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ORGANIC GEOCHEMISTRY

ABSTRACT -

Organic geochemistry has, in the past decade or two, been in-

~ creasingly concerned with the problems of the time, manner and place

of the origin of 11fe,.b0th terrestrial and extraterrestrial. This
concern is shafed and active1y 1nvé$tigated by the complementary
f%e]ds of chemical evolution and miéropa]eonto]ogy The first por-
t1on of th1s thes1s attempts to place organic geochemical research
oq the origin of life into 1ts proper context both historically and
so1ent1f1ca]1y. The basic assumptions on which rests this research
aoe crificaliy examined; the cOnceot of bio]ogfca]’mérkers and
chemical fossils are discussed in detail. B

Each of thevfour majok_c]asseé of biochemicals, carbohydrates,
p#oteins and peptides, nucleic acids, ood lipids are analyzed és to
tﬁe suitabi]ity,'either of ihdividua] compounds or of conglomerations
wﬁthin a compound type, for use as chemical foési]s Structural
spec1f1c1ty, biosynthetic relatability, poss1b1e abiotic synthesis

and thermal stability are the main points discussed.
|

1

relevant to the origin of life pkob]em. The alkane constituents of

The second_portion of this. thesis describes experimental results

nine geological samples ranging in age from 2000 years to 2.7 x 109
years, have been examined. Some'pigments have been identified in the v

two youngest sediments. Fatty acids from the six oldest samples have

also been examined.



ii

-The alkane distributions from the youngest sediments are readily
relatable to the presumed algal. and plant'COntributors, consiSting ' .
mostly of normal alkanes of 25 to 33 carbon atoms. The a1kanes'ofi
the ancient 0ils and sediments are more COmpTek and apparently the
product of considerable diagenetic‘tranSformation; however;‘normal
alkanes (usually C]S'CZS) and:polyisoprenoid_alkanes areﬂgenera]]y R
the major components.' Alkane distributions, such as steranes and
h%gh mo]écu]ar'wejght n-alkanes can provide more specffic.ﬁnformation
as to the organismS'contributing uniquely.to-a particu1ar'sediment;
| AT1 of the saturated fatty ac1d distributions are indicative of v
b1o]og1ca] act1v1ty, be1ng dominated by the n- C]6 and n- C18 components
In two cases, the occurrence of 51gn1f1cant amounts of po]y1sopreno1d
fatty acids is noted. The va11d1ty of the results is strengthened by
séparate'analyses of the free (solvent extractable) and bound (released
by HF/HC] dtgestion) acids, aS‘well as by contro1 experiments. ‘Attempts
have been made to relate both a]kanes and fatty acids to the 1dent1ca]
or s1m11ar components in b1o]og1ca1 systems It is obv1ous from dis-
tr1but10na1 patterns that the alkanes of a sediment do not arise from
fatty acids solely by decarboxylation.

- The_ va11d1ty of the various compounds and/or d1str1but1ons as
b1o]og1ca1 markers has been thorough]y d1scussed part1cu1ar1y in _
respect to recent reports of ' ab10t1c syntheses The results of
' subJect1ng methane to a h1gh energy po]ymer-produc1ng process are
| described and d1scussed

The poss1b1]1ty of ut111z1ng the unbranched 4- carbon fragment

(3]

of such b1o]og1ca1 po]ylsopreno1ds ‘as squa]ene and caroteno1ds is
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iii
investigated. Synthetic opekations necessary for examining this
pkob]em are described as is the result of the preliminary search
for such a fragment.

At the conclusion, several suggestions are offered as to future
experiments within the field of organic geochemistry. The fina]
analysis is that organic geochemiéts do-have the ability to examinev
the alkanes (and perhaps fatty aéids) of ancient terrestrial and
extraterrestrial geological samples and can make.éfvalid decision as
to whether or not the distribufions of these compounds are indicative

of a presence, in time, of.biological activity.
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CHAPTER I

“INTRODUCTION

Any suggest1on as to when man f1rst became interested in the -
or1g1n of Tiving systems can be noth1ng but specu]at1on, certa1n]y
1nterest in the or1g1n of life predates written history. Until re-
cent1y, the approachesﬂteward shedding light on this problem have
been dominated by'the'bhi1osophers and the theologians. ! In the '
'past one hundred years science has directed more and more of its
energ1es and techniques to examining the many aspects of this ques-
t1on, until today it can be sa1d that the study of the time and
manner of the or1g1nat1on of life is predominantly the domain of the
3cientist;v Certainly the originyof the entire universe presehts it—
.selt'as a qhite different probtem; and theelogians,‘hhiiosophers and
scientists, among others;-have given this question much consideration
as well. It is not the-intention of this writer te examine this |
latter question, but to accept as fact that it occurred and to con-
sider only subsequent -events which presumably had a bearing on the
origin of life.

Most.bf the/scientific’researeh on the origin of Tife has been
directed toward the origin of life on the Earth. .The reaseh is the
obviohs one, for'to gather‘the necessary'data frem~extraterrestria1'
1ocations’has been, until a few:years ago, an-impossibi]ity;'.This
is not to say that the really basic.answers.do not lie somewhere

other than the Earth, indeed it-is very possible that they do.’ 2,3



L |
Thrdughout this thesis, when_information relevant to extraterrestrial
life is available it will be cons1dered |

Current research on the or1g1n of 11fe is based upon- the hypo-

1

thesis that life evo]ved‘from inanimate matter. Certa1n]y an im-

pressive array of phf]osophers and scientists have considered this’
notion throughout the yéars. Char]es'Dérwin, prfor to 1871, Suggested
to a friend that his findings_on'bib1ogica1 evolution could reasonably
be extrapolated to include the formation of the first 1fV1ng organism
when he stated in a letter:% |
"It is often said that all the conditions for the first pro-
duction of a living organism are now present, which could
ever have been present. But if (and oh! what a big if!) we
could conceive in some warm little pond, with all sorts of
ammonia and phosphoric salts, light, heat, electricity, etc.,
_present, that a proteine compound was chem1ca11y formed ready
to undergo still more complex changes, at the present day such
matter would be instantly devoured or-absorbed, which would
not have been the case before ]1v1ng creatures were formed."
Certainly the vast amount of\1nfqrmat1on collected by pa]eontolo-
gists sinée DarWin's time has,hot tbntradicted hisiextrapolatfoh
This concept ‘that Tlife evo]ved from 1nan1mate matter, has been am-
plified and altered during the years and in 1935 Oparin laid the

" foundations for most modern research when he published a book en-

titled: Origin of Life.! The importance of his book lies in the
fact thét_he critical]y:raViéWed=the numerous theories whichvhamvbéen
broposéd to explain the_occUrrehce of Tffe,'éna.he subjécted.these
“ideas andvpaﬁt‘experimehts to rigortus sCiéntific”critttism. HaYing
thus- ruled out vafious possibilities, he-suggested'an’approath which
: Cdu]d be tested'by pkopér eXperimentatiQn. The sgiéntjficvafea'wfth

which Oparin dealt hés become known as the field of'Chemical Evolution. ;
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In terms of a scientific approach to obtaining information about

the origin of life on Earth, the emergence of the field of chemical

\

evolution and its early successes served as a stimulant to other
_ scientific disCip]ineS, whose findings were also reTevant to this
question. | | |

Before discusstngAtheoe’"other scientific_disciplines" it is
useful to understand%a'bit'more about chemical evolution. A compre-

henSiVe surVey of'the basic results in this area can be found in the

' book by M. Ca]v1n 5

Chemical evo]ut1on1sts exam1ne astronom1ca1 data and extract
from it 1nformat1on as to the cond1t1ons wh1ch ex1sted on and around
Earth dur1ng and since its format1on In general, the starting point

ds taken when the atmosphere was a reducing one, consisting pr1mar1]y

of CH4, NH3, H,0 and Hz.6 The theory is that proper energy inputs

2
(from radioactivity, heat, ultraviolet rays, etc.) have produced

| simp]e organic molecules, which in turn have combined by onevor more
-possibie;mechanisms into po]ymeric substances. Indeed, virtually all

types of monomers important in biological systems of today have been

7

produced from such “primitive-Earth'atmosphere" experiments.” For

example, in 195] Ca1v1n identified HCOOH and HCHO from a-~irradiation

of CO2 and H 0. 8 In 1953, Stanley Miller reported the format1on of

2
amino acids using an electrical descharge in a CHys NH3, H,0 atmos-
phere 9 Since that time a considerablefnumber of experiments of‘the

' pr1m1t1ve Earth type have been performed, y1e1d1ng sugars,vam1no ac1ds,

nucleotides., purines and pyr1m1d1nes, porphyrins, etc 75 ]O _

T
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Once these mononerS'weré formed on the primitive Eérth, tney -
Supposed]y combined to fonm'po]ymers, which, because of the nature
of the monomers and their po]ymenic forms , gradua]]y-evo1ved to
higher orders of specific comp]éXity.‘ The research to estab]ish,the
va]idity of tnis notion iSVQUite abundant énd convincing, and is
presented in Calvin's bbok.5 | ‘

‘ It'wi11 be snpwn later that this contept of abiogenic'cnmpound
synthesis is of a direct conCern fo specific aspects of organic geo-
éhemistry. This brfef survey of the basic principles of chemi cal
evo1ution'has been included here to he]p-défine the scientific'c]imate
which preva11ed in the 1950 s and. 1960 s in regard to the ' origin of
1ife" experiments. 1 ' ' v |

Chemical evo]utfdn asﬁumés‘tne postnre_of ]bdking'from tne'past
to the present.v Thé comp]ementary.point of view is to position'our- ‘
selves in the nresentiand look into thé“pést " This ]étter point of
v1ew has also prov1ded c]ues to the or1g1n of life, mainly from two
f1e]ds, pa]eontology and geochem1stny |

Pa]eonto]ogy, the study of foss1ls, 1s another branch of sc1ence
which is directly concerned with the-or1g1n of var1ous species, and
1ndégd witn the onigin of the first living orgénfsms. Many volumes
have been Wriften deécnibfng fhe findings-Of-researcherS fn”this:

| field, and it is beyond the Scope of this author and this thesis to

_d1scuss all. of tnese f1nd1ngs .

It has long been rea]1zed that from the- geo]og1ca1 era known as

the Precambr1an (ear11er than 600 X 106 years. ago) we11 recogn1zed a

macroscop1c morphological rema1ns are very scarce, in fact almost
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: non-existent.]} The abundance of species at the start of Cambrian

times (500—600_x-106 years) suggested that 1ife did exist earlier;

to find the evidence for this life required the development of micro-
pa]eonto]ogy, wh1ch ut111zed the enhanced v1s1b111ty afforded by the
m1croscope

In 1954, S. Tyler and E. S. Barghoorn announced the presence of

12

microfossils in the Gunflint Chert,'? a sedimentary rock from Minne-

sota which was dated by'radioacthe dating techhiques as approximately

1.9 x‘109'year5vp1d.]3 Thé_signfficance of this finding was large

and'tWOfold."In the first p]acé'if”pkbvidEd evidence for the occur-
rence of Tife hundreds of millions of years earlier than had pre-
Viohsiy been demonstrated. Secondly, it established a séientificv
appfoach'and teéhhique whfch haskcontinﬁéd to brovidé extﬁfing infor-
mation on:the occurrence of micrdbrganisms'at various stageS'in.the

| Earth?s history. Barghoorn,14'ﬁ; C]bud 15 B. Nagy]6 and others have
apﬁfied'the powerful e]ectfon mickoscopelto their search for micro-
fdssiié in terrestrial sediments and also mefeorites. Thé most
impressive resu]ts, in terms of numbers and quality, which have

appeared in the past several years have been the work of J. W. Schopf

and Barghoorn An excellent examp]e of th1s work appeared in 1968, v

in which is d1scussed the 1dent1f1cat1on of well recogn1zed micro-

scopic morpho]og1ca1 remains in the B1tter,Spr1ngs_Format1on from

Australia (1-1.5 x ]Og years). - Recently Engels and Nagy g;;glf18

have described microfossils present in the Onverwacht Series of
South Africa (3.2 X 109'years)

. the oldest known sedimentary rocks
18 | o -

on Earth.
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| Certainly this sort of identificationvis.not without itS'perils,]g
But‘there can be little doubt as to the authenticfty of most, if not
a11, of the resu]ts'recenfly described for sedimentary rocks.

-_'Mfcrdpa1eonto1ogy seems capable of'providihg the MOSt straight-
forward and visible proof of fhe existehceiof'variods organisms during
the éak]y period of biological eyo1Ution;'which may a]sd'be'thevIattér
poftion of the peridd of chemical evdiutibn. HoweQer, it is limited
in that it Cannqt provide fnformation fof those periods of time befqre
which definite and preservable forms for’micrdorganisms weré existent.
To approachbfhis period of tihe; it was necessary to hypothesize
anothek:type of fossil. It was, again, during the'1950's;'that-this
question arose. The questfbn which arose was whether or not it was
;possibié to demonstrate the occurrence df‘bid1ogica1 1ndicat6r(s}

on a molecular level. If such biological markers could be found,

might it not be reasonable to exbect certain of these compounds to be
~“capable of survival 6vér the_entire,period of,theanrth's hisfony,v
now'eStimated-t6 be approxfmately”4;5~5 xvlogfyearﬁ on?ZO Ahy biq-
ngica],markervppésessihg this‘dégfee»bf'stabflity is. a chéﬁicaT‘f
fossi].* - Indeed it was reasonable, and in the 1950's organic geo-
éhémistry (which can be defined as>the chemistrj of'organic cdmpounds
within a geo]ogica1_envirbnmen£) in bd]]éboration With:organfév |
chemfstry, biochemistry, and geology set forth the criter{é for such

_chemica] fossils and suggested specific possibilities.

*It is important to distinguish between these two definitions. Biolo-

~gical markers are molecules which verify the existence of biological
activity. Chemical fossils (or molecular fossils) are biological mar-
"kers which have the additional characteristic of being stable, within
a geological environment (sedimentary), for periods of time approach-
ing the age of the Earth.
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v Tﬁe remainder of this thesis is concerned with the critical
examination of the criterfa for chemical fossils and the utilization -
of the chemical fossil concept to providing c]ues to the origin'of
1ife on Earth. Infegrafibn Qf Qrganig‘geochemistry with chemical
évo]utibh, micropa1eohtology; comparaﬁive biochemistry, etc. will
be made,‘when warkanted, for e]uCidatioﬁ and}comp]éteness.

Ag_jgjjig_defefmination'bf the criteria for chemical fossils
did not éppear to be a major problem. The first step is to set forth
the criteria which set a molecule apart from other molecules as a
bio]ogical makker. The criteria for’a'bid1dgfﬁa1 markér are three:
| 1) The moiecu]e‘must have a specific and tharacteristic structure;
2) the structure of the molecule mpstvbé relatable to known bibsyn-
thétft sequences; and 3) this téhpbuhd Shou]d ndt be produced -in
sighificantvamounts,:reiatiVé to other compounds, in any reasonable
ébibgenic synthesis of the combound type. When such a biological
markér also has'bhemicél stabiTity‘for'the billions of years of geo-
Togical'time, it fulfills the four critéria demanded.of a chemical
fossil. What follows is a critical examination of these criteria,
in which the necessity of each and the sufficiency of the four is
considered. | :

1) The molecule must have a Specific and characteristic structure.
The architectural ske]eton.bf,the organic molecules fo be'considered
as chemica]vfossils mustlpéséess somé unique arrangement of at 1ea$t
'some of its atoms, an akrangement which cah be unambiguously identi-
fied. There must be somethfng unusua1 about the structure of such

molecules. Whether this combination of atoms is a strange pattern
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of branching, a specific stereochemical arrangeméht, an unusual
.arrangement'of ring structures, etc. is of smé]] consequence--there
must be sbmething extraordinary. vThiﬁ is certainly a necessary cri-
terion, for one wou1d expécf,'and in fact if is true, thaf within
the geological environment,there-exfsfs the potential fp synthesize
a wide variéty of OrganicvMO]ecules (Chemical Evolution), and this
éxtrabrdinary structure khou]d set the biological markers apart from
these génerai'brganic molecules. -

- 2) The second criterion, closely related to the first and the
third, s that the structuré'bf the biological marker must be rela-
tab]e to a biosynthetic seqdente.'-This criferion often seems to be
unnecessary, and indeéd'this‘may'bé so. What it says is that there
must exist, within.liViﬁg Orgahfsms,%thé bibsynthetic meéhanism.fo
form this type of compound, and to form it fkom'structuraliy non-
speéific starting maferiaIs.’ The importahéé hefe 1ies in the faét
that if a molecule is re]étab]e to a known biosynthetic sequence
there is a rationalization for its occurféﬁce;va ratiqha]izatiqh

'which iS-debendent upon the living system. Itvis important'fo_rea-

lize that "relatable” does not demand that the exact compound consi-

dered be produced biosynthetically. There may have been distinguish-

able and/br understandable minor changes in. the biosynthetic seqUence
with'time; or theforiQina]]y.biosynthetiCa11y produced‘compound_may
have underéone_transformations;_Which, thoughVMajbr, would nbt de-
tract from its utf]ity as a bibiogica] marker. The only Viab]e
criticism of:this‘criterfon is that there may exist a sifuétion.in

which the biological marker decided upon may not be é,product of

P
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‘biosynthesis, but may-be a'product of'biologicalzalteration of a com-
pound, perhaps even'of a compound-not formed biologically. cSuch a
product would still be indicative of the presence_of life. However,
it would probab]y be easier to establish the biogenicity of biosyn-
thesized compounds than of those produced by b1o]og1ca1 alterations.

3) The third cr1ter1on for a b1o1og1ca] marker is also intimately
related to the first and second cr1ter1a, and is concerned with the
question of abiogenesis'or'biogenesis."The more involved discusSion
of this matter occurs latep in this thesis (Chapter IV); at this
time the basic criterion will be expiicated.‘ What this criterion
says'fs, that if a group of compounds is abiotically synthesized,
or ppoduced.by abiotic alteration of prevtousiy'synthesiied com-
pounds, there shonld not result, as a prominent conStituent}of the
'vmixture’ithe very compounds which are taken as biological markers.
The necessity of this cr1ter1on is obvious and genera]]y accepted.

The debates which have ar1sen in recent years,ZI

and wh1ch w111 be
d1scussed 1ater arise from acceptance or nonacceptance of proposed
abiogenic processes as reasonable, and from the Timits at which a
compound is fproninent" or "significant".

4) The fourth criterion,'which determines the use:of‘biological
mankers'as chemical fossils, is that of stabi]ity.‘ The matter for’
concern'here is straigntforward sunvival of the compound. V If a
~given compound is accepted as a b1o]og1ca] marker but by v1rtue of
its chem1ca1 1nstab1]1ty cannot genera]]y be expected to surv1ve

for severa] b1111on years, its usefulness 1s obviously 11m1ted. For

withfthis‘papticular compound one cou]d_not hope to trace life back
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in time beyond the 1ifetime‘of the éompbundvitse1f. Such 1nstabi]ity
may afise from the‘tendency'of the compound to undergo chemiCal
reactions under the ianUehce of the temperatures, pressureé; pH,
etc., fbund in the géo]ogica]lenvirohmeht.f If such chéhica] reac-
tions result in a loss of the structhra]'specificity'previously noted
as necessary, the usefulness of the compoUnd as a chemica1:f055f1 is
terminated. Certain reactions which a]terifhe'biologicé1 mafker,may,
indeed, gg;!prevent it from béing‘uséd, and in some cases in which a
serieé of Compounds might be considered as va]idifndicatbrs of bib]o-
~gical activity, even Complefé destruction of some of this sekies,
does;not'prevent the remainder f?om'being used. A hypothetfcal caée
is the total destruction of some of the biological aming acids, while
the remaining amino acidsare examfned for optical activity;

0f’c0ur$e,.the author realizes that it is possible tb_éain:muth
organi¢ geochemical infonnation from short- or‘medidm?lived:ﬁpmpounds,
| bﬁt’tﬁis informatioﬁ_covehs on1y Short.o}'hediﬂm’pérfbdé of:fhe
Eafth's hisfory, and the OFgahig geochemigf mdsf coﬁsidér the entire
" history 6f the Earth'(and perhaps 1qngek) if he wishes to find the
cohp]ete;answer-to the origin of 1ife problem.

Hav{ng considered the_foﬁr basic criteria used by organic'ged-_
éhemists_to characterize chemical fossils, the conc]usion is that
certainly the need for sfrﬁétura] significancé, ]aék of abiogehic
synthesisfand stability is féal.and fhat re]atabf]ity to biosynthesis,
though desirable, is not absblUte]y necessary}v In defense of_the'
wide use of this 1ést criterion,'aﬁd indeed its use in thié thesis,

is the fact that a suitab]é_biochemical alteration product, such as
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mentioned previously, Which‘fUIfilis the other chteria,'has not
been established. | - | | ‘
| The quéstioh‘then arises as to whether or not the four above
mentioned Criteria are-sufficieﬁt" This perhaps is best answered
by considering other indicators, if any, of biologicai actiVity
which wou]d manifest themselves in the indiViduai compounds Pro-
bably the one best Singie indicator (though certainiy not a proof)
of the presence of biological actiVity:is the occurrence of optical
>_acti9ity. The specificity of organisms fok only one of the two pos-
sible opticé]]y active configufations of such compounds as amino
‘acids is certainiy a valuable $ource of'infokmation.' But to impose
‘thisf}eqUicement on a cheﬁicaivfossil is'to eliminate hany compounds
which though certainly bio]ogical, either do not possess asymmetric
: carbon atoms (e.g., B~ carotene) or possess asymmetric carbon atoms -
_ which are qu1te readiiy racemized (amino acids) 22 The possibiiity,
‘however, of optical actiVity being the _ﬂlx_bio]ogically Significant :
structura] feature can be accomodated by the first criterion stated
earlier. |

The_above says that the absence of opticaT activity does not
prove or}disprove the absence'of=biologica1 activity.. It must also
be quick]y-and emphatically stated that the presenCe of;optical'acti-
'vityvdoes not proVe the_gresence'of biologicailactivity} Chemical
reactions and physico-chemical ohenomena may result in the selective
formation of onefof'thevtwo possible opticai.isohers. There_are~a
number of.reports.in'the 1iterature,which'pukport to do precisely -

this, although such reports must be viewed with considerable caution.
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HaV1nQa23 has reportéd the se]ective’Crystallizatfon of one of two
optical isomersl(wifh no signfffcant preferehce for one over the.
other) in a system in which that.portion of the substance remaining
~in solution is capable of rapid racemizafion. More recéntly,.Garayz4
has reported a selective destruction bf one of two isomers of tyro-
sine under the inf]dénce'of'kadibéctTVe“strontium. Thﬁs experiment
lacks statiética]'vérffitati¢n°and mg§§5be pér?ormed”Withva'MiXture
df thé two isomers. The sé]ectivity exhibited by variousvmeta1.com-
plexes, such as the -cobalt complexes of.A11en and Gi]]ard,25 as dis-'
cussed and gxtrépq]atéd byvtaIVin,5 provides a means for the exclu-
sive formation of onevoptical'iSOmer of peptides.
- Autocatalysis is the mechanism by'which'theSexéinglé events
could be propagated. This sterebsﬁecific autotétaiysis,.as defined
and exp]ainéd by Ca]vin,5 is'Capéb1évof forming, abiotically, opti-
cé11yi§ctive Eompbunds such as amino acids. The existence of this. .
‘cépabilfty'préc1udes the conclusion fhéfldptiCal activity in éncient
chemicals is pfoof of'the existence of bioiogital acfivity at that'
time.
There is one‘more indicator of biological activity which can be

pf use to the organic geochémist, namely the bjo]ogica] fractiona-
tion of isotopesa_‘This phenoménon, which is documeﬁted fof C, 0, and

26

S, has been investigatéd to a considerable extent, and has been

frequently accepted as proof of biological activity in the casé,of _
studies done on entire fractions or extracts.27 It must, however,
be rea]ized that the 1sotopi¢ fractionation (particuiar1y that of

carbon) in biological systems iéusimp1y the result of physical and
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chemical processes.zs Abiotic chémica]'reactfqns and physical pro-

cesses, similar to fhose‘reéponsible'for biological fractionation,
will a]sé resu]t in an isotopic discrihfnation; the only question

is bne of the relative magnitude.zg"MOSt primitive Earth syntheses 7
are high-energy processes which would be expected to have miniscule
isotope éffects'compared with fhe low ehergy processes within biolo—b

gical systemé in which kinetics play a large role. A mild thermal

treatment of CH4,_a relatively lTow-energy process, perhaps also a

catalytic process, would preferehtia]]y form ]ZCH3- versus ]3CH3°

and the higher molecular weight compounds formed would be enriched
n ]ZC. Admitte&]y any eqﬁi]ibration of the heavier hydrocarbons
with CH, on]dUreverse this fractionation. The magnitude of these
ébiotic fractionations fs difffcu]t to prédict ‘ Melander discusses

“12¢.13¢ 30

c-12¢.

- In other such experiments 1nvo]v1ng most likely a C-0 bond c]eavage,

K14C 0

9 o 4
REEETE o 1s 0 887 at 0° C, and 0.91

at 24,75°C. 31

These data,
which ver1fy the theory as deta11ed by Melander,

show the possible importance of abiotic chem1ca1‘reactions as well

as temperature factors in isotopic fractionation. To insist that a

mixture of compounds or that a sing]e'compound.is biological because
its isotopic distribution is the same as known bio]ogicé] compounds ,
is td'draw invalid conclusions. T0'conc1ude a mixture or compound
is abiotic because of its 13C/120vrat16 is just as inva]id,‘for'the
reverse of the above mentioﬁed Situatioh”is a150 possib]é;.

| Outside'of such indiréct evidence as cited above, there are no

data which support or refute the suggestion proposed here. Until
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such data are available it is necessary to.consider as.a real possi-
bility that the.phenomenon of isotopic{distrimination may be:due»to
abioticvprocesses, and to excercise restraint in attaching signifi-
cance to 1sotop1c distributions. |

In spite of the above poss1b1]1ty, much use has been made of
isotope ratios in sediments. 27 Such measurements have been used to
study the or1g1n of the 1nso]ub1e kerogen in sed1mentary rocks, and
to support the claim of 1nd1genos1ty or m1grat1on of extractable

carbon compounds 27, 32

Such studies are certa1n]y not to: be dis-
counted, and will become more useful as this approach is extended
to more samp]es,as well asfsingTe components'ofvcomp1ex mixtures:
,Again,‘the criticisms and ambjgufties resuTting from such pos-
sibilities as the above abiotic fractionation render isotopic dis-

~tribution invalid as a necessary criterion for a bib]ogica]-marker.

In'passing, it should also be pointed out that this same‘concTuSion,

of'non—va]idfty, would be reached if one considered only the fact
‘that the fsotopic fracttonations of carbon'are due to.the photosyn-
thetic process,i' whichu certainly did not'exist in the most primi-
'tive organisms. Such a Timitation would also result in rejecting
isotopic fractionation as a criterion.

The ahove discuSsionvgives thevorganic geochemist’a_starting
point for his experimenta1“work--tt 1aysrdown the rules to be fol-
Towed. The next step is to choose from the vast reperto1re of -
b1o]og1ca1 compounds, those which are usefu] as b1o]og1ca1 markers,
and then to test their stab111ty to decide their su1tab1]1ty as

chemical Fossi1s; This portion of this thesis proposes to review

1
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the information and decisions which have led to the selection of

specific compounds or groqps of compounds as chemical fossils; all
of the major classes of bio]ogical.compounds found in present-day

living systems will be mentioned. Reports of the findings of the

" compounds will be mentioned and discussed.

There are-four major classes, or types, of compounds (most]y ‘

biopolymers) dominant in living organisms today. These classes, in

~'which we shall inc]qde also the monomeric species, are: carbohy-

.drates, nucleic acids, proteins and peptides, and lipids.
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Carbohydrates

The first class of bielogica] compounds to be considered here
is the carbohydrates. Probably the only definition which can define
all members of this class is thaf a carbohydrate is a polyhydroxy-
aldehyde or a po]yhydrokaetone, or a'eubstance which yields such
a]dehydeé ahd/or'ketonesvupon hydrolysis. Chemically these sub-
stances are'genera1]y divided into three classes on the basis of
the number of monomeric unﬁts. Thus there'are monosaccharides-(g;g.’
g]ucose'and‘ribose),»olngSaecharideS with 2 to &]O monosaccharides
(g;g.'sucrose), aﬁd po1ysaceharides (g;g, ce1iulose, starch and gly-
cogens);33 Geochemists tend to'Base some of their definitions-on
so]ubi]fty characteristicé and on the manner of_iseiatfon, a disad-
vantage which freqeenf]y Teads te.ambjguitieé and confﬁsion, Thus

in the caée of carbohydrates, there are two c1aSSes, the."free“ and
~ the "combined". -According te Diegens,3:4 "free.sugars are those that
ean be eXtractedrthm:sediments wjth:Hzoror 80% EtOHiwitHbut a bre-
ceding acid'hydrb1yéis....COmbined carbohydrates require-an aeid |
treatment for their ffna1‘re1ease";

To conéider the usefulness ofvcarbohydrates as bio]qgica] mar-
kers, it is necessary to.apply the previous1y discﬁssed criteria.
The questidn of structural specificity becomesva matter. of the detere'
mination of’a very sdbt]e arrangement of atoms-. " The occurrence of
a po]yhydrdxy ketonevor aldehyde, with no.designatee arrahgement ‘
of the hydroxy groups, is nqt to be cons{deredta:specific $tructure
bﬁt a random structure. The fact that‘5 and 6 carbon sUgars,pre-

dominate can be interpreted as a chemical, nonbiological phenomenon.
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The only significant struCtura] specifitity found in carbohydrates
is concerned with'the'stereoisomerism;‘ Natura1’carbohydrates gener-
ally have the D- configuratipn at:Cz,dalthough some L- sugars do

exist in n_ature.35

Also, ‘of the 8 D-aldohexoses possible, only
five have been found in nature.36v'Such subtle anoma1ies_COu1d per-
mit the monosaccharides td'be]used as biological markers, in spite
of their seemingly genera]vstructure.

The fact that po]ysaccharides are generaT]y pc1ymerS'of a single
monosaccharide 11nked in'adregular way (as the alpha glucoside Tink-
age to C, of successive D- (+)- glucose un1ts in amy]ose) is not to
be cons1dered a structural spec1f1c1ty, s1nce such ]1nkages cou]d
eas11y be favored for ab1ot1c chem1ca] reasons. The s1ngu1ar1ty
of the monosaccharides in a po]ymer may be due to an ab1ot1c availa-
biTity of this particular monomer or to some abiotic interaction,
.perhaps aut0cata1ysis, which'promotes dehydraticn between these .
jdentica] untts, : o |

The same can be said aboUtvmany of the o}igosaccharides. How-
ever, certain of these compounds are:composed of more than one mono-
saccnaride Again, these are not necessar1]y specific structures
and on]y if natural o]1gosacchar1des are shown to be se]ect1ve and
not genera], in the same manner as d1scussed for monosacchar1de
d1str1but10ns, can these sugars be considered b1o]og1ca11y formed.
| The need for a biological marker to be re]ated to a known bio-
synthet1c sequence is eas1]y fu1f111ed in the case of carbohydrates

The path of carbon in photosynthesis, as described by Bassham and ‘

37.

Calvin™’ has been e]uc1dated to show the origin of various carbohy-

drates. The route to the po]ysacchar1des has also been 1nvest1gated |
and demonstrated 38
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Difficulties as to the suitabi]ity of carbohydrates as biological
markers arise when their ease of abiogenic formation is considered.

Numerous recordings of sugar formation:under non-biological conditions

have been made, some of which fit into the "primitive-Earth atmosphere"

3 obtained a complex mixture of sugars

class. In 1861, Butlerow
from forma1dehyde in dilute aqueOUS a]ka]i More recent1y, and more
‘ germa1n to chem1ca1 evo]ut1on, r1bose and deoxyr1bose have been re--
ported by a number of workers under presumed primitive- Earth condi--
'tions.40’4]’42 As is pointed out in Lemmon'_s7 and Ponnamperuma's]o
summaries of abiogenic syntheses, although no specific sugar has been
estab]ished as a product of a CH4-NH3 20 pr1m1t1ve atmosphere such
a synthesis'is not difficult to Visua11ze.and indeed a]most certainly
occurred;- |
The conc1usion which seems inevitab]e,. rom'the-above brief dis-
cuss1on, is that in genera] carbohydrates are not usable as biological
markers. On]y if a geochem1ca1 occurrence of sacchar1des stereo- :
chemfca]1y 1dent1ca1 and d1str1but1ona11y s1m11ar to_the natura]]y
occurring saccharides can be found, do the carbohydrates'seem a
Tikely biological marker.. -
If.carbohydrates canibe used_as bio]ogica]_markers, it is neces-
sary to'evaluate'their uti]ity as chemica] fossils by determinino
their geochemica]‘stabi1ity It is necessary to consider the maJor
factors which m1ght reduce the amounts of these compounds W1th1n
-the geo]og1ca1 env1ronment and th1s 1nc]udes such phenomena as

microbial action and thermal stability. Results reported by Wh1ttaker

and Va]]entyne reinforce the concept of the microbial destruct1on of
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large fractions of’sedimentary s.ugars.‘43 Microbial destruCtion'on]d.'
probebly be selective and upset the*needed dfstrjbutional battern of
the sugars. Certainly other factors contribute to the observed rapid

initial decrease in sugar concentration with depth of sediment; and

these are discussed by Va]]entyne44

et a1.%°

and in the work of Rittenberg

Thermal stability a]so‘suggests a limit to the utility of carbo-
hydrates es_themica1 fossils. vUﬁfbrtuhately, no thermal stability
studies have been,reported which:permit an accdrate estfmation of
the half lives of either_monosatcharides or polysaccharides. Va]]éné
tyne44 presents the data of StaUdingef end Iurisch;46 however, fhe
Only}conclusion that can be reached from-these data is that the de-
compositioh of cellulose is a'edmp1ex process debendent onjnumerods
factors,'none"of which were exeminEd in sufficient detail. Pudding-

'ton47

'reported on the thermal degradation of various mono;, di- and
polysaccharides. ~From a cHemieal standpoint, theedata and details
areﬁﬁnsufficient;to permit a ca]cﬁ1ation of half-lives of the various
carbohydrates. Only for starch at 200°C and 210°C can a half-life
be calculated. At 200°C, the calculated half-life is betWeen 216-495
hodrs,_whi]e at 2]O°C,'the value is 61-150 hours. Again, it must be
emphasized that this data is 1nsufffeient to attach 1arge signifi-
 cance to 1t, Its possible usefulness is the qualitative conclusion
that sUgars:can be;expected'to decompose_within»a re]ative]y‘short
period ef geological time.'ev" L o |
The only feesib]e meansebyﬁwhich carbehydrates might sU}Vive

for long periods of time is if they are stabilized by complex
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formation VaT]entyne dtscusses thie matter,48 and reports that in-
 deed the 1nteract10n of saccharides with c]ay minerals does s]ow
down the. decomposition rates. The effectiveness of these 1nteract1ons
is still uncertain. |

The polyfunctional sugars have been suggested as a significant
progenitor of kerogen,'the insoluble organic metter in sedime_nts.49
This hypothesis has not yet beeo unequivdca]]y demonstkated; how-
ever, chemical transformation of saccharides is almost ceftéin]y’a
major cause for'their disappearance .in sedimente.

An additional inf]ueﬁce withindsedimentaky environmente is the
redox potential at'the time of and subsequent to depositidn. Sugars
are very suscept1b]e to chem1ca] alterations, and as is demonstrated

50

by Prashnowsky et al.,” their abundance in recent sed1ments is a

reflection of the redox potential at the time of deposition.v‘In
sediments obtained from the Mohole project, Rittenberg 22.21-45
tound'thet "Carbohydrates are more easily‘eliminated'than other
components of the organic matter in the first stages of diagenesis“
in an oxidizing environment. . |

vHaving considered the ootentiality of carbohydrates for survival
over long periods of geological time, it is useful to turn to the
literature reports of the oecurrence of saCcharides in various geo-
Iogicai environments. Vallentyne has reviewed the fiodings up to
]963.44 Much of this work has been concefned with sugars in”soils;
lake waters, recent sediments, etc , and it is this work which demon;

strates the selective and rapid a]terat1on of sugar content in sedi-

ments.  F. M Swain and co- workers have probab]y done- the most
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51

extensive analyses of carbohydrates in ancient sediments,”’ and re-

- port the presence of>sugars_as far back asrthe Early Precambrian,

52 (See

including several sediments in excess of 2 x 109_years.
Tables. 1 and 2.) His data:suggest that after the initia] rapid de-
c1ine in carbohydrate conoentration tne concentratibn of.tota1
sugars remains roughly the same for b1]11ons of years, again sug-
gesting a protect1ve mechan1sm such as b1nd1ng. Recent]y, Ober11es
and Prashnowskyssvhave reported rather high concentrations (10-25
- mg/kg) of seven individual sugars in the 2.1 x 10° year.old Witwaters-
‘vrand‘System. | | | |

vIn considering the poSsibi]ity of using Carbohydrates as chemi-
cal foss11s, one must consider. a]] of the above information. vThe’
most 1mportant factor is whether or not it can be stated with a
reasonab]e certa1nty, that a given mixture of sacchar1des has a
'bioTooitalrorigin. The mixtures found within a geological environ-
ment wi11»ref1eet the contributing species of plant. and animal life.
In addition, the amounts of individual monosaccharides will depend
not only on the monosaocharides present in the contributing organism,
but also 0n_the past-depositiona]bsituation, including formation of
monosaccharidesfbybdepo}ymerization._ The geochemical importance,
reTative.and absolute, of any of the many factors operating within
the sediment environment has not been suffitiently determined toi
’perm1t one to draw final conc]us1ons
Certainly one of the most powerfu] arguments aga1nst placing
'.thevh1ghest priority on this class of compounds is their fac11e syn-

thesis by abiotic means.  This certain]y is not to say that past
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Table 1 ’
Monosaccharides in Precémbrian'Samp]es (ppm)52
GeoTogiééT _ : _ Sugars ' E
formation Gal . Glu | Ara - - Unkn Total
Coutchiching =~ -- - -— -- a) --
fhomson - 0.198) .19 . 07093) - 0.47%)
| - 0.41”) | N
Rove, Gunf1int . - O,29b) ?? . 0.29")
Rove (Evenkite) - 0}873): -- -- -0.87
0.30%) - --

a)Pa'per chromatographic ana]ysis.

b)Enzymatic'analysis.-




Total CarbohydratevCOnfénts of Precambrian Rocks

223-

~Table 2

52

Fokmation _ Locé]ity Type of Rock Tot. Carboh. Abs. max.
e (ppm) (nm)
:Codtéhiching Ont. | ch]bkf schist | 6-14 488
Soudan - “Minn. Carb. schist 7-8 488
Thoms on ~ Minn. Argitlite 25" 486
Cuyuna - Minn. Argillite | 16 - 486
Biwabik. Minn. Afgi]]ite _ 0-tr 488 -
Biwabik Minn. Algal chert  tr 490
Rove Minn. Argillite 0-tr 490
Rove Ont. Carb. argill. 15" 484
Rove Minn. Evenkite 0-tr 490
Wynniatt Vic%gria Argillite . 9 488
Killiam Vicfgria Argillite 0 -

Presence of D-glucose verified by glucose-oxidase test.
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studies or future studies are 1nva11d, it does say that additional

groundwork is needed and that caution must be exercised, especially

when one is concerned with samples frpm the "Very-Early" Precambrian.

Nucleic Acids

The 1mportance of nuc1e1c ac1ds to 11v1ng substances has re-
cently rece1ved much attent1on and research effort Though cer-
tainly not the most abundant of the b1opo]ymers, the significance |
Qf nucleic acidS»within living systems demands their consideration
by the organic geochemist. The nucleic acids differ from carbohy-
drates and peptides by being eonstitutedfOf monomeric units, nucleo-
tides, which are a composite of three d1ss1m11ar ent1t1es, a sugar
-(r1bose or deoxyribose), phosphate and a purine or pyr1m1d1ne base.

The structure of the b1opo]ymers has been extens1ve]y stud1ed
- and 1t is known that generally on]y five bases are found in these

nucleic acids. Adenine and guanine are purines; and thymine,
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cytosine and in RNA;'ukaciI (in p]acé‘of thymine) arébthe pyrimidines.
The specific arrangement of these basesion.the;ribose-phosphate chain
" has also been studied. The ratios of the various bases to each other

54 In,a'yery few cases, the exact sequence of

have been determined.
these bases in severa]v]ow‘molecular’weight RNA's has been determined.’>

The’geoéhemiCa1 importance of the above mentioned stUdiés is that
théy'provfdeﬂthe geochemist with a basis for comparison when the poly-
mers or monomers are isolated from a geological environment. .

It is useful then to again consider the criteria for chemical |
fossils, to try tovdecide'if this class of'comppunds has pdténtia] for
the organic geochemist. Some mention has.aireédyvbeen'made concerning
fhe specifiéity of the nuCIéfc acid sffutture{ \Certain]y'the.combina-
‘tion of base sequence and base ratios consfitutes a degree of struc-
tural specificity'suffisient to meet theIQEOchemica1 criterionf The
vbﬁosynthetib pathways to the ribosé and bases has been studied;56 as
well as the route to the po]ymer.57' Although this study is not com-
plete,‘tﬁe available information is.sufficient to'méet the second
geochemical sriterion. At this point it cén also be stated with cer-
tainty that no ébiotic prfmitfve-Earfh synthesis of such a complex

7,10 In fact, from

molecule as RNA or DNA has been accomplished.
“primitivefEérth-atmosphere" experimentsvoﬁ]y adenine of the five
bases has»been demonstrated; from‘primitive-Earth experiments, other
bases (not including thymine) have been broduced. By combination
with various tompoundssalso prbduced in primitive-Earth eXperiments,
nucleosides, nucleotides, and po1ymeric nuc]eotideS-(of-only a singie

base) have been synthesizéd,s Again, no combination of bases has been
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polymefized to give a‘nucleic acid remotely simi]ar'in'chémical com-
position to the natural substances, and it must presently be con-
cluded that the third criterion of non-abiotic synthesis has been -
fulfilled. However, further progresé‘in chemical éyo]ution may neces-
sitate a disposal of this class of compounds for this reason.

| To transform a bio}dgica] marker into a chemical fossil, it
must be a stable species. Certaih]y the gugar-phosphate and base4'
sugar bonds are subject to hydrolysis in the aquéous énvikonmént of

58

sedimentation.™ Thisrmeané that thé*geochemist should be concerned

'with a seafch not only for large segments of fossil ndcleic acids,

but for small segments of perhaps only a few monomeric units or, more

likely, for the individual bases separatéd from the sugars. Poszbly
fn'protected environments such as within fossil shells, efc., preSer-
vationbdf large nucleic acid fkagméﬁts'%s possible. These have not
been fbund,'fhough fhey‘Woqu be destroyéd by the rather vigorous pro-
cesses used to isolate the individual bases .2 |
Before cohsiderihg‘the geothemical search for this class of com-
pounds; one must question their thermal stability. One study, of
direct geochemical significance, on the thermal stabf]ityvgf the
indiyidual bases, has‘beeh carried out by-Miﬁtqn and_Rosénberg;60 no
vcompakab]e study has been ddhe onvthe nucléosides, nUc]éotidés, or
nucleic acids. The results of these.workérs is that at 25?0 adenine
and cytosine have half-Tives 6f &106'years, guanine_and.ufaciljhave'
half-Tives of §105'years,_and thymine has a ha]f-]ife'qf'é103 yeérs.

Although such ha]f—]ives_are based on aerobic decomposition in'

the solid phase, and result from extrapolation of values determined
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at higher temperatures, théy'dofsﬁggesf that any study concerning
these compouhds jn Precambrian envirdnments would be difficult to
perfokm and positivé identifications subject to question. Since from
the previOds diScUssibn:it would seem that a comparison of the amounts
of thevihdividua1 bases 1is of'abSOTute necessity, the extremely short
half-1ife of thyminé as well ds guanine and ukaci]»wou]d preclude -
such a study. | |

Attempts toIiSOIate purines and pyrimidine§ from geological en-
~vironments have been rathef.limited. ‘In 1964 Rosenberg59 reported a
very useful study on sedimients from the experimental MohoTe, the ages
of which vary between 0 - 25x10° years. Until Rosenberg's report,
and since this report, virtually no additional statements on the
occufrénté of these substéncés have been made. Rosénbekg‘s'work is
 va1uab]e because.it incorpbrates the variations ‘with iﬁcféasing’age,
'permitfihg Sohe'cdrreiation with his stability studies,GO' Although
he §tafes.that his findings are compatible with the order of stability,
‘the,absénée'of uracil in all sémpies would seem to efther contradict
this or require another explanation.

The conclusion must be that ff‘a polymer of polymer segment of
nuc]eotides with a geomeﬁrica] configuration or'séquential constitu-
tion resembling that of today's nucleic acids could be found, this
would indeed constitute strong evidencé for biological activity.
However, the scant data available 6n geochemical study of nucleic
acids énd their éomposife bases leads oné.to the.tonc]ﬁsion that, .
a]thpugh by proper‘knowledge of éequenCes and relative base or base/

sugar concentrations,nucleic acids are useful biological markers,
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for the organic geochemfst interested in extending his studies into
the Early Precambrian, thermal stability prec}ngs the use of nucleic

acids and nucleic acid residues as chemical fossils.

Proteins, Peptides, and Amino Acids

 The importancé of the amino acids (and their polymeric forms, the

proteins and beptides) to the ]ivihg‘systems hasvbeEn:knﬁwn for many
yeaks. This c]aés‘of compounds ha§ reﬁeﬁved an enokmous amount of
attehiion ffom the chemical evb]utiohists éndﬁ%rom‘thé ok9anic geo-
‘chemists. To chronicle the entire effort in this area would demand
a separaté‘treatise,'beyond the scope of this thesis. However, an
attempt is made to note those findings which contribute directly to
the goals of this thesis. R

In a‘situation quite analogous to the huc]eic acids, the discus-
sion of the proteinsvand peptides is 1arge]y,‘though not exc]usive]y,
a discussion of the‘monomérs,_the amino acids. Hydrolysis of the
polymers within the aqueous sedimentafidn énvironment, H

61

is to be expected” . and the search for individual amino acids is more
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likely to. bear ffuit; At.the sfart‘it must be realized that geo-
chemists have been concernéd with'free amino acids (those not for-
mally bound to the fock matrix or to other amino acids) and combined
amino acids (1iberated by acid'hydrolysfs'and presumably either from
polymers or bound to the rock matrix):"

Living syStemS"prodﬁce'andJuti1ize'aboﬁt 20 a-amino tarboxy]ic__
acids, and evo]ution.has'resulted in a situation where, almost ex-
c1usive1y; only one of theitwo possible steréoisomers is used in

these syStems.62

 The detailed structure, including the stéreOchemica]
configuration:of all these common amino acids, has been known for a

long time. Much is also known concerning the'amiho acid sequences
‘ . 63 |

in.protefhs-and peptideé. Thus, when the organic geochemisf-con-
frdnté'the question of'thoosing amino acids as chemical fossils, he
'finds‘that'hafure'§ggm§'to ha§e provided a structurally specific
narrdw Qroup of.éompounds--ZO'L-amino:acfds;' However, there is
nOthing very Qnique about the!StrUctuké'bf fheéé 20 amino acids,
asidé froh.théir stefeoisomeric.cohfigukation; In'féct, the only
other}structura1 feature common to all is the —NHé group alpha to
the -COOH; the residues are quite varied. Whether or not the stereo-
isomeric selectivity is a re§u1t_of biological action or the result
of_npn;bio]ogicql-phenomena hés beén discussed earlier. The con-
clusion from that discussion, when abp]ied to amino acids, is,thaf
.this stereoisomeric selectivity is not a proof.of'biogenicity.
Certainly the'séguenée of amino acids infgeochemica]_po]ymers,
if corre]atabie to éequencés-in bio]ogica]'systems, eminently ful-

fills the Criterion'of stfuctura1‘Specificity. Considering the
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narrow range of amino acids found in biological systems, with a know-
 ledge of the distribution of thesévacids and a possible correlation
wfth optical activity, it must be admitted that the structural re-
quirement 6f bio]ogicé] makkers is met, in both the polymeric and

monomeric portions of this c]éés of combounds. But again the geo-

chemist may have to find a biological distribution within a compognd
class. | | | |

As in the case of the carbohydfates and the nucleic acids, a
great deal of work has‘beén dbné to elucidate the steps in the bio-
éynthesis of amino acids;64 ATSo,*the bidSynthesis of the prbteins
has been extensively studied,®® and it is accurate to say that the
criterion for bjosynthetic information is fulfilled for this class
of compounds. " | _.' |
| The question.of the.abiotic syntﬁesié_of amfno acfdé has re-
ceived a great amouht of attention since Miller's report in 195_9.9
An_extrehe]y large range of a]pha,aminb acids has been bfoduced in

7

primitive Earth experiments. Lemmon reports these findings in

tabular form in his review, and Ponnamper'uma]0 also reviews the many
reports of such syntheses. A féw of the amino acids common in bio-
Togical systems today have not_been_repérted-fng., histidine and‘
methionine. In addifion tobthe individual ac{ds,'peptides-can'be

66

formed.quife readi]y under primitiVe Earth conditions, -~ Fox has

done a considerable amount of work on heating amino acids to give

67

"proteinoids””’ and he also finds a certain Se]ectivity-~of’"non-'

randomness" of the amino acids incorporated.
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The facile syhthesis»bf amino acids qnder-many abiotic condi-

tions raises considerable doubt as to their merit as biological
~ merkers, a doubt increased'by the fact that dften the same acids
prominent'in biological syetems'are’also prominent in abiotic syn-
theses.’*10 Again, to sétiSfy-the'cr%terion of non-abiotic synthesis
one must broaden his scobe and diseuéékthe distribution of the amino
ac1ds and the1r opt1ca1 act1v1ty as we11

- The geochem1ca1 stability of the am1no ac1ds has been studied

68 69 ‘Both of these wor-

and discussed by Abelson ° and by Va]]entyne.
'keke subjected.variouS‘amihe acids, in dilute aqueous solution, to
elevated temperatures (approx. 200°C = 300°C) and measured the dis-
appearance of the acids with time. Abeison combines his data'with'

70 and finds a half-life for alanine of

that of Conway and L1bby
bi]]ions of years at room temperatufe" He alse c1assifies'a number
of the other natura]]y occurr1ng a-amino ac1ds as stable, moderately
stab]e and re]at1ve1y unstab1e

Va]]entyne69

_prov1des an extehsiVe‘discussion ofvhiseexberiments
and shows the percentage of a given amino acid Whieh would be ex-
_pected‘to survive if held at a given temperature'for certain time
_ periods. Again, the conclusionSvsuggest'that some ofvfhe more
stab1e aminq acids,woquvsurvive fok bi]lidne,of years.1_Va]1entyne
'does warn that some-of-his results cah be deceiving, since they do
not .include various geochem1ca1 factors, such as- protect1on by
foss1ls, adsorpt1on,‘etc

Degens7] prov1desesome discuéSion.concerning the qeestion of-

proteins and/or peptides being hydrOIyzed to,simp]er‘compounds,
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and notes that WOrkvon éhe]] and bone émino’acidses indicafes that
rapid}depolymerization is to be expected.
Any attempt fo evaluate the utility of amino acids as chemical
fossils must takeiinto'account all of the fact and factors discussed

above. From the discussion of the use of amino acids'as bio]ogica]l

markers, one must oonc]ude:thdt ft is the distribution of the amino
acids and not the presence:or absence of sihgTe,oompounds'Which
permits their use s biological mankers}- It must also be realized
‘that un]ess‘someigeneral preserving influence has been exerted, it
is not possible tovdirett1y compare amino acid distributions from
Early Precambrian samples with more.reoent or modern distributions.
(Admitted]y, such a companieon moy not be permiSsible anyWay wﬁthout ,
é more detailed knowTedge of the'omino acid distributions in the
primitive contributing organisms') In order to utilize distribu-
tione as a chemicaf fossil, the stab111ty data must be accomodated
 Unfortunate1y this stab1]1ty information is far from complete. "A
more detailed knowledge of the geochemical stab1]1ty is needed. It
would also be-va]uabTeiif the‘stability datalcould be used to pro-
vide information‘on the initial concentrations and dietkibutions
‘of amino aeids in theﬂéediments.‘ It‘should also be restated that
éncient amino acids need nOt'be Optically»active since racemfzationv
w1thout destruct1on 1s a re]at1ve1y fac11e process. 22 |
The conc]us1on of the: above most be that w1thout an operat1ng
preservat1on phenomenon, the stab111ty 1nformat1on ava1]ab1e
' present]y is 1nsuff1c1ent ‘to perm1t am1no ac1ds to be used. as chem1-

cal foss1ls.
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-A]théugh amino acids, free and cohbined, have long been reported
as present in various geo]oQica] environments, it is only with great
cautioh that workers have fecent]y atfempted to isolate, identify,
and draw conc]usion§ from amino acids in ancient sediments. Con-
‘cerning the prdteins and péptides, considerab]e.effort.has been
directed toward these substancés ih thé protected envirdnments of .
~ shells and other calcerous struétUres.' Abe]son‘reports'the ﬁfesence
of proteins or peptides in'fossi] specimensvas old as 1 x 106 years,

bUt:finds no such substances, bnly free amino acids, in 25 x ]05

72

year old shells.’ More recently, Florkin has published an exten-

‘sive manusch’pt73 describihg the occurkehce of fossil proteins in
a number of calcerous bbdies, some ranging ihjége'up‘fo 400-500 x 10
years. He has also studied the amino acid constituents of these
'fossilﬁ.' |

As. has beeh mentioned, there are numerous rebdrt§ of amino
acids within vafious thironmenté. For a detailed review of the

early reports, onevshoqu consult the report of Abelson.’®

Turning
to the more recent reports of free amino acids in ancient sediments,
one finds results in direct contradiction to the experiments of

Vallentyne®®

and Abe]son.68"Degens75 discussés the aminovacid pro-
file 1n an experimental Mohole core, and points out the unﬁsua]
differences between the amino acids of thé=sea_waterland<the sedi-
ments, and discusses thé qrigin of. this énd othér phenomenaﬁ

| The most direct contradictions aré the recent repokts\qf amino

~acids in Early Precambridn sediments. MWithin the past few months,

two reports‘have statedvthe‘occurrence in these’old sediments. The
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first, byhOber1ies and PrashnoWsky,s3 11sts 11 amino acids from the
Bu]awaya Format1on of Riodesia (2 6 - 2 7 X 109 years). They stress
the effect on amino acid preservat1oh npt only of the processes to
which the rock has been'subjected,'but'else'the nature of the ini-
tial substances. Theyhattempt to”dehonStrate the preSehvative
significance of additional functiona]ityisuch as the presehce'of’
su]fur, or an add1t1ona1 -NH2 or COOH group |

- Certainly the most dramat1c recent report of amino ac1ds from
Early Precambr1an rocks is that of Schopf gt;glg76 These workersh
heve used extheme caution in anvattempt to rule out 1aberatory con-
taminatioh They examfnedithe Bftter Springs Formation (&] X'109 -‘
years) ‘the Gunf11nt Iron Format1on (1.9 x 109 years) and the Fig
Tree Ser1es (3 2 X 109 years). They examine "free" (extractab]e by
ammonium acetate 1eaeh1ng) and "combined" amino acid (obtained by

HC]“hydro]ysis).v Only glycine and a-alanine were found in the
| leachates. Twenty 6ne amine acfds were detected in theihydro]y-
sate. Of pahtitu}ar'interestiis the fact that'the quantity of amino
acids detected is inversely related to the ages of the cherts, pos-
s1b1y due to gradua] chemical degradat1on
More: recent]y, the optical act1v1ty of the amino ac1ds 1so]ated _

from the Fig Tree Ser1es has been determined. 7 Prev1ous work as

d1scussed above,22

suggests that these am1ho ac1ds should be com-
p]etely racemized. This is not the case; the amino acids pessess
a]mdst exc]usive]y the L-cdnfiguhatioh' This surpr1s1ng result.

suggests e1ther an exce11ent prese%vat1on of the amino ac1ds for

3 x ]09 years, or recent contam1nat1on, perhaps through micro-.

ot
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cracks, etc., in the rocks.

Abelson and Piare78 have recentiy provided evidence which sug-
gests that the 1atter explanation is EOrrect ‘In addition to sup-
porting the previous work on the Gunflint Chert finding essentially
the same distributions of amino ac1ds, predominantly L these
workers gently heated the Chert and found that the amino.aeids were
racemized and partially destroyed. Combined with a permeability
study, this stability Etudy implies that the amino acids in the
Gunflint Chert are‘epigenetic and not syngenetic with the ihor;

- ganic rock matrix. o o

Certainl_y Abelson and Hare's report does not settle the debate
~as to the euitabiiity of amiﬁo acids as chemical fossils. Each
~geological sample must be critically e*amined, individuéi]y, fo
determine the answer as to the origin of these amino acids. How-
ever; caution is a necessity before attaching significance to any

reeu]t.
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- Lipids |

The fourth major c]éss of compounds Foundvin'bip1ogica1‘Systems
today is the lipid fraction. ,By'définition, the 1ipids are those

éompounds extractable with common organic so]vents,79

~and such a
broad definition results in avbroad spettrum ofvcompounds being in-
c]uded in this class. For the bdfposeé of this discussfon it is best
to subdivide this class and consider various compound types by them-
selves. The subdivision uséd'here'is one 6f geochemical cbhveniéhce
more than of biochemical tradition, forvit‘tends to group compounds
together on the basis of method of analysis and géochemiCal signifi-
cance. Such”grouping provides one with fdur "sub-classes"” of com- -
pounds:' | | - | |

-A)'Pigments | C)‘Hydrocarbdhs

B) P01ycyc11csv' | D) Esteré; a]cohbls,and'aéids
This is not meant to be_comprehehéive listing into which all the bio~
logical molecules not already d%scuséed éan be fit, but it does in-
clude the vast majority, and experience suggests no majbr compound,ﬁ-

or type of compound of general geOchemical‘intekest; is excluded.

A. Pfgments
. Pigments are generally Timited, geochemically, to;mean the
carotenoids and the porphyfins and chlorins. IOthervpigments, such
_és quinones, polynuclear phenO]s, authocyanins, etc., are generally
discounted because of their more Timited distribution in nature
or their tendency toward rapid a]teratioh in the geongjcé]

environm_ent.80

:I
Tt
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Turning then to thevcarotenoids,'one:again must apply the four
criteria for a chemical fossil. The first of these, a unique
structural characteristtc, seems to be eminent]y satisfied. The
polyisoprenoid structure basedxon the‘polymerization of C5:units
reeultsbin a onique carbon chain'posseSSing a methyl group on
every fourth carbon. 1In the}case,of the carotenoids, two suoh
chains are joined to produce a mid—chain 4-carbon unbranched
fragment.* - Such a structure appears to be non-random and specific
-enough to fquiT]vthe first'criterion for a biological marker.

“Thevhiosynthetic route to the carotenoids hasdbeen well

81

studied. -_'The'formation of thevpolyisoprenoid‘chain is a classic

in the study of biosynthetic mechanisms, and much effort has also
been directed toward discovering the mechanism of joining two such
82as we]l'as the-mechanism of formation of the
83

isoprenoid chains
terminal rings found in certa1n caroteno1ds

| There has been abso]ute]y no report of the synthes1s of a
caroteno1d_1n any sort‘of promitive Earth experiment. A]though

synthetic polyisoprenoids are known,8%

no synthesis has been
demonstrated which inoorporates the unbranched four?carbon piece
symmetrically into the midd]e.of the chain. More attention will

be given to the po]yisoprenoid synthesis iater, but the conc1usion
regarding these compounds, the caroteno1ds, is that no ab1ot1c |
synthes1s has produced them.

It is, in part, thermal stability which precludes the use of

caroteno1ds as ‘chemical foss11s Mu]1k and Erdman have_subJected

*For a further discussion of the s1gn1f1cance of th1s fragment see
Chapter v of this thesis.
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g-carotene to thermé] treatment in a sedimentéry environment.85
Rapid decomposition of the carotenoid to smaller aromatic}mo]ecu]es
such as toluene, Xyienes,‘naphthajénes; and ionene occurred.86
- Although in_naturé the xanthophy11s (0-containing carotenoids) are
3-10 times the abundance of the hydrocérbbn’cardtenoids, in sedi-

‘ments this ratio is much lower--suggesting an even greater des-

87

truction of xanthophy]Ts than hydrocarbon carotenoids. Certainly

‘thermal degradation is not the only déstructive'fOrce»operafing'on.
cafotenoids; {ight, ox%dation, enzymic conversions, etc., a]lbcause
rapid destruction of these:p:igments_.88 Nevertheless, over geological
time, theithérmal prbcess probably wi]]_be the most éignifidant
’ factpr{ - o o | .v

A éonsiderafioh of the réports of thé 6ccufrehce'df carotenoids
in sediments démbnstkateévthat indeéd-tﬁeylaréZVeky’uhstable} “There
havevbeen numerous'reports of their océurrencés ih fecent‘Sediménté

8Q In this Taboratory a

and these are réViewed'by H. N. Dunning.
recent sediment has been analyZed, and the occurrence of carotenoids
.in it will be discussed in Chapter-IIi. The oldest sedimentvin |
which carotenoids have been demonstrated to occur is a 100,000

year o]d gytté}89

It is conceivable that the unsaturated caro-
tenoid could become fu]]y reduced in the appropriate sedimentation
_ environment, and such a reduction should preserve the basic struc-

90,91 92

ture as a carotane. Receht]y Eg]ihton, .have

and Robinson
separately kepprtéd the.occhrrence of a C4O carotane in tHe ‘60.x,106
year old Gréeh River Shale of Colorado. This is, however, the only

report of a saturated carotenoid.



-39-

Both the consideration of the criteria and the lack of reports
of their presence in sedimentS-seem tovsuggest that the carotenoid
skeleton does'not provide the geochemist,'interestedvin'ancient
sediments, with a useful chemical f05511 | |

| The tetrapyrrole pigments, the porphyrins and chlorins, consti-
tute an.extremeiy 1mportant group-of biochemicals, because of their
part1c1pation in photosyntheSis as the primary energy converSion
components, and in mammals as 02 transporters 93 Since the evolu-
tion of the photosynthetic mechanism was of .great importance in the
evolution of living systems,'tnis type of compOund becomes extremely
o important to the organic geocnemists ) |

34 1soiation, in 1934 of porphyrins from

In fact Treibs'
bituminous rocks is conSideredvone of the initial milestones of
orgenic geochemistry. Everpsince that time:considerabie attention -
has been?given to the search for thése compounds in various geolo-
Qicai“environments It is, however, stiii necessary to apply the
four criteria to this group of pigments. .

The structures of heme and ch]orophy]]—g_are shown in Figure 1.
Both of  these structures consist of four pyrrole nuclei attacned by
one-carbon bridgesand specifically substituted at the peripheral
position by i,2 and 3 carbon chains. InAthe cese of chlorophyll,
~there is a iong—chain‘alcohoi bound_tovone_of these sidechains via
an ester Tinkage. The geochemicai'search for these‘pigments hes
been concerned primari]y with the basic'tetrapyrroie nucleus since
the long-chain a]conoi wou]d be_quickly removed in the environment

95

of sedimentation.”® (This side chain will be discussed later.)
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" Figure 1. Structures of chlorophy11-a and henme.
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The tetrapyrrole nucTeos'is a're1atiVe1y comp1ex'structure;
so complex that it has been felt to be proof'of bfo]ogica1 activity.
However;'if one considered thfs_nucleus as‘a cyclicapo1ymer of a
simple fiye—carbon heterocycTe, Jjoined by one-carbon bridges, the
structurevdoes'not seem’partico1ar1y unique. Therefore, one must
take into account the diStribution‘Of'the’VarioUS side chains
around'the nucleus. ‘The distributions”found in such molecules as
heme and ch]orophy]]eg_suggest a selective positioning of these
substituents, which, if also found to be present in the other'bio—
1ogica1 pigments of this type, would seem to be‘structdra11y indi-
cative of biological actiyity; thus fp]fi]ltng the first criterion
for a bio]ogica1 marker. Even if’thisnexact‘pattern of substi-
tuents is not found in other p1gments, a limited number of substi-
tution patterns would still adequate]y fu1f11] th1s cr1ter1on

Once aga1n, 1t»1s poss1b1e to state that the b1osynthet1c
route to these compounds is we]] e]uc1dated 96 fu1f11]1ng the
second cr1ter1a

The abiotic_synthesis of such a large molecu1e:WOu1d‘seem to
be an un]ike]y.possibility But again, considering it as a po]y?b
mer, the "polypyrro]e” nuc]eus might be synthes1zed 1n 2 pr1m1t1ve
Earth experiment. Szutka 97 has reported severa] exper1ments which
produce such a nuc]eus, but h1s starting mater1als are either too
ideally chosen or, as in the case of §-amino 1evu11n1c acid, not
known from primitiVe Earth erperiments Recent]y Hodgson98 has
demonstrated the presence, in very small y1e1ds, of this tetra-

pyrrole nucleus from pr1m1t1ve Earth atmosphere exper1ments._ That
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porphyrins have been isé]ated seems of little ddubt;_Whéther or not
the side-chain distribution, ff present,.is eveh remofefy similar
to that of biological syﬁtems is not knowh. These side Chaihs may
.well be the only factor wﬁich permits the porphyrins to be used
as biological markers. | | | |

The porphyrins are very stable compounds due to the aromatic
ring structure of the tetrapyrko]e nucleus. Dunm‘ngs0 has discussed
‘poésib]e reactions which might alter the pigment during sedimen-
tation, but such diageneti; changes as hydrolysis (as mentioned
above) démetallation,.compiexing with Gther metals, etc., do not
alter the basic nUc1euc-$idevchaih strUCture;: B]umergg'has a150
discussed the 1ong—ferm fate of fo$si] bbrphyrfns énd discusses
the GCCerénce_of'homologous porphyrins resulting from deéarbOXy_
Tation énd reduction of the side chainé. Reactions which alter
these side chains are extremely important;sinde:they could elimi-
hnafe the very structural featuresineceSSahy to uti]ize'fhe'éompounds
'aé bioTogica] markers."An.ArrheniUS 'aétivation ehergy of 53.5

kcal/mole has been given for the porphyrins,§8

18

which wou]d suggest
a half-life of 10°~ years at room temperature. The conclusion is
that while the original pigment wi]]valmost certainly be squect
to considerab]e diageneticia]tération, the bésic nucleus and non- -
functional. side chains shouid_be.sufficient1y stable to pérmit the-
use of theséfpigments as chemica]Ifossils.

As mentioned earlier, a great deal of geochemical efforf has
béen directed toward porphyrin and chlorin analysis. DunningBQ

provides a review of work in this field and from his discussion it
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is evident that tnéselpigments'do”eX1st in sediments ranging from
the very young to the Cambrian. More recently this search has been
extended into the'Precambrian.with:some success. Probably the
greatest effort has been tnét Of HOdgsOn and coworkers uho re-
cently reported on the presence of porphyr1ns; chlorins and poly-
cyc11c aromatics in near]y 250 so1]s, sed1ments and rocks, ranging

in age from Recent to the Ear]y Precambr1an 100

Of greatest 1nterest
here 1s the report of porphyr1ns in the 2.6 x 109 year o]d Witwater-
srand System, and the 2.7 x 10 year old Soudan Format1on |
Concerning the question of homologouS’ser1es and‘s1de—chain

occurrences , Hodgson has nd,comment,'for thetteChniques used by him’
permit no SUch'differentiation Tne work of Blumer mentioned pre-
_viously,gg as we]] as that of Baker and coworkers,]O] does give
some:attent1on to.th1szmatter, but does hot provide precise infor-
mation as to the exact 10cations and ]ength of these side chains.
The difficulty in separating pure components differing only in the
‘presence or absence of one carbon atomf or in the.posttion of one
—CH3 or CH2 group is a form1dab]e one. Encouraging signs that

.this may -become feasible 1s seen in the work of Boylan et 1.]02’]03

_Success in the.der1v1t1zat1on and vo]at1]1zat1on_of porphyrins
should permit the organic geocnemist to isolate and more accurate]y
define the exact structure of these pigments as they occur in
sediments. Corre]at1on of this 1nformat1on w1th the b1o]og1ca1
structures, as exp]aJned.earller, should prov1de very strong evi-
dence for bio]ogica] activity. The only 1ﬁmitationtremeintng_is

that ancient non—photosyntheticvorganisms_and the most primitive
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1life forms may not have contained theéé'macromolecu]és. In spite
of this']imftation thevporphyrins and cﬁ]orins must be considered
one of tho most va]uab]e'chemical.fosgils.

B. Polycyclics

The geochemicaT sobdiVisiOn of thévlipids includes a group of'
compounds broadly cTassified as po]ycyo1ics; A]thoogh many types
of bfological compounds contribute to this group, attentfon here
is directed to those which are the largest or most importaht geo-
~ chemical contribUtors This includes polynuclear aromatios, tetra-
and pentacyc]1c terpeno1ds, and some heterocyc11c compounds

Many of the biological po]ycyc11cs are apparently too unstable

to be preserved, in any easily recognizable form, within the geo-

log1ca1 environment. Included in this group are compounds conta1n1ng

strained fings, heterocyclics (espec1a11y those with severa] hetero-
atoms), and‘stéble fingé with highiy‘reéctive side chains. Many

of theSe:oompouhds by'deoomposifion, combinatioh,'polyméhiZation
vand reéction with other molecules such aé sugars, nucleic acid
}esidues, etc., are probably incorporated into kerogen. Althoogh.
much work has been done attempt1ng to elucidate the structure of
kerogen, re]at1ve1y 11tt]e can be said about 1t there does seem
~to be a close re]at1onsh1p between.kerogen and humic acid. This -
re]atfonShio,oas_we11 as -the importance of lignin to tﬁe kerogéo
-andrthé chemi cal and biochemical transformations‘which are impor?

tant in this chain of'transformatiohs, is discussed by Degens104

and Swain.}psv Whatever its exact nature and origin, kerogen seems

to be the repository.for sedimentary organic matter which is not
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sufficiently stable or non-functional to survive in isolation.
Its utility in organic,geochemistry‘depends on Whether or not
analytical methods can effectiyely isb]ate from it unaltered mole-
cules which can be'reiated to.bio]bgica] precursors. At the momént
this cannot be done.’ | o |
',It is important here to nqteithe recent report of the presence

- of camphor and borneol

OH

- camphor - and ' borneol

in:the 2 x_]O9 year old Ketilidian sedimentary rocks of Green]and.106

In most'organit geochemica1 work.dOne so far, such compounds’would
not have been détected due to the aha1ytica1:processes used. This
'rather_surprising_occurrence must be substantiated‘becaUSe the
sighifiéahéé of sUch'prestab1y qﬁstab]e compounds of such‘un1QUe
structure could be very 1mportaht.

_ Heterocyc1ic'¢ompounds in'coa1svand_petrojeum ha?e been studied
quite extensively because of their commérc1a1 éignificénce. A large
number df sulfur and nitrogen heterocyclic compounds haVe been
107

idéntified in petro]eums. Also, f1avihoids and similar com-

pounds have been identified in some recent sédiments.108 Such
studies may become very important in the future, but at the moment
their scope is tooviimited, especially in regard to ancient occur-

-rences of these compounds; to permit'any.definite conclusions
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cohcerning_the origin of life or presehce of biological activity.
It is reasonable to expect, in an abiotic process, that nitrogen
and sulfur would be‘incokporated into aromatic hetéroqyc]es. With-
out much more infqrmation, theSe.compbundsvcannot be used as biolo-
gical markers or chemical fossils. | |

Po]ynUc]eér aromatic hydrbcarbonslcan be easi]y'fdrmed by -de-

hydrogenation of such cyc]fc éompounds as steroids and triterpenes,
6r by some of the'processes kesponsib]e fo? the formation of humic

105

acids and kerogen. However, they can as eaSi]y be‘forméd by -

109

the abiotic reaction of carbon and hydrbgen. “Even the presence

of substituent méthy] groups, such as would be éxpetted if forma-
tion is from terpenoid compounds, is not vefy significant §ince
these may also be easily formed-in'abibtic reactions. Such ease
of formétibn, Without a‘biologica1 agént, demands that these com-
pounds_be réjected as potentia]rchemica1 fossils.

The fejection of the polycycfit_arohatics'does not exfehd to
thé:po1ycyc1ic a]iphétics; especially the steranes and pentaéyéljc
triterpénes, While the afomatic,counterparts may be easily formed
abiotically, and the a]iphaticsvby a subsequent process, the 1étter
havg much greater’potentia1 for strucfura] spétificity, if the
positional and stereochemical arrangement of Substituents is con-
sidered. The struétura] spe¢ificity of the po]yisoprénoid compounds
;ontaining a central four-carbon unbranched fragment has_béen dis-
cussed in connection with the ﬁaroténoids, and the comments made
at that time are equally relevant here, since the steroidal. and

triterpenoid compounds in biological systemé_are formed by



- -47-

cyclization of squalene, the C4p analog of th'e:ca\r"o"cenoid's_ke]eton.”O

~ Squalene’

Aélhas a]ready.been suggested in tﬁe case of other compddnd
fypes; in c0nsideking a'class of compounds for organit geochemical
burposes, it is best to concentrate on the basic cafbon skeleton,
and accept the fact that fuhctionaiity;sucﬁ.asxhydroxyi, amino,
Vihyl and_tarbony]igféups‘wiii'téhd to'disappear with time. The

‘question theh ié:one of whether the sferoidai ékeietoh (or penta-
cyclic'triterpenOid §ke1etph), is a useful chemical fossil.

"_ The structural specificity of the steranes and triterpanes lies
~in their stekeotheﬁicai preferences and.in'the pdsitions of the sub-
stituents (mostly ¥CH3_grons)} The basic quéétion here is whether
~or not these preferences as observed in bio]ogiéai systems are the

result of the operation of a biogenetic‘mechanism or are due‘to
the inherent geometrica]lpreferences of the acyclic isoprenoid
ffom which fhey'aré}fofmed.‘ Recentiy a great deal of aftention
has been,given to theknon-enzymatic (non-bio]ogicai).cyc]ization

of squalene and similar Compbunds.]1]

Although some success has
been achieved, it is only partial, for no one has yet reported the
cyc]ization of squalene fo the precise A-B-C-D ring Structure of

the steranes. However, should this be accomplished, the utility
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of the cyclic terpenoids as biological markers is not necessarily
invalidated since the startihg hateria], squa]ene; has not been
abiotica]ly.producéd. |

If sqﬁalene can be formed in a reasonable abiotic process, or
if steranes can arisé from other compounds'(Such as “reguiar“ pb1y-
| isoprenoids), the'USéfu1néss'of the stéfanes ahd triterpanes as
bio]ogica] markers is reduced or non-existent. If not, a caution.
that should still be exercised"wou]dibe against interpreting_éyc]ic
terpanes‘ih geological situatiohé astneceésarily having been de-
rived only from cyclic terpenoids 1h-biof0gica1 systems.

Following the discussions in the pféviousﬂﬁaragraphs, the con-
- clusion is thét with the information éurkently avéi]ab]é, ihe
criteria for a pio]ogica] markér are fulfilled. However, this is
a situation where such conc]usionévmuSt be made with resérvations'
and where‘future fihdings may necessifate a chahgé'in the signifi-
canﬁe‘attached to the~tompoﬁnds. | | |

The question of geoéhemica] instébi]ity of these compounds

is probably predominantly a question of the alkyl substituents,

and perhaps only in extreme cases a question of nuclear rearrange- .

ment or alteration. The stabi]ity of saturated C-C bonds has
been estimated from pyro]ysis data. From the data it has‘been
calculated that there is an Arrhenius activation energy of A58

68 which amounts to a room temperature half-1life of

kcal/mole,
&102} yeéfs. 'For‘hydrocarbons constant]y maintained at 4QO°K 

the estimated half-life is_>]010 years.
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Certainly thetabove values are not directly extrapo]atab1e

12 however, they do suggest that hydro-

to geological situatfons;
carbons are sufficient]y stable to be used as chemical fossils as
old as the Earth 1tse1f

There is a paucity of reports dea11ng with the geo]og1ca1
Aoccurrences of steranes and trjterpanes. Most of the early re-

ports, as noted’by Belr‘gmann‘,”3

have dealt With otcurrences in
petroleum Uhti]vrecent]y,:tethnioues”have not been developed
suff1c1ent1y to perm1t separation of one compound from its isomers.
S1nce this fract1on of petro]eum is considered to be important in
vthe occurrence of optica] actiVity in 01,114 mutn'attention has
recent1y been g1ven to th1s separation prob]em Thus a'number of
}reports have been made of part1cu1ar components being isolated from
petro]eum and their re]at1onsh1p to b1o]og1ca1 precursors has been
d1scussed ]]5
In severa] sed1ments, part1cu1ar1y those with a large non-
marine (terrestr1a1 1and-p1ant) contr1but1on, the occurrence of
steranes ‘and tr1perpanes has been noted; most prom1nent among '
these sediments has been the Green River Sha]e 116 Hills and
Whitehead were the first to identify a pure sedimentary triterpane

isolated by Cummins and Robinson; they showed it to be gammacer‘ane:”7

H Gammacerane
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VMore recently, Henderson,gt_gl:]18 have determined the structure
of a large number of triterpanes.and'steranes from this Green River
Shale. Another occurrence of steroidal compounds is in the 130 x 10°
year old Pierre Shele. Since this work was done in the authorts
1aboratory, further data will be presented later.

Individual steranes and triterpanes have not been isolated
from Precambrian sediments, although they have beenvreported in at
least one instance. ThiS‘report, of much interest, was that of‘

Burlingame gt_gl,,]]G

9

who reported the presence of steranes in the
2.7 x 10 yearIOTd Soudan Sha]e;.however, there is some question
.about the age of the eXtractable’hydrocarbons of this sample. *
Other hydrocarbon analyses of o]d sha]es has not been suff1c1ent
to refute or support the presence of steranes 1n th1s era. This

_ group of compounds does seem to be’ ab]e to prov1de va]uab]e 1nfor-
mat1on concern1ng the t1me and manner of evolution of various
living systems. But again it must be stated that extra caution

is needed in attaching significancefto the steranes and triter-

panes.

C. Hydrocarbons

Although widespread in the plant and animal world, hydrocar-.
bons do not normally constitute a very 1arge percentage of the

total mass’ of such,systems 19

Nevertheless, as discussed in the
previous section, these compounds are stable enough to survive .

for billions of years, may eventually accumu]ate,'and shou1d be

*For a discussion of this matter, see Johns gt_gl.32



-51-

considefed for use as chemical foSsi]sf .EglintOn and Hamﬂton]20
have reviewed the-bccurrehces'of alkanes in bfo]ogica] systems,
and although most work on natural alkanes has been concerned with
Teaf waxes, wool Wax,jetcé, these compounds are known to occur in
many other biological situations. Thg'majdrity of biological al-
kanes reported are the'st}aight—chaih_ok.normal alkanes, the
distributfon of Which, in nature;fhas been reviewed by C]afk.]Z]

The jso- (2-methyl) and anteiso- (3-methyl) é]kanes seem to
be the most wideépread-and abundant non-normal alkanes, particu-

122,123

larly in plants,:butra1so in bacteria. The "regular" poly-

isoprenoid alkanes, as depicted below, ..

o M o Hy '?H3 o
o C  CHy CH, |
CH : | .\C _ \ / / \ / \ adh

W ¢
AN ‘
3 o H, cH, | 7 ete.

2

with a methyl branch on every fourth ‘carbon, have also been found

in various plants and animals. 124125

These three types of alkanes,
normals, mono-methyl branched and po]yisOprenoid, have received
the greatest attention and have been most thorough]y documented.
Since reports of other a]kanes do not perm1t genera]1zat1ons, due
to 11m1ted d1str1but1ons, etc., only the above three types will be
considered as potent1a] biological markers.

Aside from the length of thé chain; there is no strhctura].
specificity in hqrﬁa], iso- or anteiso- alkanes. Only the aptéiso—

alkanes have an optically active center, but no stereoselectivity
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has been reported to occur in these compounds. The examination of
chain length distribution reveals that most biological systems

121 1 the case of the

form the odd-carbon-number norma] a]kanes
iso- and antéiso- alkanes, although some reports sUggeSt»a pre-
dominance of odd-carbon-number COmponhds'in the iso- series and
even-carbon—number compounds'in the anfeiso' ser1es,]22 other
work, with alkenes and alkanes suggests that such preferences are

not un1versa1 123

In view of the re1at1ve1y few reports on these
compounds , no conclusion can be drawn as to the overall odd/even
ratio. . : _ |

. The po]yisoprenoid a]kanes present the greatest structural
specificity among the saturated hydrocarbons The'presence of a.

methyl group on every fourth carbon 1s certainly 1nd1cat1ve of a
b1o]og1ca1 specificity, the same spec1f1c1ty seen in the caro-
tenojds,and'triterpenoid compounds. The added:possibility of
vstereoSeIectivity at all or some of the asymmetric carbons in-
‘creéses fhe likelihood of these acyclic po]yisoprenoid alkanes
being structurally specific molecules; however, no one has yet
reported on the configurations at these -asymmetric centers in
the’aikanes; | |

The conclusion from‘the foregoing'discussion is that the
acyclic polyisoprenoid alkanes fu]fi11bthe criterion of_being
structurally specific. The.isgfland anteiso- structures do-not
seem to be specific, a]though the presence of these methyl aikanes
and the absence of the other methy] a]kanes (i.e., 4- methy]- 5-

.methy]-, etc,,) m1ght be cons1dered an 1nd1cator of b1o1og1ca]
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activity. ‘This'kegts‘upon the asSumptioh that the other methyl
alkanes are generally absent from living systems, an assumption

not necessarily vaTid;]26’127

The normal hydrocarbons can ful-
fill the épecificity criterion}on1y ifvtheir distribution is con-
sidered. The predominance of odd/even chain lengths, especially
in the higher carbon nuhbérs (j;é;, 025—C35); would seem to pro-
vide an fndibator‘of biological activity. |

The biosynthesis of hydrocarbons has been studied to only a

]1‘m1‘ted'degr‘ee.]28

It has_geneféliy‘been assumed that theée com-
pounds arise either diketi]y from, or 1ﬁba manner analogous to,
fhe-]dng'chain funéfiona] compounds such as fatty acids and alco-
hols.'20" In many cases, especially among the animals, these hydro—
carbons may reﬁﬁ]t from bibgénetié'processés acting ubon ingested
fatty acids and other 1ipids.'fA1though the route to the exact
compounds discussed here has}not been determined,'sufficient work
has beeh done on related compoundé‘to permit tHe.étatement that
the criterion for biqSynthetic kndw]edge is fulfilled.

The major bbjection to the use of both normal and monomethyl
a1kanes'arises from the ease of abibtic syntheses of these com-
pounds. Anxieties in this mattef are well founded for such com-
pounds have been formed by very simple procéése#. Perhaps the
most widely known synthesfs-of_these compounds uses the Fischer-

Tropsch process, the equation for which is:

(Fe,Co Ni) - ' , .
SNy
00— > M0+ CiHan 4o

nC0 + (2n + T)H,
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This process or a minor modificetionvof it, is not unreasonable
as a primitive-Earth situation. = The catalysts usedvare not un-
1ikedmany naturat substances and the.presence on the primitiVe
Earth of suitable starting materials ts likely. A sufvey of the

Fischer—Tropsch literature!?? 130

and results from this 1ebokatory
show that normal, iso-, and anteiso- conpounds can beforoduced
ab1ot1ca]1y in good y1e]ds

~ Even the odd/even predominance of the n-alkanes can be pro-
duced in the ]aboratory by simple processes. Te]omer1zat1on of °
ethy]ene (or ethane or acety]ene) with any one- carbon species, such
as CO or C02,'and subsequent~reduction to the hydrocarbon'wou1d v
give an odd/even predominance. ATthough the neasonab1eness of
.such a process,‘within'the context-of.organic geochemistry, can be
quest1oned and debated the knowledge that th1s type of cha1n for-

dmat1on has been demonstrated]3]

causes skept1c1sm about the ;1gn1-
ficance which can be attached to the distributions of norma1‘
hydrocanbons. | - o

The abiotic eynthesis of a molecule as complex as pristane or
phytane has long been thought to be a very remote possibi}ity.
However, the fact tnat such molecules are simply polymers or modi-
fiedipo]ymers of sdch simple molecules as fsopnene (4}\4?) or-2-
methyl-butane hes recently led to.speculation and_doubts as to the
suitebi]ity of these compounds as biological markers. The togic
behind such questioning has been'discussed by McCarthy and Ca]vin.z1 i
The fact that Stud1er et al. 10 9 have reported the synthes1s of

1ower members of thws serjes hes lent credence to the doubts



-55-
vsurrounding these compouhas. More will be mentioned later concern-
ing the logic and validity of these abiogenic syntheses, but this
author feels that the aCy§1iclpO1yisoprenoid alkanes aré still
valuable as indicators of bio]ogicalnactivity. The willingness
to acéept (with'reservatidns) these C6mpounds is due to the in-
abi]ity5of_any.abiotic éxberiment yet .reported to'synthe$1ze'the
1C]5-020 (minus the C]7) acyclic polyisoprenoid a]kénes in ]éfge.
amounts relative to other a]kanes, Traditiona]]y organic geo-

chemistry has rested on the assumptionAthat these compounds are

prodf of'bfo]ogica1 actiVity."The Chaﬁge fiom‘prdof to suggeStive
evidence fortunaté]y dbes not negate Work already reporfed; it
suggests. the need for subStahtiation, and this is noW being
realized and carried out. |
| Accépting‘then, the acyclic pdlyisdprenoid alkanes (and less
so the othe} alkanes discussed here) as pbssib]e bﬁo]ogical mar-
kers, one need only question their sfébi]ity; This matter has
béeh discuSsed'in connection With the triterpanes; and that dis-
cussion suffices for these acyc]ic compounds. With the fdurth
criterion fulfilled, one can conclude that theﬁe compounds deserve
attention as chemical fossils.

Any attempt to discuss in detail the hydrocarbons found in
oils and sediments would constitute many more volumes than this
132

‘theéis is designed to. be. »thtehead'and Breger present a -

table of over 200 hydrocarbons (some. of whﬁchvare aromatic) which
have been iso]ated from oils. They note:thafAthis 151250%‘of the-

constitutenls of crude petroleum; it is to be exbected that, in~-
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addition; quite different hydrocarbohs may be found‘in sediments,
coals, etc. Since‘mény of the reSu]ts and discussion of this.
thesis are concerned with fossil hydfdéarbbns; the remaining dis-
cussion of occurrences and significances will be présénted later

in the thesis.

D. Esters, alcohols, and acids

| The finé] group of compounds'to'be consiqered for use as-
chemical fossi]s consists of those long-chain'alcoho1sr estérs,
and écids found predOminéntTy in waxes, glyceride§;'phosphatides,
etc. Although such fragments are often only a.portibn of very
interesting and certaih]y bio]bgica1 compounds, the bonds joining
these fragments_to the remafnder»of'thé'ho1ecu1e'aré aﬁparently
too unstable to survive within the environment of'sediméntation.
Hydro]ysis of ester bohds,'dehydration of alcohols, reduction of
double bonds,.cyc1izations, etc., are reasonable processes; even

99 The.

carbey]vgroup; may be reduced as demonstrated by Blumer.
two most stable end products of such diagénetic'transformations
would be the saturated hydrocarbons and the satdrated fatty acids,
and it is these two groups of compounds.which-are potentid] bio-
logical markers and chemical fossils.

Turning then to the basic carbon skeletons found.in'fhis
group of compounds, one finds that the majority>of these compounds
consist of skeletal structures already discussed--unbranched
chains, iso- and anteiso- chains and acyc]ic po]yisoprendid chains.'
It seems unnecessary to repeat all the discussions relating to the

'suitability of these carbon skeletons for use as biological
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markers. Pekhaps the most valuable approach is to consider the
distributions of fhese compounds and the contributions they will
. make to thé hydrocafbon distributions already discussed. |

" The redox potéhtia] of a'sediment is one of the most 1mpbftant
factors determining the diagenetic prbtesses which occur. It is
closely associated with the presence or absence of various bacterfa,
which as mentioned iﬁ connection with cafbohydrates, play a 1akge
role in trahsfokmations of'organic (aﬁd inqrganic) matter within
sediments. The precise magnitude of all of the mahy factors operating
during diagenesis is difficult, if not impossib]e, to measure, and-
certainly is unique for each sedfment.]33 | |
Most mariné sediments rich in Qrgénic matter are highly re-
ducing;]34 It is reasohab]e,jtheréfoke, to assume’thétjmany Tong-
chain functional molecules will u1fimate1y be transformed into
aikanes. OnTy thoée compouhds ofigina]]y present aS acids of
those oxidized to acids during the early stages of deposition
would be exbected'to,appéar as écidé in’oner sédimenté. Unfor-
tunately no data are available to permit a prediction of the per-
centage of the sedimentary acidé which would be reduced, in time,
- to a]kanes. It is not unreasonable to anticipate some acids
"surv{ving:fbr-very Tong times. Similar to the éase of.carbohy—

48

drétes, the acids may become chemically bound, via the carboxy-

late, to the inorganic rock matrix, thus permitting_preservation

of at least a small fraction of the original acids.

Much attention has been giveh to the Tipids present in p]ants,]35'

136

bacteria, tc. The gredt majority of these compounds have carbon
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chains with an even number :of carbon atoms. In the‘caSe of fatty
acids, n—C]4, n—C]6 and n-C18 are the predqminant members. Any
cdntemp]ation of the use of fatty acfds for geochemical studies
must accept the fact that a great deaj of emphasis will have to
~ be placed on the distributions among the normal acids. The branched
acids present, as such, or derived frem other 10ng:chainvmoiet1es?
can also be used for geochemical studies. Unfortunately, the un-
usual mono-methyi— or cyc1oprdpy1—acids‘found in such drgahisms as

135

Lactobacilli and MicObacteria v may not be widespread enough to

perm1t ‘their use as general chemical fossils. On the dther hand,
the acyc11c po]y1sopreno1d structures may be common to most sedi-
ments. Though the acids themse]ves apparently have a limited bio-

]37"the possibility of theirhformation by

logical distribution,
oxidation from.phyto] the side cha1n of chlorophy]] may‘give
them a w1de distribution in sed1ments | |
Th1s d1scuss1on of the feas1b111ty of us1ng fatty ac1ds as
b1o1og1ca1 markers is based in 1arge part on suppos1t1ons and prob-
abilities wh1ch are e1ther impossible to accurately state a Eﬁlgﬁ_
or for which 1nsuff1c1ent data are available to draw more tenable
conclusions. Nevertheless, these compounds cannot be ruled out
- as possibie b{e1ogica1_markers. |
The hydrocarbons which resu]t-from'EOmpTete reductionvof
lipids are not Tikely to he a”precise duplication of the carbon
chains of the origina] molecu]es. Certainly other reactions, some
'~ due to bacteria in sediments,_wi11 alter some Tipids in preference

to others. One of the great lacks in orgahicvgeochemistry is a
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know]edge of the aiagenefic transformations which occur during
sedimentation. One rea1iy cenhot state what hydrocarbons will
be produced ih this way. Most ofethe suggestions for processes
which'occur are‘made after exemining'sediments, a very rough, if
not invalid approach; Assuming a direct reduction, with no change
in chain.length, one can expebt that eVen—carbonfnther'e1kanes
will be produced;fn large amoﬁnts; fh accokdaﬁce with the'bke-
dominance of even-carbon-number fatty acids. ‘On_the other hand,
Cif fatty acids'undefgo simple decérbokyfatibn, the odd-carbon-
number hydrocarbohs would be expected to be dominant. In attempting

to explain some results frbm=recent Sediments, Cooper and Bray]38

139

have proposed the opeartfon of this second methanism.' Bendoritis
also used this idea in connection with the isoprenoid a]kanes.

140

Jurg ‘and Eisma have'recen£1y demonstrated that while such a

. process does occur, it is compiicated by a number of other reactions,
u]tihate]y resd]ting in'a great,ﬁumeer of produéte; vMeinSchein,]4]
on the.contrafy, has suggested that redUctfon is a major eause,

not only of eyen—carbon alkanes, but also of the odd-carbon al-
kanes. A]thoqgh this poséibi]ity cannot be ruled out, it is im-
portant to peint out that the work on which this suggestion 'is

based]42

is not definitive according to modern chemica1'standards.
This hydrogenolysis reaction shoqu-be repeated to certify the
loss 6f methane in the process. |

The conclusion of this discussion of processes and compounds
-leading to alkanes is'thatvthe.métterAis too comb]iceted.to'permit

accurate statements. Sinee hydrOCakbons-have already been considered
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as potential chemical fossils, the important question'here is
whether or not contributions from functioha1 11pids'demand any
change in this consideratfon. The answer is that only if a com-
bination'of the two contributing elements cannoﬁ be distinguished
from abiotic hydrocarbons,”do these'compounds'1ose.their poténf
tiality as bio]ogicaT markers and chemiCQ] fossils.

‘Most of the above discussion of both fatty acidsfahd/hydro-
carbons isﬂconcerned'witﬁ structural ébetiffcfty attending‘the
expected hydrocarbons and fatty acids,léttempting to establish
some_basis'fOr the éxpectatﬁdhé.v Thevériferia of bidéyhthetic
information, ébiogenit'onMatioh'and stabiiity;must a]#o be at-
tended to. boncerning the alkanes, all Of‘the§é matters have pre-
viously been discussed. The dn1y.addition‘tb thét,diééussﬁon is
the fact that now there is perhaps a different distributfon to
consider in connection with ébiogéhic mfktures. One‘cahndt’say
: the_critéfion is not met withouf d‘knowlédge of the'geochémi¢é1
distribution which results frbmAall'bib1ogfca1 contributions.

The biosynthetic route to the lipids has been sfudied quite
143

thoroughly, especially the bfosynthesis of fatty acids. How-

ever, formation of fatty acids by abiotic means has also been’

144 Johnson and Wilson have

studied and shown to be feasible.
devfsed a‘scheme by which predominantly unbranched fatty acids
would be abiotically synthesized.]45. In a mannef quite éhaiogous
to the seTeétive‘formation of Qdd?or'eveh_alkanés, it haé_been |
shown that it is possible to‘te]omériCally'form the fattyfécids;]46

Itijs conceivable that mineral structures could Timit such
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processes so that only a very féw'membéfshéf’the'éekies might be
formed. As in-thé'casé of the acyc]ic‘po]yisoprenoids, no abio-
genic mixture of fatty acids has yet been demonstrated which pro-
‘duces é.bio]ogical distribution, and one must conclude that this
criterion is fulfilled. _ o | |
| The stability 6f fattyfacids has been mentioned,.circuitous]y,

in the preceeding discussions. Jurg and Eisma's 140

expériments
demonstrate that these tompounds.afe tﬁérma]1y11abi1e. To invoke
a protective mechanisn by the minerals is & tenuous matter in view
of their result thaf‘no'hydrOCakbonéIWé}e fbrﬁed in the absence
of the c1ay.minera1; \(prgver; this does not mean some aCid.is
not bound to the réék and'Stabi]fied.)' Unfortunately, no geochemi-
‘cal stability étudies hav¢ been reported whiéh'permit an estimation
of fatty acid half-Tives. Normally such compounds are Cohsidered
fo be very stable ahd one. can conﬁTude that fatty acidsvmay be
pOténtia1 chemiCal fossils. o |

 As has. already beéh étatéd,‘the reports cdhcekh{hg the occur-
rences of a]kanes in geological envirbnménts will be discussed
later; the same is true concernihg the_fatty acids.l'0n1y.a few \
comments Will be made here concerning the reportsvon acids.

n-Fatty acids have been studied to a.gregt extent, ahd:af

Teast.one author has concluded that the biq]ogfca] predominance
of thé even—carbon—numbered acids‘disappears.with,ﬁime.]47 Cer-
tain exteptions would suggest a need for more careful ana1ysf§ of
older, Precambriah samp]es;]48. On]y recént]y have the isdbrenoidv.

~acids been reported to be present in o0ils and sediments,]49f154_
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a]though in quantit1es cons1derab]y less than the norma] ac1ds

- If acids are preserved by some 1nteract1on with the matr1x, per-

' hap?ﬁeven the ancient sediments shqu1d contain these brenched

' acfds. Of great interest and importance is the report on etereo-
chemical studfes of the isoprenoid atids, jsolated from:the éreen'
River Shale. Byvcomparison'wifh the acids made fromvnaiura1i,
sources it was possible .to show that-the geological fat%y acias
had a stereoisomeric distributioh compafib]e with derivetioﬁ frdm

chlorophy11.1%°

 Results of this nature are quite dafinitive and
indicative of the level Qfvscientifit‘sophi&ticatﬁdn oréanib’éeoe'

chemistry has attained in its brief history.

Conclusion
‘ The.facts described in the preceeding pages provide the.erganiq

geochemist with a context within which he can eési]y operate;' The
variety of exper1ments which need to be done is mu1t1tud1nous ‘and
the implications of his results far- reach1ng |

The decision as to which of the potent1a1 cnem1ca1 foss1ls
.~ should oe chosen for detailed study is a difficult one. H1stor1-
cally, the choice was simplified by a 1ack of knOJledge, by expected
situations and by ava1]ab1e tecnn1ques

Techniques for_e]aborate and complete separations o?Acarbohy-
: drates,vamino aeids, porphyrins and fatty acids were in jnitiélr_'
stages 6f development. The various chrqmatographies—-paber, thin-
]ayer,.electrophoretic,:eﬁc.,—-&ere relative]y.new and_uhsopﬁisti—

. cated. Derivitfzations,were also‘hqt well deve]oped,lliﬁiting the
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‘scope of most iso1ation techniques.,IOnehbowerful tool did show
oromise, nemely gas;lfquid-(or vaporlbhase) chrOMatOgrephy. This
method had been used with eonsiderahie success in the petroleum
indhstry,’%or separation of complex mixfures of hydrocarbons.
| Also, the mass spectrometer was in the‘fnjtfaT'stages of deVeTop—
ment and could be used for structure'determinatiOn.' Eoth gas
chromatography and mass spectrometry\had‘the additional CapaBiTity
eof needing only sma11 amounts (14100 Lg) for structure deter;_
mination. R o v
Since by the 1950's most ofvthe.stabi]ity'studies mentioned
earlier had not been”Carﬁed'oot, hydrocarbons seemed to be the
beSt chofce; no one 60u]d Be sore}aminofacids, fetty acids, etc.,
wou]d SUrVive forvthe billions of yearshberhaps necessary
“In addition to these very pract1ca1 mot1vat1ons, persons with-

V1n the 0il 1ndustry, such as Bendor1t1s,]39 had noted the occur-
rence. of 1arge amounts (relative to other branched and'cyc]1c‘
alkanes) of'the 1soprenoid hydrocerbons. | |

| In any event, the ground work for a search_for biogenic
hydrocerbons, especially the acyciic polyisoprenoids, had been
| laid, and numerous investigators began to pursue the goal of
‘traeing, via chéhica1‘fossi]s, the origin of bio10gica] activity.
The.expectations of these'Workers;were fuffi]]ed seemfng1y,'1n
numerous situations, as reports of the presence of 1sopreno1d
hydrocarbons in progress1ve1y more anc1ent sed1ments32_156 161
and some extraterrestr1a1 samp]e_s]62 began to be pub11shed At- |

tending these results was the additional information on other
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organic geochemicals which prompted some of the further investi-
gations mentioned earlier.

The'exfension'df the qrganicvge6Chemists' search to othér
classes of compoﬁhds COU]deAYE beenipredicted at the yery start
of thevprOgram;'thé.advéhCeS'ih instfumehtatibh;'sehakatibn
science, and chemistry made this extension inevitable. As stabi-
lity 1nformation became available it bécame reasonable to add new v
compound types to ther1ist of boténtiai chemical fossils. éut
certainly one of the major causes for such an extension éame
from that group of persons who’quéstioned the'faéfzthat pristane
ahd phytane were'biologiéal markers. | -

. WHether_it’was the éxtraterfest%iaI findings, the regularity
of the metﬁy] branching, the fact that isoprenoid hydrocarbbns
could be found in near]y,everything; or any combination of these
facts or otheré,}doubt as to the impdrtancé of théée'fihdingé was
éxpréssed. A]though'moreFWT]1‘be mentioned Tater about the
reasbhab]eness of attempted abiotic for@atidns of these biological
markers, such criticisms could not be set aside; they had to be
considered. As already discusséd, McCarthy‘and Ca]vinZ] have
given attention to this matter, and théir.information suggests
-that although additfona] experiments (e.g., stereochemical deter-
miﬁations) may remove any doubts,‘at the presént'time; some doubt
must exist cohéerning the biogenicity of all isoprenbid hydrocar-
bons. By the time of this conclusion, reseérch'wjih other bfo—
Togical markers had progkessed sufficiently fhat it Seeméd

reasonable to seek corroborative data from other sources. A more
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scientifically baééd chofce among‘pOténtfal chemical fossils could
now be made, with the advanced techniques and knowledge avaiTab]e.
The choices séamed to be'betweeh pofphyrins, amino acids, and fatty
aéids; Fortunate]y for organ1c geochem1stry, all three have been

sought. Hodgson et al. 100

have done pke11m1nary work on the por-
phyrins, Schopf'and'Kvenvo1den'and Barghoorn7 have dea]t with
amino acfds, and this laboratohyvhas concentrated on fatty acids.

Idea]]y, all four compound types shou]d be ana]yzed concur-
rently, w1th1n a s1ng]e 1aboratory, on a s1ng]e sample, and such
‘ resu1ts should be verified by reproduc1b111ty from 1aboratory to
‘1aboratory Certa1n1y such ver1f1cat1ons (or refutat1ons) will
eventua]]y be done. Presently the yar1ous reports stand isolated
ahd'thiélahOU1d bé.COnsidefed deing interpretation. 0n1y in the
case of the fatty atids has'afthordughdcbncurrent.ahalysis 6f’the
hydrocarbohé been performed. A partial hydrocarbon analysis |
accompanies the report on porphyrins.lol |

In addition to investigations on other types of chemical
fossils, it is certaihly advisab]e'td expand knowledge Cdncerning
the hydrotarboné to inc]ude’other branched and cyclic compaunds.
Ih addition, extension of the study to different types of Sedi-
ments--that is,:sediments.with.wide]y varying gep1ogica1‘hfstories,
would seem informative.. Any additiona] sedimenf» when ana]yzed

for hydrocarbons, adds a p1ece to the puzzle be1ng worked by the

organic geochem1sts
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The remaindek of thfs thesis is concerned with reporting
‘the analyses of the hydrocarbons found in various geo1ogica]
samples énd a]so‘the'fatty acids and hydrocarbons of a humber
of these samp]es.; The fuT] imp]ibations of all the findiﬁgs

 will be discussed.
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CHAPTER II
- EXPERIMENTAL

The procedures. and experimentaT tééhniques deséribéd in this
section of the thesis are the general processes‘uééd'in this labora-
tory for the analysiS“of hydrocarbohéﬂandzfatty acids in sediments.
Because portions of’theSé procedures havé been published e]éef

156,130,163 emphasis will be.placed on modifications and

where,
fnnovatiohs designed to meet the demands of ultra-micro analysis
and to:avoid contamination. The quant{tative resu1t$'for the
individug]vsamp1es will bé}given when the fesuTts frbm_that samp1e
are discussed. | |

Portions of the work.repokted in this thesis do not involve,
direct]y; the ana]yﬁ{slpfvsédimenis, and the éxperimenfaT“details ‘
of ‘these portions will be attended to:WHen“they are diSéussed."In
~ the Tatter part of this.seéfion,'the probTem of 1aborafory and
handling contamination is considered.

The Moonie.Oil from Queensland, Australia was the first sémp]e
examihed and was analyzed according'toAthe basic procedure reported

by Eg]intdn g;_gl,]ss

The second Sample analyzed was the Florida
| Mud Lake and was also analyzed, with'some’a1terations,'by the
scheme indicated above. Although severaf other samples have been
examined by thé abqve procedUre; these and the réamining Samp]es

weré analyzed concurrently for hydrocarbons and'fatty‘atids in a
151 B

procedure similar to that of Eglinton et al.
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The exact scheme usea for the analysis of the Moonie 0il is
given in:Figure 2. Thé gas chkomatography used for this sample
is described by Van H0evén'g§_gl,164:'The co]]ected-sémp]es ob-
tainedifroﬁ the:séquential prepérativé gas chromatographjés were .
.analyzed‘by mass spéctrométry using é‘modified CEC-103 (low reso-
Tution) mass spectfbmeter.‘

The Florida Mud Lake samples weré ana]yzedvaccordihg to the
scheme in Figure 3, Thin layér'CHromatography.was ddne'uSing'
either Silica Gel G or Ca(OH), as adsorbent. The ultraviolet-
visﬁbie spectra wére recbrded oh eithék a Cary 11 or a Cary 14 1
u.v.-viéib]é-reco?dihg Spéct}ophotoméfér. |

' The remaining}géo1ogipa1lsamp1és were treated 5ccording to
the fo116w1ng schemes (Figures 4 and 5). Since portions of this
procedure invo]vé new tethniqUés'br'modifications of d1d.techn1-
ques, this bkocedure shé]} be destribedfin‘somé detail at'fhis
~time. v | | o a

" The roék specimen‘uSEd in the analysis has certafn]y been
.handléd, Wrapped; stored and shippéd in suCh a manner that con-

_ tamihatioh is inevitable. .For tHis reason, the outer surface is
_removed:by means of a water-cooled diamond saw. This saw is

- thoroughly c]eéhed.qut prior to use, andeashedeith benzene |

and methanol. The amount of matéria1 removed in this way is

occasionally 1imited by the sahble'shape and size. Wheh poséib]e,

at 1easf 1/4" was removed. Only in the case of the Gunf]iht Chert

was this step omitted, and this will be discussed later.




' " ANALYTICAL SCHEME: MOONIE OIL

Crude 0il

Column Chromatography
(Neutral Alumina)

-n~-Heptane

o S 3 Benzene Sequential Elutions
P L S Methanol :
' Heptane Eluates . = o No Further Analysis ‘

1) U.V.--non-aromatic.

2) Remove solvent.

"Total"

(o] ’ ) .
5A Sieves/Benzene (30:1 sieves:Hydrocarbon)

1) Wash with Benzéne

2) Remove solvent.,

—

2 , .
Non-Adduct o Sieves +
"Branched- : S ' _n-hydrocarbons

Cyclic" : -

, : _‘ - 1) HF Digestion

2) Benzene Extraction.

Gas Chromatography v ‘
Mass Spectrometry ' : SR - . , 3) Remove Solvent
' ' ' L _ . N
! N .+ | n-hydrocarbons

: ~ "normals"

(A \l

Gas Chrdmatogfaphy -
Mass Spectrometry

; v '-Figure'z.; Analytical bkoc_edurg:.for‘- the analysis of the Moom‘é 011,
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- ANALYTTCAL SCHEME: FLORIDA MUD

Dried Mud
: Pulverize
~
Powdered Mud _
1) Sonication(h:l,Benzene:Méthanol,)

2) Centrifugation

R
' ‘Residue
3) Decant
4) Remove solvent
Total Extract
Column Chrométography
(Neutral Alumina)
n-Heptane :
Benzene Sequential Elutions.
Methanol

[l 1 1 — 1 v 3 11-'

- Heptane Eluates

Individual Fractions

1) U.v. ‘ ‘ Analyzed Separately
Non-Aromatic
2) Remove Solvent Column Chromatography
‘ v

Total Hydrocarbons

Purified Fraction

" Gas Chromatography .
U.V. — Visible Spectrometry
Infrared Spectroécopy

TLC

Figure 3. Ana]ytical_pfdcédﬁ?g??dr the analysis of the Florida

Mud Lake sampies;
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TREATMENT OF SEDIMENT SAMPLES

OUTER SURFACE REMOVED
( DIAMOND SAW )

I SIZE (MAXIMUM)

CRUSHED TO

CLEANED ULTRASONICALLY
WITH CgHg/MeOH (1)

PULVERISED IN DISC MILL

200 MESH

TO0 PASS

EXTRACTED

) - ULTRASONICALLY
WITH CgHg/MeOH (I:1)

TOTAL EXTRACT|

'RESIDUE

R .
HF/ HCI (4:1)

1

FILTRATE

|
RESIDUE

|
CGHG(MeOH(IZI)

r

EXTRACT

] .
RESIDUE |

" XBL 68L-4143

Figuré 4. vAna]ytica] procedure for obtaining sedimentygxtraéts.
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[SOLATION AND PURIFICATION

_OF FATTY ACIDS

EXTRACT |
— T -
'$i0,/KOH COLUMN
 / KO/ JMN

[Eto 0 ELUATE | HCOOH/E150|
| ! | ELUATE
ALUMINA COLUMN .
8 AgNO3 T.L.C. ~ BFz/MeOH
: ' ~f| S
| - _ , ‘
TALKANES ETc] | FRACTION CONTAINING

METHYL ESTERS

ALUMI N;A COLUMN

CgHg ELUATE. CRUDE
METHYL ESTERS

' ‘\G’pd()zs _-r.L..(:.

'PURE METHYL ESTER
FRACTION

"XBL 684 4142

.F1gure 5. Ana]yt1ca1 procedure for 1so1at1on of a]kanes and fatty acids

(as methyl esters) from sediment extracts
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The large rock segment(s) was cru;hed.ihto sma]]tpieces by
hand, by wrapping thé'sémb]e ih”aTﬁminUm foil and striking with a
hammer. These Sma}]dﬁiecés were placed in a beaker, covereq with
benzené:methanol (1:1) and sonicated for 30 minutes with a Mettler
'Electronics ultrasonic cleaner (M'].S -- over 1000 peak watts at
28 kc). This waéhing proééss was dohe'at least twice. After the
crushed sediment dried it wasva1Verisé&, by means of a disc mill,
‘to pass through a 200 meéh screen. The disc mill used for this
purpose is a Model 8701, Tyﬁe T250 Labbkatory Disc Mill‘pkoduced
by Angstrom, Inc.,.Chicagb; I1linois. ~The mill is fitted with a
vTef]on'gaSket. The rock does notvcdme“ih contact with any moving
or Tubricated parts of the mééhine. |

After the rock has been pu]Verizéd;_it is extracted ultra- .
sonically with 1:1 benzene:methano1 in order to obtain the ex-
tractable §rganic compounds. ThiS'extkacthn‘is carried out by
placing no more than']Oolg of pulverised sediment into a 250 m1
éentrifuge bottle, and adding at Teast 100 ml of.thé solvent.
These bottles are kept covered during the sonication. The soni-
cation process is sufficient]yvrigorous to prevent‘thé sediment
from settling. The sonicator used in this extraction is a Sbhogen
Automatic Cleaner, Model A-300 with a power output of 300 W and
an operéting frequency of 25 kc (available from'Brahsdn_Instru—
ments, Inc., Stamford,'Céhn.). . v

After centrifugation at‘IOOQ rpm for at least 20 min, the
solvent is pipetted off andvevapérated with a Buéhi evaporéﬁor,

yielding the "total extract". This extraction procedure is
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repeated a minimum of two times.and may be repeated fdur times for
organic-rich samp]és; This exfract is then examined‘for'saturated
hydrocarbons and for fatty acids. Thévsedimént_remafhing in the
bottles is dried in a vacuum 6veh (&ZOlnm pkessure) at no greater
than 65°C. | | |
" In order to obtain additiona1 bfganic'Méteria1 from the sedi-
ment, it is necessary to disso1ve'théf1nofganic-kock_matrix._ This
dissolution, or digestion, isbsccomb1{shed.by'uéing"dbncéntrated
hydrofluoric acjd (40-50% by wéight) and concentrated hydrochloric
acid (20 or 37% by weight) in thé‘approkfmate'ratio of 4:1.  Since
rgagent grade chemicals are known_td contain high molecular Weight
o?ganic'compounds, the possibility of the HF and HC1 being cdﬁ-
taminated with such compounds had,to_bé considered.

Extraction oflefther acid with pure benzene, washing the ben-
zene with water, and gas chrdmatographic‘analySis of the Yesidué
obtained:from evaporation of the benzene showed the presenté of
a very large number of‘high mblecufar weight compounds (CfO'CSOX
in a distribution not unlike that found in’sediménts. The HC1
cou]dvbe purified by continuous extraction with benzene for 25
hours, followed by six extractions in a sepératory funnel, dr it
can be diluted to 21% and distilled, as are other solvents.

Hydfof]uoric acid is normally shipped and stored in polyethy-
lene containers and after extraction several times wiih benzene,
and storage in polyethylene, sti]]_confains detectable amounts of
organics'(g;g,, up to 1 mg/liter). In order to pﬁrify HF'fpr use

in this work, it was necessary to use a modificatidn of th§ method
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165 In the process ueed in this laboratory,

of Kwestroo and Visser.
506 ml of technical grade 70%YHF (obtained-from_the'IndUStrial
Chemicals Division of Allied Chemical) is placed in a 1 gallon
po]yethylehe bottle, the top Of which hés been cut off. D1rect1y
into this crude HF was placed a 400 m1 Tef]on beaker containing
m300 ml of pure water The polyethy]ene bottle was then covered

by p]ac1ng a 1/8" Teflon- covered wooden block on top and securing
it by the.use of a»]ead br1ck. After four or five days, the crude
acid was replaced by fresh erude acid. After another‘4-5 days ,
the HF in the Tef]on beaker (now ~400 m1) was poured into”avpre-
washed Teflon bottle and stored until use. In most cases this

acid was used within one week.' Titration shewed the pure. acid

to be 40+ 5% HF by weight. o o

| Dissolution of the sediment residde was accomplished by slowly
adding the sediment (800-1000 g) to a 4:1 mixture of HF:HCI (~1500 mI
total, contained in Tef]on beakers) and stirring obcdsiOna]]y with
a Teflon stirring rod. AfteriiO—TZ days the digestion seems to be
complete and is unaffected by the addition of fresh acid. iagnetic
stirring of the sediment-acid mixture is not advised in thie situa-
tion, s1nce the abrasive properties of the f1ne1y d1v1ded sed1ment
v tends to destroy the base of the beaker. _

After d1gest1on, the ac1d res1due m1xture is d11uted w1th water
(1:1) and f11tered through a sintered g]ass filter funnel us1ng a
water asp1rat0r. The so11d is washed several times with water to
remove the HF/HC1. This f11trat1on may take several hours or up to

f1ve days, depend1ng upon the nature of the res1due The water ’
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used throughout has been deioniéed>and disti]led‘by‘departmental
apparatus and then is disfi]]ed'in thé laboratory from a Basic
KMnO, solution. it has been shown.£o be contémihénf-fréé after
this treatment. _ v
Both the HF/HC1 solid résidUe éﬁd the HF/HC1 filtrate Have'.
beeh’aqg]yzed for'hydrocarbohs7énd fafty acids. If the HCI has
~ beén purffied‘by benZehe'e¥tréction, it is‘é5501uté1y necessary
to aﬁajyze the filtrate, since the benzene dissolved in the HCI
seems to extracf some df.the ofganic'mdftér‘dUring'digestfon, The
fiTtrate is best examined By.extFathng'séveral'times-(at least
‘thfee) with benzene,.washing'the benzene with water ‘to remove
traces of.acid, evabOrating the'benzene-ahd treating fhis residue
as in the case of the other extracts. | |
In order to efficiently éxtrdét the HF-HC1 solid residue, it
is necessary to dry it.fhrOroughly. This is best aCcdmplished by
:heating'fn a vacuum dven‘at 80°c (>25 mm).bvérnight; The dfied
residue is‘genera]1y Veryvhard;‘and muét bé rébu]verized.in the
dis; mi1l before extraction. The éxtraction'proceduré is the
same as before,vand centrifugatﬁbn and eVaporatioh-of the‘]:l
benzene:methanol gives an extract which-is analyzed'accérding to
the following procedure. | B |
. The procedure used in this 1§bdratory fs ideally suited fo._
the Simultaheous analysis of the a1kénes and-fétty acids from a
given sediment.. A]I.three.extfacts; the direct solvéht extraction
‘of the sediment, the benzéne extraction of the HF/HCI, andﬁthe '

extraétion of the-HF/HC]iresidué are treated in thé'same'manner.




-77-
- The extracts are sonicated_for a‘few eeconds'With diethyl ether
fo.dissolve moet of.the organic cOmpodnds, incTuding»the.acids and
alkanes. This d1ethy1 ether so]ut1on is then put onto a s1]1c1c
ac1d/K0H/1sopropano] column accord1ng to the descr1pt1on of

McCarthy and Duth1e.]66

The success1ve elutions provide an ether
e}uete, which contains, among other types of compounds, the al-
kanesg'and,an ether/formic acid eluate, which contains the fatty

-acids. | |

The isolation of the alkanes proceeds in'a’étraightforward
manner The comp]ex m1xture from d1ethy1 ether elution is co]umn
vchromatographed on neutral alumina, the a]kanes being eluted w1th
n—C7; The n:C7'$olyent is almost completely removed and the re-

maining n-C7!§olution is applied to a_AgN03'impregnated Silica Gel G
fhinllayer chrdmatoplafe (10% AgNOé),'Which'is pre-washed'wifh
efhy]bacetate. The sahpTe is applied With an Applied Sciences

Streaker (Cat. No..]7700) available from Applied Sciences Labora-

_tories, Inc., State College, Pa. The final development of the plate

is with n-C7 in the case of the alkanes. Standard compo&nds

(usually a normal alkane and alkene) are simultaneously.chromato-
graphed to permit determination of Rf values. Visualization is
accomp1ished by spraying with a 0.2%, in ethanol, 2,6-d1ch10r0-
flourescein so]ution‘and obserying the plate under 254 nm-u.v.
1ight. The satureted alkane band is scraped eff the plate and
the alkanes are isolated by three extractions of the silica gel
with diethyl ether. Evaporation of the diethyl ether gives‘the

_saturated a]kanes which are then ana]yzed by gas chromatography‘

and mass spectrometry
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‘The analysis of'the iatty acid fraction}aiso proceeds.in a

straightforward ‘manner. After rembvai of the HCOOH/EtZO'with a
'Buchi evaporator, a small amount of recent]y opened BF3/Me0H
(Applied Sciences Laboratory) is added, and the solution is warmed
.for'5-10'minutes After the'methjiation}and destruction of ex-
cess BF3 w1th water, the methy] esters are extracted from the
:vBF3/Me0H + water by means of n-06 or n-C7. If evaporation yie]ds
. a substantiai reSidue w1th 1arge amounts of colored impurities,
the samp]e is co]umn chromatographed on neutra1 A1203 and the
benzene eluate is then purified}bvaLC. In cases where the resi-
due is small, it is purified by TLC directly. The TLC'is-done‘as‘
before, except that the'deve]oping solvent is a’izi n—CG:EtZO
solution. The purified'methyT esters'are obtained in the same
manner as the a]kanes._iit_shou]d be mentioned that some Sediments
have 1argeipereentages of “sulfur which nust be removed. iIn all

cases discussed here, the sulfur present in the sample was removed

by the AQNO3-TLC, thereby making unnecessary the common removal of

sulfur by a oo]ioidal Cu column. 167

The gas chromatography of the alkanes and the fatty acids was
accomplished with a 100 ft x O 01 in I.D. stainless steel capiilary
column coated with Apiezon L. Low boiling components in the

Apiezon L had been removed by sublimating it'at reduced‘pressure
| (<5 mm) for. 24 hrs at 250°C 'Using the residue tobcoat the‘columns
'resu]ted in g. C. co]umns capab]e of being used at up to 300°C, with
Tittle or no “"column bleed". The actuai coating of the co]umns was

accomplished by_JerryTHan._
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The mass spectre.of 311_but.the'Moonie 0i1 hydrocarbons were
run.on an A.E.I. M.S.-12 (low'resqut1on)smass spectrometer. Some
of the results were'obtaihed by meahs of combined gas chromatography—
mass spectrometry ' A]thouoh‘this is hot a new deve1opment the
mechan1cs of the 1nterfac1ng, as worked out by D. Boy]an and
F. Wa11s and subsequent]y mod1f1ed by J Maxwe]], P. Harsany1,

J. Han and W. Van Hoeven,,demand some»comment; Thefsystem used in
this ]aboratory is presented'ih'Figere 6. |

'The'g.c; effluent, cohsisttng of 1.5 - 3 ml/min He p1ps the
cindividual components sepérated'ih the column, is split into. two
fractions by a simple T- connector Approximate]y 20-40%-(depend1ng
on the f]ow before the "T") of the effluent goes d1rect1y into the
mass spectrometer WTthopt any enrichment. The pressure drop (as
well as the determination of the fraction going'into:the M.S.) is
effected by:the 0.002" I.D’ capi]]ory Two records of the g c.
column effluent are made: 1) the recorder trac1ng due to the sig-
na1 from the f1ame 1on1zat1on detector of the gas chromatograph,
and 2) the pattern due to the ionization of the organic molecules
ih-the ion chamber of the mass spectrometer. In theory these two
tracings shou]d be essentially identical, and in practice thts
has been the case. It is certainly desirable to have this doub]ev
record -to permit‘corre1ation of mass spectra with retention times,
and to be certain mixing and inversion of retention times is not
occurring; When no mass spectra'are being recorded,,the ionization
beam is at 20 eV, insufficient to ionize the vast amount'of!He

present in the chamber but sufficient to ionize the organic
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Figure 6. Schematic of gas chromatographémaSS spectrométer interface.
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molecules therein. hWhen the mass spectrum is taken, the beam energy
Jumps 1nstantaneous1y to 70 eV to give the h1gh energy spectra nor-
ma]]y used to determ1ne structure

Proper p]acement of va]ves, the mu1t1p1e port source on the
mass spectrometer, and the use of a dual co]umn_gas-chromatograph
ppermit'faci1e and prompt cOnversion”to Or from the COmbined-gc-ms.
The major diffich]ty with the system as deSCribed above is the de-

ompos1t1on and apparent adsorptlon of compounds on the hot stain-
less steel. Adsorpt1on seems to occur in the case of the methy]
‘esters and decomposition (via dehydrogenat1on) has been observed
" in the case of saturatedshydrocarbons 'Silanation.of'thisastainless
Vsteel accord1ng to a mod1f1cat1on of the method of McLeod et al. 168
has ‘proved effective in reduc1ng or eliminating this prob]em.

Certainly gas chrdmatography?mass_spectrometry is the most
powerfu1 too] avai]ab1e'todayjfor'UItramicro organic anajysis. As
more geochemica1 ]aboratorfes achﬁrevthe facilities, and as the
facilities are modtfted and deve1oped,’more and more results will
be made available to help solve some of the:prob]ems now extant.

As geochemists- have decreased*the amount of a given compound
necessary for structure determination, they have increased the
'vposs1b1]1ty of 1aboratory contam1nat1on Contamination has been
a prob]em for many years, and the passage of time has not decreased
the prob]em. Th1s4d1scuss1on shall be concerned only with contam1-
nation due to treatment of the samp]é in the ]aboratory'(or‘inv' |
the field) and not with a geological contamination such as:the |

migration of young organic compounds into an ancient sediment.
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Laboratory contam1nat1on can be 1dent1f1ed and. contro]]ed

Th1s pos1t1ve statement is Just1f1ed by ' the exper1ences of geo—.
chem1stry in this 1ab'and in other 1aborator1es. Reagents used
in the analyses can a]]lbe'checked’and'purified. The equipment
_ »can'also be’checked for'resfdua1'contaminants or artitacts In

all of the work reported here each step in each process has been -
rtested_for contam1nat1on, in add1t1on, the ana]ys1s for the fatty
acids (and s1mu1taneous]y the hydrocarbons) was begunvonly after
'thefentirefprocess had been'cahried out on 800 g of Sierra granite
andtshowed no s1gn1f1cant contam1nat1on

It is not the 1ntent1on of ‘this author to. prov1de a deta11ed

account of each contam1nat1on check, Each solvent, each adsor-
‘bent’-each‘organic chemiCa] and each inorganic‘chemiCa1 were
thoroughly checked, normally'by USinQ'an‘am0unt in excess of that
used in any‘analysis. .Each mechanicalvooeration,_SUch_asetransteh,
' evaporatfon, etc . has'been shown to be contaminant'fhee The
most 11ke1y sources of contam1nat1on used in the ana]yt1ca1 schemes
prev1ous1y outlined are as follows: 1) Benzene. This is the most
v difficu]t to purify-of the‘so]vents used in oun‘procedures, Suffi-
cient'purificationtcan be achieved byrdfstillation of the reagent
~grade benzene through a 30 plate O]dershaw column with a variable

reflux take- off operating at a rat1o of between 1:6 and 1:8, take-
‘off.reflux. 2) The mineral acids HF and HCT. These have been_
- discussed previous]y'and purificatfon nethodS'presented. 3) The
~KOH. This reagent contains fatty acids, presumably as theppotas— »
169

sium salts. Pure'KOH can be obtained by heating reagent grade
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'pe11ets (85% KOH,-15% water)'to SOOfC for 1-2 hours in a Pt or Ni
crucible. In the caée of the remainihg reagénts and equipment
purification by disti]Tatibn, washing‘With copious amounts of so]Q
vent, etc., are sufficient fo insure against contamination. Some

of the latter work reported herevWas performed:in a laminer f]ow'
_c]eah.air cabinetf(Agnew-Higgens,'Modé] No. 43, or Model No,:168,
available from Agnew—Higgeﬂs; Inc.,.Garden Grové; Ca]if.) to provide
‘an additional precautfonp '

A1l 6f'thelabove should not Tead one to think that contamina-
tion is no Tonger a concern. 'andr_and pérhapé fmperceﬁtib1e events -
may affect the pﬁrity:of even a single reagent, once purified.
A'person tarr{hg the roof of an adjacent»building or smoking a
cigarette outside of the laboratory (or inside) may pollute the air
and this may cohtaminate the sample being examined.. For reasons
such as these, frequent,'though'hot necessarily regular, checks of
all réagents and processes shou]d be carried out. Using such care
and with a know]edge of the'organic chemisgry potentially or actually
éttending each manipulation, it.is possible to restate that "labora-

tory contamination can be identified ahd contro]]ed".‘
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' CHAPTER' I11
RESULTS - -

~ THE FLORIDA MUD LAKE

The method of presentation of organic geochemicai resu]ts de-
pends on the aim of the research In most cases in which-an attempt -
is made to re]ate the’ resuits to evoiutionary events,:the'chrcnoTO-
~ gical approach has'been'used and it is this approach'uhich'Wiii‘beu
used in this‘theSis " The chrono]ogicai sequence beginning with |
the most recent sediment and progreSSing to the most anc1ent has
the advantage of permitting ‘one to View genera] changes which have
.occurred with-time : The'difficu]ty of this apbroach is that the
nature and history of indiv1dua1 sediments may vary so much that
.direct comparison with other sediments, varying in age by perhaps
billions of years, may be a tenuous comparison The most 1nforma- '
'tive study would be one in which the sediments examined had 51m11ar
| origins—-that is, were formed 1n a-snmiiar manner geoiogicaliy, and
VWhich had_simiiar post~depositiona1 histories, so that variatidn
with time would have more specific evoiutionary significance. Un-
fortunateiy,’thersediments auaiiabie,'particuiariy those'frem-the
Early Precambrian, are too Iimited in number and type to permit
muchvchoice'for such studies. Nonethe]ess, acceptingithe limita-

" tions and remembering that interpretations and'extrapoiations must
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take‘theSe 1imitdtions'into account, the chronological approach

has been chosen for use here

It has a]ready been mentioned that it is des1rab1e to concur-

rently ana]yze as many possible types of compounds as possible.

A]though the alkanes of many of the‘Samp]es discussed here have

previously been exam1ned the alkane d1str1but1ons obtained 1n the

concurrent ana]yses are presented, in part because of slightly dif-

ferent technigues having been used, and in part because some samples,

though geologically reTeted, were not from the same piece of rock

as prev1ous ana]yses

The" sed1ments exam1ned and reported on here are:

1)

2)
S

. 4)'

5)
6)
7)
8)

9).

The FTprida Mud Lake represents, according to W. H. Bradley,

F1orida Mud Lake Mw¥0

Florida Mud Lake MW-6

Pierre Shale
Moonie 0i1
Antrim Shale »
NoneSUCh Seep 0il
Nonesuch Shale
Gunflint Chert
Soudan Shale

2000 years

5200 + 250 years

75480 X 106 years,

- 160-200 x ]Osvyears

350 x 10° years
1 x 109 years
1 x 109 yeérs

1.7-1.9 x 109 years

2.7 x 10° years

170

a.situation quite analcgous to that which must have given rise to

the GreenfRiver Shale.

This apparent analogy is based_updnuthe

fact that the Mud Lake constitutes an algal ooze and that it is a
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fresh water sed1ment, and that geo]og1ca] and foSS11 stud1es of

the Green R1ver Sha]e]7]

show a 1arge contr1but1on from s1m11ar
algae to its formation The theory that such an alga] 0oze re-
fsu]ts in an oil shale has been postu]ated for many years. 172 1pe
exam1nat1on of this recent sediment was undertaken for two bas1c
reasons: 1) to obtain an alkane d1str1but1on for compar1son with
the Green River Sha]e, and 2) to correlate the hydrocarbon distri-
bution of the sediment with the hydrocarbons found in'various a]gae.
The environment and nature of the F]orida Mud Lake has been'pre—‘
viously descr1bed by McCarthy 163 The 1nd1v1dua1 samp]es are num-
‘bered according to the d1stance from the mud-water 1nterface--__g
MW-0 represents the mud from the 1nterface to a depth of 1 ft, MW- T
represents the mud between 1-2 ft, etc. The youngest ‘of the mud '

14 173

amp]es is Mw 0, with a "°C date of m2000 years

The e]ementa] comp051t1on of the dried mud 1s

C 40.06%
H ' 6.39%
N 4.16% -
S 1.13%

This sample (3.3183,9)‘Was examined byzpulverizing to a fine -
powder, (pu]verization was acoomplished with a Pioa'Blender-Mill, |
" Model 3800, Pitchford Mfg. Corp . Pittsburg, ha ), andvthenhextract-f
ing u]trason1ca11y 1n 200 ml of 4 1 benzene methano] Sonicatfon |

‘was carr1ed out w1th a Branson Son1f1er, Mode] S 75, w1th a "Step--
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Horn" Mechanical Thensformer-(POWer output RF 75‘w.'ave. 150 w peak.
Frequency, 20 kc/s);‘_The solvent Was;decanted of f and evaporated
nith a water espirafor to give‘the total extnaCt} The heptane
_so]nbfe fraction of this ektract was;co]umn chromatogréphed on ~4 g
of nedtra1 alumina kTLC grede)'and e1Uted with progressiveTy more
po]ar comb1nat1ons of n- heptane benzene and methano1 “In the first
(of two) ana]ys1s of the mud, on]y the first 10 m] fract1on eluted
‘with n—C7,_was colorless and, hav1ng been shown to be essentially
free of aromatics:oy n V. (240-260'nm) (Perkin-E]mer 202 u.v. visible
record1ng spectrophotometer) this was used as'the total alkanes
(0 2-mg) . | o |
A second ana]ys1s was carr1ed out more recent1y, to perm1t re-
exam1nat1on‘of the alkanes.- ‘The two alkane d1str1but1ons were quali-
tative1y‘simi1er, aithough the first analysis indicated that the
Tower alkanes, &C]7-Ci8, were present in dreater amounfs than was
evident in the second ana]ys1s, th1s is a]most certa1n]y due to
sma]] var1at1ons 1n techn1que _v
| The gas chrometogram of the total'alkanes (second'ana]ysis) is
shown in Figure.7h(Aerograph 204, 100! x 0.01" Apiezon L, program
rate 2°/min,'He f]ow 3 ml/min). The assignment of the normal al-
kanes is based on retention times, coinjection of some components‘
and ge-ms. of several peaks (e.g., n-Cyy and n- Cog). The relative
areas of the n- 027 - n- C3] and n-C33 compounds ane epproximately as
follows: N-Cyg3 n=Cyys N-Cyp3 N=Cpgs N-Cogs N-Cpy = 1.0 6.3; 0.7;
7.4; 0.8; 3.2. Peak A appears to be composed mainly of two compo-

nents, 6—methy1'heptadecane end 7-methyl heptadecane, with a slight
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indication of thehpresence‘of 5-methy1 heptadecane. This assign-
ment is based on the coinjection of a m1xture of 7 -methy] hepta-‘
decane and 8- methy] heptadecane, known to be 1nseparab1e under the
~gas- chromatograph1c cond1t1ons used and on mass spectrometry
F1gure 8 shows the mass spectrum of th1s peak and of the 7— and
8-methyl standard (from J. Han). Of part1cu1ar attention is the
dominance of the even4mass{peaks'at 98, 112, 168 and 182 oyer the
_odd numbered peaks of one hfgher‘massﬁunit, a situation totally
ana1ogous to that found for the 7—'and"8v—methy]'hept'avdec_anes.”4
A]so;ifrom thevseries of mass spectra taken across the gc oeak,b
ﬁt is evident that'the.peak is not of a singlevcompound (7-methyl
has a sTightly shorter retention time). -

The second 10 ml fract1on off the A]ZO3 co]umn (f1rst analysis)
contained a ye]]ow p1gment, and this fract1on was 1nvest1gated
further. A second chromatography on neutral alumina was performed
fn an attempt to purify this pigment.’AVisib]e spectra of the pig-
ment mere suggestive of this compound being B-carotene. These
spectra, along wi th those for standard B-carotene, are given in
Figure 9‘ Absorption maxfma are 1isted in tabular form in Table 3
(spectra recorded on a Cary 14 u.v.-visible recording spectrometer)
Thin- 1ayer chromatography on Ca(OH)2 using 2% CH C12 in n-C7 as
solvent showed that the mud p1gment and B- carotene had 1dent1ca1
retent1on‘t1mes. The chromatographic data and the spectral data
combine to prove.the existence of charotehe in MW-0. No other

pigments were characterized.
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- Table 3

" Florida Mud Laké-Mw-O

B—Carotene'Spectral-Data (maxima)

MAXIMA

SOLVENT -
uMud'Lake Pigment ’
n-heptane . 430 451
benzene - 440 462
carbon disulfide 454 480
| Standard g-Carotene
n-heptane - a9 452
benzene - 440 463
‘carbon disulfide 455 481
Literature Va]ues]75
n-hexane - 430 451
benzene , - 441 463

476
490
507

- 478
- 491

508

479

494
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The second sample examined was MW-6, consisting of the 6-7 ft
layer of mud, with an approximate age of 5000 yeaks and an e]emén—
tal composition of C, 52.20%; H, 5.32%; N, 1.39%; S, 2.59%; P, 0.0%;
residue, 11.1%. The dry mud was‘crdshed by hand in an.agate mortar
and‘thenvextracted for 30‘min,.by'sonication;bas'for MW—O.F The
Qeight'of.mudtUSed Was 8.2844.g'and 200 ml1 of benzene:methanol
(4:]) was USéd aS'So]Vent} Centrifugatioh, followed by détanfation
| and so]veht.evapdration yielded a total extract of 98 mg.
| The total extract was piaced'on anva]uminé co]umn (&5 g”TLC
g}ade neutral A]éos)'and e]uted,With fhé'séqUehce'bf solvent mix-
vtures'mentioned earlier t6 iso]ate thé.non-ardmatic hydrocarbons.
E]utidn Wifﬂ‘n-heptaﬁe and‘fracﬁionatfoh into 10 ml aliquots gave
only two fractiohé prior to the elution of colored (orange) material.
Examination of fhesé-two'ffactfdns by u.v. (Perkin-Elmer, Model
202) indicated'low quantities of aromatic compoqhds to be present
(240-260 nm), and fhese two fractions were combined and treated
as the “total alkanes" from MW+6.(2.6 mg). The GLC of this sample
js shown in Figure 10 (Aerograph 665, 10' x 1/16" 0.D. column, 3%
SE-30 on 100/120 mesh Chrom Z, Nz'carrier gas at 30 ml/min). The
assignment of strucfuke and carbon'number to thé large peaks is |
“again based on retention time of coinjected standards. The rela-
tive amounts of the C25,»C27,'¢29vénd Cé]’ ca]cuiated-from peak
areas, is approximately ];].9:5.3:6.1. No attempt was made fo
sieve this mixture.}

In view of the fact that a number of-the fracfions eluted

from the_A]203 column were distinctly colored, as in the case of
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MW-0, the u.v.—vfsib]e abébrption spectrum of each fraction was re-
corded in a variety of solvents. Of these spectra, those from
fraction 9 (0.3 mg) eluted with 100% 5ehzeﬁe, were most distinct
and most informative. Thé spectra were characteristic of a caro-
tenoid énd‘could readily be compared W1th literature va]des._ This
cdmparison suggests that this Mud,Lake carotenoid is rhodoxaﬁthini
(Figuré 11). The épectral'data of fhé;sedimént pigment'and the ~+
literatUré data]76 data for rhodoxanthin are given in'Figuke 11.
Also preéented is spectraT'data for érude rhodoxanthin isolated
from jew berries. n(A]1'spectra:were recdrded‘on either a Cary 14
or a Cary 11 u.v.-visible recording spectrophotometef}) In addi-
tion to the u.v.-visible data, an attempt was made to record the
infrared absorption.spectrum; however, too little sample was avail-
éb]e and no meaningful data were obtained.

The confirmation of the geochemical pigmeht as rhodeanthin
is certajn]y not final. Spectral evidence 1s”oh]y’§ug§estive in
this case, and is nOt.substaﬁtiated sufficiently to state that
rhodoxanthin has been isolated from MW-6.

An attempt was made to isolate more of the alkanes and the
pigments by pulverizing the extracted mud to a fine poWder and re-
extkacting as before. No quéntities-sUfficient for‘additional
characterizations were~pbtained, although the alkane diétribution
. from the first extraction was substantiated. |
The resu1t$ from these two samples of the Florida Mud are to .

163,177

- -be compared, not only with other Florida mud analyses, but

also with the components of'a1gae, such as the type suppdsed]y
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RHODOXANTHIN

| SPECTRAL DATA
'MUD LAKE PIGMENT

SOLVENT . MAXIMA
n-HEXANE 461 484 517
CYCLOHEXANE ‘464 490 521
BENZENE 478 500 53|

'METHANOL. - 456 - 48| St2

. STANDARD PIGMENT

HE XANE | 460 483 510
BENZENE 480 500 530

LITERATURE VALUES (KARRER)'76

PETROLEUM ETHER 456 487 521
~BENZENE 474 503 542

: . - XBL, 6812-5262
F1gure 11. Rhodoxanth1n structure and spectra] data (geo]og1ca1

- pigment, standard p1gment 11teraturé76
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contributing to this sediment, and.wfth dther sediments and known
contributors to’sédiments. In all of the Florida Mud Lake analy-
ses, thelhigher alkanes--i.e., CZO'C33’ are promihent constituents;
indeed they are often by far the major components (e.g., Md-6).
This ié consisfeht wifh a>p1ant Wax'contribution to thevsedimentary
hydrocarbons. The presenée of these hﬁgher a]kénes isrnbt sur-
prising in view of fhe dense vegetatidn suffbunding and covering
thé lake. . Although the first six inches of the ooze consist

who]]y‘of minute fecal pe11efsvof b]Ue-green'a1gae,]73

with no men-
tion of higher plants, some contribution from these plants is to be
expected. The presence of the”h-Czs, n-Cy7, N-C,g and h—C31 hydro-

carbons is analogous to the situation in the Green River Shale,]56

known to have a p]ént contribution.]7]~

Of considerable importénce is the absence, in a]T'fhe Mud
Lake samp]eé, of significant amounts of pristane and phytane. In
view'bf“othér'indicétions-of plant contribution to these sediments
(g;gg,;p{gménts and the normal.a]kaneS‘Mehtibhed above) it must be
concluded that the series of geoChemfca] reactions from phytol to
~ the alkanes has hot yet beén effected. Perhaps suchlcompounds as

the phytadienes identified by Blumer! /8

are present in these yoﬁng
sediments; howeVer,vno attempt was made to locate and identify
" these intermediates. > 

The pfesence 6f the n-C]7 hydrocarbdn and the.methy] hepta-
decanes in'MW-Ovjs not reéT]y surprising, since such compounds are
preﬁent {n b]ue-greenva]gég; in'fact, the a]kaneé;from thé ﬂggggg

b]ue—gréen_algae consists almost ehtirely of n-C]7 and a mixture
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of the 7- methy] and 8 methy1 heptadecanes 174 Also, as ment1oned
before there is an abundance of b]ue green a1ga1 feca1 pellets in
the MW- 0 level of th1s sed1ment The or1gxn of these branched

F]kanes within organ1sms has been stud1ed by. Han,179

and h1s con-
F1u51on is that they are der1ved from octadecenoic acids v1a the
cyc]opropane acids. The acid responsible for the 7- and 8= methy]
“heptadecanes is cis-vaccenic ac1d (a ]-octadeceno1c ac1d) An
analogous sequence of reactions could be responsible forvthe 6-
and 7-mefhy1 heptadecanes reported'here;~with either.A74 or A12-
octadecenoic ecid being the initial aeid'. Neifher of bhese two
acids seems to be abundant in organ1sms, -although the former has
:been found in a b1ot1n def1c1ent mutant of E. coli. 180 A more
thorough ana]ys1s of the a]gae and bacter1a contr1but1ng to the
Florida Mud Lake sed1ment wouId help to‘answer the quest1onsiposed
by the appearance of this distribution. | | :‘ .

' ~ The e]ga Spirogyra is supposedly one contributor to this

ooze.]73vVJ. Han has ana]yied a sample of these alga taken from

the Mud Lake. 8!

, No evidenoe for these branched (C]é);alkanes
was found, bUtrthe presence of some higher alkanes (j;é,, C25-C3]) "
' Was‘noted. This sample is almost certainly contaminated7by the
* compounds from‘other organisms in and near‘the_]ake. bn fhe other
hand, laboratory cu1tures‘of'such'organisms may_not be wholly indi-
cative of the chemica]zcomposition of "wild" algae sinoe the
carbonhSOUrces end cOmpounds ingested vary from one cohdibfon and

environment to another.
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One other‘comment must be made eoncernihg the alkane distri-
but1on from the MH-0 level of the Mud Lake. Kvenvolden has pre—
v1ous]y reported the normal hydrocarbon d1str1but1on of this same

samp]e,]82

and finds that n-C]7 is the largest component and that
,the highef n—alkanes are also present in approximéte1y'the relative
amounts shown hefe  There is.some question in his ana]ysis about
whether or not some of the lower a]kanes (C]S—C]g) are in fact

normal alkanes. 183

Since his method of separation was by urea
adduct1on, it is poss1b1e that they are not, since mono-methyl
alkanes are adducted by urea. F1na11y, it is 1nterest1ng to note
that the n'—C]7 hydfocatbon 15 by far the Targest normal alkane in
the C]S-C20 region of the Green River Sha]e 156
- The absence of the n- C]7 and methyl heptadecanes in the
~older (i.e e. s deeper) Mud Lake samples is somewhat puzz]1ng The
most obvious_exp]anation'is a se]ective destruction, with time,
of theee alkanes. Such se]eetivity'could be exhibited by bac-
teria, etc., operating within the first several feet of the |
sediment. - It is possib1e that these alkanes are converted into
the higher alkanes in a manner ana]ogbus to the biosynthetic pro-
cesses of Ko]uttkudy.]28
The fatty acids from-this lake sediment have been examined

by Kvenvo]den,-]82

who finds that the n- C]6 acid, pa1m1t1c acid,
constitutes 407 of the tota] acids. Although the acids range
from C]Z"C34’ the Tower acids are by far the most abundant. In

view of the Tow molecular weight distributioh of theSe acids,
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Jt does not seem reasonab]e to postulate a d1rect conversion to
alkanes of similar molecular we1ght Convers1on,,as sugges ted
for the alkanes, to compounds‘of higher molecutlar weight is not
- to be ruled out.

The conc]us1on from the Mud Lake study must be that the sed1-
ment alkanes do not bear a d1rect re]at1onsh1p to the alkanes of
the presumed algal contributors. Other contr1but1ng organ1sms,
such as h1gher plants, may contr1bute d1rect1y to the h1gher n-
-alkanes. The s1gn1f1cance of a]ga] contr1but1on cannot be den1ed
hoWéver, and the absence pf thevalkanes from these algae must

depend on diagenetic transformatibns.



- -101-

THE PIERRE SHALE

The Pierre Shale (75-80 x 106 years), from the central

United States, constitutes an interesting situation because it
' 184

: pfesumab]y arises from both marine and terrestrial sdurces.
Preliminary analyses of a sample of the Sharon Springs member of
this sha1e; supplied by I. A. Breger, éuggested further investi-
gation might be warranted. AccOrding1y,‘additionél’samp1es Were
obtained andza:more extensive analysis performed. The'bafticular
samp1efana1yzed here Was'a]so.from the Sharon Springs ‘Member of
the Pierre SHa]e. It was co11é§tea byzH. Tburfe]ot,-A.vL.'Bu?1in-
game and E. D. McCarthy from the S.W. 1/4 N.E. 1/4 of sec. 23,
T.38 N R.62 W Niobrara Counfy,vaoming.. The sample contaﬁns._
5-10% organic carbon. According tolTouktélot, this particular
sample rebresents an accumulation of brganic matter far from
shore (at least 100 miles), accumu]atedyuhder completely marine
| cdnditions. The contributing organisms are apparently both
marine organisms and land p]ants, with the land derived material
séeming]y the most abundant. '8

The sediment is very brittle and was not obtained in large
pieces. Also, it appears to be a réther porous sediment; and
this must be.borne in mind in conéidering the results. The sedi-
ment was ana]yzéd according to the previdus]y défined proceﬁs,

and the amounts obtained are indicatedlin the following diagram.
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Pulvermucd Shale

e PIERRE‘SHALE‘- ANALYTICAT, RESULLS

(52) 8)
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The cap111ary gas chromatogram of the alkanes 1s shown. in
F1gure 12. The most obvious character1st1e is the presence of
 the b1moda1 distribution, in which there is a haximum centering
around Cy;_Cyq and another centering around C25-C29.y'The carbon
numbers of the normal hydroCarbons have been assigned by means of
vco1nJect1ons and retention t1mes as before as we]] as by combined
gas chromatography mass spectrometry, the mass spectra of the
n- C]G and n- C21 are g1ven in Figure 13. The a]kanes are dom1—
nated by pr1stane and phytane whose 1dentity has been confirmed
by coinjection of these standards with the alkane m1xture and
by GC-MS as shown in F1gure 14. ‘v

The Pierre Shale has been examined several times by this
author. In all cases the bimodal distribution has oeen apparent.
The ear]1er exam1nat1on, in which the hydrocarbons were obta1ned
in the same manner as the F10r1da Mud a]kanes, revealed the pre-
sence of stero1da1 type components in the high mo]ecu1ar weight
reg1on of the chromatogram 186

The high molecular weight compounds of the latter sample
‘have also received some additional attention, The higher_ normal
alkanes exhibit an'odd/evenvcarbon number ratio of }], although
this is not as marked as in the Florida Mud.a1kanes. Although
the sieving process,_repeated twiee, was not comp]ete;_it was
apparent that there were many non-normal high mo]eCu]ar weight'
compounds; A GC-MS analysis of several of these peaks confirmed .
the presence of C27FC29 steranes (Figure 15). A]thodgh_such

spectra are not of single compounds, many of the m/e peaks are
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Figure 12. Gas

o [
290°C : 200°C

PIERRE SHALE TOTAL ALKANES
" aPIEZON L e '
2°/MIN.
PHYTANE= | | ooisTane
i
- . 200 . 200°C 100rd
PIERRE 'SHALE =~ ALKANES :
AFTER SR siEves - : LPRISTANE
PHYTANE — |
2°/MIN.
APIEZON L
* CHOLESTANE
RET. 'TIME'A wcar
. 7 :

|
100°C

APIEZON L
27MIN

- PIERRE SHAL-E .NORMAL ALKANES

n-Cizy

T

chromatogram of alkane fractions of P

E
i
|
' o
B SN
. {
A : U
L T . i [ __{
290°Cc - .. 200°C "IOOV'C
B ' XBL68II-6679

ferre,Sha]e.



PIERRE SHALE NORMAL ALKANES

1 n-Cig H34

z
E _ ' _

i | x5 . m(226)

| | DT
,,.....',..'n..'!.,....‘.!L, !.......,.s..,....‘,....,.J.!.,..,.....,,.,..,...W.L!..,...,,..,.ﬁ....ﬂ..,'..aL...'l..-.....a.[m‘.-....,;;!m;‘_.I,..mlm;;......,.,...'......Fwﬁ....,.;..,m‘
.50 _ 100 _ 150 200 _
n-Co| Haq

.E 1
& 1.

Ll

750 100 150 - 200 _ 250 - 300
| | | . XBL 6812-5291
Figure-13. Mass Spectra of n-alkanes from the Pierre Shale. ' '



PIERRE  SHALE  ISOPRENOID ~ ALKANES

Cig  ISOPRENOID

A~ A~

RELATIVE INTENSITY

I"“ I
T

I

) 1] Ly 4
trtrphrii Tty

o

: '. 50 100 ) .~ 150 200

| h - o o . 183
| P . - - xlO/' '
I’ll |.| !:l" ml"ml“\ gt ' } et et
| 3RbAR A MMM ALY AL AR b Al LARAR NAALE AL Mkl b |

Coo SOPRENOID

‘:RELRTIUE INTENSITY

10 _5-
. T _ ‘ ‘*(7|83 197
| h . e o7

bh 'nn )

) vluljl' |ll . II .41 >.1
A LA t

] Ml e .
frrprivipitth

253

: M(?82) :

A ML LA AL LA M T

50 @ : 100 150 . 200

Figure 14. Mass spectra of isoprenoid‘alkanes.frOm the Pierre Shale.

Trprrth v|uu|uu|"u|..uluul..n|.m,.nrprnlu‘uluui'mq'm;'--uluul.mTrr}r]uu]{m-lmquul-u-pnrrun,m:lvn-pu‘-,ﬁ!ﬁlnuluulnu|uu"m-|uu‘|un'|vuu

300

XBL68II-6692

-90L- -



.-
-

PIERRE ~ SHALE  Cpp.Cps Coo  STERANES

-L0L-

L L ' PEAK A
: Cb] o o | _ 357 (386)
» : |: 'W‘[ll 1 .| ‘L g ”.’..i (ORI (T PPV IV FUIS PRI [T .-“ (i [ W -
50 S 00 150 200 ' 250 300 - 30 400
. PEAK B
g : - 5 - 357 .
8 Sar a7 = : M(272)u286MA00)
b 'I.x.;;. ‘ M - 9 ]|i'-' '...' '.‘ I”I’hu TR —— " m"‘ e

50 100 150 200 - 250 300 - ' 350 400

" XBL68BI2-5266

Figuré 15. Mass spectra of steranes from the Pierre Shale. .



-108-
1nd1cat1ve of known fragmentat1ons of steranes 186 The fact
that some peaks, 1nc]ud1ng mo]ecu]ar 1ons, ‘are ]ower by two
mass units than would be expected for steranes, can be explained
by dehydrogenat1on of the a1kanes in the GC-MS system-
. The b1ogenet1c character of the P1erre Sha]e, spec1f1ca11y
the Sharon Springs member, can hardly be doubted sincée both

the geo]ogjca1]84 187

and geochemical data are jn accord with

this statement;j'Of'greaterlinterest‘here is'the_marine/terrestria]
origins of some of the hydrocarbons,' Pristane'and phytane, be%ng
the most'abundant’compounds; suggest:a large contributionpfrom'
'p1ants,'presumab1y originally in thehform of phytol from chloro-
phy11. 'Thé predominance of:the‘odd'carbon'number alkanes over
the even numbered a]so suggests a contr1but1on from h1gher

p]ants 120 of cons1derab1e interest to the question of mar1ne/
terrestr1a] or1g1n is the presence of steranes These compounds
are, very 11ke1y, productsvof diagenesis of‘sterols and other
triterpenoid compounds which are'often products of biosynthetic
mechanisms of higher pTants.' These three factors: 1) the pro-
noUnced abundance "of triterpenoid compounds,.Z) the odd carbon
'alkanes, and 3) extremely large amounts of pristane and phytane,
seem to be -indicators of plant (i;g.,-terrestrtal) origin of
sedimentary material. fhe analogy with;the Green.River'Shale"

is notable in th1s respect 116, ]56 |

That a marine env1ronment was- part1a]1y respons1b]e for the

organic matter in the P1erre Sha]e 1s suggested by the presence
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of numerous compounds in the n- C]5 to n- C20 region, the max1mum
area for many marine oils and sed1ments 130, ]63 In s1tuat1ons
where the sediment has a non-marine or1g1n (__g the Green River
Sha]e]56 and the Florida Muds) there are very few compounds of
this low molecular weight. | |

- The previously mentioned cohcernfebout the_condition'of the
sediment does not seem to be of great importance, aS‘toegresults

are in accord with those from other ancient sediments, and not

in accord with the alkanes in recent sediments or microorganisms.
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THE MOONIE OIL

The Moonie 0il of Queensland Australia (200 X 166'years) is
thought to have, at least in part a non-marine or1g1n The |
s1tuat1on is apparent]y unsettTed be1ng comp11cated by the
presence of two d1fferent o1ls Tocated in two d1fferent_bas1ns of |
the same 0l fie]d;:apparéntTy the 0i1 examined in this laboratory
is a composite ofhthe"two'different'oiTSv]88‘ An attempt has been
made to relate the 011 to the Evergreen Sha]e 189

The analyt1ca1 scheme used was deta11ed in the exper1menta1
sectlon, the quant1t1es obta1ned are outlined in the scheme on the
fo]]ow1ng page. | | |

Tne gas chromatograms of the various- fract1ons are shown in
F1gure 16. These chromatograms are obta1ned bv means of a packed
10' X ]/16” 0.D. co]umn of 3% SE-30 (Aerograph 665, 6°/m1n, 70°-
»_300°C);'f Those peaks which are Tabe]ed 1n the branched cyclic
chromatogram were 1dent1f1ed by success1ve preparat1ve GLC and
- mass spectrometry, as described elsewhere. 169
The effectiveness of th1s method of 1so]at1on can be seen in
v Figure 17, which is a photograph of the actua] mass spectrometer
trace, for the C]6’ Clgvand C_]9 polyisoprenoid alkanes. The
| plotted mass spectra for the 015’:C15’ Cigs Cyg and Cyy polyiso-
prenoid aTkanes are given in Figure 18. There is also mass spectro~
metric evidence and gas chromatographic data suggesting the presence

of the regular CZT po]y1sopreno1d aTkane (F1gure 19); however the

1so]ated compound was not. suff1c1ent]y pure to provide an
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unequivocal mass sbecfrum.'_One iso-alkane and_one anteiso-aIkane'
were also proved to be present in the Moonie 0i1. The mass spectra
for the C;. iso- and C;g antei$o4a1kenes are given in Figure 20
along with that of standard iso- and anteiSo-a]kanes,' Two members
of the alkyl cyclohexane series have also been iaentified, and the
mass spectré of these tWo.compoundS arevéhown in Figere 21. - Four
compounds were iéo]ated from the Meonie 0i1 whose strueture could
not be readily deduced by mass spectrometry. The mass spectra of.
these are shown in Figure 22. "All offesca]e mass spectral intensi-
ties are given in Table 4. “In e brevfous pUb1ication ‘the structure
of X] was suggested to be 5, 9 d1methy1tetradecane, and that of X2

- as 4,9- d1methy1tetradecane ) e

No tentative structure was proposed forva and Y2. No further work
has been performed in en_attempt to validate these structural
assignments. However,'in view of recent advances in the irterpre-

163 the prev1ous ass1gnments must be cons1-

.tation of mass spectra,
dered rather teheous. F1gure 23 shows a cap11]ary gas chromatogram'
Qf the branched-cycTic fraction of the Moonie 0il (]50f X 0.01“,V
SE-30, pfogram rate 1°/min). Of special note is the way in which

single or double peaké'beeohe complex muTtip]ets, .
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More recent]y, as part of this 1aboratory S program for the
ana]ys1s of fatty ac1ds, the Moonie 0i1 has been reexam1ned pri-
lmar11y by J. R. Maxwe]]. The analyt1ca] scheme was as prev1ous]y
| discussed, treating the oil as a'ftota] extract." The quantities
are depicted on thevfolloWing‘page. The gasvchromatogram of this
acidhfraction is shown in Figure 24, The Tabeled peaks and posi-
- tions are determined by coinjectionfof the standard esters, plus
urea adduction substantiation; In some cases, mass spectral evi-
dence has been obtatned as we]i;'particu1ar1y in the caSe of‘methyl
phytanate'and several of the unbranched actds; however, the'spectra
are not of s1ng]e compounds The distribution is dominated by
methyl phytanate. Of the norma] acids, ]6'and C18 are prom1nent
:but not excess1ve]y s0. The urea adduction is obviously not as
selective as 5A sieves are'with hydrocarbons , but some'separatfon
s effected ~ The large number of peaks in the adduct fract1on may
be due to such acids as 1so— and ante1so— ac1ds, which are known
to be adducted.f The presence of the'methy] phytanate and other
bulky acids can be attributed to the tendency of acids to-adsorb
on the urea.

F1gure 25 shows a comparison between the saturated mono acids
and the saturated a]kanes There is no, apparent d1rect re]at1onsh1p
between these two d1str1but1ons. A]so; it is d1ff1cu1t to compare
this hydrocarbontdistributton with that of the previous investi- -
gation. »Capitiary Qas chromatography often gtves_a'false first

impression of the relative abundance of the major (in this casev

the normal alkanes) components. Also, the methods of samp]e.v
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MOONIE OIL FATTY .ACID FRACTIONS .
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Figure 24. Gas chromatograms of fatty acid fractions (as methy1

esters) from Moonie 0i1.
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Figure 25. Gas chromatograms of fatty acids (as methy]vesters) and

alkanes isolated from the_Mbonie_Oi].
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preparation were'slightiy different, with no specific rembya] of
alkenes from the earlier samp]e;'

The-question of a non-marine orfgin for the:Moonie 0i1 (or a
~ portion of it) receives no direct-ansWer ffoﬁ'thé alkane distri-
bution,. The preponderance of:odd?numbered a]kénes, n—C23 through
n-C3],.often associated with non-marine sediments, is not evident.
Also, there is no 1ndfcat16h of steranes  as {h the Gfeén River
and Pierre Shales. The n-alkane maximum at Cig is not unusual
‘fdr oils eXamined in this manner.

The branched a]kéhes'prbVide greatek infdrmation than do the
hbrma]SL'_The pre§ence'of'the bo1yiSoprénoid alkanes supports the
contention of a.lafge bio]ogital‘bbntribution to this oil. By
coinjectidn'of the C]f regular p61yisob?éh61d; and subsequent mass
spegfrometric examinatﬁon;Ait is obvidus‘that the ubiquitdus’C]7
po]yiéabrehoid is not‘pfésent in large amodnts_relatfve.to the
.othér polyisoprenoid aikanés; bkaiding further support fdr ther
formation of this a]kane'éerfeé from one of the‘higher'mémbers-_

e.g., phytol.

~ The presence of iso- and anteiso-alkanes has been observed
previously. Although these‘compounds may dekive dfrettly from

iso- and anteiso-alkanes or from iso- or anteiso-fatty acids in

nature, their formation by thermal-prdcé$ses is not unreasonable,
and 1ittle significance can be attached to the identification of

single members of each series. Reports of alkyl cyclohexyl com-
190,191

pounds in natural systems are relatively scarce. For the

most part these are thought'to arise by cyclization dué to non-
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bio]ogica] reactions, with unsaturated'fatty acids béing“oftén
mentioned as a feasible siakting'pkodUct. Aéain; no gfeat bib- :
" logical significance can be placed on their occurrence in oils,
unless it can be demohstratéd.that theée-arise by cycTization of
biological acids or are natufally occukfing, in 1a}gé qﬁantities,
as the alkanes. | | ‘

- It is again the questfbn of‘disfributioné and relative amounts
thch permits one to conclude the nature and presence of biological
contributions td the sediméhtéry deposit. The distribution of
minor components, berhaps such compounds as the X1 and Xz'bre_
viously described, can provide more ihfbrmétfoﬁ ag’tb the mode
of formafion or origin of some of the branched compounds. The |
unbranched 4-carbon chain of Xé,:as mentionedxin the introduction,
may have Qreat sfgnificance_if the presénce of this could be con-
firmed (see Chapfer VI). | | - | |

The.fatty'acids; considered.by themselves, presént a most
vfnteresting picturel Why phyténic acid should.be so dominant is
~not understood. One can conjecture that phytol was oxidized
and that ﬁubsequent decomposition of the acids has been limited,
but there is no evidence from other compounds which supports this
view. Simple decarboxylation to pristane would suggest a larger
amount of this alkane should be present, although it may have
gone on to the othef polyisoprenoid alkanes. The ratio of normal
acids to polyisoprenoid acids is lower than the ratib_ofvnormal
: a]kanes to polyisoprenoid a]kanés, suggesting again that decar-.

boxylation is not the sole process bperating.
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A more reasoﬁabie-eXp]anafion for:the large quantity of
this acid is its préSence, in extrébrdinary amounts, in the con-
tributing organisms.. This may be a s%tuation quité analogous

192

to the phytanyl moiety in Kates' halophilic bacteria. It is

189 but

known which organisms may have cbntributed to this 011,
no study has been done to sdpport or réfuté the suggestion of
phytanic acid or a readily oxidizable phytyl group beihg a major
vcbhstituent of such organisms. It is even possible that this
acfd'may be representative of the eco]ogy unique to this conti-

nent at the time of forma;ion of the o0il.
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THE ANTRIM SHALE

The Antrim Shale constitutes the ff?ét and youngest of the
ancient sediments examined in this 1aboratory;for fafty acids.
It and the remaining sémp]es were'exémined‘brimari]y %or this
purpose, and so greéter‘attentidh is given to the fatty acid re-
sults obtained. In all the remaining sampies the alkanes Have
previously been reported, énd the distributions obtained in the
analyses reported here are compared with these pub]iéhed hepofts.
Several things should be kept in mind relative to %he'reSU]ts
réported here. The free acids and extractable alkanes wére qb-
tained by Dr. J. R. Maxwell, and the rémaiﬁing sambTes by the
adthor; some minor variations may result from this divfsionvof
labor. Also, the weights reported for the vériods'small'samp1es
are certainly not comp]eté]y'éCCUrate, and may vary by fp{S'mg;
the values given in the various schemes should be interbretéd
in this light. Also, most of the discussion concerning fhe acids
from the vafious sedimenis will be given after_a]] the results
have been stated. Only minor discussion is given following the
results for individual samples. :

The alkanes from the,Devonian Antrim Sha]e*(BSQ X 109

163

years)
“have aTready been eXaminéd in considerable detail. vThis
analysis by McCarthy wa§ qbne on a core-sampie from a‘dgpth of
2608 ft. In'the work‘répbrted here, the 2608 ft sample was again

examined, as well as a sample from 2614 ft, and a partial analysis
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193 all three

of a 2611 ft sample. According to R. D. Matthews,
of,theseVSamples are, geo]ogicé]]y, esséntia11y jdentical.

‘The 2608 ftiﬁore was'examined by the hydrocarbon fatty acid scheme
previously outlined. However, drying the HF-HC]vreSidue prior
to extraction was apparently incomp]éte;'a fact which becomes |
evident only after exfraétfon has}begun.' Aécording]y, the sample
was later éxtracted by means df a beh]et extractor, firsf with
methano]vand then with beﬁzené, for abouf 12 hbufs each.

-The samples available and ana]yzed from the above procedures

are as. follows:

Initial benzene: methanol extract
Saturated hydrocarbons

‘Monomethy1- saturated acid esters

Ultrasonic extract of HF/HC1 digestion residue

~ Fatty acid esters

Soxhlet extract of HF/HC1 digestion residue
(after sonication) |

Satqratéd'hydrocarbons o

. Fatty acid esters

 HF/HC1 (filtrate)
o th'aha1yzed;
The quantities obtained in this complex analytical sequence are

given in the following schemes.
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AN"RIM SHAL“ ABALYTICAq RDUULTO -

R Pulverlzed sha_

(800 g)

sonic extractlonf

Ultru
Benz¢ne:Methanol (1:1)- R
NN e . o
‘ q g . ,1L ’ o
.Total Extract (7 o3 g) Residue ( 790 g)
Colunn Chromatography . !KF-HCljJ
'KOH~- uopropanoﬂ/glllcn.c acid ' Digestion

) gEther'ElutiQn ' _ .- . Formic Acid- esults)
: ' o Ethey

. Crude Eluate (L.646k E)'
'(W1th hydrocarbons)

Co;umn Chromatogruphy
Alvmina -

N n~Hcptane £lution

" Crude Hydrocarbon Fraction (3 2&62 g) E

TLC
ASN@3.

< o
- Total Alkanes (1.6231 g) . -

(2030 ppm)

Elution

Crude Acid Fraction (106

' Methylation (BFg, ete:)

(oce pCCu’O* 1t of .

n-Heptane Extraction

A\

Crude Methyl Ester TFraction

(27.6 =g)

N

. Saturated Mono-Adid Methyl
MFree Fatty Acids" 0.7 mg
(1 pem)

-
W

A
LETLI'S

mg) .
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SECTION IT

ANTRIM SHALE ANALYTICAL RESULDS

Ixtract ;on Re

fue (790 )

i HF-HCL (431) Digestion
N4 w?sh with Hp0
. J(: ! -
° !
R\ y
il trute

‘Residue

Ultrasonic Extraction -
Benzene:Methanol (1:1) -
(IncomplCue)

r.

(77.6 mg)

) ' ) .
N L o : v ' :
Residue Total Exﬁract (1.4 g)
Soxhlet , i Colwmn CHromatorrannJ .
Extraction . 3 KOd-lsopropanol/v**101c a01d
(see Section IV) Fther Elution Formic Ac;c/Ethe*
I . Elution '
I ~
‘ICrude Eluate 661 mg) Crude Acid Fraction
! -y ) . . .
? Ether Elution - jFormic ACl?/ Methyiation
~/ ' NEther Elution ET., ete.)
- . e : =25 .
Crude Eluate (333.8 mg) . Crude Acid Fraction \/ _
' ‘ |  Methyletion  Crude Zster Fraction
Columnn Chromatography (r, etel) B {(81.6 ng)
Alurina B ~ 3 _ ‘
n~-Heptane Flution Crude Ester Fraction } TLC
- | (1z72ng) Y AzHO
Crude Hydrocarbon Fraction . g ‘ , a4
(126.14 mg) ‘ : i TLC . Saturated Mono Acid
' AEK ' Jethyl Isters (0.
- \E,k%o3. Methyl Iste (Q 0
AgNO% L - Satux ated Mono Acid
< . V]  Methyl Lstets (0.1 mg)
Alkarnes -Unsaturated
0.9 mg Hydrocarbons

(See Section ITI)



-132-

PN

. Section IIT

. ANTRIM. SHALF. ANALYTTCAL Rnﬂf*ma"

HF-HC1 Used in Digestion
(+1,0 from washing)| -

2

Total’E:tract

.. § - Benzenc¢ Extraction =

Columm Chromatography
KOH-Isopr opanol/u111c1c Acid

| Zther Elution'_'

" Crude Hydrocarbon PTuCulon
(2.7 mg)

Forimic ﬁc1c/ :
Ether Elution:

Mm-«\

_Crude‘Acid Fraction

§‘Méthylation
_ (1F3 cte.)

Crude Ester Fractioa (12.9 =

'y
¢
NIV

~“—f ;'TLC
— \f/ AgNO 3

 Saturated Mono Acid Methyl Dsters

- (.6 mg)
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SEOTTON TV

3 A’\‘l‘RTﬂ SHALE ANALYTY CA\L RESULTS

.

Digection Residue

1
H

Soxhiet Extraction

1. Benzene 12 hrs.

N2 @, Methanol 12 hre.
'w; . . Total Extract! (8 g) ‘.;

. Column Chromatography
KOH-~Isopropanol/Silicic Acid

. N )
Ether Elution . o . ) Formic Acid/.
' ' - ’ Ether Elution
W o | SN
Crude Eluate - o : - Crude Acid Fraction
Column Chrometography = - L Methylatio
funina (50 g) = _ L : (ET5 ete. )
n—Hcptane Elution : y : \,' -
V o
Crudc Hydrocarbon Fraction (h) 7 mu)" Crude Ester Eraction (11.9 mg) -
001101ual Copper quumn v ' : 1 TLC
n-lleptane Llution - . A5N03
. N\ B Y ‘
. Crude Hydrocarbon Practlon (3? 9 mg) n Saturated Monc Acid Methyl Esters
Ny (mlnao S) . . (0.0 = 1 umg)
LG '

\V" ~AQNO3
Total Alkenes (26.0 mg)
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Figure 26 sﬁows a comparison of.fhe fatty acids from the ini-
tial extraction, the ultrasonic extréttion of the HF/HC1 residue,
and the Soxhlet extraction of the HF/HC] residue. 'Qua1itative1y
the three patterns are sfmi]ar,_with the normal acids, particularly
Cig and Cyg (fdéntifiedvby coinjections) being the dominant com-
ponents.” It is important here»to noteﬁfhat the latter two'pat-
terns are éssentia]]y identical, suggesting that the two methods
of extraction are quite equiVa]ent'ih their behavior toward tﬁe
fatty acids. The bound acids'exhibif more of the low molecular
weighf components; perhaps'this-difference is due to minor fiuc-v
tuations in work-up¥51dg., evaporation of the C]2;1C14 (a"d,CIG?)’
etc., compounds, or to mjnor'differenéés'in the f}ee'and bound
acidvdistributions. | |

Figure 27 shows'the comparison between thé‘bound fatty acids
and the alkanes from the initial extraction. In general, this is
the besf way to”éompare'alkanés;and fatty.aﬁids frbm a given
sample, since the bound acids are generally 2-10 times more abun-
~dant than the "bound" alkanes. Of the here is the lack of
correlation between the two'pétterns.z | |

Figure 28 shows ihe difference in the alkanes obtained by
initialAuItrasonic extraction (~2000 ppm) and those obtained via
Soxh]et‘extfaction (¢30 ppm) . Obvibusly the formefxproceSS tends
-to extract a greater probortién‘of the lower molecular weight
alkanes than of the higher a]kaneé. The peak Tabeled "pristane”

is determined by coinjection;'the:distribution of the ‘alkanes
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ANTRI M SHALE FATTY ACID FRACTIONS
(AS METHYL ESTERS)

HF/HC! RESIDUE (ULTRASONIC)

CIe Isoprencid pos.
C20 Iwbnnold

- ’FIG inoprulo.ld pos. ' *

Cys isoprencid pos.

_HF/HCI RESIDUE (SOXMLET)

Figure 26." Gas'chromatograms of fatty aéids (as methyl esters) from

the Antrim Shale initia],extract'(free)?énd HF/HC1 residue.
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ANTRIM SHALE .ALKANES & BOUND FATTY ACIDS (as methy! esters)

'BOUND ACIDS

ALKANES

PRISTANE

| | XBL 688-4389
Figure 27. Gas chromatograms -of the Antrim Shale bound fatty acids

(as methyl esters) and the extractable alkanes.
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" ANTRIM SHALE ALKANES

EXTRACTABLE

PRISTANE

C | .

HF/HCl RESIDUE (SOXHLET)

n-Cy7 -

PRISTANE

XBL 6811-669%

- Figure 28. .Gas chromatograms of -alkanes from the Antrim Shale, by

initial extraction and extragtibn of the HF/HCT residue.
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163 and

from the initia] extract is essentially that of McCanthy,
no additional characterizations were carried out. |

Because of the difficu]ties'ihvb1ved fn‘extractihg the bound
ecids of this 2608 ft samb]e, another'ana]yeis fdr free and bound
acids was'carried out;‘using the:26]4 ft sample. The quantities
of the various fract1ons obta1ned in th1s ana]ys1s were roughly
,equ1va1ent to those from the prev1ous samp]e The distributions
of the free and bound fatty'acids are essentially identical to
those from the 2608 ft sample. -Although the extractable alkanes
.were not examined, the "bound" alkanes were giVen a cursory glance
and this revea]ed a d1str1but1on in wh1ch the max1mum lay some-
where between the 1n1t1a]]y extracted a]kanes and the Soxhlet
'extracted_alkanes of the earlier analysis. |

" The HF/HC1 used for digesting the 2614 ft sample was examined

for alkanes ehd fatty acids | fhe alkane distribution (~0.1 ppm
or1g1na1 sed1ment) para]]e]s that of the a]kanes from the d1-
.gest1on residue. The acid d1str1but1on (<0.1 ppm), para]]els
~ that of the bound ac1ds Aga1n, it is noted that the HC1 used
in this part1cu1ar digestion had been pur1f1ed by benzene ex-
tract1on | | |

Finally, the 2610 ft semple‘was examined for free fatty acids,
and the - distribution pattefnfweé identical to that of earTier
samples. No further analysis of thisvsample was performed.

As is true of the hydrocarbons, the fatty acids of the Antrim
Shale have a d1str1but1on which is consistent with a b1o]og1ca]

origin; the predominance of C14, 16 and C]8 ac1ds corre]ates
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well with the predominahce ofAthese acids in modern bio]ogical
systems. 322130 The failure of the acids to obtain an odd/even
carbon ratio eqUa]‘to one is different than what has been sug-

194 182 have

gested would be'the'caée;147"éooper and Kvenvolden
reported on the'distributioo of fatfy acids ih the geolog1ca1]y
related Chattanooga Shale. ‘In their'reporté, the n-acids'exhibit
ancodd/even ratio near1y equal to‘unfty} fThere are several fac-
tors which prevenf extraboTéting the'feSults”from'the Chattanooga
Sha]e to the Antrim. In the first p]ace,:fﬁe:two shales are re-

lated but not identical. According to Matthews, °S

the Antrim
Shale, though lithologita11y-similar to and occupying the same
strat1graphlc position as black sha]es in the East Centra] United
States, is not cont1nuous from M1ch1gan southward. There is
apparently somevmarg1n for discussion as to whether or not the
two shaies have exact]y.the same date of ofigin, since the
: Chattanooga'contains both Devonian and Mississippian fossﬂs.,]g3
and no paleontological evidence has been found.which definitely
establishes that theoages of the Michigan unit andithose_from
further south:(i.e., Ohio) are the same. 19°

In addition to this argument about initial deposition, there
is always a question about-differehCes in diagenetic condition.
As Kvenvo]den_explicit1y statee in his repor€??the'poét—depositiona1

_ situation may be the most 1nf1uenfia1 factor in determining the

final (i.e., present) fatty acid distributfon. Such facfors'as
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fhennal hisiories and ‘inorganic elemental abundances may'greatly
affect the preservation of the initial distribufion of.such |
compounds . | vv'

o Finally, no one Can'doubt ﬁhat-écologicaT-differéncés exiSt 
,how and'probably é]sorexisted 350 x i06 years ago between Michigan
and Oklahoma (from where KVenVo1den‘§:sémp1e éamé);  Perhap§ such

differences in cohtkibuting organisms areﬂresponsib]e-for the
obseryedidifférenCeS. - R ”

o ThenfaCt'thét the bound acids arelédua1 orfgréétér'in qyan;.
tity than the'free'écfds Supports‘thebnotion that some of the
pfigina] acids become bOund'tb'the inorganic matrix. .The fact
that the fkee and bound acfds have}similar distributidns suggests
that this binding is not abso]ute]y necessary for preservation of -
the acids for 350‘x 106 years_(but is heipfu])},é]though it is
possible that the acidsvdescribed here as freé were liberated
“ from the matkix by the extraétiqn.

. As was the case in the Moonie 011, there is no evidence to
support the hypdthesis 6f acids going,direct]y-tovhydrocarbons

solely by decarboxylation. .
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THE NONESUCH SHALE

of the Precambr1an samp]es ana]yzed for fatty ac1ds, the None-
such Sha]e and assoc1ated seep 011 are the youngest w1th an age
of 1 x 109 years The geo]og1ca] factors attend1ng this depos1t :
have prev1ous1y been d1scussed in deta11 196 Assoc1ated w1th the
shale and ooz1ng from faults, is a seep oil, which is reportedly

196 in the case of old 0il seeps, some

the same,age as the shale.
bacteria seem to feed on this petro]eum. In the collection of -
this oil, a concerted effort was made to avoid areas of abvious
: baeterialwgrowth ~ Recent collections of both the o0il and the sub-
surface shale were made by W. Van Hoeven w1th the ass1stance of
Dick Thompson, Res1dent Geo]og1st Wh1te Pine Copper Co. As in
the case of the Moonie 0i1, the seep 0il was exam1ned for fatty
acids and hydrocarbons. ' The results are shown on the following
| page. |

Figure 29 is the gas chromatogram of the fatty acid tractioh
(as methyl esters). hIt is.dominated by‘methyl palmitate (n—C]6)
and methyl stearate (n-C]8) with verytfew other components being
" evident. . ‘ _ | _
The apparent]y b1o]og1ca1 nature of the fatty ac1ds distribu-
“tion might be 1nterpreted as b1o]og1ca1 contam1nat1on from the

'bacter1a] sources ment1oned ear]1er. Obviously the pattern of

fatty acids from the shale is relevant to this question.
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' White Pine 0il.Analytical Results

. Crude 0il (6y1 )

KOH-Isopropanol/silicic acid

Ether Elution - > : ‘1/Formic Acid/Ether

Elution
Crude Hydrocarbon Fraction : . . Crude Acid Fraction (5.1 mg) .
No Further Analysis S, X Methylation (BF3 ete.)
- oo ' \ . '
" . Crude Methyl Esters
Colwin Chrématograpﬁy
Y - (Alumina)
‘ Benzene Elution
Purified Methyl Esters
- ' o N4 AghNO 5
i O ] o . ’ ~
i . P ' ' L Saturated Mono Acid Methyl Esters
i - . L 3 (0.3 mg).
i . , . )
‘., Ny
A ~
e e . \
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NONESUCH

SEEP OIL FATTY ACI'DS (AS METHYL ESTERS )

XBL6812-5264

Figure 29. Gas chromatogram of fatty acids (as methy] esters) from

the Nonesuch Seep 0il.
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. ¢ . NONESUCH SHALE ANALYTICAL

- PART II

_-. Digestion Residﬁe~(H€

s e

S s

-

ESULTS

0 Washed)-

Ultra:bnic Extraction
Benzene:Methanol 1:1

. Total Extract

.Columh Chromatography

iy

Extracted Residue

KOH-Isopropanol/Silicic Acid 30 ml/30 g

4

'_‘ Crude Eluate

-

~

"f. Total Alkanes (Q.l-mg) ,' .

Ether Elution

| TLC
/403

Saturated Mono Acid Methyl Esters (0.0 rg ?)

Formic Acid/Zther Elution.

L
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Methylation

"V/(BF3 etc.)
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TLC

zNO
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Figure 30'presents'the fatty aoid distributions from the
initial extraction;'the'HF/HCI’digestion residue, and the HF/HCI
used in digestion. In all three cases,.the distribution is essen-
tially composed of on]yvtwo components,'the‘n-C]S_and n-C,q acids
(determined by coinjection): fhe'bouhd acids pattern results
from inadvertant 1njeotion'of too,laroe a sample (essentially
 the tota]1availab]e)'and'showsvthat sohe sma11 amounts of other
'compounds are present. The 1nsert represents the record of the
relative abundances of the two major compounds | The HF/HC]-f11trate
'pattern was run at h1gh sens1t1v1ty, and the appearance of the
shoulder at C16 and other m1sce1]aneous small peaks 1s dece1v1ng,
s1nce only the . two major peaks appeared on other chromatograms
of th1s fraction used for c01nJect1on. The comparison between
the acid distribution and the eXtractabTe alkanes is shown in
Figure 31' This a]kane‘distributton is essentiallyvthat pre-
v1ous1y reported 156 and the a551gnment of structures is based
on co1nJect1on and ana]ogy "_
The dominance of n-C]6 and'n-C]S_is not unexpected for this |
. sample since, qualitatively, such a distribution was suggested -

148 The similarity between the seep oil distri-

by other workers.
bution and the shale distr%bution,jin view of the steps taken to
prevent bacterial oontaminatiOn of the shale, combine to‘suggest .
that the seep oil fatty acid distrfbution is characteristic of
the ancient oi and is'not'due_to_recent bacterial activity.

The simp]iéityvof the_acid pattern, tompared’with the younger'

samples, may be eXpTainedlin several ways.f Perhaps only the
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vNONES_UCH SHALE ~ FATTY .ACID (METHYL ESTERS).

FREE FATTY ACIDS.

90 80 10 € 50 . 40 20 20 0 omin]

BOUND

FATTY ACIDS
’ nCig | "Cig

] 7o .60, 0 40 30 . 2 '_1.0 L o
HF/HCI. FILTRATE FATTY ACIDS
nCig
nCig
] ' 1 | | | ) b - .
70 60 50 40 30 20 10 Omin|
- XBL68I2-5263

Figure --3'0._ Gas chromatograms of Nonesuch Shale fatty acids (as ni'ethy].
esters) from-initial e_xtraction_ (frée), HF/HC1 residue (bound), and

HF/HCT filtrate.
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NONESUCH SHALE TOTAL ALKANES AND FREE FATTY ACIDS
(AS METHYL ESTERS) :

FATTY ACIDS

ALKANES

17 ’
PRISTANE

* 'XBL 687-4255

Figure 31. Gas chromatograms of extractable:fatty ades‘(as.methyl

esters) and alkanes from the Nonesuch Shale.
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normal acids were initially deposited, a not unlikely possibi]ity

if the contributing organisms were re]ativeiy primitivé or Timited

in type. Modern day primitive algae and bacteria do containva
rather limited range of acids in ternis of carbon numbers, with
n-Cye and nfC18 (saturéted and unsaturated) beihg by far the most

abundant.18]

Another possib1é exp]énhtion is that only the nor-
mal acids Have survaed‘for'é bi]jfon"years,"and this may also

be the case. Unfortunately, there is not sufficient data on geo-
chemical stabilities of fatty acids to providé substantfation or
refutation of this latter concept.

Whatever the case, 1nftiai selective deposition, or éubsequent

selective -preservation, the fatty acids which have surVived»for

one bi]]ion years exhibit.a mo§t;interestingmand Cértain1y.bio1o—
gical distribution. Theik.presence at this‘early time éupports

the hypothesis that fatty acid distributions can provide infor-

‘mation on the time and nature of the origin of life.
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THE GUNFLINT CHERT

197

" The Gunf]int Chert:represents a we11-def1ned " Precambrian

158 76

sediment (1. 9 x 10° years) from wh1ch a]kanes and amino acids
" have prev1ous]y been reported The samp]e reported here was ob-
ta1ned from P. C]oud unfortunate]y 1t cons1sted of such sma]]
pieces (m25—]00 g) that removal of the outer surface was-not |
possib1e;”’According1y5the3e pieces Were oltrasonica11y.washed
several times to remove éorfaoe oontamination';-The'sampie was
then pu.ver1zed and treated accord1ng to the prev1ous]y outlined
procedure The quant1t1es obtained are out11ned on the fo]]ow1ng
paoe Another procedura] departure from the prev1ous samp]es
was that the HC] used was not.the 37% so]ut1on pur1f1ed by ben-
zene extract1on but a 21% azeotrope purified by d1st11]at1on

" The resu]ts obta1ned from solvent extract1on are presented
in‘F1gure 32. Thjs s1ng]e fatty acid has a retention time equal
to_the,n—C]8 acfd. The extractable alkanes naVe a maxthm at
_n-C22, and nosindication of pristane and/or phytane. For the
acids as we]i as the hydrocarbons, the quantities obtained were
~diminutive; in fact, the total fatty acids were injected for this
one chronatogram. |

The distributions.of tatty actds and hydrocarbons obtained

by extraotion of the.HF-HC1 digestion.residue are shown 1in
E Figure 33. By far the most dominant acid is the n—C]é, a1thoogn
n—CM,‘n.-C]5 and n—C]8 are also apparently present. Confirmation

that the major acid is indeed the n-C]6 comes from’coinjection
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.3Pulverized Shale (1100 ). |
L ' Ultrasonic Extractlon ‘
: Bénzene-Methanol (l 1)

; A T ed e T T NS
Extructcd “hule AR e Totnl hxhract ,

: R S Colwmn Chromutography
Diacstion i '

{HF-HC1 (h4s1) - Lo om 5 e
o lSlWﬂ% ,“Tc;‘;_uvgl‘ o : .

‘Ether ;V’f o Formlc Ac1d/
Elution f “ Ether Elut;on'

»

L N T L
Residue _l‘~ 5 Flltrate :

‘ f;t\/
(x3)

Flltrate

)

AgNO3
Total Alkanes

" Washed Re81due'?2ﬁ{;_,,i:

(660 s)

”}f’_- ], mie, agvo

| SR o Vo o3

. See Part’Iva
_— (no available weight)

KOH-Icopropanol/51licic acid '

H2O washlng 3j¢xff !‘jﬂl?-J;iiprﬁde Lluate (1 2 mg) ‘CrudqvAcid Fraction = . -
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GUNFLINT CHERT  FATTY ACIDS (as methyl esters)
~ and  ALKANES. INITIAL EXTRACTION.

FATTY  ACIDS

60 50 40 30 20 (o) OMIN
-ALKANES n-C,, POS.
n-(;zo POS.

i

i g I ! R | I N 1 i
90 80 70 60 50 0. 30 20 10 OMIN
XBL68I2-5257.

Figure 32. Gas chromatogrdm§ of extractable fatty acids (as methyl

estefs) and alkanés from the Gunflint Chert.
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GUNFLINT CHERT FATTY ACIDS (AS METHYL ESTERS) AND ALKANES: HF/HC1 RESIDUE

FATTY  ACIDS

[ h-Cig POS.
P 16

nCigPos.

ALKANES

n~Cig POS.
Vi 18

PHYTANE POS.

PRISTANE POS.

. ) ) Ve P . ' “ , . R
100, 90 . 80 70 .60 50 . 40 30 20 10 O MIN.Jy

XBL 688-4379

Figuré 33. Gas chromatogram of fatty acids (as methyl esters) and
alkanes obtained by extragtioh of the HF/HC1 residue of the Gunflint
Chert. | S | o |
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:and from gaS'chromatogréphy-mass spé;trometky. The mass spectra
of standard me%hy1 pa]hitéte and the Gunflint major acid cofpo-
nent are given in Figure 34. |

The a]kéne distribﬁtioh is in accord with the published
results of other workers. 128" of partiCQ]ar noté is the presence
'of'hriéfane and phytane. (Based on’cbinjection and ahaldgy)'and
the very s]ight bdd/evén domfnance bf'fhe C23 to Cég n-a]kanes,
a factor which is indicative of bioTOQica] activity; Whereas in
fhé other sampies reportéd here, the bound aciag were compared
with "free" alkanes, since fhe two‘quéntities of alkanes were
near1y'1dentic51 and Since-fhere‘was some ‘question about the
effects of hdt remoVihg the.oufér surfaéé, thé cohpariéoh heré
must be between tﬁe'bound acids and the "bound" alkanes.

“An encouraging result waélbbfained by analyzing for fatty
acids in the HF-HC1 used in digestion (plus the water used in
washing){ :The amount of fatty acid§;3if any, ébtainéd by:the
~analysis bf this fi]tfate, is at least 100 times less than that
of the residue extract and also TOO times less than that obtained
from earlier (benzene purified) HF-HC1 filtrates (prdpoftions
=vare based on Qas chromatogréphy). This serves to illustrate
.the advantage'of not using organi§ solvents tg purify.the in-
organic reagents. |

Since there existed a difference between the free and bound
fatty acid distributions, and.since the bound écids resehb]ed |

- the satdrated acids from modern bacteria, to eTiminate the
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prdb]ém of hetént'bacteriai Contaminétioh;,the unsaturated acids
from the HF-HCI digestfoh residue were ékamjned. After_deﬁér—
mining precisely the’Rf va]ues'for.sféériciénd'01eic acids,‘ahd
after showing thaf the o]éfc acfd,was stablé:in'the AgNO3-Si1ica
Ge]bTLC system, the TLC band”éorresponding to fhe Gunflint Chert
bound.dnsaturatea écids was examined;‘.This investfgafioh showed
that there were ndidetettéble bib]ogfca] unsatuhatéd acids in
fhis'sample : Th1s conc]us1on is based on the fact ‘that there
are no cis- a]keno1c ac1ds in the extract S1nce cis- ac1ds
(and not trans-) are by far the dom1nant biological isomers of

the'bio1ogiéa1'monoa]kenoic acids,]98

the conclusion is stra1ght—
forward.ahd~definit1Ve. A1$o, if bacterial contamination gave -
rise to. the bound Saturéted acids, certaﬁn]y the Uhsatuhéted‘
acids from thése‘bacteria should also be "bound".* _”$_
| “Again, as in the Cése of‘the Nonesuch there seemsﬁfo:bé

no direct: re]at1onsh1p between ‘the. ac1d and the hydrocarbon
d1str1but1ons Both groups of compounds are 1nd1cat1ve of bio- -
]ogica] activity. The domihance of a single fatty acid is
suggestive of a Timited contributory process. The fact that
this acid is Cy¢ and not Cig is compétible with the notion that.
the contributing organism(s) were relatively simple, since it

is in the"higher organisms 'that n-C]8_becomes more significant;135

*An anomolous narrow yellow band with a low Rf value was apparent,
in the TLC of the bound acids. However, since the responsible com-
ponent(s) was not elutable from a]um1na with heptane, benzene
or methanol, and since the alkanes seem to be free of contamina-
tion, nor further attention was given to this matter.
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The case for the fatty acids being ancient and nof due to recent
contamination is fairly well documented because of the absence
- of any biological unsatufated fatty -acid. Thus there ié addi-
tional evidence that fétfy acids can suerve several billion
years, and also that'the,aéidsjéxtfaéted from the 1.0 x 10°

year old Gunflint Chert'are predominantly biological in brigin.
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THE SOUDAN SHALE

The Soudan"Shale from MihneSota,'is the oneSt brecambrian

sedlment]99 (2. 7 x 10°

years) ana]yzed for fatty ac1ds An extra-
ord1nary amount of attention has been g1ven to this sha]e because
of the question of the or1g1n of the extractable organic matter.

” The carbon isotope studies 6vaoering200Ahave'been interpreted

'as evidence that the extractable orgahic'matter hae been 1htro-
duced into the sed1ment cons1derab]y after the or1g1na1 sed1men-
tary matter (that wh1ch produced the kerogen) was depos1ted
d1scuSS1on of_the information relevant ‘to th1s matter can be

32 and Meinschein. 201

found in the papers by Johns et al. Their
conclusion was that the'matter ch]d nbt be he§o1ved, and little
'fhformation has been forthcoming in the past few years whichvﬁ
would proVide a solution to the problem. Because of its COnéf-
derab]e age and because a know]edge of the fatty ac1d distribu-
t1ons m1ght speak to th1s m1grat1on question, th1s laboratory
undertook the 1nvest1gat1on reported here. The procedure was as
previously described;_and the aha]ytical'results (a surfacevout;
crop--Sample I'of Johns 22.21332) are shown in the following
diagram | H . '> |
F1gure 35 shows the fatty acids and a]kanes obta1ned from
the pulverized sha]e by ultrasonic extract1on The hydrocarbon
d1str1but1on is very similar to that of the prev1ous work 32,201
'and the ]abe]1ng of specific peaks 1s based on co1nJect1on and

compar1son w1th the ear]1er resu]ts Thevfatty acid distribution
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SOUDAN _SHALE ALKANES and FREE FA‘TTY ACIDS (AS._ METHYL ESTERS)

FREE FATTY = ACIDS

ALKANES

PHYTANE

7-C|7

PRISTANE
4

XBL 687-4272-A
Figure 35. Gas chromatdgrams of_extractabie fatty acids (as methyl

esters) and alkanes from the Soudan Shale.
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is eertain1y more cdmp]ex than that of the other Pnecambrian sam-
ples, although. n- C]G and n- C]8 are st1]1 the dominant acids. In
this case, there seems to be a greater amount of branched and/or
cyc11c fatty ac1ds. | | | |

Figure 36 represents the d1str1but1on of the bound fatty
ac1ds, aga1n compared w1th the extractab]e a]kanes “The alkanes
obtained by HF - HC] d1gest1on and subseduent extraction have essen-
t1a1]y the same distribution as those from the initial extraction,
shown in'Figure 37. Again the HF-HC1 -showed nbhsignificanth‘
ambdnts of fatty acids, compatible With results from the Guntfint
Chert. | | |

The bound fatty acids, especia]]y those from n‘-C]6 tovgreater

retent1on t1mes, are essent1a11y 1dent1ca1 to the free fatty acids.

The absence of the lower mo]ecu]ar we1ght free acids, especially
n-C]4, n-C]5 and the C]5 and C]G 1soprenoid acids are almost cer-
tainly due to Taboratory techniques since, in the case of the
bound acids, gnéater care was eXercised'in’evaporation of sol-
vents. Again the even carbon-numbered acids dominate the distri-
‘bution. Of greatest interest here is the implication that there
~are relatively large amounts of the pp]yisoprenoid acids in the
Soudan Sha1e. The labeled positions are based on coinjection of

~ the standahd po]yisoprenoid acid methyl estehs.

0CH,3v.
AN
N

Methy]—4;8,12;trimethy1tridecanoate -0
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SOUDAN SHALE ALKANES & BOUND FATTY ACIDS (AS METHYL ESTERS)

BOUND FATTY ACIDS

Me PRISTANATE POS.
R

\ . ’
Me PHYTANATE POS. | Cig ISOPRENOID POS.
. \ °
n'Cls\ ] \ ' n'C|4
A '
3
Uy lk{‘ I

50
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| |eCr
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XBL 687-4272

Figure 36. Gas\chromatograms of thequund fatty acfds,(as methy]

esters) and the extractable alkanes from the Soudan Shale.
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- SOUDAN SHALE AL

ALKANES

L

n-Ci9
\
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!
| |t
/
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I
[
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" HF/HCI  RESIDUE

PHYTANE

PRISTANE

.

XBL 6812-5267

Figure 37. Gas chromatograms of the SOuddn Shale alkanes obtained

by initial extraction and extraction of the HF/HC1 residue.
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OCH3

Methyl'Priétanaté

Methyl Phytanate

The third significant peak in the chromatogram, with a reten-
tibn timé of ~29 min (1ast‘significént beak prior to elution of
' n-C]4) corresponds ‘in retention time to methy] farnesanoate, the

saturated C]5 po]yisoprenbid acid methyl ester.

Methyl Farnesanoate

Confirmation of the presence of at least the ffrst'two members of
the series,“the_C]5 and C16 po]yisoprehoid esters, was obtained
by heaﬁs of GC-MS analysis. Figurev38 shows the mass spectra Qb-
tained for'these compound§ after GC injection of the complex |
mixture. Included in Figure 38 ére the mass spectré of the
standard esters,‘a1so obtained by GC-MS'undéf cbnditions identical
to those of the géo]ogica] samp]é. Unfortunately, since GC-MS

- resolution is lower than that for GC a1one, since the compounds
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an'd‘bouind' fatty acids (as methyl _esters) from the Soudan Shale.
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are mofe numerous in thé regidn'of methy1 phytanate and méthy1
‘-pristanaték definitivé Spéctra of tHese compounds were not ob-
tained. | » o | _

The GC;Ms.spectra for the n;cié,‘n-cis'and n-C]8 acid methyl
esters.are showniin Figure:39;'a1ong”withvstahdard spectra. ‘The
structure of some'of}fhe’other acids is uncertain, although GC-MS.
sdggeéts fhey;ére'acyclic.  Iwo of ihese'compdunds,-seen on the
gas ‘chromatogram as é_doUb]et immeﬁiaté]y following the C]6 iso-
prenoid, have bééh identffied'by mass spectrometry as the methyl
.esters of the i§g;C]5 acid (methy1-13fhethy1'tetradecanoate) and

the'ahteiso-c15 acid (méthy]-lZ-methy1 tetradecanoate). (See

Figure 40.)

* Anteiso-

A1l of the comments relevant to the 0ccufrentes of the n-acids
in the othef sediments examined are relevant to their occurrence |
and'predomfnance in the Soudan Shale. The distributibn is indica-
tive of a biqlogica] okigin'for‘these acids and suggestivé (though »

less so) of a 1imited contk1butory e]ementF-iLg,; relatively
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Figure 39. -Mass spectra 6f.authentic methyl pa]mifate and methyl

stearate and bound fatty acids (asvmethy] esteré) from the Soudan

Shale.
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Mass spectra of authentic iso- and anteiso-acid methyl

* esters and bound acids (as 'meﬁhy] ésters) from the Soudan Shale.
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undeveloped organisms.]35

It is the po]yisoprenoid acids which
are ‘unique to this sample, and which arouse interest and demand
comment. | | 7

There are severa] possible explanations for the occurrence

of these compounds . Certainiy it is p0551b1e that these were
.originaliy deposited by some.organism not respon51b1e for the
fatty ac1ds of the Nonesuch Sha]e or the Gunflint Chert. How-
ever, ‘such poiyisopren01d ac1d -containing organisms would be
rather unique; their modern day analogs have not-been reported.

The most likely explanatiOn for the presence of these com-
pounds is that other polyisoprenoid compounds, such as phytol
(and perhaps even phytane,‘pristane,vetc.) more abundant in
organisms, were converted to the acids by diagenetit'factors
unique to this sediment. The suggestion of high temperatures,
and the knowiedge that oXygen (as oxides) is abundant.in this
sediment,!9? ]ends credence to this nypothesis; 'The'simuitaneous
occurrence of po]yisoprenoid fatty atids and steranes may‘be sig-
nificant a]though the other sediment containing both .these types
of compounds, the Green River Shale, has a considerably different
geological history.

Whether or not the acid distribution, and'specifica]]y the
polyisoprenoid acids, provides information about~the-contempora—4
neity of the extractable organic matter and the kerogen is a .
matter of interpretation. There is no information aboutithe

fatty acids present as part of the kerogen; surely knowiedge of

‘the presence or absence of the polyisoprenoid acids in the




an-
kerogen would be‘;aluablé. ‘The fact that the bound acids and the
frée acids have_ﬁimiiér disfributions is a factor which peints
‘toward a contemporaneous origin for the readily extractable
matter and the difficu]tly'extractable matter, a situation
totally analogous with Meinschein's results.20]
The cohciusion from this particu}ar sampTe must be that the
-migratioh-origin prob1em is still unsolved. Certainly the ex;
tractabie hydrocarbon§ and fatty acids are derived from biolo-
gical sources. The quantity and type of non-normal fatty acids

indicatesvdifferences between this shale and other sedimentary

rocks examined here.
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DISCUSSION

dHaving considered theSe‘geologiCal samp]esvindtvidually, it
is desirable to examine them co]lectively and to'identtfyvany
generalities or trends which are present. Once such phenomena
are recogniéed it is essential that one tries'to'plaee these into
the overall context of organic geochem1stry and tr1es to under-
stand the s1gn1f1cance of variations due to t1me or1g1na] s1tua-
tion, etc. As has been suggested throughout this thesis, the
hydroCarbons'heve'been considered to be the moét valid dnd‘
‘valuable source of 1nformat1on on the existence of life. Pri-
marily the polyisoprenoid a]kanes have been sought w1th the
1mp11cat1on, if not d1rect statement, that_these compounds, by
’themse]ves, are»proot ofdbio]ogita] activity. However, the inj
creased knowledge about'abiotio Syntheses, combined with the
Vast]y'greater'informatiOn about organic geochemical'prooesses
and products, has Ied to'some'doubt ésdto the suttioienqy of
the'polyisoprenoid a]kanesvas such proof. Accordingly, as men-
tioned earlier, other alkanes and other compound types have
recently received conﬁiderab1e attention. But this'is not to
say that po]yisoprenoid e]kanes.ere no longer useful, for these
'compounds.have a sufficientlyzhigh degree of structural speci-
ficity and biological association and-a sufficient]yllow degree
of orobable abiotic synthesis that they may still be used as
chemtca1 fossils. The recogn1t1on of the Qotent1a fa1]ure to
meet the abiotic synthes1s criterion has necess1tated a degree of

caution.
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0f the sampTes repokted here, only the F]orida Mud Lake
~samples (with thé exception of the'néé]kanes), the Pierre Shale
and fhe Moonie Oi] were éna}yzed.fir§i or exclusively by this
author. The alkane distributiOns frdm all the remaining samples
have previously been examined and diééuSSed, and those'dis-rv
cUssioﬁs'Wi11 not Se reitekated here.

Placed within the context of organic geochemistry, the Mud
Lake samples constitute a uniqué'and informative situation,"for
it appears that a portioh“of the a]kanés‘initially depositéd
are nearly totally tranéformed info other components.  It is
sﬁggeéted'here that perhaps these Tow molecular weight alkanes,
’ Ci% and C]8, specifica]]y,.are:a substkaté for various organisms
within the'toh’few.fnches of feét of the sediment. They are
thus remoVéd from the'ﬁediment andvcohvérted into other compounds
via the méfabo]isms of fhe'drganisms Whiéh 1nge$t them. vThe
higher alkanes (ng;, C25-C31)‘are'not consumed in this way and
remain (at Teast partia]]y) as distinct entities, not only for
the thousands of years encompassing the Mud Lake samples, but
for millions of years as seen in the higher alkane distributions
of ‘the Piérre.Sha]e and even the Gunf]iht Chert. It is then
‘imperative,to suggest an origin for the many Tower alkanes
(g;g;, C]5-C20) found in all thé ancient ofls_and‘sediments ’
50 far ekémined. .Certain1y'the most obvious énd reasonable
”éxp1anation is_that they are diagenetic prbducts of either
higherba]kanes or of other gedchemicé]s. Relevant tqfthfs

suggestion is the absence of phytane and priétane from the
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young sediments'and ité presence, and often dominanee, in the

‘older sediments. As suggested by the‘stability'studieé mentioned

in Chapter I,'most compound types do exhibit some geochemical
stability, so the diagenetic transformations respdhsibie for
their disappearance (end the appearance_df 1ess functional, more
stable COmpounds) canhot‘be expected to be spontaneous. The
tendency for ancient 0ils and sediments'to have a maximum of
C]é to C20 alkanes is undoubtedly due to a complex interplay of
bibgenetic, diagenetic, geoiogiC'and thermodynamic factors about
which vb]pmeévhave béén written and nd.more wiii:be.eaid here.

- of the ancientvsediments reported here, Oneeéthe.Pierre
ShaTe--is known to have a Targe contributioh from ferrestria]
: piants.”'Interestihg]y, it is in this sample that the high
moieeuiar'weight normal a]kahes have the highestiodd-carbon—
number/even-carbon-number ratio. A]éo, this_samp]e'ié the only
‘one which contains large amognts:of~$teranes, The Florida Mpd
Lake does aiso have avhigh ratio of odd/even n-aikanes,vand
this is also interpreted as due:to the higher land plants
aésdciated with the lake. Comparison of the Pierre Shalé with
the Greeh River Sha]e, known toibe non-marine and also with a
plant contribution, shows these two to be simiiar in the high
molecular Weightlregion. ”The conc]usion to be drawn from the
sediments_discussed here is that the aikane distribution can
- reflect terrestriailplent contributipn to the sediments. This
may not be obvious in the Precambrian sediments but is obpious'

for recent sediments and those up to 75 x 106-years of age.
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- If such a conclusion can be dembhstrétedfto be valid for a large
number of such sediments, this means of identification cpu]d
become uéeful for describtions of ged]ogical specimens.

The main interest of fheﬂmajority of the sediments analyzed
here is with the fatty acids,,both‘théir_variations due to dif-
fering conditions and their relationship to the alkanes. Con-
'cékning the latter point, the evidence presented here §ays that
‘there is no direct corre]ation'betweénlfhe‘carbon number of the
normal acids and the carbon numBer of the normal alkanes .

* Cooper's 24 sﬁggestion théf'n-alkAnes méy'arise from n-acids
solely by decarboxylation iétnot supporfed,.ahd is in faci
refuted. R . _ |

It has béén'pointed but'that offen-the‘odcharbonvfatty
acids increase in abundance with time; relative to fhe even-
carbon fatty a\c"ids.]82 Thfs does not seem to be the caée for
the sediments examined here. The billions of years which are
encompassed by these sediments should provide an excellent
oppdrtunity to view such a phenomenon, if in fact it is geneka].

182 yemonstrate the lack of genera-

However, Kvenvq]den'svresu1ts
lity of this procesé. _Unfortunate]y there are not sufficient
experimeptaT daté available to provide ény uéefﬁ] informatfon,
as to the products of fatty acid‘deCOnpositioﬁ in sediments.
That it is a éomp]icatéd process is $hown by the Wbrk of Jurgv »
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and Eisma. ‘A1l that cah be stated concerning this.matfer is

that while it may be true that in some sediments the even/odd
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ratio of fatty acid chaiﬁ 1éngths decreases with time and approaches
unity, it is not the situaffonvin the sediments examined here.
Which of the two situations isvthe "normal" case is not known.

The biggest concern in reporting these résu]ts, especially
those from the Ear]vakecambrfan, is that thé‘fatty acids may not
be of the éame.age as;the sediment from which they we}e'obtained.
To answer this question'it'ié useful'to'examine fhe”prSible
‘soUrces of contaminatibn and to pass judgement on whether or not
they may be operating in these cases. The most obvious source
of contamination is that which Eesuits from laﬁoratony handling
and techniques. As was discussed and'embhasized in Chapter I,
this contamination éource,-thbugﬁ potentially bperative; isvéon-
trb]}ab]e.} In fhe.samplés repdrted heré, certainly the Varfations
.inlthe fatty acid diStributions; combined wifh b]ahk éxperiments,
suggest'that ]éboratory édntaminétiOn is not producing fhe ré_
sults. Support for ‘this comes from a know]édge that the Antrim
Shale, analyzed three times qur a period of severa]}months,
showed the same fatty'acid distribution‘iﬁ‘each analySis;

A second obvious potential source of contamination is from
recenf bacterial action on 6r.in the sediment.” Such contamina-
tion might be'expected in view of the fact that the'Samples have
been'hand]éd, expdsed, stored, eté. There are two pieceé of
information which refﬁte;this Cbncept.r The first of these is
that no bound biological Unéaturéted fatty acidsvwefe found in

that Precambrian sample-which had the greatest surface area
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priorto. treatment and of which the surface'was'not removed. This
is the strongest refutat1on of recent bacterial contam1nat1on now
ava11ab1e The on]y poss1b1e factor not exper1menta1]y checked
is that by some mechan1sm the unsaturated acids are qu1ck1y and
complete]y_destroyed in the sed1ment:3_Th1s seems unlikely in
view of'the chemistry necessary for éébh transformations'and the
lTimits to which the unsaturated ac1ds are detectable.

The second p1ece of 1nformat1on argu1ng against this type
of contamination is that in the most porous and most}exposed
sediment eXamined, the Pierre Shale, no'significant amounts’of
free fatty acids were isolated. If recent microbial contamina-
tion had occurred, it should be evident in the free fatty acid
fraction; for the other samp]es provide ample euidence that _
binding to the rock matrix does not go to comp1et10nQ: »

| These two:arguments oonvincinglu demonstrate the 1atk-ofr'

recent Bacterial contamination of the'sedfments. Neuertheless,
it s the'suggestion of this author that in the future a11 anal-

yses include a search for biological andvnon-bfological un-
| saturated fattymacids.v | | |
The last'obvious source of contamination is a geological
- one, in which the fatty acids_haue migrated}into the sediment
considerably after the sediment was formed. Unfortunately,
this typefof tontamination is both'difficult'tOIfdentify and
difficult to prove or disprove' In regards to the alkanes, the
'arguments 1nvo]v1ng poros1ty, d1ff1cu]ty of m1grat1on from such

distant reservolrs,vetc., have been invoked, and these are
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certainly applicable here. It is,impbrtant also to noté that in

all but one case (Gunflint Chert) the free fatty acids and the
bound fatty acids have the Same origih. It also says thaf the
disso]ution of the rock matrix, Whi¢h makes more of the inner
portidﬁs of the rock.évaflable;'dOes not -release sfgnificant
amounts of new compounds. Uhfortunaté]y, with a kdeIedge of
the binding equi]ibrium and the kineticé of the process; ft does
not solve the migration p?ob]em; |

| In the final ana]ysis, there is currently no way to prdve
that migratidn has or has ndt:ocﬁurred{ Carbon isdtope ratios,
ﬁarticular]y on individua]‘compouhds'ahd compound types would be

a valuable indicator. The analysis of the fatty acids of the

kerogen, making sure that no alteration of structure has occurred,

would also be usefu] thoﬁgh not neéessari]y indicative since the
kerogen acids may be der1ved from precursors d1fferent from those
- of the non- kerogen fatty acids. |
In considering the value of fatty acids as chemical foss1]s,
it is necessary to cons1der the possibility of their abiogenic
formation. This possibility was discussed in Chapter I, and_it

- was pointed out at that time that the abiotic formatibn_df a

limited range of fatfy acid type compounds has been accomp]ish‘ed.”6

- Certainly the selective formation of a limited number of chain
lengths is'also feasible by means of the surface characteristics
and dimensions of catalyzing surfaces. However, such a distri-

bution has not been realized in any abiotic experiment, and it
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must be ¢onc1uded that the.distributions from the sediments
examined here afe still in total acéord with a biological
origin. | | | |

In conc]usioﬁ, with'regard to fatty acids, it is obvious
that the distributions of fatty’acids'demand'séridus consi-
deration as chemical fossils, since they have beéh unequivocally
‘identified in very ahcient sédiments. The acid distributions
reported_for:threefPrecambrian sediments are compatible With_a
~ biological origin, since it appéars thatythe fatty géids reflect
the acid distributions-of the,contribdting orgahisms or they
ref]ecf other compounds of these organi§ms which can be con-
‘verted to fatty acids'(ng;,.phyfol); Taken with other organic
-geochehiéa] results, fatty acids can be used to provide‘infor-

mation on the time, place and manner of the origin of life.
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CHAPTER IV
ABIOTIC VERSUS BIOTIC

_If there is one basic'assumpticn updn which rests all of the
organ1c geochem1stry re]ated to the origin-of-1ife problem, 1t is
- the assumption that it 1s poss1b]e to d1st1ngu1sh an ab1ot1c
mixture of chemicals from a b1ot1c mixture of chemicals. It is
hypothesizéd that any group of atoms or molecules which has been
through biological processés, whether those processes are degra-
dative, synthetic; or otherwﬁse transformative, will reflect the
selectivity and non-randomness df:biological systems, and that it
is possibie to identify these deviations from randomness, thus
identifying'the e*istence:of bio]pgicel activity. ~Although this
:hypothesis has’beeh generale eCCepted 'recent]y there have been
some ¢ questioning and doubts concern1ng qts va11d1ty It s the
1ntent1on here to more c]ose]y define the bases of the various
assumptions, relevant to this matter, which have been made and to
attempt to draw some conclusion about the va1idity»of the basic
assumption and hypethesis just defined. |

There has never been a serious doubt that biological systems
are selective and non-random and that b1ogenet1c processes produce
a limited, non- random group of compounds The preference for L-
amino acids, for limited distr1butions of fatty acids and nucleic
acid constituents, to mention'on1y a few of the most obvious

~ examples, is the basis upon which‘part of organic geochemistry's
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basic assumption has been made. It fe not this part which has
recently been cha]Tenged,vdoubted, and supposedly testeq. A
majok concern of some séienfists in the past several years has
been to suggest ahd demonsiratevfhathsubposedly abiotic systems
can also exhibit selectivity and non-randomness. The way in
which this has most commonly been approached has been to demon-
strate the poé;ibi]jty'of'"abiotiea]Ty" synthesizing thosevvery
compounde used as bio]ogicaf'markers,'and it ishthe general philo-
sophy of th1s type of research which is discussed here.

There is no doubt that it is possible to "ab1ot1ca11y syn-
thesize any of the bio]ogica] markers used in organic geochemistry
today; if "abiotit" does not-fnc]ude the deciSionS and actions of
the researcher, but refers on]y to the nature of the start1ng
mater1a]s and the cata]ysts used in the convers1ons But the
omission of the role p]ayed by ‘the sc1ent1st is an 1nto]erab1e
disregard of a b1o]og1ca1 se]ect1ve agent. Any non- b1o]og1ca1
selectivity, which is used as an argument against the acceptance
of a compohnd as a biological marker, must result from use of
reaction conditions and reagents_which are not soilimited in their

characteristics that selectivity is inevitable.

An.exampTevof such a possible misinterpretation eodld result

from the report_of}the possible occurrence of farnesane and phy-

tane as the predominant C]5'and Czd compounds produced by 60Co'
irradiation of isoprene‘in the preSEnce of vermiculite and subse-

quentvhydrogenatibn.zozi It must be_peinted out that the authors
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do not conclude fhat these two compounds have been synthesized .

end/or higorous]y_identified and thafuemphasis is.placed by them

on the differences which occur hetweén those irradiations per-
formed with and Without yermicu]ite.. However, it is the opinion
of the author of this fhesis that very litt]e:significance can

be attached to such a résU]t, for the se]ectivity‘in'using a pure

" monomer and subjecfing'itfto_these well defined conditions would

'inevftably produce farneeaheiahd phytane. The gas chromatographic
and-mess Spectrometrfc behavior ‘of the various isomers possible -

_ are not suff1c1ent1y determ1ned to state that these compounds are
the prom1nent const1tuents of the reaction m1xture The only
information which can be used by geochemists from this report is

that puhe iSoprene:poTymehizes and that its polymeric’products

differ when polymerized in ihé pheﬁeneehof the clay mineral ver-
miculite. One must be certain, ih_experimente'of this type, that
he realizes that‘the degree of se]ectivity exhibited.by'the end

| products of the experiment may be a direct reflection of the

se]ect1v1ty put into the exper1ment by h1mse]f

Another approach to abiotic synthes1s of the comp]ex b1o]o-
gical markers, for examp]e--porphyr1ns and po]y1sopreno1d a]kanes,
has been to 1dent1fy, within a very comp]ex mixture, ~very sma]]
amounts of these compound types. One of the most 1mportant re-
ports ef this type has been thet of Studier,’Hayatsu ahd Anders,]o_9
vwho describe the presence of a series of 2,6-dimethy1 alkenes in

the reaction product of a Fischer-Tropsch process, in which
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powdered meteorite is used_és.a catalystf One look at the gas
chromatographic data containéd in this report obviafes the fact
that the 2,6-dimethyl series is not presenf in quantities greater
 than other diméthy] series (g;g,, y,5, 2,5; 2,3; etc.). The
question is simp]e--Why so much emphasis on a mindr component?

| Another case in point is that of “prebiofic'porphyrin Qene-
siS“, in which great“significéhce is attached to the érUdé '
structures’ of a product, (not a}pure cdmpound) with a ]0'5%

yield.?8

Can one justifiably ignore 99.99999% of his reaction
product? ”

Only oné pheﬁbmenon permits such emphaéis on a minor consti-
tuenf, namely the process of autoéataiysis. 'This process;"diséuésed
in Chapter I and demonstrated in,the»refekenées mehtiohed at that
Vltime, may resu]t.in the eVentuaT accumulatibn df-an‘briginélly'
minor component. However; the burden of proof must rest on the
person who re]iesvon’fhis proéesé, for although éuth-phenoména
can and do occur;vtheir scope so farISéems limited and oné canﬁot
assume that autocatalysis will occur for gﬂi compound or compound
type. |

Certainly conclusions based on the selection of . components -
és minor as those mentioned.above are not acceptable, by them-
Se]ves, as an outcome of these abiotic processes. ‘A]though the
starting maferia]s are not bfo]ogica], in terﬁs.of theik compiexity,
énd apparently the total products are éssentia1]y non-se]ective,
thé'emphaéis and identification of such a sma]l'peréent seems con-
}traryrto the assumptions underlying abiotic syntheses_of’bio]ogi-

cal markers,
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The past several paragraphs have brought up the question of
distributfona] éignﬁficance. It is the conclusion of this author
that current abilities to determine the presence of biological
activity when based on distributions and not on individual com- |
pounds , thqugh’certain]y 1éss than ideal, are sufficient for the
purposes for which they are now used.,'And this distributional
concern éncdmpasses hdt'only thevdistribU£i0ns of single compounds |
within a compound type, but also the distributions of groups and
types of compounds within the total range -of p0$sfb]e'chemica1
compounds. ‘ | o

One question which,inévitabTy ari§e$ is, what does an abiotic
distribution of compounds 1ook like?. There haye been several
attempts to answer this questioh, most of which are concerned

with abiotic hxdrocarbbn distributions. In 1964, Davis and '
203 | |

Libby reported that po]ymefic-hydrocarbohs were formed by
irradiation of solid methane with 60Co gamma rays. However, no
details were provided as to the molecular weights, chemical
characteristics or isomeric distributions of the products ob-
tained. Since Libby's experiment basically consisted of the in-
put of large amounts of energy into sd]id methane, it was decided
to duplicate this.type of process and torelaborate on the product

composition. To avoid the hazards and inconveniences of 60

Co, the
high energy source chosen was a linearvaccelerator capable of
providing an electron beam composed of approximately 7.5 mev

electrons; it was also decided to irradiate solid methane, since
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of the three phases of methane, structural specificity would be
. .mdst-expecteq in the most StFuctured phase. |

" The experimental conditions and apparatus ultimately chosen
are briefly described here. Each piece of’épparafus'was thorOugh]y
c]eaned‘and washed prior to qé%.-.Aftér cohnetting the various
components, the syStem was evacuated then flushed with methane,
evacuated;'etc., untfl'the f]ushihg process had been repeéted'a
minimum df'five times. A Utube waS'placed'between the héthane’
supply ‘and the irradiation tube during flushing, and was-immersed
in.liquid nitrogen. After evaporation of mbst of'the methane (in
thist-tube), mass spectrometry showed that some ethane and pro-

pane was trapped, but no quantitative determinations were made.

The méthane was solidified by gradually lowering a 4 mm I.D. glass

tube into ]iquid_nitrogen, until approximately 400-500 mg of
methane were frozen (n3-5 in;).  Sévera1 1rhadiatidnsbﬁere.carriéd
out; however, eXberimenta] diffiCu]tiés énd a high probébi]ity

of contamination have limited the validity of some runs. In the
most certain énd informative run, the methane was irradiafed
during'sevefa] hours with‘a total dose of 100 Mrads, using 7.5 mev
electrons. ‘(Dose is based on ca]ibration with Co glass and is
dncorrected'for the gjaSs and quartz tube thicknesses.) That the
methane remained a solid was determined by direct observation.
Afték irradiation the sample was gradually warmed to room tem-
perature, the excess methahe’as wé]l as other vo]atile gasés es;

caping through a check valve. The tube was broken'and the Tiqgia
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products were dissolved i'__n.n—C5 and CH2C12; the solvent was removed
and the product (0.8 mg) analyzed by gas chromatography. Figure 41
is a'photograbh of the DeWar énd sample during irradiation. The
beam enters from the brass object on the far left. 'Co1Qration is
due to the effect of the beam on quartz; the sahp]é tube is con-
taiﬁed inside the whitiSh»fnner tube of the Dewaf;‘
The g.c. ana]ysisvof this irradiation was carried out on a
150' x 0.01" I.D. Apiezon L co]umn.(Pérkin-E]mer 226, éonditions
as shown), and is shown in.Figure_42. The results are too incom-
plete to permit many conclusions, but it'is obvious thét at Tow
molecular weigﬁts, where the number of possibTe isomers is limited,
the peaks are more distinﬁt'thah in the high molecular weight
region, where the potentia] isomers are very numerous. No homo-
]ogous>Series is evident and ho distincf peaks are appékent which
’have'the retention timés of the common polyisoprenoid alkanes.
 The results which have begn describedvhere are of a breTimi-
nary nature only. However, additional experiments have not been
performed. After this backgroundeork'waé done, Meinschein re-
ported his thorough analysis of the products formed by Davis and
| Libby's experiments and a]éo,found no structural specificity in
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the products. "~ Electric discharge experiments with methahe

give qualitatively the_same resu]tS,]3o
Before considering other types of abiotic experiments, it is
necessary to:point out that these three experiments are obviously

concerned only with hydrocérbons. Whether or not the same
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Figure 41. Photograph of the irradiation (in progress)

of solid methane by an electron beam.
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'éonCIusfons can be drawn cpncerning otﬁer classes of compouﬁds is
uncertain. Several other expériments,Whichvattempt to represent
abiotic.compound formation were mentioned in Chaptgr I, but in
~general thé total mixtures hdye not been examined. Until it is
~ shown to be incorrect, it is valid to éssume that all réporféd'
abiqtic ekperimehts producing any or all comprnd typé(s)'have
produtéd'essentially ﬁon-specific-mixtures.

The experiments just described are all of‘theisémé.typé.'

60¢,, electron beam, or electric discharge,

Whefher effected:by
these processes can a]mostlcertain]y:be considered to be highi'
energy brocesses ih which thewﬁkoddct distributions are deter-
mined horé'by the thermodynamic stabilities of the compdunds'pro-
“duced than by kinetic factors. The experimental disfributions S
are certainly in'ac¢ofd”with this'Suggestion.‘ One of the factors
which mjght alter the distribution is the presencevdf a cata]ysts
The Fischér—Tropsch processes are of this tybe,and the products
can show some specificity. The final outcome is Very dependent
on the exact conditions, but in Fischer-Tropsch products'examined
so far, structural specifiéity has been limited.to a predominance
of the uﬁbranched'structureswwg’mO ' |
Thefe has as yet been no abiot%é synthesis which pfoduces.é
distribution and_specificity similar_tovthat of biological s&Stems.
Perhaps what is needed is an experimental system which différs.
markedly from those previous]y.triediv Such a system comes out of
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the interesting ca1cu1atiqns of A. Hochstim, who has considered
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the synthetic potentia] of a meteoritefs impact, especially one
which impacts in the water. The excited species in the attendent
shock wave wou1d'be rapidly quenched,:and in such a situation |
ft is Tikely thaf the kinetic'relétipnships would detérmine'thg
broduéts to a far greéter‘exiént thah in othér abiotit synthesés
_yet feported. Th{é hypothesis is certainly subjecf‘to,experimental
verffiéatidn.‘ As iong asHone isﬂcare?ul td not restrict his ex-
périmental conditions too severely, cohsidefab]e infofmation can
be obtained on kinetic vs. thermodynamiéICOntro] of'pfoduct dis-
trfbution.

There are severaT other questions_which‘are.reTevant to the
abiotic'Vs.'biotic question. The most important of these, sug-
' geéfed by the results and discussions in the past several pages,
is4-what are the characteristfcs of a truly abiotic_mixtﬁre of
compoundS? Of the many mixtures 6f'carbon compounds postulated
~ to be of non#biblogical origfn, how many have and have not been
'through_the biosphere-éi;g,, have br haVe not been affected
_either direcf]y or indirect1y by.the presence of biological
actfvity? Such compounds as inorganic carbonates, graphites;
carbides, etc., may have originated as biochemicals or may be
_vfhe residue of biological depletion of an earlier carbon $ource,
so that carbon isotope ratios, e]ementai compositions,’étc.,
mightvbe misleading. At the moment}it is probably impossib]e:
to-definfte]y state whether 6r nof any terrestrial (or expra-]

terrestrial) carbon .compound has never passed through the
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"biosphere. One can only estimaté the'brobabilities'based on
current geochemica1 and,geo]ogiga]»ihfgrmation. | -
- The basic asSumption;df orgaﬁic gebchemicaY'searches'for

information on the origin of lifé.has}been tested and considered
in the preceﬂing_page;; Realizing tﬁat, once again, information
is incomplete, at this point in okganfc geochemfcal research, it.
must be concluded that it is poSéfb]e‘to.state whether a distri-
) bution.of compounds, particularly of'hydrocarbons; fépresentsla
biological distributfon. It is not possible with present infor-
mation, to state that a cértaih mixture is abjotic as opposed to
a transformed biotic (or partially biotic) mixture.f'

Of Course'fhevtest of'such'a cdnc1usfon is itS'application
" to an actual situation. This has beeh“tried in studies of .car-
bonaceous chondrites, but:the.conc]usions-aré'Uncéftain)206’207"
The uncertainties are.cdmplfcatéd by fhé queétibn of terrestrial
Vvs. extrdtefreétria]‘originrfor thése.cémpdunds; In most ééses, ,
howevek, the feported hydrocarbon dis£fibutioﬁs do'apbeér,to have
a biological origin. R '

Another test of the use of alkane and fatty acid distribu-
tions is that of the analysis of a Precambrian thucholite.
Historically, because of the presence of the Carbpnaéeous veins
within radioactive minera]é,'it.hasrbéeh felt that the thucholite
,‘present may be the productrof'fadioacfivity interacting with some .

208 ope of the more significant occurrences of a

carbon source.
thucholite is from the Besner Mine in Conger Township, Parry

Sound District, Ontario, Canada. A sémp]e of this thuchoTite
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was‘provided'ﬁy C. Frondel, and is that described in 1930 by
Spence.208f This sample was ana]yzed_éccording to the fatty écﬁd—
hydrocarbon scheme_previousfy.6ut]ined. >0n1y the free faft&
acids and extractable hydrocarbons were examined; no HF-HCT
'digeSfion was carriéa,oﬁt. The carboﬁ ébntafhihg fractions were
imbedded within the mineral matrix. Théée were removed by hand,
'Hresulfing in the cérbon—containihg pfecés'beingvbroken into
shéil (&]"~diaméter maximum) pieces; These pieces were
thoroughly cleaned ultrasonically before pulverization. The
quantities obtained are shown in the\be]oWing scheme.

| Figure 43'repkesehts'the:extfécfable élkaneS’and safurated
mono acid§ hresent in the'samp1e | The fatty ac1ds are dom1nated
by the normal ac1ds n- C16’ n- C]8 and n- C]4, reoresentat1ve of
vb1o]og1ca] act1v1ty as d1scussed in Chapter I11. The peaks are
-determ1ned by co1n3ect1on and retent1on t1mes |

‘The alkane distribution is typical of that found in ancient

sediments. Pristane and the CT8 polyisoprenoid (2,6,10-trimethy1f
_ pentadecane)whave been determined not only by retention times,
_but by g.c;-m.s. as well, as'shoWn in Figure 44. The g.c.-m.s.
a]so:provided evidence for the presence of phytane. The conclu-
sidn from both the fatty acid distribution énd the alkane dis-
tribution is that thiS‘mixture of_Carbon compounds has a biolo-
gica] origin. One can say that it is impossible to state'ébsc-
lutely that the'distribution_is due to Bib]ogical activity and

that the original suggestion of an abiotic formation affected
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Figure 43. Gas chromatograms of extractable alkanes and fatty acids

(as methyl esters) from the Thucholite.
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e
by mineral structures, etc., may still be accurate. This is
true, but in view of the abiofic experiments described earlier
and the expékiéhce and evidence dbtained by analyses of both
types of distributibns,-the balance of évidence still Ties

heavily in favor of the conclusion'reaChed here.
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CHAPTER V
THE TAIL-TO-TAIL LINKGAGE IN BIOLOGICAL POLYISOPRENOIDS
-A NEW BIOLOGICAL MARKER?- =~

The previous chapter has attemptea to deal with the differ~
ences between biotic and abi&tic distributions of compounds.
In the course of the éoncern abdut'the validity of the polyiso-
‘prenoid alkanes as biological markefs, attention in this labora-
tory was focused on the C,y polyisoprenoid alkane, which had
been shown to be present in a number of sediments.164’209 A
consideration of the origin of this alkane suggested thaf two
' different.stfuctures EOu]d reasonably bé postu]ated for this
Cz]'compbund. If'this'alkané wa§ a homdlog'of_the kegular
'bo]yisoprenoid seEies, itiwduld'haﬁe fﬁé 2;6,10;14-fetraméfﬁy1-

heptadecane structure: |

This structure would be expected if the C,, alkane were derived

from any of the regular polyisoprenoid structures (>C20) known in

nature (g;g,--betulaprenols,Z]o 211

ubiqdinones; bombiprenone,
212 :

geranylnerolidol,

etc{), or if it were derived from the acyclic

L Cy0 carotenoids, such as lycopene.
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.Biogenétic consideratiohs, howeVer,_suggest that'thjs C21
alkane could also bé'deriVed'ffom cohpdundsvsuch as squa]ene, in _
which case it would have_the;2,6,10,]5-tetramethy1heptadecéne

structure:

Since thermal cracking broCéSses have apparehtiy played a
largé role fn the formation of bétro]eum;2]3 the direct formation
of these Csy compounds from Higﬁer alkanes is not unreasonable.
Logical diagenetic‘pathways to these alkanes Are shown in Figure 45.

The differéhce between these;two‘compounds is a very impor-
tant‘one."Whereds abiotic prymeYizétiohs of isoprene produce
either regu]af head-to4ta11'§dmp0unds or:-a random mixturé of
head-to-tail, tail-to-tail, and head-to-head Tinkages of the
isoprene units, no abiotic polymerization has been deviéed which
is entirely head-to-tail except for one tai]-to-tai]vlinkage
eXactly‘in the middle of the chain. In nature, the head-to-tail
linkage is dominant, as evidenced‘by the many polyisoprenoid
_precursors diséuSsed throughout this thesis.-.Séua1ene and the
carotenoids are the most obvious. exceptions (Figure 46). Of
special hote’is the unbranchéd 4-carbon fragment. If, in fact,
the régu]ar polyisoprenoid alkanes (e.g., pristane and phytane)

are not sufficiently structurally specific for use as biological
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' Cq0 |SOPRENOID AS PRECURSOR

. €y, ISOPRENOID (2,6,10,14 TETRAMETHYL -HEPTADECANE)

Czo ISOPRENOID .AS PRECURSOR

C2| ISOPRENOID - (2,6,10,15 TETRAMETHYL HEPTADECANE)

DIAGENETIC  PATHWAYS TO THE CZI " ISOPRENOID

" XBL 674-1054

Figure 45. Possible diagehetic pathways to C21. po]yi$opreno1’d alkanes.




-199-

TAIL TO TAIL LINKAGE IN BIOLOGICAL SYSTEMS

' (JENSEN ET AL., 1967)

' XBL 681-4016

Figure 46. Tafl#to-tai]'isoprenoid linkages found in bid]ogica]

systems.



markers , ‘the po]y1sopreno1d a]kanes conta1n1ng this’ 4 carbon un-
branched fragment could be used.

Since it had been well estab]ished that Sma1] differences}7
fg_g_ the displacement of a methy1 group one carbon a]ongythe
Fha1n) between mo1ecu1es such as pr1stane and re]ated C]9 a]- .
kanes could not be detected by mass spectrometry, if the 1so]atedii

compounds were s]1ght1y 1mpure,]~63

1t became 1mperat1ve to prove
the structure of the 1so]ated CZ] oo]y1sopren01d alkane.’ 'The
only way in wh1ch_the choice between the abovertwo compounds
could be made was byvtheir synthesis'end a precise stody of:
their gas chromatographic'and maSS'spectrometriC‘beharior B

| The two compounds were synthes1zed according to the scheme
in F1gure 47 “The 2 6,10,15- compound was synthes1zed by E D.
‘McCarthy, and the deta1ls of that synthesis are recorded e1se-
'vwhere.163 The fol]ow1ng is a detew]ed_actount of the'synthes1s
of the 2,6,10 14-tetramethy1heptadecane from.phytol | ,

“ Infrared spectra were recorded on e1ther a Perk1n E]mer
Model 257 or a Perk1n E]mer Aode] 137 1nfrared spectrophotometer
Mass spectra were taken on ejther a modified C.E.C. 103 or an
A.E.I. MS-]Zvlow resolution mass spectrometert' Which of the
minstruments was used is indicated for the individual-anaIyses.
Mass spectral date is to.be interpretedhas follows: Mass number
(origin of peak), (percent of base peak). The starting matérié]
for the synthesis was crude phytol (General Biochem.) C.H 0

20740
I}R.l(257) 3300 (0-H), 2920 (C-H), 1660 (C=C), 1455 (C-H), 1370
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Figure 47. Synthetic routes tp the CZ] po]yisopren.oids."
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:(C-H), 000 cm’l (a11y11c 0- H) Mass spectrum (MS 12) (70 év);
- m/e 296 (M ) (0.5), 278 (M—]8) (];2), 123 (]7), 71 (100),

43 (70). . o

2 Hydrogenator with

” Hydrogenat1on was carr1ed out in a Brown
externa1 generat1on of hydrogen using a mod1f1cat1on of tne
recommended procedure The reaction flask initially conta1ned
50 ml of abso]ute ethanol, to‘which.was'added five dropS‘of 10%
HC1 in ‘ethanol and 0.3 g of_fresh;Ptuz (84%). The hydrogen;
generator contained 40 m1)of 8.7 M acetic acid, into uhich Was
‘1nJected 15 ml of 1.0 M NaBH4 in 80% aqueous ethanol. Ten ;
m1nutes were a]]owed for this flushing operat1on, after wh1ch
25 g (84.5 nmoles) of phytol was added Exper1menta] d1ff1-
cu1t1es prevented an accurate measure of hydrogen uptake how-
ever, after-24 hours the system was stab]e and the react1on-was
_ discontiﬁued Centr1fugat1on and removal of the ethanol gave
25 g (84 mmoles- 99% y1e1d) of a yellow solution wh1ch was not
pur1f1ed

Crude dihydrophytol. (c 0) IR (257) 3315 (0-H), 2920 (c H),

20 42
1460 (C-H), 1370 (C- H) 1050 cm -1 (saturated pr1mary O H) Mass

spectrum (i1S-12) 280 (M-18) (1.2) 252 (1 46) (2 3) 196 (3), ]83 ,
(2), 182 (2), 71 (70), 57 (100), 43 (80). Gas chromatograohy
(Aerograph 665, 25' x 0.01 " Apiezon L) showed three peaks ina
1:1:8 rat1o, none of which corresponded to phytol

Tosylat1on of the crude dihydrophytol (25 g - 84 mmo]es)

214

was * accord1ng to tHe procedure described e]sewhere, except

i
h
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in this case the solution was allowed to reach room temperature
and was stirred for 72 hours. Isolation of the product; after
acidification, was accomp]fshed'by extraction with ethyl ether,
drying (MgSO4) and sd]vent evaporation'to give 24 g (55:mmo1es -
65% yield) of crude tosylation prOduct |
Crude dihydrgphytol—tosylate" IR (137) 2900 (C H), 1460 (C H),

1360 (C-H), 1175 cm - (su1f0n1c ester)
The a]ky] cyan1de was made according to the procedure of

Cava.2!®

The source of cyan1de ion was KCN, and the react1on
temperature was ma1nta1ned at 130°C for 19 hours, ethyl ether
was used to extract the product. From 23lg (51 mmoles) of the
crude tosylation product, 18.5 g of crude cyanolation product
‘was obtained. Gas chromatography'(same conditions as with»di-
hydrophyto]) indicated a three component product in a 1:3:6
ratio. Preparative Qas chromatbgraphy (10* x 1/4", 3% SE-30,
.Aerograph'A-90-P).followed by mass'spectrometry'confirhed that
the 1argest'Component was the desired alkyl cyanide (11.] g -
36 mmoles - 71% yield). o ”

Crude alkyl cyanide product. IR (257) 3420 (-0-H), 2920 (C-H),
2244 (=C= N), 1460 (C H), 1375 (C- H) 1150 (;é-OH), 1120 (i-Pr),
1060 e (-0-H). |

Purified alkyl cyanide. CoyHgyN. Mass spectrum (MS-12) 307 (M)
(2.5), 292 (M-]5) (5), 222 (22), 152 (30), 96 (27),'7]_(60), 57
- (100), 43 (70), 41 (40). On the basis of mass spectrometry, the

10% component could be'identified as a phytene (Mw_= 280)Aandd
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the 30% component as ‘the product formed by allylic rearrangement
of phyto] and subsequent hydrogenat1on ' | ' @
Hydro]ys1s of the a1ky1 cyan1de was accomp]xshed by the

| ethod of Cason and Rapaport.m6 F1fteen grams of the crude
.,¢yanide (60% a1ky1 cyanide - 29 mmoles) was used The acédifi-
cat1on with 12 N HC] produced a gummy mass, wh1ch when d1sso1ved
in ethyl ether, washed (HZO)’ dried (AgSO ), and recovered by
‘ solvent removal gave 13 g of a viscous brown ]iquid. 3Spectra1
analysis'suggested'this.to be largely the éctd salt.'glnfrered
(257) 3320 (-0-H), 2920 (C-H), 1560 (—COZ'),-1460 (C-H), 14@5
(€0,7), 1375 (gem-di-CHy), 1080 (C-0), 1050 cn™' (0-H). Less
than 1 g of acid mas extracted from the acidified hydro]ysis_
- mixture, A small portion ot this.ecid salt wes estertfied 5y
reaction w1th BF3-Me0H (Applied Science). for five m1nutes, fo]-
Towed by extract1on with n- C7 Gas cnromatography showed the
' product to .be ~70% methy] ester (therefore m9 ‘1 g of acid - 28
mmo]es ~ 97% y1e1d)

~ A portion of the CZ] ‘acid was methylated by ref]ux1ng in |
50 m1 MeOH (plus 1 m] conc. H 504) for 65 hours. The m1xture
was poured into 150 ml of H20 which was extracted w1th n- C6
The extract was dried (NgSO ) and the so]vent removed to g1vo

‘the CZ] ester (322 mg) .

| Methy] -3,7,11, 15 tetramethy]heptadecanoate CzéH4402. Mass:
spectrum (C.E.C. 103) 340 (M) (3) 311 (M- 29) (1), 309?(M-3T)
- (1), 283 (M-57).(6), 157 (12), 87 (100), 74 (32), 71 (32), 57

(52).
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The CZ] methy] ester was reduced to the a]coho] by Tithium

217 The ester (322 mg) -

a]um1num hydride (L1A]H4) heduct1on
0. 95 mmo]es) was dissolved in tetrahydrofuran (THF) and 0.95 ¢
L1A1H4 was added 'The m1xture was heated to ref]ux for 43 hours ,
after wh1ch t1me 10 ml df methano] was caut1ous1y added to des-
'troy the excess L1A1H4 To sapon1fy the unreacted ester 5 ml
of 104 KOH was added and the thick mixture was refluxed for 1
hour. Acidification with 10% H,S0, and extraction with‘Et201

(4 x 75 ml) gave an‘extract'which when dried (MgSO4)'and’eva_
‘}porated gave 222 mg of crude alcoho] (222 mg - 0. 69 mmoles -
72.5% yleld) To 200 mg‘(61 mmo]es) of the crude a]coho] in
15 i -pyridine (0°C) was added 356 mg tosyl chloride. The
:feaction_miXture was a]]owed te'rise to room tempehature and
‘wae stirred for 24 hours " The so]ut1on was ac1d1f1ed w1th 75

ml of 259 HC1 and extracted with ether (3 x 20 ml). The ex-'
tract was washed (HZO)’ dried (MgSO4), and the ethek evaporated
to give 114 mg of crude tosy]atien produet (0.24 mmoles - 40%
yield). The Cé] tosylate was dissolved in 15 ml THF;1L1A1H4-
(512 mg) was added and the mixture heated to reflux for 19
hours. SaturatevaaZSO4fwas slowly added until a pretipitate
formed. Filtration, fo]]owed hy evapbration of the THF gave

81 mg of crude product. The productlhas disso]ved-in ether,
filtered fhrough Sintered‘g]ass to remove traces of A1(OH)5,
and the ether evaporated to give the C,; alkane thude product,

56 mg (-0.19 mmoles - 79% yield). This mixture was analyzed
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by analytical gas chromatography and ShoWn to be ~90% the de-
sired compound. Preparative gas chromatography fo]]dwéd'by
méssbspéctrometry gavé tﬁé maSs spécf;dm shown in Figdre 48,

With the two C,, isomers, it is possible to directly com-
pare fheir mass spectra.with each dfhéf and those of thé-Cz]
po]yisoprenoidézisolatedffrdh the oils and sediments. Com-
,»pakiSOn of the mass spectrum of one standard with the other does
show some real differenées whi ch permit one to'distinguiSh be- -
tween the two. However,'as hentioned earlier, cdmpounds iso-
lated from‘complex mixtures are seldom pure; and the small
differences between thé;massvspectré of individual isomers
are obscured by impurities.  Thus fh the case presented in
Figure 48, it is impossible to determine which of the two
isomers has been isolated from the Soudan Shale (isolation
by E. D. McCarthy). (It must be mentioned that there are many
'tetraméthy1heptéde¢anes, and that the isolated compound from
the Soudan may not be one of the two considered_here. However,
these two are the most likely from biogenetic and diagenetic
considerations.)

Capi]]aryvgas chromatography, using cbnditions such as
_ thbse shown in Figures 49 and 50, is capable of erarating
the two isomeks (from E; D. McCarthy).. Cofnjettibn of the
standards with the alkanes from various sediments has shown
that in all cases examined,-the isolated C21 polyisoprenoid
cqrrequnds to the 2,6,10,14—tetramethy1heptadecane'(Fidures'
51 and 52--52 from E. D. McCérthy).
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‘Figure 48. Mass spectra of authentic C21 polyisoprenoid alkanes and

Soudan Shale alkane.
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Figure 49. Gqs chrdmatognam of‘CZI polyisoprenoid aTk;nés

(on‘castor-wax).
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Figure 50. Gas chromatogram of C21 polyisoprenoid alvkanes (pn
polyphenylether). '
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Figure 51. Gas chrométograms of‘__quhife' ‘Oﬂ‘-_a1kahes with and witho.ut
added 2,6,10,14-tetramethy heptadecane, ot
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Figure 52. Gas chromatograms of Soudan Shale alkanes with and withbut
added 2,_‘6,10,14-tetram‘eth_y1heptadevcane; _ |
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In fact, there is not yet any evidence which confirms the
pfesence'of the'2,6,10,15—tetfamethy1heptadecane or any other
po]yisoprénoid a]kénerpo$sessing'thé'4+cék£on unbfanched por-
tion. Only in the case Qf'the compodﬁd labeled X2 from the

Moonie 0il (see Chapter IiI) has such a structure been postu-

lated, and as mentioned earlier, thé'evidenée is not complete.

From the absence of the 2,6,11,15-tetr;methy1heptadecane
as a major componenf in the ancient sedimenﬁé thus far examined,
it can be concluded that neither squalene n&r the carotenoids
cdntribute greatly, in a direct manner, (j;é,, single bond
cleavages) to the acyc]fclpolyisoprenoid a]éanes in these
sediments. The concepts gerrning the research reported here

are, however, no less valid and should be continued to be con-

sidered as of significant value in organic geochemistry.
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CHAPTER VI
[/ CONCLUSION

‘The preceeding.ffve chaoters have attempted to place organic
,geochem1;try w1th1n the proper context, to consider the cho1ces
for biological markers and chem1ca] fossils wh1ch are ava11ao]e
for the organic geochemwst, to report on recent f1nd1ngs w3tn1n
the field, particuTar]y concerniné?hydrocarbons and fatty ecids,
to relate these flnd1ngs not only . to the general field but also
to the prob]em of the origin of 11fe, and to discuss’ 1nd1v1dua11y
some specific po1nts of concern. Throughout all of th1sld1s—
cussion, conclusions have been drawn and suggestions made on the
basis of the results reported. This final Ehapter contajhé the
overall conclusions as well as suggeStiohs for futUre research.

It isathe firm be]ﬁef of this author that the organ%cfgeo-
chemical aoproach to origin—of—Tffe problems , extraterrestria]
life prob]ems; and geological and petro]ogicé]'prob1ems is a
}Va]id one. Even at present its foundat1on is solid enough to
justify research sucn as reported here and to accommodate the
results 'of that research. _

The reeearch on hydrocarbon constituenfeﬁof sedimentsand
0ils has attained a sufficient level of sophisticatioh that,
from the distributions of alkanes, it fs possible to §tate |

| whether or not those compounds are (at least partia11y) the
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_resu]t of b1o1og1ca1 act1v1ty The evidence for“the existence

- sof b1o1og1ca1 act1v1ty extends back in t1me to the o]dest sed1-

9:

,mentary rocks yet d1scovered approx1mate1y 3.5x 10 years of

R ,age. The resu]ts of ‘the research reported here have perm1tted

3,fgsome greater degree of understand1ng about some of the phenomenon

-wh1ch do . and do not affect the a]kane d1str1but10ns, by exam1n1ng

“in some deta11 tnose d1str1but1ons and thelr var1at1on w1tn

o source mater1a1 and post depos1t1ona1 cond1t1ons

In spite of honest and necessary quest1on1ng of the validity‘
of the approacn, exper1ments have not destroyed this va]1d1ty in
any way. These ablot1c syntheses have, houever, forced the or--
ganic geochem1sts to cons1der other p0551b]e chemical foss1ls
and to extend the foundat1on upon~wh1ch their research rests

One of the chem1ca] foss1ls which has been studied for many
years,. though 11m1ted a]most exc]us1ve1y to sediments Tess tnan

500 .x 106 years, is the fatty acid d1str1but1on ' The work pre-
1»sented here extends these stud1es, for the f1rst t1me, 1nto
v the Early Precambrjan. Ina rather,comprenens1ve ana]ys1s_of
' eachuof seyera] sedirents and oils,.the presence of a biological
d1str1out1on of fatty acids has been. recogn1zed in sed1ments as
“old as 2 7 x 109 years Contamwnatwon from Tahoratory hand11nc
and recent bacter1a] act1on has been appropr1ate1y cons1dered
'Aand e]1m1nated as tne cause of these d1str1but1ons Th° only
'-quest1on not suff1c1ent]y answered and this is true of vir-
tua]]y gllforganjc geochemical results, is whether or not these

¥
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: compounds -are syhgenet1c or ep1genet1c (perhaps by billions of
years) w1th the 1norgan1c matrix of the sediment. It is en-
couraging to the author to note'thatithe reseahch hepdrted,
'whi]e it has ansWered'some very basté questions, has stimulated
add1t1ona1 quest1ons and research w1th1n the f1e1d

It was pointed out at the start of this thes1s that the
or1g1néof-11fe prob]em can be approached in several ways. Within
hthe approach of organic geochemistry; it ts useful and heeessary
to recoghizehthe re]evaney'of resu1ts'from_geo]egy,'paTeonto1ogy,
inorganic, organic and phy51ea1'chemiéthy, biochemistry, etc.
The general trend Qf’erganic'geochemicai research today seems
| tb be in the direction of a closer 1oek at more well-defined
' Systems,‘which are paht of the overall picture. Comparative
biothemical hesu1ts, recent sedimeht analyses, diagenetic factors,
to mention but a few, have heeént]y received considerabTe
attehtion, | | R .

There are several tmportant aspectS ot organic geochemistry
~ which, though often invoked, are not well documented or under-
stood, not. necessarily because of neglect but because of in-
sufficient techniqdes or beeause these aspects have, until
“recently, not been recognized. One of the‘mOSt‘impbrtantvfactors
governing”the use of a compound oh compound type isvits geo-
‘chemical stabi\{ty.‘ Only for amino acids is there considerable
stabi]ityvdata.y The modes of decomposition‘and the thermodynamics

and kinetics involved should be given greater attention. ‘And"
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work should be extehded'from fhe pure compound to its decbmposi~
tion in a:sedimentary environmént, with as much duplication of -
heét,'pressﬁfe, and chemica] environment as possible. The
"pkotéctive bihding'meéhahism" so often invoked should be'criti-
vca]]y:examined, | | | o

Isotope effects, békticuTar]y those of Carbon;_are‘often
invoked as subétantiaﬁive evidence for biological activity.
However, these effects are due to bhysico-chemica]fand physical
processes which have not been studied fbr all those molecules
of interest to thé Orgahic’geochemist.' One of the.moét neces-
sdry studies in this field is the study of‘the.maghitude of
isotope effects for various 1nd1vidda1 compounds‘(SUCh as phytol)
within living systems,:and the magnitude of the effects in the
geochemical aﬁa]ogs (e.qg., phytahé).. With information as to
the iSotobe ratios of individual atoms within complex molecules,
their'decompOSitions to various geochemicals might.bé better
understood (i.e., why some bonds seem to preferentially break).

Optical activity is one_df the best single indicators of
biological activity, and yét relatively few édvances have beeh
made which permit the measurement of very small effects. The
recent advances involving reéo]ﬁtion of optical isomers by gas
phromatographyvshou1d be extended to as mahy ciaSses 6f com-
pounds - as possib]e. One of the difficulties here is the for-
mation of suitable derivatives;land this is one'area whfch o

organic chemists have neglected. Need1éss to say, adequate
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derivitization would be uééfu] for thé ahalyses of several classes
of compbunds-(ggg:; porphyrfns andyhuc1eic'acids) which are cur-
rently. very difficult to handle. | o

 The question'of additional biological markers opens up an
area of cdnsiderab]é botentia]. The 4-carbon unbranched frqg-
ment which Was discussed in Chapter V_is but one of sevekal
possibilities. Other individual compéunds which may be of use
ére the mono-methyl compounds such as those from thé:blue-green
algaé and the F]orfda'Mud Léke samp]é:~'This latter possibi1ity
will é]most certainly becOme»a distributional prob1em;'othék
unusual distributions may'béédme more apparent as the exact
v-compounds.preseht in Tiving ordanisms are discovered,
The question of abiotic Qs. biotic distributions can be
studied in greater detail. 'The concept’ of a'meteokitiC'impact
“can be examined by means of shock tube experiments, rapid hot
tUbe'expéfiments, eté. . '
As initially expressed, a major concern of tﬁe work and
resu]ts’inc]uded'in this thesis was'to provide information on
- the time,:pTace, and manner of the ofigih of 1ife on Earth.
Thaf problem has not been solved by the work reported here.
‘However, new 1nfo}mation relevant to that question has been
provided.. Additiona]1y,gresu1ts of importance, hopefully of
considerab]e importance, to'the field and future of organic
geochemistry have been prdvided.‘ It is a]Sobtoward the
arrival oh Earth of lunar-sampﬁes that this work has been
directed. €The scientific and non-scientific future in all these

areas in indeed bright and eXciting.
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B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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