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FOREWORD

In recent years, analysis of cyclic biomarker molecules has had a great
impact on petroleum geochemistry. The development of simple, relatively
inexpensive gas chromatography-mass spectrometry (gc-ms) systems has
taken biomarker technology out of specialized research laboratories and
placed it within the reach of many exploration geologists, who are now
frequently asked to use biomarker data as one of their exploration tools. At
the present time, however, few documents exist that can serve as guides for
exploration geologists seeking to interpret biomarker data. This book
attempts to fill that void.

Our scope will be intentionally somewhat narrow, focusing only on the
two groups of saturated cyclic compounds (steranes and triterpanes) most
frequently applied in exploration. These compounds contain three to six
rings and usually from 21 to 35 carbon atoms. Emphasis will be on
communicating those ideas about steranes and triterpanes that are generally
accepted by biomarker specialists and that are most useful for exploration.
The many biomarker problems currently of interest mainly to researchers
will not be discussed.

Because we have written this book for exploration geologists rather than
as a review for researchers, the references are intentionally not completely
comprehensive. No attempt has been made to trace systematically the
history of biomarker science, nor to give special credit to the pioneers. Most
of the references are included primarily to summarize the most recent
thinking on the subject of biomarkers and to guide a reader inexperienced in
biomarker interpretation to recently published good sources of further
information on a particular topic. Those interested in more detail about the
chemistry of biomarkers can consult specialized sources, such as Philp
(1985), Johns (1986), and Petrov (1987), or articles cited here and elsewhere.

Finally, we caution that the subject of biomarkers is considerably more
complex than this book indicates. In an effort to make biomarker technology
accessible to geologists, we have chosen to generalize and oversimplify a bit
more than most researchers would prefer. To present all possible variations,
ramifications, exceptions, and uncertainties about biomarkers would defeat
the purpose of this book, which is to provide a working handbook for
nonspecialists. We hope that specialists will not be too offended by some of
our generalizations, and that nonspecialists will recognize that some
statements herein will have to be modified as knowledge of biomarkers
improves in the future.

Douglas W. Waples
Tsutomu Machihara
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Chemical Structures and Nomenclature

The basic structural building block of the biomark-
ers is the isoprene unit (Figure 1A). The end closer to
the methyl branch is called the “head,” and the other
end is the “tail.” Compounds formed biosynthetically
from isoprene units are called “isoprenoids.” Two iso-
prene units joined head-to-tail (with minor modifica-
tions, such as hydrogenation of double bonds) form a
monoterpane (Figure 1B). Two monoterpanes (four
isoprene units) linked together form a diterpane,
whereas six isoprene units can be joined either to form
a sterane or a triterpane, depending upon how the
linking is accomplished.

Steranes usually contain four rings, the D-ring of
which always contains five carbon atoms (Figure 2A).
Triterpanes contain three to six rings (Figure 2B), with
five-ring species being most common. The E-ring usu-
ally contains five carbon atoms, as in hopane in Figure
2B, but compounds having six carbon atoms in the
E-ring are also known (e.g., gammacerane in Figure 2B).

During early diagenesis it appears that one or more
of the rings in steranes and triterpanes sometimes can
be opened by bacterial (?) activity (Peakman et al.,
1986). Figure 2B shows de-A-lupane, a tetracyclic
triterpane with the A-ring destroyed.

The precise number of carbon atoms in a given
cyclic biomarker varies considerably as a result of dif-
ferences in source material, effects of diagenesis and
thermal maturity, and biodegradation. Thus names
like “triterpane” tell us only that there are approxi-
mately 30 carbon atoms (3x10) in the compound. Fur-
thermore, the ring structures themselves usually do
not account for all the carbon atoms. For example, a
four-ring sterane contains only 17 carbon atoms in the
ring structure; the remaining 10 to 13 carbon atoms
occur in various groups or side chains attached to the
ring structure (Figure 2A).

Each carbon atom in a biomarker molecule is num-
bered for easy reference. The numbering systems for
steranes and triterpanes are shown in Figure 3. The
numbering system indicates where side chains are
attached to the ring system and where small but sig-
nificant changes in molecular architecture occur. For
example, the two triterpanes in Figure 4 differ only by
a single methyl group, present in compound A
attached to carbon atom number 10, between the A
and B rings (designated henceforth in this book as

C-10). In compound B, in contrast, the methyl group
has been replaced by a hydrogen atom. Compound A
is a member of a class of compounds called “ho-
panes,” and itself is called the “C;, hopane” or often
simply “hopane.”

The carbon atom in the methyl group attached to C-
10 bears the designation C-25 (see Figure 3B). In one
naming system, therefore, compound B can be referred
to as the 25-norhopane, where the prefix “nor” means
that one methyl group is missing, and “25-" indicates
which methyl is absent. The prefix “nor” is only used
to refer to methyl groups.

Another more general way to indicate the absence
of some group is to use the prefix “des.” In this system,
however, we must indicate the position where the
missing group should be attached to the carbon skele-
ton, rather than the number of the missing carbon,
since the missing group is not always a methyl group.
Thus the 25-norhopane in Figure 4 could also be called
10-desmethylhopane. Note that the type of group that
is missing must be indicated using this system.

The numbering system also indicates where stereo-
chemical changes occur. “Stereochemistry” refers to
the spatial relationship of atoms in a molecule. The
ring systems of cyclic biomarkers often are reasonably
flat, resembling a piece of corrugated sheet metal.
Wherever two rings are joined, each of the atoms at
the junction is attached to three other carbon atoms in
the ring structure (see Figure 2, 3, or 4). Its fourth
bond (usually to a hydrogen atom or to the carbon of a
methyl (CH;-) group) can point either up or down
with respect to the plane of the rings. When biomarker
structures are drawn on paper, the directions “up”
and “down” are often referred to as “out of the page”
and “into the page,” respectively.

Substituents that point down are called “alpha” (o);
those that point up are called “beta” (). The difference
between alpha and beta stereochemistries is important,
because the orientation of the substituent at a ring
junction can greatly affect the molecular geometry, and
hence the stability and properties of the molecule. The
two different ways in which alpha and beta orienta-
tions can be indicated are shown in Figure 5.

In one system, we indicate an upward direction
(toward the viewer) by drawing the bond as a solid
wedge; if the group points down, the bond is drawn
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Figure 1—Chemical structure for isoprene (A) and
two ways of drawing a monoterpane (B) formed
from two isoprene units. From Waples and
Machihara (1990); reprinted with permission from
Bulletin of Canadian Petroleum Geology.

as a dashed or dotted line (Figure 6, left). (A plain line,
as in Figures 24, indicates either that one is uncertain
about the stereochemistry, or that for the purposes of
the illustration it doesn’t matter.) This system can be
used for any group attached to the ring system.

The other system is only used to indicate the stereo-
chemistry of hydrogen atoms (Figure 5). In this sys-
tem, a hydrogen atom in the alpha position (pointing
down) is shown by an open circle at the point of
attachment, whereas a hydrogen in the beta position
(pointing up) is shown by a black circle. As Figure 5
shows, the two systems are often mixed.

Stereochemistry can also be important at certain
positions in the molecule away from the ring structure.
If four different substituents are attached to a particu-
lar carbon atom (for example, C-22 in the molecules in
Figure 6), that atom is called an “asymmetric” or “chi-
ral” carbon atom. Because carbon atoms at ring junc-
tions are usually asymmetric, biomarkers generally
have several chiral carbon atoms.

Chemical compounds that differ only in the config-
uration of one or more of their chiral centers are called
“stereoisomers.” Stereoisomers that are mirror images
of each other (each chiral center is of opposite configu-
ration in the two molecules) are called “enantiomers,”
whereas stereoisomers that are not mirror images of
each other (one or more of the chiral centers are the
same in both molecules) are called “diastereomers.”
Petroleum geochemists generally do not work with
enantiomers, but they do often use pairs or quartets of
diastereomers.

A

cholestane diacholestane

STERANES

A tricyclic terpane

& g

De-A-Lupane Hopane

Gammacerane

TRITERPANES

Figure 2—Chemical structures and names for typi-
cal steranes (A) and triterpanes (B). Rings are identi-
fied by letters. From Waples and Machihara (1990);
reprinted with permission from Bulletin of Canadi-
an Petroleum Geology.

Where two diastereomers differ only in the con-
figuration of a single chiral center they are called
“epimers” (Figure 6). Many of the pairs of cyclic
biomarkers studied by geochemists are epimers. Fur-
ther discussion of these terms and concepts can
be found in any introductory textbook on organic
chemistry.

The configuration at any chiral center outside the
ring structure (Figure 6) is referred to as “R” or “S”
(from the Latin words “rectus” for right and “sinister”
for “left”). The terms R and S are used because the R
and S epimers are mirror images, just as your right
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STERANES

Figure 3—Numbering systems for steranes (A) and
triterpanes (B). Adapted from Mackenzie (1984);
reprinted with permission of Academic Press.

Figure 5—Structure of a typical sterane, the C,,
species 50(H),14a(H),17c(H)-cholestane, showing
the stereochemistry at each ring junction using the
two systems. Open circles indicate alpha configura-
tions (pointing down); wedges and dark circles indi-
cate beta configurations (pointing up). Stereochem-
istry at C-8 and C-9 is not designated in the name
because hydrogens at those positions are always in
the beta and alpha positions, respectively. See text
for further discussion.

25

COMPOUND A

Hopane

30 Carbon atoms

COMPOUND B
25—-Norhopane

29 Carbon atoms

Figure 4—Two hopanes that differ only by the absence of the methyl group (C-25) in compound B. Compound
B can result (probably indirectly) from severe biodegradation of compound A. From Waples and Machihara
(1990); reprinted with permission from Bulletin of Canadian Petroleum Geology.
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EXTENDED HOPANES

H or C5H11

where X=CH3,C2H5,C3H7,C4 9

Figure 6—Structures of two diastereomeric 170(H)-extended hopanes (designated 22R and 22S) which are
interconverted in a reversible reaction. These compounds are also called “homohopanes.” This illustration
shows the stereochemistry at the ring junctions and at the chiral carbon atom C-22. From Waples and
Machihara (1990); reprinted with permission from Bulletin of Canadian Petroleum Geology.
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aBBR and aPPS

Figure 7—Reversible interconversion of 20R and
20S steranes (epimers) and 5c.(H),140(H),17c.(H) and
50(H),14B(H),173(H) steranes (diastereomers). In
one shorthand notation they are called “cco” and
of}f.” The wavy line in the ofjp structure at C-20
indicates that the stereochemistry at that site is
unspecified. From Mackenzie (1984); reprinted with
permission of Academic Press.

and left hands are mirror images. The most important
configurational differences in R and S epimers are
those at C-20 (20R and 20S) in steranes (Figure 7) and
at C-22 (22R and 225) in triterpanes containing more
than thirty carbon atoms (Figure 6). Each of these
groups of compounds will be discussed in much more
detail in later chapters.
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Origin of Steranes and Triterpanes

INTRODUCTION

Many general facts and some detailed information
are known about the origin of steranes and triterpanes.
These compounds are saturated hydrocarbons, as indi-
cated by the “-ane” ending in each of the names. Triter-
panes and steranes themselves do not exist in living
organic matter, but closely related precursor com-
pounds (triterpenoids and steroids, including sterols)
are present in varying concentrations in many organ-
isms. During diagenesis some of these precursor
molecules are converted, through a complex series of
chemical and biochemical changes (e.g., Mackenzie,
1984), into the more stable, saturated-hydrocarbon
biomarkers preserved in geological samples.

The precursor steroid and triterpenoid molecules
generally contain one or more oxygen atoms and often
have double bonds. During diagenesis (the low-tem-
perature processes occurring after the death of an
organism but prior to deep burial and thermal matu-
ration), the oxygen atoms are lost and the double
bonds are hydrogenated (reduced) to produce the sat-
urated-hydrocarbon biomarkers. Fortunately, in most
cases the reactions that occur during diagenesis have
little or no effect on the rest of the molecule. (Excep-
tions that sometimes occur include the opening of one
of the rings during diagenesis; the direct formation of
aromatic hydrocarbons rather than saturated mole-
cules; the formation of B} steranes; and the formation
of diasteranes.) Thus in most cases the structural
peculiarities of each distinct biological molecule are
inherited without change by its daughter biomarker
molecule. For this reason, biomarker structures can
provide much useful information about their precur-
sor molecules. If we know the types of organisms
from which specific steroids and triterpenoids come,
we can relate biomarkers to particular precursor
organisms. Thus an understanding of the origins of
biomarkers can lead to an understanding of paleoen-
vironments, as we shall see in more detail in the fol-
lowing discussion.

STERANES

Steranes are derived from sterols that are found in
most higher plants and algae but are rare or absent in

procaryotic organisms (Volkman, 1986, 1988). Four
principal sterol precursors containing 27, 28, 29, and
30 carbon atoms have been identified in numerous
photosynthetic organisms (Figure 8). These sterols
give rise to four different “regular” steranes during
diagenesis (Figure 9). These four steranes can be
called “homologs” or members of a “homologous
series” because they only differ by the addition of a
sequence of ~-CH,- units to a certain place in the
molecule. The term “regular” indicates that the carbon
skeletons are the same as in the biological precursors.

There are several ways of referring to the C;,—Cyg
steranes. In one system they each receive a different
name derived from a common sterol with the same
number of carbon atoms. From C,; to Cyg these names
are cholestane, ergostane, and sitostane, respectively.
In other cases they are named as homologs of choles-
tane: cholestane, 24-methylcholestane, and 24-ethyl-
cholestane, respectively. (Sometimes this system is
shortened by dropping the number 24.) These various
possible names are shown in Table 1.

In very immature sediments there occur some
unstable compounds that are intermediates in the
transformation of sterols to steranes. These intermedi-
ates are seldom encountered in the samples analyzed
in source-rock or correlation studies, however, and are
therefore omitted from consideration in this book.

Except for the loss of oxygen atoms and the hydro-
genation of double bonds, the detailed structures of
the newly formed steranes and their precursor sterols
have generally been assumed to be identical. In partic-
ular, all newly formed steranes are believed to exist
only as the 20R epimer (Figure 7), because only that
form is produced biologically.

Recent evidence, however, suggests that stereo-
chemical changes can occur at C-14 and C-17 during
diagenesis. The molecules that occur in sterols have
hydrogen atoms in the alpha configurations at both
these positions. This form is designated variously as
“5o(H), 140(H),170(H)” or “14a(H),17a(H),” or more
simply as “aoo” or “oct.” Although most diageneti-
cally produced steranes will also be dominantly or
exclusively of the oo form, it has been suggested (e.g.,
Rullkotter and Marzi, 1988; Peakman et al., 1989) that
the 5a(H),14B(H),17B(H) form (af|p or BP) may also be
produced during diagenesis, particularly in hyper-
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Cholesterol
27 Carbon atoms

HO

Sitosterol

29 Carbons atoms

HO
Ergosterol
28 Carbon atoms
HO
C30 Sterol

Figure 8—Structures of some important C,, to C;; sterols in photosynthetic organisms.

saline environments. The Bf structures are shown in
Figure 7. Both the aio and B steranes are called “regu-
lar steranes.”

In addition to the regular steranes, a family of “rear-
ranged steranes” or “diasteranes” is commonly
encountered (Figure 10). These compounds differ from
the regular steranes by having methyl groups attached
to C-5 and C-14 instead of hydrogen atoms, and hav-
ing hydrogens attached to C-10 and C-13 instead of
methyl groups. The transformation from regular ster-
anes to diasteranes is believed to occur during diagen-
esis under certain conditions and during catagenesis
(thermal maturation) in other cases. Diasteranes will
be discussed in more detail in Chapters 4 and 5.

Besides the regular steranes, 4-methylsteranes
(steranes with an additional methyl group attached to
C-4in the A ring) have also been commonly reported.
They appear to form two distinct families (Figure 11).
One family, called “dinosteranes,” is derived from
dinoflagellates (de Leeuw et al., 1983; Goodwin et al.,

1988). They exist only as the various stereoisomers of
the C3) homolog. As Figure 11 shows, dinosteranes
can be thought of as cholestane (the regular C,; ster-
ane) with three additional methyl groups, at positions
4,23, and 24.

The other family can be considered as the three reg-
ular steranes (C,y, Cyq, and C,4 from Figure 9, also
known as cholestane, 24-methylcholestane, and 24-
ethylcholestane) containing an additional methyl
group at C-4. They therefore form a homologous series
with 28, 29, and 30 carbon atoms. In this book we will
call them the “4-methylcholestanes.” Figure 11 shows
the small difference in structure between the Cs, forms
of the two families. The 4-methylcholestanes are of
uncertain origin (Goodwin et al., 1988).

TRITERPANES

In contrast to the steranes, which come from
steroids in algae and higher plants (and to a lesser
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Figure 9—Structures of C,,-C;, steranes derived from sterols. C,, = cholestane; C,; = ergostane or 24-methylc-
holestane; C,, = sitostane or 24-ethylcholestane; C,; = 24-propylcholestane. From Waples and Machihara
(1990); reprinted with permission from Bulletin of Canadian Petroleum Geology.

Table 1. Various ways of referring to the C,;, C,3, and Cyg regular steranes. For each name one could also designate the

stereochemistry at carbons 5, 14, and 17 as alpha (o) or beta (8).
Number of Common-Name Substituted-Cholestane Abbreviated
Carbon Atoms System System System
27 Cholestane Cholestane Cholestane
28 Ergostane 24-Methylcholestane Methylcholestane
29 Sitostane 24-Ethylcholestane Ethylcholestane
Figure 10—Structure of the 20S epimer of the C,4
rearranged sterane (a diasterane). Filled circle repre-
n, sents a hydrogen atom in the beta configuration;
open circles represent hydrogens in the alpha con-

figuration. By drawing the methyl groups attached
to C-5 and C-14 as straight lines we are not specify-
ing whether they are in the alpha or beta position.
Both oo and B forms exist, but mixed of} or Bo
forms are absent or very rare. From Waples and
Machihara (1990); reprinted with permission from
Bulletin of Canadian Petroleum Geology.
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Css-Dinosterane

4-Methy |-24-ethylcholestane

Figure 11—Structures of the ccoa Cyy (20R) members of the two families of 4-methylsteranes. From Waples and
Machihara (1990); reprinted with permission from Bulletin of Canadian Petroleum Geology.
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Figure 12—Structure of 17a(H),218(H) C;, hopane.

degree from animals), the source organisms for most
triterpane biomarkers are believed to be bacteria. Vari-
ous triterpenoids containing such features as -OH
groups and double bonds have been characterized as
important constituents of cell membranes in bacteria.
A wide variety of triterpenoids is probably produced
among the many types of microorganisms present in
different depositional environments, although many
details are still missing. In particular, there may be sig-
nificant differences between aerobic bacteria and
anaerobes, especially methanogens. A review by
Ourisson et al. (1984) provides a very readable discus-
sion of the bacterial origin and importance of triter-
penoids.

Transformation of triterpenoids to triterpanes prob-
ably occurs along much the same lines as does trans-
formation of sterols to steranes, although recent evi-
dence from carbon-isotope ratios of individual
compounds suggests that transformations in sedi-
ments are extremely complex (Freeman et al., 1990).
As with steranes, the general molecular architecture of
triterpanes is usually little affected by diagenesis. The
first important stereochemical transformation that we
need be concerned with is the formation during very
early diagenesis of 170(H),21B(H) isomers. This
geometry, which is particularly stable, has the hydro-
gen attached to C-17 in the alpha configuration, and
the hydrogen at C-21 in the beta configuration (Figure
12). Hopanes with the 17B(H),21B(H) configuration
(BB hopanes) are present only in very immature sam-
ples and, like some very immature steranes, are there-
fore unimportant in petroleum geochemistry. They are
therefore not discussed further in this book.

Triterpanes can be divided into three distinct fami-
lies based on the number of rings. The most common
and most thoroughly studied triterpanes have five
rings (e.g., Figure 12), and are therefore called “penta-
cyclics.” Most of these compounds contain from 27 to
35 carbon atoms, although they have been reported
up to Cyg (Rullkotter and Philp, 1981; Farrimond et al.,
1990). A less common and more poorly understood
group of triterpanes, the tricyclics, has only three
rings (e.g., Figure 2B). They range from about 21 to
more than 40 carbon atoms, but those with fewer than
25 carbon atoms are dominant. The third family, the
tetracyclics, is the least studied and most poorly
understood family.




Figure 13—Structure of the C;; (20R) moretane.

The pentacyclics often are divided into “hopan-
oids” and “nonhopanoids.” The hopanoids include
both the 17a(H),21B(H) hopanes (simply called
“hopanes”: Figs. 4, 6, and 12} and the 17B(H),21a(H)
hopanes (calted moretanes: Figure 13).

The most common pentacyclic triterpanes are the
hopanes. The hopanes most frequently analyzed con-
tain 27 to 35 carbon atoms and form a homologous
series with the 17a(H),21B(H) configuration (Figure
12). They are commonly referred to as both “hopanes”
and “170(H)-hopanes.” As noted previously, the
30-carbon member shown in Figures 2B, 4 (left), and
12 is also often called simply “hopane.”

Each homolog differs from the next by a single
—CH,- group attached to the side-chain on the E-ring.
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The C,y and C;; 17a(H)-hopanes have no chiral car-
bon atoms in their side chains (Figure 12). The C;,—Cy,
17a(H)-hopanes (often referred to as “homohopanes”
or “extended hopanes”), however, all have a single
chiral carbon atom (C-22) in the side chain, and thus
can exist as both the 22R and 225 epimers (Figure 6).
Because all biologically produced hopane precursors
exist only in the R form, newly formed extended
hopanes in sediments all have the 22R configuration.

A pair of Cy; hopanes (17a(H)-22,29,30-trisnor-
hopane and 18o0/(H)-22,29,30-trisnorneohopane, com-
monly called Tm and Ts, respectively) are also present
in virtually all samples (Figure 14). Tm is believed to
represent the biologically produced structure; Ts is gen-
erated in sediments and rocks by diagenetic or thermal
processes, or both. In the past Ts was believed to be
formed from Tm, but that conclusion has not been veri-
fied. The source for Ts thus remains unknown.

Recently it has been shown that a homologous
series of moretanes containing 29 to at least 35 carbon
atoms exists, just like the series of 170(H)-hopanes
{Larcher et al., 1987; Kvenvolden and Simoneit, 1990).
The paleoenvironmental significance of moretanes is
not yet fully understood. They may have a microbial
origin like the hopanes, but at least some are thought
to be derived from higher plants (Rullkétter and
Marzi, 1988; Ramanampisoa et al., 1990).

It is not unusual to encounter a few other penta-
cyclic triterpanes in significant concentrations in oils
and rock extracts, although the structures of most of
these molecules have not been determined. Among
those that have been identified are two hopanes (28,30-
bisnorhopane and 25,28,30-trisnorhopane), and several

Figure 14—Structures of Tm and Ts.
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25, 28, 30-Trisnorhopane

Gammacerane

g 1,//

18a(H) Oleanane

Figure 15—Structures of 28,30-bisnorhopane, 25,28,30-trisnorhopane, gammacerane, and 18a(H)-oleanane.
From Waples and Machihara (1990); reprinted with permission from Bulletin of Canadian Petroleum Geology.

nonhopanoids (gammacerane and a family of com-
pounds called oleananes). Structures are shown in Fig-
ure 15. The oleananes are thought to come from
angiosperms (terrestrial plants); the other compounds
in Figure 15 are all believed to come from microorgan-
isms. Further discussion of the paleoenvironmental
significance of these compounds is found in Chapter 5.

The tricyclic and tetracyclic triterpanes (e.g., Figure
2) do not appear to be degraded pentacyclics, but
instead appear to be members of separate genetic fam-

ilies. They are probably either generated in smaller
quantities by the same bacteria that produce the pen-
tacyclics, or by other species of microorganisms that
synthesize them instead of the pentacyclics. However,
Philp (1985) has suggested that tricyclics may be
formed by partial aerobic oxidation of bacterial mem-
branes. If he is correct, then their abundance in rocks
and oils may be related more to diagenetic factors
than to direct biosynthetic production by specific
organisms.




Chapter 3

<

Analytical Procedures

SAMPLE PROCESSING

Samples for biomarker analysis can come from
many sources: well cuttings, sidewall cores, conven-
tional cores, outcrop material, produced or tested oils,
solidified bitumens, tars, or dead-oil stains. Maximum
care should always be taken, particularly with rock
samples, to avoid contamination by fuels, lubricants,
or other petroleum-based products. Because even con-
ventional cores can be stained by mud additives, sam-
ples should be taken from the interior of the core to
minimize problems.

Because biomarkers normally are not present in
lighter distillation fractions such as gasoline or diesel,
diesel contamination presents no problem for bio-
marker analysis. However, if crude oils are used as
drilling-mud additives, removal of contamination
prior to analysis of rock samples is both crucial and
difficult. Coals (indigenous or in the form of lignosul-
fonate mud additives) or “gilsonite” additives could
also cause severe contamination problems if present in
even minor quantities in cuttings samples because of
their high organic-carbon contents and high concen-
trations of biomarkers.

The minimum amount of sample required for
biomarker analysis is highly variable, because it
depends directly on organic richness. Rock-Eval S,
data (see, for example, Tissot and Welte, 1984) can be
used as a rough guide, because the S, yield is approxi-
mately equivalent to the quantity of hydrocarbons in
the solvent-exiractable material. Because a minimum
of 50 mg of hydrocarbons is normally required to per-
mit gas chromatography-mass spectrometry (gc-ms)
analysis, the quantity of sample required is that which
would give 50 mg of 5,. For example, if the S, value
for a given rock sample is 2.0 mg/g rock, a minimum
of about 25 g would have to be extracted to perform
biomarker analyses.

Rock samples are air dried, crushed, and extracted
with an organic solvent such as dichloromethane. The
soluble material (extract) is then recovered by evapo-
ration of the solvent. From this point onward extracts
and oils (including tars and other solidified organic
substances) are handled in the same manner. The
asphaltenes are removed from the extract or petro-
leum by precipitation with a light solvent such as pen-
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tane. The asphaltene-free material is then separated,
using liquid chromatography, into fractions consisting
of saturated hydrocarbons, aromatic hydrocarbons,
and polar (NSO) compounds. Although some light
compounds (up to about C;;) are lost during evapora-
tion of the solvent in this step and the previous one,
steranes and triterpanes are unaffected by evaporative
loss.

The saturated-hydrocarbon fraction commonly is
treated further with molecular sieves to remove the
n-alkanes, which might interfere with subsequent
analysis of the steranes and triterpanes. The remain-
ing fraction contains the branched and cyclic alkanes,
including the steranes and triterpanes.

GC-MS ANALYSIS

A typical gc-ms system used for analysis of bio-
markers consists of a capillary gas chromatograph
connected to a mass spectrometer and a computer
work station (Figure 16). The mixture to be analyzed
is injected into the gas chromatograph, where the vari-
ous compounds are separated according to the speed
at which they move through the gas-chromatographic
column. Separation of the saturated hydrocarbons is
achieved primarily according to molecular weight
and volatility, although molecular shape may also
play a role. The separated compounds leave the gas
chromatograph in sequence and enter the mass spec-
trometer’s ion chamber, where they are analyzed in
the same sequence.

Each compound entering the mass spectrometer is
bombarded with a high-energy electron beam that ion-
izes the molecules by knocking off one electron. The
molecular ions formed in this manner are unstable,
however; most break apart to give a variety of smaller
fragment ions. The molecular and fragment ions pro-
duced in this manner differ in mass, but most bear a +1
charge. Because of the differences in their mass/charge
ratios (m/z; also sometimes called m/e) caused by the
differences in mass, they can be separated by a mag-
netic field or a quadrupole. The separated ions move
sequentially to the detector where the relative abun-
dances of each mass are recorded. The complete record
of the quantities and masses of all ions produced from
a compound is called its mass spectrum.
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Figure 16—Schematic diagram of a gas chromatography-mass spectrometry system. From Waples (1985), p. 78;
reprinted with permission of Prentice Hall, Inc., Englewood Cliffs, New Jersey.

The various classes of biomarkers all fragment in
characteristic ways in the mass spectrometer, depend-
ing upon their molecular structures. For example, the
dominant fragmentation patterns for steranes and
triterpanes are shown in Figure 17. Nearly all sterane
molecules {except 4-methylsteranes, discussed later)
will yield a large amount of the fragment ion with a
mass of 217 daltons (m/z 217). Similarly, triterpanes
(except bisnorlupanes and 25-norhopanes, also dis-
cussed later) will generally yield large quantities of
the m/z 191 fragment ion. Both types of compounds
yield many other fragments in lesser quantities as
well.

In practice, however, we normally do not record the
entire mass spectrum for individual compounds.
Instead, we monitor each compound coming out of
the gas chromatograph to see if it gives the ions char-
acteristic of the most common types of biomarkers:
e.g., m/z 217 for steranes or m/z 191 for triterpanes.
Normally we scan each compound emerging from the
gas chromatograph for the presence of several prese-
lected fragment ions. This process is called “selected
ion monitoring,” “single ion monitoring,” or “SIM.”
SIM is the key to using gc-ms effectively in petroleum
geochemistry, because it allows us to classify quickly a
large number of different molecules in each sample.

The output from an SIM analysis is called a “mass
chromatogram” or “mass fragmentogram.” Several
different ions can be monitored for each sample. The
tollowing generalizations serve as the basis for most
of our interpretations of SIM data: m/z 217 mass chro-
matograms show steranes (Figure 17B), whereas m/z
191 mass chromatograms show triterpanes (Figure
17C). Of course, other types of compounds can also
give small amounts of m/z 217 or m/z 191, and thus
will appear as minor peaks in these mass fragmen-
tograms. In most cases, therefore, we only interpret
the data for the major peaks in each mass fragmen-
togram.

Other fragment ions besides m/z 217 and 191 can
also be valuable. The m/z 177 mass chromatogram is
useful for looking for an important class of triterpanes
that have lost the methyl group attached to the A/B
ring junction. Examples include 25-norhopane, shown
in Figure 4, and the bisnorlupanes. The m/z 231 mass
chromatogram can be used to search for 4-methylster-
anes, since the dominant fragment ion is now 14 dal-
tons larger than the typical sterane fragment. These
compounds are covered in more detail in Chapter 6.
As discussed next, the m/z 218 mass chromatogram
can be a useful alternative to the m/z 217 in looking at
the regular steranes.
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Figure 17—Examples of a total-ion-current trace (A) and mass chromatograms for steranes (B) and triterpanes
(C). Dominant fragmentation patterns for steranes and triterpanes are also shown. The lower-left portion of
the molecule yields the charged fragment ion in both cases. The m/z 217 and m/z 191 mass chromatograms
used for analyzing steranes and triterpanes, respectively, are chosen because they represent the most abundant
ion from each type of molecule. From Waples and Machihara (1990); reprinted with permission from Bulletin

of Canadian Petroleum Geology.

Although compounds within a single class (such as
steranes) all have similar mass-spectral characteristics,
the actual probability (or ease) of forming any particu-
lar fragment ion (for example, m/z 217) will be differ-

ent for every individual compound in the class. Con-
sequently, the distribution of peaks observed in any
mass chromatogram is not an absolute indication of
the true relative concentrations of the compounds.
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Figure 18—Mass chromatogram of a mature oil showing the combined signals from the m/z 217, 218, and 259
fragment ions, representative of steranes. See Table 2 for identifications of peaks indicated with letters. This
type of data handling is claimed to give a more realistic picture of the actual abundances of the various types
of steranes. The relative peak heights are not directly comparable to those from chromatograms for single frag-
ment ions, and can only be compared with other chromatograms of the same type. This particular sample lacks
diasteranes. From Grantham (1986b); reprinted with permission of Pergamon Press PLC.

Furthermore, the distribution of, for example, regular
steranes obtained from the m/z 217 fragmentogram
will be slightly different from the distribution
obtained from the m/z 218 fragmentogram.

Therefore, if one wishes to obtain quantitative
information about the relative concentrations of indi-
vidual compounds, one must (a) always use the same
mass fragmentogram (i.e., do not mix data from m/z
217 and m/z 218), and (b) establish response factors
for each compound for that particular fragment ion
and use them to correct the observed ion intensities.
Furthermore, if one wishes to compare absolute con-
centrations from sample to sample one must include
an internal standard.

For most applications, however, we simply take
ratios of observed peak intensities from a single frag-
mentogram. These ratios may not represent the true
relative concentrations, but they will be comparable
from sample to sample. True quantitative treatments

are rather unusual in most applications today.

The contributions from all fragment ions can be
summed to show all the material emerging from the
gas chromatograph. This “total-ion-current trace”
(TIC) looks very much like a normal gas chromato-
gram (Figure 17A).

Grantham (1986a,b) has used a technique for dis-
playing sterane data that combines SIM and TIC. He
sums three fragment ions (m/z 217, 218, and 259) that
are characteristic of the three types of steranes (o
regular steranes, B regular steranes, and diasteranes,
respectively) to give a single chromatogram, called
m/z (217 + 218 + 259). An example is shown in Figure
18. Grantham feels that this display is the most objec-
tive way of describing the true distribution of steranes
in a sample. However, quantitative data obtained
from such a mass chromatogram cannot be compared
directly against the standard forms of data using indi-
vidual fragment ions, such as m/z 217.
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Figure 19—Selected metastable ion monitoring (SMIM) traces for the formation of the m/z 217 fragment ion
from each of four parent ions: m/z 414 (C,, steranes, left); m/z 400 (C,, steranes, center left); m/z 386 (C,g4 ster-
anes, center right); and m/z 372 (C,; steranes, right). The two largest peaks on the left side of each trace are the
Bo diasteranes; the four large ones on the right are the four regular steranes. From Telnaes and Dahl (1986);

reprinted with permission of Pergamon Press PLC.

Another technique that has become increasingly
popular recently is called “selected metastable ion
monitoring” (SMIM). (Other names for this technique
are also used, but all include the key word “meta-
stable.”) In SMIM the material in a single peak com-
ing out of the gas chromatograph is ionized gently to
produce as many molecular ions and as few fragment
ions as possible (Gallegos, 1976; Warburton and Zum-
berge, 1983). The molecular ions represent the
metastable ions. Next, the metastable ion mixture is
subjected to a magnetic field that accelerates the ions
in inverse proportion to their mass. The desired ions
are then selected according to their acceleration (and
hence according to their mass), as in a normal mass
spectrometer. However, they do not pass immediate-
ly to a detector, but rather to another mass spectrome-
ter, where they are allowed to produce fragment ions.
The fragment ions are then analyzed as in a normal
mass spectrometer. Then the process is repeated for
each gas-chromatographic peak in turn to produce
the entire series of metastable-ion mass chromato-
grams.

One advantage of SMIM is that by selecting only a
certain metastable molecular ion (for example, m/z
400, corresponding to the C,, steranes) in the first
step, we can look only at the fragments produced
from this parent molecule. Ions from other sources,
such as those derived C,; and Cy steranes, simply do
not appear. Thus we can remove much of the com-
plexity in a normal mass chromatogram and look at a
much simpler set of data. For example, in one study
where the 4-methylsteranes were so abundant that the
regular steranes could not be analyzed by traditional
gc-ms techniques, SMIM was used to remove the
4-methylsteranes electronically (Fowler and Brooks,

1990). The signal-to-noise ratio is also improved using
SMIM (Steen, 1986).

Figure 19 shows a series of four SMIM mass chro-
matograms (Csp, Cy9, Cpg, and C,; steranes) for an oil
from the Norwegian North Sea. In each chro-
matogram only the fragments from the designated
parent ion are shown. The two large peaks to the left
in each chromatogram represent the B diasteranes,
and the four peaks to the right are the ox-20S, f-20R,
BB-20S, and o-20R forms of the regular steranes,
respectively (Telnaes and Dahl, 1986).

SMIM analysis is becoming increasingly popular,
particularly in research laboratories and in internal
technical service within large oil companies. Its appli-
cation by service companies has not yet become rou-
tine, however, and examples in the literature of its
application are still rare (see Snowdon et al., 1987, for
an example). Because of the limited use of SMIM at
present by many companies, it is not discussed in
detail in this book.

The final step in most analyses is to compare the
mass chromatograms against known examples in
order to identify the various components. Many
biomarkers occur in virtually all samples, and are thus
rapidly and easily identified by comparison of mass
chromatograms. However, simultaneous elution of
two or more compounds (coelution) will hinder iden-
tification and quantitation.

If coelution of two or more compounds occurs or is
suspected, compound identification and quantitation
are both called into question. This problem is often
particularly severe for steranes, especially where C,q
diasteranes overlap with C,; regular steranes. Because
diasteranes produce many fewer m/z 218 fragments
than do regular steranes, in order to analyze the regu-
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Figure 20—Comparison of m/z 217 and m/z 218 (sterane) mass chromatograms for a single sample, showing
how the diasterane interference in the m/z 217 chromatogram (top) is reduced in the m/z 218. Note also that the
BB steranes are exaggerated in importance in the m/z 218 mass chromatogram. Identities of peaks are given in

Table 2.

lar steranes alone it is common to look at the m/z 218
mass chromatogram in addition to the m/z 217 (Fig-
ure 20). Thus the m/z 218 mass chromatogram is
often used in comparing the relative amounts of C,,
C,s and Cyq regular steranes (Figure 21).

However, the B forms of the regular steranes give
m/z 218 fragments more easily than the oo forms, as
shown by the abnormally high BB peaks in Figures 20
and 21. Therefore, the m/z 218 mass chromatogram
should not be used for determining the BB/c ratio
(see Chapter 4).

In other cases of overlapping peaks a gc-ms special-
ist should be asked to check on the identities of the

compounds by consulting a number of other mass
chromatograms diagnostic of the compound in ques-
tion. Philp (1985) has compiled a catalog of data use-
ful to specialists for identifying unknown compounds.

The well-characterized compounds in mass chro-
matograms usually are more valuable than rare,
minor, or unidentified compounds, because their his-
tories are better understood. The rare compounds
potentially are more useful for correlations, but if we
do not know their identities or their sensitivities to
maturation processes, we must use them with caution
until more information about their structures, origin,
and transformations becomes available.
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Figure 21—My/z 218 (sterane) mass chromatograms
for (A) La Luna type marine oil and (B) terrestrial oil
from the Maracaibo basin, Venezuela, showing the
exaggeration of the BB C,,—C,q regular steranes (tall
peaks labelled as C,;, Ca and C,o) compared with
the oo steranes. Comparisons of C,,~C,, sterane dis-
tributions can be done using the i isomers. From
Talukdar et al. (1986); reprinted with permission of
Pergamon Press PLC.
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Chapter 4

<

Biomarkers as Maturity Indicators

INTRODUCTION

Some transformations of biomarkers occur as the
result of thermal reactions, whose rates are controlled
both by subsurface temperatures and by the length of
exposure of the biomarkers to those temperatures.
Biomarkers can thus be used as indicators of the total
thermal history of the organic matter, and hence as
indicators of maturity. Maturities derived from
biomarkers have been applied to source rocks, oils
(including tars, biodegraded oils, etc.), and even to
fluids produced from very young sediments by
hydrothermal activity (e.g., Simoneit, 1990; Simoneit
et al., 1990; Kvenvolden et al., 1990; Michaelis et al.,
1990; Clifton et al., 1990).

One important difference between source-rock
maturities determined from biomarkers and maturi-
ties obtained from kerogen analysis (vitrinite
reflectance, Thermal Alteration Index, pyrolysis T,
etc.) is that kerogen is immobile. Its maturity is there-
fore always the same as the maturity of the rock or
sediment in which it is found. Biomarkers in the
mobile bitumen fraction of rocks and sediments, on
the other hand, can be used as maturity indicators for
a rock or sediment only if we are confident that the
bitumen is indigenous. Fortunately, various geochem-
ical tests (Extract/ TOC ratio, Production Index from
pyrolysis, extract composition, etc.) are available to
help determine if a given rock is stained or contami-
nated (e.g., Peters, 1986).

Biomarkers in oils are valuable for estimating the
level of maturity at which the oils were generated,
provided that the oils have been reservoired at tem-
peratures low enough to minimize maturation in the
reservoir. (In cases where the reservoir temperatures
are high, biomarkers may indicate the thermal history
of the reservoir instead of that of the source rock.) If
oils are known to have suffered little or no in-reservoir
maturation, comparison of their maturities with those
of suspected source rocks can help pinpoint the geo-
graphic areas and depths at which the oils were actu-
ally generated. The applications and weaknesses of
the most commonly used maturity parameters for
steranes and triterpanes are discussed below.

19

STERANES

20S/(20R+20S) epimer ratios

The most important measure of maturity using
biomarkers is the proportion of two epimeric forms
(20R and 20S) of the .o steranes. This proportion has
been expressed in a number of ways in the literature,
including 205/(205+20R), %20S, and 20S/20R, with
205/(20R+20S) being most popular. The biologically
produced form is exclusively the aoa form in the 20R
configuration, but with increasing maturity the pro-
portion of 205 increases as some of the 20R molecules
change configuration (Figure 7). Eventually an equi-
librium between the two forms is reached, comprising
approximately 55% 205 and 45% 20R. Once equilibri-
um is reached no further change in the proportions
occurs, and no further changes in maturity can be
recorded.

The series of m/z 217 mass chromatograms in Fig-
ures 22 and 23 show qualitatively the changes in the
proportions of the 20R and 20S forms of the C,y, Cyg,
and C,y steranes (peak pairs C-A, D-Q, and E-H,
respectively) that occur with increasing maturity.
(Identities of the steranes in this and other figures are
given in Table 2.) Many of the other differences among
the three examples in Figure 22 are due to facies dif-
ferences rather than to maturity (e.g., variable con-
tents of the 0-20R epimer of the Cy sterane, peak L).

Note that peaks bearing the same identification do
not have the same retention time (the time required
for a compound to come out of the gas-chromato-
graph column) in each of the three runs in Figure 22.
Differences in retention time, which are often seen
when comparing samples that were run at different
times or by different laboratories, can cause some
inconvenience in interpreting mass chromatograms.
Samples run at different times or by different labora-
tories may look at least somewhat different even if
they are identical. Pattern recognition is much more
important than absolute retention time in identifying
the most-common compounds.

In principle, we could determine maturity by fol-
lowing the change in 20S/(20S+20R) in any of the C,,
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Figure 22—Series of m/z 217 (sterane)} mass chro-
matograms showing the gradual conversion of 20R
steranes to 20S and o« steranes to 3 from least
mature (top) to most mature (bottom). Identities of

peaks are given in Table 2.

Cog, or Cy steranes. In practice, however, we derive
our most-accurate data from the Cyq species (peaks E
and H), which are least susceptible to overlapping
peaks in the mass chromatograms. The main prob-
lems with 20S/(20R+20S) measurements occur in
samples in which all sterane concentrations are low or
in which the C,q4 steranes are scarce. In such cases,
baseline noise or the presence of coeluting compo-
nents can introduce unacceptable error.

Although most workers assume that the initial
20S/(20R+20S) ratio at the start of thermal maturation
is 0.0, there may be minor variations in the initial
20S/(20R+20S) ratio caused by early-diagenetic pro-
cesses (Moldowan et al., 1986; Peakman and Maxwell,
1988), or by lithologic differences such as those
between coals and shales (Strachan et al., 1989). This
phenomenon could in some cases introduce error into
maturity determinations made using the 20S/
(20R+20S) ratio, particularly at low degrees of trans-
formation of 20R to 205.

Figure 24 shows a plot of 205/(205+20R) versus
depth for the same well represented by the five sam-
ples in Figure 23. There is considerably more scatter in
the data from the shallower, less-mature samples than
in the deeper ones, perhaps as the result of diagenetic
variations or analytical error.

There are a number of other possible causes for
errors in biomarker parameters, including the
20S/(20R+20S) sterane ratios. Natural contamination
sometimes can occur, although often it is easy to rec-
ognize. Figure 25 shows steranes from five samples in
the Higashi Niigata N5-6 well in the Niigata basin, in
which the shallowest sample shows an anomalously
high sterane maturity compared with the other sam-
ples. The most common explanation for such an
anomalous maturity would be either oil staining or
contamination by some kind of drilling additive con-
taining mature steranes. In this case, however, lack of
evidence for staining or contamination suggested that
the shallowest sample contained mainly reworked
organic matter eroded from deeper, older, more-
mature rocks. Figure 26 shows the depth trend of the
205/(20S+20R) sterane ratios for this well.

In samples containing large amounts of the triter-
pane 28,30-bisnorhopane, quantification of the oot-20S
form of the C,q sterane may be difficult by SIM,
because the two compounds coelute, and because bis-
norhopane gives a minor m/z 217 peak in addition to

Figure 23—M/z 217 (sterane) mass chromatograms of five rock extracts from the Noshiro GS-1 well in the
Akita basin of Japan. Sample depths are given in meters. Formation names and ages are: SB = Shibikawa (late
Pleistocene); SA = Sasaoka (late Pleistocene); U.T. = upper Tentokuji (early Pleistocene); L.T. = lower Tentokuji
(Pliocene); and FU = Funakawa (middle Miocene-Pliocene). See Table 2 for peak identifications. The poorer
resolution here compared with the mass chromatograms in Figure 22 is due to poor separation on the gas-chro-
matograph column.
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Table 2. Identities of common steranes in the m/z 217 mass chromatograms in most of the illustrations in this book.

Number of Ring Side-chain
Designation Carbon Atoms Stereochemistry* Stereochemistry
Regular Steranes
A 27 oo 208
B 27 Bp 20R + 20S
C 27 oo 20R
Q 28 oo 20S
R 28 Bp 20R
S 28 Bp 208
D 28 oo 20R
E 29 oo 205
F 29 BB 20R
G 29 BB 208
H 29 oo 20R
I 30 oo 205
] 30 Bp 20R
K 30 Bp 205
L 30 ao 20R
Diasteranes
M 27 Bo 205
N 27 Ba 20R
O 29 Bo 208
P 29 Bo 20R

*Stereochemistry of hydrogen atoms at positions 14 and 17 for regular steranes and 13 and 17 for diasteranes.
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Figure 24—Plot of 205/(20S+20R) for C,, regular
steranes in rock extracts in the Noshiro GS-1 well,
Akita basin, Japan. See Figure 23 for mass chro-
matograms of selected samples. Data scatter is
worse for low-maturity samples, where diagenetic
effects and analytical errors may be more important.
Formation abbreviations are explained in the cap-
tion for Figure 23.

its dominant m/z 191 fragment ion (Dahl, 1987).
Using SMIM one could easily distinguish between the
two different sources for the m/z 217 peak.

The work of a number of authors (e.g., Mackenzie
and McKenzie, 1983; Mackenzie, 1984; Rullkétter and
Marzi, 1988) indicates that sterane epimerization does
not occur at the same rate as does kerogen maturation
(e.g., vitrinite reflectance), nor does it precisely parallel
oil generation. Grantham (1986b) concurs, presenting
evidence that the role of time is significant in sterane
isomerization. Thus the application of 205/(20R+20S)
ratios to estimate either kerogen maturation or oil gen-
eration is only approximate. Nevertheless, it has been
popular to attempt such a correlation.

Figure 27 shows trends of the 205/(20R+20S) ratio
for the regular C,4 steranes versus vitrinite reflectance
(%Ro) for samples from three different studies. The
data on which the line of Zumberge (cited in Bein and
Sofer, 1987) is based were not specified. Bein and Sofer
(1987) used Zumberge’s line for samples with
205/ (20R+205S) ratios up to 0.52, but their preference for
the equilibrium ratio was not given. We therefore have
not extended their line beyond 20S/(20R+20S) = 0.52.

The other two lines, interpreted by us from limited
data sets, generally agree rather well with Zumberge’s
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Figure 25—M/z 217 (sterane) mass chromatograms for five rock extracts from the Higashi Niigata NS-6 well,
Niigata basin, Japan. Sample depths are given in meters. Formation names and ages are: Ny = Nishiyama
(Pliocene-Pleistocene); Sy = Shiiya (late Miocene-Pliocene); uTd = upper Teradomari (middle-late Miocene);
ITd =lower Teradomari (middle Miocene); and Nt = Nanatani (early-middle Miocene). The shallowest sample
shows the highest biomarker maturity, probably as a result of the presence of reworked organic matter eroded
from older rocks. See text for further discussion, and Table 2 for peak identifications. As in Figure 23, the poor
resolution is due to the quality of the gas-chromatograph column. From Omokawa and Machihara (1984).
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Figure 26—PIot of 20S/(20S+20R) for C,, regular
steranes in rock extracts in the Higashi Niigata NS-6
well, Niigata basin, Japan. Formation abbreviations
are explained in the caption for Figure 25. The
anomalous maturity of the shallowest sample is dis-
cussed in the caption for Figure 25 and in the text.
From Omokawa and Machihara (1984).

line. That of Sakata et al. (1987) was based on ten mea-
surements of Neogene samples from the Niigata
basin, Japan. The line of Goodarzi et al. (1989) repre-
sents data for 23 extracts from the Triassic Schei Point
Formation of the Sverdrup basin, Canadian Arctic.

It is important to have an idea of the uncertainty in
making maturity estimates from sterane ratios using
Figure 27. If we assume that the “true” sterane-Ro
relationship lies somewhere between the extremes
shown in Figure 27, we see that for a measured
20S/(20R+20S) ratio of 0.25, for example, we would
estimate vitrinite reflectance to be 0.51 £ 0.02% Ro,
depending on which correlation line we choose. This
uncertainty in Ro is obviously insignificant. However,
if we recognize that we might have an additional error
of £0.03 in the measurement of the biomarker ratio,
the uncertainty in Ro becomes somewhat greater: 0.51
£ 0.05% Ro. While this uncertainty is not negligible, it
would not lead in most cases to greatly different
exploration decisions.

At higher maturity, the uncertainty is greater. For
example, when the 20S/(20R+20S) ratio = 0.45 £ 0.03,

vitrinite reflectance would be estimated to be some-
where between 0.65% and 0.79% Ro. The closer we get
to equilibrium, the more sensitive our estimate
becomes to uncertainties and measuring errors. Thus
near equilibrium (when 20S/(20R+20S) is 0.5 or high-
er), sterane epimerization interpreted from Figure 27
is not very reliable as a quantitative estimator of Ro
values.

The three published sterane-Ro trends in Figure 27
are rather similar, especially when sterane epimeriza-
tion is not near equilibrium. Other data, however, do
not follow this trend. Figure 28 shows sterane and Ro
data from the Akita basin of Japan (geologically very
similar to the Niigata basin, from which the line of
Sakata et al. (1987) in Figure 27 was obtained). Al-
though there are no obvious errors in either the ster-
ane or Ro data, there is a large amount of scatter, and
the sterane-Ro trend defined by these samples is quite
different from those in Figure 27. If we had used the
sterane trends from Figure 27 to estimate Ro from
these measured 20S/(20R+205) values, we would
have consistently overestimated Ro by about 0.2%. An
error this large could affect exploration decisions.

In summary, the trend shown in Figure 27 is reason-
ably well defined when steranes are far from equilibri-
um, but as equilibrium is approached, the correlation
between 20S/(20R+20S) becomes less secure. Further-
more, because data scatter and consistent deviations
from the trend lines in Figure 27 are well known (e.g.,
Figure 28), we should not expect 20S/(20R+20S) ratios
to give accurate Ro values in all cases. Causes for these
deviations are not known, but may include differences
in rock age as well as errors in measuring both sterane
ratios and vitrinite reflectance.

Moreover, the maturity range covered in Figure 27
does not include very-low-maturity rocks (Ro <
0.35%), and the change in sterane ratios ends before
peak oil generation. Furthermore, destruction of ster-
anes at high maturities can make quantitation diffi-
cult, and may even lead to changes in the 20S/
(20R+205) ratio through preferential destruction of the
20S epimer (Marzi and Rullkétter, 1989) or the 20R
epimer (Peters et al., 1990). Thus there are a number of
potentially serious weaknesses of the 20S/(20R+20S)
sterane maturity parameter.

In spite of the difficulties discussed above, a gener-
al consensus (e.g., Rullkétter and Marzi, 1988) exists
that the 205/(20R+208S) ratio is the most reliable and
useful biomarker-maturity parameter. It can usually
be measured reasonably accurately, the 20R-20S con-
version is in most cases not complicated very much by
diagenetic or lithologic variations, and the transfor-
mation occurs at maturity levels that are of interest in
evaluating oil generation. OQur biggest problem is
using this ratio may be time (age) differences. The best
ways to attempt to overcome such problems are
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Figure 27—Plot of 20S/(20R+20S) for C,, regular
steranes versus vitrinite reflectance (% Ro) for three
data sets. (A): Derived from an equation attributed
to Zumberge by Bein and Sofer (1987). The data set
used in deriving the line was unspecified. (B): Inter-
polated by us from measured data of Goodarzi et al.
(1989) for the Triassic Schei Point Formation, Sver-
drup basin, Canadian Arctic. (C): Interpolated by us
from measured data of Sakata et al. (1987) for Neo-
gene rocks of the Niigata Basin, Japan. Adapted
from Waples and Machihara (1990); reprinted with
permission from the Bulletin of Canadian Petroleum
Geology.

(1) development of a local Ro-sterane relationship that
is already calibrated for the rocks of interest, and (2)
use of a kinetic model for sterane epimerization (dis-
cussed later in this chapter).

BP/oo ratios

Another maturity parameter derived from steranes
is the proportion of 14B(H),17B(H) and 14a/(H),17(H)
forms. As we have seen, the oo form is produced bio-
logically, but gradually converts to a mixture of oo
and BB (Figure 7, shown as aox and ofB). This trans-
formation involves the poorly understood but appar-
ently nearly simultaneous change of two hydrogen
atoms from alpha positions to beta. Because 20S and
20R diastereomers exist for each of the oo and Bp
forms, four distinct species (0-20R, 0ta-20S, BB-20R,
and BB-20S) appear in the Cyg sterane family (Figures
22,23, and 25: peaks E, F, G, and H). They also exist
for the C;; and Cy steranes, but are often obscured by
coelution with other compounds. The progress of the
transformation of o to B is shown in Figures 22 and
25 (peaks E and H to F and G for C,, steranes), but is
not as well defined in Figure 23.
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% Ro

Figure 28—Plot of 20S/(20R+20S) C,, regular ster-
anes versus vitrinite reflectance for rock extracts
from the Akita basin, Japan (black squares), com-
pared with the three trend lines from Figure 27.

The proportion of BB and oo forms is usually
expressed as the ratio B3/, although descriptions
like “BB/20R” are also encountered. Seifert and
Moldowan (1981) showed values as high as about 2.5,
and Mackenzie (1984) stated that the equilibrium
value is about 3.0.

Although in the past the B /a0 ratio for regular
steranes was frequently used as a maturity parameter,
there are serious doubts today about its validity. In
some cases where facies changes are minor it seems to
yield reasonable results (e.g., Figure 29), though data
scatter may be greater than with 20S/(20R+205) ratios.
However, it is now known that the BB/ ratio can be
as strongly affected by diagenetic conditions as it is by
maturity (ten Haven et al., 1986; Peakman and
Maxwell, 1988; Peakman et al., 1989). In particular,
under hypersaline conditions the /o ratio may be
abnormally high (Rullkétter and Marzi, 1988). These
facies or diagenetic influences on BB/ o ratios are
usually most pronounced in low-maturity samples
(e.g., Dahl and Speers, 1985). As a result of these facies
interferences, the BB/ ratio has declined greatly in
importance as a maturity indicator, and is not recom-
mended by most biomarker specialists.

205/20R ratios have sometimes been plotted
against BB/ oo ratios to aid in estimating maturity
(Figure 30), although a calibration of %Ro along the
“Maturation” line has never been published. With our
recent loss of confidence in B/ aa ratios as maturity
parameters, there seems to be no advantage of Figure
30 over Figure 27.

If Figure 30 is used, it is inevitable that some data
points will fall off the ideal maturation line. Seifert
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Figure 29—Plot of vitrinite reflectance versus the ratio of f to ao regular C,q steranes for rock extracts from the
Schei Point Group (Triassic) of the Canadian Arctic. Numbers are for sample identification, but they are not dis-
cussed here. From Goodarzi et al. (1989); reprinted with permission of Butterworth & Co. (Publishers) Ltd.

and Moldowan (1981, 1986), who first published this
type of plot, suggested that deviation from the ideal
maturation line was caused by differential migration
of the various sterane isomers. The amount of devia-
tion was seen as an indication of the difficulty or
length of migration. Based on laboratory simulations,
some workers (e.g., Fan and Philp, 1987; Jiang et al.,
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1988) believe that expulsion, migration, or both can
cause measurable changes in biomarker ratios, at least
under certain conditions.

However, given the evidence that molecules as dif-
ferent in size and mobility as n-C;; and n-C,s are
expelled with nearly equal efficiency from source
rocks (e.g., Leythaeuser et al., 1984; Mackenzie et al.,

Figure 30—Sterane maturation line based on both
20S/(20R+20S) and Bf/oc ratios. No calibration of
the maturation line to vitrinite reflectance is avail-
able. Samples are crude oils from the Beaufort-
Mackenzie area of the Canadian Arctic. In general,
samples falling off the ideal maturation line have
often been considered to have been affected by
migration, as shown by the line labeled “Migra-
tion?” In this case, however, there is no evidence
that these oils have suffered an unusual migration
history. See text for discussion of the reasons for
deviation from the maturation line. From Snowdon
(1988); reprinted with permission from the Bulletin
of Canadian Petroleum Geology.
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Figure 31—Plot of the ratio of C,, diasteranes to
total C,, steranes versus vitrinite reflectance for
extracts of rock samples of the Schei Point Group
(Triassic) of the Canadian Arctic. Samples all repre-
sent a limestone to marly facies. Numbers are for
sample identification, but they are not discussed
here. From Goodarzi et al. (1989); reprinted with
permission of Butterworth & Co. (Publishers) Ltd.

1987), and that separation of structurally similar
biomarkers does not occur during migration (Corn-
ford et al., 1983; Hoffman et al., 1984), we are doubtful
whether migration effects can be seen in molecules as
similar as the various C,4 steranes. Robinson and
Kamal (1988) agree, stating that fractionation is
unlikely if migration is along an open pathway such
as through a porous sandstone or a fault. Philp and
Engel (1987) noted that no observable fractionation
occurred in laboratory simulations employing geolog-
ically plausible conditions; fractionation only took
place under conditions appropriate to an analytical
chemistry laboratory. Other workers (e.g., Walters and
Kotra, 1990; Peters et al., 1990) also are skeptical about
the importance of migration-induced changes in
ratios of closely related biomarkers.

The most plausible explanations for deviation from
the sterane-maturation line in Figure 30 include errors
in calculating ratios due to low concentrations or
overlapping peaks, and the dependence of the B/ ot
ratio on diagenetic conditions, as discussed above and
by Snowdon (1988). We do not recommend using Fig-
ure 30 to estimate migration distances, and prefer to
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use Figure 27 for maturity estimates. However, once
again we caution that any use of biomarker ratios to
determine either kerogen maturity or hydrocarbon
generation is only approximate. We recommend a
kinetic approach (discussed later in this chapter) to
compare measured and calculated biomarker ratios as
a check on the burial and thermal history.

Diasteranes/regular steranes

The proportion of diasteranes compared with regu-
lar steranes is known to be dependent upon maturity,
because the original regular steranes are isomerized
gradually to a mixture of diasteranes and regular ster-
anes. For example, Hughes et al. (1985) noted that
diasterane contents in Ekofisk oils {North Sea) were
controlled by maturity. Goodarzi et al. (1989) showed
that for a lithologically homogeneous set of dominant-
ly carbonate samples there was a good correlation
between measured vitrinite reflectance and the ratio of
diasteranes to total steranes (Figure 31).

However, the ratio of diasteranes to regular ster-
anes (or diasteranes to regular steranes plus diaster-
anes) has not generally been used quantitatively as a
maturity indicator, because lithology is also believed
to influence the rate of isomerization. Moreover, the
exact calibration between %Ro and diasterane ratio is
likely to vary with lithology, and thus will require
local calibration. The correlation shown in Figure 31 is
not likely to be valid in all cases, and in any such case
a correlation can only be used where the samples rep-
resent the same lithology. Facies effects on diasterane
contents are discussed more fully in Chapter 5.

TRITERPANES
225/(22R+22S) epimer ratios

Transformation of the biologically produced 22R
form of the Cs;-C;5 extended 17a(H)-hopanes to the
22S epimer (Figure 6) occurs in the same manner as the
20R /20S conversion for the steranes, but at a different
rate. The proportions of 22R and 225 can be calculated
for any or all of the C5; through Cs5 17a(H)-hopanes,
but for simplicity C;, or Cy, is usually used. Figure 32
shows a pair of m/z 191 mass chromatograms illus-
trating the changes in proportions of C-22 epimers
(peaks f through p) with increasing maturity. At equi-
librium the approximate proportions are 55-60% 225
and 40-45% 22R. (Identities of the triterpanes in this
figure and others are given in Table 3.)

A major problem in calculating 225/(22R+22S5)
ratios can occur in samples in which the C;, extended
hopanes (peaks f and g) are unusually abundant. The
reasons for this unusual abundance will be discussed
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Figure 32—M/z 191 (triterpane) mass chromato-
grams showing the conversion of 170.(H)-extended
hopanes with 22R configuration to the 225 configu-
ration, and the decrease in moretanes relative to
hopanes with increasing maturity. Sample in (A} is
less mature than that in (B). Identities of peaks are
given in Table 3.

in Chapter 5. For some reason, the C;; extended hop-
anes, when present in unusually high abundance
compared with other extended hopanes, reach equi-
librium much more rapidly than do the other extend-
ed hopanes (Villar et al., 1988). In cases where the Cy;
extended hopanes are anomalous compared with the
other extended hopanes, the C;, homolog should be
used in calculating the 225/(22R+22S) ratio.

We have also noted cases where the C,5 extended
hopanes {peaks o and p) epimerize more slowly than
the others, as illustrated in Figure 33. This phe-
nomenon has been observed in carbonate facies, in
which the Cs5 species are more abundant than usual.

However, since the C35 homologs are seldom used for
calculating 225/(22R+22S) ratios, this discrepancy
causes no major problems in maturity estimations.

The 225/(22R+22S) ratio for 17a(H)-extended
hopanes can usually be measured with great accuracy,
but once the transformation begins, equilibrium is
reached rapidly. Figure 34 shows the rapidity of this
transformation in the MITI Rumoi well from Hokkai-
do, Japan, where within 400 meters (2284 m to 2682 m)
the 225/(22R+22S) ratio for the C;, extended hopanes
goes from very immature to the equilibrium value.
However, in the samples from 2682.7 m and 2683.2 m,
epimerization of the Cs, extended hopanes (peaks h
and i) are lagging behind the C;; homologs (peaks f
and g). The reason for this lag, like that for the
C;shomologs mentioned above, is not known.

Because equilibrium in the extended hopanes is
reached very rapidly, and at Ro values less than 0.6%,
the useful range for 225/(22R+225) ratios is limited to
very immature samples. Extended hopanes in oils
have generally reached equilibrium, although cases
are known where they are not (e.g., Fu Jiamo et al.,
1986).

Peters and Moldowan (1991) have noted that as
maturity increases, the proportion of heavy homo-
hopanes (e.g., C35) decreases, whereas the proportion
of lighter (e.g., C;;) species increases. However, this
observation has not yet been developed as a quantita-
tive maturity indicator.

Moretane/hopane ratios

Moretanes are much less stable than 17a(H)-hop-
anes, and thus decrease in concentration more rapidly
with increasing maturity (e.g., Kvenvolden and
Simoneit, 1990). It is often supposed that moretanes
are gradually converted to hopanes (e.g., Grantham,
1986b), but direct evidence for this transformation is
lacking. The ratio of moretanes to hopanes (also some-
times expressed as hopanes/moretanes) thus serves
as a maturity indicator (e.g., Seifert and Moldowan,
1980; Cornford et al., 1983; Curiale, 1986; Grantham,
1986b; Bazhenova and Arefiev, 1990).

Sometimes the C,g and Cy, moretanes (peaks q and
r) and hopanes (peaks d and e) are used; in other cases
only the Cy9 or Cy species are calculated. Figure 32
shows the decrease in moretane /hopane ratios from
the very-immature sample at the top to the more-
mature sample at the bottom.

Seifert and Moldowan (1980) reported more-
tane /hopane ratios of about 0.03 to 0.06 in a series of
mature crude oils. Cornford et al. (1983) reported val-
ues as low as 0.01 in the North Sea. However, Grant-
ham (1986b) noted that oils from Tertiary sources
often have higher ratios (0.1-0.3, with values of 0.15-
0.2 being common) than do older samples, which are
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Table 3. Identities of triterpanes in the m/z 191 mass chromatograms in most of the illustrations in this book.
Number of
Designation Identity Carbon Atoms
Hopanes
y 25,28,30-trisnorhopane 27
a Ts 27
b Tm 27
< 28,30-bisnorhopane 28
d Cyg 170(H)-hopane (norhopane) 29
e Cyy 17a(H)-hopane (hopane) 30
f 225 Cy; 17a(H)-hopane 31
g 22R C4y 17a(H)-hopane 31
h 225 Cs, 17a(H)-hopane 32
i 22R C5, 170(H)-hopane 32
j 225 Ca3 17a(H)-hopane 33
k 22R Ca3 17a(H)-hopane 33
m 22S Cy, 170(H)-hopane 34
n 22R C3, 170(H)-hopane 34
0 225 Ca5 17c(H)-hopane 35
p 22R Cy5 170(H)-hopane 35
Moretanes
q normoretane 29
r moretane 30
Other
s gammacerane 30
t 18a(H)-oleanane 30
u 18B3(H)-oleanane 30
X Cyg-pentacyclic (compound X) 30

generally less than 0.1. He suggested that the short
time available for maturation in Tertiary samples may
play a role in controlling moretane /hopane ratios.
(The problem of time in biomarker maturation will be
discussed more at the end of this chapter.) It is not
known whether the lowest values (i.e., 0.01-0.06)
reported for moretane /hopane ratios represent the
attainment of some sort of equilibrium.

Another problem with moretane /hopane ratios as
maturity indicators is that the origin and geochemical
behavior of the moretanes are poorly understood.
Because there is evidence that the initial more-
tane/hopane ratios are variable (0.5 to 1.0 or more),
they generally are not used quantitatively. Data scatter
may be as large as the observed changes in ratios (Fig-
ure 35).

Furthermore, because all or most moretane loss
occurs at very low maturities (Ro < 0.6%), more-
tane /hopane ratios, like 225/(22R+225) ratios for
extended hopanes, are only useful in limited situa-
tions. Their value is therefore mainly as a qualitative
indicator of immaturity: if the moretane/hopane ratio
is above about 0.15, the maturity level of the sample is
less than 0.6 Ro.

225/(22R+22S) Moretane ratios

According to Larcher et al. (1987), the extended
moretanes (Figure 13), which are analogous to the
extended hopanes and also have a chiral center at C-
22, epimerize at that site as a function of maturity. The
starting 22R form eventually equilibrates with 22S in a
ratio of 60% 22R and 40% 22S. This ratio is essentially
the inverse of that observed for the extended hopanes,
in which the 22S form is more stable. However,
although the actual 225/(22R+22S) ratio at equilibrium
is different in the extended moretanes than in the
extended hopanes, the epimerization in extended
moretanes seems to proceed essentially simultaneous-
ly with hopane epimerization. Although a quantitative
relationship between moretane epimerization and vit-
rinite reflectance could probably be constructed, at the
present time 225/(22R+22S) ratios of extended more-
tanes are not used routinely for maturity estimation.

Tm/Ts ratios

With increasing maturity, the 17o(H)-trisnorhopane
Tm (peak b) gradually disappears and the 18c/(H)-tris-
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Figure 33—M/z 191 (triterpane) mass chromatogram of a crude oil from a marine carbonate source rock. Epi-
merization of the C;; extended hopanes (peaks o and p) has not progressed as far as for the C;;-C,, homologs.
The extract from the source rock for this oil shows the same anomalous behavior of the C;; species.

norneohopane, Ts (peak a), increases in relative con-
centration (Figure 13). In contrast to moretane/ho-
pane and 225/(22R+22S) ratios, the Tm/Ts ratio
begins to decrease quite late during maturation
(>0.9% Ro: van Graas, 1990). Original values persist
with little change even after the 20S/(20R+20S) ster-
ane transformation is essentially complete. Thus, in
principle, Tm/Ts (or Ts/Tm) ratios should be able to
supplement the sterane maturation lines in Figure 27
at maturity levels above 0.75% Ro.

In practice, however, facies effects (possibly due to
natural variation in original Ts content) make this
parameter somewhat imprecise (Cornford et al., 1983;
Schou et al., 1985; Palacas et al., 1986; Snowdon et al.,
1987; Rullkotter and Marzi, 1988). Figure 32 illustrates
the problem: according to both 225/(22R+22S) and
moretane/hopane ratios, the top sample is very
immature, while the bottom sample is more mature.
Tm/Ts ratios, however, lead to the opposite conclu-
sion, presumably because the two unrelated samples
represent greatly different facies.

The biggest problems seem to occur in hypersaline

facies, in which the initial content of Ts is higher than
normal.(Fan Pu et al., 1984; Rullkétter and Marzi, 1988).
Moreover, Volkman et al. (1983a) have suggested that
another unidentified compound may sometimes
coelute with Tm, giving spuriously high Tm/Ts ratios.

Thus the Tm/Ts ratio does not appear to be appro-
priate for quantitative estimation of maturity. Howev-
er, within a series of rock or oil samples representing
the same facies, a decrease in Tm/Ts may be a useful
nonquantitative indicator of relative maturity (e.g.,
Jones and Philp, 1990).

Tricyclics/pentacyclics

The ratio of tricyclic triterpanes to pentacyclics has
been used by some workers as a qualitative indicator
of maturity (e.g., van Graas, 1990). Tricyclics seem to
be more stable than pentacyclics, leading to an in-
crease in the tricyclic/pentacyclic ratio at maturity
levels approaching or past peak oil generation (Kruge,
1986; Snowdon et al., 1987). In some cases (e.g.,
Buchardt et al., 1989) the complete absence of penta-



cyclics has been attributed to maturity. However, any
quantification of the tricyclic/pentacyclic ratio would
probably require local calibration, since tricyclic and
pentacyclic contents are controlled by facies as well as
by maturity.

Oleananes

No routine application of oleananes (Figure 15) has
been made for estimating maturity, but recent work
suggests that they may have considerable potential
(Riva et al., 1988; Ekweozor and Udo, 1988; Ekweozor
and Telnaes, 1990). The ratio of two of the oleanane
isomers (18ca(H)/18B(H)) has been shown to increase
over a maturity range from approximately 0.6% Ro to
about peak oil generation (Figure 36). It has also been
suggested (Figure 37) that the ratio of 18a(H)+18B(H)
oleananes to the sum of those two compounds plus
Cag hopane (called the oleanane parameter, or OP:
Ekweozor and Telnaes, 1990) varies with maturity,
reaching a maximum value at vitrinite-reflectance val-
ues between 0.46% and 0.58% Ro in the Niger Delta
(Ekweozor and Telnaes, 1990). Those workers claimed
that the maximum in the OP value correlated very
well with the top of the oil-generation window.

However, oleanane ratios are still relatively little
studied and controversial as maturation parameters.
For example, Brown (1989) did not observe a change
in oleanane concentrations with maturity in Indone-
sian coals and mangrove shales. Facies effects may
play an important role, although Ekweozor and Tel-
naes (1990) found that the OP values peaked at the
same Ro value in two different facies.

At the present time the main limitations to the use
of oleananes are that (1) no kinetic parameters are
available for oleanane transformations (or alternative-
ly, no calibration of oleanane ratios to other reliable
maturity parameters such as vitrinite reflectance has
yet been published); (2) our present concepts are
based on very limited data that require further corrob-
oration; (3) oleananes do not appear to be applicable
at maturities beyond early oil generation; and
{4) oleananes are somewhat limited in their geological
occurrence (they have been reported primarily in
deltaic sediments of Late Cretaceous age and
younger). This last point, the age and facies limita-
tions, will be discussed further in Chapter 5.

KINETIC MODELING OF BIOMARKER
TRANSFORMATIONS

Modeling of organic maturation as estimated by
vitrinite-reflectance values has been carried out for a
long time. Most early modeling was done using the
TTI method (e.g., Waples, 1980), but kinetic models for
Ro change (e.g., Burnham and Sweeney, 1989) are now
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Figure 34—M/z 191 (triterpane) mass chromato-
grams for five rock extracts from the MITI Rumoi
well, Hokkaido, Japan. The top two samples are
from the Chikubetsu Formation of early-middle
Miocene age; the next two are from the Sankebetsu
Formation of early Miocene age; and the deepest is
from the Haboro Formation of Eocene age.

replacing TTI. Biomarker transformations have also
been modeled by kinetic equations (e.g., Mackenzie
and McKenzie, 1983; Dahl et al., 1987; Walters and
Kotra, 1990). This modeling yields predicted values of
biomarker ratios that can then be compared with mea-
sured values (Figure 38). An acceptable fit between
measured and calculated biomarker ratios can then be
achieved by adjusting the proposed thermal or burial
history of the section being modeled (e.g., Suzuki,
1990).
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In principle, biomarker ratios could be used instead
of vitrinite-reflectance values in modeling simula-
tions. However, it is more common to model both
biomarker transformations and Ro changes (Figure
38), since the relative sensitivities of Ro and biomarker
ratios to time and temperature are different. Thus by
modeling both processes one may be able to constrain
the burial and thermal history of the rocks even more
closely than by using Ro alone.

Unfortunately, although the concept of modeling
biomarker transformations is quite clear, the kinetic
models and parameters to be used in such modeling
are in dispute. Most published data have focused on
the transformation of 20R to 20S in steranes. It has
generally been assumed that the conversion of 20R to
20S involves a simple reversible epimerization reac-
tion, but recent work (e.g., Curiale and Odermatt,

1989; Strachan et al., 1989; Abbott et al., 1990; Peters
and Moldowan, 1991).suggests that the actual process
may be much more complex. If so, the simple
reversible first-order reactions assumed in most kinet-
ic analyses to date may be in error.

The following discussion assumes that traditional
reversible first-order kinetics are applicable. The earli-
est work by Mackenzie and McKenzie (1983) based on
well data gave an activation energy of 91 kJ/mol, with
an Arrhenius factor of 0.006 secl. Alexander et al.
(1986) reinterpreted some of the data of Mackenzie
and McKenzie, and obtained similar values (activa-
tion energy = 84 k] /mol and Arrhenius factor = 0.0066
sec’!). In another study data from a very young
petroleum yielded an activation energy of 91 k] /mol
and an Arrhenius factor of 1.9 x 105 year-! (Kvenvold-
en et al., 1988).



Biomarkers for Geologists 33

DEPTH (KM)

1 2 3 4

430 450

Ts/Tm

Tmax

o/P

Figure 36—Plot showing increase in ratio of 180.(H)/183(H) oleanane as a function of burial depth (C). A and B
plots show changes in Ts/Tm and pyrolysis T,,,, in the same well. From Riva et al. (1988); reprinted with per-

mission of Pergamon Press PLC.

Pyrolysis experiments have also provided valuable
data on the kinetics of sterane isomerization. Dry
pyrolysis gave an activation energy of 147 k] /mol and
an Arrhenius factor of 6.5 x 107 sec't (Suzuki, 1984),
although that author noted some problems in apply-
ing his results successfully to natural systems. Hy-
drous pyrolysis gave an activation energy of 131
kJ/mol and an Arrhenius factor of 2 x 105 sec'! (Rull-
kotter and Marzi, 1988).

Interpretation of hydrous-pyrolysis data and natu-
ral data together yields an activation energy of 170
kJ/mol and an Arrhenius factor of 6 x 108 sec-! (Rul-
lkotter and Marzi, 1988). This last value may be the
best one publicly available today, since it includes
data from both short-time /high-temperature experi-
ments and natural data from long-time /low-tempera-
ture samples. However, further work is needed to
confirm these values.

Hopane epimerization (22R to 225) has also re-
ceived some attention. Mackenzie and McKenzie
(1983) and Kvenvolden et al. (1988) both indicate that
the activation energy for hopane epimerization at
C-22 is the same (91 kJ/mol) as for sterane epimeriza-
tion at C-20, but that the Arrhenius factor for hopane
epimerization is slightly higher (5.1 x 105 year -1).
According to this model, hopane and sterane epimer-
ization would have the same temperature depen-
dence, but hopanes would epimerize more rapidly.
Suzuki (1984), however, found quite different results
for hopanes and steranes in dry pyrolysis experi-
ments. He reported an activation energy of 98 kj/mol
and an Arrhenius factor of 2.0 x 10% sec’! for hopane

epimerization, in contrast to his sterane parameters
listed above.

The discrepancy between these two data sets has
not yet been resolved. However, if we accept, as do
most others, that the activation energies for sterane
and hopane epimerization are likely to be similar, and
combine this idea with the activation energy and fre-
quency factor for steranes derived by Rullkétter and
Marzi (1988) from both natural samples and laboratory
experiments, we might estimate the activation energy
for hopane epimerization to be about 170 k] /mol and
the Arrhenius factor to be about 1.6 x 109 sec-1.

Kinetics of sterane aromatization, equilibration of
methylphenanthrenes, and destruction of biphenyls,
compounds and processes which are not covered in
this book, have also received some attention. The
interested reader is referred to Mackenzie and McKen-
zie (1983), Mackenzie (1984), Alexander et al. (1986),
Kvenvolden et al. (1988), Abbott and Maxwell (1988),
Alexander et al. (1988, 1990), and Tupper and Burck-
hardt (1990) for further information.

GENERAL PROBLEMS WITH
BIOMARKER MATURITY DATA

The various transformations we have just discus-
sed all represent distinct chemical reactions, each with
its own energy requirements. As we have seen, they
do not all proceed simultaneously; rather, each trans-
formation occurs over its own range of maturity. In
order to make the best possible use of biomarker
maturity data, we must know not only the reliability
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of each measurement and the maturity range within
which each biomarker transformation occurs, but also
the weaknesses associated with biomarker maturities
in general.

One problem is that biomarker maturities may not
be universally valid, because the relative roles of time
and temperature can vary among the various bio-

marker transformations (Mackenzie, 1984). These
variations can lead to discrepancies in biomarker data
between young, hot basins and old, cool basins
(Mackenzie and McKenzie, 1983). Mackenzie (1984)
has suggested that it would be impossible to construct
a standard biomarker maturity scale of universal
validity. The data of Shi et al. (1982) and Grantham



36 Waples and Machihara

(1986b) for low levels of sterane and moretane isomer-
ization in young (Tertiary) samples support the view
of Mackenzie.

However, the problem of lack of universal validity
is intrinsic to all kerogen-maturity parameters when
they are applied to predicting hydrocarbon genera-
tion, and is probably best viewed as a complication in
biomarker interpretation rather than as a complete
condemnation of the technology. Because of these lim-
itations, the maturation lines in Figures 27 and 30
should be used with particular caution in estimating
maturities wherever time or temperatures are ex-
treme. A kinetic approach, in which calculated bio-
marker ratios are compared with measured data to
test proposed burial and thermal histories, is really
preferable to diagrams like Figures 27 and 30.

Several criticisms of the use of biomarkers as
maturity indicators that we discussed earlier in this
chapter include contamination, reworking, possible
migration effects, diagenesis, analytical error, low
concentrations, and coelution. Other potential prob-
lems also exist. For example, Tannenbaum et al.
(1986a) pointed out that the presence of mineral cata-
lysts, particularly smectite, can affect the rate of
biomarker transformations in laboratory heating
experiments. However, because the effects of such
catalysts in nature are likely to be quite different from
those in the laboratory, laboratory experiments may
not be relevant to modeling natural hydrocarbon gen-
eration. We therefore should base our models for
biomarker maturity parameters more on empirical
data from natural geological situations than on data
from laboratory simulations.

Anomalous maturity behavior of biomarkers is
well documented in natural samples. Figures 25 (top)
and 26 showed an example of natural contamination
of steranes by mature biomarkers in reworked sedi-
mentary organic material. Other examples of such
contamination were cited by Farrimond et al. (1988,
1989, 1990), who noted that many of the organic-lean
samples analyzed in studies of the Toarcian and Ceno-
manian-Turonian anoxic events in Europe showed
anomalously high hopane maturities. They concluded
that the hopanes in the lean samples were dominated
by reworked material, whereas in the rich samples
indigenous hopanes were dominant. Rullkotter et al.
{1986) noted that various maturity parameters used in
a study of oils in the Michigan basin gave discrepant

results, and attributed this problem to mixing. How-
ever, it is quite possible that they were simply observ-
ing a variety of facies-caused differences in parame-
ters that at that time were still believed to be purely
maturity controlled.

Figure 39 shows retardation of biomarker transfor-
mations in an organically lean carbonate rock. The two
samples shown are from the same well in the Michigan
basin, U.S.A. Measured vitrinite reflectance for the
organic-rich Antrim sample (TOC = 3.7%) is 0.7% Ro, a
value with which the sterane biomarkers are in agree-
ment. The more deeply buried Al Carbonate sample
(TOC = 0.31%) is much more mature (1.7% Ro), yet the
steranes (e.g., peaks E and H) indicate the rock to be
immature. Triterpanes (not shown) yield maturities
that are in agreement with those of the steranes.

Two explanations are possible for the apparent
retardation of biomarker transformations in the Al
Carbonate: either the absence of clay catalysts in the
carbonate has prevented formation of the more-stable
biomarker epimers from less-stable ones, or the poor
source quality of the lean rock has prevented genera-
tion of new hydrocarbons that would bear the signa-
ture of mature biomarkers. Until these questions are
answered we should be cautious about using
biomarker maturities derived from clay-free rocks and
from very lean rocks.

Another quite different but intriguing example of a
difficulty with biomarker maturities is shown in Fig-
ure 40. Four genetically related oils from the Gipps-
land basin of Australia were analyzed by gc-ms (Philp
and Gilbert, 1986). The Hapuku oil has a normal
appearance compared with most other oils in the area,
but the other three show very high concentrations of
the C3; extended hopanes (peaks f and g) and the Cy
hopane (peak d). More alarmingly, the 225/(22R+22S)
ratio in the Perch and Dolphin oils is extremely low,
and disagrees with the ratio calculated from the Cj,,
extended hopanes (peaks h and i) in the same sam-
ples. This result indicates either that these oils were
formed at very low levels of maturity, or that there is
some problem with the biomarker analysis.

Philp and Gilbert (1986) explained these changes in
triterpane distribution, the immature appearance of
the C;; extended hopanes (peaks f and g), and the dis-
crepancy in 225/(22R+225) for the Cy; and C;, extend-
ed hopanes by suggesting that these three oils had
leached (dissolved) biomarkers out of rich, immature

Figure 39—Sterane distributions (m/z 217 mass chromatograms) in two rock extracts from a single well in the
Michigan basin. The Devonian-age Antrim Shale (A) is at a much lower maturity (as measured by vitrinite
reflectance) than is the deeper Silurian-age Salina A1 Carbonate sample (B), yet the sterane distributions indi-
cate the A1 Carbonate to be much less mature. Identities of peaks are given in Table 2. See text for further dis-
cussion. From Waples and Machihara, 1990; reprinted with permission from Bulletin of Canadian Petroleum

Geology.
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Figure 40—Triterpane distributions (m/z 191 mass chromatograms) in four oils from the Gippsland basin. The
distribution in the Hapuku oil is normal, but the other three show contamination by immature hopanes
leached from lignites through which the oils migrated. Identities of peaks are given in Table 3. From Philp and
Gilbert (1986); reprinted with permission of Pergamon Press PLC.

coal or lignite beds through which they passed during
vertical migration. The coals were unusually rich in
the C;; extended hopanes and the Cyy hopane, whose
characteristics then came to dominate the m/z 191
mass chromatograms of the oils. A further discussion
of the reasons for the high Cs, extended-hopane con-
centrations is found in Chapter 5.

Fortunately, this type of phenomenon is relatively
rare. In the Gippsland case, the beds through which
the oils were percolating were very rich and had par-
ticularly high concentrations of a few biomarkers.
When added to the oils these nonindigenous biomark-
ers strongly affected the total biomarker distribution
of the oils. In normal horizontal migration through
reservoir rocks there seldom would be much opportu-
nity for contact with such an organic-rich facies.

In another example, however, we found a light con-

densate that contained significant amounts of
extremely immature biomarkers (Figure 41). The 20R
form of the C,4 sterane is virtually the only sterane
present (peak H, Figure 41B), whereas the triterpane
chromatogram (Figure 41A) is dominated by extreme-
ly immature Bp hopanes and hopenes {not labelled).
These compounds had been added to the condensate
during vertical migration along deepseated faults
through large volumes of immature shale. They com-
pletely dominated the biomarker spectrum because
the light condensate itself probably contained almost
no biomarkers.

Wielens et al. (1990) proposed a similar explanation
for the anomalous distribution of biomarkers in a con-
densate thought to have been derived from a Paleo-
zoic source rock. They suggested it had been contami-
nated in some unspecified way by biomarkers from
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nearby immature Cretaceous rocks. Mattavelli and
Novelli (1990) suggested leaching of organic material
from Tertiary rocks during vertical migration as a pos-
sible explanation for the presence of oleanane in Ital-
ian oils thought to be sourced from Jurassic-age sedi-
ments, where oleanane is unknown.

In spite of the wide popularity of biomarkers today,
van Graas (1990) is generally skeptical about the utili-
ty of biomarker ratios as maturity parameters,
because he did not find them very sensitive or reliable
in the maturity range of his study (0.6-1.0% Ro). He
found absoclute concentrations of biomarkers (normal-
ized to the saturated-hydrocarbon content) to be more
reliable, although he had to establish different empiri-
cal trends for different facies. His view is still a minor-
ity one at present, but may well be an indication of a
future trend toward greater skepticism regarding
maturity information obtained from biomarkers.

SUMMARY

In our view, the following statements provide rea-
sonable guidelines for applying biomarker data to
estimate maturities of extracts and oils:

1. Any application of biomarkers to predict vitrinite
reflectance (i.e., kerogen maturity) or hydrocarbon
generation must be viewed as only approximate. A
much better general approach is to use kinetic model-
ing to compare predicted and measured biomarker
ratios as a test of proposed thermal and burial histo-
ries.

2. If one wishes to use biomarkers to estimate vitri-
nite reflectance, the most useful results from 0.45% Ro
to about 0.75% are usually obtained by using Figure
27, which plots the changes in 20S/(20R+20S) ratios
(peak E/[peak H + peak E]) for C,, regular steranes.

3. Of lesser value is the plot in Figure 30, in which
both the 20S/20R and BB/ o ratios for Cyg regular
steranes are plotted. The main problem with Figure 30
lies in the effects of diagenesis on BB/ oo ratios.

4. Atlower maturity levels, the 225/(22R+225) ratio
in 170(H)-extended hopanes (peak f/[peak g + peak
f]) is of qualitative value. However, once the transfor-
mation of 22R to 225 begins, this ratio changes so
rapidly that it cannot be used to estimate maturity
precisely. This ratio is thus mainly of value as a quali-
tative measure of immaturity.

5. The C;, extended hopanes (peaks h and i) are
more reliable than the Cs, hopanes (peaks f and g) in
calculating 225 /(22R+22S) ratios for hopanes.

6. Moretane /hopane ratios (e.g., peak q/peak d)
are of some value, mainly in a qualitative sense, as
indicators of immaturity. However, they may be
affected by source as well as maturity.

7. Tm/Ts ratios from m/z 191 mass chromatograms
(peak b/peak a) can in principle extend the maturity
scale beyond 0.9% Ro, but natural variations from
sample to sample generally make them less precise
than the sterane curve in Figure 27. They are of great-
est value in estimating relative maturities of samples
from the same facies.

8. Oleananes and tricyclics show promise as quali-
tative or possibly even quantitative maturity indica-
tors. At the present time, however, these parameters
have not been adequately quantified and tested.

9. All maturity data obtained from biomarkers in
rock extracts should be compared carefully with kero-
gen-maturity data because of the possibility of con-
tamination of extracts by migrated material. However,
we should not expect perfect agreement, since the rel-
ative influences of time and temperature on biomark-
ers are different from those on kerogen maturation.
Furthermore, biomarkers can show internal discrep-
ancies for the same reasons.

10. Because of many unknowns about the chemical
processes involved in biomarker maturation, we
should exercise care in interpreting biomarker-maturity
data, especially in carbonates and organic-lean rocks. A
recent discussion by Zumberge (1987) summarizes
many of these points for a series of low-maturity oils.

11. Concentrations of all biomarkers decrease with
increasing maturity. Thus in highly mature samples
biomarker concentrations may be too low for accurate
quantification.

12. In addition to the saturated steranes discussed
here, aromatic steranes and methylphenanthrenes
have also been used for a number of years as maturity
indicators. The interested reader could refer to Mac-
kenzie (1984), Riolo et al. (1986), Sakata et al. (1987),
Radke and Welte (1983), or Tupper and Burckhardt
(1990) for further information. Biphenyls are a new
addition to the list of maturity indicators (Alexander
et al., 1990), and their potential needs to be evaluated
further.



Chapter 5

<

Biomarkers as Organic-Facies Indicators

INTRODUCTION

Because biomarkers are derived from biological
precursor molecules in specific organisms, and be-
cause each of these organisms lives only under certain
conditions, it is logical to attempt to use biomarkers as
indicators of those life conditions. Steranes are in gen-
eral indicators for photosynthetic biota, both terrestri-
al and aquatic. Triterpanes, which are derived mainly
from bacteria, much more frequently are indicators of
depositional and diagenetic conditions. Together,
therefore, steranes and triterpanes can provide infor-
mation about most parts of the system we call “organ-
ic facies.”

However, any application of biomarkers for organ-
ic-facies interpretations should be made with a full
awareness that organic facies (and hence biomarker
distributions) can change rapidly, both vertically and
laterally (Moldowan et al., 1986; Curiale and Oder-
matt, 1989; Farrimond et al., 1990). If one is working
with a typical sample of cuttings material, the bio-
marker signature will be an average for all facies pre-
sent in the sample, and thus may be much harder to
interpret.

Furthermore, if only a few samples of core material
are available, one cannot be sure that these samples
are representative of the complete rock unit. In some
source rocks, particularly lacustrine beds, lateral
changes in organic facies can yield oils that look quite
different (Katz and Mertani, 1989). Oil samples them-
selves will almost certainly represent some kind of
averaging of input from various localities.

Another problem is that we now realize that there
is no definite and unique facies interpretation for. most
biomarkers. It is likely that there are multiple precur-
sors for many biomarkers, and that these precursors
may come from very different kinds of organisms that
can live in a wide range of environments. This point is
discussed in detail later in this chapter. The proper use
of biomarkers in organic-facies interpretations is anal-
ogous to the use of microfossils in age dating or pale-
oenvironmental interpretation, in which the presence
or absence of a single variety is not completely diag-
nostic. Just as micropaleontologists base their inter-
pretations on assemblages of fossils, geologists and
geochemists interpreting biomarker data should look
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at assemblages of biomarker data. In this sense, the
term “biomarkers” refers to many other types of com-
pounds than steranes and triterpanes: for example, n-
alkanes, isoprenoids, diterpanes, sesquiterpanes, and
porphyrins.

Finally, biomarkers, even in the broad sense of the
word, represent but one part of the total geological
and geochemical information we have available. If
biomarker data disagree with other information, they
may be revealing some new and hitherto unsuspected
truths about the samples. On the other hand, the
biomarker data or interpretation may simply be
wrong. Any successful facies analysis must evaluate
and integrate all available information to make a sin-
gle, consistent story. Biomarkers should not be given
undue consideration simply because they represent
relatively expensive, high technology.

These complications have led to a certain amount
of pessimism about the use of biomarkers for organic-
facies interpetations (e.g., Moldowan et al., 1985).
However, if an assemblage approach is taken to inter-
preting biomarkers, and if biomarkers are integrated
with all other geochemical and geological data, they
are very useful (e.g., Murchison, 1987). A certain
amount of restraint must simply be exercised in inter-
preting biomarker distributions in terms of organic
facies.

STERANES
C,C,y Regular steranes

The steranes inherited directly from higher plants,
animals, and algae are the 20R epimers of the
5a(H),140(H),170{H) forms of the C,y, Cyg, Cyq, and
C,y steranes (Figure 9). The relative proportions of
each of these “regular” steranes can vary greatly from
sample to sample, however, depending upon the type
of organic material contributing to the sediment (Fig-
ure 42).

Huang and Meinschein (1979) provided the first
evidence that the relative proportions of the Cy,-Cyg
regular sterols in living organisms were related to spe-
cific environments (Figure 43), and suggested that
steranes in sediments might provide valuable pale-
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Figure 42—M/z 217 (sterane) mass chromatograms
of three very-immature samples showing a variety
of C,,-C,q sterane distributions. Immature samples
were selected to avoid complications caused by mat-
uration. Identities of peaks are given in Table 2.
From Waples and Machihara (1990); reprinted with
permission from the Bulletin of Canadian Petroleum
Geology.

oenvironmental information. They proposed that a
preponderance of C,, sterols {or steranes) would indi-
cate a strong terrestrial contribution, whereas a domi-
nance of C,; would indicate a dominance of marine
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Figure 43—Triangular diagram showing initial pro-
posal of environmental dependence of the sterol
composition in organisms. Further data indicate that
the simple patterns implied by this diagram often
are not valid, and that great care must be taken in
using sterol and sterane distributions for environ-
mental interpretations. From Huang and Mein-
schein (1979); reprinted with permission of Perga-
mon Press PLC.

phytoplankton. C,4 was found in general to be the
lowest of the three steranes, but where relatively
abundant it might indicate a heavy contribution by
lacustrine algae. Since these suggestions were first
made, triangular diagrams (e.g., Figure 44) have often
been employed to represent the relative proportions
of these three steranes.

The proposal of Huang and Meinschein has been
used with some success. For example, Figure 45
shows the sterane distributions for two facies within
the Elko Formation (Eocene) of Nevada. The continen-
tal lignitic siltstones show a very strong predomi-
nance of the Cy steranes, as expected. In contrast, the
oil shales, which were deposited in a lacustrine envi-
ronment, show much larger proportions of the C,;
and Cy; steranes, which presumably are contributed
by nonmarine algae. Robinson (1987) noted that in
Indonesia, Cyq regular steranes and diasteranes domi-
nate among fluvio-deltaic oils, reflecting the strong
contribution of terrestrial plant material. Humic and
waxy coals generally display a strong dominance of
the C,, steranes.

In spite of such successes, however, one must be
cautious when applying these oversimplified rules.
Volkman (1986, 1988) has commented that most
marine sediments, including those deposited in pelag-
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Figure 44—Triangular diagram showing interpreta-
tion of environment from sterane distributions.
This type of diagram has been adapted from that in
Figure 43, but is subject to the same cautions dis-
cussed for that figure. From Shanmugam (1985).

ic environments far from terrestrial influence, show
predominances of C,q steranes (peaks E, F, G, and H).
Furthermore, lower Paleozoic and Precambrian sedi-
ments often contain substantial amounts of the Cy
sterane, even though land plants could not have con-
tributed (e.g., Grantham, 1986a [see Example 4 in
Chapter 7]; Rullkétter et al., 1986; Vlierboom et al.,
1986; Longman and Palmer, 1987; Fowler and Dou-
glas, 1987; Buchardt et al., 1989). Volkman concluded
that there must be unproven marine sources of the Cyo
sterane; Matsumoto et al. (1982) and Fowler and Dou-
glas (1984, 1987) suggest it could come from cyano-
bacteria (blue-green algae). Nichols et al. (1990)
showed that large amounts of Cyg sterols are produced
by marine diatoms during the spring bloom in cold
Antarctic waters.

Recently an extremely interesting and radically
new interpretation of regular-sterane distributions has
been put forth by Grantham and Wakefield (1988).
They showed that the ratio of Cy3/C,q regular steranes
(e.g., peak D/peak H) in marine environments is con-
trolled not by facies but by geologic age. The Cyg/Cyg
ratio increases from past to present, as shown in Fig-
ure 46. They attributed this change to evolutionary
trends within living organisms. Use of this ratio offers
a unique way to date oils, and thus to make a better
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Figure 45—Triangular diagram showing proportions
of C,;, C,g, and Cyg regular steranes in two facies of
the Elko Formation, Eocene, of Nevada. The terres-
trially dominated lignitic siltstones show a strong
predominance of the terrestrially derived C, ster-
ane, whereas the oil shales, deposited in lacustrine
environments where nonmarine algal material dom-
inated, have more C,,. From Palmer (1984); reprinted
with permission of the Rocky Mountain Associa-
tion of Geologists.

first guess about their source rocks. However, Grant-
ham and Wakefield cautioned against overly enthusi-
astic use of this method for precise age dating, at least
at our present state of knowledge.

In one example, the C,4/C,, ratio was used to dis-
tinguish between possible source rocks of Eocene and
Albian age for oils in the Zagros Orogenic Belt of Iran
(Bordenave and Burwood, 1990). In a second example,
we see in Figure 47 the m/z 217 mass chromatogram
of an extract of a cuttings sample that was believed to
be from a reasonably mature Paleozoic interval in the
Middle East. The low maturity indicated by
205/(20R+20S) (peak E/[peak H + peak E]) and
BB/aa ([peak F + peak G]/[peak E + peak H]) ratios
was very surprising, and suggested contamination by
caving. The high Cy;/C,g sterane ratio (peak D/peak
H) supported the interpretation that the steranes came
mainly from immature Cretaceous or Tertiary strata
above the Paleozoic.

In a third study, both Cretaceous and Jurassic
source rocks were suspected to be present. We predict-
ed on the basis of the C,3/C,g sterane ratio (Figure 48:
peak D/peak H, about 1.4) that an oil found in the
area had come from the Cretaceous source, because
Figure 46 indicates that Jurassic samples are more
likely to have C,3/Cyq ratios less than 1.0. This delicate
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Figure 46—Flot of the ratio of Cy,/C,4 regular steranes as a function of geologic time, showing that as a result
of evolutionary changes in photosynthetic organisms, the C,/C,, ratio has increased from past to present, par-
ticularly since the Jurassic. From Grantham and Wakefield (1988); reprinted with permission of Pergamon

Press PLC.

distinction may be appropriate for Mesozoic and
younger rocks, but because the Cy3/Cyg ratio begins to
change dramatically only in the Mesozoic, it will be of
limited value in distinguishing one Paleozoic period
from another. For example, Jones and Philp (1990)
found no difference among oils from at least two dis-
tinct Paleozoic sources in the Anadarko basin.

The hypothesis of Grantham and Wakefield applies
only to marine sediments. Hall and Douglas (1983)
reported lacustrine shales of Devonian age from Scot-
land with a strong predominance of Cy steranes over
C,7 and Cyg. McKirdy et al. (1984) found similar distri-
butions in oil shows attributed to playa-lake source
rocks of Cambrian age in the Officer basin of Aus-
tralia. Furthermore, exceptions to the hypothesis of
Grantham and Wakefield have been noted. For exam-
ple, an extract of Ordovician rock from the Anadarko
basin showed a very high ratio (0.91) more typical of
Jurassic or Cretaceous samples (Jones and Philp,
1990). Thus we should be cautious in applying

C,5/Cyg ratios until they are verified further.

In spite of these recent advances in our understand-
ing of sterane distributions, any simplistic interpreta-
tion of C,—~C,, sterane ratios, especially in terms of
paleoenvironment, is still risky. Use of the triangular
diagram in Figure 45 without reference to facies impli-
cations is now common because it is a useful way to
display sterane data. However, there is at least a
minor concern that C,,-Cyg distributions may be influ-
enced by maturity as well as facies (Curiale, 1986). In
any case, all interpretations of sterane distributions
must be consistent with other geological evidence and
with common-sense logic.

Cy, Regular steranes

Recently Moldowan et al. (1985) proposed that the
previously neglected Cy; steranes (Figure 9) are pre-
sent only in post-Silurian samples deposited in
marine environments. Mello et al. (1988a,b) have con-
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Figure 47—M/z 217 (sterane) mass chromatogram from an extract of a moderately mature Paleozoic rock from
the Middle East, showing a very immature sterane distribution {(mainly coa-20R) and a dominance of C,g over
C,q, a characteristic normally associated with much younger samples. Identities of peaks are given in Table 2.

See text for discussion.

firmed these conclusions based on work in Brazilian
basins. It is not yet known whether the converse is
true; i.e., that all marine environments contain C,,
steranes. It has also been suggested that C;; steranes
will eventually be identified in lacustrine algae as well
as marine (Volkman, 1988).

The precise time in the past at which the C;, steranes
evolved is also not known. The data set of Moldowan
and coworkers included samples of Cambrian age from
which the C;, steranes were missing, and samples of
Devonian age in which they were present.

The C,, steranes reported by Moldowan, Mello,
and coworkers are believed to contain their extra
methyl group in the longest side chain. They can
therefore be called 24-propylcholestanes, and can be
seen in the m/z 217 mass chromatogram (peaks 1, ], K,
and L in Figure 42, for example). However, they are
more unambiguously identified in the m/z 414 to
m/z 217 metastable transition using SMIM. In con-
trast, the two families of 4-methylsteranes mentioned
previously (dinosteranes and 4-methylcholestanes)
have their extra methyl group attached to ring A. The
m/z 231 fragment ion is more dominant for 4-methyl-

steranes than is the m/z 217 ion, because the addition-
al methyl group is attached to the fragment that bears
the positive charge.

However, 4-methylsteranes (see discussion below)
also give a modest m/z 217 peak, and thus can be con-
fused with regular steranes in the m/z 217 mass chro-
matogram. In particular, some of them elute at about
the same time as the C,; steranes (Moldowan et al.,
1985; see also Figure 49). Figure 42 (A and B) shows
the presence of minor amounts of Cs, steranes (con-
clusively identified from other mass-spectral evi-
dence). 4-Methylsteranes are absent. Figure 42C, how-
ever, shows a very large amount of material that could
be either the 140(H),17a(H)-20R epimer of the Cy,
sterane, or one of the 4-methylsteranes. More detailed
analysis of this compound by the mass spectroscopist
would be required for positive identification.

Jones and Philp (1990) observed in their study of the
Anadarko basin that the ratios of the C,4/Cs, B regu-
lar steranes ([peak E + peak F]/[peak ] + peak K]) var-
ied between oils from different Paleozoic sources. This
ratio played an important role in grouping the oils into
genetic families and in correlating oils with source
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Figure 48—M/z 217 (sterane) mass chromatogram of an oil with a dominance of the C,g steranes over C,,. Iden-
tities of peaks are given in Table 2. See text for discussion.

D 217.06%

RELATIVE INTENSITY

RETENTION TIME —*

Figure 49—M/z 217 and 231 (sterane) mass chromatograms of an extract from an immature Upper Jurassic sam-
ple of marine origin in which dinoflagellate cysts were abundant. Peaks C, D, H, and L are, respectively, the
00-20R forms of the C,;, Cy5, Cyq, and Cyg regular steranes, as in Table 2. Peaks 1 and 2 are, respectively, the 4a-
methyl and 4B-methyl forms of dinosterane. The other numbered peaks represent the various 4-methyl-
cholestanes: peaks 3 and 4 are the 4-methylcholestanes (4c-methyl and 43-methyl versions of peak C); peaks 5
and 6 are the 4-methyl-24-methylcholestanes (40-methyl and 4f-methyl versions of peak D: and peaks 7 and 8
are the 4-methyl-24-ethylcholestanes (4o-methyl and 48-methyl versions of peak H. Adapted from Goodwin et
al. (1988) with permission of Pergamon Press PLC.




rocks. However, since all the plausible source rocks
were marine, the cause for the variation was not clear.

4-Methylsteranes

Until recently it was thought that all 4-methyl-
steranes were dinosteranes, but it has now been
shown that both C;) dinosteranes and a series of Cyg-
Cyp 4-methylcholestanes exist (Figure 11). Both are
best detected using the m/z 231 chromatogram (Fig-
ure 49).

The dinosteranes, which are found mainly in
marine environments, are believed to be derived from
dinosterol in dinoflagellates, but the origin of the 4-
methylcholestanes, which are common in both marine
and freshwater samples, is still a mystery. Dinoster-
anes and 4-methylcholestanes frequently occur to-
gether in marine samples. Probable precursors for the
4-methylcholestanes have been reported in micro-
scopic prymnesiophyte brown algae of the genus
Pavlova (Volkman et al., 1989, 1990). Prymnesiophytes
date back to the Carboniferous and are common in
both marine and brackish waters (Volkman et al.,
1990), but it is not yet clear how widely distributed
through space and time the Pavlova genus is. Goodwin
et al. (1988) suggested freshwater dinoflagellates,
algae, or bacteria as possible sources for the 4-methyl-
cholestanes found in nonmarine environments.

Until more data are available, Cyg-C;y 4-methyl-
cholestanes should not be used as palecenvironmental
indicators, and in any case the 4-methyl-24-ethyl-
cholestanes should not be confused with dinosteranes.
Much of the pre-1989 literature in which 4-methylster-
anes were always interpreted as indicating a dinoflag-
ellate origin should therefore be viewed skeptically.

Diasteranes

Diasteranes (also called rearranged steranes: Figure
10) are present in significant quantities in most sam-
ples that are at least moderately mature. They are well
known as Cyy, Cyg, Cyg, and Cyq species. Figure 39A
shows the 20S and 20R forms of the C,; and C,
diasteranes, which are usually the most dominant and
easily observed. The C,; diasteranes (peaks M and N)
are well separated from other important peaks, but the
Cy9 20S diasterane (peak O) frequently overlaps badly
with the BB Cy; (20S + 20R) regular steranes (peak B).

The relative amount of diasteranes compared with
regular steranes seems to depend on both sediment
lithology and maturity. Diasteranes seem to form
most readily in clastic sediments, where clay catalysts
can play a role in their formation from other steranes.
They are therefore frequently used to distinguish car-
bonate facies (low diasteranes) from clastic ones (e.g.,

Hughes, 1984; Zumberge, 1984; Mello et al., 1988b;
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Czochanska et al., 1988; Mattavelli and Novelli, 1990;
Riediger et al., 1990; Alajbeg et al., 1990). Brown (1989)
noted that Indonesian shales containing mangrove-
derived organic matter had lower diasterane contents
than did closely related shale-poor coals.

However, the facies dependence must be more sub-
tle than simply one of clastic/nonclastic or of clay con-
tent. Moldowan et al. (1986) suggested there might be
some redox control on the diasterane/sterane ratio.
Clark and Philp (1989) found significant differences in
diasterane contents between oils sourced exclusively
from evaporitic carbonates, and those containing a con-
tribution from deep-water micritic carbonates. Connan
et al. (1986) found diasteranes to be abundant in some
organic-lean Guatemalan anhydrites. Palacas et al.
(1984) observed abundant diasteranes in clay-free sam-
ples of the Sunniland Limestone (Florida) and saw no
correlation between clay content and diasterane con-
tent in that formation. Clark and Philp (1989) have
summarized the published occurrences of high diaster-
ane contents in carbonates, and suggest that there may
be other as-yet-unidentified mechanisms for forming
diasteranes in at least some carbonate environments.

The application of diasteranes as facies indicators is
further complicated by their dependence on maturity
as well as environment. Diasteranes seem to be more
stable than regular steranes, and thus become more
dominant with increasing maturity. Figure 50 shows
the increase in diasteranes relative to regular steranes
in three extracts of different maturities from the same
facies. The ratio of C,;/C,9 0 diasteranes (peaks
[M+N]/[O+P]) parallels the ratio of C,;/Cyy 0tx regu-
lar steranes (peaks [A+C]/[E+H])), a trend that is not
surprising in view of the proposed genetic relation-
ship between regular steranes and diasteranes.

Finally, diasteranes seem to be unusually abundant
in many lower Paleozoic oils, compared with regular
steranes (e.g., Moldowan et al., 1985; Vlierboom et al.,
1986; Reed et al., 1986; Longman and Palmer, 1987),
even where no clay minerals are evident. Although
these oils are not all of high maturity, it is possible that
time has played a role in the conversion. Alternatively,
there may be some as-yet-unrecognized facies affect
that is not related to clay minerals.

Resin-derived cycloalkanes

Compounds believed to be cycloalkanes derived
from resin have been observed in oils derived from
coals and in extracts from coals in the Indonesian
Archipelago (Thompson et al., 1985; Comet et al.,
1989; Jamil et al., 1990). These compounds are not ster-
anes, but may be confused with steranes because they
yield large m/z 217 peaks (Figure 51). They are dis-
cussed more fully later in this chapter under

“TRITERPANES.”
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Figure 50—M/z 217 (sterane) mass chromatograms for three extracts from the same facies at different levels of
maturity. The extract in (A) is least mature, followed by (B) and (C). With increasing maturity, the proportions of
the 00-20S sterane and the B steranes increase, as expected. The relative increase in diasteranes with increasing
maturity could be due either to formation of new diasteranes during maturation, or to a greater stability of early-
formed diasteranes. The oil in (D) was sourced from this facies. Identities of peaks are given in Table 2.

TRITERPANES

Introduction

Although we do not yet understand all the details
of the influence of depositional and diagenetic condi-
tions on triterpane distributions, because of their
dominantly microbial origin these compounds are
potentially powerful markers for diagenetic condi-
tions. As such they differ fundamentally from the ster-
anes, which reflect principally the type of primary
photosynthetic organic material.

Cy9 and C;y Hopanes

Hopanes are almost certainly derived primarily
from bacteria. The Cy and C;, 170(H)-hopanes, the two
dominant triterpanes in most samples, are not used

extensively as environmental indicators, because the
ratio of the height of the C3; 17a(H)-hopane peak to
that of the Cy (norhopane) is usually about 2:1 (for
example, Figure 32: peak d/peak e). However, oils and
extracts from organic-rich carbonates (Zumberge, 1984;
Connan et al., 1986; Price et al., 1987) and some evapor-
ites (Connan et al., 1986) may have unusually high con-
centrations of the Cyg 170.(H)-hopane (Figures 33 and
52). Riva et al. (1989) have suggested that the C,g/Cs,
hopane ratios might provide a scale of “carbonaticity,”
but further work will be required to quantify this idea.
However, high norhopane contents are not always
associated with carbonates. Brooks (1986) noted that
high C,¢ hopane contents can occur in samples con-
taining oleanane and bisnorlupanes (Figure 53), both
of which are considered to be terrestrial indicators
(see below). Furthermore, nonmarine Jurassic coals
from the Western Desert of Egypt (Bagge et al., in
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Figure 51—M/z 217 mass chromatogram of saturated
hydrocarbons in an Indonesian oil generated from a
coaly source rock. Peaks marked “R” are due to
resin-derived compounds. a.c-20R and 20S forms of
C,o regular sterane are indicated, but are present in
very low concentration. From Robinson and Kamal,
1988; reprinted with permission of Indonesian
Petroleum Association.

press) and Upper Carboniferous coals from Madagas-
car (Ramanampisoa et al., 1990) can have high nor-
hopane/hopane ratios.

Extended hopanes (homohopanes)

In contrast to the C, and C;4 hopanes, the concen-
tration of 17a(H)-extended hopanes varies consider-
ably from sample to sample (Figure 54). Therefore,
they are valuable as paleoenvironmental indicators.
The C;3,-C;5 extended hopanes all probably are
derived from the C;5 bacteriohopanetetrol (Peters and
Moldowan, 1991).

The most common distributions, with a regular de-
crease in peak height from the C;; members to Cs5
(Figure 54A), usually represent clastic facies. Unusual-
ly large amounts of the C;5 17a(H)-extended hopanes
(Figures 33 and 54B: peaks o and p) seem to be associ-
ated with marine carbonates or evaporites (Philp and
Gilbert, 1986; Connan et al., 1986; Fu Jiamo et al., 1986;
Mello et al., 1988b; Clark and Philp, 1989; Jones and
Philp, 1990; Riediger et al., 1990). This phenomenon
can be displayed conveniently as the ratio of C55/Cj,,
extended hopanes (peaks [o+p]/peaks [m+n]: e.g.,
Jones and Philp, 1990). However, Peters and Mol-
dowan (1991) prefer to correlate high C;5/C3, ratios in
marine environments with low redox potential rather
than with lithology, particularly since not all carbon-
ate rocks have high concentrations of C45 extended
hopanes (Palacas et al., 1984; Jones and Philp, 1990).
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Figure 52—M/z 191 (triterpane) mass chromatogram
of triterpanes from an extract from the organic-rich,
calcareous La Luna Formation (Upper Cretaceous of
Colombia). Note the presence of 28,30-bisnorhopane
(peak c) and the dominance of C,; 17a:(H)-hopane
{peak d) over C;; 17a(H)-hopane (peak e). Identities
of other peaks are given in Table 3. From Zumberge
(1984).

Peters and Moldowan (1991) noted, however, that the
correlation between redox potential and homohopane
distribution in lacustrine facies is less certain. They
believe that sulfur, which is often limited in lacustrine
environments, may play an important role in homo-
hopane diagenesis.

Abnormally large amounts of the C;, and C;,
170(H)-extended hopanes have also been reported in
some marine carbonates (e.g., Figures 33 and 54C:
peaks h, i, m, and n), in lacustrine evaporites (Fu
Jiamo et al., 1986; Brassell et al., 1988), and, most sur-
prisingly, in nonmarine coals (Bagge et al., in press).

High concentrations of the C;, hopanes (Figure
32A, peaks f and g) have been correlated with peats
and coals (Villar et al., 1988). The precise concentra-
tions of the C;; hopanes seem to depend on diagenetic
conditions in the peat-forming environment, since the
C;, hopane concentrations correlate well with pris-
tane/phytane ratios (which in turn have been related
to diagenetic conditions in coal swamps: ten Haven et
al., 1987).

Tm/Ts ratios

Tm/Ts ratios (also expressed as Ts/Tm), previously
believed to be affected only by maturity, are now rec-
ognized to be related at least as much to diagenetic
conditions. Several authors have noted that Tm/Ts
ratios (peak b/peak a) are lowest in hypersaline facies
(Fan Pu et al., 1984; Philp and Fan, 1987; Rullkétter
and Marzi, 1988). Riva et al. (1989) observed Tm/Ts
ratios to increase as the proportion of shale in calcare-
ous facies decreased. However, high Tm/Ts values
have also been reported in oils sourced from carbon-
ates (e.g., McKirdy et al., 1983, 1984; Rullkétter et al.,
1985; Mattavelli and Novelli, 1990). Price et al. (1987)
stated that high Tm/Ts ratios in carbonate-sourced



50 Waples and Machihara

90
v m/z 191
10 e
[ 1:)
80 t
40

30 a

100

0 m/z 177
80
™0

[ 1

RELATIVE INTENSITY
w

so
40

30
20
to

RETENTION TIME

Figure 53—M/z 191 (top) and 177 mass chromato-
grams of triterpanes in the Koakoak oil from the
Beaufort Mackenzie Delta, Canadian Arctic. The
m/z 191 chromatogram shows a dominance of the
C,9 hopane (norhopane, peak d) over the C;; hopane
(peak e) even though oleanane (peak t) is present.
The m/z 177 chromatogram shows the presence of
three 23,28-bisnorlupanes (peaks 1, 2, and 3), which
elute prior to the C,, hopane. Identities of other
peaks are given in Table 3. From Brooks (1986);
reprinted with permission of Pergamon Press PLC.
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Figure 54—M/z 191 (triterpane) mass chromato-
grams showing variations in distributions of
17a(H)-extended hopanes (C3,-C;5). The profile in
(A) is the most common type, with a gradual
decrease in peak height from C;; to C;;. The frag-
mentogram in (B), from an organic-rich marine car-
bonate, shows an anomalously large concentration
of the C;; species, while that in (C) (from Palacas et
al., 1984) shows high concentrations of C;; and C;,
17a(H)-extended hopanes in another carbonate.
Identities of peaks are given in Table 3. From
Waples and Machihara (1990); reprinted with per-
mission from the Bulletin of Canadian Petroleum
Geology.




oils from Seram, Indonesia, were probably related to
source rather than to maturity.

Robinson (1987) noted trends of Tm/Ts values in
Indonesian oils from high in terrestrial (fluvio-deltaic)
oils, to medium in marine oils, to low in lacustrine
oils. However, the relationship between Tm/Ts ratios
and lithology is not yet clear. Moldowan et al. (1986)
suggested as an alternative explanation that Tm/Ts
ratios are higher in oxic sediments than in anoxic
ones. Because of these uncertainties, no quantitative
guides are currently available for interpreting pale-
oenvironments from Tm/Ts ratios.

28,30-Bisnorhopane

The Cyq 170(H)-hopane (usually called 28,30-bis-
norhopane) is usually absent or present only in trace
amounts (Figure 15: peak c). Occasionally, however, it
is an important component (Figures 32B, 51, and 55),
and may even be so abundant that it appears as a
prominent peak on the gas chromatogram (Figure 56).

It is currently believed that sediments containing
large amounts of the 28,30-bisnorhopane were all
deposited under anoxic conditions (Katz and Elrod,
1983; Mello et al., 1988b). Bisnorhopane is nearly ubig-
uitous in the Kimmeridge Clay and related oils from
the North Sea (e.g., Grantham et al., 1980; Cornford et
al., 1983; Hughes et al., 1985; Schou et al., 1985; Dahl
and Speers, 1985). Connan et al. (1986) observed it in
Guatemalan evaporites. It has frequently been report-
ed in the Monterey Formation of California and in
other biogenic siliceous rocks of the circum-Pacific
region (e.g., Katz and Elrod, 1983; Williams, 1984;
Bazhenova and Arefiev, 1990). Curiale and Odermatt
(1989) noted higher concentrations of 28,30-bis-
norhopane in phosphate/carbonate facies of the Mon-
terey Formation than in siliceous (diatomaceous)
ones. Katz and Elrod (1983) and Williams (1984) pro-
posed that 28,30-bisnorhopane is associated with bac-
terial mats.

Murchison (1987), on the other hand, suggests that
28,30-bisnorhopane is common in oil with terrestrial
affinities. However, there is no evidence that it actual-
ly originates in land plants (Philp, 1985).

Many other anoxic sediments do not contain any
28,30-bisnorhopane. Since there is no evidence for an
origin in algae or higher plants, its occurrence is
probably dependent upon a peculiar bacterial popu-
lation (perhaps one present in bacterial or algal mats)
whose environment we do not yet fully understand.
Its higher relative concentration in immature sedi-
ments than in crude oils and the decrease in its con-
centration relative to hopane (e.g., Cornford et al.,
1983; Moldowan and Seifert, 1984; Schou et al., 1985)
indicate either that it is destroyed easily by thermal
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reactions (Moldowan et al., 1985), or that its concen-
tration is diluted by preferential generation of other
triterpanes.

Tannenbaum et al. (1986b) found 28,30-bisnor-
hopane in extracts but not in kerogen pyrolysates from
the Monterey Formation. They concluded that this
compound probably was not incorporated into the
kerogen structure, and thus its concentration would
not increase with maturation.

A direct relation between 28,30-bisnorhopane and
sulfur content has been reported for oils from the
North Sea (Grantham et al., 1980). This observation is
consistent with an origin in certain anoxic or euxinic
environments. However, Hughes et al. (1985) pointed
out that the relationship between 28,30-bisnorhopane
and sulfur could also be due to maturity. Within a
homogeneous organic facies, changes are due to
maturity, since both 28,30-bisnorhopane and sulfur
contents decrease with increasing maturity, but at dif-
ferent rates. In a nonhomogeneous sample set, howev-
er, the facies differences may dominate over the matu-
rity differences.

25,28,30-Trisnorhapane

25,28,30-Trisnorhopane has been detected in many
of the same samples as bisnorhopane (Bjorey and Rull-
kétter, 1980; Katz and Elrod, 1983; Noble et al., 1985;
Mello et al., 1988a, b). Because this compound lacks the
C-25 methyl group, it is detected using the m/z 177
mass chromatogram (Figure 57: peak y). It probably
indicates anoxic depositional conditions similar to
those favoring its cousin, 28,30-bisnorhopane. Like
28,30-bisnorhopane, 25,28,30-trisnorhopane and other
25-nortriterpanes enter the sediments directly as hydro-
carbons during diagenesis, and are not cleaved from
kerogen during thermal maturation (Noble et al., 1985).

Moretanes

The origin of the moretanes has not been exten-
sively studied, and they generally are little used in
organic-facies interpretations. However, it has been
suggested that they are more abundant in organic
material of terrestrial origin (Connan et al., 1986;
Mann et al.,, 1987), and are present in low amounts in
carbonates (Rullkétter et al., 1984; Connan et al., 1986).
It is not known whether they come from terrestrial
plants or from microorganisms associated with those
particular depositional environments.

Gammacerane

Gammacerane (structure shown in Figure 15;
occurrence in Figure 54B as peak s) was originally
reported in lacustrine sediments. High gammacerane
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Figure 55—M/z 191 (triterpane) mass chromatogram of an oil containing a large amount of 28,30-bisnorhopane
{(peak c). The apparently anomalous abundance of the 22R epimer of the C;; extended hopane (peak g) in this
case may be due to coelution of that compound with gammacerane. The precise position at which gamma-
cerane appears on ge¢/ms traces (relative to the C;, extended hopanes) varies depending on the nature of the
chromatographic column. Identities of other peaks are given in Table 3. From Waples and Machihara (1990);
reprinted with permission from the Bulletin of Canadian Petroleum Geology.

concentrations were therefore originally considered to
be markers for lacustrine facies (e.g., Poole and Clay-
pool, 1984). However, gammacerane can also occur in
major or minor amounts in many rocks that are defi-
nitely not of lacustrine origin. Carbonates of the Gulf
of Suez and evaporites in the Brazilian Atlantic-mar-
gin basins are examples of marine rocks in which
gammacerane can be a dominant component (Rohr-
back, 1983; Mello et al., 1988b).

More recent work indicates that the lacustrine envi-
ronments in which gammacerane is particularly abun-
dant are not freshwater lakes (e.g., Fu Jiamo et al.,
1986, 1988; Brassell et al., 1988). Mann et al. (1987)
reported an inverse correlation between gammacer-
ane content and pristane/phytane ratio, suggesting
that its abundance might depend on unusual oxygen
levels or salinities (ten Haven et al., 1987). It now
appears that gammacerane is a marker for unusual
salinities, and that the lakes from which it was first

reported were not truly freshwater lakes.

Gammacerane is believed to be derived from
tetrahymanol, a triterpenoid found ubiquitously in
recent sediments (Venkatesan, 1989; ten Haven et al.,
1989). Tetrahymanol occurs in protozoa of the genus
Tetrahymena, although other sources cannot yet be
excluded. An origin for gammacerane in primitive
organisms is supported both by its ubiquitous pres-
ence in Phanerozoic samples, and by its occurrence in
late Proterozoic rocks (Summons et al., 1988).

Oleananes

Various oleananes (Figure 15) have been reported
in extracts of shales and coals from deltaic sequences,
and in oils from deltaic sediments, particularly from
Nigeria and from Southeast Asia (e.g., Grantham et
al., 1983; Hoffmann et al., 1984; Thompson et al., 1985;
Riva et al., 1986; Talukdar et al., 1986; Grantham,
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Figure 56—Gas chromatogram of a Monterey oil (Miocene of southern California) showing an extremely large
amount of 28,30-bisnorhopane (c). Ph = phytane, 24 = n-C,,.
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Figure 57—M/z 177 and 191 (triterpane) mass chromatograms for a sample containing 25,28,30-trisnorhopane
(peak y). It appears in the m/z 177 chromatogram (top) but not in the m/z 191. Identities of selected peaks are
given in Table 3. From Noble et al. (1985); reprinted with permission of Pergamon Press PLC.
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Figure 58—M/z 191 (triterpane) mass chromatogram of an extract from the Nishikurosawa Formation (middle
Miocene) of the Akita basin, Japan. Note the presence of oleanane (peak t), together with evidence of a carbon-
ate environment thigh C,; hopane [peak d] and high C;; homohopanes [peaks o and p)).

1986b; Robinson, 1987; Ekweozor and Udo, 1988;
Czochanska et al., 1988). Other studies have found
oleananes in lake beds (Mann et al., 1987) or in marine
shales in Indonesia (Phoa and Samuel, 1986). All
reported occurrences are in sediments of Tertiary or
Late Cretaceous age.

Oleananes are thought to be derived from a variety
of terrestrial precursors, especially angiosperms that
produce abundant resin (Ekweozor and Udo, 1988;
Riva et al., 1988). Their presence in marine environ-
ments probably represents in most cases transport
from terrestrial sources.

Because angiosperms are believed to have evolved
in Late Cretaceous time, the absence of oleananes in
Lower Cretaceous and older sediments is understand-
able (e.g., Bagge et al., in press). However, oleananes
are also absent from many terrestrially influenced sed-

iments and oils of Tertiary age, perhaps because their
precursors only occur in certain families of terrestrial
plants. Thompson et al. (1985) showed that coals and
oils sourced from coals in the Kutai basin of Indonesia
both contain abundant oleanane, whereas it is absent
in oils sourced from the shales of similar age and envi-
ronment. Oleanane is more abundant in mangrove
shales of Indonesia than in associated coals (Brown,
1989).

However, 18a(H)-oleanane has been found in
abundance in an evaporitic lake bed (where input
from terrestrial plants might be expected to be minor)
from the Rengiu oil field of China (Brassell et al.,
1988). Oleanane is also rather common in samples
from the Miocene-age Monterey Formation in Califor-
nia, which is generally of pelagic origin (J.D. King,
personal communication, 1988) and in other similar
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Figure 59—Part of the m/z 191 (triterpane) mass chromatogram of a crude oil from the Niger Delta, showing the
elution positions of three members of the oleanane family with respect to the C,q and C;; hopanes. Peak identities
are given in Table 3. From Ekweozor and Udo (1988); reprinted with permission of Pergamon Press PLC.

facies (e.g., Figures 34 and 58: peak t)). None of these
rocks show other strong sedimentological or geo-
chemical evidence for terrestrial input. It therefore
seems possible that there could also be an aquatic ori-
gin for oleanane, perhaps from some type of microor-
ganism or phytoplankton.

The two dominant oleananes, 18c.(H) and 18p(H),
elute as a single peak (peak t) or a poorly separated
pair of peaks immediately before the C3y hopane (Fig-
ure 59). When abundant, oleananes can often be
among the most dominant triterpanes.

Compound X

An unidentified but common triterpane eluting
after the C,g norhopane (compound X in Figure 60),
suggested by Philp and Gilbert (1986) to have a Cs,
pentacyclic structure, has been observed in many
samples that bear a strong terrestrial imprint (Philp
and Gilbert, 1986; Bagge et al., in press; Taher et al., in
press). Further work is required to verify that this

compound is indeed a useful marker of terrestrial
input (Philp and Gilbert [1986] have also suggested
that it may have a bacterial source), to determine its
structure, to identify its precursors, and to determine
how strongly it is affected by maturity.

The relative proportion of compound X in a sam-
ple probably depends strongly on maturity (Bagge et
al., in press). Figure 61 shows three oils from the
Cooper/Eromanga basin of Australia. Compound X
is present in at least two of them, ranging from domi-
nant in the Karmona oil (A) to minor in the Mer-
rimelia oil (B).

Although no direct information about the maturi-
ties of these oils is available, we have two indirect
ways of estimating their relative maturities. The first
way is to use the Tm/Ts ratio (peak b/peak a), al-
though a close genetic relationship among the three
oils has not been established. The decrease in Tm/Ts
from (A) to (C) suggests that the oil in (A) is the most
mature, followed by the oil in (B) and then the oil in
(C) (Jackson) oil.
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Figure 60—M/z 191 (triterpane) mass chromatogram
of a coal extract from the Sydney basin, Australia,
showing large amounts of compound X, identified
as a C;, pentacyclic triterpane. Compound X has
been proposed as a marker for terrestrial input.
Identities of other peaks are given in Table 3. From
Philp and Gilbert (1986); reprinted with permission
of Pergamon Press PLC.

A second way of estimating maturity is to use the
hopane concentrations as a maturity indicator,
because hopanes are known to be sensitive to thermal
destruction. However, information on absolute con-
centrations is not available, because in each case the
tallest peak is simply normalized to 100%. Neverthe-
less, the noisy baseline in the Karmona oil chro-
matogram suggests that it was run at higher sensitivi-
ty, and thus that the absolute amount of triterpanes in
that sample is low. The mass chromatogram of the
Merrimelia oil is much less noisy, while the chro-
matogram for the Jackson oil has a very smooth base-
line, suggesting the highest concentration of triter-
panes. Compound X is most dominant when absolute
concentrations are lowest (Karmona), and is present
as at most a trace component when the hopanes are
most abundant (Jackson). The change in relative abun-
dance of compound X in the three oils could therefore
be due to its greater thermal stability. Until details of
the effect of maturity on concentrations of compound
X are available, compound X should not be used as a
quantitative indicator of anything.

Lupanes

23,28-Bisnorlupanes, pentacyclic triterpanes with a
nonhopanoid structure (see Figure 2 for a lupane
structure in which the A ring has been opened), have
been reported a few times from sediments and oils of
Tertiary age (e.g., Rullkotter et al., 1982; Brooks, 1986;
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Figure 61—M/z 191 (triterpane) mass chromato-
grams of three oils from the Cooper/Eromanga
basin, Australia, showing the presence of com-
pound X. The highest relative concentration occurs
in the oil that apparently has the lowest concentra-
tion of other triterpanes (Karmona). See text for fur-
ther discussion. From Philp and Gilbert (1986);
reprinted with permission of Pergamon Press PLC.

Freeman et al., 1990). The probable parent structure,
lupane, is believed to originate in terrestrial plants
(possibly in sapotaceous trees, which are angio-
sperms: Murchison, 1987) and has been reported from
brown coals (Petrov et al., 1985; Wang and Simoneit,
1990). We do not know the mechanism for demethyla-
tion, nor do we know whether it occurs in the source
organisms themselves or in sediments.



Bisnorlupanes are best analyzed using the m/z 177
fragment ion, since they are missing one methyl group
from the A ring. They elute as a series of compounds
before the C,g hopane (Figure 53, bottom).

Bicadinanes

In 1983, Grantham et al. reported a series of three
unidentified compounds that they called compounds
R, T, and W in oils from Southeast Asia. These com-
pounds have since been identified as bicadinanes,
which are technically pentacyclic triterpanes since
they have five rings and a skeleton composed of three
terpene units. However, the structures of bicadinanes
(Figure 62) are quite distinct from those of any of the
other triterpanes discussed here (Cox et al., 1986).

It has since been proposed that bicadinanes are
formed within sediments by cyclization of precursors
found only in dammar resin (van Aarssen et al., 1990).
Dammar resin is obtained from trees of the Diptero-
carpaceae family, angiosperms which are abundant in
parts of Southeast Asia today (Alam and Pearson,
1990). Their ancient distribution may have been simi-
lar. Earliest occurrences, like those of oleananes, are
limited by the evolution of angiosperms in general
and Dipterocarpaceae in particular.

In a study of oils from Bangladesh, bicadinanes
were found to be abundant in oils bearing other typi-
cal signatures of strong terrestrial influence, such as
high wax content and high concentrations of olean-
anes (Alam and Pearson, 1990). However, the lack of
covariance between oleanane and bicadinane concen-
trations indicated that the source materials for
oleananes and bicadinanes were different.

In spite of their distinctive structures, bicadinanes
still give a dominant m/z 191 peak like that of other
pentacyclic triterpanes. However, the m/z 95 peak,
which is actually larger, was found to be more useful
for quantification (Alam and Pearson, 1990). Bicadi-
nanes elute prior to the hopanes (Figure 63).

Resin-derived cycloakanes

As noted previously in the sterane section of this
chapter, a family of compounds believed to be cyclo-
alkanes derived from resin has been reported in sam-
ples from Indonesia and East Malaysia (Thompson et
al., 1985; Robinson and Kamal, 1988; Comet et al.,
1989; Jamil et al., 1990). Details of the structures of
these compounds are not known. They are not ster-
anes or triterpanes, but can easily be confused with
both those classes of compounds because they give
large m/z 217 and 191 peaks. However, they can be
readily distinguished from triterpanes because they
also give major peaks in the m/z 259 and 163 mass
chromatograms, in addition to m/z 217 (Figure 64).
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Figure 62—Structure of compound T, a bicadinane
(after Cox et al., 1986).

They are in fact the only compounds known to give
major peaks in both m/z 217 and m/z 191. Comet et
al. (1989) have suggested that some of these com-
pounds may be bicadinanes, although other structures
are probably also represented.

These cycloalkanes were found to be present only
in coals and coal-derived oils; they were absent in
noncoaly samples from the same areas (Thompson et
al., 1985; Robinson and Kamal, 1988). They have been
documented in sediments and oils of Miocene
(Thompson et al., 1985; Jamil et al., 1990), and pre-
Miocene age (Robinson and Kamal, 1988). Because
resins of Tertiary and Late Cretaceous age are known
from a variety of locations in Southeast Asia, Aus-
tralia, and New Zealand, it is likely that these
cycloalkanes will eventually be reported from a much
larger area and longer stratigraphic range than is
presently known.

Hexacyclic hopanoids

A series of four hexacyclic hopanoid triterpanes
has been reported from a number of oils and source
rocks, all of which represented anoxic evaporitic facies
containing sulfur-rich kerogens (Connan and Dessort,
1987). These compounds appear as modest peaks
between the extended hopanes in the m/z 191 mass
chromatograms (Figure 65). More conclusive identifi-
cations can be obtained using SMIM.

Tetracyclic terpanes

The C,, tetracyclic terpane (Figure 66) has been
found in abundance in oils and extracts from a num-
ber of evaporitic and carbonate sequences (Aquino
Neto et al., 1983; Palacas et al., 1984; Connan et al.,
1986; Connan and Dessort, 1987; Mann et al., 1987;
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Figure 63—M/z 191 mass chromatogram showing,
elution of three bicadinanes (compounds R, T, and
W) compared with other triterpanes, which are iden-
tified in Table 3. From Alam and Pearson (1990);
reprinted with permission of Pergamon Press PLC.

Clark and Philp, 1989; Jones and Philp, 1990). In those
examples it is probably of microbial origin.

However, Wielens et al. (1990) noted an abundance
of the C,, tetracyclic in a Cambrian-age alginite (simi-
lar to kukersite) derived from Gloeocapsamorpha prisca
or its evolutionary ancestor, and in a bitumen thought
to have been sourced from the alginite. Philp and
Gilbert (1986) found the C,4 tetracyclic in Australian
oils that were believed to be sourced mainly from ter-
restrial organic matter.

Thus it is not clear whether there is a single origin
for this compound, or two or more unrelated sources.
Although found in association with alginites or terres-
trial organic matter, the C,, tetracyclic could still be of
microbial origin. No data have been reported on its
thermal stability, although its abundance does not
appear to be related to selective preservation during
maturation.

The C,5 to Cy; tetracyclic terpanes have also been
reported in carbonates and evaporites (Aquino Neto
et al; 1983; Connan et al., 1986). They do not appear to
be present in abundance in other types of sediments.

Tricyclic triterpanes

Tricyclic triterpanes, which may come from differ-
ent species of bacteria than the pentacyclics, have not
been examined in as much detail as the pentacyclics.
They are usually present in much lower concentra-
tions than the pentacyclics are (Figures 32 and 54 to
the left of peak a, for example), but they may occa-

sionally be present in large (Figure 67B and 67C) or
even dominant (Figure 67A) amounts.

Few data are available linking the rare, high con-
centrations of tricyclics to specific palecenvironments.
Samples rich in Tasmanites contain large amounts of
tricyclics and only minor amounts of pentacyclics
(Simoneit et al., 1986; Aquino Neto et al., 1989). The
high tricyclic/pentacyclic ratios reported in lacustrine
black shales of Early Jurassic age in the eastern United
States (Kruge et al., 1990) could come from such a
source, although those authors suggested that the lake
environment itself, which was alkaline and nonhyper-
saline, might be responsible. Tricyclics have been
reported as absent or present in reduced quantities in
the nonmarine oils (fluvio-deltaic and lacustrine) of
Indonesia (Robinson, 1987).

The Cy; tricyclic is always dominant (Aquino Neto
et al., 1983), although it may be less dominant in ter-
restrial samples (Aquino Neto et al., 1983; Price et al.,
1987). It has been noted that the tricyclics with 26 or
more carbon atoms are scarce in carbonates, but in
other environments these tricyclics are approximately
equal in abundance to the C;3-C,5 homologs (Aquino
Neto et al., 1983; Zumberge, 1984; Price et al., 1987).
Kruge et al. (1990) found homologs out to at least C,;,
and observed that the C,,, Cy7, C3,, and Cy; species
were missing. They also noted that those with more
than 25 carbon atoms exist as the R and S epimers.

Tricyclics appear to be more stable thermally than
pentacyclics are. Thus, with increasing maturity the
ratio of tricyclics to pentacyclics can be expected to rise,
and as the pentacyclics near total destruction in a high-
ly-mature sample, the sample may come to be dominat-
ed by tricyclics. In such cases, it is important to look at
absolute concentrations as well as tricyclic/pentacyclic
ratios in an effort to separate maturity effects from
facies effects. For example, if maturity effects are domi-
nant, oils with higher tricyclic/pentacyclic ratios
should show lower concentrations of both tricyclics
and pentacyclics than the oils do that have lower tri-
cyclic/pentacyclic ratios. If facies effects are dominant,
concentrations and ratios may show different trends.

TRITERPANE/STERANE RATIOS

Both the absolute and relative amounts of steranes
and triterpanes vary greatly from sample to sample.
Absolute concentrations are strongly affected by both
source and maturity, whereas the ratios of triterpanes
to steranes depend primarily on facies. However,
because the relationship between organic facies and
triterpane/sterane ratio is complex, this ratio is not
used widely or with a high degree of confidence today
in interpretations. Furthermore, there is no uniformity
about which compounds in each class are included in
calculating the triterpane/sterane ratio.
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Figure 64—M/z 191, 217, 259, and 163 mass chromatograms of saturated hydrocarbons from an Indonesian oil.
Compounds marked “R” are believed to be cycloalkanes derived from resin. They give strong peaks in all four
mass chromatograms. Steranes are present in very low concentration in this sample. Compound “O” is olea-
nane; also shown are the C,; and C;; hopanes. From Thompson et al., 1985; reprinted with permission of Gra-

ham and Trotman.
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Figure 65—Part of the m/z 191 (triterpane) mass chromatogram of an oil, showing the occurrence of four hexa-
cyclic triterpanes (labelled 32/6, 33/6, 34/6, and 35/6) whose structures are related to the hopane structure. Other
compounds are the Cy to C;; hopanes and extended hopanes. From Connan and Dessort (1987); reprinted with

permission of Pergamon Press PLC.

Our general ideas about triterpane/sterane ratios
come from the belief that steranes come mainly from
algae and higher plants, whereas triterpanes come
mainly from bacteria. When absolute concentrations of
biomarkers are high, high triterpane/sterane ratios
(>20) have been taken to indicate a very high degree of
microbial input (Connan et al., 1986). Where absolute
biomarker concentrations are low, however, microbial
contribution is considered to be small, and high triter-
pane/sterane ratios are taken to indicate greater con-
tribution from land plants than from algae (Mann et
al., 1987; Robinson, 1987; Bagge et al., in press).

In contrast, low triterpane/sterane ratios (often
<10), together with high absolute biomarker concen-
trations, are associated with coals, shales, and oils,
particularly in Southeast Asia and New Zealand
(Hoffman et al., 1984; Czochanska et al., 1988). Mac-
kenzie et al. (1984) made the reasonable suggestion
that large absolute and relative amounts of steranes
are usually due to high algal productivity. Supporting

this idea is the fact that steranes were found to exceed
hopanes in salt-lake beds from China, where terrestri-
al input was low (Fu Jiamo et al., 1986). Low triter-
pane/sterane ratios coupled with low absolute abun-
dances may indicate a dominance of higher-plant and
fungal material (Clifton et al., 1990).

A WORD OF CAUTION

Steranes and triterpanes represent only two groups
of biomarker molecules, and are fallible in spite of the
fact that they represent some of petroleum geochem-
istry’s highest technology. Other groups of biomark-
ers, such as n-alkanes, isoprenoids, sesquiterpanes,
diterpanes, and porphyrins, also can offer valuable
information on organic facies that often supports or
expands upon the evidence supplied by steranes and
triterpanes. A geologist should use information from
all these sources, together with geological data, in
making organic-facies interpretations.
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Figure 66—M/z 191 (triterpane) mass chromatogram
of a crude oil and rock extract from the Black Creek
basin, Alberta, Canada, showing a large abundance
of the C, tetracyclic terpane, marked with a solid
square. See text for discussion. Numbers represent
numbers of carbon atoms in the triterpanes. From
Clark and Philp (1989); reprinted with permission
from the Bulletin of Canadian Petroleum Geology.
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Figure 67—M/z 191 (triterpane) mass chromato-
grams for oils from three families in the Paleozoic
of the Denver basin, U.S.A. All three oil types show
large amounts of tricyclics (numbers, which repre-
sent numbers of carbon atoms per molecule), and
the Lyons Sandstone oil (A), shows an almost com-
plete dominance of tricyclics over pentacyclics.
From Clayton et al. (1987).






Chapter 6
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Biodegradation of Steranes and Triterpanes

Although loss of n-alkanes and isoprenoids is the
most common molecular transformation that occurs
as a result of bacterial attack on crude oil, it is now rec-
ognized that in certain cases steranes and triterpanes
also can be affected when biodegradation is extremely
severe. Biodegradation of crude oil requires molecular
oxygen (O,) and temperatures below about 80°C, with
an optimum temperature around 60°C (Connan,
1984). The oxygen requirement generally means that
the water in contact with the oil must be connected to
the surface so that oxygen can be continually replen-
ished through surface recharge. The temperature
requirement places limits on the depths at which
biodegradation can occur, although the maximum
depth will vary from area to area because of differing
geothermal gradients. Furthermore, biodegraded oil
can be found in reservoirs whose present tempera-
tures are above 80°C, if the biodegradation took place
when the oil was at a lower temperature. It is now
generally accepted that biodegradation can occur dur-
ing migration as well as in the reservoir, provided that
the appropriate conditions are present.

Volkman et al. (1983b) have proposed a nine-level
scale for evaluating the level of biodegradation of any
crude oil (Table 4). The first five levels of biodegrada-
tion are based on n-alkanes, isoprenoids, and alkylcy-
clohexanes, but levels 7-9 can be distinguished only
by analysis of sterane and triterpane biomarkers. Prior
to Level 7, steranes and triterpanes are not affected by
biodegradation.

In those rare cases where biodegradation reaches
Level 7, the hopanes and some of the steranes are
degraded according to a reasonably predictable
sequence (Table 4). The first readily observed change
is a reduction in the abundance of the 20R epimer of
the 140(H),170(H)-C,y sterane relative to the 20S form
(McKirdy et al., 1983). This process can be recognized
easily, because the 20S/(20R+20S) ratio in normal oils
does not exceed about 1.2. Biodegraded crudes can
have much higher values (Figure 68).

The order of ease of attack of steranes by bacteria
appears to be aa-20R > 00-20S > BB-20R = BB-20S >
diasteranes (Seifert and Moldowan, 1979; Mackenzie
et al., 1983; McKirdy et al., 1983; Zhang et al., 1988).
Requejo et al. (1989) showed an m/z 217 mass chro-
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matogram of an oil in which all the regular steranes
had been degraded, but in which the diasteranes had
not yet disappeared. Lin et al. (1989) noted that when
the regular C;; steranes are present, they appear to be
more resistant to biodegradation than the C,—Cyq
homologs are.

Goodwin et al. (1983), using laboratory cultures,
have now demonstrated all or most of these biodegra-
dation effects. Those workers also noted a slight pref-
erential degradation of steranes with fewer numbers
of carbon atoms (i.e., C,7 regular steranes before Cyg
and C,y).

Samples from weathered oil seeps (Reed, 1977),
asphalts and bitumens (Rullkétter and Wendisch,
1982; Robinson et al., 1986), and severely biodegraded
crudes (Seifert and Moldowan, 1979; Volkman et al.,
1983b; Lu et al., 1990; Peters and Moldowan, 1991)
have been shown to contain a series of 25-norhopanes
(regular 17a(H)-hopanes that have lost a methyl
group from C-10; e.g., compound B in Figure 4). Tri-
cyclics and tetracyclics in which the methyl at C-10
has been removed have also been reported (Jiang et
al., 1990). The presence of these compounds indicates
that maximum or near-maximum biodegradation
(Level 8 or 9) has occurred. This series of compounds
is best detected using the m/z 177 mass chromato-
gram (Alexander et al., 1983). Figure 69 shows the
relationship between the original hopanes (top, m/z
191) for the unaltered Flinders Shoal oil and the 25-
norhopanes in the heavily biodegraded Mardie oil
(bottom, m/z 177). The offset in retention time in the
gc-ms chromatograms is due to the ability of the
smaller demethylated hopanes to move faster through
the gc column than their parents can.

Several workers (e.g., Hoffman and Strausz, 1986;
Brooks et al., 1988; Requejo et al., 1989; Lin et al., 1989)
have noted that the 22R epimers of the homohopanes,
like the 20R epimers of the regular steranes, are more
easily degraded than their 225 counterparts. Disputes
arise, however, about the relative ease of biodegrada-
tion of the various hopane homologs. Some details of
the biodegradation sequence may depend on local
reservoir conditions or bacterial populations (Peters
and Moldowan, 1991). Goodwin et al. (1983) reported
that the ease of biodegradation decreased from Css to
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Table 4. Stages of biodegradation of crude oils based on the presence or absence of certain classes of compounds. From
Volkman et al. (1983b); reprinted with permission of Pergamon Press PLC.

Level of Extent of
Biodegradation Compounds Removed Biodegradation
1 None Undegraded
2 Short n-atkanes Minor
3 >90% of n-alkanes Moderate
4 Alkylcyclohexanes; isoprenoids reduced Moderate
5 Isoprenoids Moderate
6 Bicyclic alkanes Extensive
7 >50% of regular steranes Very extensive
8 Steranes; hopanes reduced; demethylated
hopanes abundant Severe
9 Demethylated hopanes predominate;
diasteranes formed; steranes gone Extreme
A
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Figure 68—M/z 217 (sterane) mass chromatograms showing preferential loss of the ac-20R epimer (peak 4) of
the C,4 regular steranes during very heavy biodegradation of crude oils. The Lakes Entrance and Mardie oil
both show this phenomenon, whereas the West Sea Horse #1 and Flinders Shoal oils have not yet reached this
level of extreme alteration (Level 7 in Table 4). Peak 1 is the 0.00-20S; peak 2 is the ofjf-20R; and peak 3 is the
ofB-20S. From Alexander et al. (1983); reprinted with permission of the Australian Petroleum Exploration
Association.
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Figure 69—M/z 191 and 177 (triterpane) mass chromatograms comparing triterpanes in an extremely biode-
graded oil (Mardie) with those in an unaltered oil (Flinders Shoal). The peaks in the m/z 191 mass chromato-
gram of the unaltered oil are mainly hopanes (see Table 3 for identifications). The dashed lines show the rela-
tionship between them and the corresponding demethylated hopanes (25-norhopanes, with one carbon atom
fewer) resulting from biodegradation in the Mardie oil. The demethylated hopanes are shown as the m/z 177
mass chromatogram, because loss of the methyl group between rings A and B has decreased the size of the
fragment ion. The change in ratio of the C,/C;; hopane in the unaltered oil (about 0.7) to the altered oil (about
2.0 for the Cp5/Cy9 demethylated hopanes) is the result of the fact that a given amount of C,; hopane yields
twice as many m/z 191 ions as the C,g hopane does, whereas the C,; demethylated hopane yields twice as many
m/z 177 ions as the C,y demethylated hopane does. From Alexander et al. (1983); reprinted with permission of

the Australian Petroleum Exploration Association.

C,. Williams et al. (1986) and Lin et al. (1989), in con-
trast, found that the smaller homologs were degraded
faster.

Hopane alteration occurs after destruction of regu-
lar steranes, but before the diasteranes are attacked.
(However, Peters and Moldowan (1991) have reported
cases where homohopanes appear to have been
attacked prior to regular steranes.) Tricyclic triter-

panes are highly resistant, but under extreme condi-
tions they can be attacked at about the same time as
the diasteranes are altered (Connan, 1984; Lin et al.,
1989). Gammacerane is thought to be the last of the
steranes and triterpanes to be attacked (Zhang et al.,
1988; Jiang et al., 1990). Fowler et al. (1988) reported
biodegraded bitumens that had no recognizable ster-
ane or triterpane biomarkers at all, although it is pos-
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sible that some of the more resistant ones, such as
gammacerane and oleanane, were never present.

The principle of sequential depletion of biomarkers
in crude oils during biodegradation has been used to
reconstruct the history of petroleum accumulation in
reservoirs (Volkman et al., 1983b; Alexander et al.,
1983; Philp, 1983; Sofer et al., 1986; Talukdar et al.,
1986, 1988). In those studies, crude oils were observed
to contain both a full range of n-alkanes (indicating no
biodegradation) and a series of 25-norhopanes (indi-
cating extreme biodegradation). To those authors, the
best explanation in each case seemed to be that the
severely degraded oil had been mixed with undegrad-
ed petroleum. Such scenarios indicate that either two
distinct periods of migration were separated by a
biodegradational event, or migration occurred into
the reservoir along more than one pathway. However,
Peter Grantham (personal communication, 1990) sug-
gests that early biodegradation of a crude oil, fol-
lowed by subsequent burial of the reservoir and then
by thermal maturation, could produce crudes contain-
ing both 25-norhopanes and n-alkanes. The n-alkanes
would form from cracking of NSO compounds and
asphaltenes in the biodegraded oil.

Because biodegradation affects only oils, it creates
no problems for analysis of source rocks. (In fact, any
evidence of biodegraded material in a source-rock
extract should be taken as an indicator of staining or
contamination, since source rocks ordinarily do not
have high enough permeabilities to allow meteoric
waters to penetrate.) However, biodegradation may
cause problems in maturity determination, organic-
facies interpretation, and correlation. Each of these
topics requires special consideration.

Biodegradation affects maturity determinations in
crude oils in several ways. The effect that appears at
the lowest level of sterane and triterpane biodegrada-
tion (Level 7) occurs as a result of alteration of the
20S/(20R+205) ratio. There is no way to correct for
this effect; the 205/(20R+20S) ratios are simply worth-
less.

Level 8 or 9 biodegradation can also complicate
maturity estimations using triterpanes, because the

hopanes and moretanes are all converted to the 25-nor
analogs. In principle, one might attempt to use the
same ratios (Tm/Ts, 225/(22R+22S), moretanes/
hopanes, etc.) for the 25-nor series as for the unde-
graded oils, but no one has actually published such a
study. Since nothing has been written on the fate of
the oleananes during biodegradation, the utility of
oleanane ratios for maturity estimation in extremely
biodegraded oils is unknown. Finally, the tricyclic/
pentacyclic ratio is likely to be badly distorted in
heavily biodegraded oils. Thus, oils that have been
biodegraded to Level 7 or higher may present some
obstacles for maturity estimation using biomarkers.

Applications of biomarkers for organic-facies deter-
minations are probably not as strongly affected by
biodegradation as maturity determinations are.
Where the 20R epimer has been preferentially degrad-
ed, the ratios of the i steranes obtained from the m/z
218 mass chromatogram (Figures 20 and 21) could be
used to determine the proportions of C,—C,g steranes.
Possible preferential biodegradation of regular ster-
anes compared with diasteranes should be consid-
ered, however.

If the hopanes have been demethylated to 25-
norhopanes, the relative proportions of the members
of the 25-nor homologous series should be interpre-
table in the same way that the hopanes and extended
hopanes are. Further work on biodegradability of
unusual triterpanes, such as the oleananes, is neces-
sary in order to have full confidence in organic-facies
interpetations of heavily biodegraded oils.

Correlations involving oils in which biodegrada-
tion has occurred require special consideration. These
problems are discussed in the next chapter.

Finally, the reader should bear in mind that cases in
which oils are biodegraded to Level 7 or beyond (i.e.,
where steranes and triterpanes have been affected) are
not particularly common. They probably have been
more strongly represented in the literature than their
abundance alone would dictate because they provide
interesting examples. In most biodegraded oils, the
steranes and triterpanes have not been affected, and no
special precautions are necessary in interpreting them.
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Correlations

PHILOSOPHY OF CORRELATIONS

Correlations involve the comparison of chemical
and physical properties of two or more samples in
order to determine whether there is a genetic relation-
ship among the samples. If the samples are physically
similar it is often quite easy to get a definite answer.
However, when one attempts to correlate an oil with a
rock extract, or a highly mature condensate with a
normal oil, or a normal oil with a biodegraded oil, any
genetic similarities can be heavily masked by chemi-
cal transformations or fractionations suffered during
migration or in the reservoir. In such cases a definite
answer to a correlation problem may not be possible.

In achieving a positive correlation we build as strong
a case as possible for the similarity of the two samples.
The more data we have, the stronger our case will be.
The more unusual the characteristics of the samples in
question, the more confident we are in any similarities
that we do find. With a negative correlation, the prob-
lem often is simpler: we need only find one important
difference, between the samples, that we cannot
attribute to natural variation or transformation. For
example, the lack of 28,30-bisnorhopane, 25,28,30-tris-
norhopane, and Cg steranes in oil from the Beatrice
Field (Moray Firth, U.K.) provided a definitive nega-
tive correlation between the oil and the Kimmeridge
Clay as the oil’s proposed source rock (Duncan and
Hamilton, 1988; Peters et al., 1989). Jones and Philp
(1990) present several examples of negative correla-
tions in their study of Paleozoic oils from part of the
Anadarko basin.

Commonly used correlation parameters include
data from gas chromatograms (n-alkane distributions,
pristane/phytane ratios, etc.), sulfur contents, API
gravity, gross composition (e.g., percentages of satu-
rated and aromatic hydrocarbons, nonhydrocarbons,
and asphaltenes), carbon-isotope ratios, and various
biomarkers (including steranes and triterpanes)
obtained from gc-ms analysis. None of these parame-
ters by itself is perfect, because they can be affected by
transformation processes or by contamination, and
because they are subject to natural variation. Taken
together, however, they can be quite powerful, as
illustrated by Jones and Philp (1990) in a study of oils
and source rocks from the Anadarko basin.
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Sterane and triterpane biomarkers are now accept-
ed as our single most powerful correlation tool. As
Figure 50 demonstrates, oils and mature-rock extracts
from their source rocks often contain nearly identical
biomarker signatures. However, Figure 50 also indi-
cates that immature-rock extracts may show impor-
tant natural variations even within a genetically relat-
ed group.

Figure 70 shows the sterane distribution in an oil
from the Akita basin of Japan, together with the ster-
anes from an immature sample of the Onnagawa For-
mation, a leading candidate as the source rock. The
large maturity differences cause the mass chro-
matograms to look different, but comparison of the
relative proportions of C,,-C,q regular steranes, the
presence of the Cy; steranes, and the minor propor-
tions of diasteranes in both samples together suggest a
positive correlation. The slightly higher diasterane
content of the oil might be related to its greater matu-
rity. Thus, it is preferable to base correlations on
biomarker parameters that are independent of maturi-
ty. If this goal is not achievable, any variations due to
maturity must be mentally factored out while making
the correlations.

Not all mass chromatograms of biomarkers are of
equal value for correlations. Although it is important
that the common steranes and triterpanes be in agree-
ment between the samples being correlated, simple
agreement among the most common components is
not conclusive enough to establish a strong positive
correlation. Many unrelated samples can fortuitously
contain the same distributions of common steranes
and hopanes. In carrying out correlations, therefore,
we pay particular attention to unusual steranes and
triterpanes because they often are especially valuable
for identifying genetically related samples. Examples
of unusual triterpanes include gammacerane (Figure
54B, peak s), 28,30-bisnorhopane (Figures 32B, 52, and
55, peak c), oleananes (Figures 34, 51, 58, and 59), bis-
norlupanes (Figure 53), bicadinanes (Figures 62 and
63), and hexacyclic hopanoids (Figure 65).

Biomarkers are of particular value in correlating
biodegraded samples because they are among the last
compounds to be attacked by bacteria. Thus at levels
of biodegradation below Level 7 (Table 4), steranes
and triterpanes should be unaffected. At higher levels
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Figure 70—M/z 217 (sterane) mass chromatograms for an oil from the Akita basin, Japan (A), and (B) an imma-
ture sample from the Onnagawa Formation (middle Miocene). Peaks at the right marked with (?) are 4-methyl-
steranes of unknown structure. Identities of other peaks are found in Table 2. See text for discussion.

of biodegradation, any correlations will have to con-
sider possible changes in biomarkers. Particularly
resistant biomarkers, such as 28,30-bisnorhopane and
the diasteranes, can be of great value in such cases
(Brooks et al., 1988).

Finally, we should be aware that although steranes
and triterpanes are very powerful correlation tools
because of the large amount of detailed information
they carry, they are not infallible. Correlation Example
5 (later in this chapter) illustrates the problem of natu-
ral variation and facies changes between the real
source rock for an oil and the rock'samples actually
analyzed in the laboratory. Bagge et al. (in press) dis-
cussed another example of problems caused by rapid
facies changes in attempting to correlate nonmarine
coals with oils sourced from them. Robinson and
Kamal (1988) noted similar problems in various non-
marine facies in Sumatra. England (1990) has shown
that in petroleum reservoirs, lateral and vertical inho-
mogeneities in oil composition are the rule rather than
the exception; therefore, biomarkers may also be inho-
mogeneously distributed.

Furthermore, even when steranes and triterpanes
are abundant, they only represent a tiny fraction of the
total sample. They therefore are very susceptible to
contamination or mixing. Figures 40 and 41 showed
steranes and triterpanes that were not indigenous to
the crude oils and condensate they were isolated from.
Although these examples are extreme and probably
unusual, they should make it clear that we cannot use
biomarkers blindly. Furthermore, contamination is
much more common in, and is likely to be more sig-
nificant in, source rocks than in oils. Prior to initiating
a correlation effort, one should always look for evi-
dence of staining or other forms of nonindigenous
material in any source-rock sample.

EXAMPLES OF CORRELATIONS

Example 1

The three oils in Figures 71 and 72 were all sourced
from the same formation in two different parts of the
same basin. Examples A and B in each figure, which
have very similar distributions of both steranes and
triterpanes, are from the same area. In addition to the
close similarities between the hopanes, regular ster-
anes, and diasteranes in both samples, there are sever-
al unusual peaks in the triterpane spectra (Figure 71)

m/z 191

RELATIVE INTENSITY
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Figure 71—M/z 191 (triterpane) mass chromato-
grams for three oils sourced from the same forma-
tion in three different parts of the same basin. Iden-
tities of peaks are given in Table 3. M/z 217 mass
chromatograms for these oils are shown in Figure
72. See text for discussion.
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that further strengthen the positive correlation. These
include the peak eluting immediately after the Cy
170(H)-hopane, the peak midway between the Cy
17a(H)-hopane and the C,g moretane, and the peak
immediately before T ;. In addition, the relative pro-
portions of tricyclic triterpanes are quite similar.

In contrast, sample in C in Figures 71 and 72, which
is from a different part of the basin, is clearly not iden-
tical with the other two. It contains much more of the
C,; and C, regular steranes (Figure 72), and less of
the unusual triterpanes noted above (Figure 71). On
the basis of the biomarker data alone, a positive corre-
lation is far from certain. In this case other data,
including gas chromatography, carbon isotopes, and
geologic information, were essential to complete the
positive correlation. The differences were eventually
ascribed to natural variation within this family of oils.

Example 2

Figure 73 shows steranes and triterpanes from an
oil (A) and an extract from a cuttings sample (B) of
immature, organic-rich (TOC = 3.7%), dark-colored
carbonate. The cuttings sample had an anomalously
high pyrolysis S, yield, extract/TOC ratio, and pro-
portion of hydrocarbons in its extract. Staining was
therefore suspected.

Triterpane distributions suggest that the samples
are identical. Both contain extremely large amounts of
gammacerane (peak s) and rather high concentrations
of the C;5 17a(H)-extended hopanes (peaks o and p).
The presence of these relatively unusual characteris-
tics in both samples suggests a genetic relationship:
either the rock is stained with the oil, or it is the source
rock for the oil.

The sterane distributions tell another part of the
story. Although the oil is clearly of rather low maturi-
ty (as indicated by the predominance of the 20R
epimer of the 5a(H),140(H),170(H)-C,, sterane: peak
H), the extract shows an even lower level of maturity.
These data indicate that most of the steranes in the
rock cannot be attributed to staining by this oil.

Although most of the steranes in the rock are
indigenous, a significant proportion of the triterpanes
appears to represent staining. We base this conclusion
partly on the relative quantities of steranes and triter-
panes in the two samples. The ratio of the intensity of
the dominant triterpane (gammacerane, peak s) to
that of the dominant sterane (peak C) in the extract is
190/147, or 1.3. The same ratio for the oil is about 4.
The oil is therefore richer in triterpanes, whereas the
extract is richer in steranes. The addition of minor
quantities of oil to the rock would thus affect the
triterpane distribution much more than it would affect
the steranes, exactly as we see in the samples. This
example underscores the need to use all available
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Figure 72—M/z 217 (sterane) mass chromatograms
for the three oils shown in Figure 71. Identities of
peaks are given in Table 2. See text for discussion.

information, and to realize that staining will affect
some parameters more than others.

Our final conclusions are that the staining prevent-
ed a valid test of the possible relationship between
source rock and oil. However, the difference in matu-
rity noted in the steranes, and the differences in triter-
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Figure 73—M/z 217 (sterane: left) and 191 (triterpane: right) mass chromatograms for an oil (A and B) and an
extract from a cuttings sample (C and D). Identities of peaks are given in Tables 2 and 3. See text for discus-
sion. From Waples and Machihara (1990); reprinted with permission from the Bulletin of Canadian Petroleum

Geology.

pane/sterane ratios, suggest that this rock sample is
not from the effective source rock.

Example 3

Sofer (1988) was faced with the problem of correlat-
ing a group of extremely mature oils from the Gulf of
Mexico. As a result of this high maturity, virtually all
the steranes and triterpanes in the oils had been
destroyed; m/z 191 and 217 mass chromatograms
showed only a baseline with no obvious peaks. How-
ever, he noted that the shapes of the m/z 191 baselines
in his sample suite fell into two families (Figure 74),
and used this information as a tentative beginning for
his correlation work. He was also able to use the tri-
cyclic triterpanes to group some of the less-mature oils
because those compounds, less sensitive to maturation
effects, still remained in some abundance.

Establishing a correlation on baseline shape alone
is obviously foolhardy. In this case, however, the base-

line shapes were used only to start the grouping pro-
cess, which was completed (and probably modified)
by other geochemical and geological data. The
biomarkers in this example thus served as a source of
ideas rather than of data.

Example 4

Grantham (1986a) and Grantham et al. (1988) divid-
ed Oman oils of definite or suspected Precambrian ori-
gin into two groups using sterane and triterpane distri-
butions in conjunction with other geochemical and
geological data. In the type “A” oils (called the Hugf oils
in Grantham et al., 1988) there is very strong dominance
of the C,4 steranes over C,;, and a virtual absence of
diasteranes (Figure 75A). In the type “B” oils (called “Q”
crudes in Grantham et al., 1988), in contrast, the C; ster-
anes are dominant, with a modest proportion of diaster-
anes (Figure 76A). These differences in carbon-number
distributions are summarized in Figure 77.
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Figure 74—M/z 191 (triterpane) mass chromatograms of nine highly mature oils from the U.S. Gulf Coast that
have no individually identifiable triterpanes. In this case, the different shapes of the baselines were used to
begin a grouping into families, although the causes for these differences were not understood. From Sofer
(1988); reprinted with permission of Pergamon Press PLC.

The triterpanes in the type “A” oils consist mainly
of hopanes. Unusual characteristics include a domi-
nance of the C,4 hopane (peak d) and high Cj; extend-
ed hopanes (peaks o and p: Figure 75B). In contrast,
the type “B” oils have much larger proportions of tri-
cyclics and very few hopanes (although the hopane
distributions do appear to be similar to those in the
type “A” oils).

According to Grantham, there is good geologic evi-
dence that the type “A” oils in south Oman are from a
Precambrian (and thus algal or bacterial) source, in
spite of their dominance by the C,, steranes. Other
characteristics (high C;5 extended hopanes, high Cyg
hopane, lack of diasteranes) suggest the source rock
was a carbonate.

A specific source rock for the type “B” oils was
not proposed, but Grantham et al. (1988) suggested
they are probably also of Precambrian origin. In our
view, the higher diasterane contents might suggest a

more clay-rich facies; the distinct distribution of reg-
ular steranes indicate a much different algal source;
and the dominance of tricyclics points to a much dif-
ferent bacterial population. However, these tentative
interpretations on our part assume that there are no
major maturity differences between the two groups
of oils.

No direct information on oil maturities was given
by Grantham (1986a). However, the C,q sterane
diastereomer ratios (peak E/[peak H + peak E]) in
Figures 75 and 76 suggest that type “B” oils are more
mature than those of type “A.” Furthermore, Gran-
tham et al. (1988) indicated that the type “A” oils are
heavy and rich in sulfur (suggesting low maturity),
while the type “B” oils are light and mature. Thus the
tricyclic/hopane ratio and diasterane contents may
have increased in the type “B” oils as a result of matu-
rity, and these particular differences should not neces-
sarily be ascribed to a facies change.
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Figure 75—M/z 217 (sterane: A) and 191 (triterpane:
B) mass chromatograms from a typical member of
the type “A” oils from Oman. Compare with chro-
matograms of type “B” oils in Figure 76. Triterpanes
marked with solid triangles are tricyclics. The Cy;
tricyclic is numbered. The triangle on the far left
marks the C;; member. Double triangles indicate
the existence of R and S epimers. The leftmost of
the double triangles represents the C,4 pair. C,; and
C,q species are absent. Identities of other peaks are
given in Tables 2 and 3. See text for discussion.
From Grantham (1986a); reprinted with permission
of Pergamon Press PLC.

Example 5

Figure 78 plots on a single diagram the relative pro-
portions of the C,,-C,q regular steranes for extracts
from four formations in a single well in the Niigata
basin of Japan. (Examples of the sterane mass chro-
matograms themselves were shown in Figure 25.) Dif-
ferences among the four formations are rather minor,
with the sterane distributions forming a continuous
band across the triangular diagram.

Figure 76—M/z 217 (sterane: A) and 191 (triterpane:
B) mass chromatograms from a typical member of
the type “B” oils from Oman. Compare with chro-
‘matograms of type “A” oils in Figure 75. Com-
pounds marked with solid triangles are tricyclic
triterpanes. Identities of other peaks are given in
Tables 2 and 3, and in the capiton for Figure 75. C,,
tricyclics are present here. See text for discussion.
From Grantham (1986a); reprinted with permission
of Pergamon Press PLC.

The similarity of the sterane distributions from the
four formations indicates that the relative proportions
of C~Cyq steranes cannot be used as a decisive corre-
lation parameter. However, upon closer inspection of
Figure 78, we see that even though the differences in
sterane distributions among the formations are small,
they are consistent for the numerous samples ana-
lyzed. For example, the samples from the Nishiyama
and Shiiya formations all plot on the right-hand side
of the trend, whereas those from the Nanatani and
Teradomari formations are all found on the left-hand
side. The consistency of these trends indicates that we
can, with some confidence, distinguish these two
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Figure 77—Triangular diagram showing clear dis-
tinction between type “A” and type “B” oils in
Oman on the basis of regular-sterane distributions.
From Grantham (1986a); reprinted with permission
of Pergamon Press PLC.

groups of rocks, although we cannot make further dis-
tinctions within the two groups.

The ellipse in Figure 78 shows the range of sterane
distributions of four oils from this area. They were
recovered from the Shiiya, Nishiyama, and Terado-
mari formations, but all show very similar characteris-
tics. The sterane distributions are much more like
those of extracts from the Nanatani and Teradomari
formations. These and other data lead to the conclu-
sion that the deeper formations are probably the
sources. A definitive correlation is hampered by lack
of drilling and sampling of mature source facies
(many of the source-rock samples are rather imma-
ture), and by rapid lateral changes in organic facies.

Example 6

A final example shows two oils and an extract from
the Devonian of the Williston Basin of the northern
US. The extract came from black, tarry material
recovered from a salt crystal. Because it did not
appear to be indigenous to the salt, a correlation with
the oils was attempted.

Steranes (Figure 79A and B) and triterpanes (Figure
80A and B) for the two oils are very similar. The ster-
ane distributions are not precisely identical, but both
have dominant diasteranes and show no Cy, steranes.
The triterpane distributions, however, are quite
unusual but similar to each other: both are dominated
by three peaks (two of them unidentified), with the

C-28

®  Nishiyama F».
4 shiiya Fm.

O Teradomari Fm.

Nanatani Fm.

c-27 Cc-29

Figure 78—Triangular diagram showing C,,-Cy, reg-
ular-sterane distributions for extracts from rocks of
four formations in the Higashi Niigata NS-6 well,
Niigata basin, Japan. Formation names and ages are:
Nishiyama (Pliocene-Pleistocene); Shiiya (late
Miocene-Pliocene); Teradomari (middle-late Mio-
cene); and Nanatani (early-middle Miocene). Ellipti-
cal outline shows the range of compositions in four
oils from various formations in the area. See text for
further discussion.

170(H)-hopanes and moretanes nearly absent. The
oils therefore were concluded to be of the same
unusual origin. The positive correlation was con-
firmed by other geochemical data, including gas chro-
matograms and carbon isotopes.

The black material (Figures 79C and 80C), in con-
trast, is quite different from the oils. It contains a full
complement of 17a(H)-hopanes and moretanes, and
the peaks that dominated in the oils are minor. Sterane
distributions are also slightly different. C,; regular ster-
anes (peaks A, B, and C) in particular are more abun-
dant than in the oils, and there is a small amount of
what appear to be Cy, steranes. We therefore conclude
that the extract is not genetically related to the oils.

SUMMARY

Steranes and triterpanes play important roles in
modern correlations. The following guidelines are
useful in applying biomarker technology correctly to
correlation problems.

1. Any differences due to migration, biodegrada-
tion, or maturity must be factored out before execut-
ing correlations. Whenever possible, one should
emphasize those correlation parameters that are least
affected by maturity.
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Figure 79—M/z 217 (sterane) mass chromatograms
for two oils and the extract from a black stain. Iden-
tities of peaks are given in Table 2. See text for dis-
cussion, and Figure 80 for m/z 191 mass chro-
matograms. From Waples and Machihara (1990);
reprinted with permission from the Bulletin of
Canadian Petroleum Geology.

2. Distributions of C,~Cs, regular steranes and C,;
and Cy diasteranes are important for correlations.

3. Distributions of the extended hopanes are some-
times of value, especially when they do not show a
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Figure 80—M/z 191 (triterpane) mass chro-
matograms for the oils and extract in Figure 79.
Identities of peaks are given in Table 3. See text for
discussion. From Waples and Machihara (1990);
reprinted with permission from the Bulletin of
Canadian Petroleum Geology.

regular decrease from Cy; to Css.

4. Unusual triterpanes such as gammacerane, 28,30-
bisnorhopane, 25,28,30-trisnorhopane, “compound
X,” the various oleananes, the bisnorlupanes, and hex-
acyclic hopanes are particularly valuable for correla-
tions when they are present.
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5. All the cautions expressed about using biomark-
ers for organic-facies analysis apply to correlations as
well. In addition, one should remember that oils
themselves will probably represent mixtures of mate-
rial from various facies that differ to varying degrees.
Furthermore, rapid facies variations, especially in car-
bonate environments (see Example 5 above and Clark
and Philp, 1989, for examples}, can make it difficult to
sample the true source rock for a given oil. Therefore,
it is unlikely that one will find a single source rock
that perfectly matches any oil.

6. All correlations should use other geochemical
and geological data in addition to sterane and triter-
pane biomarkers (e.g., Jones and Philp, 1990).
Although biomarkers are excellent correlation tools in
many cases, in other situations they are not definitive.
The added weight of other corroborating evidence—
such as isotope ratios, gas chromatograms, and the
like—is therefore very important. Furthermore, the

final interpretation should draw as consistent a pic-
ture as possible from all available geochemical and
geological data.

ACKNOWLEDGMENTS

We thank Exlog/Brown & Ruth Laboratories and
Japex Exploration Company for permission to use
anonymous examples of analytical data in this book.
Alf Larcher, Robert Alexander, Peter Grantham, and
Kirk Osadetz contributed valuable advice during the
preparation of an earlier and shorter version of the
manuscript. Louis Elrod provided a helpful review of
the present version. We also thank Makoto Yamada
for technical assistance and the Technical Research
Center of the Japan National Oil Corporation for sup-
port and permission to publish this work.



Chapter 8

<

References Cited

Abbott, G.D. and J.R. Maxwell, 1988, Kinetics of the
aromatisation of rearranged ring-C monoaromatic
steroid hydrocarbons, in L. Mattavelli and L. Nov-
elli, eds., Advances in Organic Geochemistry 1987:
Oxford, Pergamon Press, p. 881-885.

Abbott, G.D., G.Y. Wang, T.I. Eglinton, A.K. Home,
and G.S. Petch, 1990, The kinetics of sterane biolog-
ical marker release and degradation processes dur-
ing the hydrous pyrolysis of vitrinite kerogen,
Geochimica et Cosmochimica Acta, v. 54, p. 2451-
2461.

Alajbeg, A., V. Britvi¢, S. ével-Cerovec’ki, C. Cornford,
A. Todori¢, . Rajkovi¢, G. Bari¢, and A. Putnikovig,
1990, Geochemical study of the oils and source
rocks in the Pannonian Basin (Yugoslavia), Organic
Geochemistry, v. 16, p. 339-352.

Alam, M. and M.]. Pearson, 1990, Bicadinanes in oils
from the Surma Basin, Bangladesh, Organic Geo-
chemistry, v. 15, p. 461-464.

Alexander, R., R1. Kagi, ] K. Volkman, and G.W. Wood-
house, 1983, The geochemistry of some biodegraded
Australian oils, APEA Journal, v. 23, p. 53-63.

Alexander, R., M.G. Strachan, R.I. Kagi, and W. van
Bronswijk, 1986, Heating rate effects on aromatic
maturity indicators, in D. Leythaeuser and J. Rul-
lkotter, eds., Advances in Organic Geochemistry
1985: Oxford, Pergamon, p. 997-1003.

Alexander, R., S.]. Fisher, and R.1. Kagi, 1988, 2,3-
Dimethylbiphenyl: Kinetics of its cyclisation reac-
tion and effects of maturation upon its relative con-
centration in sediments, in L. Mattavelli and
L. Novelli, eds., Advances in Organic Geochem-
istry 1987: Oxford, Pergamon Press, p. 833-837.

Alexander, R., R. Marzi, and R.I. Kagi, 1990, A new
method for assessing the thermal history of sedi-
ments: A case study from the Exmouth Plateau in
northwestern Australia, APEA Journal, v. 30, pt. 1,
p. 364-372.

Aquino Neto, FR,, ] M. Trendel, A. Restle, J. Connan,
and P.A. Albrecht, 1983, Occurrence and formation
of tricyclic and tetracyclic terpanes in sediments
and petroleums, in M. Bjorey et al., eds., Advances
in Organic Geochemistry 1981: Chichester, John
Wiley, p. 659-667.

Aquino Neto, ER., J. Triguis, D.A. Azevedo, R. Rod-
rigues, and B.R.T. Simoneit, 1989, Organic geochem-
istry of geographically unrelated tasmanites, 14th

International Meeting on Organic Geochemistry,
Paris, September 18-22, Abstracts, Number 189.

Bagge, M., R. Harding, T. El Azhary, and M. Said, in
press, Generation of oil from coal sequences in the
Western Desert, Egypt, in Proceedings of 9th Egyp-
tian General Petroleum Company Exploration and
Production Seminar: Cairo, November, 1988.

Bazhenova, O.K. and O.A. Arefiev, 1990, Immature
oils as the products of early catagenetic transforma-
tion of bacterial-algal organic matter, Organic Geo-
chemistry, v. 16, p. 307-311.

Bein, A. and Z. Sofer, 1987, Origin of oils in Helez
region, Israel—implications for exploration in the
eastern Mediterranean, Bulletin of the American
Association of Petroleum Geologists, v. 71, p. 65-75.

Bjorey, M. and |]. Rullkétter, 1980, An unusual C,;-
triterpane: 25, 28, 30-trisnormoretane, Chemical
Geology, v. 30, p. 27-34.

Bordenave, M.L. and R. Burwood, 1990, Source rock
distribution and maturation in the Zagros Orogenic
Belt: provenance of the Asmari and Bangestan
reservoir oil accumulations, Organic Geochemistry,
v. 16, p. 369-387.

Brassell, 5.C., Sheng Guoying, Fu Jiamo, and G. Eglin-
ton, 1988, Biological markers in lacustrine Chinese
oil shales, in A.]. Fleet, K. Kelts, and M.R. Talbot,
eds., Lacustrine Petroleum Source Rocks: Oxford,
Blackwell, p. 299-308.

Brooks, P.W., 1986, Unusual biological marker geo-
chemistry of oils and possible source rocks, off-
shore Beaufort-Mackenzie Delta, Canada, in
D. Leythaeuser and ]. Rullkétter, eds., Advances in
Organic Geochemistry 1985: Oxford, Pergamon,
p. 401-406.

Brooks, PW., M.G. Fowler, and R W. Macqueen, 1988,
Biological marker and conventional organic geo-
chemistry of oil sands/heavy oils, Western Canada
Basin, Organic Geochemistry, v. 12, p. 519-538.

Brown, S., 1989, The “mangrove model,” can it be
applied to hydrocarbon exploration in Indonesia?
in Proceedings of the Indonesian Petroleum Asso-
ciation, Eighteenth Annual Convention, Volume
1: Jakarta, Indonesian Petroleum Association,
p- 385-401.

Buchardt, B., EG. Christiansen, H. Nehr-Hansen, N.H.
Larsen, and P. Ostfeldt, 1989, Composition of organ-
ic matter in source rocks, in EG. Christiansen, ed.,



78 Waples and Machihara

Petroleum Geology of North Greenland: Gronlands
Geologiske Undersogelse Bulletin 158, p. 32-39.

Burnham, A.K. and J.J. Sweeney, 1989, A chemical
kinetic model of vitrinite maturation and reflect-
ance, Geochimica et Cosmochimica Acta, v. 53,
p- 2649-2657.

Clark, ].P. and R.P. Philp, 1989, Geochemical character-
ization of evaporite and carbonate depositional
environments and correlation of associated crude
oils in the Black Creek Basin, Alberta, Bulletin of
Canadian Petroleum Geology, v. 37, p. 401-416.

Clayton, J.L., J.D. King, C.N. Threlkeld, and A.
Vuletich, 1987, Geochemical correlation of Paleo-
zoic oils, northern Denver Basin—implications for
exploration, Bulletin of the American Association
of Petroleum Geologists, v. 71, p. 103-109.

Clifton, C.G., C.C. Walters, and B.R.T. Simoneit, 1990,
Hydrothermal petroleums from Yellowstone Nat-
ional Park, Wyoming, U.S.A., Applied Geochem-
istry, v. 5, p. 169-191.

Comet, P.A., Ooi Siew Tin, and Yap Ai Bee, 1989,
C-GC-MS and its application to crude oil analysis,
Bulletin of the Geological Society of Malaysia, v. 25,
p- 1-25.

Connan, J., 1984, Biodegradation of crude oils in reser-
voirs, in . Brooks, and D. Welte, eds., Advances in
Petroleum Geochemistry, Volume 1: London, Aca-
demic Press, p. 299-333.

Connan, J. and D. Dessort, 1987, Novel family of hexa-
cyclic hopanoid alkanes (C;,-Css) occurring in sedi-
ments and oils from anoxic paleoenvironments,
Organic Geochemistry, v. 11, p. 103-113.

Connan, J., ]. Bouroullec, D. Dessort, and P. Albrecht,
1986, The microbial input in carbonate-anhydrite
facies of a sabkha palaeoenvironment from Guate-
mala: a molecular approach, in D. Leythaeuser and
J. Rullkétter, eds., Advances in Organic Geochem-
istry 1985: Oxford, Pergamon Press, p. 29-50.

Cornford, C., ].A. Morrow, A. Turrington, J.A. Miles,
and J. Brooks, 1983, Some geological controls on oil
composition in the U.K. North Sea, in J. Brooks, ed.,
Petroleum Geochemistry and Exploration of
Europe: Oxford, Blackwell, p. 35-50.

Cox, H.C,, ].W. de Leeuw, P.A. Schenck, H. van Kon-
ingsveld, J.C. Jansen, B. van de Graaf, V.J. van
Geerstein, J.A. Kanters, C. Kruk, and AW.H. Jans,
1986, Bicadinane, a C; pentacyclic isoprenoid
hydrocarbon found in crude oil, Nature, v. 319,
p. 316-318.

Curiale, J.A., 1986, Origin of solid bitumens, with
emphasis on biological marker results, in D.
Leythaeuser and J. Rullkétter, eds., Advances in
Organic Geochemistry 1985: Oxford, Pergamon
Press, p. 559-580.

Curiale, J.A. and J.R. Odermatt, 1989, Short-term
biomarker variability in the Monterey Formation,

Santa Maria Basin, Organic Geochemistry, v. 14,
p. 1-13.

Czochanska, Z., T.D. Gilbert, R.P. Philp, C.M. Shep-
pard, R.J. Weston, T.A. Wood, and A.D. Woolhouse,
1988, Geochemical application of sterane and triter-
pane biomarkers to a description of oils from the
Taranaki Basin in New Zealand, Organic Geochem-
istry, v. 12, p. 123-135.

Dahl, B., 1987, Petroleum geochemistry and basin
modelling, Oseberg area, North Sea, Unpublished
Ph.D. thesis, University of Trondheim.

Dahl, B. and G.C. Speers, 1985, Organic geochemistry
of the Oseberg Field (I), in B.M. Thomas et al., eds.,
Petroleum Geochemistry in Exploration of the
Norwegian Shelf: London, Graham and Trotman,
p- 185-195.

Dahl, B., E. Nysaether, G.C. Speers, and A. Yukler,
1987, Oseberg area—integrated basin modeling, in
J. Brooks and K. Glennie, eds., Petroleum Geology
of North West Europe: London, Graham and Trot-
man, p. 1029-1038.

de Leeuw, J.W.,, WLC. Rijpstra, P.A. Schenck, and J K.
Volkman, 1983, Free, esterified, and residual bound
sterols in Black Sea Unit 1 sediments, Geochimica et
Cosmochimica Acta, v. 47, p. 455-465.

Duncan, A.D. and R.F.M. Hamilton, 1988, Palaeolim-
nology and organic geochemsitry of the Middle
Devonian in the Orcadian Basin, in A.]J. Fleet,
K. Kelts, and M.R. Talbot, eds., Lacustrine Petroleum
Source Rocks: Oxford, Blackwell, p. 173-201.

Ekweozor, C.M. and N. Telnaes, 1990, Oleanane
parameter: verification by quantitative study of the
biomarker occurrence in sediments of the Niger
delta, Organic Geochemistry, v. 16, p. 401-413.

Ekweozor, CM. and O.T. Udo, 1988, The oleananes:
origin, maturation and limits of occurrence in
Southern Nigeria sedimentary basins, in L. Mat-
tavelli and L. Novelli, eds., Advances in Organic
Geochemistry 1987: Oxford, Pergamon Press,
p- 131-140.

England, W.A ., 1990, The organic geochemistry of
petroleum reservoirs, Organic Geochemistry, v. 16,
p. 415-425.

Fan, Z. and R.P. Philp, 1987, Laboratory biomarker
fractionations and implications for migration stud-
ies, Organic Geochemistry, v. 11, p. 169-175.

Fan Py, ].D. King, and G.E. Claypool, 1984, The char-
acteristics of the biomarker compounds of Chinese
crude oils, The International Chemical Congress of
Pacific Basins Societies.

Farrimond, P., G. Eglinton, S.C. Brassell, and H.C.
Jenkyns, 1988, The Toarcian black shale event in
northern Italy, in L. Mattavelli and L. Novelli, eds.,
Advances in Organic Geochemistry 1987: Oxford,
Pergamon Press, p. 823-832.

Farrimond, P. G. Eglinton, S.C. Brassell, and H.C.



Jenkyns, 1989, Toarcian anoxic event in Europe: an
organic geochemical study, Marine and Petroleum
Geology, v. 6, p. 136-147.

Farrimond, P, G. Eglinton, 5.C. Brassell, and H.C.
Jenkyns, 1990, The Cenomanian/Turonian anoxic
event in Europe: an organic geochemical study,
Marine and Petroleum Geology, v. 7, p. 75-89.

Fowler, M.G. and P.W. Brooks, 1990, Organic geo-
chemistry as an aid in the interpretation of the his-
tory of oil migration into different reservoirs at the
Hibernia K-18 and Ben Nevis [-45 wells, Jeanne
d’Arc Basin, offshore eastern Canada, Organic Geo-
chemistry, v. 16, p. 461-475.

Fowler, M.G. and A.G. Douglas, 1984, Distribution
and structure of hydrocarbons in four organic-
rich Ordovician rocks, Organic Geochemistry, v. 6,
p. 105-114,

Fowler, M.G. and A.G. Douglas, A.G., 1987, Saturated
hydrocarbon biomarkers in oils of Late Precambri-
an age from Eastern Siberia, Organic Geochemistry,
v. 11, p. 201-213.

Fowler, M.G., L.R. Snowdon, P.W. Brooks, and T.S.
Hamilton, 1988, Biomarker characterisation and
hydrous pyrolysis of bitumens from Tertiary vol-
canics, Queen Charlotte Islands, British Columbia,
Canada, in L. Mattavelli and L. Novelli, eds.,
Advances in Organic Geochemistry 1987: Oxford,
Pergamon Press, p. 715-725.

Freeman, K.H., J.M. Hayes, ].-M. Trendel, and
P. Albrecht, 1990, Evidence from carbon isotope
measurements for diverse origins of sedimentary
hydrocarbons, Nature, v. 343, p. 254-256.

Fu Jiamo, Sheng Guoying, Peng Pingan, S.C. Brassell,
G. Eglinton, and Jiang Jigang, 1986, Peculiarities of
salt lake sediments as potential source rocks in
China, in D. Leythaeuser and J. Rullkétter, eds.,
Advances in Organic Geochemistry 1985: Oxford,
Pergamon Press, p. 119-126.

Fu Jiamo, Sheng Guoying, and Liu Dehan, 1988,
Organic geochemical characteristics of major types
of terrestrial source rocks in China, in A.J. Fleet, K.
Kelts, and M.R. Talbot, eds., Lacustrine Petroleum
Source Rocks: Oxford, Blackwell, p. 279-289.

Gallegos, E.J., 1976, Analysis of organic mixtures
using metastable transition spectra, Analytical
Chemistry, v. 48, p. 1348-1351.

Goodarzi, F., P.W. Brooks, and A.F. Embry, 1989,
Regional maturity as determined by organic pet-
rography and geochemistry of the Schei Point
Group (Triassic) in the western Sverdrup Basin,
Canadian Arctic Archipelago, Marine and Petro-
leum Geology, v. 6, p. 290-302.

Goodwin, N.S., A.L. Mann, and R.L. Patience, 1988,
Structure and significance of Cy, 4-methyl steranes
in lacustrine shales and oils, Organic Geochemistry,
v. 12, p. 495-506.

Biomarkers for Geologists 79

Grantham, PJ., 1986a, The occurrence of unusual C,,
and C,, sterane predominances in two types of
Oman crude oil, Organic Geochemistry, v. 9, p. 1-10.

Grantham, P.J., 1986b, Sterane isomerisation and
moretane/hopane ratios in crude oils derived from
Tertiary source rocks, Organic Geochemistry, v. 9,
p. 293-304.

Grantham, PJ. and L.L. Wakefield, 1988, Variations in
the sterane carbon number distributions of marine
source rock derived crude oils through geological
time, Organic Geochemistry, v. 12, p. 61-73.

Grantham, P.J., J. Posthuma, and K. de Groot, 1980,
Variation and significance of the C,; and Cy triter-
pane content of a North Sea core and various North
Sea crude oils, in A.G. Douglas and ].R. Maxwell,
eds., Advances in Organic Geochemistry 1979:
Oxford, Pergamon Press, p. 29-48.

Grantham, PJ., J. Posthuma, and A. Baak, 1983, Triter-
panes in a number of Far-Eastern crude oils, in M.
Bjoray et al., eds., Advances in Organic Geochem-
istry 1981: New York, John Wiley, p. 675-683.

Grantham, PJ., G.W.M. Lijmbach, ]J. Posthuma, M.W.
Hughes Clarke, and R.]. Willink, 1988, Origin of
crude oils in Oman, Journal of Petroleum Geology,
v. 11, p. 61-80.

Hall, P.B. and A.G. Douglas, 1983, The distribution of
cyclic alkanes in two lacustrine deposits, in M.
Bjorey et al., eds., Advances in Organic Geochem-
istry 1981: Chichester, John Wiley, p. 576-587.

Hoffmann, C.F. and O.P. Strausz, 1986, Bitumen accu-
mulation in Grosmont Platform Complex, Upper
Devonian, Alberta, Canada, Bulletin of the Ameri-
can Association of Petroleum Geologists, v. 70,
p- 1113-1128.

Hoffmann, C.F., A.S. Mackenzie, C.A. Lewis, J.R.
Maxwell, J.L. Oudin, B. Durand, and M. Vanden-
broucke, 1984, A biological marker study of coals,
shales and oils from the Mahakam Delta, Kaliman-
tan, Indonesia, Chemical Geology, v. 42, p. 1-23.

Huang, W.-Y. and W.G. Meinschein, 1979, Sterols as
ecological indicators, Geochimica et Cosmochimica
Acta, v. 43, p. 739-745.

Hughes, W.B., 1984, Use of thiophenic organosulfur
compounds in characterizing crude oils derived
from carbonate versus siliciclastic sources, in ].G.
Palacas, ed., Geochemistry and Source Rock Poten-
tial of Carbonate Rocks, AAPG Studies in Geology
#18: Tulsa, American Association of Petroleum
Geologists, p. 181-196.

Hughes, W.B., A.G. Holba, D.E. Miller, and ].5.
Richardson, 1985, Geochemistry of greater Ekofisk
crude oils, in B.M. Thomas et al., eds., Petroleum
Geochemistry in Exploration of the Norwegian
Shelf: London, Graham and Trotman, p. 75-92.

Jamil, A.S.A,, M.L. Anwar, and E.S.P. Kiang, 1990,
Geochemistry of selected crude oils from Sabah



80 Waples and Machihara

and Sarawak, Geological Society of Malaysia,
Petroleum Geology Seminar 1990, Abstracts, p. 21.

Jiang, Z., R.P. Philp, and C.A. Lewis, 1988, Fractiona-
tion of biological markers in crude oils during
migration and the effects on correlation and matu-
ration parameters, in L. Mattavelli and L. Novelli,
eds., Advances in Organic Geochemistry 1987:
Oxford, Pergamon Press, p. 561-571.

Jiang, Z., M.G. Fowler, C.A. Lewis, and R.P. Philp,
1990, Polycyclic alkanes in a biodegraded oil from
the Kelamayi oilfield, northwestern China, Organic
Geochemistry, v. 15, p. 35-46.

Johns, R.B., ed., 1986, Biological Markers in the Sedi-
mentary Record: Amsterdam, Elsevier, 364 p.

Jones, PJ. and R.P. Philp, 1990, Oils and source rocks
from Pauls Valley, Anadarko Basin, Oklahoma,
U.S.A., Applied Geochemistry, v. 5, p. 429-448.

Katz, B.J. and L.W. Elrod, 1983, Organic geochemistry
of DSDP 467, offshore California, Middle Miocene
to Lower Pliocene strata, Geochimica et Cos-
mochimica Acta, v. 47, p. 267-275.

Katz, B.]. and B. Mertani, 1989, Central Sumatra—a
geochemical paradox, in Proceedings of the Indo-
nesian Petroleum Association, Eighteenth Annual
Convention, Volume 1: Jakarta, Indonesian Petro-
leum Association, p. 403-425.

Kruge, M.A., 1986, Biomarker geochemistry of the
Miocene Monterey Formation, West San Joaquin
Basin, California: Implications for petroleumn gener-
ation, in D. Leythaeuser and J. Rullkétter, eds.,
Advances in Organic Geochemistry 1985: Oxford,
Pergamon Press, p. 517-530.

Kruge, M.A,, ].E. Hubert, R ]. Akes, and P.E. Meriney,
1990, Biological markers in Lower Jurassic synrift
lacustrine black shales, Hartford basin, Connecti-
cut, U.S.A., Organic Geochemistry, v. 15, p. 281-289.

Kvenvolden, K.A. and B.R.T. Simoneit, 1990,
Hydrothermally derived petroleum: examples from
Guaymas Basin, Gulf of California, and Escanaba
Trough, northeast Pacific Ocean, Bulletin of the
American Association of Petroleum Geologists,
V.74, p. 223-237.

Kvenvolden, K.A., ].B. Rapp, E.D. Hostettler, ].D.
King, and G.E. Claypool, 1988, Organic geother-
mometry of petroleum from Escanaba Trough, off-
shore northern California, in L. Mattavelli and
L. Novelli, eds., Advances in Organic Geochem-
istry 1987: Oxford, Pergamon Press, p. 351-355.

Kvenvolden, K.A,, ].B. Rapp, and ED. Hostettler, 1990,
Hydrocarbon geochemistry of hydrothermally gener-
ated petroleum from Escanaba Trough, offshore Cali-
fornia, US.A., Applied Geochemistry, v. 5, p. 83-91.

Larcher, A.V,, R. Alexander, and R.I. Kagi, 1987,
Changes in configuration of extended moretanes
with increasing sediment maturity, Organic Geo-
chemistry, v. 11, p. 59-63.

Leythaeuser, D., A. Mackenzie, R.G. Schaefer, and
M. Bjorey, 1984, A novel approach for recognition
and quantification of hydrocarbon migration
effects in shale-sandstone sequences, Bulletin of the
American Association of Petroleum Geologists,
v. 68, p. 196-219.

Lin, L.H., G.E. Michael, G. Kovachev, H. Zhu, R.P.
Philp, and C.A. Lewis, 1989, Biodegradation of tar-
sand bitumens from the Ardmore and Anadarko
Basins, Carter County, Oklahoma, Organic Geo-
chemistry, v. 14, p. 511-523.

Longman, M.W. and S.E. Palmer, 1987, Organic geo-
chemistry of Mid-continent Middle and Late
Ordovician oils, Bulletin of the American Associa-
tion of Petroleum Geologists, v. 71, p. 938-950.

Lu Songnian, He Wei, and Huang Haiping, 1990, The
geochemical characteristics of heavy oil and its
recovery in Liaohe Basin, China, Organic Geochem-
istry, v. 16, p. 437-449.

Mackenzie, A.S., 1984, Applications of biological mark-
ers in petroleum geochemistry, in J. Brooks and
D. Welte, eds., Advances in Petroleum Geochem-
istry, Volume 1: London, Academic Press, p. 115-214.

Mackenzie, A.S. and D. McKenzie, 1983, Isomeriza-
tion and aromatization of hydrocarbons in sedi-
mentary basins formed by extension, Geological
Magazine, v. 120, p. 417-470.

Mackenzie, A.S., G.A. Wolff, and J.R. Maxwell, 1983,
Fatty acids in some biodegraded petroleums. Possi-
ble origins and significance, in M. Bjorey et al., eds.,
Advances in Organic Geochemistry 1981: Chich-
ester, John Wiley, p. 637-649.

Mackenzie, A.S., ].R. Maxwell, M.L. Coleman, and C.E.
Deegan, 1984, Biological marker and isotope studies
of North Sea crude oils and sediments, in Proceed-
ings of the Eleventh World Petroleum Congress, vol.
2, PDI (4): Chichester, John Wiley, p. 1-12.

Mackenzie, A.S., L. Price, D. Leythaeuser, P. Mueller,
M. Radke, and R.G. Schaefer, 1987, The expulsion
of petroleum from Kimmeridge clay source rocks in
the area of the Brae Qilfield, UK continental shelf,
in J. Brooks and K. Glennie, eds., Petroleum Geolo-
gy of North West Europe, volume 2: London, Gra-
ham and Trotman, p. 865-877.

Mann, A.L., N.S. Goodwin, and S. Lowe, 1987, Geo-
chemical characteristics of lacustrine source rocks:
a combined palynological /molecular study of a
Tertiary sequence from offshore China, in Proceed-
ings of the Indonesian Petroleum Association, Six-
teenth Annual Convention, Volume 1: Jakarta,
Indonesian Petroleumn Association, p. 241-258.

Marzi, R. and J. Rullkétter, 1989, Application of bio-
logical marker reactions to the reconstruction of
geothermal histories: implications of recent pyroly-
sis results, 14th International Meeting on Organic
Geochemistry, Paris, September 18-22, Abstracts,



Number 125.

Matsumoto, G., T. Torii, and T. Hanya, 1982, High
abundance of algal 24-ethylcholesterol in Antarctic
lake sediment, Nature, v. 299, p. 52-54.

Mattavelli, L. and L. Novelli, 1990, Geochemistry
and habitat of the oils in Italy, Bulletin of the
American Association of Petroleum Geologists,
v. 74, p. 1623-1639.

McKirdy, D.M., A K. Aldridge, and PJ.M. Ypma, 1983,
A geochemical comparison of some crude oils from
pre-Ordovician carbonate rocks, in M. Bjoray et al.,
eds., Advances in Organic Geochemistry 1981:
Chichester, John Wiley, p. 99-107.

McKirdy, D.M., AJ. Kantsler, ] K. Emmett, and A.K.
Aldridge, 1984, Hydrocarbon genesis and organic
facies in Cambrian carbonates of the eastern Officer
Basin, South Australia, in J.G. Palacas, ed., Geo-
chemistry and Source Rock Potential of Carbonate
Rocks, AAPG Studies in Geology #18: Tulsa, Amer-
ican Association of Petroleum Geologists, p. 13-31.

Mello, M.R,, P.C. Gaglianone, S.C. Brassell, and ].R.
Maxwell, 1988a, Geochemical and biological mark-
er assessment of depositional environments using
Brazilian offshore oils, Marine and Petroleum Geol-
ogy, v. 5, p. 205-223.

Mello, M.R,, N. Telnaes, P.C. Gaglianone, M.I. Chi-
carelli, 5.C. Brassell, and J.R. Maxwell, 1988b,
Organic geochemical characterisation of deposi-
tional palaeoenvironments of source rocks and oils
in Brazilian marginal basins, in L. Mattavelli and
L. Novelli, eds., Advances in Organic Geochem-
istry 1987: Oxford, Pergamon Press, p. 31-45.

Michaelis, W., A. Jenisch, and H.H. Richnow, 1990,
Hydrothermal petroleum generation in Red Sea
sediments from the Kebrit and Shaban Deeps,
Applied Geochemistry, v. 5, p. 103-114.

Moldowan, ]. M. and W.K. Seifert, 1984, Structure proof
and significance of stereoisomeric 28,30-bisnorho-
panes in petroleum and petroleum source rocks,
Geochimica et Cosmochimica Acta, v. 48, p. 1651-1661.

Moldowan, J.M., WK. Seifert, and E.]. Gallegos, 1985,
Relationship between petroleum composition and
depositional environment of petroleum source
rocks, Bulletin of the American Association of
Petroleum Geologists, v. 69, p. 1255-1268.

Moldowan, J.M., P. Sundararaman, and M. Schoell,
1986, Sensitivity of biomarker properties to deposi-
tional environment and/or source input in the
Lower Toarcian of SW-Germany, Organic Geo-
chemistry, v. 10, p. 915-926.

Murchison, D.G., 1987, Recent advances in organic
petrology and organic geochemistry: an overview
with some reference to ‘oil from coal,” in A.C. Scott,
ed., Coal and Coal-bearing Strata: Recent Ad-
vances: Oxford, Blackwell, p. 257-302.

Nichols, P.D., A.C. Palmisano, M.5. Rayner, G.A.

Biomarkers for Geologists 81

Smith, and D. C. White, 1990, Occurrence of novel
C, sterols in Antarctic sea-ice diatom communities
during a spring bloom, Organic Geochemistry, v.
15, p. 503-508.

Noble, R., R. Alexander, and R.I. Kagi, 1985, The
occurrence of bisnorhopane, trisnorhopane and 25-
norhopanes as free hydrocarbons in some Aus-
tralian shales, Organic Geochmistry, v. 8, p. 171-176.

Omokawa, M. and T. Machihara, 1984, Oil/Source
rock correlation by biomarkers. A case study in the
Niigata oil field in Japan, Japan National Oil Cor-
poration Technical Report No. 38, 27 p. (in
Japanese).

Qurisson, G., P. Albrecht, and M. Rohmer, 1984, The
microbial origin of fossil fuels, Scientific American,
v. 251, no. 2, p. 44-51.

Palacas, ].G., D.E. Anders, and J.D. King, 1984, South
Florida Basin—a prime example of carbonate
source rocks of petroleum, in J.G. Palacas, ed., Geo-
chemistry and Source Rock Potential of Carbonate
Rocks, AAPG Studies in Geology #18: Tulsa, Amer-
ican Association of Petroleum Geologists, p. 71-96.

Palacas, ].G., D. Monopolis, C.A. Nicolaou, and D.E.
Anders, 1986, Geochemical correlation of surface
and subsurface oils, western Greece, in D. Ley-
thaeuser and J. Rullkétter, eds., Advances in Organ-
ic Geochemistry 1985: Oxford, Pergamon Press,
p. 417-424.

Palmer, 5.E., 1984, Hydrocarbon source potential of
organic facies of the lacustrine Elko Formation
(Eocene/Oligocene), northeast Nevada, in J. Wood-
ward, FF. Meissner, and ].L. Clayton, eds., Hydro-
carbon Source Rocks of the Greater Rocky Moun-
tain Region: Denver, Rocky Mountain Association
of Geologists, p. 491-511.

Peakman, T.M., P. Farrimond, 5.C. Brassell, and ].R.
Maxwell, 1986, De-A-steroids in immature marine
shales, in D. Leythaeuser and ]. Rullkétter, eds.,
Advances in Organic Geochemistry 1985: Oxford,
Pergamon Press, p. 779-789.

Peakman, TM. and J.R. Maxwell, 1988, Early diagenet-
ic pathways of steroid alkenes, in L. Mattavelli and
L. Novelli, eds., Advances in Organic Geochemistry
1987: Oxford, Pergamon Press, p. 583-592.

Peakman, T.L., H.L. ten Haven, J.R. Rechka, J.W. de
Leeuw, and J.R. Maxwell, 1989, Occurrence of
(20R)- and (20S)-A8(14) and A4 5a(H)-sterenes and
the origin of 5a(H),14p3(H),17p(H)-steranes in an
immature sediment, Geochimica et Cosmochimica
Acta, v. 53, p. 2001-2009.

Peters, K.E., 1986, Guidelines for evaluating petro-
leum source rock using programmed pyrolysis,
Bulletin of the American Association of Petroleum
Geologists, v. 70, p. 318-329.

Peters, K.E. and J.M. Moldowan, 1991, Effects of
source, thermal maturity, and biodegradation on



82 Waples and Machihara

the distribution and isomerization of homohopanes
in petroleum, Organic Geochemistry, v. 17, p. 47-61.

Peters, K.E., ].M. Moldowan, A.R. Driscole, and G.].
Demaison, 1989, Origin of Beatrice oil by co-sourc-
ing from Devonian and Middle Jurassic source
rocks, Inner Moray Firth, United Kingdom, Bulletin
of the American Association of Petroleum Geolo-
gists, v. 73, p. 454-471.

Peters, K.E., ]. M. Moldowan, and P. Sundararaman,
1990, Effects of hydrous pyrolysis on biomarker
thermal maturity parameters: Monterey Phosphatic
and Siliceous members, Organic Geochemistry, v. 15,
p. 249-265.

Petrov, A.A., 1987, Petroleum Hydrocarbons: Berlin,
Springer-Verlag, 255 p. (Originally published in
Russian in 1984 by Nauka (Moscow) as “Uglevo-
dorody Nefti”)

Petrov, A.A., N.S. Vorobieva, and Z.K. Zemskova,
1985, Sterenes and triterpenes in brown coals,
Organic Geochemistry, v. 8, p. 269-273.

Philp, R.P., 1983, Correlation of crude oils from the
San Jorges [sic] Basin, Argentina, Geochimica et
Cosmochimica Acta, v. 47, p. 267-275.

Philp, R.P%, 1985, Fossil Fuel Biomarkers: Amsterdam,
Elsevier, 294 p.

Philp, R.P. and M.H. Engel, 1987, The effects of migra-
tion on the distribution of biomarkers and stable
carbon isotopic composition of crude oils, in
B. Doligez, ed., Migration of Hydrocarbons in Sedi-
mentary Basins: Paris, Editions Technip, p. 615-632.

Philp, R.P. and A. Fan, 1987, Geochemical investigation
of oils and source rocks from Qianjiang Depression
of Jianghan Basin, a terrigenous saline basin, China,
Organic Geochemistry, v. 11, p. 549-562.

Philp, R.P. and T.D. Gilbert, 1986, Biomarker distribu-
tions in oils predominantly derived from terrige-
nous source material, in D. Leythaeuser and J. Rull-
kotter, eds., Advances in Organic Geochemistry
1985: Oxford, Pergamon Press, p. 73-84.

Phoa, RS.K. and L. Samuel, 1986, Problems of source
rock identification in the Salawati Basin, Irian Jaya,
in Proceedings of the Indonesian Petroleum Associ-
ation, Fifteenth Annual Convention, Volume
1: Jakarta, Indonesian Petroleum Association,
p- 405-422.

Poole, F.G. and G.E. Claypool, 1984, Petroleum
source-rock potential and crude-oil correlation in
the Great Basin, in J. Woodward, F.F. Meissner, and
J.L. Clayton, eds., Hydrocarbon Source Rocks of the
Greater Rocky Mountain Region: Denver, Rocky
Mountain Association of Geologists, p. 179-229.

Price, P.L., T. O’Sullivan, and R. Alexander, 1987, The
nature and occurrence of oil in Seram, Indonesia, in
Proceedings of the Indonesian Petroleum Associa-
tion, Sixteenth Annual Convention, Volume 1: Jakar-
ta, Indonesian Petroleum Association, p. 141-173.

Radke, M. and D.H. Welte, 1983, The methylphenan-
threne index (MPI): A maturity parameter based on
aromatic hydrocarbons, in M. Bjorey et al., eds.,
Advances in Organic Geochemistry 1981: Chich-
ester, Wiley, p. 504-512.

Ramanampisoa, L. M. Radke, R.G. Schaefer, R. Littke,
J. Rullkétter, and B. Horsfield, 1990, Organic-geo-
chemical characterisation of sediments from the
Sakoa coalfield, Madagascar, Organic Geochem-
istry, v. 16, p. 235-246.

Reed, ].D., H.A. Illich, and B. Horsfield, 1986, Bio-
chemical evolutionary significance of Ordovician
oils and their sources, Organic Geochemistry, v. 10,
p. 347-358.

Reed, W.S., 1977, Molecular compositions of weath-
ered petroleum and comparison with its possible
source, Geochimica et Cosmochimica Acta, v. 41,
p. 237-247.

Requejo, A.G., ]. Hollywood, and H.I. Halpern, 1989,
Recognition and source correlation of migrated
hydrocarbons in Upper Jurassic Hareelv Forma-
tion, Jameson Land, East Greenland, Bulletin of the
American Association of Petroleum Geologists,
v. 73, p. 1065-1088.

Riediger, C.L., M.G. Fowler, P.W. Brooks, and L.R.
Snowdon, 1990, Triassic oils and potential Mesozoic
source rocks, Peace River Arch area, Western Cana-
da Basin, Organic Geochemistry, v. 16, p. 295-305.

Riolo, J., G. Hussler, P. Albrecht, and J. Connan, 1986,
Distribution of aromatic steroids in geological sam-
ples: their evaluation as geochemical parameters,
in D. Leythaeuser and J. Rullkétter, eds., Advances
in Organic Geochemistry 1985: Oxford, Pergamon
Press, p. 981-990.

Riva, A., T. Salvatori, R. Cavaliere, T. Ricchiuto, and
L. Novelli, 1986, Origin of oils in Po Basin, North-
ern Italy, in D. Leythaeuser and J. Rullkétter, eds.,
Advances in Organic Geochemistry 1985: Oxford,
Pergamon Press, p. 391-400.

Riva, A, P.G. Caccialanza, and F. Quagliaroli, 1988,
Recognition of 18p(H)oleanane in several crudes
and Tertiary-Upper Cretaceous sediments. Defini-
tion of a new maturity parameter, in L. Mattavelli
and L. Novelli, eds., Advances in Organic Geo-
chemistry 1987: Oxford, Pergamon Press, p. 671-675.

Riva, A., J. Riolo, B. Mycke, R. Ocampo, H.J. Callot,
P. Albrecht, and M. Nali, 1989, Molecular parame-
ters in Italian carbonate oils: reconstruction of past
depositional environments, 14th International
Meeting on Organic Geochemistry, Paris, Septem-
ber 18-22, Abstracts, Number 335.

Robinson, K.M., 1987, An overview of source rocks
and oils in Indonesia, in Proceedings of the Indone-
sian Petroleum Association, Sixteenth Annual Con-
vention, Volume 1: Jakarta, Indonesian Petroleum
Association, p. 97-122.



Robinson, K.M. and A. Kamal, 1988, Hydrocarbon
generation, migration and entrapment in the Kam-
par block, central Sumatra, in Proceedings of the
Indonesian Petroleum Association, Seventeenth
Annual Convention, Volume 1: Jakarta, Indonesian
Petroleum Association, p. 211-256.

Robinson, N., G. Eglinton, 5.C. Brassell, A.P. Gowar,
and J. Parnell, 1986, Hydrocarbon compositions of
bitumens associated with igneous intrusions and
hydrothermal deposits in Britain, in D. Ley-
thaeuser, and J. Rullkétter, eds., Advances in
Organic Geochemistry 1985: Oxford, Pergamon
Press, p. 145-152.

Rohrback, B.G., 1983, Crude oil geochemistry of the
Gulf of Suez, in M. Bjoroy et al., eds., Advances in
Organic Geochemistry 1981: Chichester, John
Wiley, p. 39-48.

Rullkétter, J. and R. Marzi, 1988, Natural and artificial
maturation of biological markers in a Toarcian
shale from northern Germany, in L. Mattavelli and
L. Novelli, eds., Advances in Organic Geochem-
istry 1987: Oxford, Pergamon Press, p. 639-645.

Rullkétter, J. and P. Philp, 1981, Extended hopanes
up to C4 in Thornton bitumen, Nature, v. 292,
p. 616-617.

Rullkoétter, J. and D. Wendisch, 1982, Microbial alteration
of 17a(H)-hopanes in Madagascar asphalts: removal
of C-10 methyl group and ring opening, Geochimica et
Cosmochimica Acta, v. 46, p. 1534-1553.

Rullkétter, J., D. Leythaeuser, and D. Wendisch, 1982,
Novel 23,28-bisnorlupanes in Tertiary sediments,
Widespread occurrence of nuclear demethylated
triterpanes, Geochimica et Cosmochimica Acta,
v. 46, p. 2501-2509.

Rullkétter, J., Z. Aizenshtat, and B. Spiro, 1984, Biolog-
ical markers in bitumens and pyrolysates of upper
Cretaceous bituminous chalks from the Ghareb
Formation (Israel), Geochimica et Cosmochimica
Acta, v. 48, p. 151-157.

Rullkétter, J., B. Spiro, and A. Nissenbaum, 1985, Bio-
logical marker characteristics of oils and asphalts
from carbonate sources in a rapidly subsiding
graben, Geochimica et Cosmochimica Acta, v. 49,
p- 1357-1370.

Rullkétter, J., P.A. Meyers, R.G. Schaefer, and K.W.
Dunham, 1986, Oil generation in the Michigan
Basin: a biological marker and carbon isotope
approach, in D. Leythaeuser and J. Rullkétter, eds.,
Advances in Organic Geochemistry 1985: Oxford,
Pergamon Press, p. 359-376.

Sakata, S., Y. Suzuki, and N. Kaneko, 1987, Biological
markers in the Neogene gas field around Nagaoka,
Journal of the Japanese Association for Petroleum
Technology, v. 52, p. 221-230 (in Japanese).

Schou, L., S. Eggen, and M. Schoell, 1985, Oil-oil and
oil-source rock correlation, Northern North Sea, in

Biomarkers for Geologists 83

B.M. Thomas et al., eds., Petroleum Geochemistry
in Exploration of the Norwegian Shelf: London,
Graham and Trotman, p. 101-117.

Seifert, W.K. and ].M. Moldowan, 1979, The effect of
biodegradation on steranes and triterpanes, Geo-
chimica et Cosmochimica Acta, v. 43, p. 111-126.

Seifert, W.K. and J.M. Moldowan, 1980, The effect of
thermal stress on source rock quality as measured
by hopane stereochemistry, in A.G. Douglas and
J.R. Maxwell, eds., Advances in Organic Geochem-
istry 1979: Oxford, Pergamon Press, pp. 229-237.

Seifert, WK. and ].M. Moldowan, 1981, Paleorecon-
struction by biological markers, Geochimica et Cos-
mochimica Acta, v. 45, p. 783-794.

Seifert, WK. and .M. Moldowan, 1986, Use of biologi-
cal markers in petroleum exploration, in R.B. Johns,
ed., Biological Markers in the Sedimentary Record:
Amsterdam, Elsevier, p. 261-290.

Shanmugam, G., 1985, Significance of coniferous rain
forests and related organic matter in generating
commercial quantities of oil, Gippsland Basin, Aus-
tralia, Bulletin of the American Association of
Petroleum Geologists, v. 69, p. 1241-1254.

Shi, ].Y., A.S. Mackenzie, R. Alexander, G. Eglinton,
A.P. Gowar, G.A. Wolff, and J.R. Maxwell, 1982, A
biological marker investigation of petroleums and
shales from the Shengli oilfield, the People’s
Republic of China, Chemical Geology, v. 35, p. 1-31.

Simoneit, B.R.T., 1990, Petroleum generation, an easy
and widespread process in hydrothermal systems:
an overview, Applied Geochemistry, v. 5, p. 3-15.

Simoneit, B.R.T., J.O. Grimalt, T.G. Wang, R.E. Cox,
P.G. Hatcher, and A. Nissenbaum, 1986, Cyclic ter-
penoids of contemporaneous resinous plant detri-
tus and of fossil woods, ambers, and coals, in
D. Leythaeuser and J. Rullkétter, eds., Advances in
Organic Geochemistry 1985: Oxford, Pergamon
Press, p. 877-889.

Simoneit, B.R.T., P.F. Lonsdale, ]. M. Edmond, and
W.C. Shanks III, 1990, Deep-water hydrocarbon
seeps in Guaymas Basin, Gulf of California,
Applied Geochemistry, v. 5, p. 41-49.

Snowdon, L.C., 1988, Hydrocarbon migration in
Mackenzie Delta sediments, Bulletin of Canadian
Petroleum Geology, v. 36, p. 407-412.

Snowdon, L.R., PW. Brooks, G.K. Williams, and
F. Goodarzi, 1987, Correlation of the Canol Forma-
tion source rock with oil from Norman Wells,
Organic Geochemistry, v. 11, p. 529-548.

Sofer, Z., 1988, Biomarkers and carbon isotopes of oils in
the Jurassic Smackover Trend of the Gulf Coast states,
US.A., Organic Geochemistry, v. 12, p. 421-432.

Sofer, Z., ].E. Zumberge, and V. Lay, 1986, Stable car-
bon isotopes and biomarkers as tools in under-
standing genetic relationship, maturation, biode-
gradation, and migration of crude oils in the



84 Waples and Machihara

Northern Peruvian Oriente (Marafion) Basin, in
D. Leythaeuser and ]. Rullkotter, eds., Advances in
Organic Geochemistry 1985: Oxford, Pergamon
Press, p. 377-390.

Steen, A., 1986, Gas chromatographic/mass spectro-
metric (GC/MS) analysis of C;5.,9 steranes, in
D. Leythaeuser and ]. Rullkétter, eds., Advances in
Organic Geochemistry 1985: Oxford, Pergamon
Press, p. 1137-1142.

Strachan, M.G., R. Alexander, E.A. Subroto, and
R.I. Kagi, 1989, Constraints upon the use of 24-
ethylcholestane diastereomer ratios as indicators
of the maturity of petroleum, Organic Geochem-
istry, v. 14, p. 423-432.

Summons, R.E., 5.C. Brassell, G. Eglinton, E. Evans, R.].
Horodyski, N. Robinson, and D.M. Ward, 1988, Dis-
tinctive hydrocarbon biomarkers from fossiliferous
sediment of the Late Proterozoic Walcott member,
Chuar Group, Grand Canyon, Arizona, Geochimica
et Cosmochimica Acta, v. 52, p. 2625-2637.

Suzuki, N., 1984, Estimation of maximum tempera-
ture of mudstone by two kinetic parameters;
epimerization of sterane and hopane, Geochimica
et Cosmochimica Acta, v. 48, p. 2273-2282.

Suzuki, N., 1990. Application of sterane epimerization
to evaluation of Yoshii gas and condensate reser-
voir in the Niigata Basin, Japan, Bulletin of the
American Association of Petroleum Geologists,
v. 74, p. 1571-1589.

Taher, M., M. Said, and T. El-Azhary, in press, Organic
geochemical study, Meleiha area, in Egyptian Gen-
eral Petroleum Company 9th Exploration and Pro-
duction Seminar: Cairo, November, 1988.

Talukdar, S., O. Gallango, and M. Chin-A-Lien, 1986,
Generation and migration of hydrocarbons in the
Maracaibo Basin, Venezuela: an integrated basin
study, in D. Leythaeuser and J. Rullkétter, eds.,
Advances in Organic Geochemistry 1985: Oxford,
Pergamon Press, p. 261-280.

Talukdar, S., O. Gallango, and A. Ruggiero, 1988, Gen-
eration and migration of oil in the Maturin Sub-
basin, Eastern Venezuela Basin, in L. Mattavelli and
L. Novelli, eds., Advances in Organic Geochem-
istry 1987: Oxford, Pergamon Press, p. 537-547.

Tannenbaum, E., E. Ruth, and L.R. Kaplan, 1986a, Ster-
anes and triterpanes generated from kerogen
pyrolysis in the absence and presence of minerals,
Geochimica et Cosmochimica Acta, v. 50, p. 805-812.

Tannenbaum, E., E. Ruth, B.J. Huizinga, and L.R.
Kaplan, 1986b, Biological marker distribution in
coexisting kerogen, bitumen, and asphaltenes in
Monterey Formation diatomite, California, in
D. Leythaeuser and J. Rullkétter, eds., Advances in
Organic Geochemistry 1985: Oxford, Pergamon
Press, p. 531-536.

Telnaes, N. and B. Dahl, 1986, Oil-oil correlation using

multivariate techniques, in D. Leythaeuser and
J. Rullkétter, eds., Advances in Organic Geochem-
istry 1985: Oxford, Pergamon Press, p. 425-432.

ten Haven, H.L., ].W. de Leeuw, T.M. Peakman, and
J.R. Maxwell, 1986, Anomalies in steroid and
hopanoid maturity indices, Geochimica et Cos-
mochimica Acta, v. 50, p. 853-855.

ten Haven, H.L., . W. de Leeuw, ]. Rullkétter, and ].S.
Sinninghe-Damste, 1987, Restricted utility of the
pristane/phytane ratio as a palaeoenvironmental
indicator, Nature, v. 330, p. 641-643.

ten Haven, H.L., M. Rohmer, J. Rullkotter, and P. Bis-
seret, 1989, Tetrahymanol, the most likely precursor
of gammacerane, occurs ubiquitously in marine
sediments, Geochimica et Cosmochimica Acta,
v. 53, p. 3073-3079.

Thompson, S., B.S. Cooper, R.J. Morley, and P.C.
Barnard, 1985, Qil-generating coals, in B.M.
Thomas et al., eds., Petroleum Geochemistry in
Exploration of the Norwegian Shelf: London, Gra-
ham and Trotman, p. 59-73.

Tissot, B.P. and D. Welte, 1984, Petroleum Formation
and Occurrence, 2nd edition: Berlin, Springer,
699 p.

Tupper, N.P. and D.M. Burckhardt, 1990, Use of the
methylphenanthrene index to characterise expul-
sion of Cooper and Eromanga basin oils, APEA
Journal, v. 30, pt. 1, p. 373-385.

van Aarssen, B.G.K., H.C. Cox, P. Hoogendoorn, and
J.-W. de Leeuw, 1990, A cadinene biopolymer in fos-
sil and extant dammar resins as a source for cadi-
nanes and bicadinanes in crude oils from South
East Asia, Geochimica et Cosmochimica Acta, v. 54,
p- 3021-3031.

van Graas, G.W.,, 1990, Biomarker maturity parame-
ters for high maturities: calibration of the working
range up to the oil/condensate threshold, Organic
Geochemistry, v. 16, p. 1025-1032.

Venkatesan, M.I,, 1989, Tetrahymanol: its widespread
occurrence and geochemical significance, Geochim-
ica et Cosmochimica Acta, v. 53, p. 3095-3101.

Villar, H.J., W. Piittmann, and M. Wolf, 1988, Organic
geochemistry and petrography of Tertiary coals
and carbonaceous shales from Argentina, in L. Mat-
tavelli and L. Novelli, eds., Advances in Organic
Geochemistry 1987: Oxford, Pergamon Press,
p. 1011-1021.

Vlierboom, EW., B. Collini, and ].E. Zumberge, 1986,
The occurrence of petroleum in sedimentary rocks
of the meteor impact crater at Lake Siljan, Sweden,
in D. Leythaeuser and J. Rullkotter, eds., Advances
in Organic Geochemistry 1985: Oxford, Pergamon
Press, p. 153-162.

Volkman, ].K., 1986, A review of sterol biomarkers for
marine and terrigenous organic matter, Organic
Geochemistry, v. 9, p. 83-99.



Volkman, J.K., 1988, Biological marker compounds as
indicators of the depositional environments of
petroleum source rocks, in A J. Fleet, K. Kelts, and
M.R. Talbot, eds., Lacustrine Petroleum Source
Rocks: Oxford, Blackwell, p. 103-122.

Volkman, J.K., R. Alexander, R.I. Kagi, R.A. Noble,
and G.W. Woodhouse, 1983a, A geochemical recon-
struction of oil generation in the Barrow Sub-basin
of Western Australia, Geochimica et Cosmochimica
Acta, v. 47, p. 2091-2106.

Volkman, J.K., R. Alexander, R.I. Kagi, and G.W.
Woodhouse, 1983b, Demethylated hopanes in
crude oils and their applications in petroleum geo-
chemistry, Geochimica et Cosmochimica Acta, v. 47,
p. 785-794.

Volkman, ].K., PD. Nichols, P.S. Kearney, G.I. Rogers,
and S.W. Jeffrey, 1989, 4-Methyl sterols and 5a(H)-
stanols in some Prymnesiophyte microalgae, 14th
International Meeting on Organic Geochemistry,
Paris, September 18-22, Abstracts, Number 167.

Volkman, ] K., P. Kearney, and S.W. Jeffrey, 1990, A new
source of 4-methylsterols and 5a(H)-stanols in sedi-
ments: prymnesiophyte microalgae of the genus
Pavlova, Organic Geochemistry, v. 15, p. 489-497.

Wang, T.-G. and B.R.T. Simoneit, 1990, Organic geo-
chemistry and coal petrology of Tertiary brown
coal in the Zhoujing mine, Baise Basin, South
China. 2. Biomarker assemblage and significance,
Fuel, v. 69, p. 12-20.

Waples, D.W,, 1980, Time and temperature in pet-
roleum formation: application of Lopatin’s me-
thod to petroleum exploration, Bulletin of the
American Association of Petroleum Geologists,
v. 64, p. 916-926.

Waples, D.W., 1985, Geochemistry in Petroleum
Exploration: Boston, [IHRDC, 232 p.

Waples, D.W. and T. Machihara, 1990, Application of
sterane and triterpane biomarkers in petroleum

Biomarkers for Geologists 85

exploration, Bulletin of Canadian Petroleum Geolo-
gy, v. 38, p. 357-380.

Warburton, G.A. and ].E. Zumberge, 1983, Determina-
tion of petroleum sterane distributions by mass
spectrometry with selective metastable ion moni-
toring, Analytical Chemistry, v. 55, p. 123-126.

Wielens, ].B.W., H. von der Dick, M.G. Fowler, PW.
Brooks, and F. Monnier, 1990, Geochemical com-
parison of a Cambrian alginite potential source
rock, and hydrocarbons from the Colville/Tweed
Lake area, Northwest Territories, Bulletin of Cana-
dian Petroleum Geology, v. 38, p. 236-245.

Williams, J.A., M. Bjorey, D.L. Dolcater, and ].C. Win-
ters, 1986, Biodegradation in South Texas Eocene
oils—effects on aromatics and biomarkers, in
D. Leythaeuser and J. Rullkétter, eds. Advances in
Organic Geochemistry 1985: Oxford, Pergamon
Press, p. 451-461.

Williams, L.A., 1984, Subtidal stromatolites in Mon-
terey Formation and other organic-rich rocks as
suggested contributors to petroleum formation,
Bulletin of the American Association of Petroleum
Geologists, v. 68, p. 1879-1893.

Zhang, D., D. Huang, and J. Li, 1988, Biodegraded
sequence of Karamay oils and semi-quantitative
estimation of their biodegraded degrees in Junggar
Basin, China, in L. Mattavelli and L. Novelli, eds.,
Advances in Organic Geochemistry 1987: Oxford,
Pergamon Press, p. 295-302.

Zumberge, ].E., 1984, Source rocks of the La Luna For-
mation (Upper Cretaceous) in the Middle Magdale-
na Valley, Colombia, in J.G. Palacas, ed., Geochem-
istry and Source Rock Potential of Carbonate Rocks,
AAPG Studies in Geology #18: Tulsa, American
Association of Petroleum Geologists, p. 127-133.

Zumberge, ].E., 1987, Terpenoid biomarker distribu-
tions in low maturity crude oils, Organic Geochem-

istry, v. 11, p. 479-496.



90 Waples and Machihara

Table 2. Identities of common steranes in the m/z 217 mass chromatograms in most of the illustrations in this book.

Number of Ring Side-chain
Designation Carbon Atoms Stereochemistry* Stereochemistry
Regular Steranes
A 27 oo 20S
B 27 Bp 20R +20S
C 27 oo 20R
Q 28 ool 205
R 28 BB 20R
S 28 BB 205
D 28 ao 20R
E 29 oo 205
F 25 BR 20R
G 29 Bp 205
H 29 oo 20R
I 30 oo 205
] 30 Bp 20R
K 30 BB 205
L 30 oo 20R
Diasteranes
M 27 Po 20S
N 27 Po 20R
O 29 Bo 205
P 29 Bou 20R

*Stereochemistry of hydrogen atoms at positions 14 and 17 for regular steranes and 13 and 17 for diasteranes.
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Table 3. Identities of triterpanes in the m/z 191 mass chromatograms in most of the illustrations in this book.

Number of
Designation Identity Carbon Atoms
Hopanes
y 25,28,30-trisnorhopane 27
a Ts 27
b Tm 27
c 28,30-bisnorhopane 28
d Cyg 17a(H)-hopane (norhopane) 29
e Cyp 17a(H)-hopane (hopane) 30
f 225 Cy; 17a(H)-hopane 31
g 22R C3; 17a(H)-hopane 3l
h 225 C5, 17a(H)-hopane 32
i 22R Cy, 17a(H)-hopane 32
j 225 Cs3 17a(H)-hopane 33
k 22R Cy3 17a(H)-hopane 33
m 225 Cy4 170(H)-hopane 34
n 22R Cz4 170(H)-hopane 34
o 225 Cy5 17a(H)-hopane 35
p 22R C35 170(H)-hopane 35
Moretanes
q normoretane 29
r moretane 30
Other
s gammacerane 30
t 18a(H)-oleanane 30
u 18B(H)-oleanane 30
X Cw-penfacyclic (compound X) 30
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