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FOREWORD

The ACS Symposium Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ApvVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

T{E DEVELOPMENT OF A SHALE OIL INDUSTRY has been limited by the
commercial reality that petroleum can be produced less expensively than
shale oil. Until that time when petroleum becomes unavailable or too expen-
sive, there will be little or no profit in producing synthetic fuels, and there-
fore a synthetic fuel industry will not be developed. In addition to being tied
to the price of petroleum, shale oil has a second problem, a scientific prob-
lem. Oil shales are complex mixtures of organic and inorganic components
that require a special technology to recover, upgrade, and refine to usable
organic and inorganic products. The tasks of chemists and engineers are to
minimize the cost of each of these steps. Through an understanding of the
geochemistry and chemistry of the resource and the recovery, upgrading, and
refining processes, it may be possible to produce shale oil less expensively.
Only then can we begin to tap the earth for this enormous energy resource.

Oil shales occur worldwide and span the spectrum of geologic time. Oil
shale is a misnomer, used mainly in the economic rather than the geologic
sense. There is very little oil in oil shale and often the rock is not a true shale
(e.g., the Green River Formation “oil shales”). However, upon heating, the
kerogen (insoluble organic matter) in the rock produces liquid products that
can be upgraded and refined to useful products. Whether an oil shale deposit
represents a viable potential source of synthetic liquid fuel depends both on
the quantity of organic matter in the sediment and on the quality or nature
of its chemical composition. The chemical composition largely determines
the fate of the organic matter during heating. Because oil shales are diverse
in their compositions, lithologies, and genesis, it can be expected that their
behavior on heating will also be different. It was with this in mind that the
symposium on geochemistry and chemistry of oil shales was held.

In this symposium we have attempted to bring together a large number
of scientists from around the world to learn about the geochemistry of shales
in various countries and how they are similar and how they differ. In addi-
tion, the symposium included discussions by leading shale oil chemists con-
cerning their work to define the chemical nature of shales, to define the
chemistry involved in shale oil production, and to develop new or improved
recovery processes. Papers on the inorganic chemistry of oil shale were
solicited for the symposium because we recognized that the inorganic chem-
istry of oil shale is important to the total chemistry of oil shale recovery
processes.

ix
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Many of the papers presented at this symposium have been revised and
updated for inclusion in the present volume and we thank all the contribu-
tors for their cooperation and efforts. We are grateful to the ACS Divisions
of Fuel, Geochemistry, and Petroleum for their support. Acknowledgment is
made to the Donors of the Petroleum Research Fund, administered by the
American Chemical Society for partial support of this symposium.

On a sad note, Dr. Irving A. Breger, one of the founders of the Geo-
chemistry Division of the ACS, died on October 13, 1982. The symposium in
Seattle was held in his memory.

FRANCIS P. MIKNIS

JOHN F. McKaAy

University of Wyoming Research Corporation,
formerly Laramie Energy Technology Center,
U.S. Department of Energy

Laramie, Wyoming

May 16, 1983
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Geochemistry and Pyrolysis of Qil Shales

B. P. TISSOT and M. VANDENBROUCKE
Institut Frangais du Pétrole, BP 311, 92506, Rueil-Malmaison, France

0il shales are defined according to economic criteria :
they are rocks yielding commercial amounts of liquid
hydrocarbons ‘'upon destructive distillation. They contain
an organic matter (kerogen) similar to that of petroleum
source-rocks. Specific geochemical characteristics of oil
shales, as compared to petroleum source-rocks are pre-
sented hereunder : low natural thermal evolution, high
carbon content, high hydrogen amount of the organic mat-
ter. The evolution of some geochemical parameters during
pyrolysis is shown for different oil shales. Finally,
specific features of the composition of shale oils compa-
red to that of natural petroleums are indicated : presen-
ce of unsaturated hydrocarbons, higher amount of hetero-
atomic compounds.

There is no geological or chemical definition of an oil shale.
Any rock yielding o0il in commercial amount upon pyrolysis may be
considered as an oil shale. The composition of the inorganic frac-
tion may vary from a shale where clay minerals are predominant,
such as the Lower Jurassic shales of Western Europe (particularly
France and West Germany), to carbonates with subordinate amounts
of clay and other minerals, such as the Green River shales of Co-
lorado, Utah and Wyoming.

The organic fraction is mainly an insoluble solid material,
kerogen, which is entirely comparable to the organic matter present
in many petroleum source rocks (1-2). Figure 1 shows the elemental
composition of the Green River shales, the Lower Toarcian shales
of the Paris Basin and W. Germany and also various oil shales from
different origins. A large number of core samples from the Green
River and the Paris Basin shales was taken at various burial
depths. They cover the diagenesis, catagenesis and metagenesis sta-
ges of thermal evolution (1) (the latter stage was available from
the Green River shales only). The diagram shows that these two
shales series constitute typical evolution paths of type I and

0097-6156/83/0230-0001$06.00/0
© 1983 American Chemical Society
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Figure 1. Van Krevelen diagram showing the elemental composition of oil shale kero-
gens. The organic constituents of the Green River shales (% )and the Toarcian shales (a)
of the Paris Basin are typical kerogens of Types I and II, respectively. Other oil shales
belong to either Type I (o) or II (W). Key: A, Autun boghead, Permian, France; B,
Moscow boghead, Permian, USSR; C, Coorongite, recent, Australia; H, Marahunite,
Tertiary, Brazil; 1, Irati shales, Permian, Brazil; K, and K,, Kukersite, Paleozoic, USSR;
M, Messel shale, Eocene, W. Germany; R, Kerosene shale, Permian, Australia; S,
Tasmanite, Permian, Australia; T,, torbanite, Carboniferous, Scotland; and T,, tor-
banite, Permian, Australia. The evolution path of humic coals (Type I1I) (®) is shown
Sfor comparison.
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type II kerogens according to the definition of Tissot et al (3).
Furthermore, other oil shale kerogens belong either to type I,
such as coorongite and kerosen shales (Australia), torbanite (Sco-
tland and S. Africa) and bogheads ; or to type II, such as kuker-
site (USSR), Irati (Brazil) and Messel (W. Germany) shales ; tas-
manite (Australia) shows an intermediate elemental composition.
The evolution path of humic coals is also shown in Figure 1 for
comparison. It has obviously a lower hydrogen content than any of
the oil shale kerogens, unless they have been deeply altered by
thermal evolution.

Infrared spectroscopy (Figure 2 and Table I) of the kerogens
(4) from oil shales shows fhat all of them are rich in aliphatic
bands at 2900 and 1450 cm ' related to chainlike and cyclic sa-
turated material. However, kerogens of type I, such as Green River
shales and torbanite, contain a larger proportion of long alipha-
tic chains, marked by the absorption bands at 720 cm™l.

Table I : Relative importance of aliphatic bands in infrared spec-
troscopy of some kerogens from selected oil shales
(arbitrary units).

IR Aliphatic bands (cm‘l)
K K K K
2900 1450 1375 720
Type Sample .
C-H CH,*+CH,  CH, (CHz)n n7h
1 Green River sh.| 136.6 11.2 1.5 1.3
Torbanite 105.3 10.8 2.1 1.1
Toarcian shales| 73.0 10.0 2.5 0.
11 Kukersite 72.7 11.5 2.8 0.4
Messel shales 76.0 9.6 3.7 0.2

The total oil yield obtained from the shale upon pyrolysis is
usually measured by the standard Fisher assay. However, it is pos-
sible to obtain a fast and accurate measurement of the oil yield
by using the Rock Eval source rock analyzer (5), which operates
on small quantities of rock, such as 50 or 100 mg. Figure 3 shows
the comparison between the value obtained from the Rock Eval pyro-
lysis and the yield of the Fisher assay on the Toarcian shales of
the Paris Basin.

A series of experiments has been carried out to observe the
generation of the different classes of oil constituents. Aliquots
of two kerogens from the Green River Shale (type I) (6) and the
Lower Toarcian shales of the Paris Basin (type II) (7) where hea-
ted at a constant heating rate of 4°C min~! to different final
temperatures ranging from 375°C to 550°C. A humic coal from Indo-
nesia (type III) was also used for comparison (8). These various
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Figure 2. Typical IR spectrum of the kerogen isolated from lower Toarcian shales of the

Paris Basin.
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Figure 3. Correlation between oil content obtained by the Fischer assay and by the
Rock-Eval pyrolysis.
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samples have experienced a comparable thermal history in geologi-
cal conditions : they belong to the final stage of diagenesis (1)
(vitrinite reflectance between 0.4 and 0.5%). The mass balance of
the organic fraction is shown in Figure 4 as a function of the
final temperature. At 375°C, most of the organic material is still
made of kerogen. With increasing final temperature an increasingly
large fraction is converted to o0il which condensatés in a cold
trap, leaving a solid residue or char. The non-recovered fraction
is assumed to be mainly carbon dioxide, water and light hydrocar-
bons non condensable in the cold trap.

A somewhat different behaviour is observed according to the ty-
pe of kerogen : the Green River shale (type I) requires higher
temperatures, as the maximum rate of conversion occurs ca. 475°,
versus 425-450°C for the Paris Basin shale (type II) and the humic
coal (type III). Furthermore the conversion ratio and the compo-
sition of the products are different : the total conversion ratio
(condensate plus non-recovered products) decreases from over 80%
for type I, to 55% for type II and 35% only for coal. The amount
of 0il (condensate) generated is relatively high in kerogens from
oil shales : 62% for type I and 37% for type I1I, whereas it is
low (less than 12%) for coal. This is partly due to an important
generation of carbon dioxide and water from humic coals. The
relative proportion of hydrocarbons (saturated, unsaturated, aro-
matics) compared to N,S,0 - compounds also decreases from type I
to type III.

The total amount and composition of the hydrocarbons generated
is shown in Figure 5. The Green River oil shale (type I) produces
mainly linear or branched hydrocarbons, whereas the Paris Basin
shale (type II) generates mainly cyclic - particularly aromatic -
hydrocarbons. The percentage of aromatics is also important in
coal pyrolysis, but the absolute amount is much smaller. The
bottom part of Figure 6 shows the distribution of n-alkanes in
shale oils : it is regularly decreasing from C17 to C3g in the
oil derived from type II kerogen, which is a fluid synthetic oil ;
it is relatively flat up to C3gy (type I) or even increasing towards
a Cy5-Cyg9 maximum (type III) in the two other synthetic oils which
have a waxy character. Furthermore, a slight predominance of the
odd-numbered molecules (Cyg, Coqs Cyg) noted in the 0il derived
from humic coal points to a contribution of natural waxes from
higher plants to the organic material.

A direct pyrolysis-gas chromatography of the kerogens was also
performed and is presented in Figure 7 (9). The chromatograms
taken at pyrolysis temperature of 475°C show the total distribu-
tion of hydrocarbons, with the relative importance of long-chain
molecules up to C3p in types I and III. It also shows the impor-
tance of low-boiling aromatics (B : benzene ; T : toluene ;

X : xylenes) generated from humic coal (type III) as compared to
those generated from oil shales (types I and II).

Composition of the solid organic residue of pyrolysis was
also analyzed in order to follow the progressive change from the
immature kerogen to the final char. Figure 8 presents the elemen-
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Figure 4. Pyrolysis of kerogens at a standard heating rate of 4 °C min”' up to various
final temperatures. Mass balance is of recovered and nonrecovered products plus
residual char.
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Figure 5. i Hydrocarbons generated from the two main types of oil shales by pyrolysis at 4
°C min™' rate up to 500 °C. Hydrocarbons generated from a humic coal (Type III) are
shown for comparison.
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Figure 6. Comparison of the normal alkane distribution in shale oil generated by
pyrolysis and in bitumen from geological samples with an equivalent stage of thermal
evolution.
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Figure 7. Pyrolysis-GC at 475 °C. The chromatogram shows total hydrocarbons.
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Figure 8. Evolution paths of heated samples compared to natural evolution paths of
Series 1, 11, and II1.
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tal composition of the solid organic fraction corresponding to
the experiments reported in Figure 4. Artificial evolution of the
two types of o0il shale kerogen and the humic coal is represented
by the elemental composition and the final temperature of pyroly-
sis. The artificial evolution paths corresponding to types I and
II are reasonably comparable to the natural evolution paths ob-
served in geological situation (10 - 11), where the Green River
and Paris Basin shales are buried at depth (this path is marked
by bands I and II, respectively, in Figure 8). The major loss of
hydrogen occurs ca. 475-500°C for type I and ca. 400-475°C for
type II kerogen ; this remark is in agreement with a comparable
delay in their respective conversion ratio reported in Figure 4.
The behaviour of coal is somewhat different from that of oil sha-
le kerogen : its artifical evolution does not duplicate the na-
tural evolution path of humic coals. This is possibly due to the
higher oxygen content of the initial sample and to its preferen-
tial elimination as water (a hydrogen consuming process) during
pyrolysis, as compared to geological situations, where oxygen is
mostly eliminated as carbon dioxide.

A confirmation of the inadequacy of pyrolysis to simulate the
natural evolution of coal is provided in Figure 9, where two para-
meters of the Rock Eval pyrolysis are presented. The hydrogen
index (5) is plotted as a function of a thermal evolution parameter
Tmax (temperature of pyrolysis corresponding to the maximum rate
of release of organic compounds). The hatched bands marked I, II
and III correspond to the natural evolution paths (under burial
in geological situation) of the Green River Shales (10) , the
Paris Basin and W. Germany Toarcian shales (11), and humic coals
(12), respectively. Again, the artificial evolution paths of
type I and type II oil shale kerogens are reasonably comparable to
the natural evolution paths, whereas the deviation is important for
coal. The graph points to an early loss of hydrogen, possibly used
for oxygen elimination through water generation : thus the hydro-
gen index, which measures the potential for further hydrocarbon
generation, is lowered at an early stage of thermal evolution as
compared to its behaviour in geological situation.

Another aspect of the comparison between pyrolysis and natural
evolution of the organic matter is shown in Figure 10. In the Pa-
ris Basin, Lower Jurassic shales have been mined as oil shales
where they are outcropping, whereas in the central part of the
basin they were submitted to sufficient burial to generate bitu-
men in large amounts (11) ; in turn, a small fraction of that bi-
tumen migrated to form small oil fields. Figure 10 presents the
global composition of i) shale o0il generated by laboratory pyro-
lysis, ii) natural bitumen generated at depth in the shale acting
as a source rock, and iii) crude oil accumulated in a small field.
The global composition of shale oil (non-aromatic hydrocarbons,
aromatic hydrocarbons, N,S,0 - compounds) shows some similarities
with that of natural bitumen, especially the high content of N,S,
O - compounds, as compared to the content in pooled oil. This si-
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Figure9. Evolution of hydrogen index vs. Trax of Rock-Eval pyrolysis in natural Series

I, 11, and III (hatched) and in heated samples (identified by final temperature of

pyrolysis). Key: %, Green River shales (GRS); a, Toarcian shales (To); and @, humic
coals (Ma).
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Figure 10. Composition of shale oil, natural bitumen present at depth, and pooled oil,
which are all derived from lower Jurassic shales, Paris Basin.
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milarity is also observed in Figure 6 where the n-alkanes dis-
tribution of three shale oils is compared with that of three
natural bitumens of comparable stage of thermal evolution.

There are two major causes for the differences observed bet-
ween shale oil and crude oil. One is due to generation by pyroly-
sis of compounds unusual in natural bitumens and crude oils, such
as unsaturated hydrocarbons (olefins) : Figure 10. Nitrogen hete-
ro-compounds are also much more abundant than they are in natural
bitumen or crude oils. The other difference is due to the migra-
ted character of pooled o0il which results in a preferential
migration of hydrocarbons, especially saturates, and a retention
of most of the N,S,0 - compounds in the source rock (1) . Thus
natural bitumen has an intermediate composition, separated from
shale o0il by the conditions of pyrolysis and from pooled oil by
migration across sedimentary beds.
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Geochemistry of Brazilian Oil Shales

CLAUDIO COSTA NETO

Universidade Federal do Rio de Janeiro, Instituto de Qufmica, Rio de Janeiro, Brazil

A definition of geochemistry of oil shales (o.s.) is
proposed in order to systematize the presentation of
the subject. A general view of the chief Brazilian o.
s. reserves is made prior to discussing information
on their chemical composition (organic and inorganic).
Geochemical aspects of Stratigraphic Functions are
stressed and a Correlation Matrix for elements in a
stratigraphic column of Irati Formation (F.) is dis-
cussed, The analytical methods of Solid Phase Extrac-
tion and Functional Group Marker developed for the a-
nalysis of bitumens and kerogens and the results ob-
tained from the application of these methods to Bra-
zilian o.s. is discussed. The geochemical aspects in-
volved with a large diabase intrusion in the Irati is
particularly stressed; results on the phylogenetic
studies on hydrocarbon chains of Irati o.s. are also
presented. A critical discussion on the role of a
Theoretical Organic Geochemistry 1is presented. The
paper ends with a brief description of a comprehen-
sive Analytical Bibliography on Brazilian o.s. prepar
ed to serve as a data base for these organites. -

The bibliography on Brazilian oil shales amounts today to ap-
proximately 850 papers. No more than 250 deal with chemistry and
the number of documents discussing its geochemistry is rather small.
Many conclusions can be drawn from this statement. For instance,
that oil shales do not appear tc have been considered, as yet, an
important subject in the Brazilian Science and Society (the rele-
vance of oil shales to the Brazilian Society has been widely dis-
cusged by Costa Neto (1)) If it is looked at from a technical view
p01nt, a question may be posed: which were (or should be) thebound
aries chosen for geochemistry whithin the universe of information
on the chemistry of oil shales? Judging from what is published in
the literature an answer to this question may be that these 'bound
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aries", if they exist, are "fuzzy" and very '"relative" (that is,

they will vary according to whom is making the selection). But,
indeed, "boundaries" can be given to any subject if they are well
"defined" - that is to say what it tries to describe, and what are

the purposes and objectives. If the definition is imaginative e-
nough, it may go ever further estimulating questions on points that
may have not yet been discussed and, in many ways, directing the
work to new lines of research in the field (this point will be dis
cussed later on). This presentation will then start with a defini-
tion for the geochemistry of oil shales.

Definitions

Chemistry deals with the nature (structure) and transformations
of substances, Geochemistry deals with the nature (structure) and
transformations of substances proper to the geosphere., Geochemistry
of 0il shales deals with the nature (structure)and thenatural trans
formations of o0il shales., This is a very general definition. If we
go further, looking for the fundamental objectives of the geochem
istry of oil shales, we can say that they are:

1. to know, at the molecular level, the materia actuale of oil
shales (the matter of oil shales as it stands today) i.e. the chem
ical nature of the organic and inorganic phases that constituteoil
shales seeking to establish their structure (geometrical relation-
ships among atoms and molecules).

2, to define the natural transformations of the materia prima
into the materia actuale, through modeling from the knowledge of
the chemical constituents of the materia actuale and further sim-
ulations (theoretical and experimental) of the processes.

3. to infer, from what is known from the materia actuale, the
poss1b1e nature of the materia Erlma, i.e, the matter that gave or
igin to oil shales.

These objectives can be correlated according to fig. 1.

————— MATERIA PRIMA __—l

ALLOWS ¥ MODELING AND

INFERENCES NATURAL SIMULATION OF
UPON THE TRANSFORMATIONS NATURAL

MATERIA PRIMA TRANSFORMATIONS

¥
T—' MATERIA ACTUALE *‘——‘l

Figure 1. Purposes of the geochemistry of oil shales.

Indeed, it becomes easier to recognise the boundaries of geochem
1stry within the chemistry of oil shales if one presents the whole
universe of information on the chemistry of oil shales (see fig. 2).
In this diagram three main sets of substances (materials) are rec-
ognized: the materia prima, the materia actuale (already presented
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in fig. 1) and a new set, the materia transformada, i.e. substances
produced by transformation of oil shales by man. Two sets of pro-
cesses exist: the natural one - described before - and the one re
resentlng the man-produced transformations. The geochemistry dom1n
ium, within the general chemistry of oil shales, may be, then, eas
ily recognised.

MATERTA PRIMA )
¥
GEOCHEMISTRY
NATURAL TRA?SFORMATIONS DOMINIUM
MATERIA ACTUALE
¥
MAN PRODUCED FUNDAMENTAL CHEMISTRY/
TRANSFORMATIONS TECHNOLOGY
v DOMINIUM
MATERIA TRANSFORMADA

Figure 2. General dominion of the chemistry of oil shales (Xistoquimica).

The greatest amount of information we have nowadays on the geo
chemistry of oil shales is related to the chemical composition of
the materia actuale, but restricted to the identification of organ
ic and inorganic species.

The materia actuale should be looked upon as a highly complex
tridimensional network of atoms. To determine the nature of these
atoms, the relationship among them as well as their geometrical ar
rangement in space constitute the geochemistry of the materia actu
ale.

The direct determination of the structure or organites has not
yet been achieved. The physical relationship among the various mol
ecules in the material has not yet been considered and near tonoth
ing is known concerning the stereostructures of organites (the term
Organite (2) will be used to de31gnate any geolecgical system con-
talnlng organic matter associated - in any proportion - to an 1nor
ganic matrix).

It is utopic to think to define the "structure" of an oil shale.
At most we will be able to define the structure of microuniverses
within the oil shale material, where one expects a chosen reaction
to occur (this point will be stressed later, when we deal with the
chemical reactions occurring in the bulk of the rock).

Nevertheless, a systematic "ideal" approach toward the goal of
establishing a "structure" for organites would start with the de-
termination of the knots of the network, that is, the elemental
composition (qualitative and quantitative) of the oil shales.

The second stage would involve the determination of the conec-
tivities among these elements, established as molecular moieties
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(functional groups, hydrocarbon chaing), molecules, crystals etc,
This can be said to define the topological structure of oil shales.
This relationship can be seen under two main aspects; a chemical
one - where the relationship among the various elements can be
characterized as chemical bonds - and a physical one - where the
various compounds are "bound" together forming the material itself.

A partial characterization of the organic matter may be made -
specially for the highly complicated macromolecules present in or-
ganites, like the kerogen - through the characterization of func-
tional groups.

The final stage aims at the characterization of the stereostruc
ture - the geometrical arrangement of the molecules - of (or wi—
thin) oil shales.

Most of the geochemistry of the materia actuale of organites
has reached the point of characterizing their organic moleculesand
inorganic minerals as isolated species.

But, in order to be give a '"good" geochemical description for
an oil shale, one must bear in mind that the composition of oil
shales varies within the same reserve according to depth andlocal.
So, the geochemical study of a given oil shale formation comprises,
more than determining the chemical composition of a given isolated
sample, of the determination of Geochemical Functions of Distribu-
tion of a given element or molecule in the geological formation,
that is, along the longitudinal stratigraphic axis - a longitudinal
stratigraphic function - and along a same horizon in the formation:
a transversal stratigraphic function. To be taken as true geochem-
ical data the results of the composition of a materia actuale must
be displayed as distribution functions along the formation (and
not only as the common results of analysis of sparse samples).Most
of what is called in the literature 'data on geochemistry of organ
ites" are mere exercises of analytical chemistry on geological sam
ples. Correlation indexes between pairs, trios etc. of chemical
elements or molecules along the formation will complement the geo
chemical structural data. The distribution functions will reflect
the effect of temperature, pressure, time and structure on the geo
chemical transformations of the materia prima into the materia ac-
tuale.

The Brazilian Irati Formation (Permian) is a good example to
illustrate most of what was said: first, what is known about this
oil shale comes from samples obtained from a narrow belt that con-
stituted the border of the Parana Basin. Going west, these forma-
tions deepen to 2-3 thousand meters; the materia actuale of this
part may be quite different from that which outcrops. Second, a
hot diabase intrusion is known to have occurred in the Irati forma
tion. Temperature effects change considerably the nature of the or
ganic matter so that a variation on the nature of the organic mat-
ter of the materia actuale is to be expected in the regions of dif
ferent temperatures. Third, there are neat differences regarding
many aspects when one goes from North to South in the Formation:
1. The sulfur content increases, going from pratically zero at Sao
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Paulo to up to 5-7% in Sao Gabriel (frontier with Uruguai). The
inorganic phase is mainly carbonates in Sao Paulo while inthe South
it is mainly clays. Even the characteristic fossil of the Irati
Formation changes from the Stereosternum tumidum in Sao Paulo, pro
per to fresh, limpid water to the Mesosaurus braziliensis, in the
South, more adapted to brackish water. What would then be the chem-
ical composition of the Irati Formation if not a distribution func
tion?

Before going into the discussion of the available data on the
geochemistry of Brazilian oil shales, insights into the existing
Brazilian oil shale reserves will be given, so that the reader can
feel the importance of these organites to Brazil.

Occurrences of 0il Shales in Brazil

0il shales are abundant in Brazil. Occurrences are known over
almost all the Brazilian territory: the main deposits are shown in
fig. 3. A comprehensive survey of the sites where occurrences have
been registred was published by Costa Neto (l). Nevertheless, only
a few of these deposits are really known, and certainly not many
will become economically significant.

0il shales represent to Brazil a ponderable fraction of thefos
sil organic matter the country counts upon. Table I shows the lat—
est official numbers for the reserves of organites.

Table I. Fossil organic matter reserves of Brazil (3).

. .. . Equivalent
Organite Unities Measured Estimated Total in 1000tep!
Petroleum  10°m? 237700 - 237700 199660
Natural gas 10°m? 60287 - 60287 54861
Shale 0il 10%m? 4650002 207000 672000 565000
Coal 10%ton 6460000 16150000 22160000 4270000
Peat 10%ton - 3154000 3154000 240000

1. tEP = tons equivalent to petroleum.

2. These numbers refer to the oil shale reserves that have been
studied by Petrobras, passible to be processed by the PETROSIX proc
ess,

The main oil shale resources known in Brazil today are: the
IRATI FORMATION, by far the largest, which extends from the state
of Sao Paulo to the frontier with Uruguai. The very conservative
numbers shown in Table II are meant to represent the measured re-
serves processable by the Petrosix process developed by Petrobras
to retort oil shales. These restrictions are mainly related to min
ing variables, carbon content, brittleness etc. Indeed they repre
sent only a small fraction (the border) of the Parana Basin.

The Vale do Paraiba oil shale, with a known reserve of 1.3 bil
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Figure 3. Main oil shale occurrences in Brazil.
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lion bbl, is located between the cities of Rio de Janeiro and Sao
Paulo. The average oil content is, nevertheless, low (4-57), al-
though in one of the facies of this oil shale, the so called "papi
raceo" (paper-like), the oil content can go as high as 25%. Less
important is the Marafl Formation in Bahia state with a reserve of
only 4.8 million tons.

Table II., Main Brazilian oil shale reserves.

CAPACITY

RESERVE (1055b1 o0il) REFERENCE
IRATI (945000) 4
20000 5
Parana 11200 6
Sao Mateus do Sul 647 7
Rio Grande do Sul
Don Pedrito 350 7
Sao Gabriel 150 7
VALE DO PARATBA 5000 8
Tremembe-Taubate- 2000 9
-Pindamonhangaba
MARAT 4,8 10
Joao Branco 0.13 10

More details on the geology, economics etc. of these reserves
can be found in Bigarella (11) and Moreira (12). The Brazilian 0il
Shale Bibliography (13) should be consulted for exaustive surveys.

A lot has been said in the Brazilian literature about the end
uses of oil shales. In Brazil, oil shales are looked at by most
scientists, govermment agencies and the public in general as a
source of synfuels, consequently as an alternative source of ener-
gy, since the known reserves of petroleum are not to be considered
as very significant. Other line of thoughts (14) considers oil shales
as raw material (feedstock) for the chemical industry, with the
specific goal of producing materials and health goods.

It is interesting to quote that the oldest known reference in
the literature to Brazilian oil shales was made in 1865, by Archer
(15) concerning "A new bituminous substance imported under the
name of coal from Brazil", Also that in the celebrated series of
papers published by Treibs (16), where be defined the organic ori-
gin of petroleum, the Brazilian oil shale from Marau was one of
the materials he used to show the presence of porphyrins in orga-
nites,

Despite the economic significance of oil shales toBrazil they
have not yet had the due attention they deserve, specially regard-
ing their geochemistry.

This paper will not be restricted to a description of geochem-
ical features of Brazilian oil shales, since, as it was mentioned
before, they are rather scarce. It will be, indeed, more of a cri-
tical discussion of Geochemistry on (using) Brazilian oil shales.
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Elemental Composition of Brazilian Oil Shales

The first step toward establishing a structure for oil shales
is to determine its elemental composition. The data available in
the literature on the elemental composition of Brazilian oil shales
is quite meagre in respect to geochemical meaning. Nevertheless,
the available data will be presented for the main reserves, in or-
der to give, at least, an indication of its composition. An ex-
haustive survey of the carbon, hydrogen, oxygen & nitrogen and sul
phur composition of Brazilian oil shales was presented by Costa Ne
to (1). Most of the data showed in this paper refer to sparse sam—
ples.

Carbon, hydrogen and oxygen occur in oil shales in bothorganic
and inorganic parts. The carbon content of o0il shales is directly
associated to the most important parameter for its utilization, i.
e., 0il production by pyrolysis (shale o0il). The distinction be-
tween organic and inorganic carbon (carbonates) is very easy to be
made by analytical methods. But, the distinction hetween hydrogen
or oxygen derived from the organic matter, and that originating
from the inorganic matrix does not have any trivial solution in
Brazilian oil shales as the constitutional water of the clays can
only be liberated at high temperatures ( > 5009C) and clays are ve
ry intimately associated to the organic matter of oil shales to an
extend that it is practically impossible to get the organic matter
free of clay (see further discussions on the subject below).

Average Values vs. Stratigraphic Distribution Functions. When the
commercial production of shale oil from a given reserve is consid-
ered, the average carbon (0il) content is the parameter looked at.
For geochemistry, nevertheless, this value has not a very great
meaning and stratigraphic distribution functions are the ones to
be used. A good example of this can be given hy the Brazilian Vale
do Paraiba oil shale (Tremembe Formation): thin layers of an or-
ganic rich material (the "papiraceo" = paper like facies) alter-
nate with a different facies, the so called "conchoidal" ("shell-
~like" fracture: in portuguese concha = shell). These two facies
are rather different, not only regarding the macroscopic aspect
but also the carbon content (the "papiraceo" facies can reach 257
of carben while the '"conchoidal" one has 13%). Fossils are found
pratically only in the "papiraceo"; the complete column alternates
these two facies with clay layers down to 150m deep. The proposed
(17) ecoromic column for commercial exploration of this reservesug
gests the utilization of a 30m column with an average 47 of 0il
production.

A stratigraphic distribution functions for elements in an Ira-
ti Column (CERI-1) at Sao Mateus do Sul was described and discus-
sed by Costa Neto (18). In general terms one can say that the Ira-
ti F. is composed of two well defined layers, the first with 5,5m
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and the second with 3,5m (average thickness), separated by an
intermediate layer of 10m. Tn the Southern part of the formation
the first layer has been eroded off so that only the second layer
exists,

The presence of sulphur in oil shales has direct geochemical
implications as well as direct economic significance.

The distribution of sulphur along the North-South axis in the
Irati F. is informative about the paleogeography of the Para-
na basin. At the Irati F. the sulphur content docreases from =
7,5% at Don Pedrito (near the Uruguai border), to 3-4% at Sao Ma-
teus do Sul (Parand), to practically zero a Pio Claro (Sao Paulo).
It has been shown that this sulphur is present as pyrite (19).
This distribution suggests the existence of a link of the Parana
"lake" (?) to the sea at the South (probably through the Rio da
Prata). Thus, south of the basin, a marine environment may have pre
dominated. As one goes north, a salinity gradient (negative) is
established as the contribution from fresh water (rivers etc.) to
the water mass of the lake increases, lowering, comsequently, the
sulphur content,

The association of sulphur with metals, a matter also of geo
chemical significance, will be treated later when the elemental
correlation matrix is discussed.

The high sulphur content of the Irati F. at Sao Mateus do Sul
is an important (economic and strategic) feature in the commercial
exploration of o0il shales in Brazil, since it is considered, nowa-
days, as the most important reserve of pyritic sulphur in a coun-
try that still imports 95% of the (elemental) sulphur it consumes.

The macro-constituents presert in the inorganic matrix define
the two major classes in which o0il shales can be clagsified: argil
lacecus and carbonatic. In the first, clays constitute the majoT

part of the iporganic matrix, while in the second, calcite or dol-
omite are the predominant inorganic species.

The Irati F. presents both, the argillaceous base, in the South
and the carbonatic at Sao Paulo (Rio Claro). The Vale do Paraiba
and Maral oil shales have argillaceous matrices, while the Codo
0oil shale has a carbonatic one.

The knowledge of the presence of minor elements in o0il shale
representsan important group of informations for geochemistry (see
e.g. Keith and Degens (20) and Lerman (21))and also of gignifi-
cance in the commercial exploration of oil shales; this is thecase
of uranium (see Swanson (41) for a review on the geochemistry of
uranium in black shales) that in many places (the Swedish oil
shale is known for the high uranium content of 0,027) occur asso-
ciated to the organic matter of sediments.

Stratigraphic elemental distribution functions for an Irati
column (CERI-1) were determined (22) for 21 elements (C,S,B,Ba,Be,
Ce,Co,Cu,Cr,Fe,La,Mg,Mn,Mo,Ni,Pb,V,Y,Zr,Sr and U). Pair-correla-
tion studles between these elements were made using the correspond
ing (linear) correlation coefficients (8) determined from the com-
position stratigraphic functionms.
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Main correlations (8§ > 0.8) were found for the pairs Mg-Mn
(0.97), Ca-Mg (0.92), Cu-Fe (0.91), Ca-Mn (0.90), S-Fe (0.84) and
S-Cu (0.82). Carbon correlates more weakly (0.6 < § < 0.8) with
sulphur (0.68), vanadium (0.73) and uranium (0.6).

Molecular Composition of Brazilian oil shales. O0il shales may be
considered as composed of two main (chemical) phases: an inorganic
phase, censtituted of mineral species (crystaline and/or amorphous)
and an organic phase that, in its turn, can be divided into two oth
er (sub) phases: the bitumen, the soluble (in organ1c solvents)frac
tion and the kerogen defined as the insoluble organic matter of
organic.

A detailed analysis (18) of the inorganic matrix of a strati-
graphy column (CERI-1) of the Irati F., based on infrared and X-
ray spectrcmetry, showed that the clays are mainly Kaolinite and
Illite, intimately associated to the organic matter. There 1is no
record in the literature where a complete separation between these
two phases has been accomphished for this oil shale. It should be
noted that a chemical bond between the silicate matrix and thekero
gen has been suggested (23) Montmorilonite has been detected as
inserts in the column but never directly associated with the or-
ganic matter.

The exact characterization of the clays present in oil shales
as well as their physical relationship (stereostructure) with the
organic matter are items of major importance to geochemistry at
the point one intends to describe mechanisms for gecchemical trans
formations of oil shales.

Another major mineral present in Irati column CERI-1 is pyrite.
Dolomite can be found, significantly, only in the interlayer.

Chemical Composition of the organic phase of Brazilian o0il shales

Bitumens

The use of conventional procedures for the analysis of  bitu-
mens has led mainly to the identification of hydrocarbons, carbox-
ylic acids and porphyrins due to the ease with which these classes
of compounds can be isolated.

For the Irati oil shale carboxylic acids and hydrocarbons total
together 307 of the bitumen (porphyrinsare present in very small
amounts). Still, 70% of the bitumen remains to be characterized,

A separation approach based on a fractionation according to
functional groups became the basis for the SOLID PHASE EXTRACTION
METHOD (24) developed for fractionating the bitumen into sets of
compounds possessing a same functional (organic) group (isofunc-
tional set of compounds), through reaction between the bitumen and
a specific functional reagent bound to a solid phase. As an exam-
ple, diphenylethylenediamine bound to a polystyrene matrix, was
used to "fish" the aldehydes out of a bitumen. In a further step,
the aldehydes were regenerated from the solid phase and, in the
next step, separated and identified by GC-MS. A pictoric represen-
tation of the method is shown in fig. 4.
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Figure 4. Pictorial representation of the solid phase extraction method.
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This method allowed, for the first time, the separation of al-
dehydes and of ketones from an organite as groups of substances;
moreover, many of the aldehydes and ketones were, for the first
time, isolated from oil shales.

The use of the Solid Phase Extraction Method has been concen-
trated mainly in the study of aldehydes and ketones of  bitumens.
Benzaldehydes, naphtaldehydes, fenilacetaldehydes, acetophenones,
acetonaphtones, indanones, tetralones and aliphatic ketones were
isolated from the Irati oil shale by using this method (24, 26).

It must be said that, in these cases the recovery of aldehydes
and ketones was shown to be complete (Spot Tests (25) were used to
detect aldehydes and ketones in the fractions); we know today that
resins in which the functional group reagents are bound directly to
the solid matrix discriminate products of large molecular volume,
as for instance, steroidal ketones, althcugh the isoprenoid methyl
ketone in C,, was isolated from the Marau oil shale as the major
product. New resins in which the functional group reagents are lo-
cated further away from the solid matrix are being presently engi-
neered in order to avoid this discrimination.

A very comprehensive apalysis of hydrocarbons (linear, acyclic
and cyclic - steranes, hopanes etc.=- isoprenoids) carboxylic  ac-
ids, aldehydes, ketones and amines of the Vale do Paraiba and Ma-
rau oil shales was made by Chicarelli (27). An extremely careful
quantitative and qualitative analysis of hydrocarbons (n—, iso-
and anteiso-paraffins, isoprenoids, steranes and triterpanes) and
carboxylic acids of Irati oil shale was presented by Carvalhaes
(28) . Nooner & Oro (29) also reported data on the hydrocarbons pres
ent in the Irati Formation. Polycyclic aromatic hydrocarbons in I-
rati were determined by Youngblood & Blumer (40).

Kerogens

Two main approaches have been used toward the chemical charac-
terization of kerogens of Brazilian oil shales:

1. Direct determination of functional groups by the Functional
Group Marker Method.

2. Degradation to soluble molecules mainly by permanganate oxi
dation to carboxylic acids.

The Functional Marker Method (26) was developed with the spe-
cific goal to determining directly and specifically organic func-
tional groups in kerogens.

In this method, specific functional groups reagents containing
a marker - halogens, radioactive isotopes, fluorescent moieties
etc. - are made to react with kerogens, in which, after thorough
washings, the marker is determined; the value found is a direct
measure (minimum value) of that functional group content of the ke
rogen. Figure 5 gives a pictorial representation of the Functional
Markers Method in a more complete version of the original one (26).
It tries to show that it is expected that not all groups in kero-
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gen may be reached by the specific functional reagent, so that the
content of functional group in kerogen determined by this method
should be taken as the minimum content.

This method was used to determine the content of various orga-
nic functional groups (amines, alcohols, phenols, aldehydes, keto-
nes, carboxyl, insaturation, allylic/benzylic sites) in kerogens
of Brazilian oil shales. The results (26) indicate the Tremembe
Formation as being the most functionatized while Irati is theleast.
This is in accordance with the accepted trend that functionaliza-
tions correlates with maturity.

The use of marked functional reagents may also help on the mor
phological description of oil shales; by using a correct pair mar-
ker /method the physical location of groups or clusters of groups
on the kerogen surface may be achieved. So, by using fluorescent
markers/fluorescence microscope or markers containing a heavy me-
tal/ion microprobe it may be possible to map the organic functiomal
groups at the surface of kerogens.

As it was mentioned in the general definition of the objec-
tives of the Geochemistry of oil shales the final goal in the stud
y of the materia actuale is to determine its stereostructure. In
this particular case, the Functional Marker Method may be of help
in trying to locate relative positions of functional groups in mi-
crouniverses of the tridimensional network.

The method used most for the chemical characterization of kero
gen involvesoxidative degradation, achieved mainly thorough the
permanganic oxidation (for a comprehensive discussion of the method
see Vitorovic (30)).From this oxidation carboxylic acids are pro-
duced and, from these, the nature and length of the hydrocarbon
chains of kerogens are defined. This method does not allow one to
know the nature of the functional groups originally present in the
kerogens.

A modified alkaline permanganate oxidation in which the kero-
gen has been previously treated by N-bromo succinimide has been ap
plied to some Brazilian oil shales (31). The idea behind this mod-
ifications is to halogenate benzylic and allylic positions so that
when this modified kerogen is treated with alkali a hydroxyl group
is exchanged with the halogen making these positions easily oxidiz
able by the permanganate reagent. The results obtained by alkaline
permanganate oxidation on both modified and unmodified Irati  oil
shale kerogen showed that almost twice as much carboxylic acidscan
be obtained from the modified kerogen. An increase in the relative
amount of aromatic and dicarboxylic aliphatic acids was also  ob-
served.

Natural transformations of 0il Shales

Very little - not to say nothing - is known about the path-
ways followed by the materia prima in the process of being trans-
formed into the materia actuale.

The lack of good formulations to describe the transformations
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of the geolipids under geological conditions makes the task of
writing a chapter on geochemical transformations of oil shales
much more a proposition for the future than a record of knownfacts
and proved theories.

Four are the main parameters involved in geochemical transfor-
mations of oil shales: temperature, pressure, time and stereostruc
ture (in this re3pect one is ma1n1y thinking of the relative pos1
tion of the organic and inorganic phases and, consequently, on a
possible catalytic role that the inorganic phase may play in the
transformations of the organic matter).

Regarding Brazilian oil shales, there is no record in the 11te
rature about their stereostructure. The effect of pressure is not
very strong since all Brazilian oil shales studied are not deep
(< 150m) - at this depth pressure reaches values of approx1mate1y
30kgf /m?, Brazilian 0il shales vary in age - time is a most
distinct variable in geochemical processes - from the Oligocene (Va
le do Paraiba) to the Devonian (Curua F.). Dating of these oil”
shales have been made entirely through paleontology (on fig. 3 it
is presented the ages of the main oil shale Formationsin Brazil).

Temperature is the main "driving force" of the geochemical proc
esses to a point that a thermal alteration index (an indicationof
the maximum temperature the sample has reached) can be used to say
if the organic matter is mature to produce oil or gas.

Maturation is, nevertheless, a product of the effect of all
these parameters combined on the organic matter of oil shales. We
shall give now the values of some of the indexes used to define
maturation in respect to Brazilian oil shales.

Carbon Preference Index (32). This index, devised by Bray and
Evans to be used as a maturity index decreases as the sediment in-
creases maturation to a limit of one. Carvalhaes (28) showed that
an Irati sample submitted to a maximum of 509C in its thermal his-
tory, presented a CPI of 1.58 indicating it to be a reasonably ma-
ture sediment. Nooner & Oro (29) gave the values of 1.05 for this
Formation.

The CPI determination as a stratigraphic function (33) in the
Irati Formation led to the characterization of a most 1mportantphe
nomenum that occurred in this region, a diabase intrusion with
important implications to organic geochemistry. In this stratigra-
phic column, the CPI varied from 1.07 at the bottom of the first
layer (8.8m depth) to 1.21 at the bottom of the lower layer (21.4m
depth). The completely anomalous behaviour of the CPI as a strati-
graphic function in this column led to the characterization of the
above mentioned heat effect caused by the diabase intrusion.

Thermal Alteration Index. This index, of a very empiric nature,
tries to define the maximum temperature reached by the rock in
terms of color and preservation of the sample (for more details see
e.g. Correia (34» The use of this index has been very useful in
studies with the Irati F. to detect temperature effects due to the
diabase intrusion. Used as a stratigraphic function in the column
CERI-1 it was possible to detect a heat effect onthe topof the lower
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layer (1059C) while most of the column was in the range 70-809C.
The implications of this effect will be discussed later in this
paper.

Pristane/Phytane Index. The data obtained for the stratigra-
phic column CERI-1 (33) say that the ratio pristane/phytane va-
ries from1l.l (at the topof thelst layer) to 2.0 (2m below the previous
point). It keeps approximately constant at 1.5for therest of the col
umn, Carvalhaes (23) found the value 1.94 for a sample of the same
formation. In all samples so far analysed from the Irati F. the
ratio is greater than one.

Epimers Ratio Index. Chiral centers occur in the materia prima
in one definite configuration. The degree of epimerization of these
centers in the materia actuale have been interpreted as a measure
of the degree of maturation of the sediments.

Patience et al. (35) discussed the racemization of the chiral
centers of pristane from an Irati sample concluding that it is a
mature sediment based on the 50:50 ratio formed for the stereoiso-
mers RS and RR (or SS). The ratio of the 17B8H,21BH to 17aH,21B8H iso
mers of hopanes have also been used as an index for the maturation
of the organic matter (see e.g. Seifert& Moldowan (36)). Chicarel-
1i (27) showed that for the Vale do Paraiba oil shale there is a
clear predominance of the configuration BB while for the Marai the
ratio tends to one. This indicates that the Vale do Paraiba oil
shale is rather immature and that the Marau one, although not very
mature is, nevertheless, more than the Vale do Paraiba one. For
the Irati F. there is a definite epimerization at the 17 and 21 po
sition (35).

The functionality of an oil shale is generally related (in-
versely) to its maturation. One can see from the three Brazilian
0il shales compared (26) in functional groups content that the Va-
le do Paraiba oil shale is the most functionalized corroboratingthe
above results that say it to be the less mature. Although no numer
ical correlations have yet been established in this respect, one
can antecipate that indexes can be derived to correlate maturation
with the decaying of functional groups.

The diabase intrusion in the Irati Formation. A natural laboratory
for the study of the influence of heat in geochemical reactions

Temperature is a fundamental parameter that definitely influen
ces the maturation of sediments. This has been shown empiricalyand
laboratory simulations use it as the "driving force" to induce ma-
turation. In this way, the use of the thermal alteration index in
geological materials allows one to qualify (37) source rocks as
imature (temperature below 609C), mature (able to produce oil =~
if the sediment reached temperatures of 60-1509C) and senile - a
ble to produce gas if the temperature surpassed 1509C. It must be
always kept in mind that these transformations occurred along mil-
lions of years, and, consequently, all tentatives to simulate these
processes in laboratory suffer a severe criticism of their validi-
ty.

In Geochemistry and Chemistry of Oil Shales; Miknis, F., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Publication Date: August 1, 1983 | doi: 10.1021/bk-1983-0230.ch002

2. COSTANETO  Brazilian Oil Shales 29

The study of effect of temperature on the maturation of the or
ganic matter of sediments has been inferred mainly on the basis of
the study of variations of the nature of the organic matter (CPIL,
for instance) with depth, in long stratigraphic columns., The tem-
perature gradient considered corresponds to the geothermal gradient
and the influence of deposition time and pressure are generally
neglected.

The deposition time could, indeed, be neglected, if it issmall
compared to the age of the formation - it is practically so in
thin (hundereds of meters) deposits — although it would not be the
same with the pressure effect. Tn these thin deposits the varia-
tion in quality of the organic matter is not very well defined.

So, the data obtained from the study of long, "normal", stra-
tigraphic columns are not very conclusive in respect tc the in-
fluence of temperature as an isolated parameter since it, indeed,
reflects the combined effects of temperature, pressure and time.

Fortunately, it is know that a hot diabase intrusion occurred
at the Irati F, due to an intense volcanism that occurred south-
west of Brazil during the Triassic (approximately 150 million year
after Irati has been formed).

These intrusions were selective in the Irati F. that is, some
regions were strongly hit, others were not and still others were
only partially affected by the heat. It is obvious that the cases
where the oil shale was totality hit by the molten rock nothing
remained of theorganic matter The region where no intrusion occured
is the best for oil shale exploration and can be used asa (geochqg
ical) reference material. The partially hit region is the one that
interests most for geochemical studies (and not so much to the ex-
ploration people since a good deal of the organic matter has been
destroyed) since it is possible to define regions where a complete
gradient of temperature - from a total carbonization level to a ze
ro effect - can be found at a same stratigraphic level, that is;
under the same pressure and time of formation. One can have then -
in natural conditions - means to study the effect of temperature
independently of the effects of pressure and time and check models
designed to describe the effect of temperature in the geochemistry
of o0il shales.

The effect of this hot intrusion on an Irati stratigraphic col
umn showed (33) that the carbon preference index and the ratio li-
ght/heavy n-alcanes could be correlated with data of thermal alte-
ration index (paleotemperature) and the results interpreted as a
temperature effect on C-C bond breakage. To these data it  should
be added that the values of a phenol index (a measure of the degree
of aromatization) also determined (38) for this stratigraphic col=
umn (both for the bitumen and the kerogen) showed no correlation
with the paleotemperatures. An explanation for this difference in
behavior can be given based on different temperature breakpoints
for different reactions - in this case the reactions are the ali-
phatic C-C bond breakage and the aromatization of chains containing
an oxygen atom.
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Phylogeny of Hydrocarbon Chains. An important chapter in the
geochemistry of oil shales is the one dealing with the "genealogy"
of the final products - the hydrocarbons. The results (28) of the
phylogenetic study of the serie carboxylic acids + aldehydes + al-
cohols + hydrocarbons from the bitumen of a sample from the Irati
F. showed no correlation between n-acids (C ) (C11-C S) and n-hy
drocarbons (C ) (the linear correlation cgefficlené § = 0,15).
Between H:carboxylic acids (C ) and normal carbonyl/hydroxycqﬂ
pounds (Cn- ) the value of § was ellen lower (0.07) for the low mo-
lecular weight fraction (011-020), but reached a reasonable value
of 0.71 for the fraction 02 —C3 . The correlation was also very
poor for n-hydrocarbons (C } 233 normal carbonyl/hydroxyl (C_) com
pounds. These results indifate that it was not possible to ffﬁdad?
correlation among the hydrocarbon chains in the series carboxylic
acid > carbonyl/hydroxy compounds - hydrocarbons in the bitumen of
Irati oil shale. Nevertheless these results should not be taken as
conclusive regarding the lack of any correlation between these cha
ins, since the major part of the organic matter of the materia pri
ma has been incorporated to kerogen. -

Aldehydes as geochemical markers. One of the most important
reactions in organic geochemistry is reduction (hydrogenation) where
hydrocarbons (petroleum) are formed from oxygenated (mainly) subs-
tances. Reductions are endothermic reactions. So, any reaction path
way model designed to explain reduction in the bulk of the sediment
will have to deal with both the energy source and the energy trans
fer mechanism for these reactions. So far, no good models existT
in either case.

The functional group aldehyde is a very reactive one. Aldehydes
are strong reductants and, consequently, can only survive instrong
reducing medium. This characteristic may promote the aldehyde group
to an important geochemical marker since it can define the levels
of oxi-reduction of the sediments and be used as reactions path
indicators for reactions taking place in the bulk of the geologi-
cal mass.

The aldehydes isolated from Irati F. belong to the series of
benzaldehydes, naftaldehydes and phenylacetaldehydes. In respect
to the ketones, aliphatic ketones, acetophenones, acetonaphtones,
indanones and tetralones could be identified. What would be the
geochemical meaning of the existence of these aldehydes and keto-
nes found in the rock? Were these groups originally present in the
materia prima and during all the diagenetic processes or were they
produced in the diagenesis? If so, how were they produced in the
sediment? What is the chemical environment for these compounds in
the bulk of the material (stereostructure of the oil shale)?

Theoretical Organic Geochemistry

The characterization of the geochemical reactions are quite
fundamentally distinct from those of the conventional chemistry:
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The main trend of the geochemical reactions is toward reduction (de
functionalization) that is, they follow a path in a reductive a-
xis. Their time scale is millions of years and most of these reac-
tions occur in solid phase. The reactions take place, generally,
at high pressures, although temperatures very seldom surpass 1509C.
As a consequence of this set of conditions (and the proper ''rea-
gents'") the main (final) product of these reactions are hydrocar-
bons. By the same reasons, the universe of laws that rule geochem—
istry is quite different from the ones that rule conventional chem
istry. We can think, indeed, that it is, as far from conventional
chemistry as this is, e.g., from excited state chemistry.

All tentatives to explain the mechanisms of geochemical trans-
formations have been made trying to paralel them to the reactions
occurring ir the laboratory, i.e. those of the "conventional" chem
istry: breakage of bonds leading to reactive intermediates as free
ions. Laboratory simulations have been used to "prove" the sug-
gested processes and also the nature of possible precursors, How-
ever, these simulations can be questioned from the very begining:
in the laboratory simulations of geochem1ca1 reactions the long
time effect of the natural process is substituted by a high tempe—
rature one in the laboratory. This point is critical in any discus

sion of the validity of the method of laboratory simulation. More-

over, the lack of care in reproducing the geometry of the natural
system is very common, espec1a11y with regard to the relative posi
tions of the organic and inorganic phases. In this way the data
obtained in most of the laboratory simulations may be very distant
from a reproduction of the natural processes, and thus loosing all
the validity as a simulation for geochemistry.

All these arguments lead us to consider that THEORETICAL SI-
MULATIONS are the ones most indicated to test models for geochem-
ical transformations.

Modeling may include tests on the steric arrangement of com-
pounds in oil shales, a most difficult experimental feature to be
determined, or reproduced.

In theoretical simulation it is possible to use the natural
parameters of the geochemical transformations as e.g. reaction time
(impossible to be reproduced in an experimental simulation) and
consequently to really simulate the natural process.

The study of the mechanism of a reaction implies that we know
reagents and products and the conditions in which the reaction ta-
kes place. "Reagents'" and reaction conditions are generally unknown
in geochemical processes. Nevertheless, one reaction is known in
which part (at least) of the reagents is known: that is the epime-
rization of optically active centers in geolipids. It is reasonable
to consider that the chiral centers of the materia prima have the
same configuration as those of a known existing natural specie. This
is the case, e.g., of phytol from chlorophyl of the present day
plants that can be taken as a base for the primordial configuration
of phytol and derivatives (phytane and pristane) found in sediments
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Figure 6. Schematic diagram for the epimerization model using the charge-assisted
vibrational displacement mechanism.
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The degree of epimerization of the hydrocarbon centers have
been related to the degree of maturation of the organic matter of
the sediment. Moreover any mechanism proposed to explain this reac
tion, must have in mind that it takes place in the bulk of the
rock, i.e., in solid phase.

In 1981 Costa Neto proposed (2) the so called "charge assisted
vibrational displacement mechanism" trying to respect all geochem
ical parameters for the particular reaction of epimerization of
the chiral centers of hydrocarbons in sediments. In this model a
"rigid" microuniverse composed of a protonic center (from theclay)
and an optically active center of the geolipid would lead to the
epimerization by displacement of one of the carbon atoms of the
network (fig. 6) in a "vibrating lattice'". Even the effect of pres-
sure, particularly important in geochemical reactions but often
neglected in laboratory simulations, could be taken into account
through the influence of the distance between the associated pro-
ton (from the silicate matrix) and the chiral center. The '"vibra-
ting lattice" model may be equally useful for understanding the
breakage of the C-C bonds and also of multiple atom transfer, par
ticularly those in which the hydride ion transfer occur with conse
quent reduction of the acceptor structure.

An Information System for Brazilian 0il Shales

The literature on Brazilian oil shales is relatively small.
From the 850 documents registered at the library of the ProjetoXis
toquimica today, covering all areas related to oil shales, ab-

stracts were produced which allowed, through a KWIC/KWOC format that
a data base were developed for Brazilian oil shales.

This system contains, presently, four main files: one that ar-
ranges chromologically the references of all documents containing
an abstract. A second relating historical facts regarding Brazilian
0il shales; a third containing a geographical record of the places
the oil shales were found; and the fourth, a substance index, in
which all substances isolated from Brazilian oil shales are de-
scribed. All these files are produced in three main indexes: a
chronological, an author and a subject index.

These files combined produce the Information System for Brazil
ian 0il Shales. The details for this system were described by Cos-
ta Neto et al. (39).
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Geolipids in Aleksinac Oil Shale

D. VITOROVIC and MIRJANA SABAN
University of Belgrade, Department of Chemistry, P.O. Box 550, 11001 Belgrade, Yugoslavia

This paper presents data on isolation and identifica-
tion of the following types of geolipids from the
Aleksinac oil shale, a Miocene lake sediment: n-al-
kanes, iso- and/or anteiso-alkanes, aliphatic iso-
prenoid alkanes, polycyclic isoprenoid alkanes, aro-
matic hydrocarbons, saturated unbranched, aliphatic
isoprenoid, hopanoic, and aromatic mono- and poly-
carboxylic acids, fatty acid methyl esters, aliphat-
ic y- and 8-lactones, cyclic y-lactones, aliphatic
methyl- and isoprenoid ketones, and the triterpenoid
ketone adiantone. Possible origin of the identified
compound classes is discussed, particularly of those
which had not been identified previously as geolipids.

The o0il shale from Aleksinac (Yugoslavia) is a lacustrine
sediment of Miocene age. Both the soluble portion of the organic
matter, the bitumen, and the insoluble kerogen of this shale have
been studied extensively. In this paper isolation and identifica-
tion of various types of geolipids from the Aleksinac shale, car-
ried out in the last few years, will be reviewed. A thorough ex-
amination of the bitumen was expected to give additional data on
the origin of the organic matter and on the sedimentation condi-
tions and postburial changes, as well as to serve as a basis for
structural correlations between the bitumen constituents and the
kerogen.

Experimental Procedures

The shale sample contained 20.47% organic matter (1). It was
powdered to -100 mesh (Tyler). In most cases the bitumen was iso-
lated by 100 hr Soxhlet extraction either with benzene or with a
mixture of benzene and methanol (1:1).

Various schemes for isolation of different fractions and var-

ious separation techniques were used, such as the usual chemical
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preparative method, chromatographic techniques, molecular sieving
and clathration.

Identifications were made by gas chromatography involving co-
injection of internal standards, or by combinations of gas chro-
matography, mass spectrometry and computer processing.

Results and Discussion

The yields of the benzene- and the benzene-methanol soluble
bitumens were approximately 1% and 47, respectively. The compo-
sition of the bitumens depended on the extraction procedure. Gen-
erally, the extracts consisted mainly of neutral components. One
typical example is given in Table I (2).

Table I. Composition of the Aleksinac Shale Bitumens
% of the Benzene % of the Benzene-Meth-

Soluble Bitumen anol Soluble Bitumen
Components
Neutral 81.36 53.48
Acids 6.51 31.46
Phenols 7.28 8.18
Basic 0.21 0.17

n-Alkanes. The n-alkane fraction of the benzene soluble bitumen

was found to consist of a C homologous series (Figure 1)
with a predominance of the oad-carbon-numbered members in the

37 range (3) . The Carbon Preference Index (CPI) was 1.46 and
1.?5, zor the n-alkanes from the benzene- and benzene-methanol
soluble bitumens, respectively. The range of identified n-alkanes
suggested a mixed origin of these hydrocarbons. The CPI values
obtained for the n-alkanes, having at the same time in mind their
possible mixed origin, may be interpreted as a sign of immaturity
of the organic matter of Aleksinac oil shale.

The differences found in the yields and compositions of the
benzene- and the benzene-methanol soluble bitumens, as well as in
the CPI values of the corresponding n-alkane fractions, suggest
that standardization of bitumen extraction procedures is neces-
sary if meaningful comparison of the composition of materials iso-
lated from sediments of different ages and origins is to be made.

Branched Alkanes. 2,6,10,14-Tetramethyl-hexadecane (phytane) and

2,6,10,14-tetramethyl-pentadecane (pristane) were found in consid-
erable amounts (3). The dominance of phytane over pristane was ob-
served. Other aliphatic isoprenoid alkanes: C (2,6,10-trimethyl-
dodecane, farnesane), C (2,6,10-trimethy1—tridecane), and C
(2,6,10- trimethyl-penta&ecane) were also identified (4). In the
thiourea adduct of the branched-cyclic fraction, a homologous
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Figure 1. Chromatogram of the n-alkane fraction of the benzene soluble bitumen.
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(o 8_02 series of iso- or anteiso-alkanes was suggested by gas
cﬁromagography involving coinjection of five standards of iso-al-
kanes (2,3). Two nonidentified homologous series, containing 7 and
9 members, were also indicated in the thiourea adduct of the
branched-cyclic fraction by a diagram of log t_ (retention time)
VS number of C-atoms (2). t

Cyclic Alkanes. In the cyclic fraction the following polycyclic
isoprenoid compounds were identified (4): C 7-029 steranes,
methyl-C sterane, C 7-C pentacyclic trigerpanes of hopane
type (excCept 0}8)’ ang thgzbicyclic tetraterpane perhydro-B-caro-

tane (Table II

Table II. Isoprenoid Alkanes Found in the Aleksinac Shale Bitumen

Aliphatic C15 C16 018 C19 020
Steranes 027 028 C28 029 029 029
5H a otp ? o a o
14 H ot+p B o+p B ot a

*
Triterpanes 027 027 029 029 C30(4)* 031(3) C32

17 H a ? o ? ? ? o

T
etraterpane 040

* Number of isomers

The mass spectrometric differentiation between various ste-
rane isomers was based on intensity ratios of fragmentation ions
m/z 151 and 149 (A/B rings) and intensity ratios of fragmentation
ions m/z 217 and 218 (C/D rings) (5-7) . The identification of indi-
vidual triterpane stereoisomers was based on the known fact (8)
that in the mass spectra of isomers with all rings in trans posi-
tions (biolipid isomers), fragmentation ion m (m/z = 149, 177, 205
and 219 for 027, 02 ’ C31 and C,,, respectively) is of a higher
intensity than the gragmentation ion n (m/z = 191), while for the
17aH isomers the ratio n/m is greater than 1.

The finding of a number of C,, and C 9 steranes in Aleksinac
shale bitumen is not surprising bécause 1#1s known (7,9) that in
addition to relatively stable steranes having a configuration of
biological precursors, in ancient sediments thermodynamically more
stable isomers may be found. In the sterane gas chromatogram of
Aleksinac shale bitumen, three peaks contained a mixture of 14BH
and l4aH isomers (m/z 218/217 = 0.76-0.83), while two peaks con-
tained only 14BH isomers of 02 and C g Steranes (m/z 218/217 =
1.21 and 1.40, respectively). 8ne léeﬁ isomer of both C28 and 02
steranes had a shorter retention time than the l4aH isoimer, whicg
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agreed with earlier findings (7) that isomers having configura-
tions of precursor biolipid molecules do have the longest reten-—
tion times. Except in one gas chromatographic peak, which con-
tained a mixture of 50H and 5BH isomers, 5B8H sterane isomers were
not identified. This may be easily explained by the fact that 58H
isomers are more rarely found in biolipids than the 50H isomers.
Moreover, 5aH isomers are thermodynamically more stable.

Only one methyl-sterane, 030H 42 Was identified. 4-Methyl-
steranes have been identified earlier in the Messel shale (10).

According to the results of GC-MS analysis, the triterpane
fraction consisted of two C 7 and C 9 isomers, four C3 isomers,
three C,, isomers, and one 83 1somgr. Thermodynamica?ly stable
17aH,21§ﬁ stereoisomers have geen found in many crude oils and
ancient sediments (8,11,12) and therefore they could be called
geolipid triterpanes and may be used as diagenetic-maturation in-
dicators.

By the methods used it was not possible to determine the con-
figuration of the rings D/E for several triterpanes (027, 02 N
(] 1) because of the presence of other compounds in the“Same aC
péaks producing the same fragmentation ions.

Four isomers of the triterpane C 0 suggested that in addition
to the less stable 178H,21BH hopane i3omer, and more stable 17aH,
21BH hopane and 178H,21aH moretane, one more C3 pentacyclic tri-
terpane was present, such as lupane, whose mas3 spectrum did not
differ much from mass spectra of compounds of the hopane series.
However, for a more reliable identification of these four C,. tri-
terpanes a more efficient GC separation plus authentic compdunds
for GC comparison would be necessary.

According to the identified tetraterpane, the Aleksinac shale
is more like the Eocene Green River shale, which also contained
perhydro-p-carotane (5,13), than like the Miocene Messel shale in
which acyclic lycopane has been identified (10) . These differences
probably originate from different participation of various carot-
enoids in the biolipids whose remains were precipitated with the
sediments.

All identified compounds are known to be bitumen constituents
of other shales. However, the identified steranes confirm a high-
er plant origin of at least one part of the organic matter of
Aleksinac shale. On the other hand, a certain number of triter-
panes of the hopane type may have originated from lower procary-
otic organisms in which hopane oxygen compounds have been recently
identified (8). Procaryotic organisms may have taken part in early
diagenetic microbiological transformations of the sedimented or-
ganic matter.

The presence of thermodynamically stable stereoisomers of
steranes and triterpanes, nonspecific for biological molecules,
such as 14BH cholestane, ergostane and gitostane, 17aH,218H nor-
hopane, trisnorhopane, and bishomohopane, suggests diagenetic and
maturational changes of the organic matter of Aleksinac shale.
was in the range of the members in the homologous series.
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Aromatic Hydrocarbons. A few classes of aromatic hydrocarbons:

C H (biphenyls) and C H (anthracenes and/or phenan-
tﬁrenes? were isolated and igen%§fied in the 5% ether in petro-
leum ether eluate of the benzene soluble bitumen (14). The fol-
lowing compounds were identified: biphenyl, methyl-biphenyl (2
isomers), dimethyl- and trimethyl-biphenyl, anthracene, methyl-,
dimethyl- and trimethyl-anthracene or phenanthrene. From the mass
spectra, it was not possible to determine the position of the
methyl groups in the substituted biphenyls, nor was it possible to
decide whether the compounds of general formula C H2 -18 (with the
exception of anthracene itself) had an anthracene or a phenan-
threne nucleus.

The identified aromatic hydrocarbons are presumably products
of maturational changes characteristic of most ancient sediments.

Acids. A review of various acids identified in the Aleksinac
shale is given in Table III.

The organic acid components were isolated from the benzene-
and the benzene-methanol soluble bitumens according to the usual
chemical method (15). The yields of ether soluble acids were dif-
ferent, 7.55% and 20.75% of the bitumen, i.e., 0.10%7 and 0.95% of
the shale, respectively. The range of identified acids differed as
well. The benzene-methanol soluble bitumen contained a number of
more polar acids which were not identified in the benzene soluble
bitumen.

By chromatographic separation of the benzene soluble bitumen,
followed by chemical separation of the methanol eluate, a fraction
of weak acids was obtained. In this fraction, in addition to C

saturated unbranched monocarboxylic acids, C saturate
unéranched dicarboxylic acids, and C to C (excepg C,, and 018)
isoprenoid acids, three polycyclic acids of gopane type were iden-
tifled in the form of their methyl esters (16): C (178H,218H),

(17aH,21BH), and C3 (178H,218H) hopanoic acias (Figure 2).
M%ss spectrometric determination of the configurations was based
on relative intensities of fragmentation ions m/z 191 and 249 (or
m/z 263)(17). Mass spectra of the corresponding methyl esters are
shown in Figure 3.

Hopanoic acids have been found in many recent and ancient
sediments (12,18). The polycyclic acids found in the bitumen of
Aleksinac shale may have originated from bacterial hopanes (19),
and may serve as evidence of bacterial or abiogenic oxidation pro-
cesses occurring during diagenesis of organic matter in Aleksinac
shale.

As already mentioned, isoprenoid acids were found only re-
cently, in the same fraction of the weak acids in which hopanoic
acids were identified.

From Table III it is obvious that similar types of aliphatic
acids were found in the benzene soluble and the benzene-methanol
soluble bitumens as well as in the extract of demineralized shale
and in the kerogen hydrolysis product (20). The only difference
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Table III. Acids Identified in the Aleksinac 0il Shale

Products
Identified

Aliphatic Acids

Saturated

unbranched
Monocarboxylic

Dicarboxylic
Isoprenoid
Hopanoic Acids

Aromatic Acids
Monocarboxylic

Dicarboxylic

Tricarboxylic

43

Free Acids Bound Acids (20)
Extracted
as salts with with ben- from kero- after re-
water from raw zene or ben-gen hydro- moval of
and bitumen- zene-metha- lysis mineral
free shale nol from product portion
raw shale
- €6 Cas4 €6C3z3  C57C3y
€6~C15 € Cn €37C3p  C€37Cyg
- €147 C16°C9 - -
- * -
C315C32(D)
Benzoic Benzoic Benzoic
Me-benzoic Me-benzoic
2)
di-Me-ben-
zoic (4)
tri-Me-ben-
zoic
Hydroxy- Hydroxy-
benzoic benzoic (2)
Me-hydroxy-
benzoic
Methoxy- Methoxy-
benzoic benzoic

Naphthoic (2)

Me-naphthoic  Me-naphthoic
Benzene (2) Benzene
Me-benzene Me-benzene (2)
Hydroxy-

benzene

Me-hydroxy-

benzene

Naphthalene(4) Naphthalene
Benzene (3) Benzene
Naphthalene (4)

* Numbers in parentheses indicate the number of isomers
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Figure 3a. Mass spectrum of peak X from the gas chromatogram of Figure 2.
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Figure 3b. Mass spectra of peaks Y and Z from the gas chromatogram of Figure 2.
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The 1list of acids isolated from aqueous extracts of the shale
is given for comparison. These acids were identified in the water
extracts from raw Aleksinac shale as well as from bitumen-free
shale, i.e., before and after the extraction of the bitumen (21).
Mass spectrometric identifications of various isomers were based
on comparison of the relative intensities of molecular ions and
their corresponding base peak ions. The compounds extracted with
water from the bitumen-free shale were very similar to the com-
pounds isolated from the raw shale. The findings suggest that the
acids were present as salts in both instances. In the aqueous ex-
tracts aromatic and dicarboxylic acids predominated, while ali-
phatic monocarboxylic acids were absent. Comparison of the chemi-
cal nature of water extractable acids with the acids obtained from
the bitumen of the same shale showed a similarity in the type and
range of aromatic and saturated unbranched dicarboxylic acids.

Fatty Acid Methyl Esters. In one of the eluates of the benzene
soluble bitumen, obtained with 5% ether in petroleum ether, the
presence of an oxygenated series C H, O, was indicated by high
resolution mass spectrometry. This"séFiés was fOund to consist of
CA-CZ fatty acid methyl esters (except for C and C )(14)

gs far as we know, fatty acid methyl esters %ad not een
found earlier as biolipids or geolipids. If their existence in
various shale bitumens should be confirmed, their appearance could
be explained either by diagenetic transformation of some precursor
biological aliphatic molecules, or they might originate from bio-
lipids so far unknown.

Aliphatic y- and 8-Lactones. One of the most interesting find-
ings in one of the first investigations of the acidic fraction of
Aleksinac shale bitumen (15) was the identification of a homolo-
gous C -C,c series of y-lactones (Figure 4). It was surprising to
find in tﬁe acidic fraction a homologous series of components
whose)mass spectra had only one significant peak at m/z 85 (Fig-
ure 5).

The finding of y-lactones in the bitumen of Aleksinac shale
represented a novelty in geolipid chemistry and added a new struc-
tural type to the organic compounds found in geological specimens.
However, the question was posed whether y-lactones were indigenous
to the organic matter of the shale, and appeared in the acidic
fraction from the base hydrolysis and subsequent acidification, or
perhaps were produced, also during the isolation procedure, from
Precursors such as the corresponding 4-hydroxy-acids or A-3 or A-4
unsaturated carboxylic acids.

Therefore, in an other experiment (22) the neutral fraction
was isolated by a careful procedure (extraction of bitumen at room
temperature and isolation of acids by weak alkali) to avoid the
formation of y-lactones during the Soxhlet extraction of the bitu-
men and the possible hydrolysis of y-lactones. In this experiment
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Figure 4. Total ionization plot and plot of mass 85 for the methylated acids from
benzene soluble bitumen. (Reproduced with permission from Ref. 15. Copyright 1973,
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Figure 5. Mass spectrum recorded during the GC| MS analysis of the lactone mixture.
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a series of saturated aliphatic y-lactones was isolated (C —016)
in relatively high yields, 0.41% and 0.34% relative to the ben-
zene- and benzene-methanol soluble bitumen, respectively, proving
that they were indigenous to the organic matter of the shale.

Gamma-lactones are quite prevalent in biolipids and in micro-
biological transformation products. Any of these may be the source
of y-lactones. Hydroxy-acids and unsaturated acids may also be the
source of y-lactones in Aleksinac shale. If y-lactones were found
to be typical for certain class of sediments, they might shed more
light on the source of the organic matter of these sediments.

In addition to y-lactones, §-lactones have also been added to
the organic compounds found in geological samples (23). Mass spec-—
trometric identification of §-lactones in the raw lactone frac-
tion was based on the fragmentation ion m/z 99. However, they were
present in very small quantities and their molecular ions in the
mass spectra were not particularly pronounced so that it was not
possible to establish with certainty which members of the four-
member homologous series were present.

Cyclic y-Lactones. In the preparative chromatographic work, aimed
at isolation of aliphatic y-lactones, it was shown that the Alek-
sinac shale bitumen, obtained by extraction at room temperature,
contained components behaving similarly to y-lactones, thus mak-
ing their separation and purification difficult. These components
were classified between the nonpolar hydrocarbons and the polar
acids according to their polarity. In the raw lactone fractionm,
after a preparative thin-layer chromatography purification, two
cyclic y-lactones were identified, i.e., y-lactones of 6-hydroxy-
2,2,6-trimethyl-cyclohexylidene acetic acid (dihydroactinidiolide)
and 6-hydroxy-2,2,6~trimethyl-cyclohexyl acetic acid (tetrahydro-
actinidiolide)(23). Figures 6 and 7 show the mass spectra obtained
and the reference spectra of authentic compounds from the litera-
ture (24). To our knowledge, cyclic y-lactones have not been re-
ported as constituents of shale bitumens.

It may be supposed that cyclic y-lactones were formed by lac-
tonization of acids which might represent intermediates in a bac-
terial or abiogenic oxidation of carotenoids into naphthenic ac-
ids. Corresponding acids were isolated from a Californian petro-
leum and it was assumed that they were formed by oxidation of the
B-ionone portion of B-carotene (25).

Since dihydro- and tetrahydroactinidiolides were isolated
from bitumen obtained by extraction at room temperature, it is be-
lieved that they were indigenous to the shale organic matter, i.e.
they were not produced during the isolation procedure from the
corresponding acids.

Ketones. Several other compound types were identified in the po-
lar fraction of Aleksinac shale bitumen. In addition to isoprenoid
ketones C1 (6,10-dimethyl-undecan-2-one), and 018 (6,10,14-tri-

methyl-pengadecan—Z-one)(lﬁ), which are not a novelty in the chem-
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Figure 6. Mass spectrum of authentic dihydroactinidiolide (top) and mass spectrum
recorded during the GC| MS analysis of the lactone mixture (bottom).
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Figure 7. Mass spectrum of authentic tetrahydroactinidiolide (top) and mass spectrum
recorded during the GC| MS analysis of the lactone mixture (bottom).
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istry of geolipids, Cl3—C aliphatic methyl ketones and the tri-
terpenoid ketone adiantone were also identified (14).

The finding of isoprenoid ketones and recently of a range of
isoprenoid acids in the Aleksinac shale bitumen was of interest
because isoprenoid acids had never been identified in the oxida-
tion products of the corresponding kerogen (26,27).

Aliphatic methyl ketones were detected in another of the elu-
ates of the benzene soluble bitumen, obtained with 10% ether in
petroleum ether. Figure 8 shows the total ionization plot of this
eluate (a) together with the mass chromatograms of m/z 43 and 58
(b and c, respectively). The fragmentation ion, m/z 58, is charac-
teristic of aliphatic methyl ketones+ while the ion, m/z 43, may
have been derived from both (COCH,) and (C,H,) . Mass spectra
of the GC peaks x, y, and z are shown in Figure 9. Comparison of
the spectra x and y with literature data showed them to be iden-
tical to those of C,, and C,, isoprenoid ketones, respectively.
The mass spectrum z Corresponded to that of n-octadecan-2-one.

As far as we know, aliphatic methyl ketones as such are un-
known as biolipid constituents. It may therefore be assumed that
the aliphatic methyl ketones found in the Aleksinac shale bitumen
are a product of microbiological oxidation of higher fatty acids
or alkanes. This assumption is supported by the fact that methyl
ketones have been found in soil and peat as well as in tobacco
leaves dried in air and sun for two years. The bitumen of Boux-
willer shale was found to contain higher members (C2 -C 6) of this
homologous series (18), indicating a different compogition to that
of the Aleksinac shale fraction investigated.

Adiantone was identified in the same fraction with aliphatic
methyl ketones (Figure 8a). Figure 10 shows mass chromatograms of
the m/z 191 and 412 ions, and Figure 11 the mass spectrum of the
peak w, together with the mass spectrum of authentic adiantone
(18), for comparison. The intensity of fragmentation ion M-43 was
somewhat lower and that of m/z 205 somewhat higher for the compo-
nent found in Aleksinac shale bitumen than for the authentic ke-
tone. Since adiantone, a hopane derivative, may be expected in the
form of three isomers (178H,218H; 17aH,21BH; 17fH,2laH), the above
mentioned differences in the mass spectra may be a result of con-
figurational differences at carbon atoms 17 and 21. Figures 10 and
11 indicated that in addition to the most abundant isomer the mix-
ture contained two more isomers.

The triterpenoid ketone adiantone represents an intact bio-
logical indicator, which at the same time confirms that one part
of the organic matter of Aleksinac shale originates from ferns.
Adiantone is also a known constituent of Bouxwiller shale (18).

Physiological Activity of Aleksinac Shale Constituents. Quite re-

cently, physiological activity of the polar constituents of Alek-
sinac shale bitumen, extracted with an azeotropic mixture of chlo-
roform, acetone and methanol, was investigated (28). This prelimi-
nary study was based on an assumption that some of the biological
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Figure8. Totalionization plot of a polar fraction (top) and plot of mass m/z 43 (middle)
and m/z 58 (bottom). (Reproduced with permission from Ref. 14. Copyright 1979,
Pergamon Press Ltd.)
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Figure 9. Mass spectra of peaks x, y, and z, obtained by GC/ MS analysis of the polar
Jraction (see Figure 8). (Reproduced with permission from Ref. 14. Copyright 1979,
Pergamon Press Ltd.)
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Figure 10. Plot of massm/z 191 (top) and mass m/z 412 (bottom), ob.ta{'ned by GC/MS
analysis of the polar fraction (see Figure8). (Reproduced with permission from Ref. 14.
Copyright 1980, Pergamon Press Ltd.)

Figure 11. Mass spectrum of peak w, obtained by GC| M S analysis of the polar fraction
(top) (see Figure 8); and mass spectrum of adiantone (bottom) (18). (Reproduced with
permission from Ref. 14. Copyright 1980, Pergamon Press Ltd.)
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indicators, which were identified in the bitumen of Aleksinac
shale, might have retained their physiological activity in the
same way as they kept chemical structural features. Moreover, the
fact is known that distillation products of some ancient sediments
do have therapeutic effect and hence are used in medicine and vet-
erinary practice.

Preliminary experiments involved tests with a selection of
the main classes of microorganisms. The polar fraction of Aleksi-
nac shale bitumen was fractionated into a number of subfractions,
using column chromatography, controlled with IR analysis of the
eluates. By recombination of the 215 eluates according to struc-
tural similarity, 22 fractions were obtained for testing of phys-
iological activity.

Most of these fractions showed antibiotic effect on bacteria
E. coli and S. aureus, as well as on actinomyces S. griseus. The
exception was one fraction which gave a negative antibiogram test
with all three microorganisms. Several fractions showed antibiotic
effect on only one of the three microorganisms (four fractions on
S. aureus; three fractions on S. griseus). None of the tested
fractions showed antibiotic effect on the following species: Acti-
nomyces sp. 468, the yeasts S. cerevisiae and Candida albicans as
well as the mold Penieillium notatum.

The tested fractions did not show bacteriostatic effect.

Fractions which contained predominantly phenols did not have
a more pronounced antibiotic effect, particularly towards E. coli
and S. griseus, than the rest of the fractions composed of mix-
tures of aliphatic and aromatic compounds.

Conclusions

Most of the geolipids so far identified in the oil shale from
Aleksinac represent well known and ubiquitous constituents of sed-
iments: n-alkanes, iso- and anteiso-alkanes, aliphatic and cyclic
isoprenoid alkanes including steranes, triterpanes and tetrater-
panes, aromatic hydrocarbons, and aliphatic, hopanoic and aromatic
acids. Moreover, several classes of compounds were identified
which were also known as constituents of some ancient sediments
but were not found to be ubiquitous, such as aliphatic isoprenoid
ketones, aliphatic methyl ketones and the triterpenoid ketone adi-
antone.

However, in the Aleksinac shale bitumen geolipid constituents
were identified which had not been found earlier in ancient sedi-
ments: a homologous C,-C series of aliphatic y-lactones, a ho-
mologous series of four members of §-lactones, two cyclic y-lac-
tones (dihydro- and tetrahydroactinidiolide), as well as a homol-
ogous series of methyl esters of fatty acids (C,-C 5)

The composition and distribution of identiéieg geolipids sug-
gest: (a) that the Aleksinac oil shale is a relatively immature
sediment (high content of oxygen compounds with unchanged biolipid
molecules, n-alkane CPI values between 1.5 and 2.0, predominance
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of phytane over pristane, relatively high amount of unstable ste-
reoisomers in the fraction of steranes and triterpanes), although
indications were observed of maturational changes (the presence of
thermodynamically stable stereoisomers of steranes and triterpanes
and hopanoic acid, nonspecific for biological molecules, and aro-
matic hydrocarbons); and (b) that the organic matter of Aleksinac
shale is of mixed origin; the following precursors of the organic
substance were incorporated in this lacustrine sediment: residues
of terrestrial plants, ferns and algae, as well as residues of
microorganisms, most probably of those which tcok part in early
diagenetic changes of sedimented organic matter.
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A number of European oil shales, ranging from
Cambrian to Upper Jurassic in age, have been
analysed by organic geochemical and petrological
methods, Microscopical analyses of the whole rocks
provided information on the nature of the organic
material present and this was augmented by spore
fluorescence data: the rank of the material was
deduced from vitrinite reflectance measurements.
The o0il shales were retorted to give oil yields, and
the shale oils were analysed chromatographically to
give gas chromatographic fingerprints. Bitumens
were also extracted from the unretorted shales and
analysed for their content of aliphatic, aromatic
and polar compounds: some of these fractions
were analysed by gas chromatography and gas
chromatography-mass spectrometry. Kerogens were
isolated from some of the shales and used for
pyrolysis GC and pyrolysis-GC-MS studies which
provided comparative data by way of fingerprints,
selected ion chromatograms and a type index for
the different kerogens.

Scientific and industrial interest in oil shales has had a
chequered history since, in 1694, Martin Eale was awarded a
patent for the production of "oyle from a kind of stone'". The
production of shale oil in the 19th century became less economic
when cheap crude oil reached a widening market and, with the
exception of a few countries worldwide, the oil shale industry
was essentially run down early this century. The energy crisis
of the early 1970's reawakened a wide interest in the possible
economic production of shale oil, but the current downturn in
energy consumption, with a concomitant drop in crude oil prices
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today approaching 2/3 of their maximum ever cost, will surely
affect at least short term interest in the production of oil
from oil shale. These vagaries have affected shale o0il research
in the recent past, as governments viewed funding in the light
of changing needs. Despite this, there is a need for a longer
term view, to which organic geochemical data on European oil
shales could appropriately contribute.

Although there are overviews on the genesis of bituminous
rock sequences in Western Europe (1 2) they deal primarily
with lithologies and depositional environments and prov1de very
little data on the contained organic material. Older reviews
do include some information on the organic content of a number
of European deposits, but take mainly an economic and
technical approach (3, 4) Modern organic geochemical methods
have been used to investigate a number of European deposits in
greater detail: these include the Toarcian deposits of the
Paris Basin (5, 6), Messel 0il Shale (7), Aleksinac Shale (8),
and the Kimmeridge clays (9). However, the need for an
organic geochemical overview of a wider range of European oil
shales seemed to be opportune, and this paper provides some
information abstracted from a larger volume of data (10)
concerned with the analyses of eighty samples of nineteen
West European bituminous shale deposits. In this report, some
basic organic geochemical information is presented for
twenty-four samples that were selected as representing marine,
non-marine and transitional environments: more detailed
information is provided for a few of the samples.

Samples

The shales investigated ranged in age from Cambrian to
Oligocene, and their locations are shown on the accompanying
map (Figure 1). Brief details of location, lithology,
mineralogy, environment, basin type etc. for the twenty-four
samples under discussion are provided in Table I which
indicates that they encompass marine to non-marine depositional
environments and include small lake basins associated with
coal-forming swamps as noted by Duncan (11).

Microscopy

All samples were examined petrographically, using reflected
light methods, after being mounted as small, randomly-oriented
fragments in Bakelite blocks, then polished to a high finish.
Vitrinite reflectance measurements (10-50 per sample) were made
for samples younger than Devonian; values are shown in
Table II. The polished blocks were also used for maceral
analyses, reported on a volume percentage basis, by measuring
500-1000 points in white light, As noted in Table III pyrite,
which was often present as framboids or small crystals, was
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Figure 1. Map of sample locations.
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TABLE II RELFECTANCE AND FLUORESCENCE DATA

Ro Sample ZRoil Spore
Number Fluoresc,
K3 Ethie Haven 0.4
% | K7 Ringstead 0.35
o | Calo Westfield 0,38
Cal5 Camps 0.39
K5 Kimmeridge 0.44,0.48 Y
s¢ | 0C2 Brora 0.45 Y
‘¥ | OC5 East Fleet 0.41 Y
© | B4 Brora 0.46,0.43 Y
ULl Crevenay 0.47 Y
C5,6,8 Autun 0.36-0.46 Y
K2 Marton 0.50,0.54 Y/0
% | B1,5 Skye 0.52,0,52 Y/0
o | UL4 Severac 0.51
LL2 Kilve 0.52 Y/B/G
Cal Lothians 0.55-0,59 Y/B/G
se | UL6 Ste. Affrique 0.63 L/0
™~ | Ca6 Lothians 0.57-0.59 L/0
© | D10 N.E. Scot. - Y/B/Y/G
UL9 Whitby 0.57 Y/B/Y/G
& | B2 skye - No
~ D8 N.E. Scot. - fluoresc
© | Camb 1 Sweden - '

Y = Yellow; Y/O = Yellow/Orange; L/O = Light Orange;
Y/B/G = Yellow/Brown Groundmass;
Y/B/Y/G = Yellow/Brown/Yellow/Groundmass
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also included in the point count. Recognisable Botryococcus
remains are tabulated separately from sporinite (taken to include
spores and all other algal material): amorphous organic matter
in a background of inorganic minerals is also shown (Table III),
These blocks were also examined for fluorescence using
blue light excitation and the fluorescence colours of the
organic material are shown in Table II. Both reflectance values
and spore fluorescence indicate that the rank of most of the
samples was within a window of about R 0.4 - 0,63%
(equivalent). Samples Camb 1 and D8 dfd not fluoresce, and
sample D10 produced a mid/deep orange fluorescence.

Geochemical Analysis

Wherever possible 100g samples of the powdered rock were
exhaustively extracted with dichloromethane., The extracted
bitumen was stored for further analysis and the dried rock
powder was used to estimate the organic carbon remaining
(Table IV); during this step advantage was taken of measuring
the mineral carbonate content, reported as mineral losses, of
some of the rocks (hot 50% hydrochloric acid). The calcite
content was also measured in a calcimiter using cold, dilute
hydrochloric acid (12). Thus approximate values for calcium
carbonate and other mineral carbonates were obtained (Table III).
During the analyses of the extracted bitumen, an approximate
value was obtained for free sulphur in the bitumen by taking
weight differences before and after silver ion thin layer
chromatography (TLC). These data are reported also in Table III.

Analyses of the 0il shales for the yield and composition
of shale oil they provided on pyrolysis was undertaken. This
series of experiments was not intended to give an economic
assessment of the shale oil potential, which could only have
been achieved by thorough vertical and lateral sampling of the
deposits, instead the values obtained relate to the hand
specimens only., The most frequently used method of determining
0oil yield is by Fischer Assay (13) and in this work a
modification of their method using a smaller version of their
retort (5-10g of sample) was attempted., By programming the
furnace from ambignt temperature to 500 C in 45 min and soaking
for 15 min at 500 C, a small amount of o0il and water was
collected and measured carefully to within 0,01 ml. Yields of
0oil and water obtained by this method are reported in
litres/metric tonne (Table V) and represent good estimates of the
potential of the chosen oil shale samples to provide shale oil,
All of the oils were analysed by gas chromatography (GC), and
some again after separation of the aliphatic hydgocarbons
into alkanes and cis- and trans-alkenes using Ag TLC,

The organic hydrogen richness of the oil shales was
assessed from Rock Eval pyrolysis data (Hydrogen index) which at
high levels of organic richness can be considered to give

reliable data (14, 15).
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TABLE IV ORGANIC CARBON AND EXTRACTABLE BITUMENS

Sample Wei%ht EOM * EOM Organic C
No. rock in gms/100g %
extracted mgs
gms
Cambl 100 80.1 0.08 12.5
D8 100 312.0 0.31 5.1
D10 100 293.4 0.30 5.2
Cal 100 1,224,.8 1.23 14.7
Cab 100 915.0 0.92 8.7
Calo 100 206.1 0.21 32.5
Cal5 50 245.6 0.49 20.4
c5 72.3 457.3 0.63 10.1
cé 64.5 321.1 0.50 15.7
c8 65 778.3 1.20 13.0
LL2 100 343.0 0.34 4.3
ULl 100 428.6 0.43 6.5
UL4 100 1,453.5 1.45 5.8
UL6 100 907.5 0.91 3.3
U19 100 316.5 0.32 2.3
Bl 100 1,339.9 1.30 5.7
B4 100 456.5 0.46 11.3
B5 100 561.5 0.55 15.13
0oc2 100 392.3 0.40 6.6
0C5 100 494 .0 0.49 11.7
K2 100 3,019.7 3.10 37.5
K3 100 337.4 0.34 6.7
K5 100 872.1 0.87 18.7
K7 100 397.9 0.40 16.3
*EOM - Extractable organic matter
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TABLE V FISCHER ASSAY

Sample Water 0il 0il
No. Lt/ton Lt/ton. gal/ton
D10 6 15 3
Cal 15 156 34
Cab 25 65 14
Calo 23 175 39
Cal5 38 102 22
c5 20 86 19
cé6 25 70 15
Cc8 30 162 36
LL2 47 59 13
ULl 22 39 9
UL4 22 94 21
Bl 30 49 11
B4 49 147 32
B5 26 83 18
K2 20 234 51
K5 26 98 22
K7 39 96 21

Bitumens, were separated by chromatography, urea
clathration and 5A molecular sieve occlusion before and after
analyses of many of the aliphatic sub-fractions by GC and gas
chromatography-mass spectrometry (GC-MS). Experimental details
are noted in a previous publication (16) in which the
distribution of cyclic alkanes in two lacustrine deposits of
Devonian (N.E. Scotland) and Permian (Autun, France) age, (the
D and C series samples) were discussed., Chromatographic
separation into aliphatic, aromatic and polar compounds of
the bitumens extracted from the shales gave the results shown
in Table VI, Carbon Preference Indices and pristane/phytane
ratios were measured in this work: space limitations precluded
tabulation of all of the data but the former index, measured
from n-alkane chromatograms obtained after separation of the
saturated hydrocarbons on 5A molecular sieve, ranged from 0.90
to 2.65: pristane/phytane ratios from 0.6 to 3.9.

Kerogens were isolated by treating the extracted shale
sequentially with aqueous hydrochloric and hydrofluoric acids
(17). The kerogens were used to obtain carbon, hydrogen and
oxygen values, for pyrolysis-gc (Py~GC) and pyrolysis-gc-ms
(Py-GC-MS) of selected samples, Py-GC pyrograms provided
fingerprints that were compared with those obtained in many
similar analyses performed in this and other laboratories (18
and refs therein); classifying the kerogens by a type-index (19)
was also attempted, Py<~GC-MS analyses helped to identify
components in the pyrolysates and, with the use of selected
mass chromatograms, illustrate changes in the presence, and
relative abundance, of compounds shown in the pyrograms of
different kerogens (20, 21). The information obtained by
the geochemical analyses outlined here is discussed briefly
below.
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TABLE VI CHROMATOGRAPHIC ANALYSES OF EXTRACTABLE BITUMENS

Sample | EOM* oorEnt | pom® | Residue
No. mgs/100g | eluate | eluate |mgs/100g
mgs/100g| mgs/100g

Cambl 80.1 17.1 44 .9 18.2
D8 312.0 109.8 68.3 133.8
D10 293.4 137.3 108.6 47.5
Cal 1,224.8 436.0 399.3 389.5
Cab 915.0 420.0 329.4 165.6
Calo 206.1 101.4 58.5 46.2
Cal5 491.2 271.1 118.4 101.7
Cc5 630.8 229.6 170.9 230.2
cé6 497.8 169.3 132.4 196.1
c8 1,197.4 487.3 426.3 283.8
LL2 343.0 160.5 103.2 79.2
ULl 428.6 101.1 182.6 144.9
UL4 1,453.5 411.3 578.9 463.7
UL6 907.5 357.4 282.2 267.7
UL9 316.5 96.8 126.6 93.1
Bl 1,339.9 271.1 612.3 510.5
B4 456.5 146.5 188.1 121.9
B5 563.1 72.1 218.1 272.8
0Cc2 392.3 16.1 189.1 183.2
0C5 494.0 93.4 126.5 274.2
K2 3,091.7 785.3 | 1,221.2 | 1,085.2
K3 337.4 23.6 129.9 183.9
K5 872.1 164.8 328.8 378.5
K7 397.9 155.0 101.9 280.5

* EOM - Extractable organic matter
¥ DCM - Dichloromethane

*% Residue - Polar material not eluted
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Discussion

The 24 samples chosen (for which summary data are given)
range in age from the Cambrian (Sweden) deposit (Camb 1) to the
Upper Jurassic Kimmeridge clays (K series); their sources are
shown in Figure 1. From Bitterli (1), and other literature
reports, they can generally be classed as marine (Camb, LL, UL,
0OC and K series), non-marine (D, Ca and C series) and
transitional (B series) deposits, Within each series organic
matter is often found in quite different facies, for instance
acid treatment (Table III) indicates that within the Lothians
Upper 0il Shale group samples Cal and Cab are carbonate rich
(> 40%) whereas Cal5 is carbonate poor (2.5%): these
differences are obvious within other series as noted in
Table III. Microscopical analysis of polished blocks in white
and blue light allowed the data in Table II to be compiled.

The organic material which is recognisable by these methods can
generally be classified within the maceral group exinite (22):
inertinite and vitrinite are generally rare in European oil T shales
(23) In the table shown, sporinite refers to fossil spores and
pollen, and to fossil algal cysts (e.g., Tasmanites) while
Botryococcus cysts were counted separately. Since much of the
mainly algal material cannot be categorised microscopically it

is sometimes referred to as amorphous kerogen: it is generally
disseminated in the rock matrix and not easy to point count and

so cannot be tabulated separately (Table III).

Some of the Carboniferous oil shales are rich in
Botryococcus remains, the lagoonal freshwater samples CalO
(Westfield shale) being almost as rich as the well-known
torbanites from Torbanehill: remains of this detrital alga
appears in the other Carboniferous (Scotland) and Permain (Autun)
samples but, as expected from the known provenance of
Botryococcus, they do not appear in the marine deposits.

Nearly all of the samples were immature as evidenced by rank
determinations using vitrinite reflectance and spore colouration;
they may be considered to have a rank equivalent to that of late
diagenesis-early catagenesis (S) Because of lack of spore
fluorescence, the Devonian and Cambrian samples have been
classified as having a vitrinite reflectance » 0.7%, The
microscopical data is shown in Table II where the samples have
been subdivided into five groups based on these rank parameters.

Rock Eval analyses (5) of the shales indicates that all
but two of the samples have hydrogen indices (mg. hydrocarbon/
g. organic carbon) between 300 and 900: the nonemarine samples
generally plotted as Type I kerogens and the marine samples as
Type II. Shale oils were obtained by modified Fischer Assay,
and the yields obtained are plotted against organic carbon in
Figure 2: this indicates that there is as good a correlation
as might be expected without rank being taken into account,
Values for oil yield (Table V) have been compared with
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Figure 2. Organic carbon content and yield of shale oil obtained by Fischer Assay. Key:
D, DI0; Ca, Cal, Ca6, Cal0, and Cal5; C, C5, C6,and C8; LL, LL2; UL, ULI, and UL4;
B, Bl, and B4; and K, K2, K5, and K7.
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literature values, but yields were only measured on single hand
specimens and a large survey of each deposit was not undertaken.
In the Carboniferous samples of the Lothians the torbanitic
shale (>50% Botryococcus) yielded 175 1/tonne which compares
with a literature values of 160 1/tonne (24), other samples in
this group provided 65-156 1/tonne which compares with previous
values (24) of 40-200 1/tonne although the highest yield noted
there was rarely achieved. The Permian samples from Autun
provided 70-162 1/tonne which again compares with literature
values of 65-125 1/tonne (25). Middle and Upper Jurassic samples
yielded oils in amounts agreeing reasonably well with literature
values (25, 9). Sample K2 is from the Blackstone band of the
Kimmeridge clay and perhaps represents the only oil shale in
Britain that could now be used to provide commercial quantities
of 0il in times of national need. The maximum yield that we
have achieved by standard Fischer assay (370 1/tonne) of this
band was from a sample taken from the basal 5 cm of the
Blackstone band at Clavell's Hard, in Kimmeridge bay (9).

All of the shale oils were analysed by GC as total
pyrolysates and as separated saturated and unsaturated fractions.
Infra red spectra of the olefinic fraction separated by TLC
indicated that one fraction consisted of alk-l-enes ( ¥ CH
at 910 and 990cm™1l) and the other of trans alkenes ( ¥ CH at
965cm™1) of which the former were generally the most abundant;
this accords with literature data on pyrolysis at 600°C (26, 27),
Interestingly, and surprisingly, we have shown previously
(28) that pyrolysis of torbanites at lower temperatures
(225-3259C) provided a small olefinic fraction consisting mainly
of trans-alkenes (IR) present as a complex series of partially
resolved homologies (GC). Many authors have discussed shale oil
composition in terms of retorting temperature, mineral/organic
interactions, original contributing organic matter etc, Urov (29)
proposed a method of classifying oil shale kerogens which
depended on the nature of the GC fingerprint of the n-alkanes in
the retort oil. In this work some of the marine shale oils had
normal aliphatic hydrocarbons ranging to about C,, superposed
on a prominent 'hump' of unresolved material while some of the
non-marine shales showed much less of a 'hump' and carbon numbers
extending to about C o: these distributions are illustrated for
samples OC5 and Caé in Figure 3. That a distinction based on
such distributions is equivocal is illustrated in the same figure
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Figure 3. Gas chromatograms of shale oils obtained from Samples C5, OCS, and Ca6

(numbers on chromatograms denote hydrocarbon chain length). Conditions: column, 25

m x 0.25 mm (inside diameter) glass capill.aqz: OV 101; progression 60-260 °C at 4 °C
min".
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which includes an analysis of the lacustrine sample C5 which,

if anything, has a normal aliphatic hydrocarbon fingerprint
closer to that of the marine shale OC5 than the lacustrine Cab
sample, We, and others (14 15, 30) have shown that in clastic
sediments (as opposed to carbonate r1ch sediments) the effect of
the mineral matter is to produce a pyrolysate with much more
material at lower molecular weight and with a net reduced yield.
These facts might explain the distribution shown for the non-
calcareous sample C5, but in other lacustrine samples that we
have examined, similar hydrocarbon distributions have been
obtained in highly calcareous shales.

All of the samples were analysed for their hydrocarbon
content and composition, by chromatography of the extracted
bitumens, The proportions of aliphatic and aromatic hydrocarbons
and polar NSO compounds were tabulated, Table VI indicates that
some rocks provide tenfold more soluble bitumen than others
(c.f. K2 and Cal0) and that some of these bitumens were aliphatic
rich (e.g. Cal5) while others were aromatic rich (e.g. 0C2).

Most of the alphatic fractions were separated into normal
and branched alkane fractions after the removal of unsaturated
hydrocarbon. Most of these subfractions were analysed by GC
to give fingerprint chromatograms. These analyses were used
to provide data that allowed carbon preference indices,
pristane/phytane ratios etc, to be measured, Also, the relative
amounts of (178 H, 21#H; 17BH, 21H and 17&H, 218 H)
hopanes, steranes, 4-methyl steranes, carotenoid and other related
compounds were assessed from gas chromatograms and reconstructed
ion chromatograms. A large number of Kovats Retention Indices
(0V-101) were measured and tabulated for these compounds also (10).

In source rock studies, a number of maturation parameters
are used which depend on relative sterane and triterpane
distributions (6, 31). Since, in this paper, we are concerned
with a broad overview of widely distributed oil shales, use of
these parameters must be considered in that context, and not as
in maturing organic matter within a single sedimentary basin.
Nevertheless, changes seen when the polycycloalkanes are used
as maturation parameters are well-illustrated in many of our
chromatographic analyses when shales of different ranks are
compared, Thus the change from a distribution of hopanes rich
in the B -isomers to those rich inA B isomers is noted in
progressing from some samples with rank values equivalent to
vitrinite reflectances of 0.4% to 0.6%. Included in the data
that we have plotted (Figure 4) is the change in ratio of the
S and R epimers of the C, . hopanes for shales of increasing
rank. This plot shows a”rapid increase in the S/R ratio at
about 0.5% Ryt for the Jurassic samples the ratio changes frem
0.1 to 1.0 as the rank changes from 0.3% R, to about 0.5% R,.
Also, for the marine Jurassic samples, a good correlation is
obtained (10) for the maturation parameter of increasing
Cyy 13'S(H)_17°\(H) 20S diasterane vs Cyy 5 (H) 20R regular,
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Figure 4. Variation of 22S/22R epimer ratio of 17aH, 21 3H homohopane.
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immature sterane, to reflectance values; this type of change has
been documented previously by others in, for example, the Paris
Basin sediments (32).

An interesting finding in this survey was that two groups of
shales from lacustrine sedimentary sequences provided a suite of
what appear to be partly degraded carotenoid-derived hydrocarbons.
Their depositional environments are reported to have common
features, namely a semi-arid climate, and a large algal input
into intermontane, fault-bounded basins, in the Devonian of
N.E. Scotland (D samples) and Permian of France (C samples).
Interestingly, Anders and Robinson (33) identified, in Green
River oil shale bitumen, whose depositional enviromment is
supposedly similar to that described above, twenty-one compounds
whose mass spectra suggested that they were tetralkyl substituted
cyclohexanes such as might be expected as degradation products
of carotanes, The mass spectra of nine of our compounds suggest
they belong to this class of compound, Details of this work
have been published (16).

Py-GC and Py-GC-ﬁg methods have been established as having
value in fossil fuel research (34, 18 and refs therein) and in
consequence both methods were used in this investigation. Using
coal maceral kerogens, and other kerogens obtainable as enriched
monotypes, it had been shown previously that characteristic
fingerprints could be obtained when the kerogens were flash-
heated at 600°C (furnace pyrolyser) and the pyrolysate passed
through a capillary GC column (26, 35). An example of the
fingerprint pyrograms of a torbanite, sporinite and vitrinite,
obtained in the present work using a ribbon pyrolyser, is shown
in Figure 5 and compounds in the pyrolysates, identified by
Py-GC-MS, are shown in Table VII,

Although fingerprints of several hydrogen-rich algal kerogens
could be differentiated from each other (36), all usually
contain abundant extended normal alkanes and alkenes with a very
small contribution from aromatic molecules, In contrast,
vitrinite or humic-rich kerogen pyrograms generally contain
abundant non-homologous peaks representing substituted benzenes,
naphthalenes, phenols etc. as shown. Py-GC of the kerogens
isolated in this work confirmed these findings, For instance
the Carboniferous sample CalO which contains 527 of
Botryococcus braunii (by point counting>500 points) provided a
pyrogram typical of that of alginite with aliphatic triplet
alkanes, alkenes and alkadienes extending to about Cjg (Figure 6).
The contribution of aromatic molecules is small, as expected.
Interestingly, sample Cal5, which gave only 1,2% of
morphologically definable Botryococcus on point counting
provided a fingerprint virtually superposable on that of Calo
(Figure 6). 1In ultra-violet light this sample gave a dull
yellow-brown fluorescence, with rare preserved algal bodies,

a few yellow-brown spores and many small flecks of yellow-brown
fluorescence, We suggest that perhaps the inability to count
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Figure 5. Pyrograms of alginite, sporinite, and vitrinite. The numbers circled represent

hydrocarbon chain lengths (for other numbers see Table VII). Conditions: CpS Pyro-

probe, 600 °C, 5 s; Column, 25 m x 0.3 mm (inside dia_rlneter) Sfused silica; OV-1;
progression 40-270 °C at 4 °C min .
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Figure 6. Pyrograms of kerogens isolated from samples Cal0, Ca6, C8, and K3.
Numbers represent hydrocarbon chain lengths. Key: *, prist-1-ene; and a, m(p)xylene.
Conditions as in Figure 5.
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Botryococcus cysts in this shale belies its content of this alga
which may be preserved only in finely comminuted form, Most of
the other non-marine kerogens provide GC fingerprint pyrograms
generally similar to the above, although where there is a
contribution from spores and/or pollen the pyrogram has a larger
relative content of low molecular weight aromatic molecules
(sample C8, Figure 6): this accords with previous findings for
the pyrolysis of enriched sporinites (26, 35).

TABLE VII PEAK IDENTIFICATIONS FOR FIGURE 5

Toluene

Methylthiophene

Ethylbenzene + Czthiophene
m(+p)-Xylene

o-Xylene

. CsBenzenes

Phenol

. CgBenzene and/or Methylstyrene
. CyBenzene + Indane + Indene

10, o-Cresol

11, m(+p)-Cresol

12, CsBenzene + Methylindane + Methylindene
13. Naphthalene?

14, 2-Methylnaphthalene

15, 1-Methylnaphthalene

16. CyNaphthalenes

17, CjNaphthalenes

18. Phenanthrene

19. Methylphenanthrene + Nonadecane

o . e

oW PWwN=

The marine Kimmeridge, Oxfordian and Upper Lias samples
generally provided more complex pyrograms containing more low
molecular weight aromatic hydrocarbons together with homologous
alkanes and alkenes. A typical pyrogram is shown for sample
K3 in Figure 6.

A measure of the aliphatic/aromatic nature of kerogen, as
indicated by their pyrolysis products, is an approach that has
been made in attempts at classifying them (cf., 18 and refs
therein). We have previously shown that by using the ratio of
m(+p)-xylene/oct-l-ene as an aromatic/aliphatic index it is
possible to augment the fingerprint data for differentiating
kerogens with a numerical "type-index" (19). The "type index"
of kerogens isolated during this work is shown in Figure 7
and illustrates, as before, that algal-rich kerogens have an
index with a value less than 0.6, whereas marine kerogens have
higher values, not unlike those obtained previously (19).
Valuable as this index has proved for defining kerogen facies
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it is probable that refinements to it will prove to be even
more useful: these refinements are currently being
investigated.

Py-GC-MS data were obtained by interfacing the Py~GC system
to a double-focussing mass spectrometer and data system,
Previous analyses (20) of the three principal kerogen types
(1, 11, III), obtained by monitoring the fragment ions with
m/z values of 91, 105 and 119 had indicated, in a preliminary
fashion, that the mass chromatograms provided a useable
fingerprint of alkylbenzene moieties for each kerogen type.

For instance reconstructed ion chromatograms of the m/z 105
fragment gave a homologous series of triplets which we ascribe
to the presence of o-, m- and p-isomers of l-tolylalkanes. In
this work triplets have been shown to occur in a few selected
kerogens representing marine to non-marine deposits: differences
in these fingerprints were again evident, but they did not
differentiate the kerogens so well as when other fragment ions
were used to reconstruct chromatograms. Thus, by reconstructing
the chromatogram for the m/z 97 fragment ion (an abudant
fragment ion in the mass spectra of n-alkenes and
alkylthiophenes) it was shown that there was a clear change in
the fingerprint in the non-marine/marine series (Figure 8). In
the former (e.g. Cal) the chromatogram is dominated by a
homology due to the alk~l-enes, and the presence of thiophene
nuclei were not noted. In the marine samples (e,g. ULl) the
sample alkene homology is interrupted between about Cq and Cj5
by the dominance (in the early part of this range) of peaks
whose mass spectra suggest that they are alkylthiophenes. 1In
sample D8, the thiophene peaks were less abundant, but still
present in the same range.

The fragment ion m/z 141 occurs abundantly in the mass
spectra of alkylnaphthalenes and as a weak ion in those of
n-alkanes, and this fact has been used to monitor aspects of
increasing aromaticity in a var1ety of kerogens (21, 37). These
changes are well represented in the present work: "thus in
Figure 9 the lacustrine, algal rich kerogen Cal provides a
pyrogram dominated, in this reconstructed ion chromatogram, by
homologous n-alkane fragments with small peaks showing 2- and
l1-methylnaphthalenes and a group of dimethylnaphthalenes. In
sample C8 these dominances are reversed, and in the marine sample
0C5 the homologous nralkane series has virtually disappeared. We
emphasise that this indicates relative changes, as the absolute
sensitivities of aromatic and aliphatic species in the mass
spectrometer are quite different (37).

The above discussion, which is part of a more extensive
overview (10), provides some insight into the organic
geochemistry of a selection of European oil shales. It is not
intended as a complete description of the geochemistry of these
shales, which could not easily be accomplished within the
general limits of this meeting's proceedings, but it is hoped
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Figure 8. Mass chromatogram of fragment ion m/z 97 in pyrograms of kerogens

isolated from samples Cal, D8, and ULI. Pyrolysis and GC conditions as in Figure 5.

GCinterfaced 10 VG 70-70 H mass spectrometer. Numbers represent hydrocarbon chain

lengths, and T3, T4, etc., represent a thizphene substituted with a C,, C,, etc., alkyl
chain.

In Geochemistry and Chemistry of Oil Shales; Miknis, F., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Publication Date: August 1, 1983 | doi: 10.1021/bk-1983-0230.ch004

82 GEOCHEMISTRY AND CHEMISTRY OF OIL SHALES

14 %
] 3 2 | m/z141
15 Cal
12
N1
IN2
‘ LA .i ’\ \ e
m/z 141
c8
HNZ

N1 r-r-\

13 15 20
N e | lMWMJ——L*L—L.L | O S S

m/z141
0cs

S W S SU W W

Figure 9. Mass chromatogram of fragment ion m/z 141 in pyrograms of kerogens
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that it will provide data for those interested in aspects of the
organic geochemistry of a variety of European bituminous shales.
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Geochemistry of Israeli OQil Shales

M. SHIRAV (SCHWARTZ) and D. GINZBURG
Geological Survey of Israel, 30 Malkhe Israel St., Jerusalem 95501, Israel

The Maastrichtian (latest Cretaceous) Israeli oil
shales consist of four main groups of components:
organic matter; biogenic calcite and apatite;
detrital clay minerals and quartz, with a 1little
amount of authigenic pyrite and feldspar. The main
chemical characteristics of the oil shales are
reviewed,with an emphasis on those which may affect
future utilization techniques.

The oil shales in Israel are widely distributed throughout
the country (Figure 1). Outcrops are rare, and the information is
based on borehole data. The oil shales sequence is of Upper-
Campanian - Maastrichtian (latest Cretaceous) age and belongs to
the Ghareb Formation (Figure 2). In places, part of the phospho-
rite layer below the oil shales (Mishash Formation, Figure 2) is
also rich in kerogen. The host rocks are biomicritic limestones
and marls, in which the organic matter is generally homogeneously
and finely dispersed. The occurrence of authigenic feldspar and
the preservation of the organic matter (up to 26% of the total
rock) indicate euxinic hypersaline conditions which prevailed in
the relatively closed basins of deposition during the Maastrich-
tian (1).

Current reserves of oil shales in Israel are about 4,000
million tons (2),(3), located in the following deposits (Figure 1)
Zin, Oron, Ef'e, Hartuv and Nabi-Musa. The 'En Boqeq deposit,
although thoroughly investigated, is of limited reserves and is
not considered for future exploitation. Other potential areas, in
the Northern Negev and along the Coastal Plain are under investi-
gation.

Future successful utilization of the Israeli oil shales,
either by fluidized-bed combustion or by retorting will contribute
to the State's energy balance.

0097-6156/83/0230-0085%$06.00/0
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Analytical Methods

Inductively coupled plasma atomic emission spectrometry
(ICP-AES) was used for the determination of most major and trace
elements. The samples are fused in a Claisse semi-automatic
fusion device in Pt-Au crucibles with lithium metaborate (4). The
fusion product is dissolved in diluted HNO, and brought to volume.
For trace elements determination the samplé is decomposed by HF,
HNO, and HC10,. Scandium serves as an internal standard and is
addéd to all samples and solutions. The instrument (product of
Jobin Yvon, France)is calibrated using multi-element synthetic
standards. The aqueous solutions are nebulized and injected into
the heart of a plasma fire ball. A computerized multi-channel
vacuum spectrometer has been programmed for multi-element analysis.

Additional methods used were: X-Ray fluorescence spectrometry
(for total S determination); flame atomic absorption (Hg and As).
Organic C was determined using Leco instrument, after decomposi-
tion of the carbonate by HCl. C,H,N,S in the kerogen were analysed
using microanalysis techniques.

Major Elements and Mineralogy

Typical analyses of Israeli oil shales are shown in Table I.

Table I. Analyses of Composite Samples (wt.%)

a.* Ef'e Ef'e Hartuv Hartuv

b. Bit-1 Bit-1 HRB-1 HRB-1

c. 18-22m 60-70m 62-82m 130-150m
$i0, 16.9 7.6 7.5 5.0
A1,04 6.8 1.5 1.6 1.3
TiOy 0.32 0.16 0.1 0.1
Fe203 2.8 0.7 1.01 0.57
Ca0 34.2 36.1 37.7 38.2
MgO 0.57 0.58 1.67 0.39
Na20 0.27 0.20 0.14 0.10
K20 0.42 0.32 0.15 0.14
P905 1.6 3.5 3.0 2.3
S03 2.3 0.9 0.3 0.26
S (Organ.) 1.4 2.7 1.7 2.4
Organ. Mat. 8.2 24,1 14.8 20.5
Loss on Ign. 33.5 45,7 44.0 49.6

*a,=location b.=borehole No. c.=depth interval of sample

One borehole in the Ef'e deposit, T-1, coord. 1167/0544
(Israel Grid) was analysed meter by meter. The correlation factors
between the variables are summed up in Figure 3.
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Si0p content is 2-17wt.%. The significant correlation with
Al703 and Fe043 indicates its residence in clay minerals. Detrital
quartz grains are present in a very small amount.

Ca0 (30-40wt.%) is found largely in calcite (50-70% of the
total rock). Small amounts of Ca0 are located in apatite and
gypsum,

Al1703 is a main component in clay minerals. Al703 is highly
correlative with Si0, Fe03 and TiOj. The content of Alj03
along the oil shale sequence is 1-8wt.j%.

Fey03 content is 0.5-2.8wt.% and it is associated with clay
minerals and pyrite.

Sulfur is shown on Figure 3 as S03, which includes organic
and inorganic sulfur. Direct observations and isotopic composition
of sulfur (5) indicate that kerogen-bound sulfur accounts for
60-80% of the total sulfur in the rock while the remainder is
pyritic and gypsum sulfur.

P20s5 content within the oil shales is 1-5wt.%, while in the
phosphorous Mishash Formation it may exceed 30%.

Organic matter (kerogen) composes 5-26wt.% of the rock. The
average content of organic matter in Israeli deposits is l4-léwt.%
Only rocks with more than 10% organic matter are considered as
"economic" oil shales.

Depth shows significant positive correlation with the follow-
ing variables: organic matter, sulfur, phosphate; and negative
correlation with A1203, Fez03 and SiO. Since Al, Si and Fe are
dependent upon clay content, it is clear that the amount of clay
minerals decreases with depth. Organic matter, sulfur and apatite
contents increase with depth. The carbonates content along the
oil shale sequence does not show any significant change.

Thus, these data represent a mineralogical system of four
main variables, changing with geological time (=depth) (Figure 2).
The four main mineralogical phases are:

a. organic matter - derived mainly from marine algae and bacteria
with some contribution of continental plants. The kerogen is very
fine (0.05-0.1 micron), most of it dispersed within the matrix or
as a fine film on the grains. Some of the preserved algae show
definite structures. Reflectance measurements on vitrinite-type
grains indicate a very low maturity grade of the organic matter.
b. clay minerals - mainly very fine detrital kaolinite with a

small amount of montmorillonite.

c. calcite - most of it is of biogenic origin. The texture is of
sparse biomicrite made of planktonic foraminifera skeletons with
cocolithoforides in the matrix.

d. biogenic apatite - located in ovulites, bone fragments and fish

scale and teeth.

Other minor constituents are: authigenic pyrite which appears
as framboides or separate crystals; secondary gypsum, mainly as
vein filling; detrital quartz grains and authigenic feldspar
(microcline).
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The mineralogical system described above is one clue to the
understanding of the paleogeographical set-up during the late
Cretaceous in Israel, as well as a main factor for any assessment
of oil shale's quality.

Effect of CaC03 on Combustion

Fluidized bed technology seems to be preferable for oil
shale combustion (6). Series of combustion tests which were run
in different temperatures resulted in lower effective calorific
value with the increase of operating temperatures. Figure 4 shows
a DTA curve for a typical Israeli shale. When operating the fluid-
ized bed in the range of 700-800%, endothermic reactions are only
in their begining, but if the operating temperature exceeds 800-
3502, the endothermic reaction of calcite decomposition has a
severe influence on the effective calorific value. Fluidized beds
burning coal use a certain controlled amount of carbonate for SO
trapping, but in this case more than 60% of the material which is
feeded into the burner is carbonate.

Thus, the necessity of maintaining delicatly controlled
conditions during combustion is a direct outcome of the inorganic
composition of the oil shale.

Calorific Value

The High Calorific Value of the o0il shales was determined by
a "bomb" calorimeter on more than 90 composite samples from
different deposits and on one-meter samples along borehole
sections. The average value is 1000Kcal/Kg and the highest value
measured was 1790Kcal/Kg. The correlation between organic matter
content and the calorific value is more than significant (R=0.96).
The equation for the Ef'e deposit is:

calorific value (Kcal/Kg) = 77.8+60.2(org. matter wt.Z%)
and for the Hartuv deposit:
calorific value (Kcal/Kg) = 52.0+71.3(org. matter wt.%)

The line for the Hartuv deposit is steeper than that for the Ef'e
deposit (Figure 5) i.e.: in the range of l4wt.%Z organic matter
(average for most deposits) the difference will be 130Kcal/Kg in
favour of the Hartuv deposit. As the overall inorganic composition
is simillar in the two deposits, we assume that the reason for
this difference is due to compositional variations within the
organic matter.
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Fischer Assay

Fischer assay tests were carried out on several boreholes in

the Ef'e deposit (7). The average oil yield was 15.6 Gal/ton;
sections with high content of organic matter (20-26wt.7%Z) yielded
up to 29 Gal/ton. Evidently, there is a positive correlation
between Fischer assay results and the content of organic matter;
another interesting relation is illustrated in Figure 6: with
the increase of depth, more oil is yielded per lwt.% of organic
matter. The data in Table II suggest that this phenomenon may be
related to changes in the elemental composition of the oil shale
and/or to the content of the bituminous fraction within the
organic matter.

Table II. Ultimate Analyses and 0il Yield

Sample No. SRV 208 SRV 215 SRV 221
Org. C (wt.%) 7.8 10.1 13.6

H (wt.%) 1.28 1.56 1.76
N (wt.Z%) 0.29 0.35 0.54

S (wt.Z%) 2.4 3.0 3.1
0il (Gal/Ton) 11.9 16.5 24.2
%Bitumen out of

total org. mat. 6.8 7.1 7.8

The average composition of kerogen from the Ef'e deposit is:
C-64.9%7 H-8.0% N-2.8% S-9.1%

The average composition of retorted oil from the Ef'e
deposit is:

C-79.8% H-10.1% N-1.1% S-7.6%

Infra-Red Spectra of The Kerogen

Infra-red spectra were used as "fingerprints" of different
kerogens, as they allow a direct study of functional groups
within the kerogen's structure. The main characteristic absorp-
tions were as follows:

2825-2960 cm~1 C-H aliphatic

1460 cm™ C-CH2 C-CHj linear and cyclic
1380 cm” C-CH3 linear and cyclic
720 cm™ C-H aliphatic

1650 em~! C=C aromatic; water
1710 em~! C=0 acid; ketones

Two typical spectra are shown in Figure 7. The spectra are
generally similar and indicate the kerogen to be mainly aliphatic.
Comparison of the two spectra suggests that alifatic structures
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are more common in the Ef'e kerogen. The spectra of Israeli oil
shales are quite similar to those of the Estonian shales (8) and
to the kerogen of the Green River Formation (9).

Trace Elements

Table III summarizes trace elements concentration data in
the oil shales sequence of the Ef'e deposit, the phosphorite
layer from the same area (10) and the Green River oil shale (11).

Table III. Trace Elements Data (wt. ppm)

Ef'e o0il shale Ef'e Green River
Borehole T-1 phosphorite 0il shale

Ag 1 n.d <0.01

As 34 n.d 7.2

Ba 250 500 n.d

Cr 280 200 49

Co 5 n.d 39

Cu 112 25 15

Hg 0.2 n.d <0.1

Li 17 n.d 850

Mo 26 n.d 4.9

Mn 41 40 34

Ni 138 70 11

\'f 110 170 29

Pb 10 n.d 10

Y 39 83 1.2

Zn 310 430 13

Zr 38 n.d 9.3

U 27 150 0.99

n.d=not determined

The Ef'e o0il shale has higher concentrations of trace eleme-
nts than the Green River o0il shale (except for Li and Co).
Concentration of those elements which occur in apatite (10)- V, Y,
U, Zn - are much higher in the phosphorite layers. Ni and V are
associated with functional groups within the kerogen, hence, the
Ni shows definite correlation with the organic matter content and
V shows relative correlation with both organic matter and apatite.
Cu and Zn are associated with pyrite. Since there is a positive
correlation between Zn and organic matter content, it may be con-
cluded that the content of Zn is divided into three components
of the rock: apatite, pyrite and organic matter. The content of
arsenic is notably high. Generally, there is not any evidence for
an accumulation of trace elements due to organic matter content.
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Summary

The Israeli oil shales may be considered as a multi-
variabled system, in which the main components influencing their
quality are: organic matter, carbonate, clay minerals and apatite.
As the percentage of these components varies over the vertical
section, depth also plays a significant role whenever a quality
assessment of the shale is made. Compositional variations within
the organic matter are responsible for changes in the relative
calorific value and retorted oil yield, while fluidized bed
combustion is affected by the inorganic composition.
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Geology and Geochemistry
of Some Queensland Tertiary Oil Shales

A. W. LINDNER
Southern Pacific Petroleum N.L., 143 Macquarie Street, Sydney 2000, Australia

There are at least 13 Tertiary oil shale deposits
scattered along 900 km of coastal Queensland with
an in situ shale oil resource totalling in excess
of 25 billion barrels of shale oil. The paper
compares aspects of the geochemistry for five of
these deposits, which contain about two thirds of
the demonstrated resource.

The o0il shales are moist, with a dominance of clay
and silica minerals, a range of accessory minerals
including siderite, feldspar and lesser amounts of
gypsum, calcite, dolomite, pyrite and a number of
phosphate minerals.

Organic petrography and organic element analysis
reveal that the source of the kerogen is algal
(lamosites dominating) while other maceral forms
dominate locally to form carbonaceous shale and
humic coals.

0il shale was first discovered in Queensland almost a
century ago when dredging The Narrows, a 30 km long, shallow
passage of the sea separating Curtis Island from the mainland
north of Gladstone (Figure 1). The flammable rock aroused some
prospecting interest for a number of years but the first
serious attempt to assess the resource within The Narrows
Graben did not take place until half a century later, during
World War II. By this time, several other occurrences of oil
shale along the coastal strip of Queensland had been reported.
Typically, the Queensland Tertiary oil shales are sparsely
exposed and deeply weathered. Because of this the extent of
the deposits has only been determined by drilling. At the end
of 1980, 38 exploration groups were involved in the search for
oil shale deposits in Queensland (1). Much of this effort has
been directed towards Tertiary oil shale, now known to occur in
at least 13 separate basinal areas (Figure 2).
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This paper compares aspects of geology and geochemistry
of the oil shales contained in 4 basins : The Narrows Graben
containing Rundle and Stuart deposits; Hillsborough Basin
containing the Condor deposit; the Duaringa deposits of the
Duaringa Basin and the Byfield deposit in the Water Park Creek
Basin.

Southern Pacific Petroleum N.L. and Central Pacific
Minerals N.L. (SPP/CPM) commenced exploration for oil shale
near The Narrows in 1974, concentrating on what was
subsequently defined as the Rundle deposit. From 1977, the
Stuart deposit was outlined. During 1978, SPP/CPM began
prospecting in several of the other basins which held the
attraction of favourable location, proximity to population
centres and infrastructure facilities. Very little information
was available on the thickness and distribution of oil shales
in these basins, although Duaringa and Hillsborough were known
to be large in areal extent and to have a total section-
thickness comparable to that at The Narrows Graben. The Duaringa
and Hillsborough Basins had previously been investigated
cursorily for their petroleum potential without success.

In the five deposits under review the demonstrated in situ
shale 0il resource exceeds 17 billion barrels (at a cut-off
grade of 50 litres/tonne at 0% retort water (LTOW) over a
4 metre minimum mining thickness. This cut-off grade is used
herein when resource dimensions are specified).

All exploration drilling by SPP/CPM has had the objective
of complete core recovery. The drill core is logged for
lithology and bulk density, then split and assayed on 2m
intervals, with one half being assayed and the other half
retained in trays in the Companies' core storage facilities.
Except at Condor, the bulk density has a direct proportional
relationship to oil yield.

The modified Fischer Assay (USBM RI 6676 and more recently
ASTM D.4904) has been used for determining grade of oil shale.
From experience with the Queensland shales, an 80 g charge is
used in the Fischer retort. The half core 2 metre interval
provides from 3 to 5 kg of sample and the assay rejects are
retained and provide a sample bank for characterisation tests
carried out on the oil shale seams.

Geology of the Deposits

During the Paleozoic and early Mesozoic, the region now
represented by eastern coastal Queensland developed by
continental accretion to the Australian Shield. Sedimentary
basins with marine and deltaic sequence and containing
volcanic deposits have undergone periods of compressive
deformation accompanied by igneous intrusions. The tectonic
grain superimposed on the basins of this region strikes northwest
(Figure 2).
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Towards the end of the Mesozoic, a new continental margin
developed and oceanic crust initially appeared in the Tasman Sea
region, extending later (in early Tertiary) to the Coral Sea
region (2). Associated with this new continental margin, a
number of grabens developed within the continent along the
older tectonic grain, during the Eocene. This appears to be the
framework in which the thick, essentially lacustrine sequences
containing oil shales accumulated in narrow, linear, fault-
bounded basins (3), in some cases with accompanying igneous
activity.

The Narrows Graben. From bore data the Rundle and Stuart

deposits comprise a composite thickness in excess of 990 metres,
as the basement floor of the graben was not reached (Figure 3).
The sequence and extent of the resource in the Rundle and Stuart
deposits is discussed fully by Henstridge and Missen (4). The
basal unit (Worthington beds) includes agglomerate sourced from
adjacent Paleozoic basement passing upwards into a sequence of
colour-laminated red and green incompetent, soft, moist
claystones and sandy claystones.

The oil shale resource is confined to the conformably
overlying Rundle Formation (580m) and comprises six seams
(Teningie Creek, Ramsay Crossing, Brick Kiln, Humpy Creek,
Munduran Creek, Kerosene Creek). As the organic content
increases, the claystones become lustrous and develop a waxy
streak. Brown to grey- brown colours predominate. The high
moisture content of the rock persists. Kerogen adds to the
toughness or cohesiveness of the rock; the parting or bedding
planes add to the appearance of a shale. Oxidation colours are
absent in the Rundle Formation except in some basin margin
areas. With experience and attention to the colour variatioms,
the site geologist becomes adept at assessing the grade or oil
yield of the o0il shale beds. Barren green claystones, ranging
in thickness from a few millimetres to several metres in the
0il shale seams, reach a notable thickness in the Telegraph
Creek unit located towards the top of the Rundle Formation.
Nevertheless the formation consists predominantly of oil shale
and the highest grade seams are contained in the upper 320m of
the formation.

The shale oil average yield for the Rundle oil shales is
99 LTOW and 94 LTOW for those in the Stuart deposit. Average
moisture in this formation is 20% by weight and in situ bulk
density 1.;5 g/cc. The measured in situ resource in the graben
is 5.16x10° barrels of shale oil.

Fossil remains are widespread in the formation;
most common are ostracods which add a distinctly calcareous
content to some beds. A thin-shelled, low-helical gastropod is
also common, occurringboth in oil shales and barren beds. 1In
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addition, fragments of vertebrate forms (reptilian and piscean)
and crustacea, have been logged in drill core. From the faunal
and floral assemblage the Rundle Formation is early Tertiary
(mid to late Eocene) in age.

Dark brown to black carbonaceous layers occur in the
Brick Kiln and Kerosene Creek seams and persist over
considerable distances. One such unit is so persistent
throughout the graben (and in a portion containing several
metres of lignite) as to merit a separate unit classification
(Humpy Creek seam). Sedimentary structures (breccias, colour
grading, slumping) are prevalent and repeated macro-scale;
recent detailed mapping in a cut opened in the Ramsay Crossing
seam to provide bulk samples has revealed cyclic
sedimentation over a frequency of a few metres (5). Thin,
discontinuous, dense dolomitic limestone beds and lenses are
present throughout the sequence.

Immediately overlying the Kerosene Creek seam at the top
of the Rundle Formation, is another thicker carbonaceous shale
with associated lignite, having a low oil yield. This passes
upwards into claystones and sandy claystones with oxidation
colours; the whole is named the Curlew Formation.

The Narrows Graben has structural asymmetry with a
regional dip of the sequence from 4 to 10 degrees to the west.
The youngest units are only present along the western margin
of the basin and progressively older beds subcrop beneath the
soil cover and colluvial outwash towards the east. While
both margins of the graben are fault defined, the greater
movement has occurred along the western boundary fault. Drag
and subsidiary faulting into the main western boundary fault
has affected the shale sequence for tens and hundreds of
metres along this flank. Some faulting transverse across the
grabens has occurred; such faulting associated with a possible
basement high, brings the older, lower grade units to the
surface, and separates the Rundle and Stuart deposits into two
distinct lobes.

An alkaline dolerite has intruded the lower portion of
the Rundle Formation at different stratigraphic levels in the
Stuart Deposit, thermally metamorphosing the invaded sequence
for an average of 46m over an area of 2.25 sq. km. The age
of the dolerite is set at 26.8m.y. using the K/Ar method (4).
A sill of about 4m thickness also occurs in the Rundle deposit.
The thermal effect has been to form and relocate volatile
hydrocarbons and leave a non-reactive aromatic residue on the
oil shale adjacent to the intrusive (6).

Hillsborough Basin. The basin, defined geophysically during a
phase of 0il exploration during the 1960's, lies largely
offshore from Mackay. It trends northwest towards Proserpine,
inshore from Repulse Bay, and covers an area of about 75 x
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15km. It is estimated to contain up to 3000m of section
offshore, whereas onshore a stratigraphic test located axially
in the basin, found middle Paleozoic basement at 1280m below a
sequence of Tertiary shales, mudstones, silty sandstones and
basal volcanic agglomerate.

Prospecting for oil shale has been confined to the
western flank of the onshore portion of the basin where
volcanolithic quartz arenites and pelites underlie the oil shale
sequence (7). The main oil shale unit of the Condor deposit is
a remarkably monotonous, massive (to slightly laminated) brown,
kerogenous mudstone (brown oil shale unit). The unit ranges
from 300-400m in thickness, persisting for at least 15 km. along
strike. About half of the unit has an average yield of 63 LTOW
and constitutes the main potential economic zone of the deposit.
Towards its base, the brown oil shale gradually becomes darker
in colour (brown-black oil.shale unit). This unit ranges from
10 - 50m in thickness and its base is marked by a sharp
contrast with a high ash lignite - carbonaceous shale
(carbonaceous unit), which in turn grades down into the basal
sandstone. The carbonaceous unit has a high volatiles content
and assays up to 135 LTOW have been recorded.

Overlying the brown oil shale unit are thinly interbedded
and laminated oil shales and siltstones, the transitional unit.
Above it is the youngest horizon (upper unit) occurring along
the western flank. This unit consists of cyclic sequences of
volcanolithic sandstones and siltstones with interbedded
laminae of oil shale and mudstone. With the uniform and
regular dip to the northeast, ranging from 10 to 14 degrees,
the upper unit of the succession exceeds 500m in thickness at
the downdip limit to which prospecting has been carried (5 km
downdip for 15 km along strike).

The structure of the deposit, with homoclinal northeast
dip, is uncomplicated, although faulting occurs. This appears
to be limited to a set of strike-normal faults, dipping to the
northwest. The western margin of the basin is faulted; the
displacement is probably of considerable magnitude. The
Tertiary beds are masked by up to 30m of alluvial gravels and
sands.

The o0il shale of the Condor deposit is a tough, more
competent rock than the other Tertiary oil shales of Queensland
and also possessesalower moisture content (9% moisture by weight).
The brown oil shale unit contains scattered collophane nodules,
commonly enclosed by marcasite and an outer paler carbonate-rich
halo. Buddingtonite occurs persistently in the brown oil shale
and younger units, comprising up to 10% of the rock (8).

Fossils are extremely rare in,the Condor deposit. The measured
in situ resource is 8.45 x 10° barrels of shale oil.

Duaringa Basin. In contrast to the other deposits, the
Tertiary sequence in the Duaringa Basin has positive relief,
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standing as three remnant, steep-sided tablelands separated

by water gaps. The tablelands are up to 100m above surrounding
low-lying country which is underlain by Permian sedimentary

rocks of the Bowen Basin. Although some indications of oil shale
had been reported many years ago, nothing was known of its

extent across the expanse of the basin, 180 km x 25 km.
Geophysical surveys in the 1960's indicated the possibility of
1200 metres of Tertiary rocks.

"Fence line'" drill holes across the basin in 1978-79
revealed that oil shale occurs above the base of the tablelands
and although structurally uncomplicated and continuous, is
relatively thin. There are two seams, an upper about 15m thick,
unit D, separated from the lower 25m seam, unit B, by a 20m
barren zone. Beds of o0il shale also occur deeper (at about
250m below the surface) in the basin. Subsequent stratigraphic
core holes drilled by the Geological Survey of Queensland
(Duaringa 1-2R and 3/3A), proved presence of more than 1200m
of sedimentary rocks. Most of this is bioturbated silty and
sandy oxidised claystones with some oil shale below 600m
underlain by more than 80m of basalt (Noon, pers. comm. ).
Basaltic lavas also occur interbedded with the shallow oil
shale layers in the southern end of the basin. A distinctive
and ubiquitous marker bed of centimetres thickness
characterised by abundant grains of sanidine has been found at
the base of unit B o0il shale. Diatomite and barite are
associated with the oil shale at the northern end of the basin.
Phosphate minerals, including blue vivianite in small amounts are
present in unit B.

The Duaringa tablelands have a deep soil and weathering
profile ranging from 40 to 60m, which has affected much of
unit D as well as unit B where topographic relief is not so 9
pronounced. Units B and D are estimated to contain 3.72 x 10
barrels of shale oil.

Byfield. At Byfield oil shale is contained in a small graben
2km wide for about 5km along the western flank of the Water
Park Creek Basin. Two oil shale units (TW2, TW4) overlie
carbonaceous and pale coloured claystones and sandstones
(unit TWl). Units TW2, TW4 are separated by about 120m of
kerogen-bearing mudstone (unit TW3). Unit TW2 is 120m thick
of which 50m has an average grade of 58 LTOW with a low (9.5%)
moisture and has superficial similarities to the brown oil
shale at Condor. At the top of sequence unit TW4 (up to 110m)
consists of dark brown to black carbonaceous shale - lignitic
coal, with interbedded sandstone and siltstone. The shale oil
yield is relatively high (up to 100 LTOW) but averages 77 LTOW
for a net 50m. Some of the assay-produced oils contain a
tarry fraction, with a relative density >1.0 at 15.6/15.6 C.
There is insufficient drill hole control to calculate the
oilshale resource at Byfield; it is probably small, with not more
than 250x106 barrels of shale oil.
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Composition of the 0il Shales

Maceral terminology for oil shales was modified by Hutton et al.
(9) when their study of these rocks pointed out a distinction
between high grade o0il shales (such as torbanite and

kukersite both of which are typified by accumulations of
discrete rounded algal bodies) and Queensland Tertiary oil
shales (typified by finely banded lamellar alginite in

intimate association with mineral matter). They termed the
discrete rounded alginite 'Alginite A' and the lamellar
alginite 'Alginite B'. Green algae were believed to be
precursors of alginite A and both green and blue-green algae to
be precursors of alginite B, with both forms producing Type I
kerogen (10).

For oil shales in which lamellar alginite is the dominant
organic entity, Hutton et al. proposed the term lamosite. Using
the form of organic matter as a basis for categorising types of
oil shale, Cook et al. (l1) concluded that lamosites are of
lacustrine origin.

The Queensland Tertiary lamosites are high in moisture with
an organic carbon content rarely exceeding 207 by weight.
Pyrite is usually present in trace quantities. An association
of silt-and clay-sized silica and silicate-rich minerals
dominates the inorganic constituents. However, generalisations
have to be kept in perspective. For example, assaying of the
oil shales has been consistently carried out over two metre
intervals. Over this interval, the organic carbon content
rarely exceeds 20%, but over centimetres within this interval,
the range may vary enormously. (A. Hutton, pers. comm., has
recorded a 20 cm interval from a core through the Kerosene
Creek seam at Stuart with 85% alginite content). Thus,
distinctive grade patterns over multiples of the two metre
assay interval commonly persist throughout the preserved areal
dimension of a deposit, coincident with other lithologic
characters of the rock. The seam classification at Rundle
applies also at Stuart, throughout the 28 km length of The
Narrows Graben (Figure 4). Likewise the 10 and 20m thick
seams (units D and B) at Duaringa persist over a distance of
130 km in the erosional remnants in that basin; and vertical
grade changes through the 300m thick brown oil shale unit at
Condor persist for at least 15 km along strike.

Mineralogy. The distribution of the major elements

(expressed as oxides) in the main o0il shale seams in three
basins (The Narrows Graben, Duaringa and Hillsborough Basins)
are listed in Table I. The most apparent variations are in the
inorganic components of the carbonaceous units (Humpy Creek
seam in the Narrows Graben; brown-black oil shale and
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carbonaceous unit at Condor) when compared to the lamosites.
At Condor, the increase in Al 03 at the expense of 8102 is
very pronounced; whereas in t%e Humpy Creek seam the
distribution is reversed. The other aspect to the Humpy Creek
is the relatively higher incidence of Na,0 and lower level of
Ca0 and Mg0 compared to the rest of the Seams in The Narrows
Graben. The values of Ca0 and Mg0 for the lamosites are lower
in the Duaringa and Condor deposits than in Stuart.

Mineral composition, as determined by X-ray diffraction,
shows a dominance of clay minerals, although quartz and
opaline silica are persistent as sub-dominant and locally
dominant or co-dominant (Table II). Of the clays, expandable
lattice clay minerals, predominantly montmorillonite, occur
in all the deposits with kaolinite or illite appearing as
accessory or subdominant components. A marked contrast in the
dominant clay species occurs between the brown oil shale unit
and the two units below it at Condor. In these lower units,
kaolinite is in greater abundance than other clays as well as
quartz, an aspect already alluded to in the variations in Table I.
(Loughnan (8) also noted that the structure of the kaolinite
changes from ordered in the lower units to disordered in the
brown oil shale unit).

Feldspar occurs as an accessory or trace mineral in all
deposits. At Rundle, Stuart and Duaringa it is a K-feldspar and
more rarely, plagioclase, while at Condor it is the unusual
ammonium feldspar, buddingtonite (8). The presence of
buddingtonite in the Condor sequence coincides with the change
from kaolinite to montmorillonite dominance. There is minor
substitution of ammonium by potassium in the buddingtonite and
Loughnan believes the mineral has pseudomorphed from an as yet
unidentified progenitor. The feldspars in the deposits may be
authigenic. The sanidine in the marker horizon at the base of
unit B oil shale at Duaringa is considered to be of allogenic
origin; probably from volcanic ash.

Apart from recurrent thin dolomitic limestone beds in The
Narrows sequence, carbonates are present in all deposits in
only trace or accessory amounts. Siderite occurs in all
deposits, and is persistent through the sequence at Byfield
and Condor, except for the carbonaceous units where its
incidence is variable. At Condor, a second, possibly calcian
siderite, occurs but only with an identical distribution through
the sequence to the buddingtonite. Other evaporites, gypsum,
halite and jarosite occur only in trace amount in the deposits.
The sulphates may be a secondary development. Phosphate
mineralisation occurs in the transitional and brown oil shale
units at Condor; both as a mineral related to jahnsite (8) and
as ovoidal collophane nodules up to 5 cm diameter (7).
Vivianite is associated with unit B shale at Duaringa.

Qualitative emission spectrographic analyses for macro-
and trace element distribution have been undertaken routinely
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TABLE 11, MINERAL COMPOSITION OF OIL SHALE SEAMS IN
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CL/0.S. 33- 47 XX XX/ XXX XXXXX
HUMPY CREEK C.0.s. 81-112 |xxx | XX/XXXXX xxx/
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BRICK KILN 0.s. 50-193 P33 xx XXXXX
RAMSAY 0.S. 25-179 XX/ XXX RXXXXX
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DUARINGA | UNIT D o.s. 29- 62 XX/XXX XXXXX XXX
UNIT B CL/0O.S. 5- 20 xxx/ XX/ XXX xx/
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UNIT A o.s. ~ 90 XXXXX XXXX
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CONDOR B.O.S. o.s. 25-104 XXXXX XXX
B/B.O.S. 0.s. 29- 46 XX/XXX XXX
c.o.s. XX XX/XXX
REFERENCE : - O0.S. - 0il shale C.0.s. - Carbonaceous oil shale CL - Claystone
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XX Accessory (5-20%),

x Trace (< 5%).
Julk mineralogy determined by Amdel; except for Byfield, Duaringa A determined by
Commonwealth and Industrial Research Organisation (CSIRO) Division of Fossil Fuels.
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since 1974 on composite samples of Fischer assay spent shale
through the o0il shale sequence in the Queensland deposits.
Over selected intervals, similar analyses have been made on
fresh shale. These have not revealed any concentration of
metals in anomalous amounts, even though the provenance for
the different basins ranges from sedimentary through igneous
and metamorphic sequences. Limited quantitative analyses

on fresh shale from Condor (brown oil shale), and Stuart
(Brick Kiln and Ramsay Crossing seams) confirm the earlier
qualitative assessment of distribution.

Kerogens. In the course of characterisation work, a number of
kerogen samples have been isolated from different seams in the
various deposits. Their elemental composition (on a mineral
free basis) is listed in Table III and atomic ratios plotted
in a Van Krevelen diagram- (Figure 5). The diagram demonstrates
the persistence of Type I kerogen in the lamosites from the
Queensland Tertiary deposits with the suggestion that Condor
kerogens may differ from this generalisation. Two of the five
kerogens from the Condor brown oil shale show an unusually
high 0/C atomic ratio. The other kerogens from this unit
appear to be intermediate between the Type I and II.

The carbonaceous units (at Condor, Byfield; Humpy Creek
seam at Rundle and Stuart) characteristically fall into Type III
kerogens implying both a lower algal content and the presence
of higher plant material. Thermogravimetric analysis confirms
this distinction in kerogen composition. Type I material
releases most of its volatile matter below 5000; Type II%
carbonaceous kerogens give proportionally more above 500 C
(Saxby pers. comm). Higher maturation for the Condor Type III
sample is apparent, from reflectance values obtained on
vitrinite from this unit (Hutton, pers. comm.). Maturation
due to greater burial might also be assumed from the position
in the diagram of Type I Condor and some older kerogens
(Ramsay Crossing and Brick Kiln) in The Narrows Graben.

Table III includes analyses of kerogen isolates and
derived shale oil. For the oils, the H/C atomic ratios are
higher than for the parent kerogens. This is consistent with
the oils being derived primarily from the algal component
of the o0il shales. The oils derived from the carbonaceous
units differ from those derived from lamosites. The
carbonaceous units yield oil with a higher heteroatom content,
indicating presence of vitrinite or kerogen sourced from
higher forms of plant 1life. A lower oil yield per unit
kerogen content as observed by Eckstrom et al. (l2) supports a
highly condensed organic ring structure for the carbonaceous
unit kerogen.
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TABLE I11. ELEMENTAL ANALYSES, KEROGENS

Fischer Assay
Deposit Unit Location Yield (LTOW)
RUNDLE Kerosene Ck. Auger sample High grade
0.S. Marker in RDD31 25m Low grade (<40)
Telegraph Ck.
Munduran Ck. RDD31 110.5m High grade
Humpy Ck. RDD43 80.5m Medium grade
Brick Kiln RDD31 161.0m High grade
Brick Kiln RDD25 111.0m High grade
Ramsay Crossing RDD41 67.5m High grade
RDD41 85.0m High grade
RDD41 99.2m High grade
STUART Brick Kiln SDD51 50- 52m | 193
SDD51 62- 64m 76
BYFIELD TW4 BYD1 68— 70m 98
BYD1 84~ 86m 83
BYD1 84~ 86m 83
224-226m Average grade
THZ BYD1 290-292m 73
DUARINGA B DD10 66— 68m 64
DD10 74- 76m 130
DD52 92- 94m 26
A DD6 247.4m Medium grade
CONDOR Brown Oil Auger sample 65-77
Shale CcDD1 380.1m Average grade
CDD6 352-354m 66
CcDD11 106-108m 82
CcDD11 68- 70m 62
Carbonaceous CDD26 308-310m 75
STUART Brick Kiln SDD51 36~ 38m 172
92- 94m 75
134-136m 38 {
DUARINGA B 27 Oils Range 20-130
CONDOR Brown Oil 18 samples from CDD 6, 8 Range 25-104
Shale 1
Brown black 3 samples from CDD10A,
Shale 11,26 Range 22— 46
Carbonaceous 3 samples from CDD11,26 Range 48-106

* Analyses by Amdel unless notated B (Bureau Mineral Resources, Geology

and Geophysics), C (CSIRO Division of Fossil Fuels)
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AND SHALE OILS; ATOMIC RATIOS H/C, 0/C

Elemental Analysis
(K=kerogen; O0=0il) Atomic ratio
[of H N ] S H/C o/c
K 74.4 9.0 2.0 13.7 0.9 c* 1.45 0.138
K 71.8 9.9 1.3 14.9 2.1 B 1.64 0.156
K 70.9 8.3 1.9 17.4 1.5 B 1.40 0.184
K 64.9 4.9 3.1 25.9 1.1 c 0.91 0.300
K 73.4 9.1 1.1 15.1 1.3 B 1.48 0.154
K 75.5 9.7 2.0 11.0 1.8 c 1.54 0.109
K 76.6 10.3 0.7 10.9 1.5 B 1.61 0.107
K 77.6 10.6 1.0 9.6 1.2 B 1.63 0.093
K _77.0 9.8 1.5 10.5 1.2 B 1.52 0.102
K 74.7 9.9 1.7 11.6 0.2 1.59 0.116
O _85.4 12.8 0.9 0.7 0.2 1.80 0.006
K 72.3 8.6 1.2 17.8 0.3 1.43 0,118
O 84.7 13.0 1.0 0.9 0.4 1.84 0.008
K _66.8 5.8 2.2 25, 0.5 1.05 0.283
K 67.9 5.7 2.1 23, 0.8 c 1.00 0.260
K 65.6 5.8 2.3 25.6 0.5 1.07 0.292
O 82.0 10.8 1.0 5.6 0.6 1.58 0.051
K _75.3 9.1 2.2 11.9 1.5 c 1.44 0.119
K 72.5 9.2 2.2 14.0 ? 1.52 0.144
O 84.7 11.8 1.2 1.7 0.6 1.67 0.015
K 71.6 9.5 1.4 14.2 1.4 1.60 0.149
K 60.6 7.7 1.0 14.2 4.8 1.53 0.176
O 85.9 11.6 1.3 1.4 0.5 1.62 0.012
K 71.3 9.4 1.0 15.5 1.4 1.58 0.166
K 69.1 9.4 1.2 12.3 3.8 1.63 0.133
O _85.1 12.1 1.1 1.3 0.4 1.71 0.011
K 68.8 8.6 1.3 14.9 1.2 1.50 0.163
K 50.4 6.1 1.3 11.1 5.9 1.44 0.165
O 86.1 11.3 0.9 1.5 0.6 1.57 0.013
K 78.3 10.0 1.7 9.5 0.5 [ 1.54 0.091
K 77.5 9.1 2.3 8.3 2.5 1.41 0.081
K 78.9 9.0 2.8 9.1 0.4 (o] 1.38 0.087
K 70.0 8.2 1.9 9.4 4.2 1.41 0.101
K 70.2 7.9 1.9 15.1 5.1 1.34 0.161
K 68.9 6.7 2.7 15.4 6.6 1.17 0.168
K 72.4 5.7 2.9 16.1 1.4 0.95 0.169
O 85.8 12.3 0.8 0.7 0.4 1.72 0.006
O 85.3 12.6 1.1 0.5 0.5 1.77 0.004
O 85.6 12.3 1.2 0.3 0.5 1.73 0.003
O 83.8 11.8 1.1 3.2 0.5 1.69 0.028
o 85.3 12.1 1.5 1.0 0.5 1.70 0.009
O 83.7 11.2 1.4 2.6 0.6 1.61 0.023
O 84.0 10.5 1.4 5.2 0.6 1.50 0.047
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Age and Depositional Environment of the 0il Shales

In a review of the Tertiary geology of North Queensland,
Grimes (13) has developed a concept of three major cycles
during the Cainozoic, each involving initially epeirogenesis
with accompanying erosion and deposition, followed by a
period of stability and weathering. The first of these
commenced as a result of spreading of the Tasman Sea floor
towards the end of the Cretaceous and continued through the
Paleocene and Eocene when the Coral Sea floor opened, as
an extension of the Tasman opening and incidentally when the
Australian Plate commenced its northward movement away from
the Antarctic Plate. By the end of the Eocene, this first
active phase ended in Queensland and a period of stability
extended into the Oligocene.

Evidence is accumulating that the oil shale deposits
considered in this paper at least, are co-eval, now that the
microfloral assemblages in Australia have been tied into the
marine succession preserved around the southern margins of the
continent. Foster (l4 and pers. comm.), in studying
additional material supplied from the current exploration
activity, has been able to review earlier interpretations and it
appears that most, if not all, of the Condor, Duaringa, Byfield,
Rundle and Stuart oil shale sequences are confined to the
middle and late Eocene. The unique conditions favouring
formation of the o0il shale deposits may have ended at this time.

Possibly a contributing, if not a constraining, factor to
the age and distribution of the Queensland Tertiary oil shales
is the climate change from moist, warm and equable to drier
and cooler conditions at about the Eocene-Oligocene boundary
(15) which in turn may have resulted from modifications to the
oceanic currents induced by plate movements in the Pacific
region. Third order global cycles of sea level lowering
near and at the end of the Eocene (16)coincide with the end
of the first of Grimes' cycles.

All the Tertiary sedimentary basins considered contain a
substantial proportion by volume of clastic rocks devoid of
organic content. Such units typically contain bioturbated,
sandy and silty claystones with reddish and brownish colouring.
At Duaringa these units are interbedded with oil shales. 1In
the other deposits, low grade or barren interbeds in the oil
shales do not display oxidation colours. It seems that once
the conditions supporting growth of plant organisms was
established, an anaerobic regime persisted, although
variation took place in the amount and type of vegetal matter
contributed and preserved in the accumulating deposits. Such
variations occur with greater frequency in The Narrows Graben
(as shown by numerous carbonaceous horizons interbedded in
the lamosite sequence) and cyclicity in this sequence has
already been mentioned. At Condor, once the lignin-like
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material was supplanted by the lamellar alginite dominant
in the brown oil shale, conditions remained relatively
unchanged until several hundred metres of sediment had
accumulated.

While the evidence (fossils, sediment type, stratification)
supports a lacustrine environment for all the deposits, the
monotonous sequence at Condor is unique. At Condor, a
stratified lake system similar to that proposed by Smith and
Lee (17) for density stratification in the Piceance Creek
Basin may have developed.

There may be a combination of circumstances in the
Queensland Tertiary lakes (sedimentation rate, supply and
range of organic matter, water depth etc.) from which a
regional model can be deduced. The relationship of time,
climate, provenance and preservation of this energy resource
is a topic for much further study and research.
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Paleozoic Black Shales of Ontario—
Possible Oil Shales
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Three black, organic-rich, Paleozoic-age shales
occur in southern Ontario - the Ordovician Whitby
(Billings) Formation and the Devonian Kettle Point
and Marcellus Formations. In the Whitby Formation,
the most organic-rich zone is the Lower or Collingwood
member. It is 1.5 to 7 m thick, carbonate-rich with
organic carbon content up to 137%. Organic richness
is quite variable but the richest areas along the
Whitby subcrop occur from Manitoulin Island to Colling-
wood. Fischer Assay oil yields range up to about 60
litres/tonne (14 U.S. gal/ton). The Whitby Formation
appears to have reached a marginally mature thermal
maturation level and so bitumen is a significant com-
ponent of the organic matter. The bulk of the organic
matter is kerogen, dominantly type I and type II, and
of marine origin.

The Kettle Point Formation subcrops in southwestern
Ontario. It is up to 60 m thick, with organic carbon
values usually in the range 5%-16% and Fischer Assay
0il yields up to 70 1/t (17 gal/ton). The organic
matter is dominantly kerogen of marine origin and has
attained only an immature thermal maturation stage. A
particularly rich upper zone is present over much of
the subcrop area and its thickness seems to be con-
trolled by post-Kettle Point erosion. Although studies
are still preliminary, especially for the Devonian
shales, the Kettle Point Formation appears to have the
most potential for shale oil production in southern
Ontario.

Historically, shale oil was produced in Ontario from a plant
near Craigleigh, on Lake Huron. In 1859, rock of the Ordovician
Whitby Formation was retorted to produce fuel and lubricants. In

0097-6156/83/0230-0119%06.00,/0
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1863, this operation became uneconomic in the face of the con-
ventional crude oil newly discovered near 0il Springs, Ontario.

In 1981, the Ontario Geological Survey began a program to
assess the resource potential of the Whitby Formation and the
other black shales of Ontario. Prior to this study, information
on Ontario's black shales has been very sparse due to poor or
non-existent exposure and limited subsurface information. Exist-
ing data suggested three units were sufficiently organic-rich to
warrant further study--the Ordovician Whitby and the Devonian
Kettle Point and Marcellus Formation (1).

The initial phase of the project involved shallow sampling
of the Whitby Formation by diamond drilling at 20 locationms.
These stretched from Manitoulin Island to Toronto (see Figure 1)
and to Ottawa, where the stratigraphic equivalent Billings For-
mation is present. In 1982, 20 boreholes were located on the
Kettle Point subcrop and 4 boreholes were located on the Mar-
cellus subcrop. Lithological and geophysical logs for these
boreholes are in preparation. A preliminary organic geochemical
study of the Whitby Formation (2)is in press. Studies of the
paleontology, stratigraphy and sedimentology, mineralogy and
inorganic geochemistry of the Whitby Formation are underway.
This paper emphasizes the organic geochemistry of these black
shales.

Geology of the Black Shales

The Upper Devonian Kettle Point Formation is a continuation
of an extensive series of black shales which are known across
eastern North America; the unit is approximately correlative with
the Antrim shale of Michigan, the Chattanooga shale of Alabama
and Kentucky, the New Albany of Indiana, and the Ohio shales of
Ohio. The Kettle Point strata underlie a broad band of southern
Ontario between Lake Erie and Lake Huron and are flat lying or
gently dipping to the north-west into the Michigan Basin (see
Figure 1). Rocks of the Kettle Point unconformably overlie the
shales and carbonates of the Hamilton group and are overlain
(in the extreme north-west of the subcrop belt only) by the
Bedford shales of the Port Lambton Formation. The upper contact
is sharp. Lithologically, the Kettle Point consists of a dark
grey, brown-grey to black silty argillaceous shale. The southern
and central areas of the Formation are also characterized by an
abundance of green shale interbeds. Large spherical concentra-
tions are also known within the Formation; they are locally
termed "kettles" from which the Formation is named. The unit
has a maximum thickness of 60 metres in Ontario, but average
about 28 m across the subcrop area.

The Middle Devonian Marcellus Formation consists of black
bituminous shale and minor argillaceous limestone lying con-
formably on the Dundee Formation limestones. Its depositional
setting resembles that of the Whitby Formation and the Marcellus
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Figure 1. Outcrop or subcrop locations of Paleozoic black shales in southern Ontario.
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is also carbonate-rich. Thicknesses of up to 50 m are reported
under Lake Erie, but the Marcellus thins and is less than 20 m
thick where it subcrops on the north shore of Lake Erie. The
presumably more widespread Marcellus shales were stripped off
during subsequent uplift and erosion. The Marcellus is uncon-
formably overlain by Hamilton Group shales and limestones be-
neath Lake Erie, and by unconsolidated Quaternary glacial de-
posits up to 60 m thick where it subcrops under land.

The Upper Ordovician Whitby Formation overlies the Lindsay
Formation of the Middle Ordovician Simcoe Group. The Lindsay
Formation is a limestone with interbedded shaley units. The
character of the contact with the overlying Whitby Formation is
variable and may be an important control over the organic con-
tent of the lower part of the Whitby Formation. The Whitby
Formation is overlain by interbedded limestone and shale of the
Upper Ordovician Georgian Bay Formation.

The Whitby Formation has been subdivided into Upper, Middle,
and Lower (Collingwood) members (3). The Upper member is gener-
ally a greenish-grey fissil shale between 36 and 52 m thick in
the study area. The Middle member is a brownish-grey fissile
shale between 5 and 26 m thick. The Lower member or Collingwood
is a dark brownish-grey marl with black shale interbeds and is
1.5 to 7 m thick. It is sometimes highly fossiliferous.

Considerable lithological variation is observed along the
subcrop, but it is evident that the most organic-rich zone of
the Whitby is the Lower (Collingwood) member which occurs in a
transition from carbonates of the Lindsay Formation to shales of
the Whitby Formation. In fact, lithologic considerations alone
would require that the Collingwood member be included in the
Lindsay Formation rather than in the Whitby Formation. The
Upper and Middle members appear to be much more clay-rich, al-
though considerably different geophysical responses are noted
for the Manitoulin-Collingwood and Toronto areas. Mineralogical
data is very limited (4), but where clay minerals are a major
fraction, illite dominates over chlorite with only minor amounts
of smectite clays reported.

Analytical Methods

Analytical methods are described in (2). Standard methods
were employed for total organic carbon (TOC) and Fischer Assay
(FA) analyses. Kerogen was isolated by solvent extraction to
remove bitumen and acid dissolution to remove mineral matter.
Elemental analysis was performed only on kerogen with low ash
content (<25% by weight).

The yield of hydrocarbons upon pyrolysis of shale (YP) -
gas plus liquid - was determined by heating a known quantity of
raw shale (approximately 5-10 mg) in a helium stream to a temp-
erature in excess of 600°C using a Chemical Data Systems (CDS)
quartz tube pyroprobe. The hydrocarbons were measured with a
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flame ionization detector. Methane injections were used for
calibration. The results are expressed as weight percent carbon
(methane equivalents). This unit [%C(CH4 eq.)] has sense only

in the analytical determination and is not equivalent to the car-
bon yield on pyrolysis.

The evolution of hydrocarbon products from shale as the
pyrolysis temperature increased was monitored with a flame ioni-
zation detector and a yield versus temperature profile produced.
Initially, pyrolysis was done with the CDS pyroprobe, but major
limitations were observed, mainly with ensuring prompt removal
of products. Subsequently, an automated concentrator and high-
temperature pyrolysis furnace produced by Envirochem, Inc. was
employed. This system permitted use of larger (50-100 mg) sam-
ples and the helium sweep gas effectively removed pyrolysis pro-
ducts (pyrolysates). However, the pyroprobe system is still
used to measure YP as it provides a rapid, consistent determina-
tion.

Kerogen pyrolysate components were analyzed by gas chromato-
graphy coupled with mass spectrometry (GC/MS). Approximately
10 mg of kerogen were deposited in a quartz tube and pyrolyzed
in a helium stream, while the pyrolysis temperature was raised
to 650°C at 200°C/s and held at the final temperature for 16s.
The pyrolysate was cold trapped with methanol and dry ice, then
rinsed with three 1-ul aliquots of methylene.chloride into a clean
sample vial. An aliquot of each pyrolysate solution was injected
onto a 30 m SE30 fused silica capillary column (WCOT) and the
eluting compounds were analyzed via electron impact mass spec-
trometry. The resulting mass fragmentograms were computer
matched with a standard library of organic compounds. Recon-
structed total ion chromatograms were also produced for compar-
ison with the corresponding FID chromatograms.

To obtain FID chromatograms of the kerogen pyrolysates for
kerogen typing, approximately 1 mg of kerogen was deposited in
a quartz tube and pyrolyzed as above with the pyrolysate swept
onto the capillary column used above via a splitless injection
port in a HP5840 gas chromatograph. Kerogen typing as devised
by Larter and Douglas (5) was done by dividing the peak area for
m(+p)-xylene by the peak area for n-octene.

Infrared (I.R.) spectra of kerogens were obtained using
thin (1 mm) discs of kerogendispersed in KBr. The resulting
spectra were checked for the presence of absorbance bands due to
various functional groups.

Distribution of Organic Matter and Potential 0il Yields

Total Organic Carbon (TOC) analyses of core of the Whitby
Formation indicate that the Upper and Middle members rarely con-
tain more than 2.5% TOC. In contrast, the Collingwood member
often includes considerable intervals with more than 3% TOC
although the maximum thickness where TOC exceeds 5% is always
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less than 3 m. Clearly, the major economic potential lies in the
Collingwood member.

Only a few TOC analyses of the Marcellus Formation are avail-
able. Generally, the Marcellus contains less than 5% TOC, but a
few scattered samples contain 9-11% TOC.

Most of the Kettle Point Formation exceeds 5% TOC. Two or
three, thin (<2 m) intervals in the lower section contain more
than 10% TOC and a rich interval at the top has more than 10% TOC
for up to 3.5 m. This upper interval is not encountered in all
boreholes and appears to have been removed by post-Devonian
erosion except where the Kettle Point Formation is capped by out-
liers of Port Lampton Group.

The economic potential of these black shales is being as-
sessed partially by measurement of the total hydrocarbon yield
upon pyrolysis (YP) and by Fischer Assay (FA). These parameters
are then being related to TOC content, so that the economic poten-
tial can be assessed on a regional scale from the abundant TOC
data being gathered from borehole cores.

In the Whitby Formation, the available FA oil yields (59
samples) are less than 60 litres/tonne (14 U.S. gallons/ton). This
oil has a specific gravity in the range 0.893 to 0.942. Twenty
FA determinations on Kettle Point samples revealed oil yields up
to 72 1/t (17 gal/ton) with specific gravity in the range 0.896
to 0.956. Few FA analyses of Marcellus shales are available;
the highest oil yield to date is 64 1/t (15.4 gal/ton).

The relationships between TOC (%C) and Fischer Assay oil
yield (1/t) are shown in Figure 2 and the correlation equations
are:

FA = 5.6 TOC - 3.9 (Whitby)
FA = 4.6 TOC - 0.73 (Kettle Point)

The correlation coefficients are 0.868 and 0.969 respectively,
indicating a good correlation between TOC and FA. The positive
intercept on the TOC axis for the Whitby samples suggests some
residual carbon remains after pyrolysis. This was confirmed by
TOC determinations on spent shales from FA retorting. This is
consistent with the common observation that the oil yield from
0il shales 1is not limited by organic carbon but rather by hydro-
gen because there is insufficient hydrogen to combine with the
available carbon to form hydrocarbons. This probably reflects
both the nature of the organic matter and its thermal maturation
as discussed later.

The pyrolysis method (YP) was developed as a convenient,
rapid alternative to the Fischer Assay. Major disadvantages
include the small sample size (5-20 mg) which may not be repre-
sentative, the poor control of absolute temperature, and the
fact that all hydrocarbons--gases and liquids at room temperature
--are detected. Thus, the YP provides a relative yield of hydro-
carbons which cannot be directly translated into FA oil yield.
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The relationship of YP and FA results are shown in Figure 3.
A good correlation (R = 0.934 and 0.961 respectively) between YP
(%C) and FA (1/t) exists where:

FA

15.0 YP + 0.680 (Whitby Formation)

FA

17.2 YP - 1.56 (Kettle Point Formation)

Prediction of FA o0il yields from YP analyses seem justified for
these formations at least.

Nature of the Organic Matter

Besides evaluating the amount of organic matter present and
the yield of hydrocarbons upon pyrolysis, this study examines
the nature of the organic matter in these black shales. Basical-
ly, two questions are being addressed. What is the maturation
state of the organic matter and what is the chemical nature and
origin of the organic matter?

Thermal Maturation

The thermal history of kerogen is usually discussed relative
to the optimum time-temperature conditions for hydrocarbon (oil)
generation. The relationships are presented schematically in
Figure 4. Immature kerogen has not been heated sufficiently to
produce o0il, but the sediment may contain associated hydrocarbon
gases, mainly biogenic methane. At perhaps 40-80°C maximum
paleotemperature, the kerogen should have been sufficiently
matured to begin producing oil as well as natural gas. At higher
paleotemperatures, 120-160°C, only hydrocarbon gases should be
present as liquid hydrocarbons are no longer stable; the associ-
ated kerogen is considered overmature. Only kerogen which is
immature to perhaps marginally mature can be expected to produce
commercial quantities of oil upon pyrolysis. 1In fact, commercial
retorting or pyrolysis can be viewed as a much more rapid version
of natural oil generation in which the mature and overmature
levels are reached in the retort. As Figure 5 indicates, a num-
ber of thermal maturation indicators are commonly employed.
Vitrinite Reflectance, Thermal Alteration Index (T.A.I.) and
Conodont Alteration Index (C.A.I.) utilize the temperature-de-
pendent change in colour or light reflectance of various kerogen
components (6). The hydrocarbon proportion of bitumen from ma-
ture sediments generally exceeds 40% (7) and this maturation
indicator is also utilized in southern Ontario.

Table I summarizes the indicated maturation levels of organic
matter from the Kettle Point, Marcellus and Whitby Formations and
equivalents in various areas. Using Figure 4, these may be re-
lated to thermal maturation. Only a few samples have been ex-
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Figure 5. Temperature-programmed pyrolysis for Ontario shales.
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amined to date, but the conclusions are consistent with the more
extensive studies in southern Ontario by Legall, et al. (8).
None of the indicators alone provide a definitive indication of
thermal maturation, but, when considered together, they provide
a reasonably consistent picture. It seems that the Billings
equivalent of the Whitby Formation in the Ottawa area is mature
to overmature, while the Whitby Formation along its subcrop is
marginally mature to mature. The Marcellus is marginally mature
and the Kettle Point is immature to perhaps marginally mature.

The generation of hydrocarbons during temperature-programmed
pyrolysis provides another indicator of thermal maturation and
organic matter type (9, 10). Of particular interest is the ratio
of hydrocarbons generated at temperatures of less than about 300°
to the total hydrocarbons generated up to a temperature of 5500
to 600°C termed the transformation ratio (11). The lower-temper-
ature hydrocarbons generally correspond to thermally-desorbed
bitumen while the higher-temperature hydrocarbons are generally
considered to represent the pyrolysis of kerogen. This ratio has
been observed to increase as thermal maturation level increases,
at least to the mature-overmature boundary (9) and so this ratio
provides another indication of thermal maturation level.

This temperature-programmed pyrolysis of southern Ontario
black shales is illustrated by the programs obtained with the
Envirochem system (Figure 5). The samples from the Kettle Point
Formation show no real bitumen peak, have a transformation ratio
<0.3 and are immature. Marcellus samples commonly show a small
bitumen peak and the transformation ratio is generally <0.4,
which corresponds to an immature sediment. The Billings Forma-
tion samples from Ottawa appear mature with a ratio >0.5, while
the samples from the Toronto, Collingwood and Manitoulin Island
areas are less mature with a ratio generally between 0.2 and 0.3.
More quantitative Rock-Eval analyses being conducted by MacCauley
and Powell at the Institute for Sedimentary and Petroleum Geology
in Calgary indicate an immature to mature state for the Whitby
subcrop samples. Relative to the Whitby samples, the Marcellus
appears immature to marginally mature while the Kettle Point
appears immature. These conclusions are consistent with the
other thermal maturation indicators.

Although maturation studies are continuing, it would appear
that the Billings shale in the Ottawa area is not a potential oil
shale because of its overmature nature. On the other hand, the
immature to marginally mature nature of the Kettle Point, Marcel-
lus and Whitby Formation in Ontario is encouraging. It may be
advantageous to explore for less mature areas of the Whitby,
especially in .order to obtain higher pyrolysis yields per unit
of organic matter. The Manitoulin Island-Collingwood area of the
Whitby subcrop should be emphasized in further assessment. These
areas are somewhat less mature than the Toronto area and also have
higher TOC values. The immature, organic-rich Kettle Point For-
mation may be the best oil shale resource in southern Ontario.
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Geochemistry of the Organic Matter

0il generation potential is not only dependent upon the
amount and thermal history of organic matter, but also upon its
chemical nature. This is controlled by the nature of the source
material and by biological and/or chemical transformations fol-
lowing deposition. Both solvent extraction and temperature-pro-
grammed pyrolysis indicate that a significant portion (10-50%
perhaps) of the organic matter present in Whitby shales is bitu-
men, with a much lower proportion of bitumen in Kettle Point and
Marcellus shales. Initial studies of the organic matter has
concentrated on defining the nature of the kerogen in these
shales, but studies of the bitumen are underway to evaluate its
origin and its influence on the pyrolysis oil yields.

There are many ways to classify kerogen (see 11). A very
useful system recognizes essentially three '"types" of kerogen
—--types I, II, and III. These types can be distinguished on the
basis of atomic H/C and 0/C ratios. Figure 6 also indicates the
general chemical evolution of these kerogen types with increasing
thermal maturation. Type I kerogen is composed of marine or
lacustrine organic material. It has the highest H/C of the kero-
ogen types and is rich in naphthenes so it has a high capacity
to generate liquid hydrocarbons. Structurally, kerogen particles
are dominantly algal (alginite) or amorphous. Type II kerogen
may have a significant component of terrestrial as well as marine
material. Its H/C is lower than type I kerogen and its 0/C is
slightly higher. Dominant hydrocarbons are naphthenes and aroma-
tics. Exinous (cutinite, resinite), vitrinous and fusinous
materials are more common relative to amorphous material. Type
III kerogen is dominantly terrestrial in origin with higher 0/C
and lower H/C values than the other types, reflecting the in-
creased proportions of polycyclic aromatics and oxygen-containing
functional groups. Vitrinous and fusinous materials dominate
over exinous and amorphous materials.

All known o0il shales contain type I or II kerogen. Type
II1 kerogen tends to produce mainly gas upon pyrolysis. In this
study, kerogen type is being assessed by visual examination under
the transmitted light microscope and by geochemical means inclu-
ding atomic H/C determinations, pyrolysate typing and infrared
spectrophotometry.

Figure 6 indicates the position of the Ontario shales on the
van Krevelen diagram. Atomic 0/C ratios are considered to be
overstated because of the presence of minor amounts of silicate
mineral matter in the kerogen isolates. Therefore, the kerogens
may have lower atomic 0/C ratios than shown and so could be type
I or type II.

The relative proportions of amorphous, exinous and vitrinous
plus fusinous kerogen material in the few samples examined to
date are shown in Figure 7. Whitby Formation kerogens from the
Collingwood area are highest in amorphous material and so one
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might predict that oil yields per unit weight organic carbon from
Collingwood samples should be higher than for other samples re-
flecting this difference in type of organic matter. As predicted,
for the five samples with appropriate analyses, a general de-
crease in FA/TOC is observed as the ratio of amorphous to exinous
kerogen decreases, that is, Collingwood-area samples produce more
0il upon pyrolysis (FA) per unit weight organic carbon than do
either Manitoulin or Toronto samples of the Whitby shale.

Generally, there is an increase in the ratio of aromatic to
aliphatic hydrocarbon types in the sequence from type I, through
type II to type III kerogen. The products of kerogen pyrolysis
also show this trend. Larter and Douglas (5), made use of this
fact to establish a kerogen type index (R), which is the ratio of
a selected aromatic (m- plus p-xylene) to a selected aliphatic
(n-octene) pyrolysis product. Type I kerogen has R < 0.4, type
IT has 0.4 < R < 1.3, and type III has R > 1.3. Only Whitby
shales have been '"typed" to date. Generally, it was found that
shale pyrolysates are more aromatic than kerogen pyrolysates from
the same sample, especially for samples with TOC less than about
2%. This is likely the results of secondary reactions among the
pyrolysis products catalyzed by mineral matter present in the
shale but absent from the kerogen. Horsfield and Douglas (12)
showed that such reactions increased the aromatic to aliphatic
ratio of pyrolysates. However, for samples with TOC exceeding
3%, R values for raw shale and extracted kerogen from the same
sample were in agreement (2), suggesting that secondary pyrolysis
reactions were not significant for high TOC samples. The R va-
lues for kerogen from the Whitby Formation ranged from 0.28 to
0.66 and are interpreted as Type I and Type II kerogen. This
is in agreement with the other kerogen-typing methods.

Infrared absorption (I.R.) spectra provide a qualitative
indication of the organic structures present in the kerogen and
their variation between samples. In general, the I.R. spectra
of Whitby and Kettle Point kerogens are dominated by aromatic and
aliphatic absorption bands with a minor OH band. Many samples
from the Whitby Formation of the Toronto area show stronger OH
absorption, and perhaps a more aromatic than aliphatic nature
compared to samples from other locales.

Pyrolysis has been used to thermally degrade the large,
complex kerogen molecules. The smaller and less-complex pro-
ducts (pyrolysates) are considered to represent structural units
present in the kerogen macromolecules and these pyrolysates are
more amenable to identification by gas chromatography and mass
spectrometry. Most of the gas chromatograms of Whitby kerogen
pyrolysates are very similar to the example shown in Figure 8.
Alkene-alkane pairs dominate up to at least C15. These are im-
posed on a background of polysubstituted benzenes. Above C15,
alkylbenzenes, probably including diterpenoids, dominate. Simi-
lar long chain alkylbenzenes have also been tentatively identi-
fied in the pyrolysate of coal macerals (13), of alginites (14),
and of typical kerogen types (15).
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The general view of kerogen structure presented by Tissot
and Welte (11) is nuclei of stacked polyaromatic rings with some
heterocycles containing 0, N and S. Attached to these nuclei are
alkyl chains, naphthenic rings and some oxygen-containing func-
tional groups (hydroxyl, carboxyl, etc.). Bridges between nuclei
include aliphatic chains and oxygen- and sulphur-containing
groups such as ketones, esters, quinone, etc. Almost all of
these structural groups are indicated in the I.R. spectra of
kerogen isolated from Ontario black shales. Tne pyrolysates
show alkane-alkene chains, some of which may be breakdown pro-
ducts of the nuclei. The nuclei remnants are evident as higher
molecular weight alkyl-substituted aromatics and as the lower
molecular weight polysubstituted benzenes. No evidence of oxy-
gen- or sulphur-containing heterocycles or bridges is found;
however, CO2 and H2S are significant products of kerogen pyroly-
sis and could represent these components.

Significant variation in organic geochemistry has been ob-
served within the Whitby Formation and between the Whitby and
Kettle Point Formations. Research is in progress to define the
geological controls and to relate the resource potential as
measured by TOC analyses and FA o0il yields to observed variations
in organic matter type and maturation level.

Conclusions

The Upper Devonian Kettle Point Formation represents an
episode of deposition of fine-grained, organic-rich material on
a broad shallow shelf. 1In its subcrop area in southwestern
Ontario, TOC values are generally in the 5% to 167 range and
Fischer Assay oil yields up to 70 1/t (17 gal/ton) are reported.
The organic matter is essentially all kerogen, dominantly of
marine origin (type I-type II) and has reached only an immature
thermal maturation level. The presence of an upper, organic-
rich member seems to be critical for potential exploration of
this oil shale. This upper member is 3-4 m thick where the Ket-
tle Point Fromation has suffered minimal post-Devonian erosion.

The Middle Devonian Marcellus Formation is much thinner and
less extensive where it subcrops on the north shore of Lake Erie,
although thicknesses of 50 m have been inferred beneath the lake.
TOC values up to 11% and Fischer Assay oil yields of 64 1/t have
been found. The organic matter is slightly more mature than that
in the Kettle Point, and so some bitumen is present. The kerogen
is dominantly of marine origin.

The Upper Ordovician Whitby Formation represents a transi-
tion from carbonate to shale deposition on a broad, shallow shelf.
The Lower member--the Collingwood member--has the most potential
for shale oil production. This member is an organic-rich marl or
carbonate with considerable lateral variation along its subcrop
trend from Manitoulin Island to the Toronto area. TOC values up
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to 10.7% and Fischer Assay oil yields of almost 50 1/t (14 gal/
ton) are reported. The Whitby shale is more mature than its
Devonian counterparts (perhaps marginally mature to mature) and
bitumen makes up a significant (5% to 40%) proportion of the or-
ganic matter. The kerogen is dominantly type I-type II and is of
marine origin.

Although the Whitby Formation was a viable oil shale in
1860, it does not appear to constitute a major, world-scale oil
shale resource today. However, additional research has been
undertaken to identify the richest and thickest shales which may
be suitable for smaller-scale production as was practiced near
Collingwood around 1860. The studies of the Marcellus Formation
are very preliminary, but they point towards a resource of simi-
larly limited value.

The Kettle Point has the most encouraging combination of
organic richness and thickness of organic-rich zones. Post-
Kettle Point erosion seems to control the thickness of an upper,
organic-rich zone. Geological and geochemical studies of all
three black shale units are continuing in order to provide the
geological basis for future engineering and economic assessment
of this o0il shale resource.
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Devonian Qil Shales in the Eastern United States
Distribution and Regional Correlation

R. DAVID MATTHEWS and HARLAN FELDKIRCHNER
Institute of Gas Technology, IIT Center, Chicago, IL 60616

Resource studies of oil shale deposits require geolog-
ic prediction which is based on the correlation of
rock units from surface exposures into the subsurface.
Although most of the nation's eastern oil shales are
essentially flat-lying and average 30 to 60 feet thick
along nearly 1000 miles of outcrop, the shales are
widespread. The usefulness of characterization studies
in each of the three geologic basins (Michigan, I1li-
nois, and Appalachian) has been hampered by problems
of regional correlation. The Institute of Gas Tech-
nology has sampled some 150 locations, and the inte-
gration of these studies with published data has re-
sulted in new geochemical and geological patterns
clarifying some regional correlations. New strati-
graphic interpretations are presented as evidence of
source—area changes for organic matter and clastics
brought into the various basins.

Resource Studies

The Devonian-Mississippian black shales of the eastern United
States contain varying amounts of organic carbon that can range up
to nearly 25 percent by weight or as much as 40 percent by volume
(1), and when they are retorted they will yield shale oil. The
Fischer assay yield is typically less than 10 gallons of oil per
ton of rock. Such a yield by conventional retorting methods has
been low enough when compared to western oil shales to have lim-
ited interest in eastern shale until new retorting technology en-
abled the eastern shales to assume a competitive position. East-
ern oil shales having levels of organic carbon similar to those of
western shales react comparably when a hydrogen retorting method
is used (Table I).

The eastern shales occur over a wide expanse from New York to
Oklahoma and from Iowa to Alabama (2), yet as rocks that must be
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Table I. U.S. 0il Shales

Eastern Western
Ultimate Analysis, (dry
basis) wt %
Organic Carbon 13.7 13.6
Hydrogen 1.6 2.1
Sulfur 4.7 0.5
Carbon Dioxide 0.5 15.9
Ash 78.3 66.8
Fischer Assay Analysis
0il Yield, wt % 4.6 11.4
Assay, gal/ton 10.3 29.8
HYTORT Yields
0il Yield, wt % 9.1 -
Assay, gal/ton 23.2 -
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surface mined to be retorted, the shales of greatest potential are
those at or near the surface. A study of the Devonian-Mississippian
shales by the Institute of Gas Technology (IGT) to test them as
feedstocks for the HYTORT * process (3) included an intensive sam-
pling of the shales. IGT has sampled 180 locations from 15 east-
ern and western states and has analyzed more than 635 shale sam-
ples. Included in these were large-tonnage samples (10 to 50
tons) of shale from seven eastern shales and from four western
geologic basins: Green River, Washakie, Uinta, and Piceance
Creek. These provided the quantity necessary for a process devel-
opment unit (PDU) having a 1 ton/h shale capacity which has been
operating in Chicago since 1976 (4). Four criteria for resource
assessment were imposed by IGT (5) in calculating resource esti-
mates:

° Organic carbon at least 10 percent by weight

® Shale at least 10 feet thick

o Stripping ratio less than 2.5 to 1, and

® Maximum overburden thickness less than 200 feet

The most important eastern oil shale areas are in Kentucky,
Tennessee, Indiana, and Ohio, where nearly flat-lying beds, aver-
aging 30 to 40 feet thick, are exposed at the surface in an out-
crop belt nearly a thousand miles long. The results of the sam-
pling and testing program suggest a resource base in excess of 420
billion barrels of shale oil (Table II) from shale near the sur-
face. Figure 1 shows the area in square miles considered acces-
sible in each of the several states studied, including thickness
and richness data.

The shales have been studied by many people for several rea-
sons. They are the source of natural gas, a resource that has
seen the development of over 9000 gas wells and is the subject of
active research interest (6) The shales are potential ores for
uranium, some as high as 0.033 percent of that metal (7), and they
are relatively high in other metals: lead, copper, and zinc (8).
They are likely source rocks for conventional crude oil and natu-
ral gas where they have been buried deeply enough to have ma-
tured. The variety and widespread nature of the black shales has
led (9) to a complex local nomenclature (Figure 2). The units
named in the geological literature have been identified and used
by stratigraphers because they are mappable, visibly recognizable
in outcrops or from drill-hole data, and not because of any uni-
form geochemical characteristics that relate to ore grade or
"richness.” The stratigraphic framework, based on color and
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Table II. Estimated Resources of Shale 0il
Recoverable by the HYTORT Process in the Appa-
lachian, Illinois and Michigan Basin Areas

Resources Recoverable
by Aboveground Hydroretorting

Total Area Suitable
for Surface Mining,

(Reproduced with permission from Ref. 5.
Institute of Gas Technology.)

In Geochemistry and Chemistry of Oil Shales; Miknis, F., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.

State sq mi billion bbl bbl/acre
Ohio 980 140 222,000
Kentucky 2650 190 112,000
Tennessee 1540 44 44,000
Indiana 600 40 104,000
Michigan 160 49,000
Alabama _300 _ 4 21,000
Total 6230 423

Copyright 1980,
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Figure 1. Map showing outcrop areas and resource data for the Devonian- Mississippian
oil shales of the eastern United States. (Outcrop is shown by narrow line.) (Reproduced
with permission from Ref. 9. Copyright 1981, Institute of Gas Technology.)
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natural radiation level, that was available when eastern shales
became of recent interest proved inadequate to the understanding
and prediction of retorting behavior and resource grade. The
vertical and lateral variations within the rocks (10) were found
to be great enough to require more detailed testing and correla-
tion of shales from state to state as well as from basin to basin.

The depositional history of Devonian black shales in the Appa-
lachian, Illinois, and Michigan Basins is still a subject of aca-
demic argument; it is complicated by the fact that organic matter
in marine sediments can be preserved in a number of depositional
environments which share a common and necessary requirement of
little or no oxygen (11).

One problem in developing a regional shale stratigraphy has
been the lack of fossils in the shale that can serve as time mark-
ers. A notable exception (Figure 3) is the fossil alga Foerstia,
widely scattered across the Appalachian Basin but only found in a
very narrow vertical range. Foerstia lived for a brief span of
geological time and thus serves as a “time line” wherever found.
As astronomical observations can be used to give precision and
correlation to ancient history, so a fossil like Foerstia provides
an accurate correlation of geologic events. The recent discovery
by Kepferle (12) of the fossil alga in the Illinois Basin has
clarified the age relationship of rocks between that basin and the
Appalachian Basin. Kepperle's work has been confirmed and extend-
ed into southern Indiana by Hasenmueller et al. (13). Recognition
of Foerstia in the Michigan Basin by Matthews (14) has aided the
correlation of depositional events in that basin with those in the
Appalachian Basin.

Stratigraphic Interpretations

The Devonian rocks do not present as complete a record as many
of the older, more deeply buried rocks, because there has been a
loss by erosion of unknown thicknesses of Devonian rocks over the
positive areas that separate the geologic basins. These positive
areas, or arches, developed and were active at various times dur-
ing the geologic past (Figure 4). The Algonquin Arch in south-
western Ontario existed as an early Upper Cambrian and Lower Ordo-
vician feature (15), but was not sufficiently active during the
Late Devonian Period to prevent a continuous deposition of the
Antrim/Kettle Point/Ohio Shales across Ontario. The Findlay Arch
now separating northern Ohio from southeastern Michigan did not
come into existence until after Devonian time (16) and thus pre-
sented no impediment to a complete deposition of black shales from
Michigan through northwestern Ohio. These assumed rocks were lost
by erosion as the arch lifted following the Pennsylvanian Period.
Likewise, the Kankakee Arch now separating the modern Michigan and
Illinois Basins in northwestern Indiana did not develop until af-
ter the Pennsylvanian and could not have been an obstacle to con-
tinuous black shale deposition of Antrim/New Albany material from
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Figure 3. Photomicrograph of Foerstia from the Huron member of the Ohio shale near
Vanceburg, Kentucky. (Millimeter scale in figure.) (Reproduced with permission from
Ref. 14. Copyright 1982, Institute of Gas Technology.)
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Figure 4. Major structural features mentioned in the text.
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Michigan to Illinois; however, these shales no longer exist. The
effect of an older Wisconsin-Illinois Arch on the deposition and
survival of the Late Devonian shales can be seen in the composited
Devonian shale thickness map (Figure 5). 1In east central Illi-
nois, the shale thins to less than 100 feet over the arch, and the
map trace of the outcrop is displaced to the south.

The inference that continuous and related deposition of shales
did occur can be supported by the evidence of surviving litho-
facies patterns and unit thicknesses. It is axiomatic that space
must be available if sediments are to accumulate; thus, the pre-
served thickness of a sedimentary unit is one measure of crustal
subsidence. Downwarped “negative” areas will receive measurable
thicknesses of sedimentary rock; however, when there is erosion of
rock caused by subsequent crustal up-lift in "positive” areas, the
volume and thickness of rock lost cannot be determined easily.
Where rocks are eroded, a gap in time occurs; that is to say, a
part of the rock record is missing. Richter-Bernberg (17) holds
as a general principle that no sediments remain to represent by
far the greatest part of geologic time; this would seem to be the
case with the Devonian shales of central Kentucky and Tennessee
that were deposited (and are preserved) over the positive areas
southward along the Cincinnati Arch, because they are very thin
(only a few tens of feet thick) or they may be absent. These few
feet of shale resting on Silurian or older rock and overlain by
Mississippian sediments are all that exists in that area to repre-
sent some 50 million years of the Devonian; however, in the Appa-
lachian Basin, more than 11,000 feet of Devonian sediments are
preserved.

The thickness of Devonian shale (18) in northwestern Michigan
(Figure 5) establishes a depocenter some distance northwest of the
center of the modern structural Michigan Basin. A similar area in
west central Illinois received an unknown volume of Devonian sedi-
ments and has been called the Western Depocenter by Illinois stra-
tigraphers (19). These two depocenters may have been related and
joined as one across the line of the older Wisconsin-Illinois
Arch. The Ellsworth shale equivalents in Illinois are not pre-
served in their original thickness because they were eroded by
uplift before being covered by the Burlington Limestone of Missis-
sippian age (19). These shales thicken from about 100 feet to 160
feet in about 15 miles (4 feet/mile) as one approaches the depo-
center from the southeast, but the increase in thickness beyond
160 feet, whatever that may have been, was removed by erosional
truncation. The Ellsworth of Michigan reached a thickness of about
800 feet (20) and probably was not eroded.

A striking feature of the upper Antrim shale in Michigan is
the abrupt change in rock type from black, organic-rich shales in
the east to greenish-gray, organic-poor shales in the west. The
different shales were deposited contemporaneously and exist in a
facies relationship to each other. The zone of lithofacies change
has been mapped by Fisher (20), and a similar facies change in
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Figure 5. Isopach map of total Devonian shale composited from numerous literature
sources. (Reproduced with permission from Ref. 14. Copyright 1982, Institute of Gas
Technology.)
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Indiana has been described by Lineback (21) and mapped by Hasen-
mueller (22). These two maps have been combined (Figure 6) into a
regional composite as evidence of a northwestern source for sedi-
ment and similar, concurrent environments of deposition throughout
a wide area of western Michigan and northern Illinois. A common
feature of the Ellsworth/Antrim in Michigan and the Ellsworth/upper
New Albany in the Illinois Basin is a similar overall geometry.
The configuration in cross section can be illustrated by a sche-
matic drawing (Figure 7) depicting two episodes of deposition.
The first, called the “lower black” shale here, is widespread,
carries a consistent internal gamma ray signature, and is rela-
tively uniform in thickness. The second, composed of two facies,
is more local and is most apparent as a wedge of sediment having a
black, organic-rich facies (B) forming the thin portion of the
wedge and a green-gray, organic-poor shale (C) comprising the
thick part of the wedge. The black shale (B) is called here the
“upper black” shale, and the gray shale (C) is called here the
“green—-gray” facies.

Applied to the Michigan Basin in east-west cross section, the
"lower black” shale (A) represents the Antrim Shale of western
Michigan and that part of the eastern Antrim Shale identified by
Subunits 1A, 1B, 1C and 2. The “"green-gray” facies (C) is the
Ellsworth Shale, and the “upper black" (B) is represented by all
Antrim Shale above Unit 2 and below the base of the Bedford Shale.
The uniformity of the lower beds of the Antrim Shale has been
noted by several others (_2_0_, Q), and a westward source for the
Ellsworth has been postulated by several (20, 23-25). Never-
theless, the westward source seems more applicable to those beds
above the western Antrim Shale, i.e., above the beds termed “lower
black™ in this paper.

The schematic black shale sequence also can be applied to the
upper New Albany Shale of the Illinois Basin, where a facies
relationship of the green-gray Hannibal/Saverton Shales with the
Grassy Creek has been described by Lineback (26):

"The upper part of the Grassy Creek and its Indiana
equivalents (the combined Morgan Trail, Camp Run, and
Clegg Creek Members) grades laterally northwestward into
a thickening wedge of greenish-gray shales and siltstone,
the Saverton and Hannibal shales in Illinois, the Ells-
worth Member in Indiana."”

Thus the Hannibal/Saverton (C) and the upper part of the Grassy
Creek (B) form the upper wedge in the sequence. The "upper black"”
(B) can be postulated to be that part of the Clegg Creek Member of
the New Albany in Indiana above the newly discovered Foerstia zone
(13). If the lithologic and gamma ray correlations developed by
the Illinois Geological Survey stratigraphers establish time
boundaries (19), the Foerstia zone would appear to cut the Grassy
Creek of Illinois into “upper black” (B) and “lower black™ (A).
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Figure 6. Regional map of the Ellsworth shale zero line, green-gray Ellsworth-type
shales to the west and black Antrim-type shales to the east. (Reproduced with permission
Jfrom Ref. 14. Copyright 1982, Institute of Gas Technology.)
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Figure 7. Hypothetical black shale sequence. (Reproduced with permission from Ref.
14. Copyright 1982, Institute of Gas Technology.)
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If Foerstia extends into northwestern Illinois, it should be found
just below the base of the Saverton in the top of the western
Grassy Creek. The sediment source for this great wedge of Hanni-
bal/Saverton and upper Grassy Creek above Foerstia would have been
northwest, but the sediments below the presumed position of Foers—
tia in the Illinois Basin are not necessarily from that same
source. Kepferle's (13) documentation of Foerstia on the eastern
edge of the Illinois Basin has established that the great bulk of
black shale in the Illinois Basin predates much of the black shale
in eastern Kentucky and Ohio (21) and invalidates several recently
published correlations.

The hypothetical black shale sequence is also applicable to
various parts of the Sunbury Shale (Mississippian) in Michigan and
Ohio. In eastern Michigan the Sunbury Shale increases from a
typical thickness of 20 to 40 feet across most of the basin to
over 140 feet in Sanilac County, where both cores and gamma ray
logs document a local increase in thickness (19). The “normal”
Michigan Sunbury Shale represents the "lower black" (A); part of
the unusual added thickness in the east becomes the "upper black”
(B) with some part of the lower Coldwater Shale assumed to be a
facies equivalent and representing the "green-gray" facies (C) of
the upper wedge. The question whether such a facies relationship
exists between a part of the Sunbury and the Coldwater Shale has
not been answered, and to date no evidence can be advanced to
support a division within the lower Coldwater Shale of central
Michigan. Unfortunately the Coldwater Shale, over 800 feet thick,
is a unit of no economic interest and has drawn little investiga-
tion.

A similar geometry exists in the Sunbury Shale of Ohio and can
be illustrated on a section from the 1954 publication (28) by
Pepper et al. (Figure 8). An abrupt increase in thickness of dark
shales, logged as Sunbury by drillers, lies over a "normal” Sunbury
Shale spread over most of Ohio. This widespread "normal” unit
represents the "lower black” (A), the added local thickness of
dark shale becomes the “upper black™ (B), and the organic-poor
facies (C) is represented by a part of the Orangeville Shale at
the base of the Cuyahoga Group. The demonstration of a facies
relationship and a division within the lower Cuyahoga 1is not
available at this time; thus, as in Michigan, a two-part Sunbury
Shale based on shape must be considered as conjecture.

That two genetic types of Sunbury Shale exist in the Appala-
chian Basin has been recognized by Van Beuren (29), who attempted
to explain the geometric relationships between black shales and
laterally adjacent gray/green shales and siltstones by means of a
cycle of trangression and regression. His transgressive unit 1is
“characteristically thin and widespread,” and his regressive black
shale is thicker, more laterally restricted and representative of
the distal facies of laterally adjacent non-black clastics.
Related to the hypothetical black shale sequence (Figure 8), Van
Beuren's transgressive unit is the "lower black” (A), the regres-
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sive Sunbury unit is the “upper black™ (B), and the clastics
represent the "green-gray” facies (C). The shape of the wedge
composed of “upper black” (B) and its “green-gray” facies (C)
indicates that clastics came from the direction of the thick end
and that the “upper black” was a deeper water deposit formed a
greater distance from the source. The shales of the upper wedges
are relatively local as compared with the "lower black” (A) units,
which are regional; the Lower Antrim/Kettle Point/Ohio (in part)
is continuous and is representative of the black shales to be
depésited over the arches between the three basins. The source of
the lower unit is not as apparent as that of the upper wedges
(B/C). 1If the "lower black™ (A) is cyclic, as Van Beuren advocat-
ed for the lower Sunbury Shale, it should have a source similar in
direction to the overlying wedge.

A westward or northwestward source for the Ellsworth/upper
Antrim, Hannibal-Saverton/upper Grassy Creek, and lower Coldwater/
upper Sunbury is appropriate for the overall geometry of those
"upper shale” bodies. It is clear that in the Appalachian Basin
great volumes of clastic material came from the east and that some
of the black shales in that basin are true distal facies of great
influxes of clastic material from the east. Nevertheless, because
the authors believe that the hypothetical black shale sequence
also applies east of the Cincinnati/Algonquin Arches (in mirror
image), some of the black shales in the basin may prove to be more
regional in nature and of the "lower shale” (A) type.

The pulses of increased clastic influx reflect tectonic activ-
ity, as has been suggested by Ettensohn and Barron (30, 31), but
with the addition of a northwestern landmass to provide material
west of the general line of the Algonquin and Cincinnati Arches.
These pulses are represented by the upper wedges (B/C). Between
pulses, there was widespread deposition of the "lower black"™ (A)
type of shales which, for the lower Antrim and lower Sunbury equiv-
alents, were little influenced by arches. The southwestern source
suggested by Ettensohn and Barron for the Appalachian Basin (30)
seems very plausible for the “"lower black” shales (A) of the Illi-
nois and Michigan Basins as well.

The 50 million years of the Devonian Period provided suffi-
clent time for over 11,000 feet of sedimentary rocks to accumulate
in the Appalachian Basin; this accumulation was controlled by
pulses of tectonic uplift to the east. A similar control of a
northwestern source area by intermittent tectonic movement 1is
suggested as a source for the upper wedges (B/C) in the Michigan
and Illinois Basins. The lower black shales (A) of regional type
represent quiescent periods of slow deposition followed by rela-
tively more rapid sedimentation occurring in response to uplift
and erosion of source areas and to depositional restrictions
caused by rising arches. The total thickness of Devonian shales
in either the Michigan or Illinois Basin is less than 1000 feet,
so that the sediment volume involved in these two basins is far
less than in the Appalachian Basin. Thus there was ample time for
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tectonic control of depositional patterns within the Devonian-
Mississippian shales of the eastern United States.
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