy-alkane 

+ G g-monounsat'd 
hydrocarbon

A8 G^-diunsat'd hydrocarbon 
(methylcycloperitene)

+Gy-diunsat*d hydrocarbon
+ G^-triunsat * d hydrocarbon 

(cyclopentadiene)
A21 Gy-diunsat*d hydrocarbon 

+ dimethylcyclopentadiene

A9 Cy-alkane
+ G5-diunsat'd hydrocarbon

A22

A23

dimethylcyciopentadiene 
br. Cy-alkane

AID G^-diunsat'd hydrocarbon 
(methylcyclopentene)

A24
(dimethylheptane?) 

dimethylcyclopentadiene
All Cy-monounsat'd hydrocarbon

(heptene)
+C^-diunsat'd hydrocarbon

A25
A26

G y-monounsat * d hydrocarbon 

Gg-diunsat'd hydrocarbon
A12 O^-triunsat'd hydrocarbon + dimethylcyclopentadiene
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Table 7 Continued. Pyrolysis products from Mono Lake DS-l* and DS-l*

diagenesis 150° (450°C pyrolysis). — Mass spectral identifi
cations of.corresponding gas chromatographic peaks (Figures
9; 13, P. 76).

GC Peak 
No.* Compound**

GC Peak 
No.* Compound**

A2?
A28

A29
A30

A31
A32

A33
A34

A35
A36

A37

A38

A39
A40

A4l
A42

nC^-alkane

C cp-monounsat' d hydrocarbon 
+ C ̂ Q-monounsat'd 

hydrocarbon
C -LQ-alkane
Cg-diunsat'd hydrocarbon 

(2,5-dimethyl- 
2,4-hexadiene?)

C^-diunsat'd hydrocarbon
CiQ-monounsat'd hydrocarbon
nC^Q-alkane
br. G^^-alkane
G^Q-monounsat*d hydrocarbon
Ĉ ĵ -alkane '

CiQ-triunsat'd hydrocarbon 
(terpinene)

nCi^-alkane

C n-monounsat1d hydrocarbon
C i -monounsat' d hydrocarbon 
+ C •]_ ̂-diunsat' d hydrocarbon
nC ̂2-a-lkane + br. C y-alkane
C j_2-monounsat' d hydrocarbon 
+ Cig-monounsat'd 

hydrocarbon

A43 br. C^-alkane

A44 nC j_g-alkane
A^5 C -monounsat' d hydrocarbon
A46 Gig-monounsat'd.hydrocarbon
A4? Cj_g-monounsat' d hydrocarbon

+ C j_g-diunsat' d hydrocarbon
A48 br. C ̂^-alkane

+ C ̂-monounsat1 d 
hydrocarbon

A49 Cj/j,-diunsat' d hydrocarbon
A50 nC^-alkane
A51 C ̂-monounsat1d hydrocarbon
A52 C jj-monounsat'd hydrocarbon
A53 br. C^g-alkane

A54 C j_g-monounsat1 d hydrocarbon
+ br . Cn-alkane*

A55 C ̂-monounsat*d hydrocarbon
A56 nC^-alkane
A57 C j^-monounsat'd hydrocarbon
A58 nC -alkane
A59 C -monounsat'd hydrocarbon
A60 C j_g-monounsat1 d hydrocarbon
A61 nC j_y-alkane

A62 C ̂y-monounsat'd hydrocarbon
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Table 7 Continued. Pyrolysis products from Mono Lake DS-1' and DS-1' 
diagenesis 150 (450°C pyrolysis). —  Mass spectral identifi
cations of corresponding gas chromatographic peaks (Figures
9; 13, p. 76).

GC Peak GO Peak
No.* Compound** No.* : Compound**

A63 C ^-monounsat' d- hydrocarbon
A64 Ci^-monounsat'd hydrocarbon
A65 nC^g-alkane
A66 C j_g-monounsat' d hydrocarbon

A67 G20-monounsa^,(l hydrocarbon
A68 nC^^-alkane

A69 C^^-monounsat'd hydrocarbon

B 1 benzene
B2 toluene

B3 ethylbenzene
B4 p-xylene

B5 m-xylene

B6 o-xylene

B7 styrene
B8 Cij.-alkylbenzene

B9 Co-alkyIbenzene
Cg3=g2 + G1 or

BIO Cg-monounsat'd alkylbenzene
Bll Cg-alkylbenzene (0^=301)
B12 C^-alkylbenzene (Cg^Cg + Ĉ )

B13 Cj-alkylbenzene (Ĉ =3C ■]_)
+ C^-alkylbenzene 

(0 ^ 0  + 2C. or 
ZOg <0^) 1

B14 C^-alkyTbenzene (Ĉ Ĉg + 20̂  
or G-̂ + Ĉ )

B15 C-̂ -monounsat' d alkylbenzene 
(methyIstyrene)

Bl6 C^-alkylbenzene (%=C^ + 0 )̂

B17 O^-alkyTbenzene (Ĉ =3Ĉ )
B18 Cij,-alkylbenzene

(0^=20^+ C2)
B19 Cij,-alkylbenzene (C^Ac ̂)

+ C-̂ -monounsat * d 
alkylbenzene 

+ C^-alkylbenzene 
+ C/j,-alkylbenzene 

20-̂)
B20 C4-alkylbenzene 

+ Ĉ }.-monounsat' d 
alkylbenzene 
(dimethylstyrene)

B21 Cc;-monounsat'd alkylbenzene 
(ethylmethylstyrene?)

+ C^-monounsat *d 
alkylbenzene 
(dimethylstyrene)

B22 indene + C t; -alkylbenzene 
(C5=C3 + 2C1?)
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Table 7 Continued. Pyrolysis products from Mono Lake DS-1' and DS-1'

diagenesis 150 (450°C pyrolysis)„ —  Mass spectral identifi
cations of corresponding gas chromatographic peaks (Figures
9; 13, P. 76).

GC Peak 
No.* Compound**

GC Peak 
No .* Compound**

B23 Gif,-alky Ibenzene
(Cij,=C2 + 20̂ )

B24 C^-monounsat'd alkylbenzene 
+ C^-alkylbenzene (Ĉ =nC ?̂)

B25 Gif.-monounsat' d alkylbenzene
(dimethylstyrene)

+ C^-monounsat'd 
alkylbenzene

B26 Cif,-alkylbenzene (0̂ =40̂ )
B2? Cif.-monounsat' d alkylbenzene
B28 C^-monounsat'd alkylbenzene

+ Cnj-alkyTbenzene
B29 Gif,-diunsat' d alkylbenzene

(methylindene)
B30 Cif,-diunsat'd alkylbenzene 

(methylindene)
+ C5-alkylbenzene (Cg^hCg?)

B31 G^-benzene (Cc=C-̂  + 20-̂ ?)
+ Gif,-diunsat' d

alkylbenzene
B32 C c-monounsat'd alkylbenzene 

+ C^-monounsat’d 
alkylbenzene

B33 Gc-alkylbenzene
(c5=c3 + c2?)

+ C^-monounsat'd 
alkylbenzene

B3k naphthalene
+ 05 -monounsat' d 

alkylbenzene

B35

B36

B37
B38

B39

B40

B4l

B42

methyldihydronaphthalene 
+ C^-monounsat'd 

alkylbenzene
methyldihydronaphthalene 
+ Cg-alkylbenzene
methyldihydronaphthalene
C-alkylbenzene

+ C
(C5=C3 + 2C,?) 
c-monounsat' d
alkylbenzene

methyldihydronaphthalene 
+ Oy-monounsat'd 

alkylbenzene 
(tetramethylindane) 

+ Cg-monounsat'd 
alkylbenzene 
(trimethylindane)

trimethyIdihydro- 
naphthalene 

+ Cg-monounsat1d 
alkylbenzene 
(isopropyl- 
isopropenylbenzene)

2-methylnaphthalene 
+ Cg-alkylbenzene

^ g8?)
Cg-diunsat *d alkylbenzene 

(diisopropenylbenzene)
+ G g-dihydronaphthalene 
+ Cif,-tetrahydronaphthalene

B43 1-methylnaphthalene
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Table 7 Continued, pyrolysis products from Mono Lake DS-1' and DS-1' 
diagenesis 150 (450 C pyrolysis). —  Mass spectral identifi
cations of corresponding gas chromatographic peaks (Figures 
9? 13, P. 76).

GC Peak 
No.* Compound**

GC Peak 
No.* Compound**

B44 C5-diunsat'd alkylbenzene 
(diisopropenylbenzene)

05 ethanenitrile 
. +acrylonitrile

B45 C^-dihydronaphthalene
( 03=30 j_)

C6 2-butanone
+dimethylhydrindacene ? C? propanenitrile + methanol 

+ water
B46
B4?

dimethylnaphthalene 
biphenyl + C^-alkylbenzene

08 ■dimethylfuran
(Ĉ =niĜ ) 09 thiophene

B48 dimethylnaphthalene CIO methyl propyl ketone

B49 dimethylnaphthalene Gil C£-alkyl ketone
(methyl.isobutyl

B50 C5-monounsat'd alkylbenzene 
+ Cy-alkylbenzene ?

012
ketone ?) 

ethylphenol
B51
B52

dimethylnaphthalene 

trimethyldihydr0-
013 methylthiophene

naphthalene C14 methylpyrrole

B53 0iQ-alkylbenzene
(CiO^CiQ?)

015 methylthiophene 
+methylbenzyl alcohol

B54 trimethylnaphthalene Cl6 isopropylphenol + cresol ?

B55 trimethylnaphthalene Cl? dimethylthiophene 
+ 03-alkyIphenol ?

B56 trimethylnaphthalene
C18 dimethylpyrrole

Cl C02 + cos + C2-alkylthiophene
C2 methanethiol 019 dimethylthiophene

C3 dimethyl sulfide 020 pyrrole + dimethylthiophene 
tC^-diunsat'd ketone

C4 CS2 +acetone + dimethylphenol 
+ 03-alkyIphenol
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Table 7 Continued. Pyrolysis products from Mono Lake DS-1' and DS-1' 

diagenesis 150° (4-50oC pyrolysis)» —  Mass spectral identifi
cations of corresponding gas chromatographic peaks (Figures 
9} 13> P* 76).

GC Peak 
■ No.* Compound**

GO Peak 
No.* Compound**

021 dimethylthiophene 030 N-methylacetamide ?
+ Og-alkylphenol + ethylacetamide ?
+ dimethylpyrrole
+ pyridine 031 C^-alkylpyrrole

(0̂ =02 + 20^)
022 hydroquinone ?

032 tolunitrile
023 2-methylpyrrole

033 tolunitrile
024- trimethylthiophene

034- methylbenzothiophene
025 G/j,-alkylthiophene

035 quinoline or isoquinoline
026 G-^-alkylthiophene (0̂ =30 )̂ + C-j-acetophenone ?

02? dimethylpyrrole 036 methylbenzothiophene

028 methylpyridine 037 quinoline or isoquinoline

029 benzonitrile 038 indole

039 methylindole

*A = aliphatic hydrocarbons 
B = hydrocarbons containing an aromatic ring 
C = compounds containing a heteroatom

*%ionounsat'd hydrocarbon = alkene or cycloalkane
diunsat'd hydrocarbon = alkyne, cycloalkene, diene or bicyclic alkane 
monounsat1d alkylbenzene = one degree of unsaturation in the alkyl

group
diunsat1d alkylbenzene = two degrees of unsaturation in the alkyl

group(s)
^Cn = number of carbon atoms is uncertain
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Standards

In contrast to the samples, heteroatomic products predominate 

in most of the standards pyrolyzed. The aliphatic hydrocarbons are 

restricted to low molecular weight (< Cg) alkanes and mono- and diun- 

saturates. The aromatic hydrocarbons are minor in all except phenyl

alanine and the polypeptide; in fact, in the former they predominate.

In cellulose (Figure 10, Table 8), the heterocbmpounds all contain 

oxygen, of course, with a variety of furans most prominent. The DNA 

pyrolyzate (Figure 11, Table 9) also contains a large quantity of furan 
derivatives but N-containing compounds are also common with cyanofuran 

perhaps' one of the more interesting. The polypeptide (Figure 12, Table 

10) was pyrolyzed at 300°G since at 450°C it vaporizes too rapidly.

Its products include N-, 0-, and S-containing compounds (nitriles and 

aromatic nitrogen compounds, phenols, and thiophenes, respectively)•in 

addition to a sizable aromatic hydrocarbon fraction. Individual amino 

acids were also pyrolyzed and the products (many of which are minor) 

listed in Table 11. For those amino acids pyrolyzed at more than one 

temperature, the results are listed together as they are qualitatively 

fairly similar. Glycine and alanine give fairly simple pyrolysis 

products (due to problems with the GO-MS split, not all the alanine 

products are listed). Phenylalanine gives a large number of aromatic 

hydrocarbons plus some nitriles and aromatic nitrogen compounds.

Aspartic acid yields numerous nitriles, aromatic nitrogen compounds, 

amides, and a few O-containing compounds; the Cl-containing compounds 

can be attributed to HOI in the amino acid. Glycyl-aspartic acid 

pyrolysis results in products similar to those of the separate amino
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Table 8. Pyrolysis products from cellulose (450°C pyrolysis). —  Mass

• spectral identifications of corresponding gas chromato
graphic peaks (Figure 10)„

GG Peak 
No.* Compound

\ GG Peak 
1 No.* Compound

A1 G^-diunsat1d hydrocarbon** , C8 dimethylfuran

B1 toluene ! 09 butanone ?
B2 p-xylene i CIO phenol

B3 m-xylene 1 Gil G^-ketone ?
B4 o-xylene , C12 cresol

B5 . G^-alkylbenzene ! 013 dim ethylphenol
B6 G^-alkylbenzene , G14 dihydropyran ?

B7 indene ! 015 furfural
B8 naphthalene | Cl6 benzofuran
Cl go2 I 017 b enzaldehyde
G2 dihydrofuran ? , 018 acetylfuran

G3 furan ! 019 methylbenzofuran
C4 acetaldehyde I 020 methylfurfural

G5 methylfuran 1 G21 dimethylbenzofuran
C6 acrolein 1 G22 furfuryl alcohol ?
C7 acetone 1

1
*A = aliphatic hydrocarbons 
B = hydrocarbons containing an aromatic ring 
C = compounds containing a heteroatom

**diunsat1d hydrocarbon = alkyne or cyeloalkene or diene

\
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Table 9. Pyrolysis products from D M  (450°G pyrolysis). —  Mass spec
tral identifications of corresponding gas chromatographic
peaks (Figure ll).

GO Peak 
No.* Compound

GC Peak 
No.* Compound
C9 benzyl alcoholA1 ethane+ ethene

A2 propene

A3 C/j,-alkane

A4 C^-alkene

A5 Cg-diunsat’d hydrocarbon**

B1 toluene

B2 xylene

B3 styrene
Cl GOg
C2 COS

03 chloromethane
C4 furan

05 methylfuran
C6 dimethylfuran

0? phenol
C8 > cresol

CIO pyrrole
Oil dimethylphenol
C12 cyanofuran'

C13 Gg-alkylpyridine
014 furfural

+ furfuryl alcohol ?

015 difuryImethane
016 benzonitrile
Cl? methylbenzofuran
018 chloroethylbenzene

019 methyl-2-furfurylfuran
C20 tolunitrile
021 dimethylbenzofuran
022 benzylcyanide

023 difurfuryl ether
024 difurylethylene

*A = aliphatic hydrocarbons 
B - hydrocarbons containing an aromatic ring 
C = compounds containing a heteroatom

**diunsat'd hydrocarbon - alkyne, cycloalkene, diene or bicyclic alkane
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Table 10. Pyrolysis products from a polypeptide (300°G pyrolysis).

—  Mass spectral identifications of corresponding gas
chromatographic peaks (Figure 12).

GG Peak 
No.* Compound**

GG Peak 
No.* Compound**

A1 ethane + ethene Cl G02 + COS
+ G^-monounsat'd hydrocarbon G2 NHo

A2 G^-monounsat' d hydrocarbon G3 gs2
A3 C^-diunsat'd hydrocarbon G4 HCN
A4 G^-diunsat'd hydrocarbon G5 acrylonitrile
A5 G^-diunsat'd hydrocarbon 06 ethanenitrile
A6 Cy-diunsat’d hydrocarbon G7 thiophene
B1 benzene G8 methylthiophene
B2 toluene G9 pyrrole
B3 xylene CIO ethyl isothiocyanate ?
B4 styrene Gil methylisothiazole ?
B5 G^-alkylbenzene (Ĝ =nĜ ) G12 pyridine
b6 0^-monounsat'd alkylbenzene G13 benzonitrile
B? G^-alkylbenzene (Ĝ =3Ĉ ) G14 cinnamaldehyde or
B8 Go-alkylbenzene vinylbenzaldehyde

(G^=C2 + G^ or iĈ ) 
+ G^-alkylbenzene G15 phenol

(g4=11g4 or iĜ ) Cl6 tolunitrile
B9 C^-monounsat'd alkylbenzene G17 cresol
BIO indene G18 cresol
Bll G/̂ -monounsat' d alkylbenzene G19 tolunitrile
B12 naphthalene G20 methylbenzothiophene
B13 methylbiphenyl G21 quinoline or isoquinoline
B14 diphenylethane G22 7

G23 quinoline or iso quinoline
*A = aliphatic hydrocarbons 
B = hydrocarbons containing an aromatic ring 
G = compounds containing a heteroatom

**monounsat'd hydrocarbon = alkene or cycloalkane
diunsat'd hydrocarbon = alkyne or cycloalkene or diene
monounsat'd alkylbenzene = one degree of unsaturat ion in the alkyl

group
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Table 11. Pyrolysis !products of various amino acids. —  Mass spectral

identifications,
A B 0

(aliphatic (aromatic
Amino Acid hydrocarbons) hydrocarbons)

(heteroatomic 
compounds)

Alanine
(300°C
pyrolysis)

ethene
C^-alkene
G^-alkane

benzene 
toluene ?

co2
ethanenitrile
ethylamine

pyrolysis)
ethene benzene
C^-alkene toluene anenitrile

benzonitrile
tolunitrile
tolunitrile
quinoline

styrene
Go-monounsat'd 

alkylbenzene* 
0^-alkylbenzene
G Q-monounsat'd

isoquinoline
indole

alkylbenzene* methylindole
(methylstyrene) phenylethylamine ?

indene
G/j,-monounsat' d 

alkylbenzene*
(methylindane)

G^-monounsat'd 
alkylbenzene* 

methylindene 
methylnaphthalene 
diphenylmethane 
methylbiphenyl 
diphenylethane 
diphenylethene 
acenaphthene 
diphenylbutene 
dim ethylphenanthrene 
phenylnaphthalene 
diphenylbenzene 
diphenylheptane 
diphenylbenzene 
benzpyrene or 

perylene

Go-monounsat'd 
alkylbenzene*

chloroethylbenzene
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Table 11 Continued. Pyrolysis products of various amino acids. —

Mass spectral identifications.

Amino Acid
(aliphatic
hydrocarbons)

B
(aromatic 
hydrocarbons)

(heteroatomic
compounds)

Glycine 
(300°C 
pyrolysis)

benzene COo
NHo
etnanenitrile
propenenitrile
benzonitrile
pyrrole
N-methylformamide 
N-methylac etamide

Aspartic acid 
(150°, 300° 
and 450 C 
pyrolyses)

benzene
naphthalene

C°2
acrylonitrile 
ethanenitrile 
propanenitrile 
fumaronitrile 
vinylidene cyanide 
succinonitrile 
benzonitrile 
pyrrole
methylpyrrole ? 
pyridine 
methylpyridine 
ethylpyridine 
methylpyrazole ?? 
pyrrolidinyl-butene ?? 
formamide ? 
acetamide 
acrylamide ? 
N-methylsuccinimide ? 
acetaldehyde 
phenol
benzofuran ?
chlorobenzene
dichlorobenzene
trichlorobenzenes
chlorobenzonitrile
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Table 11 Continued. Pyrolysis products of various amino acids. —

Mass spectral identifications.

A B C
(aliphatic (aromatic (heteroatomic

Amino Acid hydrocartons) hydrocartons) compounds)
Glycyl- tenzene COg
aspartic acid toluene MHo
(300° and ' acrylonitrile
450°C ethanenitrile
pyrolyses) propanenitrile

tutanenitrile
tutenenitrile
succinonitrile
tenzonitrile
tolunitrile
dicyanotenzene
pyrrole
dimethylpyrrole ? 
pyridine 
methylpyridine 
methylpyrazine ??? 
formamide ? 
N-methylac etamide 
acetamide
N-methylsuccinimide ?
acetone
methanol ■
phenol

*monounsat1d alkyltenzene = one degree of unsaturation in the alkyl
group
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acids. Reaction mechanisms have been proposed for many of these 
products by a number of authors (e.g., Byrne, Gardiner and Holmes 1966; 
Shulman and Simmonds 1968; Houminer and Ratal 1969; Simmonds et al.
1972; Posthumus et al. 1974) and therefore will not be discussed here.

Diagenesis
The results of the 150°C Mono Lake DS-l' diagenesis are sur

prising. A qualitative comparison of DS-l' before and after diagenesis 
reveals almost identical components. The components are generally found 
in similar relative abundances; however, based on attenuation differ
ences, DS-l' before diagenesis yields about twice the quantity of 
products as does DS-l' after diagenesis. The % C is also about twice 
as much in DS-l' before diagenesis. The GC is shown in Figure 13 and 
the mass spectral identifications in Table 7°

Porosity and Permeability
The effective (interconnected) porosity of Belingwe is 3-2%;

—6however, its permeability to water is very low, = 4.4 x 10 milli-
darcies, and its permeability to the hydrocarbon-dimethylfuran mixture,
Kn „ , is 1.1 x 10  ̂millidarcies (Gore Laboratories, Inc.
12̂ 26* 6 8

Report, SGAL-7741, 1977)• The latter value is considered to be essen
tially zero (Seals 1977)• The porosities of the Transvaal samples,
TRO 9a, TRO 94, and TRO 19 are 0.6%, 0.2%, and 1.3%, respectively; their 
permeabilities to water are 0.001, 0.004, and 0.005 millidarcies (Core 
Laboratories, Inc. Report, SCAL-77441, 1978). These values may be com
pared with those of an average "tight" limestone which has a porosity of 

~8%, and permeabilities of Kg  ̂^  0.1 and Kq^  ~  0.05 millidarcies.
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Figure 13. Gas chromatogram of the products from the 450°G pyrolysis 
of Mono Lake, DS-l* diagenesis 150°.



Results of Control Experiments

a. Pyrolysis blanks were usually clean or were repeated until 
they.were clean before a new sample was introduced.

b. Bimethylfuran is minimally affected by pyrolysis on char

coal. It is the only major product with very minor breakdown products 
including methylfuran, tetrahydrofuran (?), methylbenzofuran, Cy and 
Cyketones, phenols, Cy through G^-monounsaturated hydrocarbons, ben

zene, and Cy and G^-alkylbenzenes.
c. nG^y-alkane is also minimally affected by pyrolysis on 

quartz wool, again being the major product. It degrades mainly into 
alkenes { G ^ - C with minor alkanes, diunsaturated hydrocarbons, and 
Gy through Gyalkylbenzenes (mainly nC^ to nĈ ) as minor products.

d. As expected, HG1 treatment of dimethylfuran destroys all but 

traces, forming 2,5-hexanedione as the major product,
e. The simulated diagenesis experiments with glucose added to. 

Mono Lake DS-1' are inconclusive. The phenol-sulfuric acid test for 

sugars in the water extracts indicates that at 75°G, <̂ 30% of the 
glucose survives whereas at 375°G, none survives. However, neither 
alkylfurans nor furaldehydes are found by heated solid inlet MS at 
either temperature. At 375°G, a char forms and a complex mixture in
cluding polycyclic aromatic hydrocarbons is observed by MS 5 therefore, 
either the furans are destroyed, which is unlikely as they are

relatively stable to heat (Dunlop and Peters 1953)> or are masked by the
ochar components. The 75 C picture is even more puzzling since solid 

inlet MS reveals almost no products until the inlet temperature reaches 

350°G at which point the alkane and alkene peaks increase. This seems
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unrealistic since DS-1' alone gives a wide range of products on 

pyrolysis-GC-MS at 300°C and even at 150°C yields some minor products. 
Perhaps the clay mineral content of DS-1' inhibits detection in solid 
inlet MS.

f. Glucose in a pH 9.7 aqueous solution decreases by
after 5 months, ~-50% after 9 months, and ~90% after 42 months. Bac
teria are not present in the solution.

g. The products of glucose degradation after heating at 375°C 
for 25 mins are mainly furfural and methylfurfural. The presence of 
methylfuran and dimethylfuran is not conclusively established.

h. At 75°G, 5~methylfurfural degrades fairly rapidly and then 
evidently reaches an equilibrium state. After 2 wks, /v 2.5% is lost; 
after 4 wks, 40%; after 8 wks, 50%; after 10 wks, •~'50%.

i. Pyrolyses of the "methylfurfural polymer" both with and 
without prior degassing yield methylfuran and dimethylfuran as the major 
products. However, when the sample is not degassed, methylfurfural and 
furfural, are major peaks; when the sample is degassed, these two com
pounds become minor pyrolysis products even though they are less 
volatile than the alkylfurans indicating that they are probably loosely 
adsorbed onto the polymer. Since the alkylfurans evolve at 450°G, they 
must be chemically bonded in the polymer. Other very minor products of 
this pyrolysis include C^- through G^-alkenes, acetone, methylbenzo- 
furan, dimethylbenzofuran (?), benzene, G^- through G^-alkylbenzeneS, 
methylnaphthalene, and biphenyl.

j. The porosity and permeability results were discussed under a 
separate heading.
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k. In the diffusion experiment it is shown that at least during 

short periods of time sugars do not diffuse into the interior of 

Belingwe.

Carhohydrate Analysis

Bound and polymeric sugars comprise 0.5% of the Mono Lake bottom 
mud (DS-1'). The monomeric products of hydrolysis were identified by 
comparison of GG retention times with those of known sugars and verified 
by TLC. The chromatogram of the DS-1' hydrolyzate TMS is shown in 
Figure 14 and that of the standard TMS sugars in Figure 15 with identi
fications in Table 12. Major peaks include arabinose, xylose, =<-glu
cose, and $ -glucose; intermediate peaks represent rhamnose, ribose, 
mannose, and galactose; and minor peaks may be fructose and possibly 
sorbose. A sample of DS-1' that had not been freeze-dried contains
0.24% total sugars, a loss of ~50%.

The 37,000 yr old sediment analyzed, 3~L-35t' yields '*■' 0.006%
(60 ppm) total sugars which is about one order of magnitude above the 
level of the blank. At this low level, the sugar peaks on the GG are 

masked by the TMS reagents.
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MONO LAKE D S -  

HYDROLYZATE
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Figure 14. Gas chromatogram of Mono Lake DS-l* hydrolyzate TMS.
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STD SUGARS IMS 

10

3 0  Minutes 20_____________ 10_____________ 0
2 4 0 °  C 210° 180° 150°

Figure 15. Gas chromatogram of standard TMS sugars.
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Table 12. Comparison of Mono Lake DS-1' hydrolyzate TMS with standard
sugars TMS. —  Identifications of gas chromatographic peaks
(Figures 14, 15).

GO Peak No.
Sugars in 

Mono Lake DS-1' 
Hydrolyzate Standard Sugars TMS

1 arabinose arabinose

2 rhamnose rhamnose

3 arabinose arabinose
4 ribose ribose

5 — fucose

6 ribose -

7 rhamnose rhamnose

8 xylose fucose + xylose

. 9 xylose xylose
10 mannose mannose

11 fructose fructose
12 galactose or sorbose galactose

13 ®C -glucose *< -glucose
14 galactose + mannose galactose + mannose

15 /S -glucose yf-glucose.



DISCUSSION AND CONCLUSIONS

^yrolysis-GG-MS has been applied in this laboratory to a variety 
of samples with diverse results. For example, in the Orgueil meteorite, 
Bandurski (1975) found a series of C^- through C^-alkylbenzenes and 
C ̂-naphthalenes, Ĉ - through Cg-alkanes and alkenes, and several hetero
atomics (acetone, phenol, acrylonitrile, ethanenitrile, benzonitrile, 
thiophene, methylthiophenes, and benzothiopherie). Zumberge (1976), 
examining samples from the- Vaal Beef sediments of the Witwatersrand 

Sequence (^2.6 b.y.), South Africa, found C^- through C^-alkylbenzenes, 
C^— through Gg-alkylnaphthalenes, G^- through C^-aliphatic hydrocarbons, 
and very few heteroatomics (acetaldehyde, methanol, methanethiol, 
dimethylsulfide, thiophene, methylthiophenes, and benzothiophene)„ In 
contrast, Sigleo (1977) detected a much larger variety of 0-containing 
compounds (acetic acid, ethanal, propanol, benzofurans, methylfurfuryl- 
,furan, numerous alkyl- and methoxy-substituted phenols, cresols, and 
indanone) in her studies of petrified wood and lignin in addition to 
C^- through Cg-alkylbenzenes, C^-naphthalenes, and C^- through C^- 
alkanes and alkenes. And Khare et al. (1978) have found a greater 
variety of S- and N-containing compounds (thiophenes, disulfides, thiols, 
isocyanates, nitriles) as well as a number of aromatic and G^- through 
Gy-aliphatics in the polymer from a spark-discharge experiment of a 
simulated Jovian atmosphere.

These manifold results combined with those in this study appear 
to indicate that the compounds found are a function of the sample
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studied and not artifacts of the analytical system. The Kidd Greek 

(S-185) sample is, in essence, a system "blank,

a Structure of the Precambrian Kerogens
Of the Trecambrian kerogens studied, all except the Kidd Greek 

chert have C/H ratios corresponding to coals of sub-bituminous, bitumi
nous, and lower anthracite rank (see Table 2). (These values are 
probably reasonable though an error may be introduced by lack of detec
tion of all the G and H due to the residue or by the possible presence 
of small quantities of clays, contributing H upon combustion.) The C/H 
ratios are well above those of typical unaltered biochemicals, signify
ing that diagenetic changes have occurred; but they are far below the 
g/h ratio of metamorphosed anthracite, indicating that any metamorphism 
which may have occurred was not intense. The exception is the Kidd 
Greek chert which has a c/h ratio of infinity; x-ray diffraction con
firmed the presence of graphite implying that at least in the locale 
where the sample was collected a high degree of metamorphism occurred. 
Considering the numerous volcanic vents and intrusions in the area 

(Walker et al. 1975)> this is quite reasonable.
In accord with the c/H ratios, the pyrolysis products of the 

Precambrian samples include a fairly high (though not overwhelming) 
proportion of aromatic hydrocarbons. Since the microorganisms which 
most likely were originators of the organic matter (higher plants and 
lignin not having evolved yet) contain only a very small proportion of 
aromatic compounds, it is necessary to account for their abundance in 
the kerogen. Aromatizatioh occurs during thermal diagenesis probably



via a free radical mechanism (see Zumherge 1976 for discussion). For 
example, humic acids, which may he an intermediate in the formation of 
kerogen (Ahelson and Hare 1969), contain a fair concentration 
(-'1 x 10^ spins/g) of free radicals (Steelink 1964).

The hasic structures of the Belingwe, Bulawayan, and Transvaal 
stromatolites appear to he quite similar hased on the pyrolysis results. 
All have basically aromatic nuclei where "aromatic” may include both 
hydrocarbon and heteroatomic components. Attached to the nuclei are 
short- and long-chain aliphatics, mainly straight-chain but also 
branched. Because the pyrolysis products at 150°G are very minor, it is 
reasonable to assume that the products resulting from pyrolyses at 
higher temperatures are actually part of the kerogen. Since more 
products evolve at 300° and most at 450°G, it appears that the kerogen 
is moderately thermally resistant and fairly tightly held together. By 
600°C in a sequential run, not many compounds evolve implying either 
that the kerogen has been completely degraded or that the remainder is 
too tightly bound to be affected by this temperature.

Since Belingwe is the most impervious of the samples analyzed 
for permeability, its compounds have the greatest chance of being 
indigenous. It also has the most complicated chromatogram indicating 
an unusually high degree of preservation.

Comparison of the Transvaal Stromatolites
TRO 9a» TRO 96, TRO 13, and Trans-1 have basically similar chro

matograms (Figures 4-7), whereas the TRO 19 chromatogram (Figure 8) is 
somewhat dissimilar. Especially in the higher molecular weight regions,
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TRO 19 has stronger peaks and contains longer chain alkanes, alkenes, 
and alkylhenzenes„ Tahle 13 compares the pyrolyses products from these 
Transvaal stromatolites„ Since TRO 9a, TRO 9h, and TRO 19 have similar 
permeabilities and were collected from vertical walls, neither differ
ences in percolation nor in diffusion are likely to explain these 
divergent results„

The first four samples are all from the upper dolomite and chert 
zone of the Malmani Dolomite though they were collected over a horizon
tal distance of ~350 km. The differences between the other samples 
and TRO 13 are caused by its high silica and correspondingly low 
organic carbon content. As a result, sufficient material is not avail
able for a good pyrolysis; however, the pattern is qualitatively quite 
similar to though markedly reduced quantitatively from that of the other 
dolomite and chert zone stromatolites. As was mentioned previously,
TRO 9a and TRO 9b were taken from the same specimen, with TRO 9b coming 
from a section that appeared free of cracks and oxidation whereas TRO 9a 
was not, a distinction that appears to have made essentially no differ
ence in their pyrolyses products nor has it affected their permeabil
ities indicating that the cracks are mainly a surface feature. Thus 
they are probably of fairly recent origin.since during burial cracks 
would probably have penetrated through the rock. Among the inferences 
which.may be drawn from the similarities of the four samples are the 
following: either (l) material that did percolate in had no effect on
kerogen that had been saturated by contaminants at a very early stage in 
its history, or (2) all the samples were subjected to the same contamina

tion process. While it is presently impossible to state which
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Table 13„ Gompaxison of the pyrolysis products from the various 

Transvaal stromatolites„
Compound* TRO 19 TRO 9a TRO 9b TRO 13 Trans-1
C2 + C^-alkanes & alkenes
C^-alkanes & alkenes
C^-alkanes & alkenes
Gg-alkanes & alkenes
Cy-alkane
Gy-alkene
Cg-alkane
Cg-alkene
C^-alkanes & alkenes
C^Q-alkanes
Gn-alkanes
G^-alkenes
C^g-alkane
C j_2”alkenes
C ̂^-alkane
G i^-alkene
Ci^-alkane
C ̂-alkenes
C^-alkane
G^-alkene
G^g-alkane
C^5-alkenes -
Giy-alkane
G^g-alkane
benzene
toluene
Cg-alkylbenzenes
styrene
G^-alkylbenzenes
G^-monounsatf d 

alkylbenzenes

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
X
X
X
X
X

X
X
X

X

X
X
X
X
X
X
X
X
X
X
X
X
X

X

X

X
X
X
X
X

X
X
X
X
X
?
X
X
X
X
X

X
X
X
X
X

X
X
X
X

X

X

X

X
X
X
X

X

X
X
X
X
X
X
X
?
X
X
X
X
X

X
X
X
X
X
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Table 13 Continued. Comparison of the pyrolysis products from the 
various Transvaal stromatolites.

Compound* TRO 19 TRO 9a TRO 9b TRO 13 Trans-1
Cĵ -alkylbenzenes X X X X X
C^-monounsat' d 

alkylbenzenes X
Cĵ -diunsatT d alkylbenzene X
C^-alkylbenzenes X X ? X 7
C^-monounsat* d 

alkylbenzene X
Cg-alkylbenzene X X
C y-alkyTbenzene X
Cg-alkylbenzenes X
C iQ-alkylbenzene X
naphthalene X X X X X
methylnaphthalenes X X X X X
dimethylnaphthalene X
biphenyl X X X X X
diphenylm ethane X X
C02? COS; S02; CS2 X X X X X
methanol, ethanol, water X X X X X
acetaldehyde X X X X X
furan X X X X X
methylfuran X X X X X
acrylonitrile X X ? X
ethanenitrile X X
propanenitrile X
benzonitrile X X X X
thiophene X X X X X
methylthiophene - X 7 X
chloromethane X X X X X
trichioro ethylene X
dichlorobenzene X X 7 X
*For simplicity, the monounsat'd hydrocarbons have been designated as 
alkenes and the various isomers have been grouped together.



possibility actually is the case, a few comments may he made. Porosity, 
and permeability studies indicate that some material may have percolated 
through the rocks but probably only minor amounts. Because of the 
significant distances between them it is not as likely that they all 
would have been contaminated by the same fluids. As previously stated, 
Oehler (197?) has shown that there appears to be a saturation level in 
kerogen above which contamination does not occur. Since such saturation 
is reached during the early Stages of diagenesis, for the purposes of 
this study such "contamination" is syngenous with the kerogen formation 
and thus not a real problem. The similarity of the Trans-1, TBO 13 
and TBO 9 stromatolites would tend to indicate similar source materials 
and similar environments of deposition and diagenesis.

The dissimilarity of TBO 19 from the other stromatolites appears 
to be a function of stratigraphy because TBO 19 is the only sample 
studied which is not part of the dolomite and chert zone. /The stro
matolite studied by Zumberge et al. (1975) comes from the same zone as 
TBO 19 but at the time this was studied pyrolytic conditions had not yet 
been optimized and the results are not strictly comparable. Also, this 
stromatolite is calcitic whereas TBO 19 is dolomitic/7 Instead it 
belongs to the upper part of the mixed zone which is a heterogeneous 
zone consisting of Fe-rich dolomite and chert alternations with lime
stone, banded iron formation, and carbonaceous shale also present 
(Button 1973)• Eriksson, Truswell and Button (1976) have developed a 
paleoenvironmental model for these zones of the Transvaal Malmani 
Dolomite. The mixed zone is thought to represent a lagoonal environment 

with a carbonate barrier and subtidal area seaward of it. The



continental area adjacent to this lagoon was active, contributing sub
stantial amounts of clays and cations, mainly iron. In contrast, the 
dolomite and chert zone represents an intertidal area in which pure, 
recrystallized, Fe-poor dolomites alternate with chert. The continental 
margin adjacent to this intertidal zone was generally passive, contrib
uting only minor amounts of elastics and cations. Recrystallization of 
the original carbonates to dolomite and diagenetic formation of the 
chert in this zone were probably due to low-pH meteoric waters (Eriksson 

et al. 1976). In a non-Preeambrian sediment, the idea that an alloch- 
thonous component, contributed from the nearby active terrestrial 
environment, may have affected the organic composition of TRO 19 would 
be feasible. However, the current consensus is that 2.3 b.y, ago any 
organisms would be found under water where they could be protected from 
UV radiation (e.g., Berkner and Marshall 1965)■ Therefore any.terres
trial organic input would be minimal. Two other possible explanations 
of the differences in organic composition are a difference in organisms 
or in diagenetic conditions, both due to the differences in environment, 
Since at that time («~2„3 b.y. ago) only procaryotes had evolved (Nagy 
1974; Knoll and Barghoom 1975)» only bacteria and blue-green algae need 
be considered. Various studies have been made on the hydrocarbon and 
fatty acid contents of procaryotes. In both blue-green algae and photo
synthetic bacteria, nC^-alkane predominates though in nonphotosynthetic 
bacteria nC^g or nC^ may be the major component (Han, McCarthy et al. 
1968). Both blue-green algae (Nichols 1973) and bacteria contain 

n-alkanes of higher carbon number than nC^Q but bacteria, especially 

nonphotosynthetic bacteria, contain these in fairly large proportions
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(Han, McCarthy et al. 1968). Unique to blue-green algae are certain 
methyl-branched alkanes, namely 4-, and 8-methylheptadecanes (Hah, 
McCarthy and Calvin 1968). Phytane and pristane are absent from blue- 
green algae but are present in bacteria (Han, McCarthy et al. 1968).
Both contain sterols but only in very minor amounts (Reitz and Hamilton 
1968). While the fatty acid composition of blue-green algae differs in 
specifics from that of bacteria (Holton, Blecker and Stevens 1968), 
their basic compositions are similar, i.e., both contain mainly 0^,
Ĉ £, and C^g fatty acids (Parker, VanBaalan and Maurer 196?; Han 19?0). 
To summarize, while there are differences in detail between blue-green 
algae and bacteria, their overall compositions.appear to be quite 
similar —  probably too similar to distinguish in such a complex polymer 
as kerogen. Therefore it is concluded that differences in depositional 
and/or diagenetic environments probably created the differences observed 
between TRO 19 and the other kerogens. TRO 19 is in a fluorite-rich 
area and, in fact, x-ray diffraction indicates that it does contain 
fluorite. Fluorite is usually deposited by hydrothermal solutions and 
may be emplaced at temperatures that include at least the range of 50° 
to 600OC. Based on fluid inclusion homogenization studies, the tempera
ture of emplacement of the fluorite in TRO 19 is approximately 
100°-200OC 5 the inclusions appear to be very highly saline (Beane 1978). 
This is a very common temperature for fluorites that formed from deep 
circulating basin waters (Heyl, Landis and Zartman 1974). Alternatively, 
the fluorite may be genetically related to a hidden mass of granite of 
Bushveld age (^  1800 m.y. old) (Haughton 1969).. Since more of the 
higher molecular weight components survive in TRO 19 than in the other
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Transvaal stromatolites, diagenesis in the former.may he less severe. 
This seems to he substantiated hy the lower C/H ratio in TRO 19 and the 
higher percentage of carhon in the rock (unfortunately, the accuracy of 

these values is open to question).

Mono Lake Kerogen 
Mono Lake DS-11 is ahout one order of magnitude richer in 

insoluble organic carhon than the Rrecambrian samples (see Table 2).
This is consistent with values determined hy McKirdy (19?6) for Recent 
and ancient algal sediments. The insoluble organic carhon is held 
fairly tightly as the kerogenous polymer though not as tightly as in the 
Precambrian kerogens. Evidence for the former is that at 150°C pyroly
sis, only low molecular weight.gases evolve; for the latter, 300°G 
sequential pyrolysis yields a significant quantity of components. Thus 
DS-1' kerogen appears to he more susceptible to degradation and less 
condensed than Precambrian kerogens. Based on the pyrolyses results, 
DS-1' kerogen is not as aromatic as the Precambrian kerogens. A very 
rough approximation of peak areas in one pyrolysis-GC indicates that 
aromatics and aliphatics are present in fairly even proportions. Be
cause DS-1' contains a fair amount of clay (illite), the % H figure is 
unreliable and a g/H ratio cannot be determined to confirm the decrease 
in aromaticity. The content and diversity of unsaturated aliphatics 
and of heteroatomic components are much higher in DS-1' than in the 
Precambrian samples. This would seem to indicate, very reasonably, that 
fewer diagenetic changes have occurred in these Recent sediments. 
Nevertheless, while they may be of a lesser order of magnitude,
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considerable diagenetic changes must have occurred to form the kerogen 
and to make it fairly aromatic.

The soluble organics of DS-l* have also been examined for 
sterols by Toste (1976) and for sugars in this study. It is very rich 
in organics having a total lipid content of 18.5% including a sterol 
content of 22.8 ppm (Toste 1976) and a total sugar content of 0.5%. It 
is evident from these values, and not surprising, that the sugars have 
degraded a lot more rapidly than the lipids. - Judging from the sterol 
components (stigmasterol and- campesterol and lack of /9 -sitosterol),
Toste concludes that "it is probable that the major source organisms 
were algae or plant forms other than higher plants." While it is not 
possible to use the sugar analysis in such a specific chemotaxonomic 
manner, it can be stated that the sugar components are not inconsistent 
with an algal origin. Since algae are a major part of the lake's biota, 

the soluble organics in DS-l' appear to have a large autochthonous 
component.

DS-l' kerogen, despite its presumed algal source, is considerably 

more aromatic than the kerogen in Recent algal mats from Laguna Mormona 
analyzed by Philp et al. (1976) (see introduction). Using a pyrolysis 
procedure they found that in Laguna Mormona nCthrough nC^Q-alkanes 
and alkenes predominate, whereas Figure 9 indicates that in Mono Lake 
lower molecular weight hydrocarbons are more abundant. Both facts would 
seem to indicate a higher degree of diagenesis in the Mono Lake mud than 

in Laguna Mormona mats. However, it would obviously be preferable to 
use identical experimental procedures on both samples before reaching 
any definite conclusions. If the Mono Lake kerogen has undergone some



diagenesis in situ, this may help explain the results of the simulated 
150°G diagenesis experiment. The temperature and time used may not have 
"been sufficient to effect preferential degradation of a kerogen that had 
already been subjected to diagenesis. Or perhaps the higher pyrolysis 
temperature obliterates any changes that the simulated low temperature 
diagenesis brings about. It will be interesting to see if the 225°G,

6 month experiment currently under way will have a greater effect on 
the kerogen. In the meantime, one may speculate on the causes of the 
relatively high apparent degree of diagenesis in DS-l' kerogen. One 
speculative possibility is that the Mono Lake kerogen has an alloch- 
thonous component despite the conclusions from the steroid analyses.
This may consist of recycled material "(Sackett, Eo^g.and Eadie 1974),

i.e., older sediments containing kerogen may have been eroded and re- 
deposited in Mono Lake. (There are older metasediments west and south
west of the lake, though the degree of metamorphism may be too high to 

make this suggestion feasible.) Such recycled kerogen would probably 
have been affected more by diagenesis and therefore would contribute a
more aromatic component to the newly forming kerogen. Of course, this
contradicts Oehler's (1977) contamination experiments and may pose a 
contamination problem for the older kerogens —  although a recycled 
kerogen exposed to massive input of younger material is a different
case than an older kerogen exposed only to percolating solutions or
diffusion..
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Components of Special Interest —

Potential Chemical Fossils

Furans
According to McKirdy (1976), "mucilaginous secretions of blue- 

green algae" are probably "the major progenitor of stromatolitic 
kerogen." The mucilage is composed of highly complex polysaccharides 
(Fogg et al. 1973)• However, carbohydrates degrade rapidly in natural 
environments such as sediments. They react readily to form humic acid- 
particulate matter (e.g., Stevenson and Butler 1969; Hedges 1976) or 
may be adsorbed by clay minerals in recent bottom muds (Whittaker and 
Vallentyne 1957)• The carbohydrate content of sediments decreases 
rapidly under anaerobic conditions. For instance, the Mono Lake DS-l* 

water-insoluble sugar content is two orders of magnitude less than the 
lipid content indicating a major diagenetic decrease in sugars; for 
3-L-35 the sugars are three* orders of magnitude less than the lipids 
(Toste 1976) (though here other factors such as source and productivity 
may also contribute to the low values). The ratio of carbohydrate C to 
organic G tends to decrease as depth increases with variations probably 

due to source and/or climatological factors (Handa 1972). In a few 
hundred years 50% of the water-insoluble carbohydrates disappeared from 
some Recent sediments (e.g., Modzeleski et al. 1971)• Therefore, it is 
unrealistic to expect to find intact sugars in Precambrian kerogen.

The diagenetic products of sugars may be a more fruitful alterr- 
native for study. The main degradation products of carbohydrates in the 
laboratory are furans, aldehydes and ketones (e.g., Heyns, Stute and 
Paulsen 1966; Simmonds et al. I969). For example, among the main



cellulose pyrolysis products are furan, methylfuran, dimethylfuran and 
furaldehyde (Figure 10, Table 8). Although the degradation products of 
carbohydrates during early diagenesis have not been studied in suffi
cient detail, furans have been isolated from humic acids (Schnitzer 
1976). Furans are far more stable than carbohydrates; they have been 
observed to survive pyrolysis temperatures of even 1000°C under 
albeit for very short periods of time (Prey, Eichberger and Gruber 1977) 

and are stable under reducing conditions (Dunlop and Peters 1953)-
In a well-known reaction of sugars with heat or acid, the common 

biological sugars degrade to 5-hydroxymethylfurfural or furfural 
(2-furaldehyde) (Figure 16) and then are preferentially reduced to other 
furan derivatives substituted in the 2- and/or ̂ -positions. Since sub

stitution is specifically in the 2- and/or 5-P°sitions for furans 
derived from biological hexose and pentose sugars, such furans have 
carbon skeletons that allow them to be considered as potential chemical 
fossils. Therefore it is important to distinguish the various isomeric • 
forms of the furans. This is accomplished with 2,5~dimethylfuran and to 
a less certain degree with 2-methylfuran by comparison with standard 

spectra in the literature and when possible in the laboratory. The 
identification of alkylfuran isomers depends on the accurate determina
tion of the intensities of certain fragment ion peaks in the mass 
spectra. The intensity of m/e = 43 (acyl ion, GH^C0+) is significantly 
enhanced in 2,5~dimethylfuran relative to that in 2,4-dime thy If uran.
The ratio of the parent peak (m/e = 96) to the M-H+ peak (m/e = 95) is 
1:1 in 2,5-dimethylfuran and 2:1 in 2,4-dimethylfuran because the 
presence of the two °c-methyl groups in the former favors the formation
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CHOH

CHOH

Figure 16. Mechanism of the degradation of a sugar to 
furfural —  R = H or CHgOH. After Pigman 
and Anet (1972).
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of the M-H+ peak (Heyns, Stute and Scharmann 1966). Also, a signifi
cantly stronger m/e = 67 peak is favored in the mass spectra of 2,3-,
2.4-, and 3,4-dimethylfurans over that in 2,5-dimethylfuran. This 
follows from the mechanism of Collin (i960) and Heyns, Stute and 
Scharmann (1966). Dimethylcyclopropenium ions (m/e =6?) result from 

loss of HCO* in the 2,3~» 2,4-, and 3.4-dimethylfurans; however, in
2.5-dimethylfuran, the corresponding fragmentation causes the loss of 
CH^CO' leaving a monomethylcyclopropenium ion. The mechanism is shown 

in Figure 1?:

5

3

R R

I
R -CO

Figure 17. Mechanism of formation of the 
m/e =67 peak in the mass 
spectra of dimethylfurans.
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where, in 2,5-&imethylfuran = GĤ , R^ = R^ = H; in 2,3-d.imethyl-
furan R^ = R^ = GĤ , R^ = R^ = Hj in 2,4-dimethylfuran R^ = R^ = GĤ ,
R^ = R^ = H; and in 3«4-dimethylfuran R^ = R^ = GĤ , Rg = R^ = H. 
Therefore a = m/e = 53 in 2,5-dimethylfuran and a = m/e = 6? in the 
other isomers. Mass spectra of dimethylfuran standards and the mass 
spectrum of the unknown are shown in Figure 18. It is evident that the 

, spectrum of the unknown is a good match with that of 2,5-dimethylfuran, 
"both of which were obtained from the same instrument. The exception to 

this is the m/e = 43 peak in the unknown where background interference 
hampered accurate intensity determination. Similar evidence establishes 
the presence of 2-methylfuran <im: Ahe-pyrolyzates. ' - - -

A number of questions arise when considering whether the furans 
found in the various samples might be chemical fossils. Most of the 
control experiments were designed for the purpose of examining these 
questions.

It is first necessary to insure that the furans are not modern 
or laboratory contaminations. The laboratory blanks (control experiment 
a) and the fact that furans are not detected in all samples pyrolyzed 
indicate that contamination by furans in the laboratory' is not a 
problem. Furthermore, since sugars pyrolyze to a wide variety of furan 
products, only a limited number of which were detected in the kerogen 
pyrolyzates, contamination by sugars does not appear to be a problem 
either. Any furans that are not tightly held in the kerogen should be 

removed by benzene-methanol treatment, decomposed by HG1 (control 
experiment d), or volatilized by degassing at 100°C in 10  ̂torr vacuum. 
Since all kerogen samples were subjected to these conditions (control
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Figure 18. Mass spectral comparison of two standard dimethylfuran 
isomers with dimethylfuran from pyrolysis of Belingwe.
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experiment a), any furan remaining would not be just physically admixed 
to or loosely held in the kerogen. Further confirmation of the 
effectiveness of degassing is suggested by control experiment (i) in 
which methylfurfural is removed by degassing at 100°C from a furan-type 
polymer with which it has a strong chemical affinity. .2,5~Hexanedione, 
the major HOI decomposition product of dimethylfuran, was not detected 
in any of the stromatolites indicating that furans did not react during 
acid treatment. However, traces of chloro-compounds are found in some 
pyrolyzates (including those at 150°C), conceivably originating from HOI 
that penetrates into micropores in the kerogen and possibly indicative 
of very effective acid treatment. Lastly, the fact that in sequential 
pyrolyses (in Belingwe) (control experiment a) methylfuran and dimethyl- 
furan are released at 450°C in addition to 300°C and are not found at 
all at 150°C supports the idea that they are tightly held in the kero
gen. Thus the control experiments (a, d, and i) indicate that the 
furans are not modern or laboratory contaminations.

The question of post-depositional contaminations is much more 

difficult and cannot be conclusively resolved; nevertheless several 
attempts are made to determine the likelihood of such contaminants. 
Studies on Belingwe indicate that its permeability is minimal. The 
mineral composition and texture suggest that the present permeabilities 
have persisted through geological history because the original deposi- 
tional fabric remained undisturbed. While studies on TEO 9 and TRO 19 
indicate a considerably higher permeability, this is still two orders of 
magnitude less than a "tight” limestone. Despite these low permeabil
ities, fluid flow through the rocks during 2-3 b.y. of geological
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history cannot he totally disregarded. The fluid flow conceivably 
could have introduced carbohydrate, or other, contaminants into the 
stromatolites. However, carbohydrates degrade rapidly (e.g., control 

experiments e and f) and it is known that the intermediate products, the 
furfurals (control experiment g) polymerize readily (control experiments 
h, i). For these reasons, it is unlikely that these compounds passed 
through extensive distances in rock strata and reached and penetrated 
into the pores of such highly impervious rocks, buried under overlying 
sediments during the geological past. Though it is not known how long 
the rocks have been outcrops, diffusion of contaminating carbohydrates 
in aqueous solutions does not appear to have been a problem as shown by 
control experiment k. Additional evidence comes from an observation by 
Zumberge (19?6). Furans and carbohydrates are absent from solvent 
extracted Vaal Reef carbon seams which are rich in uranium. Yet mine 
waters which have been in contact with the kerogen intermittently for 
prolonged periods are rich in carbohydrates. Referring again to 
Oehler's (1977) work, he concluded that sugars may contaminate kerogen 
at 0.1-5.4 ppm abundances at 20° and 100°C; massive contamination is 
improbable and contamination occurs mostly at an early stage after 
kerogen formation. In the present study furans are found in kerogen in 
significantly higher than ppm abundances, at least at 0.05-0.1$ con
centrations in Belingwe kerogen. It is also reasonable to expect, that 
if the furans did form contemporaneously with the kerogen, they would 
not have been destroyed or expelled during geological history because of 

the lack of severity of the temperature and pressure conditions to which 
the rocks were subjected, especially in the case of Belingwe.
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Another question that arises is whether the 2- and 2,5~substi- 

tuted furans can he derived from substances other than sugars either 
during diagenesis or during pyrolysis. Because furans can he synthe
sized from a variety of reagents in the laboratory (e.g., Heilhron et 
al. 19̂ 6; Nowlin 1950,• Hendrickson, Rees and Templeton 1964) and. there

fore presumably from different precursors in kerogen during diagenesis, 
it is not possible to state with any certainty that sugars must be the 
precursors of the furans. However, the fact that 2,5-dimethyIfuran and 
methylfurfural do survive pyrolysis (control experiments b and i) 
indicates that these need not be synthesized from other kerogen compo
nents during pyrolysis. It is conceivable that free radical alkylation 

may occur during pyrolysis. However, due to-the-great complexity of 
the kerogen constituents, it is quite reasonable to expect that not only 
methyl but also longer chain alkane and other radicals would have 
reacted with the furan ring. Yet only the 2,5-dim ethy If uran and 
2-methylfuran are detected. In addition 300° and 450°C pyrolyses are 
probably insufficient to cause migration of methyl substituents from 

the 3 and/or 4 positions to the 2 and/or 5 positions in the furan 
molecules. Thus, it appears that 2,5-dimethylfuran and 2-methylfuran
have not been synthesized from other methylfuran isomers.

!

In conclusion, it is natural to speculate that the high carbo
hydrate content of blue-green algae and bacteria /up to ?4% or 36% on a 
dry-weight basis, respectively (Wolk 1973; Lamanna et al. 1973)7 ddd. 
play a role in the formation of the stromatolitic and Mono Lake kerogens 
by contributing at least the furan components. The implication is not 

that the carbohydrates survived intact for most of the 2-3 b.y. but that
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diagenetic processes probably rapidly converted the relatively unstable 
sugar into the f uran-type compounds which were incorporated within the 
kerogen.

Other Components
A variety of heteroatomic components found in the stromatolitic 

and Mono lake kerogens —  e.g., nitriles, pyrroles, pyridine, quino

lines , phenols —  may be derived from precursor amino acids/proteins or 
porphyrins, etc. These compounds are known to be products of amino 
acid pyrolyses (e.g., in this study or Simmonds et al. 19&9; Smith, 

Haidar and Patterson 1975) and may have been formed during diagenesis. 
The same questions that plagued the ’.furan results . are found here; there
fore they will not be discussed again. Two additional problems occur. 
First, these structures are not as specific as the 2,5"*dimethylfuran, 
Second, nitriles, especially, are frequently considered precursors as 
well as products of amino acids and their presence need not be indica
tive of a biological origin. For example, Bandurski (1975) found 
nitriles in the pyrolysis products of the Orgueil meteorite.

n-Alkanes may be present in the original organisms (e.g., 
Meinschein 1959; McKirdy 1976) or may be derived from decarboxylation of 
fatty acids during diagenesis (e.g., Jurg and Eisma 1964; Kvenvolden 
1970; Shimoyama and Johns 1972). At least some of the nC^- through 
nCgg-alkanes have been found in the various stromatolites (n-alkanes 
<0^ are also present but these are too short to be meaningful);

Belingwe contains nC^- through nC^Q-alkanes with a maximum at nC^. 
Branched alkanes are also present but mass spectrometric identification



of the degree and position of "branching is usually very difficult and 
with "background problems encountered in this study is impossible. The 
probable presence of isoprene would be indicative of a biological 
origin. The stability of the.alkanes is not in question either during 
diagenesis or during pyrolysis (e.g., contamination experiment c; Levy 
and Paul 1967). The problem of contamination again arises with the 
considerations being similar to those for the furans since the alkanes 
are released by pyrolysis at both 300° and 450° but not at 150OC. An 

additional point against the possibility of contamination is that the 
n-alkane distributions in the Precambrian kerogens show no preference 
for odd- or even-numbered length carbon chains in the range through 
CgQ• Odd carbon preference is characteristic of the distribution of 
n-alkanes in modern organisms and Recent rocks. The lack of odd-even 
carbon preference in the solvent-soluble extracts of geologically old 

samples is considered evidence for ancient biological origin (e.g.,
Oro et al. 1965; McEirdy 1976). These alkanes generally have a maximum 
at & nC^Q and include longer alkane chains. Little information is 
available about n-alkane distributions in kerogen. Hoering and Abelson 
(1965) found fatty acids among the oxidation products of
chromic acid treated McMinn shale, Australia ('*- 1.6 b.y.). The Fig Tree 

kerogen (~ 3 b.y.) analyzed in this laboratory, in part with the same 
instrumentation, yields an envelope of nC^- through nC^-alkanes, with 
a maximum at nG^ (Scott et al. 1970). However, Philp et al. (1976) do 
not find any odd carbon preference in their pyrolysis results from 
Laguna Mormona algal mats and there does not appear to be any in the 
Mono Lake kerogen analyzed in this study; the reason for this is unknown.
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^Other sediments in Mono Lake analyzed for soluble hydro carbons 

generally show some odd carbon preference (Reed 1972)^7 Nonetheless, 
the other arguments used for the furans still apply to the n-alkanes and 
favor an approximately syngenous origin.

Thus, this study appears to support McKirdy's (1976) contention 
that stromatolitic carbonates may be a "fruitful source of syngenetic 
chemical fossils." The identification of 2-methylfuran and 2,5-di- 
methylfuran in addition to n-alkanes, br.-alkanes, and nitriles in the 
pyrolyzates of the stromatolitic kerogens represents the discovery of 
potential chemical fossils in ^2.8-2.2 b.y, old rocks. Arguments pre- 
sented indicate there is a reasonable chance that these compounds or 
their precursors were deposited approximately syngenously with the sedi
ments. No conclusive evidence can be offered because present chemical, 
diagenetic, geological, permeability, and diffusion criteria do not yet 
permit full evaluation of all events which could have affected organic 
matter during the entire geological history of Precambrian sedimentary 
rocks. Still, it may be stated that some biochemicals of blue-green 
algae and/or bacteria may have survived as diagenetic remnants in the 
kerogen.
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