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PART I

THERMAL AND CATALYTIC ALTERATION OF ORGANIC MATTER




INTRODUCT ION

It is now widely accepted that sediments of all ages, in-
cluding those from the Precambrian era as old at 3000 million
years, contain organic matter. The organic matter exists in
finely disseminated forms in the sedimentary basins of the
earth's crust and is the most common form of crganic carbon
in the earth. It is mostly insoluble in common organic solvents
and reagents, and is termed kerogen, but a variable proportion
is soluble and has been shown to contain many different types
of organic compounds. In 1956, Wickmanl estimated the total
mass of organic material present in sediments, petroleums, coal
and living organisms to be of the order of 6 x 1015 metric
tons. Hunt2 has estimated that about 3.2 x 1015 metric tons
of organic matter are distributed throughout the 30 nmillion
cubic miles of sediment in the basins and on the Continental
Shelves of the world? The origin and composition of such a
yast accumulation of organic matter has not been examined in
any detail until recently. Over the last 10 to 15 years it
has become Of increasing interest and importance to isolate
and identify constituents of the sedimented organic matter.
Their distributions can then be used, among other things, to
rationalise the possible methods of petroleum origin and mig-

ration and also to correlate their distributional patterne



with those of identical or relatad compounds in present day
living things.

The origin of petroleum has long been a topic of research
interest, As early as 1383, Engler4 had proposed probably the
first biogenic theory of petroleum genesis. Since then there
have been many theories proposed, ranging fron purely abiogenic5

. . 6 . 7
and biogenic™ to bimodal.’ It is now generally accepted that
a biogenic origin, with subsequent alteration of the organic
debris which accumulates in sediments, is thz most likely ex-
planation for the occurrence of petroleum hydrocarbons. HJever—
theless, some contribution from an abiogenic source camnnot be
excluded, as will be discussed later.

The remains of plants and animals incorporated in sedi=-
ments contzain a conglomeration of biologically derived crganic
compounds. Since this thesis is concerned with the origin of
hydrocarbons in sediments, the ensuing discussion is limited
only to the most likely biological precursors for the hydro-
carbons. However, before discussing and correlating the com-
pounds found in sediments with those of present day living
organismg, a review of the known occurrence and carbon number
distributions of these precursors is pertinent, Hormal and
branched alkanes are widespread in the plant kingdom, both im
leaf, petal and fruit cutiecular waxes and in the whole plant,

Strangky et al,8 Eglinton and Hamilton,9 and Douglas and



- - 1“’ - e oy . - 1
Zglinton™ have reviawed the distribution of wax hydrcearbens

in plonts 2t different avolutionzrvy levels. Tu2se raveal thsat

&

lower order plents, =2.3. meosses, alpae =nd lichens have carbon

number distribution rarges usuvally from 610-023, while hicher

L3

by the predcminance of the 0?3—03,

5
2 11 12
alkane rance. Stransky et al,” Oro et al"" zad Han 2t al

<

plants are characterised

have shown that in lower plants such as some bacteries, soms
mosses, some algae and some lichens the ratio of odd to even

nurbared carbon chainsg of the n-alkane content apprroached

Py

unity, whereas in most high rlants the carbon nreference index
(c.n.1.) varies from 12 to 33, In contrast, thaese authors have
found that the 3—017 alkanz pradominates in algae and te a
lasser extent in bacteria. The odd/even predominance of bio-
logically derived n-alkanes has always Lee:r assumed to
indicate a biclogical orizin —hen such a digtributieca has bean
found in sediments. In view of thesa recent fiandiars,

13

the absence of such a distribution does not necesserily mean

that the gample has an gbioqgenic orizin, This point will be
discussed Further with respect to alteration cf the sadimented
organic matter.

Apart from the n-alkanes, however, the prorortion cf
branched alkanes found in nlants is generally very low. Iso-

v
LA

‘prenoid alkanes have been found in many sedizents



petroleums.15’16’l7

The isoprenoid or terpenoid alkanes have
branched chains comprised of S5-carbon units assembled mostly
in a 'head to tail' fashion in a regular sequence so that the
methyl groups are situated on every fifth carbon atom. It is
widely held that chlorophyll a, having an isoprenoid sidechain,
is one of the likely precursors of pristane and phytane.m’19
Further confirmation of this is the widespread occurrence of
vanadyl porphyrin in petroleums and shales which has chloro-
phyll a as its probable precursor. However other likely sources
for pristane and phytane have been reported, e.g. zooplankton,20
bacteria.19

Apart from the naturally abundant alkanes, other precursors
for alkanes are possible. Martin EE~31’21 CooPer,22 Lawlor and
Robinson23 and Mair24 have suggested that naturally occurring
saturated normal fatty acids are gsuitable precursors for n-
alkanes in the range C11'019‘ The naturally occurring fatty
acids are generally, predominantly, even carbon numbered and
unbranched. Unsaturated fatty acids have also been suggested
‘IG"CEO Bfalkanes.Zl

Simiiarly, plant waxes, consistiung of fatty acid esters and

as possible precursors especially for the

complex alcchols could be precursors for the 57%-035 Efalkanes.zj"z3

n-Fatty acids were chosen as likely precurscrs because of their

similarity in structure to the n-alkanes, and becauce of their

widespread occurrence in nature. Saturated and unsaturated



n-fatty acids are to be found in oils and fats as glyceride

.. . 2 s .
lipids, generally in the n~C range. 3 Palmitic acid

127C22

(27016) is the most abundant saturated fatty acid while the

n-C, o unsaturated fatty acids are predominent. The n-fatty

acids from waxes of fauna and flora usually exist as esters

. 25 . .
in the C ange., " The plant waxes also contain long

- r
24 “36
chain alcohols both in the fre:= state and as esters with the
fatty acids and are generally straight chain, monohydric and

predominantly even carbon numbered in the and C28-C

€147 18 34
ranges., Ackman and Siposz6 reported that marine lipids from
phyto- and zooplankiton, squids, fish, seals 2nd whales contain
n-fatty acids in the CIZ-CZO range and are predominantly even
carbon numbered. Ample evidence that normal fatty acids are to
be found in sediments is supplied by the findings of Abelson

27,28 30,31

et al, arker ond Leo,29 Cooper,22 Kvenvolden,

oyt . . 32 . - .
HMeinschein and Kanny. Isoprenoid acids have been found in

33 Eglinton et 31,34 Ramsay,35

sediments by Douglas et al,
and Haug et al.36

Erdmen has suggested that the amino acids, hydrolysis
products of proteins, may be precursors for toth normal and
isoalkanes in the CZ“CS range. These amino acids, by processes
such a3 decarboxylation and raductive deamination, could

yield non-isoprenoid branched alkanes.

The mono cycloalkanes, such as cyclobutanes, pentancs



hexanes and heptanes, the bicycloalkaneas such az the decalins
and the tri-, tetra- and pentacycloalkanes, are postulated to

. . 24 . . .
have the terpenoids as their precursors.” The distribution and
occurrence of steroids and triterpenoids is fully discussed in
Part II and therefore little more need be said about this here.
It has also been proposed that the unsaturated fatty acids could,
by a Diels-Alder reaction between a diene and a mono-ene, give

32,39

rise to some cycloalkanes., The occurrence in petroleums

and shales of oxygenated compounds identical with, or closely

. . . . . Al
similar to, the naturally occurring terpenoids is well kncwn.4o’A

24,42-45 . 4LE~43 .
? and sediments *® also contain hydrocar-

Petroleums
bons which have carbon skeletons or parts of carbon skeletons
corresponding to those of the torpencids.

The aromatic constituents foumd in petrclaum so far range
from monocyclic to tetracyclic compounds and the latter are
the highest boiling compounds identified in crude oil, The
proposed precursors for the aromatic constituents are the
. . e 37,39
unsaturated fatty acids with three to six double bonds’

ca hroust lie 110y24237 "
the terpenoids (through acyclic to pentacyclic), the caro—

. . 49-51 . . . 52=54
tenoids and finally the polyhydroxyquinones.

If all the categories of compounds described above, to-
gether with the other biological materials such as the bjo-

polymers, cellulose, sugars, lignin etc, were to form accumu-

lations in sediments, coals, and as petroleums of a primary



type, i.e. largely unaltered chemically, then one would sxpect
to find largely unaltared biological distribution patterns of
alkanes, fatty acids and alcohols in gediments and petroleums
of all ages. That is to say, the alkanes would always exhibit
a high odd/even c.p.i., the fatty acids and alcochols would show
a high even/odd c.p.i. The relative concentrations of these
would be more or less the same as in the original organisms,
and finally, the low proportion of branched chain carbon com= -
pounds would be maintained. However, the practical findings do
not support this but point to a combination of primary and
secondary accumtlations, i.e. the original biological material
has heen altered in some way in the sediment to produce new
constituents and thus new distribution patterns. The evidence
in support of alteration may be summarised as follows:-—

(i) The concentration of fatty acids in Pecent sediments is
lower than expected from their abundance in nature.55
(ii) The polyunsaturated fatty.acids,sbundant in most organ-
isms, are not found in sediments. Parker and Le029 showed that,

while blue-green algal mats contain gsubstantial quantities of
unsaturated fatty acids, the underlying old mats bacame pro-
gressively depleted in unsaturated molecules,

(iii) The even/odd c.p.i. values for n~fatty acids are
higher in modern than ancient sediments and petrolaums.zz’Sl

(iv) The relative proportion of branchod chain fatty acias



. . . . 55
increases with increasing age.

(v) The concentrations of alkanes in modamm sediments are us~-
. . . 2,56
uvally lower than in ancient sediments and petroleurs.

(vi) The odd/even c.p.i. values for n-alksaes are higher in

. . . 57

modern than in ancient sediments.

(vii) The proportion of branched chain alkanes increases

. . . 7
with increasing age.

(viii) The low molecular weight hydrocarbons in the range
CZ--C9 are generallv not formed by crganisms and are usually
not fownd in Recent sediments. However, they are quite abundant
. . . . 58=-52
in ancient sediments and petroleums. The usual carbon
number range to be found in biological systems is Clﬂ—ﬂ4n.

-~ i<

(ix) The optical activity exhibited by petroleums decreases

. . . 5
with increasing age.

13,12 . . .

(x) The C7/C stable carbon isotope ratios for modern marine

and terrestrial orgunisms are almost the same as those for

4

ancient marine and non-marins sediments. “ Thiz is an import-
ant finding which bears on the abiogeniec/biogenic controversy
on the origin of petroleum and will be discussed morz fully
in the appropriate section.

Some of these generalisations have been used to support
both an abiogenic and a biogenic origin for petroleum. 3ut the
overwhelming evidence for a largely biological origin, pro-

vided by the presence of terremoid or rzlated structures,
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the dominance of palmitic acid in sediments, thc dominance of

the 5;027, n~C,, end n~C,, alkanes in many sediments and finally

29 31
the optical rotation exhibited by certain fractions of crude

oil, seems to tie author to be incontrovertable. In particular,
the highly specific structures necessary for the occurrence of
optical activity are produced solely by bioclogical systems. It

is true that experimental laboratory syntheses can produce
stereospecific structures, but the resction products are

usually complex and ara accompanied by low yields of individusal
compounds, in contrast to the specificity of biological synthasis,
The optical activity cf a petroleum was first detected by

63

Walden ~ who related the rotatory power with a biological origin.

Fenske gg_gi,64 Carnahan.§£_§£65 and Rosenfelé,61 amoug others,
continucéd this work, but it was Oakwood_gg_giﬁﬁ who first
attributed optical rotation in petroleum fractions to hydro-
carbons of tha tetra- or pentacycloalkane categories. Many
workers have since investigated the identities of compounds like
these in beth sediments and petroleums and have attempted to

4o 0 .
8,40,48 In the second

establish chemotaxcnomic relationships.
part of this thesis, an Zoceme oil shale is shown to contaiu,
of thz identified structures, exclusively cycloalkanes of
definite biological origin.

As stated above, a different interpretation may be placed

on the above experimental data. In particular, the cpparent
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non=-correlation of the distribution patterns of the alkanes

and fatty acids between modern organisms, Recent sediments,
ancient sediments and petroleums. The proponents of an abiotic
origin for petroleaum theory argue that chemical alteration of
primary biologically derived depcsits cannot adequately explain
the differencesin distribution patterns. The abiogenic theories

-7
7,67-71

proposed include a Fischer-Tropsch type of origin
a degasification process of the interior of the earth.5

The Fischer-Tropsch reaction is a catalytic reaction
involving carbon monoxide and hydrogen at temperatures between
200°C and 300°C and at atmospheric or higher pressures.
Friedel and Sharkey68 point out the close similarity between
all the low molecular weight alkane isomers up o C8 in certain
crude oils and the Fischer-Tropsch products. These authors were
also successful in correlating the obse@rved abundance of these
isomers in crude oil, the Fischer-Tropsch product and a pre-
dicted composition (based on the probabilities of chain length-
ening and chain branching during the synthesis). Studier.gg_gi71
have extended this postulate to explain the formation of hydro-
carbons in the early solar system. Thayhave provided some
evidence for the presence of isoprenoid hydrocarbons in the
reaction products in the range C, to C,,, but their claims

must remoin tenuous at the present time because of a lack of

wnarbiguous evidence and, more importent, the low yields of



these compounds. However if their claims are confirmed, then

the accepted theory of the uniqueness of isoprenoid structures,
being solely confined to a biogenic synthesis may no longer be
watertight and their usefulness as biolagical markers rwust be
questioned. Support for a non-biogenic synthesis of polyisc-
prenoid structures is afforded by the work of Natta72 who showed
that using a highly stereospecific catalyst, almost 1007 stereo-
specific polymerisations of 1,3-pentadiene can be effocted,
However these abiogenic theories have not yet been able to
account for the initial formation of the isoprene unit and the
reactions are extremely sensitive to impurities. Nor can these
theories account for the higher molecular weight isoprenoid
material like pristane, phytane, steranes, triterpsnes or
perhydro-carotenes which occur in sediments and petroleums

in high proportions.

‘Another factor which seriocusly weakens the case for a
Fischer-Tropsch ofigin is the generalisation that (sze above)
the C13/C12 stable carbon isotope ratios for modern marine and
terrestrial organisms are almost the same as those for ancient
marine and non-marine sediments.v62 The basis for this approach
is that photosynthetic organisms discriminate against 813 in
preference for 012.74’75 It has been shown that the stable
carben isotope data for modern and ancient carbonaceous mat=

13/012

erials show congistently low C ratios compared to the
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ratios for inorganic carbonate minerals deposited in marine
environments.62 In a2 sinmilar way it has been concluded that
nany petroleum distillate fractions, from low through to high
molecular weight, have been formed originally from biogenic
material, i.e. the lipids, and that subsequent alteration of
some kind has altered the primary material to form the Low
molecular weight hydrocarbons found in natural gas and pet-
roleums.62

Despite the abundance of the evidence pointing to a bio-
genic origin for petroleum, it is not possible to completely
exclude some contribution freman abiogenic source. Rudakov
in his review of the abiogenic theories,5 has pointed out
that degasification cf the interior of the earth could lead
to solution of the sedimented biological material in these
gases, thus affording a bimodal origin for petroleum like
tﬁat proposed by Robinson.7

If the largely biogenic source for hydrocarbon in sedi-
ments and patroleum is accepted, then the same differences
in distribution patterns of the fatty acids and alkanes used
by the proponents of an abiogenic origin hava to be explained
satisfactorily so that correlations may be established
between the constituents of modern organisms, Recent and

ancient sediments and petroleums.
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The n-alkane distributions in sediments and petroleums
have been related to those of biologically produced mixtures

21,28,39, 31, 76-80 21,76 .o

of fatty acids and alcohols,
assumption that the latter are precursors. The main obstacle
to the theory of simple decarboxylation of n-fatty acids is
that by this means predominantly even carbon numbered molecules
would produce predominantly odd carbon numbered alkanes. Thus
if this process occurred tc a significant extent, one would
expect to find ancient sediments and petroleuns exhibiting
alkane distribution patterns with a high odd/even c.p.i. and
that with time, the fatty acids would disappear. The evidence
put forward again shows very clearly that the n-alkane
distributions show c.p.i. values tending to unity with in-
‘creasing age. The proportion of branched alkanes and fatty
acids increases and that normal fatty acids have been found

in significant proportions in Precambrian sediments. Therefore
such a simple explanation is inadequate. Kvenvolden has pro-
posed a slightly more complex theory which requires the oper-
ation of concurrent processes of decarboxylation and reduction
of carboxyl groups which he claims would nrovide a slight
even/odd c.p.i, value for the Efalkanes.81 dowever, the work

7-79

of Jurg and Eisma7 showed experimentally that relatively

mild thermal treatment of n-C,, fatty acid gemerated low

22

molecular weight alkanes in the range CB-Cﬂ, n-alkanes in the
g &
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range 014-034 and normal fatty acids in the range C15Cyy
Thus the alteration theories have to be widened to account
for these data. Kvenvolden and Weiser82 have recently postu—
lated a mathematical model which relates the n—alkane distrib-
utions found in ancient sediments with n-fatty acids, which
as precursors, could be altered by decarboxylation and re-
duction. The weaknesses in this approach appear to be that
(i) at the final stage of the model the fatty acids disappear;
(ii) the model cannot account for the formation of alkanes
and fatty acids of higher carbon nuwber than the original
fatty acid (cf, Jurg and Zisma); (iii) it does not account
for the formetion of any branched carbon compounds; and fin=-
ally, (iv) the reduction treatment requires the initial fatty
acid distribution to have a high odd/even c.p.i. value which
is in complete disagreement with every picce of information
reported on Recent sediments and modern organisms,
Nevertheless, it is quite obvious that alteration c¢f some
kind must occur to the primary biogenic organic mazerial dur-
ing the accumulation, diagenesis and maturation of sediments,
thus causing the secondary distributions of the alkanes to
appear as they do in ancient sediments. The principal alter-
ation processes occurring in a sediment are usually held to
be bacterial action, radioactive borbardment and thermel and

catalytic alteration.
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(i) Bacterial action. The initial accumulation of biological

organic debris is usually assumed to occur in marine or
brackish water deposits. Bacterial activity is to be expected
wherever organic matter is deposited, regardless of environment—
al influences such as salt or fresh water, asrobic or anaero~-
bic atmospheres, warm or cold climatic conditions.83 Typical
marine bottom muds may have up to 108 organisms per gram for

the first few centimetfes of depth; with iﬁcreasing depth the
numbers fall off rapidly, but bacteria are claimed tc have

been found in ancient sediments and petrcleum reservoir fluids

83,84 Aerobic bacteria

at depths of up to several thousand feet,

. in the upper zones of a deposit may alter and destroy up to
. . 8 . .

507 of the organic debris. 3 Under anaerobic conditions,

Desulfovibrie bacteria ara active and presumably play a part

in preventing oxidative destruction and in facilitating the
reductive conversion of some of the organic debris, e.g. alco-
. 86
hols and fatty acids, to hydrocarbons.
. 83-86

Bacteria are known to produce methane, but whether
they can produce significant quantities of other hydrocarbons
using the organic debris as feedstock is unanswerable at the
present time. Obviously, investigations designed to discover
the nature and distributions of bacteria in sediments and also

the type of activity and alteration effected by them weuld

cast some light on this largely obscure topic.



17

(ii) Radioactive bombarcdment. Radioactive bombardment of

the organic debris by alpha particles emitted by elements such
as thorium and uranium associated with the sediments may alter

i . - P “P.
the organic debris and produce hydrocarbons. 32,87-83

However,
it seems likely that this process does not occur to a signif-
icant extent, since the action of alpha particles on aliphatic
material produces unsaturated compounds, helium and hydrogen.
But natural gases containing the highest proportions of helium
(ca. 47) contain no hydrogen. It has also been shown that cer~
tain oil shales having unusually high levels of alpha radiz-
tion are not related to any petroleun reservoir,38 but are
rich in kerogen which may result from rolywerisation of the
unsaturated material.

(iii) Thermal and catalytic alteration. Laboratory experi-

ments have shown that slow thermal alteration can effect some
conversion of isoprenoid compounds to hydrocarbons commonly
found in petroleums. The reaction of sulphur with cholesterol
and farnesol at 150°C and 135°% respectively, produces, in the

former case, benzenes, naphthalenes and phenanthrenes, in the

;
latter case, a substituted naphthalene is one of the products.9J

Treatment of B-carotene at 183°C produced 2,6-dimethylnaphth-

37,51

alenc, toluene, m—xylene and ionene. With normal and

branched chain alkanes, the products of "fiash" pyrolysis at

o, 91-97 h

temperatures in the range 500-600°C, ave been invastigated
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and the mechanisms of thermal and catalytic cracking examined,
Much of the early work at these temperatures was done without
the aid of modern analytical techniques such as gas-liquid

chromatography (g.l.c.) and mass spectrometry. Thermal alter=—

s . . . 8
ation experiments have been carried out on a Recent sedlment,9 »99

100,101

the kerogen from an Eocene sediment ad on a fatty

acid.77-79

The work reported in Part I of this thesis was
started in late 1965, and a preliminary report on the findings
was presented at the Third International Organic Geochemistry
HMeeting in London, September 1966. These results and those of
other workersgs_lo1 have shown that n-alkanes can be generated
from a sediment by relatively mild thermal treatment,

The differences in distribution patterns found by several
workersmo-lo4 for n-alkanes obtained from similar sediments at
increasing depths of burial in a single formation, are prob-
ably caused largely by thermal alteration. Temperatures of
around 200°C have been reported for deeply buried sedim.ents.lo4

In an attempt to further unravel the problems surround-
ing the origin of hydrocarbons in sediments and, in particular,
in petroleum,z series of experiments were carried out involv-
ing thermal and catalytic alteration of an n-alkane, and the
effects of thermal alteration at many different temperatures

for varying periods of time on Eocene and Carboniferous sedi-

ments were studied.
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SECTION 1

THERMAL AND CATALYTIC ALTERATION OF n~OCTACOSANE

Introduction

In this section the thermal anéd catalytic alteration of
n-octacosane is studied at different temperatures for varying
periods of time. From the results, an attempt is made to
assess the importance of the related geochemical processes
which may bring about the alteration of alkanes and other bio-
logically derived lipids in a sediment. The m-octaccsane was
obtained from Applied Science Laboratories, Inc, and was 99.9%

pure by g.l.c.
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Discussion

Thernal Cracking of n-Octzcosane

The alteration experiments were carried out at 375°%C for
varying periods of time (75, 100, 150 hr) in sealed Pyrex
glass tubes under vacuum. The appearance of the contents
changed markedly with increasing time; initially the n-octa-
cosane was colourless but as the heat treatment progressed
the products became liquid and increasingly yellow coloured
and carbonised films were formed on the inside surface of the
glass. Accompanying the deepening colcur were marked pressure
rises due to the formation of increasing quantities of gaseous
products, probably low molecular weight hydrocarbons such as
methane, ethane, propane etc. The products were analysed
(Fig. 1) by analytical silver nitrate impregnated SiO2 thin
layer chromatography (t.l.c.) followed by separation cf the
hydrocarbon fractions using preparative t.l.c. on the same
adsorbant mixture. Chromatographic retention data and infrared
spectroscopy indicated the presence of two different classes
of alkenes: (i) mainly trans~disubstituted (vmax’ 965 cmul);
(ii) meinly terminal alkemes (v__, 990 and 910 cm '), The
alkane and alkene fractions from the three experiments were
analysed by capillary g.l.c. on a 175' x 0.01" stainless

steel column coated with Apiezon L grease., A typical g.l.c.
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Figure 1

The Separation and Analytical Procedure for the

Analysis of the Pyrolysis Products of n-~Octacosane at 375%

Total Products

benzene

extractionj evaporation

Products

eluted withigfhexane

Alkanes Alkenes (i) Alkenes (ii) Aromatics
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analysis of three of the four fractions isolated from the 75
hr pyrolysis is illustrated in Figure 2. The alkane fraction
consists predominantly of n-alkanes with a relatively smooth

carbon number distribution centered around n-C,.. A striking

21
feature is the complexity of the two alkene fractions. Each
carbon position is a complex mixture of peaks with as many as
seven components distinguishable, ranging from 023 to 014
in carbon number., The carbon number distribution patterns of
the alkenes are relatively smooth with maxima at 022 and C18'
The complexity is due to the presence of geometric and position-—
al double bond iscmers and possibly, to a small extent, the
presence of branched chain or cyclic isomers.

The n-alkane distributions are shown in bargraph form
in Figure 3, These do not show the lower molecular weight
hydrocarbons formed by the pyrolysis and subsequently lost
in the work-up procedure. Certain apparently preferential
fragmentations of the n-octacosane carbon chein occur, e.g.
the higher abundance of the ETC26 alkane in the 75 hr pyroly-
sis seems to indicate that the 1logs of a two carbon fragment
is slightly preferred. Similarly the initial abundance of
the n-Cy, alkane .indicates a slight prefersntial cleavage
at the midpoint, i.eo. between carbons 14 and 15 in the ETCZB

carbon chain. The loss of a methyl radical has a2 low probab-

ility. The overall trend towards generation of lower molecular
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Figure 2

G.l.c. records of the total alkane, alkeme (i) and alkenme (ii)

fromations from the 75 hour pyrolysis of n-octacosane.

I
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Figure 3

The percentage abundance of the individual n-alkanes in the
pyrolysis products from the Efcog alkane, calculated by mezgur-

ing g.l.c. peak areas.
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weight alkanes gives the n-alkane carbon number distribution
patterns an increasingly skew appearance with time, but the
100 and 150 hr patterns resemble those for certain crude
petroleuns.,

The yields and relative abundances of the hydrocarbons
obtained are shown in Table 1. The general trends with in~
creasing time ara:- (i) the yield of alkanes decreases, (ii)
the other n-alkanes are formed in increasing amcunts relative

to the n~C,, alkane, (iii) the proportion of branched and

28
cyclic alkanes increases, (iv) the yield of alkenes and

aromatics increases, (v) the carbon number maxima for thé alkanes
(Fig. 3) and the alkenes shift to lower values.

The above experiments conducted at 375°C have thus re-
vealed conciderable conversion of n~octacosane into other
hydrocarbons but lower temperatures would be mcre acceptable
as a parallel for geological experience. Therefore the n-octa-
cosane was heated at 200°C for 1000 ar and under vacuun as
before. The products were examined by capillary g.l.c. and
it was found that less than 0.1%7 alteration of the n-octacosane
had occurred. The activation energy for the fission of carben-
carbon bonds is high (ca. 75-80 Kcal/mole for an n-alkane),
and the reaction consequently slow. These results show that

the use of 014 labelled compounds are essential to follow znd

identify < 0.1% conversions of this type.
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One of the most useful techniques developed in recent
years in this field has been automatic scanning of radio t.l.c.
plates. Phe mixture containing the radioactive material is
placed on a t.l.c. plate as usual and eluted with the required
solvent. The positions of the spots or layers are detected by
a detector designed to count the disintegrations of the radio-
active atoms. An automatic scannmer was decigned by Professor
A, T. James (Unilever Research) and, with his help, a slightly
modified instrument was constructed at Bristol for this work.,
However, due to the other work on hand, the author did not have
time to pursue this topic any further. Future work in this and
other fields should be greatly facilitated by this technique,
especially when it is used in conjunction with a radio g.l.c.
(Pye Instruments Ltd) which has recently become available in
the Department. Because of the great sensitivity of these
techniques, minute conversions in alteration experiments may
be follcwed more easily and thus much lower temperatures may

be used.

Possible experiments which could be conducted would be
the addition of a small quantity of a C14 labelled n-alkane
to a powdered sediment or suitable catalyst which could then
be heated at around 100°C for long periods of time. Analysis

of the products using radicchemical techniques would allow

quantitation of tiny conversioms, thus leading to calculations
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of the Arrhenius factors, which could be extrapolated to pre-
dict the spans of geological time necessary to bring about the
observed changes at lower temperatures., The Arrheniug equation

is as follows:~

-Ea/RT

k=Ae the rate constant

where k

A

constant

E = Arrhenius activation
enexrgy

R = constant

T = temperature (OA)
By studying the alteration achieved at several different temp-
eratures, and substitution of the appropriate kinetic data in
the Arrhenius equation, it should be possible to draw a graph
of temperature against time to achieve a constant degree of
alteration for a given compound. Thus by extrapolation one
could then estimate the time required for a given diagenetic
reaction to proceed to a given extent at temperatures which-
are geologically feasible, e.g. at 100°C or lower. In this way,

both thermal and catalytic cracking rates of reaction could be

studied.

Thermal and Catalytic Cracking of n-Octacosane

Thermally induced cracking is accelerated by numerous

2,93

catalytic materials.g‘ Indeed, the carbonised films formed

in the previous experiments may have been acting as catalysts
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¢

for the alterations.92 Therefore the n-octacosane was heated
at different temperatures for different periods of time with
cataiysts such as bentonite and water. With bentonite alomne,
at 200°C for 170 hr, approximately 17 of the n-octacosane had
been converted into other alkanes and olefins and aromatic
materials (Table 2), as indicated by their behaviour on thin
layer chromatography and gas~liquid chromatography. Thus tha
bentonite had brought about a more than tenfold incresses in
the extent of alteration compared witih the previous experiment,
which had been conducted over a much longer period.

Two experiments, one with added water and one without,
have been conducted at 375°C. The effect of the bentonite at
this temperature was to bring about the conversion of more
than 90% of the n-octacosane to insoluble black carbonaceous
material. Only a small proportion of the n-octacosane remained
in the solvent~soluble products (Table 2), which contained
much larger provortions of alkenes and aromatics than in the
previous experiments (Table 1). Perhaps the most interesting
result is the high concentration of branched/cyclic alkanes
apparent from the gas chromatographic record obtained for the
alkane fraction from the treatment involving bentonite alone
(Fig. 4). The repeating pattern of peaks is very reminiscent
of that found for the alkane fractions of crude petroleums.

Gas chromatograms for the alkane fractioms derived from two
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Figure 4

Gelic. records of the alkane fractions from the heat treatment
of n-octacosane and from certain crude oils: A and B, fractions
formed by the heat treatment of n—octacosane (375°C for 60 hr)
in tﬂe presence of:~ A, bentonite and B. bentonite and water,
alkane fractions from C. Nonesuch seep 0il, and D. Boscan crude

oil.,
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crude oils of very different ages are shown in Figure 4C and
4D. The Nonesuch seep o0il exudes in very small quantities froum
figsures in the Parting shale stratum of the Nonesuch formation
which is of Late Precambrian age (ca. 1 x 109 years). This
shale has been shown to contain various biégenic residues
including compounds of isoprenoid type and porphyrins.los’106
The Boscan crude pil is produced commercially from Zulia,
Venezuela (Cretaceous, ca. 1 x 108 years). The much older
Honesuch o0il gives a chromatogram closely resembling in certain
aspects that of the n-octacosane pyrolysis products. The Boscan
oil,.gn the other hand, shows many divergencies from a regu—
larly repeating pattern in accordance with, in our view, less
extensive alteration. The slight predominance of even carbon
nurber n-alkanes in this and other oils may be the pegult -of
hydrogenation in the sediment of corresponding long chain
acids and alco’nols.Bl’N’g9 Bimodal carbon number distributicns
could conceivably arise by thermal alteration of biological
source material of two narrow, rather different carbon number
groupings, e.g. plant waxes (ca. 030) and glyceride lipids
(ca. 016).

These experiments indicate that an n-alkane (Cn32n+2)’
degrades thermally to the complete homologous series of n-

alkanes, C HZ +2 (where m < n), and the corresponding u-alkenes,
m 2m 2

i ig. 5). Other products are formed but we believe
Cn—ng(n-nD (Fig. 5) P
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Figure 5

Mechanisms Involved in the Thermal Cracking of Alkanes

Disproportionation by homolytic fission

B H H

R'CHZ-(FﬁI:-CHZ-R" > R'—CEI-CH2° + 'C‘%Z—CHZ-R"

i V\H' -H* i \fi'

] Y -l -."‘ =CH " ; _"_.'-_
R Ch2 C-L3 R"~CH CI-'Z R Cﬂ=Ci'.2 R an CH3

Hydrogen radical abstraction and disproportionation

H

/\

R'-C;l\-"CH -R" + 'CHZ-—CHZ-R" + R'-°"CHCH-R' + CHB-CHZ,-R"

R'CH=CH2 + "R" R'=CH=CH-R" + H'
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that the significant point which bears on the observed distrib-
ution cf n~alkanes in crude petroleurms and sediments is the
formation of the homologous series of n-alkanes. Lach n—alkane
in the mixture undergoing thermal alteration (maturation) will
itself be generating a new series of n-alkanes of lower

carbon number. This situation merits mathematical treatment.
The pattern of abundance of the carbon numbers is affected dy
the laboratory work—up procedure, since the lower molecular
weight alkanes are preferentially lost by velatilisation,
resulting in a maximum. Under geological conditions similar
losses could become apparent as natural gas accumulations.
Branched/cyclic alkanes, such as the isoprénoid hydrocarben
squalane, undergo more rapid thermal cracking but only very
small amounts of n-alkame are formed. We hold, therefore,

that straight chain lipids must be the main source of the

n-alkanes found in petroleum and other ancient sediments.
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Experimental

Thermal Cracking of n~Octacosane

Samples of n-octacosane (0.078 g each, 99.97 pure by g.l.c.)
were sealed in clean Pyrex plass tubes (4" x 0.75" thick wall)
under vacuum asnd heated (at 375°¢ for 75, 100 and 150 hr and
at 200°C for 1000 hr) in a muffle furnace. After opening the
sealed glass tubes, a standard quantity of benzene (2 ml) was
added and sonication carried out to ensure complete solution
of the soluble organic material. The resulting solution con-
taining fine pieces of suspended carbonised material was
centrifuged at 2,500 r.p.m. and the supernatant liquid removed
by pipette. The extraction was repeated three times.

Evaporation of the solvent on a rotary evaporator (3uchi)
gave the organic extract. The products were examined (Fig. 1)
by analytical thin layer chromatography using a silver nitrate
impregnated silicic acid layer eluted with p-hexane. This
indicated by Re values and comparison with standard compounds

(27017 alkane, n-C,. alk=l~ene and anthracene), that the pro-

ducts contained alkanes, two different classes of alkenes

(i and i%) and aromatic hydrocarboms. Infrared spectroszepy

confirmed the presence of the two types of olefinic double
-1

bond (i) mainly trans—disubstituted (vmax’ 965 em 7), (ii)

- -1 .
mainly terminal alkenes (vmax’ 990 and 917 ecm ). Separation
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into the alkane and aromatic categories was effected by pre-
parative t.l.c., again with a silver nitrate impregnated silicic
acid layer eluted with n-hexane. The four fractions were
collected and extracted with diethyl ether through a short
colum of neutral aluwina. The yields and relative abundances
of the products are given in Table 1. The fractions were
analysed by capillary g.l.c. on 4piezon L grease (pre-tocated
to remove the polar material by passing a hexane solution of
the grease through a neutral alumina columm), coated on a

175" x 0,01" stainless steel capillary columa. The carbon
numbers of the fractions were determined by coinjection of
standard p-alkanes, the peak areas for each alkane measured
and the relative abundances calculated. The resulting bargraph
for the n-alkanes is shown in Figure 3.

The low yields obtained for the olefinic and aromatic
fractions precluded further investigation, and in fact the
yields should be taken as approximations because tne balance
used had an accuracy of + 0.1 mg and the products varied from
0~ 2.9 ng-

Thermal and Catalytic Cracking of n-Octacosane

The catalyst used was bentonite (B.D.d., Technical Grade).
It was exhaustively soxhlet extracted with benzene/methanol
(3:1), dried and then heated at 500°C for four hours and

finally stored in a desiccator cver blue silica gel.
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n=Octaocosane/bentonite/200°C. n=0ctacosane (0.075 g) was

dissolved in hexane (5 ml) and bentonite (0.75 g) added to the
solution. The solution was then evaporated under a stream of
N2 in a glass tube as before, and placed uader vacuum for 30
min before sealing. This was heated at 200°C for 179 hr.

The contents of the tube had darkened a little after the
treatment and some pressure was noticed on opening the tube,
The contents was ultrasonically extracted with benzene/methanol
(3:1, twice), centrifuged at 2,500 r.p.m., and the supernatant
liquid transferred by pipette, evaporated on a Buchi, and the
residue weighed. The extract was dissolved in hexane and

analysed by g.l.c., as above. There appeared to have been > 0.01%

alteration of the m=C,q. The extract was separated by
AgNOB/SiO2 preparative t.l.c., eluting with n-hexane, and

three fractions collected. The yields are given in Table 2.
The alkanes were analysed by capillary g.l.c. as before. The
product alkanes were approximately 1% of the total alkanes,
and were mostly in the carbon number c26-028 range.

n—Octacosane/bentonite/B?SOC. The n-octaccsane (0.08 g)

was mixed with bentonite clay (0.80 g) as before and the mix-
ture sealed in a glass tube under vacuum and heated to 375°%
for 60 hr in a muffle furnace. The contents of the tube after
the treatment were completely black and comsiderable pressure

was noticed on opening the tube. The contents wers extracted
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ultrasonically with benzene/methanol (3:1, three times) centri-
fuged and evaporated as before. The extract was dissolved in
hexane and analysed by g.l.c. on a 200' x 0.01" 7-PPE capillary
colum. A large conversion had been achieved, i.e. ca. 90Z.
The products were extremely complex and mostly lower molecular
weight material. Tae extract was separated by AgN03/SiO2 prep—
arative t.l.c. as before. The yields and relative abundances
of the three fractions are shown in Table 2,

The alkanes were analysed as before using the 7-PPL
capillary columm (Fig. 4A). The g.l.c. trace is extremely com—
plex With a high proportion of branched/cy:lic alkanes. The

n-C, . alkane peak represents approximately 5-10% of the total

28

alkane fraction:

n—Octacosane/bentonite/water/375°C. The n~octacosane

(0.0B:g)was mixed with bentonite (0.80 g) and distilled water
(1 ml) and the mixture sealed in a glass tube under vacuun

and heated at 375°C for 60 hr in a muffle furnace. The contents
of the tube again were black after the treatment and a con~
siderable pressure was noticed on cpening the tube. The
contents were extracted as before and the extract was separ~
ated by preparative AgHO3/Si02 t.l.c. and the three fractions
ecollected. The yields and relative abundances are shown in
Table 2. The alkanes were analysed on the 7-PPE capillary

colurm (Fig. 4B). The distribution pattern again was very com-
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plex and the n~C,q alkane peak representad approximately 52
¢of the total alkames.

ilonesuch and Boscan Crude 0ils

The sample of the Honesuch crude oil was surplied by Dr.
P. E. Cloud, University of Minnesota, and the Poscan ~rude
oil by Dr. P. A. Schenck, Koninklijke/Shell, Exploratie eun
Produktie Laboratorium, Rijswijk, The MNetherlands.

The alkane fractions from these crude oils were obtained
by column chromatograrhy cn neutral alumina, eluting with
n-hexane. These fractions were used for comparison with the
product alkanes from the catalytic alteration experiments above
and were analysed by capillary g.l.c. on the same colurm as
before (Fig. 4C and 4D).

Radio Scanning of Thin Layer Chromatograms

One of the projects orieinally nlanned was the use of

C14 labelled tracer compounds to follow the course and mech-
anisr: of the tharmal alteration experiments,., ilone of this work
was actually started, but an instrument has been comstructed

to the original design cf Professor A, T. Jamele7 (Biosynthesis
Unit, Unilever Research Laboratory, Colwcrt: louse, Sharnbrook,
Bedford) with scme wodifications to count the disintegrations
produced by labelled material on t.l.c. plates. The construction
was carried out by the staff of the Chemistry workshor (Bristol
£

University). Figure 5 shows & schematic diagram of the scanner
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componenté. The mﬁtoriseé plat; carriér can.bé used for t.l.c.
plates up to 20 cm x 20 cm in size. The dimensions of the slit
in the detector tube are 1 cm x 0.1 cm. The drive mechanism
for the plate carrier is linked directly to the drive shaft
of a Beckman strip chart recorder, so that the trace produced
during a scan can be exactly superimposad on the t.l.c. nlate
and thus locate the spots or layers containing 014 labelled

material.
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-SECTION 2

THERMAL ALTERATION OF THE ORGANIC MATTER IN SEDIMENTS

" Introduction

This section is devoted to an investigation of the chem-
ical chaﬁges undergone by the chemical constituents of organ=
isms and sediments under the influence of elevated temperatures
during diagenesis. The formgtion of compounds during diagenesis
has been called "geogenesis" (Fig. 1). This is acceptable to
the organic chemist for it implies the formation of compounds
under earth conditions, thereby paralleling "biogenesis” in
living things.

Our aim is to establish the pattern of change undergone
by individual organic compounds, classes of organic compounds
and types of organic debris, when present in a sediment exposed
to raised temperatures. This has relevance to the geological
experience of the higher temperatures occasioned by great
depth of burial, earth movements and igneous intrusions. Def-
inite results in turn should lead tc the us~ of this approach
as a guide to the past biological, physical and chemical history
of a sediment. Commercially, shales are heated to distil out
"shale oil" 108,109 1 the realm of the space sciences, certain

lunar and planetary probes are planned to operate by automated
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controlled pyrolysis of surface samples, followed by instru-
mental analysis and telemetry.llo Three different geological
materials were chosen for this investigation - the Eocene non-
marine Green River shale from Colorado, tie Carboniferous
Torbanite from the Lothians of Scotland, and the hydrocarbon
mineral Zatchettite £rom Wales.

The Green River formation is held on geological and pale-
ontological grounds to be the accumulated sediments from very
extensive shallow inland lzkes. It is believed that at no time
has this formation been deeply buried or subjected to high

112 .
suzgest, from its

temperatures;111 Jones ané Vallentyne
alanine content, that it has been subjected to a maximum
tenperature of 74°C. 1t therefore provides a model. for thermal
alteration »xperiments since the compounds identifiable in the
u.altered shale can be compared with those present in the same
shale after laboratory thermal treatment. Torbanite, from the
Carboniferous Limestone series of the Scottish Lothians, was
described as a boghead or canmnel coal by Mac.gregor113 but more
recently Dulhuntyll4 has stated that Torbanite and canmnel coal
form distinct classes, as their respective pecat stages resulted
from the accumulation of unlike vegetable debris. Its micro-

scopic structure reveals a large amount of aiveolar "yellow

bodies" which resemble the now living alga Botryococcus

115

braunii, this in turn is regarded as the precurscr of the
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Quaterary rubbery deposit Coorongite, and related materials];'ls’n6

Pyrolysis of Torbanite gives a very high yield of oil (90-130
gal/ton) which reflects its high organic content.

Chemical studies on the Green River shale hzwe resulted in
the identification of biologically significant alkanes such as
a range of isoprenoids including farnesane (CIS)’ pristane (Clg)

13,14

and phytane (C and a number of steranes and triter=

20>
47,48 x P : 1 L4 1
panes and in Part II of this thesis. The n-alkanes show
the appropriste marked dominance of o0dd numbered molecules,
i : -G C I - ic aci
particularly n 310 029, C27, and 17° the n-carboxylic acids

are dominately even numbered, and the prescnce of the Clé’ ClS’

6° 017, 619’ C20 and 821 isoprenoid acids has also beern

33,35

o
shown while Leo and Parkerll7 have reported the presence
of iso—acids in this shale. In summary, the alkanes and fatty
acids already reported reflect the biological history of the
shale to an impressive extent.

Similar chemical studies with Torbanite have resulted in
the identification of phytane and pristane; there were however
no steranes or triterpanes apparent. The n-alkanes showed no
marked predominance of odd numbered molecules; in fact, the
c.p.i. value was almost unity.118 The fatty acids ranged from
27010 to_g—C28 with a marked dominance of the.g_—Cl6 and 27018

acids.33’35 The remaining acids showed nc even/cdd predominance.

The composition of a room temperature solvent extract of
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shale will serve as a basis for comparison with those of the
pyrolysates obtained by heating it to elevated temperatures,
We can conduct comparable experiments by using a single batch
of pulveriged shale. Several types of heating techniques were
used; (i) heating in a closed vessel in an atmosphere of
nitrogen; (ii) heating in a sublimation apparatus under vacuumj

and (iii) heating in a glass pyrolysis unit (Fig. 2).
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Discussion

The CGreen River Shale ~ Control Analysis

The room temperature solvent extraction of Green River
shale gave a2 total alkane fraction, the gas chromatogram of
which is shown in Figure 3; the results generally match those
found by other workers.ls’14 Unexpectedly, however, in addition
to the alkanes, alkenes were also found in this extract, the
yield being 0.085% which is approximately one third of the
yield of alkanes. The gas chromatogram of these alkenes is
shown in Figure 3 and the pattern suggests the presence of =z
limited number of alkenes in the C30 region. Examination of the
infrared spectrwz of the mixture of alkenes showed not only
the presence of trans-disubstituted and vinyl double bonds but
also tri=substituted double bonds, and also a2 high percentage
of methyl groups, some being present as gemdimethyl groups.
Since some of these alkenes resist hydrogenation, it would
seem reasonable to suspect that some of the higher molecular
weight components of this fraction are unsaturated triterpenes.
If this suggestion is confirmed then other sediments and also
crude oils should be examinad for these compounds. Again it
would be interesting to sze what structural relationships exist
between the oxygenated, umsaturated and saturated triterpenes

in the Creen River shale. Part II of this thesis discusses the
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Figure 3

G.l.c. record of the hydrocarbon fractions isolated from the
Green River shale at room temperature. The n-alkanes and

branched/cyclic alkanes are also shown.
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natural distribution and significance of triterpenoids.

The yield of aromatic hydrocarbons (as with the alkenes
this is based on a 'cut' taken from a plate coated with silver
nitrate impregnated silica gel and does not necassarily mean
that all are aromatic hydrocarbons, or alkenes, since the
observed Rf value depends on the functional groups, degree of
substitution, hindrance due to alkyl substitution, etc) is
0.0677% which is approximately } that of the alkanes. The peaks
of long retention time in the gas chromatogram, Figure 3, may
be due to partially aromatic polycyclic compounds of high mol-
ecular weight. The most likely origin of such compounds would
be dehydrogenation of the triterpenoid or sterocid system. The
yields of the alkane, alkene and aromatic fractions are shown

in Table 1.

Green River Shale - Pyrolysis Distillation at 300°C and 500°C

Comparison of the results obtained from the pyrolysis
products of the Green River shale with those from the room
temperature sclvent extract reveals many differences. Pyrolysis
(even at BOOOC) produced more volatile organic material than
has been obtained by extraction, and the percentage yield in=
creased rapidly with temperature (up to 500°C, Table 1).
Secondly, the percentage yields of alkanes, alkenes and aro-
matic hydrocarbons were greater by a factor of about 10 for

the 500°C pyrolysates compared with the room temperature ex-
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Yields from Pyrolyses of the Green River Shale and the

Scottish Torbanite

Pyrolysis Yield

Shale Temp. (Total)
(°c) )
Green River R.T. 1.7

shale extract
" 500 9,2
" 400 5.9
o 300 2.0
Torbanite R.T. 0.6
500 37

56
(0.2)

36
(1.4)

67
(0.9)

0.3

2.7
(8.0)

Alkene
Yield#*

(%)

25
(Ocl)

26
(1.9)

16
(0.2)

507
(16)

Aronmatic
Yield*

(%)

(64)

* The yields in parentheses represent the percentage yiclds
by weight of shale used. The other yield figures represent
the percentage yield from the solvent-soluble products.
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tracts. The general trends observed for the products of pyroly=-
sis at 500°C hold true for the products of pyrolysis at 300°Ca
but differ only in extent. Since the effects are most apparent
in the 500°C experiment, the discussion will be based on these
results. Where any divergences may occur from the general trends
in the other experiments, thase will be specifically mentioned.
When the gas chromatographic patterns for the total alkanes
derived from the room temperature extraction (Fig. 3) and the
500°C pyrolysis (Fig. 4), were compared, it was apparent that
the proportion of n-alkanes was greater in the pyrolysate. This
was confirmed by direct ccmparison of the chromatographic data
for the n-alkane fraction cbtained from the total alkanes by
the molecular sieve process (Fig. 5). Even numbered n-alkanes
appear to have been generated and the c.p.i. value ror the
cyrolysate was approximately 1.0 compared with 3.6 in the room
temperature extract. More n-alkanes appear to have been gener-
ated around the C30 region which could correspond to simple

decarboxylation of the prominent long chain fatty acids in the
Green River shale.ss’35 Certain isoprenoids, e.gs phytane and
pristane were recognised in the branched/cyclic fraction from
the pyrolysate and wetre identified by combined gas chromato-
graphy - mass spectrometry. There were also high molecular
weight alkanes in the pyrolysate which could be triterpencid

though there was a marked "background" due to mamy unresolved
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Figure 4

G.l.c. record of the hydrocarbon fractions isolated from the
pyrolysate of the Green River shale at 500°¢. The n—alkames

and branched/cyclic alkanes are also shown.
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Fi gure 5

Comparison of the n-alkamnes and bramnched/cyclic alkanes from
the room temperature extract of the Green River shale with

those from the pyrolysate at 500°C.
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peaks in this region of the gas chromatogram. Although the over-
all amount of the branched/cyclic fraction of the pyrolysate
increased it was not possible to state whether the coacentrations
of individual components had increased or decrezsed during
pyrolysis,

In the pyrolysis experiment, alkanes, alk-l-emes, trans-
alkenes and aromatic hydrocarbons were obtained (Fig. 4, Table
1). Similar findings were reported by Iida_gg_gi,lgo in a paper
published after the above work was carried out. These workers
reported the occurrence of n-alkanes, alk~l-enes and trans~
alkenes in the range C137C4s in a 'cut' from a Colerado 0il
Shale distillate (b.p. 280-305°C), obtained by distilling the
shale in a retort and thus effecting thermal alteration.

The gas chromatogram of the two alkene fracti_ns cbtained
from the pyrdlysate are shown in Figures 4 and 6. As with the
alkane fractions, the proportion of straight chain compounds
was greatly increased in the pyrolysate compared with the room
temperature extract (Fig. 3). In the alkene fraction (ii), con~
taining predominately alk-l-enes, it was the even numbered
carbon chains, especially n=C,, and'chzs’ which were predomin-
ant. This even number dominance is significant in view of the
odd number dominance found for mos&t biologically-originated
alkane mixtures; thermally induced generation of hydrocarbons

in deeply buried sediments might thus explain the disappearance
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The g.l.c. records of the two alkene fractions isolated from

the products of pyrolysis of the Green River shale at 500°%.
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of the odd number dominance. The generation of the alk~l-enes
described above might take place by one or more of the follow-
ing pathways:~
(1) Dehydration of even numbered long chain aicohols could
give rise to terminal alkenes of even number. Alcohols vary in
the ease with which they undergo dehydration to alkenes, the
decreasing order of reactivity being tertiary > secondary >
primary. However, the primary alcohols are known to dehydrate
fairly readily under certain conditions: thus Roberti 35_23121
found that cetyl alcohol. (27C16H330H) gives a 657 conversion
to hexadec~l~ene on passing the alcohol cver alumina at 350°C.
- AlpOy
053(CH2)130H2CH20H-—;§555—) Cﬂ3(Cﬂz)13 H=CH2 + HZO
(2) A reaction can be written, formally at least, whereby an

sven numbered acid or ester would eliminate acetic acid to give
an even numbered alk-l-ene

R(CH2)20H2002R1 > RCHsCH, + CH,COR'

where R1 =i or metai,‘gz kerogen matrix, or alkyl,

e.ge. long chain wax esters,

An analogy for this reaction is provided by the classic

McLafferty rearrangement122 undergone by carbonyl compounds

(esters, acids, aldehydes, ketones, amides and carbonates) and

other functional groups in the ionisation chamber of 2 mass

spectrometer.
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(3) Decarboxylation of an even numbered n-fatty acid furnishes
principally the corresponding odd numbered alkane, but Jurg and
Eisma77-79 found that behenic acid (022) when heated with bent-
onite clay generstes, in addition to the C21 alkane, a homolog-
ous series of n-alkanes and fatty acids with coerbon chains both
longer and shorter than that of the original acid. They suggest
radical processes to account for the formation of these oroducts,

(4) Thermally induced direct scission of carbon-czrbon bonds
in hydrocarbons furnishes alk-l-enes.

g4 4 H i =2 d B

| 1] AV U

q
l | | N
R—c——mc-clz-x{' = R—D—-Cr + :C=C-R'
HH I 4 R A"

> R—CII=CHZ + CszCH-R' + 2He
The laboratory experiments of Holman_gg_glgs demonstrate that
heating an n-alkane in helium at 600°C results in a smooth dis-
tribution of n-alkenes of steadily diminishing carbon number.
Pyrolysis of a predominately straight chain kerogen matrix
might be expected to give similar results, and evidence for

123 .. e 4 es
such a matrix is discussed by Forsman, while oxidative

. . L1124 .
studies of Green River shale by Robinson et al established




the presence of large amounts of open chain acids with no evi=-
dence for aromatic acids.

(5) Polymerisation of ethyleme, formed during the pyrolytic
reaction from long chain material, could give rise to even
nurbered long chain alk-l-enes. However, there are two ohject-
ions to this scheme which are difficult to rationalise, (i) the
presence of odd numbered alk-l-enes and (ii), the hydroc.rbons
formed by such a process are usually of a very high molecular
weight,

Polymerisation (radical propagation)

C32=CH2 -+ CHB(CHZ-CHZ)HCHé

Termination (radical coupling)

CH3(CH2—CH2)HCHé + 'CHZ(CHZ-CHZ)BCZZ3 -+ CHB(CH2~CKZ)2n+1CH3

Termination (radical abstraction)

CHB(CHZ-CHZ)nCHé + °CH21{CH(CH2—CHZ)nCH3 >
CHB(CHZ_CHZ)nCH3 + CHZGCH(CHZ-CHz)nCH3

(6) The Fischer-Tropsch reaction,67-71 involving carbon mon-
oxide and water at elevated temperatures and pressures, in the
presence of a catalyst, produces as the major products, a
smooth carbon number pattern of alk-l-enes and n-alkanes. One
can conceive of some form of Fischer-Tropsch reaction taking
place in the pyrolytic experiment but this leaves unexplained
the dominance of the even numbered alk-l-enes.

. . . : 1 + *
The situation in an 'organic rich' sediment like the Green
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River shale is complex, when attempts are made to rationalise
the formation of the alk~l-enes. It has already been shown that
thermal and catalytic cracking of n-alkanes can produce n-alk-
l-enes (Section 1), but no particular carbon number dominance
was noticed. Obviously all the different types of straight
chain aliphatic material present in the shale and in the kero-
gen matrix can be contributing, but insufficient evidence is
available to be specific. Nevertheless, this is an important
point, because if generation of alk=-l-enes is a possibie geo-
chemical reaction, then a dominance of even carbon numbered
n-alk-l-enes could on subsequent reduction afford even carbon
numbered n~alkanes thus accounting for the c.p.i. value tending
to unity with increasing age and depth of burial of a sediment,

It ig likely that the trans-alkenes from the pyrolysate
are mainly straight chain with the double bond varying in
position over the length of the chain and that their generation
is probably related to that of the alk-l-enes. Isomerisation
of the latter is one possibility, another would involve gener-
ation by hydrogen abstraction processes, e.g.

Re + <-CH,-CH,-CH -Ci - -+ Ri + -CHZ-“CH—CHZ-CH -

2 772 72 2 2

. ~-CH, -+ CH~CH,~CH - ~Cil,,~CH=CH~CE
R+ + =CH,=*CH-CH,~CH,~ + RH + -Cil,~CH=~CH-CH,

trans
The alkanes, alkenes and aromatic hydrocarbons may have

to be considered together as products of pyrolysis. For example,
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alkanes formed by pyrolysis might, in the presence of hydro-
aronatic systems, give rise to alkanes and aromatic hydrocarbons

by hydrogen abstraction., The aromatic hydrocarbons could arise

e
by cyclisation of unsaturated intermediates}‘J

by hydrogenolysis
and by dehydrogenation of cycloalkanes; this latter -rocess
may be the more important. Radical processes are the obvious
choice to explain these hydrogen transfers and bond breakages.
It is tempting to propose that the alkenes, generated much
more slowly under geulogical conditions, wmight suffer reductiom,
thereby providing an explanation for the smooth carbon number
distributions cf the n-alkanes in ancient sediments., If these
pyrolytic experiments are meaningful and the results at least
partially transferable to reactions at much lower temparatures
over long pericds of geolcgical time, then alkanes, alkenes
and aromatic hydrocarbons are in all probability geogenetically
related, This is indicated by the obszrved trend cof the c.p.i.
value of the alkanes of Green River shale from 3.6 to about
1.0 on pyrolysis, and the parallel appearance of the alk-l-encs
with slight even carbon number dominance.

The Scottish Torbanite - Pyrolysis Distillation at 500°C

The room temperature extraction results for the Scottish

Torbanite were supplied by Dr. J. R. Maxwell.118 The solvent=-

soluble extract represented 0.67 by weight of the shale
@.

(Table 1), and this afforded 0.37 by weight—of alkanes. The
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éfalkanes showed a smooth distribution with an odd/even c.p.i.
of ca. 1. The isoprenoid alkanes farnesane, pristane and phytane
were present, but the branched and cyclic alkanes were domin-
ated by the n-alkanes, ... The high molecular weight
n-alkanes (027, C29, 031) typical of contemporary plants and
Recent sediments were not present in significant quantities.
The n-alkane distribution had a carbon number maximum at the
chzo position as indicated by g.l.c., and indeed, was typical
of that shown by most crude oil alkane fractions. This implies
that the primary organic material had undergone extensive
alteration in the sediment, in contrast to the Green River shale.
Pyrolysis of the Torbanite at SOOOC, afforded products
representing 377 by weight of the shale, i.e. appreximately
50 times greater than the solvent-soluble extract. After separ-
ation of the products by preparative AgNO3/SiO2 t.l.c. in the
usual way, the yield of alkanes was 2.7% by weight of the
shale, i.e. 10 times greater than the solvent-soluble alkane
fraction. On analysis by g.l.c., the alkane distribution was
very similaer to the room temperature extract alkames, the same
carbon number range, but the carbon number maximum had shifted

position which is not really a

from the n-C to the n~C

20 18
significant change. The alkene fraction rcpresented 5.77 by
weight of the shale and infrared analysis indicated the pres-

ence of both trans and vinyl double bonds in this fractiom.
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The aromatic fraction represented 237 by weight of the shale,
The gas chromatographic records for the zalkanes and alkenes are
shown in Figure 7. The carbon number positions labelled have
been determined by coinjection of standard n-alksnes and n-
alkenes. The yields are shown in Table 1.

The general trends noted for the Green River pyrolysis
products are continued for this sediment. The yiclds differ in
that the Torbanite releases greater quantities of organic mat-
erial on pyrolysis., fhis is further proof of the very high
organic content of the Scottish Torbanite and also shows that
the major portion of the organic material is contained in the
solvent-insoluble kercgen matrix. The high yields of p-~alkenes
are further evidence in support of the thecry that the kerogen
is largely composed of polymerised lipid matericl, containing
mstly straight chain naterial, which c2n be decomposed by
thermal and catalytic cracking to produce straight chain alkanes
and alkenes.

The pyrolysis distillstion experiments on the Green River
shale and the Scecttish Torbanite pose an interesting problen.
Where the complex mixture of hydrocarbons liberated can distill
out of the shale, the yield of distillate (shale o0il), is high
(SOOOC, ca. 107 by weight of our sample of the Green River
shale and up to 40% by weight for the Scettish Torbanite), the

geclogical parallel would be an igneous intrustion into or near




Fiaure 7

The g.l.c. record of the alkane and alkene fractions isolated
from the products of pyrolysis of the Scottish Torbanite at

500°C.
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to a sedimentary formation, the liberated hydrocarbons possibly

126,127 , 128,

appearing as veins of hydrocarben minerals.
shown that ignevus intrusion into sedimentary formations leads
to thermal decormposition of the organic matter, yielding low
molecular weight hydrocarbons. However when the laboratory
pyrolysis is conducted in a closed gystem, the hydrocarbons
initially formed suffer further breankdown and eventually carbon-
isation, as has been shown in Section 1 by the pyrolysis of the
n-octacosane at 375°C, and later in this Section by the pyroly-
sis of the Green River shale at 375°C,

The mineral wax, Hatchettite, to be discussed later in
this Section,is 2 probable example of a vein of hydrocarbon
naterial formed by geological distillation.

Thermal Alteration for Prolonged Pericds in Sealed Vessels

In contrast to the previous experiments where the pyroly-
ses were carried out over a period of three hours, thermal
alteration of the Green River shale was conducted for long
periods of time at different temperatures in sealed vessels.
To maintain strict control, another analysis was conducted on
a smaller sarple (4 g) of the Green River shale., Since lower
temperatures were to be used, :esulting in correspondingly
lower yields, it was felt that comparable results cculd only
bz obtained in these cases from comparable sample sizes. The

extractiocn and analysis of the 4 g sample was conducted in
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exactly the same way as before, but a lower yield for the
solvent-soluble extract was obtained (0.6% vs 1.7%). The reason
for this is not clear and it can only be explained by losses in
the work—up procedure becoming mor= apparent on small samples.
This should be investigated for futurec work and possible
amendments to the techniques tried. Yere again, the use of

4

tracer (C1 labelled) compounds would be extremely useful, By

the addition of z known quantity of the tracer (e.g. an n-

alkane Uniformly - Cl4

labelled) to the powdercd sediment,
estirates of losses during the extraction procedure could be
made and the sources cf loss of material found by monitoring
all the solvents after use, the sediment residue and the
chromatography adsorbants (both columm and thinm layer), Thé
yields for the alkane, alkena end aromatic fractions are
shown in Table 2, The distribution patterns were the sarme as

those obtained previously.

Green River Shale ~ Pyrolysis in a Sealed Tube at 375%

After 150 hours at 375°C the tube was opened to the acc~
ompaniment of a violent explosion. Fortunately the tube had been
carefully wrapped in clean aluminium foil, so only ca. 157
of the powdered shale was lost. The pressure was probably
caused by the formation of low molecular weight gaseous hydro-
carbons, as found in the pyrolysis of the n-octacosane., This

yielded only a small quantity of solvent-soluble material
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(Table 2), which contained major proportions of fractions re—
seibling olefinic and aromatic hydrocarbons in their chromato=-
graphic behaviour. These conditions, presumably involving both
thermal and catalytic processes, had extensively altered the
organic content of the shale and had resulted in almost iotal
destruction of the alkane fraction, including the steranes and
triterpanes present in the untreated shale. The shale residue
was completely black in appeazsonce, thus testifying‘to the ex~
tent of carbonisation affecteé at this temperczture in a closed
systen. The very low yields (Table 2), e.g. ca. O.1 mg for the
alkanes from a 3 g 3ample of shale, make the figures in Table 2
approximations only, because of the inaccuracies involved at
this level. Nevartneless, the general trends noted above are
still recognisable and the olefinic and avomatic cuaracter of
the products had increased. The alkenes were not analysed by
infrared spectrocscopy, but by their retention data on t.l.c.,
they were tentatively identified as trans and vinyl alkenes

as before.

Green River Shale -~ Low Temperature Thermai Alteration

By contrast, relatively mild thermal treatments at 200°¢
for 250 and 1000hr in closed systems brought about an increase
in the solvent—-soluble e#tract compared with unheated shale
(Table 2). The increased quantity of lower molecular weight

compounds must have ariser as a result of thermal and catalytic
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cracking of the kerogen. No striking differences wera found in
the respective alkane fractions compared to the room temperature
alkane fraction. However, alight increases in the relative pro-
portions of the higher molecular weight n~alkan~s were noticed

in the carbon number range C accompanied by increases in

20"C26°
the proportion of alkanes in the lower molecular wecight region,

around C range. The isoprenoid alkanes, farnezane, pris=—

12715
tane and phytane were still apparent, the latter two being
dominant. When this is considered together with the evidence
that even during the 500°C pyrolytic distillations of the Green
River and the Torbanite shales, pristane and phytane were not
completely destroyed, an interesting point is raised. As stated
in Section 1, branched alkanes have a higher thermal cracking
rate than n-alkanes because of the reduced activat’on energy
required to cleave a bond adjacent to the carben atoms bearing
the alkyl agidechain. Therefore, one would expect the iscpren-
oid alkanes to disappear due to fragmentation at a higher rate
than the n-alkanes. Since experimental data shows that pristame
and phytane do not disappear, one is led to the implication
that the kerogen can crack to produce branched chain compounds
together with straight chain material, Therefore the kerogen

is not composed solely of straight chain polymerised lipid

material, This is an importent point because of the identific-

ations of pristane and phytane from Precambrian sediments and
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many petroleums. since the presence of these isoprenoid zlkanes
is usually accepted as proof of a biological origin for the sed-
imented organic matter as has been discussed in the Introduction.
However, if a sediment does not show in its solvent-scluble ex-
tract significant proportions of pristane and phytane, this
should not be taken as evidence of an abiogenic origin, until
the kerogen of the sediment has been examined, possibiy by py-
rolysis, for the presence of isoprenoid material.
Hatchettite

This 1s a typical hydrocarbon mineral wax which has been

29

classified by Hunt et al,1 together with Ozokerite, Montan

wax and scheerite, as constituents of bitumen.. Hatchettite was

first described by Coneybeare130

who found it in ciay-ironstone
nodules from Merthyr, Glamorgan. The Hatchettite used in this
examination was found by Mr. N, J. Firth131 in clay-ironstone
nodules from the Rhondda Fach, Glamorgan, in mine tips from a
Lower Coal series formation. The mineral occurs as a yellow-green
waxy mass bridging the fissures inside the nodules and is ass-
ociated with iron and nickel minerals, e.g. siderite e¢nd miller—
ite (NiSO4). Firth has proposed that these catalytic minerals
probably acted as catalysts for the polymerisation of low mecl-
ecular weight alkenes to form the Hatchettite deposit (1arge1§

gsaturated alkanes of high molacular weight). However, in view

of the preceeding results and discussion of thermal alteration




processes, the author proposes that the Hatchettite deposit is
probably a natural example of thermal alteration caused by
igneous intrusion into a sedimentary formation. Thus, the sedi-
mented organic material would distil off gnd crvstallise as
veins of hydrocarbon mineral wax. Some catalytic polymerisation
could occur, but low molecular weight alkenes would probably
react to form a random distritution pattern of alkanes with a
higher propcrtion of branched and cyclic material, than is found
in the laboratory experiments involving thermal alteration.

The Hatchettite was examined by analytical and preparative
silver nitrate impregnated silica t.l.c. and on separation of
the fractiong,afforded an alkane fraction which was 857 by weight
of the wax. The alkane fraction was examined by capillary.
g.l.,c. and a carbon number range of 37816 - Efc@s was found,

-

with a carbon number maximum at n-C,., as shown in Figure 8.

25
The distribution pattern was smooth with a small proportion of
branched and cyclic alkanes. The carbon number range found for

the Hatchettite is similar to that found in nature, i,e. Cig = C

C 40 °

There .was . 1o evidence for the presence of cycloalkanes such

as sterames or triterpanes. Thus these results sesem to fit the
experimental laboratory data in that thermal alteration of sedi-
mented organic material at temperatures up to 520°¢ genarate
mostly n-alkanes both from the kerogen and non-kerogen msterial,

Also, the biological distribution patterns for the p-allanes,
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The g.l.c. record of the alkane fraction isolated from the

mineral wax, Hatchettite, amnalysed by capillary g.l.c.
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are readily transformed to smooth distribution patterns similar

to those found for ancient sediments and petroleums.
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EXPERIMENTAL

General

Preparation of Shales

The Green River shale and the Torbanite (provided by the
Hunterian Museum, University of Glasgow) were prepaved for
examination by first washing the exterior of the pieces of rock
with a mixture of benzene/methanol (1:1) and then pulverising
in a disc mill for 15 min to give a powder which passed through
a 100 mesh gieve,

The thermal alteration experiments with powdered shale
samples were carried out using four different procedures.
To.ea¥ure  representative samples of the shale, 2 g poftions
from a large quantity of sieved and thoroughly mixz=d powdered
shale were used. These aliquots were then compressed using a
hydraulic press at a pressure‘of 8 tons/sq.in. in 2n infrared
sodium chloride die (13 mm). These compacted pellets were then
placed in small Parr pressure bombs fitted with Teflon seals
and sealad under nitrogen and the bombs placed in an oven at
the required temperature.

Thermal Alteration Techniques

Secondly, a small insulated heating coil was constructed,

consisting of asbestos paper wet-moulded around a glass tube of
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the required diameter and left to dry. Then 11 £t of 2.82hm per
ft resistonce wire was wound carefully onto the asbestos tube,
The insulation was provided by further layers of wet-moulded
asbestos paper on top of the resistance wire and finally com~
pleted by twc layers of asbestos rope. The temperature was con=
trolled by a Variac and the coil and the Variac carefully cali-
brated. The dimensiong of the heating coil were 5" x 1" i.d.
Glass vacuum distillation units were constructed from Pyrex
glass with a cold txap (Fig. 2). The powderad shale was loaded
into the charge space with clean glass wool and the end sealed,
A vacuum was applied witn shaking of the tube using an electric
oil pump and finally the unit placed inside the heating coil

and the open ends of the coil insulated with glass wool packing.
The vacuum distillation was then carried out at the required
temperature using the Variac control.

Thirdly, the powdered shale was placed in clean Pyrex glass
tubes under vacuum (oil pump) with shaking and the open end
sealed. The sealed tubes were then placed in a muffle furnace
at the required temperature. Finally, sublimation of the organic
material from the powdered shales was carried out using a
sublimation unit and clean sublimation tubzss under vacuum
(oil puzp).

Extraction of Pyrolysis Products

The pellets used in the prolonged thermal traatment of



76

the shales and the powdered shales were afterwards extracted
ultrasonically with a mixture of benzene/methanol (3:1). Tae
suspension was centrifuged and the supernatant solution was
evaporated to give a crude extract. The pyrolysates which coll-
ected in a cold trap from the pyrolysis of the shales, were re-
covered using a golvent mixture of hexane, benzene and ethyl
acetate, and then evaporated te furnish the crude extract.

The analytical techniques usa2d in the separation and work-
up of the differant classes of compounds includad colum
chromatography with neutral alumina, thin layer chromatography
(t.l.c.) using silica gel impregnated with silver nitrate, both
on analytical and preparative scales, and finally gas-~liquid
chromatograpay (g.l.c.). The spectroscopic techniquesincluded
ultraviolet (u.v.) and infrared (i.r.) spectroscopy and mass
spectrometry. The final identification step usually iavolved
combined gas chromatograrhy — mass spectrometry (g.C.—m.8.).
Full details of these techniquas are provided in the General
Experimental for Part II of this thesis.

The scparation and analyvtical procedure for the hydrocar-
bon fractions from the ghale extracts and pyrolysates is shown
in Figure 9.

The alkanes were sieved using §" pellets of 5§ 2 molecular
sieve activated to 375°%C for 24 hr. Separation of n—alkomes

from branched and cyclic alkanes could still be achieved with
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Figure 9

Flow Diagram Showing the General Separatory and Analytical

Techuiques Used for the Isolation and Analysis of Hydrocarbons

Powdered Shale

Extract or Pyrolysate

A1203 column

chromatography

Total Hydrocarbons

Preparative t.l,c.

(AgNo3ISioz)
Band 1 Band 2 Band 3 Band 4
Total Alkanes "Alkenes" "Alkenes" "Aromatics"

(nainly trans) (meinly vinyl)

5 8 wol- (52 PA/C hydro-
ecular sieve genation in

ethyl acetate)

n-Alkanes Alkanes Alkanes
Branched/Cyclic

Alkanes
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quantities of mixed alkanes of less than 1 mg when the appar-
atus was gscaled down to an appropriate size. A detailed des-
cription of the gieving procedure is given in the General Ex-
perimental section for P.rt II of this thesis.

This work was mostly conducted in the early part of the
three year period covered bj the thesis and some of the
techniques have now been improved so that better results are
poséible. In particular, the use of g.l.c. has been greatly
enhanced by the advent of capillary colums. All but one of
the g.l.c, Figures shown in thig Section were obtained on
packed colums and therefore were low resolution analyses. The
analysis of the Hatchettite was conducted in 1968 and there-
fore capillary ecolumms were used, thus providing a comparison
of the advantages of using high resolution g.l.c¢. when Figure
8 is compared with Figures 3, 4, 6 and 7 in which packed

colums were used.
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EXPERIMENTAL

Room Temperature Solvent Extraction of Green River Shale as

Control

Powdered Green River shale (20 g) was u;trasonically ex-
tracted with benzene/methanol (3:1) for 5 hr with 5 changes of
solvent, The total extract was then evaporated to give a gum
(0.352 g, 1.76%7) which was treated as summarised in Figure 1o,

Column chromatography was carried out using neutral
alumina (100:1) activated at 120°C for 30 min and the eluents
were hexane and benzane. Evaporation of the eluate furnished
the total hydrocarbon fraction, which was then separated into
alkane, alkene and aromatic hydrocarbons by preparative t.l.c.
on 1 mm layers of silica gel containing 107 silver nitrate.
Development with hexane/benzene (9:1) afforded four bands which
were 'cut-out' and eluted with diethyl ether to extract the
fractions. The purity of each fraction was checked by analytical
t.lec., i.r. and g.l.c. (The yields are shown in Table 1).

The total alkane fraction was separated into normal and
branched/cyclic fractions by boiling a solution of the alkanes
(1 part) in iso-octane with 5 £ molecular sieve (60 parts) for
three days. This gave 12% n-alkanes and 787 branched/cyclic
alkanes, with 10% loss. The overall yield per 20 g of shale

was, 0.027 n-alkanes and 0.17% branched and cyclic alkanes,



Figure 10

Flow Diagram for the Separation of the Total Alkane, Alkene
and Aromatic Fractions from a Room Temperature Solvent

Extract of Green River Shale

Crude Extract
(352 ng)

(i) Alzo3 columm chromato-

graphy, eluted with 800 nl
benzene,

(ii) Evaporated and weighed.

Total Hydrocarbon
(100 ng; 0.5Z yield)

AgNO3/SiO2 oreparative t.l.c.
benzena/hexane (1:9)

Total Alkanes Total Alkenes Aromatic Hydrocarbons
(43 mg; 0.207) (17 mg; 0.107%) (13 mgs 0.072)
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Infrared exanination of the alkenes indicated the presence
of trans-disubstituted aad tri-substituted double bonds at
965 cmfl and 815 cm-1 respectively. The alkanzs were hydrogen~
ated using 57 palladium on charcoal as catélyst and ethyl acetate
as solvent. ilydrogenations were carried out in a micro-scale
apparatus which permitted the efficient hydrogenatiou of less
than 1 mg of material. The hydrogenated products wers isolated
in the normal way (filtration through alumina, evancration,
preparative t.l.c.) and then examined by analytical g.l.c.

CGas chromatograms of tne above hydrocarbon fractions are
shown in Figure 3. The branched/cyclic and normal hydrocarbons,
specifically or generally indicated have been icentified by

12-14 and in Part TI of this thesis. The ident-

pravious workers
ities of most of these peaks have been confirmed by combined
g+Ce~m.5. at Glasgow University on the LK3 3000,

Pyrolysis of Green River Shale at 300°C and 500°C

Powdered Gresn River shale from the same batch as above
n0
(1 g) was pyrolysed under vacuum (at 300 and 5307°C, 0.3 mm Hg)
s s 0 or
for three hours and the distillate (e.g. at 520°C, 92 mg, 9,2%)
was collected in a cold trap. This was then separated as shown
in Figure 11 and the yields are shown in Table 1. An i.r. examin~
ation of the alkene fraction (i) showed absorption due to
B -1, .. vy Lo trimsubstituted
trans double bonds (955 cm ) witn possibliy some tri—substituted

. -1 L ,
double bonds (weak sbsorption near 820 cm ), while alkene
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Figure 11

Flow Diagram for the Separation of the Alkane, Alkene and
Aromatic Fractions from the 500°C Pyrolysate of

Green River Shale

Pzrolxsate
(92 mg)

A1203 colurn chromatography

Total Hydrocarbon
(39 mg; 4.37 yield)
AgNOSISiOZ preparative.t.l.c.
benzene/hexane (1:9)

Total Alkones. Alkenes (i)  Alkenes (ii) Aromatic

Hydrocarbons
(14 mg; 1.47) (4.5 mgs 0.447) (6 mg; 0.56%) (O mg; 0.90%)




fraction (ii) showed absorption due to vinyl double bonds (990
and 91D cmfl) only. The total alkanes were sieved as before
which gave the n-alkanes (457 of the total alkanes, 0.607 by
weight of shale) and the branched/cyclic alkanes (55% of the
total alkanes, 0.70% by weight of shale). The normal and the
branched/cyclic alkanes were then examined by combined g.c.~m.s.;
the 017, Cso and C29 n-alkanes, pristane and phytanz were
identified (Fig. 4). The alkene fraction (i) was hydrogenated
with 57 palladium/charc§a1 in ethyl acetate. iowever, as before,
incompiete hydregenation occurred, again, probably due to the
known difficulty in reducing sterically hindered, tri- and
tetra-substituted, double ands.

The alkene fraction (ii) was hydrogenated as above and the
alkanes obtained were examined by combined g.c.-m.s. This showed
that the prominent peaks correspond to the normal alkanes rang-
ing from 015-032. No attempts were made to identify the small
peaks.

Pyrolysis of the Scottish Torbanite at 500°C

The yields and composition of the alkane and alkene fractionms
are summarised in Table 1. Some data for the room temperature
solvent extract are given for comparison purposes. K Pyistane
and phytane were present in the branched and cyclic fraction;
there were no alkenes apparent and the aromatic fraction was

not examined. After pyrolysis at 500°C the alkane fraction had
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increased to 2,7% with a c.p.i. value of about 1.0. There were
now 5.7% of alkenes present, mainly n-alk-l-enes and trans—n-
alkenes with a c.p.i. value of about 1.0, and an aromatic frac-
tion of about 227.These results are similar to those found for
a distilled oil supplied by industry,118 obtained by retorting
the shale. The difference in the percentage of alkaunes at 20%
and 500°C is not likely to be due to the differences in the
isolation technique, but rather to the formation of hydrocarbcns

as discussed earlier.

Room Temperature Extraction of a 4 g Sample of Green River Shale

Two pellets (2 g each) of powdered Green River shale from
the same batch as before wers extracted with benzene/methanol
(3:1, 3x1/2 hr), affording a 0.6% yield of extract. Columm
chromatography on neutral alumina with hexane as eluent resulted
in a hydrocarbon fraction whose yield was C.2% by weight of
shale. Preparative t.l.c. on silver nitrate impregnated silica
separated the hydrocarbon fraction into the salkane (C.11% by
weight of shale), alkene (0.057% by weight of shale), and aro-
matic (0.04Z by weight of shale) categories (yields are shown
in Table 2), using n-hexane as eluent. G.l.c. analysis of the
alkane fraction ravealed the same distribution pattern as befora,

Pyrolysis of the Green River Shale in a Sealed Tube

Powderad Green River shale (3 g) from the same batch as

before, was sealed under vacuum in a clean glass tube and heated
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at 375°C for 150 hr. The tube exploded on orening with 2 result—
ing loss of ca. 152 of the contents. The explosion was probabiy
caugsed vy the formation of large quantities of low molecular
weight hydrocarbons which placed the glass tube under graat
pressure, After extraction as usual with benzene/methanol, prep-
arative t.l.c. on silver nitrate impregnated silica was used

to geparate the extract into the alkane, alkene and aromatic
categories. The yields are shown in Tablec 2. Thc most notable
feature was the almnst total destruction of tha alksne content
of the saale. Oaly 57 of the extract was cof alkanc charactar
(cf. 567 ir the control experiment). The alkans fraction wsas
examined by capillary g.l.c., revealing no outstanding pegks.

Prolonged Tharmal Alteration of the Green River Shale in Sealad

Vessels

Four pellets (2 g each) of the powdered Green River shale
were placed in Parr bombs (fitted with Teflon seals) under an
atmosphere of nitrogen and heated at 200°C for pariods of 250
and 1000 hr. After the hast treatment the pellzts ware extracted
as usual with benzene/methanol ultrasonically. The extracts
were separated by analytical and preparative t.l.c. oa silver
nitrate impregnated silica, using n-hexane 28 cluent. The yields
for the alkane, alkene and aromatic fractions avc shown in Table
2. The alkane distritution patterns were exarined by analytical

g.l.c. using a packed columm and a capillary celumn and on two
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different g.l.c. instruments to be reasonably sure that any
minor differences observed were reproducible under different
analytical conditions. The general trends appeared to be that
there were slight increases in the proportions of the n-alkanes
in the carbon number range 020-026’ accompanied by similar in-

creases in the lower range C However it is not possible

127¢15°
to make detailed comparisons between the control experiment, the
250 hr thermal treatment and the 1300 ar thermal treatment, be-
cause the first two were conducted at Glasgow before the large
scale oxtraction of the Sreen Piver shale was carried out in
c¢ollaboration with Mr. B. Urquhart. The analysis of the large
scale extract revealed an interesting result. The total extract
was carefully separated using colurmm chromatography (neutral
alumina) with n-hexane as eluent. Unexpectedly, this did not
elute all the saturated hydrocarbons from the extract. On sub-
sequent 2lution of the column with benzene, a fraction was ob<~
tained which was solely long chain n-alkanes, predominately
37025 and upwards. Previously, it had been assumed that the
elution with a-hexane would furnish all the alkanes from an
extract, and this had been the procedure used for the control
experiment and the first 250 hr thermal treatment of the Green
River shale., The last experiment, the 1000 hr thermal treatmernt,

was carried out with this knowledge,and the hexane and benzene

eluates were combined before further separation with preparat-
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ive t.l.c. Thus the alkane fractions from these three experi-
ments are not strictly comparable. Nevertheless, the above
general trends are still largely valid.

However, because of the differences in the separation tech-
niques, the prolonged thermal alteration experiments om the
Green River shale should be repeated before dafinite conclusions
can be drawn from the results. The revised separation technique
should be used and the analysis of the alkane and alkene fract-
ions should be conducted using capillary columms sc that small
differences in the distribution patterns of these fractions are
more easily observed. Since these experiments have to be repeat-
ed, it would be worthwhile conducting additional experiments

14 labelled compounds such as an alkane and a fatty ecid,

using C
added to the sediment and treated to the same ccnditions as be-
fore so that further insight into the mechanisms may be obtained,
since the radio t.l.c. scanner and radio g.l.c. instruments
should be available shortly.
Hatchettite

The mineral wax was dissolved in methylene chloride/hexane
(1:1) and the alkane fraction obtained by separation using prep-
arative t.l.c. on silver nitrate impregnated silica, eluting
with n~hexene. The alkane fraction was extracted from the ac-

sorbent as usucl and reprecsemted 85% by weight of the wax. Anal-

ytical capillary colum g.l.c. afforded the alkane distribution
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pattern shown in Figure 8. The column used was a 200' x 0.01"
stainless steel column coated with 7 ring metapolyphenylether.
Peak identification was carried out by coinjection of authentic

g-alkanes .
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CONCLUDING REMARKS

The experiments with n-octacosane, with the Green River
shale, and with the Scottish Torbanite show: that cven brief
. . o
exposures, in geological terms, to temperatures of 200 C or over
must result in extensive alteration of sediments containing or-
ganic debris. The absence of odd/even carbon number preference
in the n-alkane fractions isolated from crude oils derived from
101 . Op 1 1
deep wells, wihere temperatures can reach 200°C is thus read-
ily explained. Certainly a lack of odd/even predeominance cannot
. P , 567=69
be taken as evidence of either abiotic synthesis or an un-
usuzal origin (in the sense of a smocth carbon number distribution

8,11,12 since

for the constituent n-alkanes, n-fatty acids, etc),
thermal alteration will quickly eliminate any carbon number
altarnation. Considaring the extremely complex nature of the
organic debris in a sediment, it is cbvious that no one class
of organic compound such as the alkanes can te solely respons-
ible for the production ~f petroleum. Experimental evidence is

available which bears on the thermal and catalytic alteration of

alco~-

4 catalytic clay such as bentonite can only be 2 poor
approximation to the complex mineral matrix comprising most

sadiments. It is cormonly assumed that such matrices possess
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marked catalytic properties and to some extent these have been

demonstrated by laboratory 2xperiments involving heat treatment

of sediments.ge-loz In effect, thermal alteration in the labor-

atory of a complete sediment such as the Green River shale can
provide information on the alteration of a very wide range of
compounds, but the situation is experimentally complex. The Green
River shale itself has lLad a mild thermal history112 anc the ex-
tractable alkanes have carbon numbers and carbon skeletons very

13,47,48

suggestive of a plant origin, typified by the cuticular

waxes of land plants.9 Most carbon skeletons formed bioleogically

range in carbon number from C and Mair24 has pointed out

10"C40
that probably well over 957 of the hydrocarbons in petroleum

have carbon nuwbers below 40.

100,101 and Mitterer and Hoering99 using kerogen alona

Welte
and in the original sediment, have arrived at similar conclus-
ions that thermal alteration is an important diagenetic process,

2
while Brooks and Smithlo“

have related the n-alkane patterns of
different coals to their rank and the presumed extent of thermal
aiteration. In an earlier survey, Muellerlz6 related the com—

position of hydrocarbon minerals to the presence of hydrothermal

132,133 involving the oxidative and hydro-

wveins. Recent studies,
lytic degradation of the Green River kerogen demonstrate the
abundance of long alkyl sidechains. The kerogen is presumably

formed during early diagenesis and represents an accumulation.




91

of many types of compcunds interlinked and cross-linked by a
variety of covalent bonds.

The relatively high sbundance of the straight chain mater-
ial in the pyrolysates of Green River shale and Seottish Torban=
ite represents pre-existing straight chain material 'cracked!'

.’},.
from the karogen matrix. Helta 00101

found that pre-extracted
samples of a non-marine Eocene 0il shele when heated gave fresh
extractable material, the c.p.i. value of which decreasad with

increasing temperature, becoming unity-at temparatures above

300°C, It seems unlikely that the straight chain hydrocarbons
nr

]

derive from pre-existing branched chain materizls”™ since high
temperature pyrolysis of n~alkanes yields a homologous series

of n-olefins while branched alkanes yicld mainly branched olafins.
1f this inference is correct, then pyrolysis experiments will

give useful results about the nature of kerogen. This type of
experiment will be useful in the laboratory and, possibly,in
autonated planetary probes.

Isoprenocid nydrocarbons such as pristane and phytane are
major constituents of some crude oils and scdiments of Precam-~
brian age. These compounds can be generated {rom kercgen by
thermal cracking, their production thereby countering their more

. . 99
rapid destruction.
The thermal cracking processas require the formatica of

2qual amounts of alkanes and alken2s. Alkenes are normally trace
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constituents of petroleums and sediments, so if thesc mechonisms
apply under geological conditions, then the initially formed
alkenes must be removed, possibly by conversion to other pro-~

93,102,125 .

ducts such as cyclic and aromatic hydrocarbens.
processes which may overate in a sediment include, hydrogenat=
ion,gg oxygenation and polymerisation.38 Olefins and alkanes
undergo thermal cracking at zbout the same rate, but in the pre-
sence of an acidic catalyst such as bentonitc the olefins form
carbonium ions more readily and crack at a much high rate.92
Olefins formed by thermal cracking might well undergo isomer—
isation, rearrangement, cyclisation and hydrogen transfer in the

35,99 .. . .
While thermal cracking nroduces

presence of such catalysts.
high concentrations of n-alkames, catalytic cracking therefore
produces mostly branched and cyclic alkanes.92 2 coobination

of both processes could explain the relative proportions of
normal, branched and cyclic alkanes found in sedinments, partic-
ularly when the supposed biological source material is deficient
in cyclic and branched carbon coupounds. Water is present in
sedimentary deposits during diagenesis but it is cvident from
the laboratory experiments that watzr doss nct inhibit thesa
alteration processes, though it does affcct the composition of
the In:c:‘ducts.77'-7‘3

Thermal alteration of most sediments and crude oils does

not appear to have proceeded to anywhere near completion, which
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is in accord with the observation that sedimentary formations
generally experience temperatures in the range 20-200°C. For
this range we have no lsboratory data, But, it seems raasonable
that processes bringing about alteration of organic materials
at 200°C and above in the laboratory may alse be cffective in
sedimentary formations at much lower temperatures, over geolog
ical time measured in millions of years. The organic debris is
trappaed in close contact with the silicate matrix and the varying
proportions and type of the two materials will affect the ex-
tent of tlte thermal and catalytic alteration. Furthermorz, ex—
tensive physical and chemical date from the Los Angeles and
Ventura basins have led P‘nilippilo4 to coacludz thiat the bulk
of oil generataed in these basins takes place at temperzatures
sbove 115°C, Estimates of the extent of zlieration which could
conceivably take place during a2 given peried of geolozical time
and within a given range of temperature have besn made 2nd
are said to precluds extensive thermal (radical)cracking. Kin-
etic data are not available for the catalytic cracking which
may occur under sadimentary conditions. Nevertheless, it appoars
from the foregoing results and the work of other researchers
that thermal and catalytic alteration of biological source mat~
erial in sediments occurs to an appreciable extent and rust be,
at tha least, a contributory factor in the genesis of petroleum,

becoming of increasing importance with increasing age, depth of
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burial and temperature.

Future work which could be done in this area is varied and
extensive, The thermal alteration of sediments, e.g. tha Green
River shale, at temperatures of 200°C and lower, needs to be re-
peated with particular attention being paid to the consistency
of the extraction and separation procedures. The use of capillary
colum g.l.c. will allow small differences in distribution patt-
erns of the alkanes to become more readily apparent. Experiment-
al data obtained for several differont temperatures will allow
the use of the Arrhenius equation and therefore will produce kin~
etic data which may then be used to predict the extent of alter-
ation possible under different sedimentarvy conditions.

The use of ct* 1abelled alkanes should give further insight
to the mechanisms involved in these alteration processaes. A
particularly interesting and crucial experiment would be the

14 labelled isopreneid alkone such as phytane to

addition of a €
a sediment, before the thermal treatment. In this way some
kinetic data could be obtained sbout the rate of des:iruction of
isoprenoid alkanes in a sediment, not bound up in the kerogen
matrix, which could then be compared with the rate of generation

of the isoprenoid alkanes from the kerogen under the same con-

ditions.

. 99
In a similar way, the results of Mitterer st al™" could be

further investigated. The addition of labelled alkenes to the
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sediment would allow their rate of raduction to be established
quantitatively and could also be used to quantitate the dehy-
dration of alcohols.

Further work needs to be done on the thermal and catalytié
alteration of individual organic compounds, like the n~alkanes,
the branched and cyclic alkanes, the fatty acids and alcohola.
The use of labelled compounds would be an invaluable aid in
these experiments. The effects of alteration require to be
studied at many different temperatures with many different cat-
alysts, including the use of powdercd shales (previously having
had the organic content removed).

Work should be started in the areas disclosed by Part I
of this thesis. The effects of igneous intrusions into sedi=-
mentary formations has to be studied on authenticated specimens
of metamorphosed sediments and coals, and attenmpts made to re=-
late the differences in distributicn patterns of the alkanes
found for different degrees of metemorphosis and thus thermal
alteration.

Finally, a search for gzogenetic marlers should be started.
This would mean attempting to isolate and identify compounds
from untreated shales which could be related to sowme degree
of thermal and/or catalytic alteration, cr any of the other
prcbable diagenetic processes, e.ge dehydrogenation of steranes

and triterpanes to produce partially aromatised compounds.



O
[@2Y

This type of approach would be axactly analogous to the long-
standing search for biclogical markers. In this work, a consid-
erable contribution could be made by laboratory experimentation
involving simulated envircnments. A typical example of a useful
experiment could be: a plant of kamm steroid and triterpenoid
content could be subjected to simulated conditions for a sedi-
mentary deposit, i.e. suspension under water with powdered min-
erals and a reducing atmosphere provided; after varying pericds
of time, the effecty of this traatment on the steroid and tri-
terpenocid content could be examined. In this way, data might be
obtained which could help to exvlain how, and when, cycloalkanes
are formed in a sediment, The variety and scope of possible
experiments appears to be unlimited, when one comsiders the
variety of organic compounds in nature which must eventually be
deposited on the earth's surface and then become incorporated
in a sedimentary formation, and thus, sometime, experisnce dia-

genetic alteration.
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ISOLATION AND CHARACTERISATION OF CYCLOALKANES

FROM A SEDIMENRT
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INTRODUCTION

Organic Geochemistry is concerned with the search for
molecular carbonsceous remnants from sediments, petroleums
and coals. The origin of these rermants is of extreme import-
ance. It is now widely accepted that most of the organic com—
pounds found in geological samples had a biological origin.
The organic constituents of a shale or other geological sample
are fossil natural products in the respect that the original
compounds were synthesised by living systers and became in-
corporated in the shale by the normal sedimentary processes.
To substantiate this theory, we have to relate any compound
identified from a geological source to a known precursor in
the plant or animal kingdom, Thus the term biclogical marker
was coined, indicating that the structure of a compound iso—
lated from a geological sdﬁrce was identical to, or could be
closely related to, a compound known to be produged by a
living system. For biological markers to be of value, they
should have good chemical stability to diagenesis and matur—
ation, they should not be synthesised in significant quantities
by abiogenic processes and they should possess a high degree
of specificity in their skeletal features.

Frequently used biological markers include the normal

alkanes,l-6 the 2= and 3-methyl a1kanes,3 the isoprenoid
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alkanes (2,6,10~trimethylundecane, farnesane, pristane and

7-12 the corresponding isoprenoid acids,13 the por-

-7 o
18-24 the triterpenoidszo 32 and

phytane),

14-17 ¢

phyrins, he gteroids,

the tetraterpenoids.33

The steroids and triterpencids possess a high degree of
specificity in their structures which make them ideal biological
markers. The optical activity exhibited by many petroleu3337
has been associated with polycyclic hydrocarbons and it has
been postulated that these may be steranes and triterpanes
derived from naturally occurring steroids and triterpen-

5.18,19,37 28,29 _

oid The work of Hills and Whitehead
Danieli 55_5127 on crude petroleums has corroborated this
theory., Tenta*ive evidence for the pres..ce of steranes

and triterpanes in sediments has been afforded by the work
of Burlingame 55_3121 and Murphy EE_El'33 Ruhemann and Rand38
found betulin (1), allobetulin (2) and oxyallobetulin (3) in

30-32 found betulin and related com—

brown coal. Sorm et al
pounds together with friedelin (4) and ursolic acid (5) in
Czech, brown coal. Barton et al23 identified oxyallobetulin

24 had isclated from an American crude

which Carruthers and Cook
petroleum, Hills et 3126 isolated and identified thea saturated
triterpane, gammacerane, from the Green River shale. These

findings, together with the knowledge that the occurrence of

steroids and triterpenoids is widespread throughout the plant
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CHOH




111

ard animal kingdoms, seem to indicate that these compounds
are ideal bioclogical markers.

Biogenetic Classification of Terpenoids

Little is known at the present time about the biosynthesis
of steroids and triterpenoids. It is widely accepted that the
precursor of steroids and triterpencids is squalene epoxide39-41
(6) and that enzymes act as templates to hold the subst.ate in
single rigidly folded conformations with the olefinic double
bonds appropriately juxtaposed for cyclisation42 (Figure 1).
This rrould account for the high degree of stereo-specificity
found in steroids and triterpenoids, e.g. B-amyrin (7) has
eight aéymmetric centres and therefore theoretically 256
stereolsomers could be derived but only 2 single isomer has
been found in living things. Ilowever, it is possible that the
paleobiogénesis of ancient organisms differed from modern
plant biogenesis in that more than one sterecoisomer was formed.
Another possibility could be that, even if the paleobiogenetic
system pro&uced only one of the possible stereoisomers, re-
arrangement has occurred in the sediment, producing more than
one sterecoisomer. Therefore, in the study of fossil cyclo~
alkanes from sediments or petroleums, sterecoisomeric mixtures
may be found which could complicate chemotaxonomic and paleo—
chemotaxonomic correlations.

Theoretically at least, the formation of all the known
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Figure 1

The possible conformations of squalene epoxide during the bio=-
synthesis of triterpenes, and the cycloalkane structures der-

ived from thewm.
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steroids and triterpenoids can be explained on the basis of

the biogenetic isoprene rule.40 Furthermore, the isoprene

rule suggests new triterpenoid structures which may yet be
discovered in nature.43 The proposed mechanism for the cyclis-
ation of all trams squalene epoxide,41 involves acid attack

on the epoxide ring which on opening,is followed by czyclisation
in a well defined sequence of quasi chair and boat conform=—
ations. This may be followed in some cases by friedo rearrange=-
ments44 (1,2 backbone skeletal rearrangements with a multiple
sequence) and 1,2 eliminations, e.g. Figure 2, This'assumes
that the cyclisation steps are synchronous, leading to a
common ion, which by rearrangements and eliminations, may form
many different structures. However, there are other possib-
ilities; the cyclisation and rearrangements may be syn*
chronous, but forming all the different carbonium ions
necessary; the cyclisation may follow a stepwise mechanism
wﬁereby each carbonium ion formed takes part in the subsequent
steps, forming other carbonium ions.

Figure 1 illustrates all the categories of biologically
derived triterpenes (as saturated hydrocarbons) kncwn at the
present time and the proposed squalene epoxide conformations
from which they may be derived. The structures have been
arranged so that the striking structural similarities are

immediately appnarent. For clarity, structures having a common
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Figure 2

s

The proposed cyclisation of quasi chair, chair, chair, beat,

all trans squalene epoxide and the triterpenes derived from it.
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proposed conformation of squalene as precursor are connected
by arrows. The different carbon skeletons can be accounted
for on the basis of different enzyme templates enforcing
different squalene conformations prior to cyclisation. Even
so, on examination horizontally across the lines of structures
in Figure 1, some partial similarities in structure are to
be found, e.g. adianane zud glutane or filicane and friedelane.
It may well be that the enzyme templates differ only partialiy
in some cases and that these different structures may well be
derived from the same conformer of squalene epoxide.
However, the biosynthesis of steroids and triterpenoids
via the biogenetic isoprene rule from squalene epoxide cannot
alone lead to & cycloalkane. (Most tricyclie, tetracyclic and
pentacyclic terpenes found in geological samples are present
as saturated hydrocarbons, although oxygenated compounds have
been found as detailed above and there is some evidence for
the presence of unsaturated hydrocarbon triterpenes in the
Green River shale.) If these compounds were to be formed by
plants and animals, a reductive enzyme system would have to
be invoked. However,no saturated steroid or triterpenoid
hydrocarbons have been found in nature up to the present time,
The only hydrocarbon triterpenoids found in nature so far are

the unsaturated triterpenoids fernene (8),45 adianene (9),45

6
diploptene (10)4’ and taraxerene (11).47
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The Geological Environment

The presence of steranes and triterpanes in geological
material may be explained in two ways. Firstly, they may have
been formed from the naturally occurring steroids and triter—
penoids during diagenesis and maturation of the sediments.
The various alteration processes which may occur have been
thoroughly discussed in Part I of this thesis; they are
thermal, catalytic, radioactive bombardment and bacterial

activity..ae’49

By one or more than one of these processges it
is possible tﬁat reduction of olefinic double bonds and oxy-
genated function329 and also decarboxylation by bacterial or
thermal activity could take place. Decarboxylation by bacteria
could explain the presence of nortriterrsnes in a crude
petroleum.29 This is not an unreasonable postulate since
most sediments exist in anaerobic conditions and certain
bacteria operate under these conditions,so liberating methane
and thus contributing to the existing reducing environment.
The second hypothesis could be that the steranes and
triterpanes have been formed by organisms, now extinct, with
an enzymatic system capable of reducing steroids and triter-
penoids to the respective saturated hydrocarbons, unlike
contemporary organisms which, sc far as is known, dc not
possess such a systen.

The diagenetic and maturation processes, while providing
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the facilities for reduction and decarboxylation, may also
cause skeletal rearrangements. So that mot only do we have to
isolate and identify reduced steroids and triterpenoids of
known carbon skeletons, but we also have to consider and look
for new types of structures. In fact, in attempting to identify
fossil products of biological origin, there is the possibility
that new structures may be found which have not baen encountered
before in organic chemistry. This could create serious prob-
lems on the analytical side, since a new 'unknown' structure
night not follow any of the general or predicted patterns of
behaviour, and no authentic material would be available for
comparison with it, and if stereoisomerisation has occurred,
e.g. in the sediment, the behaviour of the isomers would
overlap.

Chemotaxonomic Correlations

The occurrence of steroids and triterpenoids in contemp-
orary plants and animals may be briefly summarised as follows:
steroid nuclei with no substituent in the 024 position in the
sidechain occur widely in all types of organisms, but only to
a small extent in plants; 24~nethyl or methylens steroids
occur in plants (mostly fungi and algae) as well as in some
sea animals, e.g. oysters; 24-ethyl or ethylene steroids are
mainly found in algae and higher »nlants; squalene occurs

widely in plants and also in some aninals (in large quantities



119

in fish liver oil); caly tetracyclic triterpenes of the
lanostane and norlanostane type are found in animals; the
only pentacyclic triterpene found in animals so far is tetra—

hymanol (12) (gammacerane skeleton) in Protozoan tetrahymena?Zb

tetracyclic and pentacyclic triterpenes occur mectly in higher
plants and also to some extent in lower plants.

In order to make chemotaxonomic or paleochemotaxonomic
observations on the distribution of steroids and triterrenoids,
it is necessary to have much more accurate generalisations
than those just given above. Using an excellent review paper

51 as a basis, the distributions of

by Halsall and Anlin
steroids, tricyclic, tetracycli. and pentacyclic triterpenes

in the plant kingdom were examined. Steroids occur through._uat
the plant kingdom as free sterols and their esters. Triterpenes
occur widely in nature as hydrocarbons, ketones, alcohols and
glycosides and as acids. Both steroids amd triterpenes form
saponins, i.e. as glycosides. These couplex structures have

an important use, they are powerful surface active agents,
their water solutions foam when shaken. Also because of the
high yields obtained ffom some plants, certain saponins are
used as stdrting material for the synthesis of steroid
hormones to be used in medicine. Certain pentacyclic triter—
penes Have a widespread distribution, e.g. a- and B-amyrin,l’2

lupeol(lé), moretenol(lé},ffiedelinol(lS),betulin(l)g ursolic acid(5)
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oleanolic acid(l6) ané betulinic acid(17}. The most commonly
encountered plant sterols are ergosterol(18),stigmastercl(19)
B-sitosterol(20) ,stigmastanol(21) and spinasterol (22).

A chemotaxonomic survey of the occurrence of triterpenes
is attempted in Table 1. This has been asserbled by examining
the occurrence of steroids and triterpenoids in the nlant
kingdom. These are represented by the cycloalkane structures
which may be derived from the naturaily occurring biological
precursors by the effects of diagenesis, bacteria, thermal
alteration etc,in a sediment, provided we can disentangle
these effects. It can only be a preliminary survey, because,
althqugh many triterpenes and steroids have been isolated
and characterised, it is by no means certain that those re-
ported are the only‘structures present in a particular family
or order. It is entirely possible that they are the major
constituents of the triterpene and steroid category and that
minor constituents remain unidentified. Moreover, many in=-
vestigations of the distributions of steroids and triterpenoids
in plants have been conducted without the aid of the more
sophisticated techniques used today. It is entirely possible
that gome of the methods used, e.g, to isolate triterpenes,
could have excluded the steroids, or vice versa. The published
occurrences and distributions of steroids and triterpenoids

are probably by no means complete and that major, as well as
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A preliminary chemotaxonomic survey of the occurrence of ster-
oids and triterpenes is attcmpted. The storoids and triterpenes
are represented as the cycloalkane compounds which could be
derived from the former two classes of compounds.

Division Class

Angiosperms Monocotyledonae Graminales
' Herb. plants,
rice, wheat,
oats, etc.

Order

Cycloalkane distribution

Multiflorane
(D:C~friedo~0)

Taraxerane
(D=friedo=90)

Stigmastane

Dicotyledonae Sapindales
Ebenales
Primulales
Saxifrageles
Caryophyllzales
Meliales
Personales
Ve:benales

Ariales
Myrtales
Hammamelidales
Cactales
Rubiales
Rosales

Geraniales

Oleanane
Oleanane
Oleanane
Oleanane
Oleanane
Oleanane
Oleanane
Oleanane

Oleanane
Ursane

Oleanane
Lupane

Oleanane
Lupane

Oleanane
Lupane

Oleanane
Ursane

Oleanane
Lupane

Oleanane
Ursane
Lupane
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Table 1 continued.

Division Class Order Cycloalkane distribution

Angiosperms Dicotylodonae Euphorbiales Oleanana
(continued) (continued) Ursane
' Multiflorans
(D:C-friedo-0)
Bauerane
(D:C=£friedo-U)
Elemane
Dammarane

Fagales Oleanane

3,4=~seco-Oleanane

Ursane

Lupane

Glutane
(3:3~friedo-0)

Triedelane
(D:A-friedo-0)

Loganiales Oleanane
3,4-seco-0leanane

Ericales Cleanane
Glutane
(D:B- friedo~0)
Friedelane
(D:A-friedo=0)

Celastrales Friedelane
(D:A-friedo~0)
Utricales Lunane

Rhamnales Lupane
abeo-Lupane
(Ceanothane)

Asterales Taraxerane
(p=£friedo-0)
Taraxastane
(rearr. lupane)

Myricales Taraxerane
(D-friedo~0)

Umbellales Ursane



Table 1 continued,

Division Clase Order
Angiosperms Dicotylodonae Rutales
(continued) (continued)
Leguminales
Cruciales
Chenopodiales
Gymosperms Coniferalas
Pterophyta True ferns Filicales
Bryophyta Musci (mosses) Sphagnidae

Chlorophyta Chlorophycaea
(green algae)

Xanthophyta Xanthophyceae
(yellow-green
algae)

Euglanophyta Euglenophyceae
(Euglenids)

Rhodnphyta Rhodophyceae
(red algae)

Phaeophyta Phaeophyceae
(brown algae)

Chrysophyta Chrysophyceae
(golden algae
and diatoms)
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Cycloalkane distribution

Ursane
Arborane

Oleanane
Onocerane
Ergostane
Stigmasteae

Ergecstane
Stigmastane

Hopane
Uzsane

Fernane (E:C~
friedo~Honane)

Hopeane

Adiantane
(30-nor-topane)

B-Sitostane

Ursane

Taraxerane
Ergostane

Stigmastane
Sitostaue

Sitostane

Ergostane

Cholestane
Stigmastane
Sitostane

Stipgmastane

Stigmastane



Egble 1 continued,

Division Class
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Cycloalkane distribution

N.3. Other steroids have been reported for the Algal divisions,
but too few algae examined to make generalisatioms. It is
significant to note that all the algae coatain carotenes (a,

B, ¥, and €)in view of tne high proportion of perhydro-carotene

found in the Green River shale.

Lichens

Eumycota Basidiomycetes

(true fungi)

Ascomycetes

(yeasts)

Taraxerane
(D-£friedo~0)
Hopane

C Lanostane
1

Lgﬁostane

Ergostane

Cholegtane

Lanostane
Choelestane
Exgostane

0 = oleanane
U = yrsane
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minor constituents of these categories may repain unidentified,
Nevertheless, some generalisatione are possible. In the

Thallophyta Division, the algae, only steroids have been

found. Since the algae have, at the present time, the longest

authenticated history, from the Precambrian era and that the

higher plants are postulated to have evolved from thenm, it

would be reasonable to p:edict that plant orders contairing

both steroids and triterpenes would be the next stage of

evolution, e.g. Eumycota, the Angiosperms, Chenopodiales

and I~puminales. Another striking feature is the number of

Angiosperm orders which contain only triterpene compounds

which belong to the triterpane categories, i.e. oleanane,

lupane, hopane and arborane (> 50%). The remainder contain

one or more of the basic structures together with rearranged

structures,.or only rearranged structures. Tweo different

points of view may be taken of the last two statements,

Firstly, that as plant evolution proceeded, the plants becane

more sophisticated and correspondingly their triterpene con-

stituents became more complex, i.e. 2 biochemical evolution

from the oleanane, lupane, ursane, arborane and hopane types

to the friedo rearranged compounds, e.g. multiflorane, bauerane,

friedelane, glutane, taraxastane and taraxerane types. Secondly,

the reverse argument could be that as the piants evolved, the

triterpene categories above became doninant. In the case of
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the sterols, considerable diversification is apparent in the
higher plant sterols. Cholesterol occurs in primitive inverte~
brates only as one member of complex mixtures of sterols,
whereas at higher levels of evolution, animals and nan,
cholesterol has become essentially the only sterol. If this
were to hold for the triterpenes, then the second argument
would be the more probable, i.e. that diversification of
structural type occurred initially followed by the basic tri-
terpenes becoming dorminant. However, paleobotanists are still
perplexed by many aspects of plant evolution and it may be
that by more thorough examinations of steroid and triterpenoid
occurrence, paylng more attentiou to minor as well as major
constituents, elucidation of this problem may be somewhat
facilitated. The best solution to the problem would be a com
plete list and knowledge of the exact functions of the enzymes
involved. Every plant probably has either all the enzyues or
the ability to synthesise all the enzymes necessary to form
these compounds. The DNA contains the information which deter—
mines which enzymes are manufactured. The instructioms to
release this information from the DWA are probably provided
largely by protein molecules. The situation is undoubtedly
complex and still only partially understood, but it is almost
certain that the DWA contains far more information than is

used, i.e, it is coded for the synthesis of more enzymes than
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are commonly found in a particular cell. Thus our chemotaxonomy
may represent only the final stage of the process and the
situation would be different if we could read all the instructions
of the DNA of that species.

Figure 3 shows in condensed form the chemical taxonomy
with reference to steroids and triterpenoids for the plant
kingdom, so that comparisons between different plant divisions
may be made more easily. It is apparent from this that the
triterpenes occur ovemhelmingly in the higher plants, i.e.
the Angiosperms., Figure 4 shows in graph form the authentic-
ated histories of the various plant divisions with reference
to the geological periods of the Earth's history. It is per-
haps pertinent to note that estimates of the age of the Earch
are of the order of 5 x 10° years and that only ore division
of the plant kingdom has reasonably authenticated fossils
dating from the Precambrian period, i.e. the Blue-green Algae,
earliest authenticated report ca. 1.5 x 109 years, some claims
for 3.2 x 109 years. The authenticated occurrences of fossil
plants do not imply that these species could not have existed
at an earlier age. Fossilisation of organisms depends on the
environment and the organismg,e.g. soft organiscsmay have
left no fossil record at all in the older rocks. Thus the
boundaries for any particular plant division must of necessity

remain tenuous at the present time.
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Figure 3

Chemotaxonomic Correlations for the Steroid and Triterpene
Cycloalkanes in the Plant Xingdom
Angiosperms
Gymnosperms

Monocotyledons

Dicotyledons Ccniferales

Multiflorane Gnetales
Taraxerane
Stigmastane Urcane Cycadales

Oleanane

Glutane Hopane Ginkgoales

Friedelane Ursane

3,4-seco~0laanane

Lupane

Multiflorane

Bauerane

abeo~Lupane

Taraxerane

Arborane

Lupane~1

Elemane

Dammarane

Onocerane

Ergostane

Stigmastane
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Figure 3 continued.

Pterophyta
Bryophyta
True ferns
(e.g. Filicales) ~  Preferns
(Protopteridales) Musci
(mogses)
Fernéne
Hopane
Adiantane -
B=Sitostans
Ursane

Taraxetfane



Figure 3 continued.

Thallophyta
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Chlorophyta
(green algae)

Stigmastane
Ergestane
Sitostane

Xanthophvta
(yellow-green

Sitostane

algae)

Euglenophyta
(Euglenids)

Ergostane

Rhodophyta
(ted algae)

Cholestane
Stigmastane
Sitostane



Figure 3 continued.
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Phaeoghxta
(brown algae)

Stigmastane

Chrysophyta
(golden algae and

diatoms)

Stigmastane

Pyrrophyta
(Flagellates)

gXéESEEZEE
blue-green algae)



Eigure 3 continued.

Lichens

Schizomycophyta
(bacteria and viruses)

Taraxetane

Hopane E cota
(tiue fungi)

Basidiomycetes

C.,, Lanostane
31

Lanostane

Ergostane
Cholegtane

Ascomycetes
(yeasts)

Lanostane
Ergostane
Cholestane
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Figure 4

The distribution of the plant divisions with reference to the

geological periods of the Earth's history.
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Chemotaxonomic studies could be usefully applied to algae
and lower and higher plants, to determine more adccurately the
distributions of steroids and triterpenoids in these species.
These plants are probably the largest source of cycloalkanes
in sediments and petroleums.

Before the biological origin of a particular fossil
natural product can be postulated and compared with contomp—
orary plants and animals, i.e. paleochemotaxonomy, it is im—
portant that the structure of the compound be ¢onclusively
identified, In fact, paleochenotaxonomically, it is equally
important to establish the absence of a particular type of
sterane or triterpane as it is to establish its presence.
Both pieces of evidence are equally informative. |

Thus, in a study of this kind, it is of prime importance
to establish conclusive identity and of secondary importance
to establish the distributions of these compounds. The
occurrence of these compounds may also provide information on
the environment of the Earth at the time of deposition of the
csediment and on the past history of the sediment. For example,
the presence of a particular compound may indicate that the
maximum temperature encountered by the scdiment has never
been as high as the decomposition point of the compound. On
the other hand, the presence of a compound whose structure

may be assumed to be altered from its original structure
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provides information on the conditions and enviroumental in-
fluences which may have caused these changes.

The Green River Shale

The sediment chosen for this work was the Green River
oil shale from Coloradv, U.S.A. (Eocene, v 60 x 106 years old).
There were two main reasons for this choice. Firstly, a great
deal of background information, both chemical and geological,
was available through the work of the author and other re-
searchers. Secondly, it is rich in organic material, thus
providing a convenient sample on whicih to test techniques
which can then be applied, once proven successful, to older,
less rich ancient sediments and perhaps, extraterrestrial
samples,

The geological history of this sediment is fairly well
docum.ented51 in that it seems to have suffered no major up-—
heavals, igneous intrusions and therefore, no greatly elevated
temperatures throughout its history. It was deposited under a
shallow inland lake covering several hundred square miles in
Colorado, U.S.A. The organic material found in the shale was
probably derived predominantly from aquatic organisms, such
as microscopic algae and protozoa, rather than land plants,
pollens and spores. Bradley51 has stated that the nearest con~
temporary environment to that of the Green River shale is

the Florida lake muds where the contribution from algae is
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overwhelming. The temperature of the deposit has certainly
never been higher than 74°C and therefore no excessive alter—
ation of the organic material should have been effected.

The Green River shale may contain as much as 307 by
weight of organic material. However, ultrasonic extraction
yielded a geolipid fraction of only 1.87 by weight of the
sediment. Therefore a high proportion of the organic matter
i3 present as kerogen. This is corrcborated in Part I where
pyrolysis of the shale has been shown to lead to an increased
yield of organic material., On separation, the geolipid
fraction afforded the alkane fraction which was found to
comprise 0.287 by weight of the sediment, The gas chromato-
gram of the alkane fraction (Fig. 5) reveals a complex mix—
ture with the isoprenoid alkanes farnesane, pristane and
phytane, identified by previous workers,8 outstanding. The
gas chromatogram of the n-alkane fraction, obtained by
molecular sieving of the alkane fractionm, shows a marked
dominance of odd carbon numbered alkanes (Fig. 5) especially

n~C C,., and C17, thus illustrating the biological

312 €250 a7
history of the sediment to an impressive extent (as in the
Introduction to Part I). The n-carboxylic acids have been
reported as being dominantly even carbon numberedga’b

isoprenoid fatty acids, phytanic and pristanic acids ident-

ified.8a The gas chromatogram of the branched and cyclic alkanc
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Figure 5

G.l.c. record of the total alkane, the n-alkane, and the
branched and cyclic alkane fractions isolated from the Green

River shale; analysed on low resolutipn packed g.l.c. columms.
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fraction, obtained from the molecular sieving of the alkane
fraction, 0.227 by weight of the sediment, illustrates the
complexity of the mixture, even in the high molecular weight
region of the cycloalkanes (Fig. 5). This fraction was then
subjected to a thorough analysis as detailed in the subsequent

sections.
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SECTION 1

CAPILLARY COLUMN GAS CHROMATOGRAPHIC AMALYSES OF AUTHENTIC

STERANES AND TRITERPANES, AND THE BRANCHED AND CYCLIC

ALKANE FRACTION FROM THE GREEN RIVER SHALE

Discussion

Open tubular coated capillary columms have high efficien-
cies which allow the separation of closely related compounds.
These separations result from the special properties of cap-
illary columns. The carrier gas flow is not restricted as it
passasvthrough the column since the liquid phase is evenly
distributed as a thin film on the walls of the capillary
tubing. This results -in a small pressuve drop throughout the
column, enabling the use of long high performance columns with
relatively short retention times.

The relatively high molecular weight range of steranes
and triterpanes necessitates the use of higher temperatures,
CeLe 250°C, therefore only liquid phases which are of the
highest thermal stability may be used. This eliminates many
of the polyester type of polar liquid phases. The hydrocarbon
phase Apiezon L is generally the best liquid phase for the
analysis of saturated hydrocarbons. On the non-polar Apiezon

L, the hydrocarbons are mainly separated according to their



142

boiling points.52 More polar phases cause changes in retention
times because of different interactions between the components
and tbe phase due to slight differences in the polarities of
the molecules. Satisfactory results have been achieved with

7 ring metapolyphenyl ether, SE 52, SE 30 and dimethyl poly-
siloxane monodisperse gum. SE 30 and SE 52 are silicone gums
with different proportiaens of alkyl and phenyl substituents

in the siloxane chains. SE 30 has predominantly methyl sub-
stituents, while SF 52 has predominantly phenyl substituents,
However, even with thermally stable liquid phases, there is a
notable decrease in efficiency when operating at higher temp-
eratures. The normal range of efficiencies produced by columns
coated with these liquid phases is within the range of
25-50,000 theoretical plates measured at 250°¢ (100-200 ft
long colums). The resolution under these conditions is still
sufficient to separate some mixtures of components containing
stereoisoners,

By the judicious use of polar and non-polar liquid phases
coated on long capillary colummns,satisfactory szparations of
sterane and triterpane mixtures should be accomplished. In
the presen® work, pretreated Apiezon L (AP-L) grease and 7
ring polyphenyl ether (7-PPE) were the non-polar and polar
phases used.

c
The retention data and Kovats indicesJ3 (Table 2) were
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Table 2.

The carbon number retention data for the available authentic
steranes and triterpanes are listed, on two different capillary

coluyms.
Authentic sténdard Carbon number Carbon.numbér>

(AP-L) (7-PPE)
5~cholestane 29.53 30,07
5a~cholestane 29.90 30.49
Onocerane III 31.23 32.05
Onocerane II 31.35 32.36
Lupane 31.42 33.38
Stigmastane 31.53 32.15
Onocerane I 31.59 32.68
Moretane 31.98 33.81
Lanostane 32.05 32.50
Adiantane 32.43 33.22
Friedelane 33.72 34.46

Gammacefane 34.06 35.20



144

calculated for each authentic standard by coinjection of each

one with a normal alkane mixture as reference (27028, C30 and
032). The retention behaviour of some of the standards used

is illustrated in Figure 6. The column used in this case was
150 ft x 0.01 in and coated with 7-PPE. The structures are
shown so that the differences in retention behaviour may be
more easily correlated with differences in structure. It is
interesting to note that adiantane, which has only 29 carben
atoms, has a longer reténtion time than lanostane and onocerane

III (both C, . compoundg). It is apparent from the carbon num

30
ber sequence that onocerane III with an AB-DE fused tetra-
cyclic system has a shorter retention time than AB-CD fused
tetracyclic triterpanes with a steroid skeleton, followad by

pentacyclic triterpanes with ring E being 5 merbered and fin-

ally pentacyclic triterpanes with only 6 membered rings. From

9]

these results the following relationships arise: for molecule
with the same molecular weight the retention time increases
with increasing numbers of fused rings; molecules with only

6 membered rings have longer retention times than those with
one 5 membered ring; the shane and symmetry of a molecule may
contribute to the retention time, e.g. gammacerane is a very
symmetrical molecule but it has the longest retention time of
all these standards.

However, before definite patterns of behaviour can be
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Figure 6

The retention behaviour of some authentic sterane and triterpane
structure types on a 150' x 0,01" stainless steel capillary

colwm coated with 7 ring metapolyphenylether.



145

. .
Cﬁé Y Q&@ 7
», 3
o 0 Adiantane.

Morerane.

€3 <29
s
Gommacerane., . _l
€39 .
T
\.upqﬂe.
fFriedelane. <30
€3
2 . ) N ) . N — . . P
35 3L .33
H .,
£
Ry
* Lo :a\’.ane O ce*o“e'm
3o <30 W SB-Cholastane.

Stigmastane.

€24 3

H Sx-cholestane.
<23

el

32. ‘ 31 30
CARBON NUMBER




146

firmly established many rmore authentic compounds have to be
examined. Hevertheless, comparisons of this kind may yield
useful information about the branched and cyclic alkane fraction
from the Green River shale, as will be secen in Secticn 3.

The branched and cyclic alkane fraction from the Green
River shale was analysed on both AP-L and 7~PPE capillary
colurms. The g.l.c. records arz shown in Figure 7 for compari-
son purposes. The reference alkanes 57028’ C30 and 032 wvere
coinjected with the mixture and their position indicated. The
peaks in the chromatogram are numbered to facilitate dis-
cussion of peak identity. The retention data and Kovats indices
were calculated and are shown in Table 3 together with the
corresponding data for the authentic standard compounds. The
percentage abundance of each peak in the chromatogram was cal-
culated by measurement of peak areas from Fig. 7. Where co-
injection of an authentic compound produced peak enhancement
of one of the peaks in both the AP-L g.c. record and the 7-PPE
g.c. record, then this was taken as one proof of identity and
the standard compound was entered in Table 3 opposite the peak
number it enhanced.

Thus from Table 3, it is immediately seen that the follow-
ing peak enhancements occur: 58-cholestane and peak la; 5a-
cholestane and peak 1; onocerane III and peak 12; onocerane II

and peak 13; stigmastane and peak 14; gammacerane and neak 26.
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Figure 7

- The g.l.c. records of the branched and cyclic alkane fraction
isolated from the Green River shale on two different capillary
columns:

A. 200 x 0.01" stainless steel colummn-coated with Apiezon L
grease.

B. 150' x 0.0l" stainless steel colum coated with 7 ring meta-

polyphenylether.
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Table 3

The carbon number retention dats for the cycloalkanes present
in the branched and cyclic alkane fraction of the Green River
shale, and are compared with the carbon number data for the

Peak Abund-
no. ance
(Fig. 4)

(%)
la 0.7
1 2.3
2 5.1
3 1.3
4 2.5
5 2.7
6 1.3
7 6.6
8 4.3
9 3.7
10 1.5
11 1.1
12 1.2
13 1.2
14 11.€
15 0.8

Carbon
nurber

(AP-L)

29.58
29.90
30.30
30.40
30.44
30.61
30.72
30.82
30.94
31.00
31.06
31.12
31.23
31.35
31.42
31.53
31.59
31.76

Carbon
number

{7~PPE)

30.07
30.49
30.73
30.75
31.07
31.15
31.36
31.42
31.52
31.62
31.79
32.05
32.36
33.38
32.15

32,68

authentic steranes apd triterpanes.

Coinjected Molecular*
standards forrnula
58=cholestane CZIHAS
5¢~cholestane CZ7H48

Cygilsg and Cy4fs,

- Cogllg, and Casfte,
- €28%50
N C30t56
- Cagllsy
Onocerane III 030H54
Onocerane 11 CBOH54
Lupane C30H52
Stigmastane C29H52
Onocerane 1 CBOHSA
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Peak Abund- Carbon Carbon Coinjected Molecular*

no. ance number number standards formula
(Pig. 4)

Z) (AP-L) (7-PPE)

16 1.5 31.92 32.81 - CZQHSO

- - 31.98 33.81 Moretane 030552

- - 32.05 32.50 Lanostane 030354

17 0.7 32.08 - - -

18 1.2 32.11‘ 33.08 - -

- - 32.43 33.22 Adiantane C29H50

19 1.1 32.44 33.25 - -

20 11,2 32.60 33.51 - C30H52

21 1.6 32.84 - - -

22 1.2 32.97 33.86 - -

23 3.2 33.02 33.94 - C30H52

24 0.9 33.52 35.41 - C31H54

- - 33.72 34.46 Friedelane C30H52

25 1.0 33.74 35.10 - C31H54

26 3.6 34,06 35.20 Cammacerane C30H52

27 0.6 34,22 - - C30H52

28 1.1 34.46 - - -

29 204 34076 - - -

30 1.0 35,27 - - -

31 3.4 36.66 - - -

32 16.0 36.02 - B~=Carotane 040378

* From mass spectrometfic data, Section 3, Table 5.
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MASS SPECTROMETRY OF AUTHENTIC STERANES AND TRITERPANES

Discussion

It is not proposed to discuss individual fragmentation
patterns in detail, except where necessary, rather to compare
and contrast the fragmentation patterns of as many authentic
compounds as are available. By this means gsome general rules
and some structural classifications become apparent.

Figure 1 shows all the known basic carbon skeletons of
triterpenes as the corresponding saturated hydrocarbons. A
careful examination of these reveals the fact, that for mass
spectral purposes, these 28 structﬁres may be broadly classif-
ied into three categpries, according to their structural
featurcs: (i) pentacyclic with one 5 membered ring, e.g.
lupane, hopane (Fig. 9); (ii) tricyclic, tetracyclic and
pentacyclic with all 6 membered rings, e.g. garmacerane, ono-
cerane (Fig.10); (iii) tetracyclic with one 5 merbered ring,
e.g. lanostane, dammarane and all the steranes (Fig. 11).

A complete comparison would require the mass spectro-
metric analysis of each of these 26 cycloalkanes. However,
at the present time the author had only eight at ais dis-
posal. Therefore, any general rules or classifications which
may appear,can only be verified on v 257 of the possible

structures. However useful information will still result from
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a survey of this kind. This is a very necessary part of the
project to analyse the branched and cyclic alkanes from the
Green River shale because very little mass spectral studies
on saturated hydrocarbon triterpenes have been either done or
published.

Pentacyclic triterpanes are generally accepted to produce
a major ion at m/e 191, attributed to ome of the three species
shown in Figure 8(b). However, not all pentacyclic triter-
panes give rise to such fragments. Before examining the mass
spectra of the authentic compounds, it is well worth while
exanining the possible reasons for bond cleavages to occur

first of all, and secondly what causes a fragment to give an
intense peak in a mass spectrum.

In cyclic systems, for fragmentation to occur, more than
one carbon-to-carbon bond has to be broken. Normally, steroids
and triterpenoids contain functional groups which give rise
to high intensity ion fragments (e.g. McLafferty Bearrangement
in keto triterpenes54 and steroidsss; Retro Diels-Alder de-
composition in unsaturated steroids and triterpeness4).
Nevertheless, in cycloalkanes, some charactaristic high
intensity ion fragments are still formed and it is these
which have to be examined. Since at least two bonds have to
be broken to fragment a cyclic system, some stability is con-

ferred on a cyclic molecule and therefore the molecular ion
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Figure 8

A. The relative probabilities for bond cleavage in cycloalkanes.,
B, The ion fragments attributed to the m/e 191 peak in the mass

spectra of many triterpanes.
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(caused by the loss of one electron) of a triterpan= should
always be at least reasomably intense, the abundancz depending
on the ease of fragmentation of the remainder of the molecule.

The factors which govern the fragmentation of the positive
molecular ions are the relative labilities of the bonds in
the ion, the relative stabilities of the potential fragment
ions and the neutral fragments formed by commeting fragment-
ation processes.

The fragmentation of bonds depends upon tae activation
energy of the bond and the stability of the positive ions and
neutral fragnents follows the same general rules as carbonium
ion sclution chemistry. The order of probability »f bond
cleavage is shown, and aprlied to a typical triterpame, in
Figure 8 (a). Fragmentations (2) and (3) are possibly of
gimilar probability. Obviously, fragmentations (4), (5) and
(6) are the most likely to produce high intensity fragment
ions because of both their carbon-carbon bond lability and
the stability of the fragment ions produced. If the structures
and the mass spectral fragmentation patterns of the three
broad categories of triterpanes are examined on the basis of
the factors outlined above, the comparisons to be made may be
facilitated.

(i) Pentacyclic with one 5 merbered ring (Fig. 9). The

seven structures have few common features other than being
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Figure 9A
The mass spectral line diagrams for lupane,

hopane and adiantane.

(N
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Figure 9B

Observed and proposed mass spectral fragmentations for lupane,

hopane, adiantane, fernane, filicame, arborane and adianane..
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pentacyclic. However, six of the seven have an isopropyl
sidechain attached to ring E (the exception being adiantane).
This substituent will always give rise to a (P-43) ion, e.g.
in lupane, the loss of thae isopropyl grouping produces an ion
at m/e 369. The molecular ion fer six of the seven structures
will be m/e 412 corresponding to a mplecular formula of
C3OH52’ the exception again being adiantane whose molecular
ion is m/e 393, corresvonding to C29550.

Within this broad category, it is obvious that there are
two s;bsections, i.e. lupane, hopane and adiantane, the re=-
mainder being fernane, filicane, arborane and adianane.

The lupane, hovane, adiantane group has a characteristic
feature of two adjacent quaternary carbon atoms at positions
9 and 14 at the junctions of rings B3 and € and rings C and D
respectively. This type of carbon-carbon bond, as discussed
above is the most labile one vposaible in a saturated hydro-
carbon. Therefore, this should give rise io characteristic
high intensity ion fragments. Lupane and hopane should have
a very intense n/e 191 peak and this is indeed the case when
the mass spectra of these compounds are exanined (Fig. 9).
Adiantane, having one carbon atom less than lupane will give
rise to two approximately equally intense peaks at n/z 191
and n/e 177 (becauée of the methyl group missing from the

-

isopropyl group in the fragment containing rings D and E).
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This is verified on examination of the mass spectrum of adian-
tane (Fig. 9.

On this basis it is possible to differentiate between the
spectra of lupane and hopane and that of adiantane, but it
is difficult to differentiate between lupane and hopane. There
are variations in their spectra, but mostly of snall differ-
ences in intensity and these are not reliable. The conditions
used when running mass spectra of this sort are 2xtrenely
critical, slight differences may occur from one analysis to
the next and one can even find intensity differences in con-
secutive mass spactral analyses of the same compound, e.g.
slight temperature variation in the ion source or probe.
Therefore, caution should be exercise before placing too much
reliance on fine differences observable in routine low resol-
ution mass spectra.

The lack of any authentic samples of the fernane, fili-
cane, arborane and adianane group, precluded the examination
of any of their mass spectra. However, their pogsible frag-
mentation behaviour may be at least partially deduced from the
above discussion. They do not have two adiacent quaternary
carbon atoms like the first group and therefore should not
give rise to characteristic high intensity ions. In fact their
parent ions will possibly be among the most intense in their

spectra because there is no predominant cleavage which can
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occur to exvend the energy contained in thes excited state of
the molecular ion. Their spectra should exhibit a number of
reasonably intense peaks, arong which cculd b2 m/e 327, 259
and 205 as well as the (P-43) ion. Filicane, having two quat-
ernary carbon atoms at positions 6 and 10 could produce a wore
intensc m/e 149 than normal. Adianane may also have this, but
to a lesser oxtent since the Cé quaternary ceantre is missing.
Apart from these points it will be difficult to difforentiate
between the spectra of thesa four compounds because the only
other differences present are stcreochemical with respact to
the angular substituent groups. It is possible of course that
steric and ster=ochemical factors may inhibit or prorote
preferred clcavages, thus giving rise to some characteristi-
cally intense peaks. This could only be verified by very care-~
ful analysis of the spectrzs of as many isomers as possible.

A preliminary study of this kind was carried out and will be
discussed later in this Section.

(ii) Tricyclic, tetracyclic and pontacyclic with all 6

merbered rings (Fig.l0). The eleven structures have no comon

features other than containing only 6 merbered rings and the
absence of an isopronyl group, so there will be no (P-43)

ion in any of their spactra. Again, this broad classification
may be split into taree smaller categories: firstly garma-

cerane, oleanane, taraxastane and ursane; secondly onocerane
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Figure 10A

The mass spectral line diagrams for gammacerane, friedelane and

onocerane.,
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Figgre 108

Observed and proposed mass spectral fragmentations for gamma-

cerane, oleanane, taraxastane, ursane, onocerane, ambreane.
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Figure 10C

Observed and proposed mass spectral fragmentations for multi-

florane, bauerane, friedelane, glutane and taraxerane.
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and ambreane; and thirdly multiflorane, bauerane, friedelane,
glutane and taraxerane.

The first category of gammacerane, oleanane, taraxastane
and ursane all contain two adjacent quaternary carbon atoms at
positions 9 and 14 at the ring junctions between B and C and
rings C and D respectively. As in section (i) above, this
gives rise to characteristically intense fragments at m/e 191
(Fig.10b) .There are no great differences in structure which
could give rise to other intense peaks in their spectra, so
all of their spectra will look alike and difficulty will be
encountered when trying to differentiate between compounds of
this structural type by their mass spectra.

The second category of onocerane and ambrecane are tetra-
cyclic and tricyclic compounds respectively. Therefore, their
parent ions will both differ from those of the other triter-
panes (normally parent ion is m/e 412), and are different from
each other, i.e. onocerane will have a parent ion at n/e 414
and ambreane at m/e 416, Both these structures can produce an
ion fragment of m/e 191, but it is interesting to examine each
separately because the m/e 191 fragment is nroduced by a
simple fission process by cleaving a single carbon-carbon bend.

In onocerane, the m/e 191 fragment is produced by cleav-
age of a bond linking a secondary carbon to a tertiary carbon

(Fig.10 a,b) and the resulting ion may not be so well stabilised
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as for instance, the m/e 171 fragments in garmacerane which
has two adjacent gquaternary carbon centres. Moreover, by com-
plex fission, i.2. cleavage of two or more carbon-carbon bonds,
fragnents of m/e 123 can be formed by cleavaze of two carbon=-
carbon bonds. As a general rule fragnents produced from cyclic
systems in this way have a high stability. Therefore, since
two m/e 123 fragments are possible and also two mfe 191 frag-
ments, the mass spectrum of onocerane should contain two
characteristic peaks with the m/e 123 being the more intense
because of the other minor cleavages which miay occur, also
giving rise to m/e 123 fragments. On exanination of the mass
spectra of onocerane (Fig.l0u)tais is found to be thc case,
with the m/e 123 being the base peak, i.e. 100%. The molecular
ion is also very intense and is indicative of the stability

of the molecule and the absence of the high probability
cleavages between quaternary centres.

In ambrecane, by the same reasoning, there should be two
characteristic fragments of m/e 191 and m/e 123, However, this
tine there are fewer fragmentatiomspossible which can give
rise to m/e 123 fragments and therefore the mfe 191 peak
should bz more intense than the m/e 123 peak. Unfortunately,
no authentie sample of arbreane was available, so the deduced
partial fragmentatio:z cannot be verified. levertheless, it

wiil still be useful as a guideline when unknown spectra are
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examined,

The third category of multiilorane, bauerane, friedelane,
glutane and taraxerame (Fig.Oc) do not have two adiacent quat-
ernary carbon atoms and therefore will not produce any charac-
teristically intense peaks like thosz of the first category.
They are all pentacyclic compounds containing only 6 membered
rings and their molecular ions will all be given by m/e 412
and should be of high intensity.

Multiflorane and bauerane should have characteristic peaks
at /e 259 and m/e 205 and will be difficult to differentiate
because their structures are so alike., However, their spectra
will be different from any of the other triterpanes in this
classification.

Friedelane has two angular methyl groups at positions 6
and 10, which are different from any of the other structures
so far, and this should produce some characteristic peaks.
These characteristic fragmentations should give rise to frag-
ments at m/e 259, m/e 205 and m/fe 149 (FigdOc). The m/e 149
fragment is the most intense in the spectrum (Fig.0a), prob-
ably because minor fragmentations can also produce fragments
of m/e 149. The mass spectrun of friedelane should be typical
of these structures which do not possess high probability
possible carbon-carbon bond cleavages.

Glutane and taraxerane again have different angular methyl
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substitution patterns. Glutane has an angular nethyl group at
position 10 and this should produce a reasonably intense peak
at m/e 177, as well as the mfe 259 and 205 peaks discussed
above. Taraxerane has an angular methyl substituent at position
9 and this could give rise to a reasonably intense peak at
n/e 191 as well as the m/e 259 peak as before. No authentic
samwles were available of these two compounds sc these deductions
cannot be verified at the nresent tire,

In summary, within, this group of eleven structures it
is possible to differentiate between the observed and deduced
mass spectra of some structures, with the exceptions of garma-
cerane, olennane, taraxastane and ursane, and rultiflorane
and bauerane. Even if discrete structure identification cannct
be made in these cases, at least the structure could be
assigned to the particular type.

(iii) Tetracyclic with one 5 or all 6 membered rings

(Fig. 1I). The cight structures in this category include the
tetracyclic triterpanes of the lanostane type and all the
steranes. Once again, there are few features common to the
whola group, but within thé group there are features shared
by some of the structures.

The structure of lanostane contains no adjacent quatern=
ary centres which are likely cleavage points, therefore, the

fragmentation would have been exnected to produce ioms of m/e
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Figure 11A

The mass spectral line diagrams for lanostane, cholestane and

stigmastane,
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Figure 118

Observed and proposed mass spectral fragmeatations for lamostane,
dammarane, fusidane, cucurbitane, shionane, cholestane, ergo-

"stane and stigmestane.
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259 and 205, rather like those proposed for structures like
fernane. Howevar, examination of the nass spectrum of an
authentic sammle of lanostane (Fig.11z), reveals a somewhat
different fragmentation pattern, i.e. peaks at m/e 274, 259
and 190 being among the most intensc. The mfe 274 and 190
peaks may be explained by the propesed fragmentation in Fig-
ure 1tb,where the normal two bond cleavages occur, probably
followed by a rearrangement in which a neutral rplecule and a
hydrogen atom are eliminated. Cucurbitanc has a similar
structure except that the angular methyl group at position 6
has moved to position 10 and therefore may also be expected
to prodﬁce ions of either m/e 289 or 2838 and n/e 191 or 190,
Darmarane and fusidane are very similar in structure,
the main difference being that fusidane has one less argular
mwethyl than dammarane and will therefore have a parent ion of
n/e 400 instéad of m/e 414 for lanostane and dammarane. They
both have two adjacent quaternary carbon atoms and should
produce the same fragmentations as gammacerane, lupane etc.
to give ions of m/e 193 and 191 for dammarane and m/e 193 and
177 for fusidane. The n/e 193 peak is caused by the ring E
of pentacyclic triterpanes beinpg missing in tetracyclic tri-
terpanes of the lanostane type. Therefore, darmarane should
be characterised by intense fragments of m/z 259, 193 and 191,

and fusidane by intense ions of m/e 245, 193 and 177.



169

Shionane is a tetracyclic commound with only 6 membered
ring and its angular methyl subatitution pattern is virtually
identical to that of friedelane in (ii) cf. Figure 10. Therefore
shionane should nroduce the same fragmentation and give rise
to high intensity ions of m/e 259 and 149,

Again, no authentic samples of dammarane, cucurbitame,
fusidane or shionane were available so the deduced partial
fragmentations given above cannot be checked at the present
tire. However, if the fragmentations do produce ions as
described above, it should be possible to differentiate be=-
tween all five of these structures.

The steranes contain only two quaternary carbon atoms
and they are not adjacent, and since tiey only have twe
angular methyl substituents, their fragmentation patterns
should be easier to interpret. In general, sterane mass spectra
are recognised by the characteristic very intense peak of m/e
217 caused by the fragmentation shown in Figurelib, This is
illustrated by the mass spectra of cinolestane, and stigmastane
(Fig.11la). The addition of an extra methyl group, or ethyl
group is readily detected by the parent ion, i.e. m/e 372 or
385 or 400 for cholestane or ergostane or stisnastane respect-
ively. The position of any additional methyl groups nay also
be detected in general terme. If an additional methvl group

is attached to the sidechain, then the base pecak, i.c. 1007



170

peak, will still be m/e 217, However, if the methylvgroup is
attached to the cyclic nucleus, then the base peak will be
given by m/e 231, In a similar way, loss of a methyl group
will produce no change in the basc peak if it was lost froo
the sidechain, but if it was lost from the cyclic nucleus
then the base peak will be given by m/e 203 and so on. The
characferistic peak of m/e 217 allows casy differentiation
between steranes and triterpanes in general.

To compare, contrast and surmarise the information to
be gained from a mass spectrometric study of saturated hydro=-
carbon steroids and triterpenoids as has been discussed as
briefly as possible above, the information has been tabulated
(Table 4). Only the major characteristic ion fragnment m/e
values are listed with the respective parent ion values and
the differences Qhould be readily apparent. Frorm this Table
it is clear that, provided the molecules do fragment as
postulated, rost of these compounds may be identified and
differentiated fron the others by their mass spectra. The
compounds which have alwmost identical spcctra cannot be diff-
erentiated, but they may be readily assigned to a structure
type on the basis of the Table.

However, to achieve individual identifications, e.g.
betw2en lupane and hopane some other method has to be used.

Their structures are sufficiently different, allowing their
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separation by gas~liquid chromatography using long capillary
colums, If the capillary columm effluent is led into a mass
spectrometer source, then mass spectra can be obtained of each
separated component in the g.c. effluent. Thus combining the
information gained by higk resolution g.l.c. with the mass
spectra obtained under combined g.c.-m.s. conditions, com
pounds like lupane and hopane may be separated and identified.
This is an ideal example showing the usefulness of a combined
geCo.-m.S. instrument.

Preliminary Investigation of the Low Voltage Mass Spectrometry

of Cycloalkanes

21,27,33 have published mass spectrometric

Many authors
data on sterane and triterpane mixtures without first separ-—
ating them. The mass spectra are very complicated because of
the many constituents in the mixture aﬁd because of the com
plex fragmentation patterns of the individual constituents.
Reed and de May056 and Reed57 carried out experiments on the
thermal fragmentation, at 300-400°C at low voltages (10-15 eV),
of steroids in an attempt to determine molecular weights and
the mass of the steroid sidechain. The present investigation
examines the fragmentations produced at voltages ranging from
12-70 eV at much lower temperatures (140—20000) in collabor-

ation with Dr. R. Binks using an 13-9 (A.E.I.). The reasons

for attempting this were threefold: firstly, that a simple
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method could be desigred which could analyse a given mixture

of steranes and triterpanes with respect tc molecular weight

ranges; secondly, to examine the fragmentations which persist
even at the lower voltages in relation to sterame and triter-
pane structuresjand thirdly, to examine possible differences

produced by stereoisomers of steranzs and triteipanes.

The formatioa of a molecular ion has been discussed pre~
viously and involves remcval of one electroan. The degree of
excitation and the enmergy applied to the molescular ion govern
the direction of fragmentation. If the apvlied energy is re-
duced then the molecular ion will not fragment so readily. If
the applied energy is reduced so that no fragmentation occurs
at all, then only the parent molecular ion will appear in the
spectrum.

Firstly, it was found that at an appiied voltage of 12 eV,
steranes and triterpanes produce solely molecular ions. Thus if
an unknown mixture is znalysed by mass spectrometry at 12 eV,
the molecular weight of each constituent may be established
easily without interference from any other fragmentations.

Secondly, it was found that at 16 eV, sterames aud tri-
terpanes fragment, but the fragmentations produced are obviously
those requiring the lcast applied energy. Tharefore the ioms
obtained from steranes ware the m/e 217 and the (M - 15) ion,

By this means the mass of the sidechain could raadily be
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established. Tha triterpmes, as expected from the foregoing
discussion, behaved in different ways, e.g. the ion at m/e

191 caused by the preferential cleavage between two quaternary
centres is prominant at 16 eV. However, this project has not
been finished at the present time so it is difficult to make
general statements and so far we have no specific information
on the differential fragmentation of stereoisomers. ileverthe-
less, the first two objectives were largely attained in that
it has been proved poseible to determine tha rance of mol-
ecular weight structures and many of the types of structures
in a given mixture. These procedures may be valuabie if a com
bined g.c.~m.s. instrument is not available and also could

be used to some effact on a combined g.c.~m.3. if each ecluted
peak was subjected to high and low voltage scans, more inform—
ation would be available and perhaps facilitate structure

identification.
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COMBINED CAPILLARY COLUMN G.C,-M.S. OF THE BRANCHED AND

CYCLIC ALRANE FRACTION FROM THE GREEN RIVER SHALE

Discussion

The procedure outlined in the Experimental section (Gen-
eral) was used with an LKB 9000 g.c.~m.s. instrument fitted
with a 200 ft x 0.01 in capillary column coated with AP-L
grease (the same colum as was used for the initial capillary
g.l.cy analyses). Since the g,l.c. conditions had to be modif-
ied to fulfil the mass spectrometric requirements, i.e. the
concentration of each component in the g.c. effluent reaching
the ion source, the g.l.c. resolution was seriously affected.
This is illustrated in Figure 12 which shows the g.l.c.
record cbtained from the g.c.-m.§. total {omn current (t.i.c.)
using the AP-L capillary column {(cf. Fig. 7).

Two major effects are noticed, the first
being that the region containing g.l.c. peaks 1-9 has not been
well resolved in the g.c.-m.s. analysis. Secondly, because of
the reduced sensitivity, the minor components observed in the
g.l.c. record, e.g. peaks 10, 11, 12, 13, 13, 19, 24 and 25
are difficult to separate from the baseline noise. The base-

line instability was caused by having to operate at the maxi-
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Fipure 12

The total ion current record for the branched and cyclic alkane
fraction, isolated from the Green River shale, obtained by

capillary column g.c.-m.s. using a 200' x 0.01" AP~L columm.
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mum t.i.c. sensitivity setting and thus factors like column
bleeding and fluctuation in the helium concentration in the
ion source produce an unstable baseliine whici are not observed
at lower sensitivity settings. The mass spactrometric scan
number with the corresponding g.l.c. peak number in parentheses
are also shown in Figure 12. Tie parent ions, molecular form-
ulae and compound type information obtained from these mass
spectrometric scaus are summarigsed in Table 5, This serves to
illustrate the complexity and composition of the mixture,

In this Section, structure identifications will be dis~
cussed by combining the information obtained from the analytical
capillary g.l.c. analyses wita that from the g.c.-m.s. analyses.
By this discussion the presence (or absence) of particular
compounds will bz established., The simplest way to present the
discussion on possible structure identifications is to discuss
each mass spectrometric scan in turn and assign the coires-
ponding g.l.c. peak or peaks to it (Table 5).

Identification of 50~Cholestane

Scan 3 corresponds to g.c. peak 1 and its masz spectrum
siows a parent ion at m/e 372 giving a molecular formula of
CZ7H48' Therefore, it has a tetracyclic atructure and the
characteristic base peak of m/e 217 identifies it as a sterane.

Coinjection of authentic 5a-cholestane producad enhancement

of peak 1 on two different canillary columms, i.e. the AP-L
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Mass Spectrometric Bata for the Cycloalkanes from the Green

Gd.ce Geco—m,s,
peak no. scan no.
(Fig.7,12) (Fig.12)

(AP-L) (4P-L)

1 3
2 4
,;
SRR 5
5
7
8 6
9
14 3
16 9
20 10
23 11
24 12
- 13
25 15
27 16
28 17
29 13

River Shale and the Deduced Structure Types

Parent Molecular
formula

ion

(m/e)

372
386
416

400

412
412
476
475

Structure type

Starane (C

Tetracyclic

277

triterpane

" Trieyclic triterpane

Tetracyclic triterpane

Sterane (C28

)

Tricyclic triterpane

Sterane (C
Sterane (C2
Pentacyclic
Pentacyclic
Pentacyclic
Pentacyclic
Pentacvelic
Pentacyclic

Pantacyclic

29)

9)

triterpane
triterpane
triterpane
triterpane
triterpane
triterpane

triterpane



Figgre 13

Mass spectral line diagrams of g.c. peak la, scan 3 and

authentic Sa-cholestane.
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and 7-PPE coated columns. Comparison of the mass spectra of
scan 3 and authentic 50-cholestane shows they are idemtical
(Fig. 13). Therefore peak 1 may be assigned to S5a-cholestane.
Peak la was not observed in the g.c.~m.s. analysis, but on
coinjection of authentic 5B8~cholestane, enhancement of peak
la occurred on both liquid phases. Thus peak la may probably
be assigned to 58-cholestane.

Identification of a Big~Nor-Triterpane and a Tricyclic Tri-

terpane

Scan 4 corresponds to g.c. peak 2 and probably 3. The
mass spectrum (Fig. 14) shows that a mixture of two components
is present, i.e. parent ions m/e 386 and 416, giving molecular
formulae of 028350 and C30H56 respectively. Considering the -
CZBHSO component first, it can either be a sterane or a tetra-
cyclic bis-nor-triterpane. Since there is no major peak at
m/e 217, it cannot be a sterane. Tae presence of the m/e 191
peak as base peak indicates a triterpane structure for both
components. The absence of a (P = 43) m/e pesk shows that the
structure contains no isopropyl group attached to the cyclic
nucleus. A few of the possible structures are shown in Figure
14 The 830H56 component must be a tricyclic triterpane, con-
firmed by the m/e 191 base p2ak. It has no isopropyl group

(P - 43 absent). Therefore ambreane or malabaricane, being the

only tricyclic triterpanes known at the present timz, are
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Figure 14A

Mass'spectrél line diagram of g.c. peak 2 and 3; scan 4; mass
. spectral line diagram of g.c. peaks 4 and 5, scan 5; mass

spectral line diagram of g.c. peaks 7 and 8, scan 6.
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Figure 14B

Possible structures for g.c. peaks 2 and 3, scan 4.
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possible structures. The mass spectrum is similar to the pre-
dicted fragmentation for ambreane and malabaricane. Coinjection
of all the standard compounds produced no peak enhancement on
either liquid phase. The carbon number calculated by g.l.c. does
not exclude these struc:ures.

Identification of a Friedelane-Type of Tetracyclic Triterpane

Scan 5 again is a mixture of two components, pareat ions
m/e 400 and 460. They may be assigned to g.c. peaks & and 5.
Their molecular formulae calculated from the parent ions are
029H52 and CBBHGA' Vo more can be said about the 033H64 comr~
pound other than it contains two rings. The mass gpectrum
(Fig. 14) cannot be used in too much detail because of the
unknown component <C33E64) but the m/e 218 peak is importént.
If the 029H52 component was a sterane, then it would exhibit
an intense m/e 217 peak and also have a large m/e 149. There
is no large m/e 149 and the m/e 217 peak is smaller than the
m/e 218 peak. This is reminiscent of friedelans which also
has a fairly intense m/e 2i8. There is no intense wm/e 191,
therefore there are no two adjacent quaternary carbon atoms
which can give rise to the usual m/e 191 iomns. Coinjection

of the authentic standards produced no peak enhancement. It

would appear to have a methyl substitution pattern somewhat like
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friedelane and, from its retention data, a cyclic structure
somewhat like the onoceranes. With the present data no struc-
ture may be assigned to this peak which fulfills all the re=~
quirements. It is possible that during diagenesis the carbon
skeleton has been rearranged thus accounting for the difficulty
in assigning the fragmentation pattern to known structures
which obey the biogenetic isoprene rule.

Identification of Ergostans and a Tricyclic Triterpane

Scan 6 is also a mixture of two components and may be
assigned to g.c. peaks 7 and 8. The parent ions are m/e 386

and 416, corresponding to molecular formulae of CZSHSO and

C30H56 respectively (Fig. 14). Peak 7 may probably be assigned
§ . ud
to the CZSHSO component and peak 8 to the Csodss component

because the relative intensity of the parent ion of CZSHSO
is five times greater than that of the 030356 compound since
peak 7 is larger than peak 8 in the g.l.c. record. The u/e
217 peak is the base peak of the spectrum and with the m/e

149 and 232 peaks indicates that the © component is a

28550
sterane like ergostane, i.e. a 24-methyl cholestane. Comparison
of the spectrum of scan 6 with authentic ergostane (mass
spectrum supplied by ¥r. E. V. Whitehead) confirms the simi-
larity. Unfortunately no authentic ergostane was available

for coinjection purposes but the carbon number data is consis-

tent with that of a CZBHSO sterane, i.c. approximately mid-way
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between 5o-cholestanc and stignastane. Peak 8 has an m/e 191
fragment indicating a triterpane structure. As for scan 4,
the only tricyclic triterpanes known are ambreane and mala-
baricane, peak B possibly being isomeric with peak 2.

Identification of Stigmastane

Scan 7 shows that g.c. peak 9 is a single pure component,*
i.e. parent ion m/e 40C, corresponding to a molecular formula
of 029552. The fragmentation pattern (Figure 15) is character—
istic of a sterane, i.e. mfe 232, 217 (179%Z) and 149. Compari-
son of this spectrum with that of authentic stigmastane (Fig.
15) shows a distinct similarity, but in scan 7 pezks m/e 163
and 191 are more intense than m/e 203, whereas in authentic
stigmastane peaks m/e 153, 175 and 191 are less intense than
m/e 203. Also the relative intensities of m/e 123 and 149 are
different, Coinjection of authentic stigmastane did not en-
hance peak 9 on either liquid phase, but did enhance peak 14
on both phases. Peak 9 cannot be stigmastane, but it is
probably related to it, Decause of this it will be advantag-
eous to discuss scan 8, g.c. peak 14, in conjunction with

scan 7 since some interesting conclusions appsar.

* It is possible thzt a peak, which, by msss spectrometry
appears to bDe pure, could be a aixture of stereoisowers,
inseparable by this technique. Development of optically active
g.c. phases could solve this particuiar problem,
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Figure 15

Mass spectral line diagrams of g.c. paaks 9 and 14, scang 7

and 8, and authentic stigmastaﬁe.
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Scan 8 ghows that peak 14 is a single pure component of
molecular formula ngﬁ52 given by the pareat ion m/e 400. The
fragmentation pattern (Fig. 15) is identical to that of auth-
entic stigmastane except for the intensities from m/e 200 >
400, They are lower than expected and the decrease is caused
by the masa gpectrometric scan having been tzken too late
when the meximum concentration of molecules in the scurce had
been recached and was decreasing, so the peaks of higher m/e
values showed a false intensity (since the LK3 magnet scans
from low to high mass). As stated before, coinjectior of
authentic stiguastane enhanced peak 14 on both liquid phases.
Therefore peak 14 is stigmastane. A comparison of retention
data for all the peaks nov identified as being steranes pro-
vides evidence of the relationsnhip between peaks la, 1, 7, 9,
and 14 on both liquid phases (Table 6)., By subtraction of the
carbon number value of cach peak from the other peaks, c.g.
1-1la, 7-1, 9-7, 14-2 followed by 7-1la, 9-1, 14~7 and finally
9-la and 1l4~1, and the differences tabulated, identical or
near identical values are obtained, the only excentions being
the values involving peak la. An error in the measurement of
the carbon aumber of peak la of only 0.10 on the AP-L colum
or on the 7-FPPE column would acrount for the erroneous value.
Hevertheless, because the same differences arc found between

the same peaks on two different nhoses, taese iudicate that



Table §

Tentative Correlation of Carbon Wumber Data for the Pive

Steranes Found in the Green River Cycloalkane Fraction

Pesgk
Number

(7-PPE)

la (1)

1 (2

7 (3)

-9 (4)

14 (5

Peak
Humrber

(AP-L)

la (1)
1 (2)
7 (3
9 (4)

14 (5)

Carbon
Humber 1 - 2

30.07
0.42
30.49
0,93
31.42
0.20
31.62
. 0.53
32,15
Carbon
Number
29.58
0,32
29.90
0,92
30.32
0.18
31.09
0.53
31.53

1 -3

1.35

1.13

0.73

1-4

1.55

. -5g=Cholestane

12 .Sag=Cholestane

Ergostane

Stigmastane type

Stigmastane

189
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their structures are all related and behave in a similar fashion
towards the colurm substrates. This is an impertent fiuding
because it illustrates another aspect of thz power of come
bined capillary g.c.=m.s. A knowledge of the molecular formula
- and compound type combined with quantitative retentioun data
allows correlations of the fractional raztention changes
accompanying the introduction of substituents or changes in
stereochemistry ia a series of compounds which are structurally
related, In this way group retention factors57a may be assigned
for changes like 5o coaverting to 58 in rings A ard B of a
sterane, or for hopane -~ iso—-hopane isomerism in triternanecs.
However for this to be a useful and meaningful tachnique,

many authentic compounds will have to be analyséd on several
different liquid phases. Thus it appears likely that the com—
pounds of molecular formula C29H52 representing pesks 9 and

14 are stereoisomers. Peak 14 has been identified as stigma-
stane ' so peak 9 probably is an isomer of stigmastane, although
not necessarily of the same typne of isomerism as exhibited Dy
50 and 5B=cholestane .

Identification of a Pentacyclic Nor-Triterparne

Scan 2 shows tihat g.c. peak 16 is a single pure component,
its molecular formula cof ngﬂqq being given by a parent peak
of mfe 398. This corresponds to g mentacveclic nor-triterpane.

The fragmentation pattern 1s interesting (Fig. 13). There is
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SO |

Figure 16A

Mass spectral line diagrams of'g.c. peak 16, scan 9 znd auth-

entic adiantane and friedelane.
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Figure 163

Two Possible Structures whiéh Fit the Data for G.C. Paak 16.

N — ~a~rW% IS

. i | __,._M/e |77
m
Yo 1234~ — — J‘_
T T




193

no (P = 43) peak, therefore there is no isonropyl group ia
the structure. The m/e 191 peak is not the base peak, and the
n/e 177 ie of medium intensity. Comparison of scan 9 with the
mass spectrum of authentic adiantane (a2 30-nor-triterpane)
shows that they are not similar. Adiantane kas /e 177 = m/e
191 because of the fragmentation at the two adjacent quatern—
ary carbon atoms.‘Coinjection of authentic adiantane produced
no enhancement of peak 16 on either of the two liquid phases,
so peak 16 cannot be adiantane. No otaer authentic compound
produced enhancerz2nt of peak 16 on coinjection. Cn the basis of
the retention data&nd the mass spectrum, only a tentative
structure can be postulated for peak 16. From the ratention
data, since it is pentacyclic, it must have one 5 rembered
ring because the evidence from the authentic triterpanes
indicates that a pentacyelic structure with only 5 membered
rings would have a much longer retention time. The low
intensity of the m/e 149 peak and the absence of the m/e 259
peak indicates that it cannot have the friedelane type of
methyl substitution pattern (cf. mass spactra of friedelanc
and gcan 9 in Figure 16). The carbon number differcace

batween moretane and lupane {both pentacyclic C,. triterpanes

30
with ring E 5 membered with sn isopropyl sidcechain) is 0.43
with lupane having the lowcr value. The carbon number dif{fer-

ence between adiantane aud peak 16 is 0.41 with neak 16 having
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the lower value. Therefore it could bhe that the structure cf
ring E in peak 16 is similar to that of lunane, the formar
being a 30-nor structure. If that was the only difference,

the mass spectra of adiantane and scan 9 would be very similar,
but the differences in the relative intensities of m/e 191 and
177 ghow that some other difference is present. Similarly, the
carbon number difference between adizntane and peak 16 is
somevhat higher than expected on comparison with the value for
moretane and lupane, so poceibly a single methyl rearrangement
has occurred during diagenesis to produce a new ancular methyl

substitution pattern which could give rise to 2 mass spectrum

V)

similar to that of scan 9. Structure I iz a possible example

where the methyl group normally at the ., position has migrated

14
to the 013 position., This structure could producz icns of
value m/e 191 and 177, m/e 123 and 109 of »rovwadbly equal in-
tensity and the m/e 149 would be smal., by the fragmentations
shown (Fig. 16). lowever, there would appear to be no roason
why m/e 177 ghould be much less intemse than m/e 191. lnother
possibility may be that peak 16 was originally Jderived from
a friedelane type of structure which had lost a methyl group
from the 023 position, i.e. a 28-nor-triterpane which then
rearranged, possibly during diazenesis, to give structure Il

(Fig. 18). This structure csuld be expected to meet the re—

tention data requirements and also the mas3 spactrometric ro-
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quirements. The possible fragmentation is shown and the m/e
191 peak would be expected to be of higher intensity than the
m/e 177 peak. 0f course there may be many more structures
which are possible and meat the requirements, but until more
quantitative g.l.c. data i3 available, the structure of the
component represented by peak 10 must remain in doubt.

Identification of Hopane

Scen 10 shows that peak 20 is a single pure component of

molecular formula CJOESZ

corresponding to a2 pantacyclic triterpane. The fragmentation

given by the parent ion n/e 412,

pattern (Fig. 17) is typical of structures containing the
two adjacent quaternary carbon atoms at C9 and 014 positions
in that the m/e 191 peak is the base peak of the spectrum,
The presence of a (P - 43) peak at m/e 3565 indicates an iso-—
propyl sidechain, i.e. it must be a pentacyclic structure with
one S5 membered ring and an isopropyl substituent group. The
corbination of m/e 369 and 191 (100Z) limits the possible
structures to the lupane, moretane and hopane types, Coinject=~
ion of authentic lupane and moretane did not cause any en-
hancement of peak 20 on either of the liquid phasas. Coinject~
ion of authentic hopane was not possible because of lack of
material. Comparison of the spectra of authentic lupane,

and hopane with that of scan 10 (Fig. 17), shows

that scan 10 is similar to each authentic spectrum, but is
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Figt_x__re 17A

Mass spectral line diagrams of g.c. peak 20, scan 10, and

authentic lupane and hopane, and g.c. peak 23, scan 11,



196

50J G.C. PEAK 20, SCAN 0. 191
1 9%
404
] d: 412
369
i nbn Ju J. N N II .
804 AUTHENTIC LUPANE 191
40 1 4”2
; 259 369
z | 1 Lo |
= L. L -
g
AUTHENTIC HOPANE.
4801 v 11
2
4
<
o
of
40 %
412
,J.I\L 369
: | L Lo
GC. PEAK 23, SCAN L. 191
801
95
40
T % 412
|L|L k ™ L " n 4 L L
0 L T T — T
40 100 150 200 250 300 350 400 430



Figure 178

Two Possible Structures for the G.C. Peak 23




ideatical with the authentic hopane spectrum, Therefore peak
20 is hopane.

Possible Identification of a Rearranged Fentacyclic Triterpane

Scan 11 shows that peak 23 is a single pure compbnent of
molecular formula 030252 given by the parent ion w/2 412,
corresponcing to a‘pentacyclic triterpane. The fragmentation
pattern (Fig. 17) is virtually identical to those of lurane
and hopene with the exception of 2 few minor intensity differ=—
ences. The m/e 367 indicates the presence of an isopropyl
group and the m/e 191, the base peak, the two adjacent
quaternary carben atoms. Coinjection of authentic lupane
and moretane produced no enhancement of peak 23 which had
a higher carbon nusber value than both zuthentic samples
(Table 2). Since the spectra of lupane, hopane and peak
23 are so similar, the structure of peak 23 rust be clear-
ly related to the authentic compounds, but by the reten=
tion data, some rearrangement may have occurred which in=
creased its retention tire, without causing a change in
the fracmentation pattera. 2n the other hand, peak 23 may
have been derived from a diffavent class of tritzrpane and
undergone yearrangement to produce a structure clesely simi-
lar to the lupasne, moratanz ~nd hepane typas. Apgain, without
the aid of more quantitative g.l.c. data, it iz imrossible to

-

deduce a definite structure from ths availatle facts, but some
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possible structures may be postulated which me2t the require=
ments of the present data. An example of a rearrangsment which
could occur in a lupane type structure is showa in Tigure 17,
Ceanothic58 acid on reduction in a reducing environment cduring
diagenesis could give abeo-lupanc(I).The mass spectrum of abeo-
lupane would not be very different from lupane, but its re-
tantion time would probably be shorter because of the more
planar shape of the molecule. On the other hand, allcbetulin
(oleananes structure) can rearrange zs shown in Figure 17 to

produce a-apoallobetulin.s9

A hydrocarbon of this skeleton (II)
would probably have a very similar fragmentation pattern to
lupane, moretane and hopene, but its retention time would
either be of the same order or slightly longer. It would
appear that the latter example is the most likely kind of
structure to meet the requirements of the available data for

pea.k 23,

Identification of 031 Pentacyclic Triterpanec

Scan 12 shows that g.c. peak 24 is a single pure compon-
ent of molecular fornula C31H54 as given by the parent ioa m/e
426, This corresponds to a pentacyclic structure with no isn-
propyl group since the (P - 43) peak is absent. Tie only
characteristic peak in the mass spectrum is at m/e 191 (Fig.

18), but it is not the base peak. Uone of the authentic

standard compounds affordcd any peal enhancemernt om ccinjection.
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Figure 18A

Mass spectral line diagrams of g.c. peak 24, scan 12, scan 13,

authentic lanostane.
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Figure 138
* The structures of euphorbane and 24-methyl ¢ycloartane and the
characteristic fragmentation of a cyiloartane type structure.
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Since the molecular formula indicates a C 1 pentacyclic struct-

3
ure, skeletons like those of euphorbane (I) and 24~methyl lano=-
stane can be ruled out because they are both tetracyclic 031
compounds. Moreover, they would be expected to fragment like
lanostane and would therefore not give rise to an intense m/e
191 peak. Again 24-methyl cycloartane (II) wmeets the molecular
formula requirements, but will not give rise to an intense

m/e 191 peak. The fragmentation of a cycloartane ring system

is dominated by the cleavage centred on the 3 membered ring
(cf. Fig, 18). In view of the available information, no tent-
ative structure can be assigned to peak 24,

Scan 13 indicates 2 compound of molecular formula C3IHS4
(Fig. 18), given by a parent ion of m/e 426, corresponding to
a pentacyclic structure. It was imposgible to assignlfhis scan
to the corresponding g.c. peak number, so no'ratention data
is available. Both scan 12 and 13 are of very low concen-
tration peaks and the mass spectra had to be recorded at high
electron multiplier settings. The fragmentation‘patterns there~
fore became more complex because of the background peaks
(which had been negligible on previous scans) and possibly
variations in the total ion current. ¥evertneless, the parent
peaks at m/e 426 and the peaks at m/e 191 were very clear in

both cases, however the structure of these two components mmst

" remain unidentified at the present time.
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Identification of Gammacerane

Scan 15 shows that peak 26 is a single pure component of
molecular formula C30H52 given by the parent ion at m/e 412
(Fig. 19), corresponding to a pentacyclic triterpame. The
absence of a (P - 43) peak indicates that the structure does
not contain an isopropyl group and the base peak is at m/e
191. The mass spectrum is typical of a structure containing
two adjacent quaternary carbon centres, the m/e 191 peak being
the only characteristically intense peak in the spectrum. Co-
injection of authentic gammacerane resulted in enhancement of
peak 26 on both liquid phases. Comparison of the mass spectra
of scan 15 and authentic gammacerane confirms the identity of
peak 26 as being gammacerane (Fig. 19).

The mass spectra of scans 16, 17 and 18 of peaks 27, 28
and 29 reapectively, were very weak and little conclusive in-
formation was derived from them. Scan 16 had a parent ion of
m/e 412 corresponding to a molecular formula of CBOHSZ’ a
pentacyclic triterpane possibly with an isopropyl group, Scans
17 and 18 appeared to have parent ions at m/e 476 correspond-
ing to a molecular formula of C34H68' Ho peak enhancement
occurred on coinjection of any of the authentic compounds. The
identity of these three structures must remain unknown until
more information becomes available.

G.c. peak 32 had previously been identified as a perhydro-



204

Figure 19

Mass spectral line diagrams of g.c. peak 26, scan 15 and

authentic gammacerane.
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carotene by other workers in the group.33 It is possible that
peak 31 is related to 32 and that peaks 28 and 29 are diageneti~
cally degraded perhydro-carotenes, but no mass spectrometric

scans were obtained of these peaks.
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CONCLUDING REMARKS

The Green River shale has a well documented history with
regard to environmental and paleobotanical aspects. The en-
vironment has been shown to be that of a shallow inland lake
covering several hundred square miles. The geological history
of the sediment has been reasonably umeventful, i.e. there
have been no major geological movements such as uplift of the
formation, and the maximum temperature sufferad by the sediment
has been claimed to be 74°C, he paleobotany of this sediment
has been shown to be very similar to the Florida Lake mud de-
posits in that a largely algal source for the organic debris
has been found.51 Taerefore the Green River shale provides an
excellent test as to the compatibility of the chemical and
paleochemotaxonomic information derived from the shale by the
above techniques. In this way the premises and techniques are
tested and if the results are compatible with previous know-
ledge, then they may be applied with some confidence to otner
geological samples such as discrete fossils and more ancient
sediments and perhaps even extraterrestrial samples.

The chemical information now available on the organic
content of the Green River shale is extensive. The alkane
fraction is particularly impressive, in that the branched and

13,

cyclic alkanes are predominant over the n-alkanes. The n-alkanes
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show a typical distribution of plant waxes, i.e. the 27827,
029 and C31 alkanes are dominant, but the distribution appears
to be bimodal with another carbon number maximum at E?C17
alkane, typical of algal sources.a’sa’8b
Tne origin of the hydrocarbons in this sediment can be
in no doubt when the branched and cyclic alkanes are considerad.
Tae identifications of the isoprenoid alkanes farnmesane,
pristane and phytane8 and the impressive predominance of
tricyclic, tetracyclic and pentacyclic cycloalkanes and
perhydro-carotenes, must surely represent a biological

. . 21,25,33
origin,

This is a vindication of the aspirations of
organic geochemistry which are in general to isolate and
identify chemical fossils on a molecular level and then to
establish chemptaxonomic and paleochemotaxonomic correlations
with past and present biological source material.

The characterisation of ergostane and stigmastane isomers
are compatible with a largely algal source for the organic
material in the sediment. Figure 2 and Table 1 provide sub-
stantial evidence that sterols are abundant in algae and that
ergostane and stigmastane isomers are dominant. Indeed the
proportion of stigmastane present in the Green River shale is
one of the highest, second only to the perhydro-carotene. The

carotenes themselves are significant constituents of algae.

The low concentration of the cholestanes bears out tiae prob-
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ability of a small contribution from animals to the shale.
Again, the high proportion of hopane found could be related

to the occurrence of hopane in the Pterophyta division which
might be expected to thrive around the shores of an inland

lake and on islands. The gammacerane, derived from tetrahymanol,
is the only pentacyclic triterpene so far found in animals, in
Protozoan tetrahymena26 and this again is compatible with the
authentic data.

An important question which immediately arises from this
investigation is when do the cycloalkanes first appear in the
geclogical history of a sediment. Cycloalkanes have not been
found in any of the present-day biologiczl source materials
investigated so far. It would secem reasonable to assume that
they represent the products of diagenetic alteration of
steroids and triterpenoids in sediments. Therefore a know-
ledgé of when this occurs in the history of a sediment should
illuminate further the problem of petroleum genesis. An obvious
way to examine this question would be to analyse a geological
core with an authenticated time scale from the present-day to
perhaps Eocene ar earlier geological periods.

Other sediments wiich could be examined for their eyclo-—
alkane content are marine and non~marine snales which should
exhibit some characteristic differences because of differing

bioclogical source materials. The Scottish iestwood oil shale
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. 0 . .
(Carboniferous), reported by Maxwe116 to contailn som= tri-
terpanes, is another obvious choice. Similarly, the work of

Whitehead et a125,28,29

and Danieli 55_3527 on crude oils of
different origin should be correlated with the results from
petroleum source rocks, thus perhaps establishing new tech-
niques which could be used in the exploration for crude oil.
Future guccessful work in this area will depend on the
compilation of more reference mass spectra of authentic and
rearranged cycloalkanes, more high resolution g.l.c. data on
the different behaviour of these compounds, and chemotaxonomic
surveys of other significant biological sources for the cyclo-
alkanes which can then be related to the geological environments.,
In summary, with the important proviso that the chemo-
taxonomic data may not be completely correct, with the evidence
available based on the above structure identifications, it is
possible to generalise paleochemotaxonomically, that the
sources of the organic material in the Green River shale were
largely Thallophyta, Pterophyta and Gymnosperms. Small contrib-
utions could be expected from animals and the Angiosperms, In
conclusion the technique appears to have been substantially
successful, but it will have to be furthex tegted on a more

geologically complex sediment.
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GENERAL EXPERTMENTAL

General Procedures used for the Isolation and Identification

of Hydrocarbons

Where specific details or deviations require to be men-
tioned, these will be described in the appropriate experimental
sections.,

Preparation of Geological Sampleg (Fig. 20)

Pieces of rock having only freshly exposed surfaces were
used. These fragments were broken on a clean metal surface
into smaller fragments of approximately 0.5" in diameter using
a hammer whose head was covered by several layers of aluminium
foil. The resulting small fragments were carefully washed by
sonication in benzene for 5 min in an ultrasonic tank (Dawe
Instruments Ltd, type 1165/H60X, frequency 25.83 kcs, fitted
with a 300/150 watt Soniclean generator). The dried fragments
were powdered in a clean vibratory disc mill (Tema Machinery
‘Ltd, Banbury) for 5 min. The period of milling was kept to a
minimum since a comsiderable amount of nheat was generated if
the operation was carried on for 15 min or more; in such cases
temperatures of 60°C were recorc‘:ed.‘60 For small sample sizes,
i.e. 10 g or less, the powdering was carried out using a steel
capsule ball mill (CGlen Creston).

The resulting powder was sieved and only that portion
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Figure 20

Preparation and Extraction of Geological Samples

Crushed to v 0.5 inch size,

Cleaned ultrasonically in
benzene for, 5 min, dried.

Pulverised in dise mill for 5 min,
100Z -pasaing 100 mesh sieve.

, Extracted ultrasonically in 3:1
benzene:methanol (3 times, 30 min each).

Centrifuged at 2,500 r.p.m. (20 min),

Supernatant liquid removed by pipette,
golvent evaporated, residue weighed.

Organi¢ extract
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passing through a 100 mesh sieve was used.

The moveable parts of both mills in contact with the rock
were cleaned before and after the operation by sonication in
a detergent golution (Lissapol NDB, I.C.I. Ltd), rinsed thor-
oughly in distilled water, acetone and finally in chloroform.
While not in use the clean moveable parts were stored in
degiccators over blue gilica gel.,

To minimise contamination, disposable polythene gloves
were worn throughout these oparations and also where further
handling of the samples was required.

All solvents used were of the "Analar™ grade and were
further purified by distillation through an 18" column packed
with glass helices, the first 100 ml of the distillate being
discarded. Gléssware was cleaned by sonication in a detergent
solution (Lissapol) in the ultrasonic tank for 30 min, followed
by thorough rinsing in distilled water, acetone and chloroform,
stored in closed dust-free jars, and rinsed with solvent before
use. Flasks, centrifuge tubes and other sample containers
were stoppered or covered with aluminium foil between operat-
jons and.if necessary samples were stored in a refrigerator,
The polythene gloves and the aluminium foil were chacked as
sources of contamination by Mr. J. Il. Ramsay.ga

Extraction of Organic laterial from a Shale

Ultrasonic extraction was used to extract the organic
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materizl from shale samples.61 The powdered shales were placed
in glass centrifuge tubes (100 ml capacity) with solvent (3:1
mixture of benzene:methanol) and the tube placed in the ultra-
sonic tank (Dawe Instruments Ltd, type 1155/H60X, frequency
25.83 kes, fitted with a 300/150 watt Soniclean generator),
with the water level in the tank the same as the solvent level
in the tube. Sonication was allowed to proc2ed for 30 min. The
suspension was centrifuged at 2,500 r.p.m. (M.S.E., Multex

Mk III) for 20 min and the clear supernatant liquid removed
using disposable glass pipettes. The extraction procedure was
repeated three times.

Analytical Procedures

An outline of the separation and analytical procedures
is given in Figure 21.

Column chromatography of the organic extract. Neutral

alumina (Woelm Grade I) was used for all column chromatography
and was pre-washed with n-hexane before use. Elution with
n-hexane and then benzene allowed tae separation of the hydro-
carbon fraction from the total organic extract., The hexane
eluate normally contained the alkane, alkene, and some aro-
matic constituents. The elution was monitored by thin layer
chromatography (t.l.c.) .

Thin layer chrc.natography of tae hydrocarbon fractions.

Thin layer chromatography was carried out on silica gel (€.
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Figqura 21

The Separation and Analytical Trocedures used to Isolate

and Identify the Hydrocarbon Components from the

Qrganic Extract

Organi¢ extract

Column chiromatography hexane and benzene eluate.
Total Hydrocarbon Fraction

.. telac,

Preparative AgU03/8132

Total alkanes

5 2 molecular sieve

n-Alkanes occluded Branched and
cyclic alkanes

Digestion of sieve - .
with HF to give Analytical g.l.c.
n-alkanes :

Q.Cf-m.s-
Analytical g.l.c.
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Merck) impregnated with 10% silver nitrate62 (by weight).
This was found to give an efficient separation of the alkanes
from the alkenes and aromatics. The solvent used for elution
was n-hexane for the alkanes and sterically hindered alkemes,
while n-hexane/benzene mixtures were used for unhindered
alkenes and aromatics.

The plates were prepared by coating with a slurry of the
adsorbent in distilled water on a motorised t.l.c. spreader
(Baird and Tatlock, London), allowed to air dry in a dark
cupboard, activated at 120°C in an oven and finelly stored in
a desiccator ready for use.

Thin layer plates had a layer 0.25 mm thick and prep—-
arative thin layer plates were 1 mm thick. Detection was
achieved by spraying with a 0.0017Z solution of fluorescein
or Bhodamine 6C and viewed under 2 u.v. lamp (254 and/or 350
mu) .O0ccasionally when the quantities of material were particu-
larly small, preparative t.l.c. was carried out on thin layer
plates, i.e. 0;25 mm layers.

Molecular sieving of the alkanes. 5 R molecular sieve

(Linde Co, Division of Union Carbide Corporation) was used

to separate the normal alkanes from the branched and cyclic
85

alkanes. The method of O'Connor et al ~ was used. The sieve

was activated at 240°C under reduced pressure (0,1 mm) for

24 hr before use. The alikkanes were dissolved in dry benzene
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or iso-octane and 1/16"

pellets of 5 2 molecular sieve added
in 50:1 ratio. The sieving was carried out under reflux, with
a blue silica gel drying tube fitted to the top of the conden~
ser for 72 hr. The solution containing thc branched and cyclic
alkanes was removed by pipette and was passed through a short
column of alumina to remove any traces of powdered sieve. The
sieve was thoroughly washed with benzene or iso-octane in a
soxhlet apparatus and the washings added to the branched and
cyclic alkane fraction which was then evaporated.

The washed sieve, containing the normal alkanes, was
then dissolved using 407 hydrofluoric acid which was carefully
added to the flask containing the sieve, distilled water and
benzene or iso-octane. The sieve was stirred magnetically
(Teflon coated stirring bar) until solution was complete. Aftef
separation of the layers, the organic solution was passed
through a short colum of alumina and one of anhydrous sodium
carbonate (pre-washed with diethyl ether) and tne solvent
evaporated.

Infrared absorption spectroscopy (i.r.). The fractions

obtained by t.l.c. vere examined by infrared absorption
spectroscopy. Spectra were recorded on a Perkin-Elmer 257
grating spectrophotometer (accuracy + 5 cm—1 above 2000 cm_1

and + 2 cm-1 below 2000 ijl). When required, quantitative

spectra were recorded on a Unicam SP-100 double beam spectro-~
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photometer, equipped with an SP-130 sodium chloride prism-
grating double monochromator and operated under vacuum con-
ditions (accuracy + 1 cm_l).

Gas-liquid chromatography (g.l.c.). The pure hydrocarbon

fractions obtained by t.l.c, and molecular sieving were
analysed by gas-liquid chromatography. Peak identity was
established by coinjection of authentic standards and peak
enhancement. Low resolution and high resolution g.l.c. columns
were used.

Low resolution g.l.c. (packed columms). Low resolution

analyses were carried out using Perkin~Elmer F-11 Mk I in-
struments, equipped with hydrogen flame ionisation detectors
and linear temparature programmers. Stainless steel columns,

" o.d. x 10' length and 1/16" diameter x 10' length, were

b

used. The carrier gas was nitrogen at flow rates of 15~30 ml/
min. The liquid phases were: 17, 2%, and 37 SE30 (Applied
Science Laboratories, Inc); 17 and 27 seven ring polyphenyl-
ether (Applied Science Laboratories, Inc); 4.67% JXR (Applied
Science); 3% OV-1 and 3% OV-17 (Applied Sciemce). The solid
inert supports usually used were Gas Chrom P (100-120 mesh,
acid-washed and silanised; Arnlied Science); Gas Chrom Q (100-
120 mesh, acid-washed and silanised; Applied Science); and
Chromosorb G (100-120 mesh, acid~washed and silanised; Johns-

Manville). The columns were orepared by thoroughly cleaning the
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gtainless steel tubing with a detergent golution (1.0% Lissa-
pol in distilled water), then thoroughly rinsing with hot
water, cold distilled water, ethanol, acetone, and chloroform
(three times, 100 ml each). The column wao dried in a nitrogen
stream for 3 hr. The column was then packed with the liquid
phase coated support under vacuum with vibration (Electric
Engraver, Model VT-52, Burgess Products Co Ltd). The ends of
the columm were packed with metal gauze and the appropriate

" or 1/16" Swagelock fittings attached to the columm ends for
mounting in the g.l.c. instrument. The colums were conditioned
by temperature programming to the maximum temperaturz of the
liquid phase (mostly 300°C) at a rate of 1°/min with a slow
nitrogen gas flow. The maximum temperature was maintained for
24 hr. Normal theoretical plateages achiaved by this method
were within the range of 250-500 plates/foot.

Preparative g.l.c. was carried out using Wilkems Aero~
graph ASOP-3 instruments equipped with linear temmerature pro-
grammers and thermal conductivity detectors. Copper or stain-
less steel colums (10° or 20' in length) 1" or I" in diameter
were used, The columms were nacked by the same procedure as
the analytical low resolution columns, the phases used were
1% and 3% SE30 on Gas Chrom P (10C-12C mesh, acid-washed and
silanised). The carrier gas was helium and the flow rates

varied from 30 to 50 ml/min. The injector, detector, and
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collector temperatures were maintained at 20°C above the maxi=-
mum columm temperature (usually approximately 320°C). Collect~
ion of fractions was achieved using glass melting point
capillary tubes (10 cm x 1 mm), both ends being sealed in a
micro~-bunsen flame after collection.

Low resolution g.l.c. is adequete and extremely useful
for analysis of reasonably simple mixtures of components, for
example, simple normal alkane distribution patterns covering
a wide range of carbon chain lengths., iowever, complex nixturas
are more difficult to analyse, especially when a mixture con-~
tains isomers and different components where the differences
are very slight. In such cases, short packed colum g.l.c.
becomes inadequate and for complete analysis of a mixture,
high resolution g.l.c. conditions are necessary. Tais was fouﬁd
to be the case on analysis of tie hydrocarbons formed by the
thermal alteration experiments., The extremely complex ge.l.ci
distribution patterns recessitated the use of high resolution
gel.c. Similarly, the analysis of the branched and cyclic
alkanes from the Sreen River shale, especially the cycloalkane
constituents of sterame and triterpane striuctures, made high
resolution z.l.c. an absolute necessity. The high resolving‘
power was not only necessary tc separate the constituents of
the mixture, but, as a function of tais power, pegk identity

could be more conclusively established by coinjection of
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authentic compounds on two or more different liquid phases.

High resolution g.l.c. (czpillary colummns). High resol-

ution g.l.c. may be achieved by two different methods. Firstly,
long narrow packed columns, such a2z proposed by Halasz64 may
be employed. However, the difficulty in preparing these columns
with high theoretical efficiencies and their long retention
times, places a severe restriction on their use at the present
time. Secondly, long open tubular coated capillary columms

may be used. These columms are commonly 0.01", 0.02", and
0.03" in diameter and are used in lengths from 59°' to as long
as 1000'f The very high efficiencies and reasonable retention
times achieved'using these columms has made them increasingly
important in the field of gas-liquid chromatography. The

theories and uses of open tubular capillary g.l.c. have now

been well established by the work of Keulemans,65 Golay,66’67
Desty,58 Lipsky et a1,69 Scott,70 Zlatkis et al,71 and Ettre72

among others. The main obstacle to the use of open tubular
coated capillary columms has been the lack of a reproducible
and relisble method of production of a thin film of liquid
phase coated uniformly through the long narrow tubes, Indeed,
even when this has been achieved, it is necessary that the
thin film be stable to carrier gas flow and elevated temp-
eratures, otherwise the whole exercise would be nearly point-

less. Before describing the preparation and coating tecimiques
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employed in meking capillary columns, it is necessary to dis=
cuss briefly the g.l.c. instruments in which these columns

were to be used.

High resolution g.l.c. instrumentation. A Perkin-Elmer

F~11 Mk II was obtained on loan from Perkin~Elmer for a period
of one year so that it could be adapted and developed for use
with capillary colums, It was equipped with a stainless

steel hydrogen flame detector, a pre-columm splitting assembly,
a linear temperature programmer and a temperature readout
accessory.

Previoug-work carried out on the P-11 Mk I indicated that
there was a temperature gradient between the column in the
g.c. oven and the detector (outside tae oven, but connected
to the column by a 1/16" o.d. stainless steel pipe). This was
tested on the new F-11 by attaching thermocouples to the oven
interior, the connecting pipe and the detector. The temper-
atures were recorded on a strip chart recorder, the results
of which are shown in Figure 22. From these curves it can be
clearly seen that there could be up to 75°C difference be-
tween the oven and the conmecting pipe during a temperature
programme, This lag produces condensation of the colum
effluent and consequently broadans the appearance of the re-
corded peaks and most important produces tailing peaks thus

resulting in a loss of resolution. To eradicate this fault,
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Figure 22

Illustration of the temperature gradient between the g.l.c.
colum and the effluent tube leading to the flame ionisation
detector of an F-11 g.l.c. instrument and the effect of a small

heating coil fitted to the tube on the performance.
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a small coil heater was designed and fitted to the ccnnecting
pipe. The improved performance showed that the temperature
gradient had been climinated (Fig. 22).

Secondly, attempts were made to reduce the "dead volume".
capacity in the F-11. This was achieved by drilling out all
the Swagelock connections to 1/16" i.d. so that the column ends
could be "butt-ended" with the connecting tubes.

Finally, a simple splitting valve and pre-columm splitter
was constructed which served two purposes. Firstly,when using
helium as carrier gas, it is expensive and uneconomical to
have a continuous split throughout a complete analysis of, for
example, 100-200 ml/min of helium escaping to the atmosphere.
Since having the split assembly open only during the actual
splitting operation, i.e. at sample injection, and closed
throughout the remainder of the analysis makes no appreciable
difference to the gas flow through tne column, the fitting of
a simple on/off valve to the sample splitter should not re-
duce efficiency or resolution. Secondly, because of the small
quantities of hydrocarbons available for analysis, it was
wasteful to inject large samples (e.g. 5 ul of a concentrated
solution) and then use a split ratio of 190-200/1 to intro-
duce the tiny sample required to the capiilary columm. Instead
an easily interchangeable splitter was constructed from 0.01"

capillary tubing, the split ratio being varied by verying the
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length of tubing used, thus allowing the use of smaller sample
sizes, e.g. 0.1-1,0 ul, These minor modifications resulted in
the low cost F~1l being an adequate g.l.c. instrument for use
with high resolution capillary columns.

Létterly, a Varian Aerograph Model 1200 hydrogen f£lame
instrument was obtained on a short term loan for evaluation
purposes as to its capabilities as a g.l.c. instrument suit-
able for use with high resolution capillary columns.

Reports on the performances and suggested improvements
to the instruments were sent to both Perkin-Elmer (3eacons-
field) and Varian Aerograph (Manchester).

Open Tubular Capillary Columm Preparation and Coating Thin

Films of Liquid Phases

Class or metal capillary tubing were the only types
feasible for use as g.l.c. colums because of the elevated
temperatures necessary for the analysis, i.e. maximum temp-
erature used was 300°C.

Attempts were first made to use glass capillary columns
(obtained from Mr., E. V. Whitehead of B.P. Co Ltd, Sunbury-

5 had used thep in

on Thames, Middlesex) since Hills et al2
their analyses of the cycloalkanes from crude petroleums, A
supporting bracket and holder was constructed to support

these columns . and attempts made to coat them, How-

ever, the fragility of these glass columms was such that they
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could only be handled with extreme care and preferably, once
installed safely in the g.l.c. oven, not at all, until their
performance deteriorated and they had to be replaced. Even in
the oven and securely mounted, breakages occurred wiaich could
only be explained by differential coefficients of expansion
between glass and metal. Confirmation of this difficulty was
received from other workers in this field.73 One advantage of
using glass capillary tubing is that one can watch tae behav~
iour of the liquid phase solutions during the coating proced-
ure which is impcssible with metal tubing.

Howéver, in view of the difficulties encountered with glass
capillary tubing, stainless steel capillary tubing was chosen
as the oniy other alternative available. The tubing was obtained
(Eandy-Harman Tube Co, Inc, llorristown, Pennsylvania, U.S.A,)
in lengths of 200, 300 and 520" of 0.01 and 0,02" in diameter
of a special g.l.c. quality stainless steel which was soft,
easily malleable and the internal dimensions very uniform
throughout each length (accuracy + 0.001").

The column tubing must first be thoroughly cleaned in
order to remove any lubricating meterial which may remain
after the manufacturing process. There are many procedures
published in the literature both for cleaning and for coat—

66,68,72 74 75

ing The cleaning procedure of Kénig =~ and Upde Grove

were combined with the procedure used by the author and
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resulted in s thorough cleaning process which will not only
clean the inside surface of new tubiuy but will also cleean

used tubing prior to recoating a capillary column. This pro-
cedure is given balow (all steps carried out at 500 p.s.i. RZ):-

(1) Flush tubing with water, acetone and chloroform
(three times, each 20 ml).

(2) Flush tubing with 20 ml of 5% by weight of 40%
hydrofluoric acia plus 40% by weight nitric acid
in distilled water (twice).

(3) Flush tubing with distilled water (five times,

20 ml).

(4) Followed by concentrated ammonia (twice, 20 ml).

(5) Flush colum with distilled water until the
washings are neutral to litmus paper.

(6) Flush columm with acetone and chloroform (three
times, 20 ml cach).

(7) The tube is dried in a N, stream prior to coating.

2
The reservoir for these steps was a }" i.d. stainless steel
tube, 15" long. For coating purposes a Teflon tube (}" i.d.
x 15") was used so allowing examination of the level of the
coating solution, This was possible since the gas pressures
used in coating a column are of the order of 2-30 p.s.i.,

varying with the internal diameter and length of the column,

There are two basic methods for coating a thin £ilm of
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liquid phase in open tubular capillary columms.

The dynamic coating,method.ll Briefly, this method in-

volves forcing a solution of the liquid phase through the
capillary column by an inert gas such as nitrogen, helium or
argon. There are two variations of this method, distinguished
by whether the volume of the coating solution is greater or
less than the volume of the tubing. Whea the volume of the
solution is greater, the whole solutiog is forced turough at
a uniform rate, maintained by adjusting the inlet pressure.
When the volume of coating solution is less, approximately 15%
of the total length is filled with the solution and then this
plug is forced through the tubing again at a uniform rate.
Scott76 maintains a uniform rate by connecting a second length
of capilléry tubing of the same internal diameter to the first,
thug maintaining a resistence to the passage of the solution
throughout the length of the first columm. Whatever means are
employed, it is vital to the efficiency of a capillary columm
that there is no sudden increase in the rate of movement of
the solution as it nears the end of the colum, because this
causes tie formation of drops of solution which, when evapor—
ated, leave a non-uniform layer of phase on the walls of the
tubing. The rate of movement of the solution should be in the
range 0,1-1.0 ml/min for 0.01" and 0.22" columms.

The static coating method.67 Briefly, the column is com~




228

pletely filled with the coating solution, then one end is
sealed and by applying reduced pressure to the open end, either
in an oven or at room temperature, the solvent is slowly ev-
aporated leaving the liquid phase behind.

Both these methods were tried and some success was
achieved using each of the methods. However, the reproducib-
ility of consecutive columms coatad with the same phase in
both cases was low.

In an attempt to eliminate the human element from the
caugses of failures, a cleaning and coating apparatus was de-
signed and constructed (Fig. 23). Not only did this help to
standardise the procedure, but it allowed the cleaning and
coating of more than one colum at once, thus permitting a
faster throughput when checking the various procedures.

Following the work of Averill,77 in which he rascommended
the use of various surfactants in swmall quantities as addit-
ives to the coating solution to eliminate tne adsorption effects
of the columm walls and also to stabilise the tnin film, a
commercial surfactant (Igepal Co380, Perkin-Elmer Ltd) was
used. The columns prepared in this way with a 2.017 (by weight)

Igepal Co880 added to the solution, did not show any apprec=
iable improvement. Moreover, their performance appeared to
deteriorate faster than before, probably caused by the decomr

position of the surfactant at the elevated temperatures
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Figure 23

The cleaning and coating apparatus used in the preparation and

coating of open tubular capillary columms.
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necessary for the analyses.

Metcalfe{g£_§l78 reported the successful use of an add~
itive, trioctadecylmethylammonium bromide (Gas Quat L) in the
preparation of open tubular capillary colummns with a variety
of liquid phases. On raquest they sent 100 mg of this material
to be evaluated and indeed the results obtained using Gas Quat
L indicate an increase in the reproducibility and stability
of coated capillafy colurms. The procedure employed for coating
is as follows:~

(1) A solution containing 10% by weight of liquid
phase, 0.27%7 by weight of Gas Cuat L is made uwp in
filtered chloroform (M"Analar™ grade).

(2) The solution is measured and the required volume
(for a 200' x 0.01" colum 5 ml is necessary)
transferred to the clean Teflon reservoir.,

(3) Pressure is zpplied to the top of the reservoir
using nitrogen and a uniform flow through the
colum is maintained. The pressure required to do
this varies with the viscosity of the solution

~which varies from phase to phase.

(4) Vnen the solution has passed through, the colum
is left for 24 hr with the same flow of nitrogen
(v 1 ml/min) to evaporate the solvent.

(5) The column is conditioned very carefully, i.e.
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temperature programmed from room temperature to
the maximum temperature of the columm in 50%
stages at a rate of 1°/min over a period of two
days with a carrier gas flow of 2 rl/min (for
0.01" columms).

(6) The column is then tested with = standard mixture
for both efficiency and resolution at the temp-
erature the columm has to be used; e.g. for the
cycloalkane analyses the temperature to be used
was 250°C.

Most columms prepared in this way yielded theoretical
plateages measured at 250°C in the range 30,000~50,000, and
maintained their performance for a minimun of 2~3 montas.
(Subsequent attempts by other workers in the group have been
unsuccessful, probably due to inadequate attention to detail,)
The liquid phases coated on capillary columms successfully
using this procedure were Apiezon L grease (pre-treatad by
passing a hexane solution of the grease tarough a neutral
aluminag colnmn79)a silicone gum SE52 (4Anvplied Science Labor—
atories, Inc), seven ring pclyphenylether (4pplied Science)
and dimethylpolysiloxane, monodisperse gum (Midland Silicones
Ltd, Wales).

Combined gas chromatogrephy = mass spectrometry (g.c.=

m.s.) . Complete mixtures and also fractions of mixtures
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(collected by preparative g.l,c.) werzs analys2d using tae LKB
9000 gas chromatograpn - nass spectrometer (at the Ciemistry
Departrient, University of Glasgow). Initially, packed columns
were used (10' x 3 mm), normelly with 17 SE30 as liquid phase
and a helium flow ratc of 30 ml/min., Fowever, as the require-
ments of g.l.c. separations increased with respect to rzsol-
ution and column efficiencizs, and capillary column g.l.c.
became feasible, it was obviously desirable to improve the
quality of the g.c.-m.s. analysis by using capillary colurms
in the g.c.-m.s. ihis was not such a simple step as it at first
seemed.

The main problem was that even with the low helium flows
used in capillary columns, i.e. v 2 ml/min, the LKB ion source
could not accept the total g.c. effluent (maximum flow rate
into source is 0.25 ml/min). Therefore some sort of splitting
or preferential sample to carrier gas enrichment process must
be introduced to the g.c. =2ffluent. On the LK3, this is accom—
plished using a Becker-Ryhage jet type separator assembly6
(Fig. 24). The first chamber is evacuated by the Fore vacuum
pump and thg second chamber by the oil diffusion »ump. However
the sarple sizes used on capillary columns are sc small that
the separated components in the g.c. effluent were mostly lost
while passing through the Ryhage separators. Single components

or simple mixtures could be successfully analysed, but high
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Figure 24

Schematic representation of the LK3 9090 combined g.c.-m.s.

instrument and the principle of the molecular separator and

the g.l.c.-m.s. interface.
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molecular weight complex mixtures (such as the branched and

cyclic alkane fraction from the Green River shale) were im~

possible to analyse. By a systematic process of trial and

error, suitable modifications to the g.c. and m.g. interface

were arrived at, which allowed the gatisfactoryanalyses of

complex mixtures using capillary columns. The procedure was

as follows:-

(1)

(2)

(3)

(4)

The IXB 9000 oven was replaced by a F=11 oven and
analyser unit (without flame ionisation detector).
This was done so as to reproduce the g.l.c. con-
ditions used as exactly as possible.

The effluent end of the capillary column was
connected to the separator assembly by a 0.01"
capillary tube (ca. 18" long) wound with resis-
tance wire and insulated with asbestos. The
effluent line could be heated to 300°C.

The first separator jet was removed and the rotary
pump line isolated but still "backing" the oil and
mercdry diffusion pumps connected to the second
geparator.

When the separator assembly and the source had

pumped down to a satisfactory vacuum, i.e. ].O-6

to 1077 mm Hg, the oil diffusion pump and the

mercury diffusion pump were switched off. This
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left the Fore vacuum pump to maintain the vacuum.

(5) The helium g.c. inlet pressure was increased to
80 p.s.i., thus increasing the pressure in the
source by 20%Z, but still within the safe working
limits of the source.

This system resulted in a higher proportion of the g.l.c.
effluent reaching the source and thus higher sensitivity
achieved., By this means the complex mixture of steranes and
triterpanes from the Green River shale were successfully anal=-
ysed by capillary column g.c.-mi8., the first time such a
high molecular weight analysis had been achieved using a

capillary.column.
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EXPERIMENTAL

Green River Shale

The sample of Green River shale (Rifle, Colorado, U.S5.A,)
used in this study was part of a large sample of shale kindly
provided by Dr. W. E. Xobinson (U.S. Departncnt of the Inter-
ior, Laramie, Wyoming).

Treatment of Rock and Extracticn of Organic Matter

A piece of Green River ghale having oniy freshlv exposed
surfaces was brolen into small nieces abou: ¢.53" in diemeter,
These were carefully washed in benzene by sonication (Soﬁitank)
for 5 min to minimise contamination. The pieces were then
powdered as described above using the disc mill for 5 min.
Only that portion of the powder passing a 100 mesh sieve was
used. A sample (20 g) of the powdered Green River shale was
extracted ultrasonically in the Somitank with benzene/methanol
(3:1, 100 ml) for 30 min, the resulting suspension centrifuged,
and the supernatant liquid removed by pipette. The extraction
procedure was carried out five times. The supernatant liquid,
having been combined, was evaporated (Buchi) and the result-
‘ing dark brown gum weighed (0.35 g, 1.8%).

Isolation of the Hydrocarbon Fraction

The organie extract was chromatographed on neutral alumina

(100 g, activated at 120°C for 1 hr). The columm wos eluted
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with n-hexane (150 ml) followed by benzene (600 ml), each
elution being monitored by AgNO3/Si t.l.c. The combined elu-
ates, after evaporation, were weighed (0.100 g, 0.57). Finally
the colum was stripped using ethyl acetate and methancl

(0.22 g, 1.1%).

Isolation of Alkane Fraction

Analytical Agﬂ03 impregnated silica t.l.c. of the hydro-
carbon fraction with the reference compounds, n-heptadecane,
n~heptadec~l-ene and anthtacene, indicated the presence of
alkane, alkene ard aromatic fractions. The solvent system used
was 107 benzene/hexane. Prepzrative AgNOalsi t.l.c., allowed

the separation of these three fractions with the same eluent,
This afforded the alkane fraction (0.055 g, 55% by weight of
the hydrocarbon fraction and 0.237 by weight of the shale),
free from olefinic and aromatic material. The infrared spectrum
(thin film) was typical of a saturated hydrocarbon mixture,

having absorption bands at 1465 (v CH CH3), 1380 (v c

1

2i
sym.) and 720 cm.l (-(Oﬁz)n- *rock'), the 720 e

32
band in=

dicating that long straight chain constituents were present.

Isolation of the Bramched and Cyclic Alkane Fraction

A temperature programmed gas chromatogram using a packed col-
um (10" x1/16%, packed with 2% 7-PPE tn Gas Chrow Q) of the alkane
fraction showed it to be a complex mixture (Fig. 5). The

dominant peaks were the isoprenoid alkanes, pristane and
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and phytane, previously identified by other workers.s’lz

The alkane fraction (0.055 g) was dissolved in iso—octane
(20 ml) and neated under reflux with 5 & molecular sieve (}"
pellets, 3.0 g) for 100 hr. The sieve was washed in an all-
glass Soxhlet (6 hr) and the washings evaporated to give the
branched and cyclic alkane fraction (0.044 g, 80% by weight
of the aikane fraction, 0.22% by weight of the shale). Dissol=-
ution of the sieve, containing the n-alkanes, was achieved
using hydrofluoric acid (40%) as described above, affording
the n-alkane frac:ion (0.007 g, 127 by weight of the alkane
fraction, 0.0357 by weight of the shale). There was an overall
loss of 8.0% by weight of the alkane fraction incurred in this
separation. The n-alkanes were examined by g.l.c. (Fig. 5)
and the positions éf the C,go and C,s alkanes determined by
coinjection. The branched and cyclic alkanes were examined by
g.lec., initially by temperature programming (Fig. £). The
mixture was shown to be very complex, especially around the
higher molecular weight region of the tetra- and pentacyclo-
alkanes,

Capillary G.L.C. Analysis of Authentic Cyclcalkanes and the

Cycloalkane Region of the Branched and Cyclic Alkane Fraction

The analyses of the behaviour of authentic steranes and
triterpanes and the unknown mixture were conductad using an

F=11 Mk IT (Perkin-Elmer Ltd). Two different polarity liquid
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phases were used; Apiezon L grease pre-treated as described
above and seven ring polyphenylether (7-PPZ), coated on 200'
x 0.01" and 150' x 0.01" stainless steel columns respectively,
The former columm had a theoretical plateage of ca. 50,000
and the latter columm a plateage of ca. 30,000, measured at
250°C with 5a=cholestane. The efficiencies of the colurms
were monitored throughout the analyses to ensure maintenance
of performance. All samples of authentic and unknown materials
were examined at an isothermal temperature of 25006 with a
constant pre-column flash heater temperature of 320°C. The
helium carrier gas flow was maintained at 2 ml/min, with =2
pre-~column split ratio of 30:1 achieved as described above.
The procedure followed was as follows:-
(1) The reference n-alkanes (n-C

s n=C,., and 37032)

23 30

-were run as a reference mixture,

(2) Each authentic compound was coinjected with the
reference alkane mixture to determine their
Kovats retention indices and carbon numbers
(Fig. 6, Table 1).

(3) The branched and cyclic alkane fraction from
the Green River shale was examined at 250°C
isothermally so that the region containing the
tetra~ and pentacyclic cycloalkanes was well

resolved,
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(4) The branched and cyclic alkane fraction was co-
injected with the reference n-alkane mixture and
‘the Xovats retention indices and carbon numbers
calculated for each peak, i.e, peaks 1~32, Fig. 7.

(5) Finally, each authentic compound was coinjected
with the reference n-alkane mixture and the branched
and cyclic alkane fraction and the g.l.c. record
examined for the appearance of any peak enhancement.

This procedure was carried out on both capillary columms
and the resultant data tabulated (Table 2),

Conbined quillat& Colum G.C.~M.S. of the Branched and Cyclic

Alkane Fraction from the Green River Shale

The instrument used was an LKB 9000 combined g.cC.~meS.,
modified to accept the effluent from a capillary column as
described above. The branched and cyclic alkane fraction was
examined and the total ion current at 20 eV is showa (Figure
12; cf. the analytical g.l.c. record in Figure 7).Mass spectra
were recorded at 70 eV for the peaks indicated and the scan
(2 sec for a mass decade) points narked. In order to facilitate
counting of the mass spectra and also to act as a check,
polyfluorokerosene (PFK) was added to the effluent between
the molecular separator and the ion sourse, at a constant
rate and a second analysis of the branched and cyclic alkanes

carried out. Then by comparison of the corresponding spectra
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from the first and second analysis, each mass spectrum was
counted and normalised line diagrams drawn for each scan

(cf. Figs. 9-18). Unfortunately, due to limited time allotted
for this work on the LX3 9000 (the author had moved to ths
School of Chemistry at Bristol with Dr. G. Eglinton, and had
to visit Glasgow to use the LXB 9000, made availabie by Dr.
C., J. W. Brooks), the author was unable to analyse the auth=~
entic compounds and obtain mass spectra by combined g.C.=m.S.

Mass Spectrometry of Authentic 3teranes ond Triterpanes

Mass spectra of the authentic compounds were obtained
using an MS~9 (A.E.I.) instrument via the direct insertion
probe at an applied voltage of 70 eV. These were used as
reference spectra for the spectra obtained using the combined
g.C,~m.8., instrument. Mass spectra were also recorded at 12,
16, 20, 35, 45 and 70 oV for each of:12 of the authentic
steranes and triterpanes for a comparative analyais of the
fragmentations produced at the different voltages. The mass
spectrometric conditions were maintained as constant as
possible throughout, e.g. source and insertion pfobeutemp-
eratures, This work was carried out jointly by the author and

Dr. R. Binks.
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