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Abstract

Petroleum geochemistry is the outgrowth of the application of the principles and methods of organic chemistry to
petroleum refining and petroleum geology. This paper reviews 120 years of petroleum geochemistry, from about 1860
to 1980, and includes a discussion of the formal recognition of petroleum geochemistry as an earth-science discipline
starting in 1959 when a general petroleum geochemistry symposium was first organized at Fordham University, New
York. A chronology of significant events, including concepts, techniques, and textbook publications, is presented.
Because petroleum geochemistry has been a tool for petroleum exploration from the beginning, the early developments
of surface prospecting, source-rock identification, and oil/oil and oil/source correlation are discussed, along with the
application of geochemistry to petroleum migration, accumulation, and alteration. In addition the paper deals with the
biomarker revolution, which began in earnest about 1964, and with early models of geothermal history. Concepts in
petroleum geochemistry have continually evolved, enhanced by the development of new analytical techniques, leading

to new discoveries concerning the origin and occurrence of petroleum.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The roots of petroleum geochemistry go back to the
last part of the nineteenth century, when petroleum was
recognized to be an important natural resource, and to
the first part of the twentieth century, when develop-
ments in organic chemistry provided a means to deter-
mine the complex composition of petroleum. Concurrent
with the latter was the application of chemical principles
to the geology of petroleum, including its origin, migra-
tion, accumulation, and alteration; the goal was to
enhance petroleum exploration and production. This
practical combination of petroleum chemistry and petro-
leum geology became known as petroleum geochemistry.
Petroleum is understood here to mean crude oil, crude-oil
products, natural gas, and related bitumens. This paper
reviews (1) the early history of the field of petroleum
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geochemistry, (2) some of the major advances prior to
about 1980, and (3) how the early history and major
advances laid the foundation for present practices in the
field.

2. Chronology of significant events to 1980

Although the roots of petroleum geochemistry go
back to the nineteenth century, mankind knew of the
occurrence and use of some forms of petroleum as early
as 3800 BC (Rossini, 1960). Since then, natural seeps of
both oil and gas have been found in various places on
earth, including China, Burma, Azerbaijan, Romania,
Iran, India, Trinidad, Cuba, and North America. In
many places, surface wells and shafts were drilled or dug
to increase the flow rate of petroleum to the surface for
collection purposes (Hunt, 1979). By the end of the
eighteenth century an oil field with over 500 wells had
been developed in Burma, and the last half of the next
century saw the early development of a petroleum
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industry in what became the USSR. The first discovery
and production of oil in North America was at Oil-
springs, Ontario, Canada, in 1858. Early uses of petro-
leum included sealants, illuminants, lubricants, and
products for medicinal purposes.

The United States petroleum industry started in 1859
with the drilling of the Drake well at an oil seep near
Titusville, Pennsylvania. This well produced about 25
bbl/day from a depth of 69.5 feet (21.2 m) (Rossini,
1960). Production from this new U.S. industry has
increased at an astonishing rate, reaching a maximum of
9.6 million bbl/day in 1970.

The chemical technique of distillation was first used,
and is still used, to fractionate petroleum into its various
cuts, or fractions, the most valuable of which was kero-
sine for illumination, replacing the previous illuminant
of choice, whale oil. The primary role of kerosine as an
illuminant was short-lived, however, because of the
invention of the light bulb and the internal combustion
engine, which required gasoline and later diesel fuel.
Thus the gasoline distillation cut for automobiles
became more important than the kerosine cut for lamps.
Fig. 1 illustrates a flow chart showing the major
separation steps of a modern refinery (Hunt, 1979). All
fractions now are used for a variety of purposes includ-
ing fueling automobiles, trucks, airplanes, and ships;
commercial and industrial heating; paving of road sur-
faces; and as feedstock for the manufacture of plastics
and lubricants.

The important petroleum chemical and geochemical
milestones that followed the first production of petro-
leum in the United States (1859) are listed below:

~1860: Distillation of petroleum to obtain kerosine
and later gasoline on a large scale. Other chemical pro-
cesses such as thermal cracking and polymerization were
adopted later to increase the yield of gasoline to meet
growing industrial demand (Hunt, 1979). About this same
time geologists recognized that the source of petroleum is
likely to be organic matter deposited with sediment in a
basin. T.S. Hunt (1863) observed that in Paleozoic rocks of
North America, the organic matter which yielded the
bitumen must be derived either from marine vegetation or
from the remains of marine animals. He wrote that the
transformation of organic matter into bitumen does not
differ greatly from that which produces bituminous coals.

1915: Introduction of the carbon-ratio-theory which
relates metamorphism of coal to the occurrence of pet-
roleum (White, 1915). Oil fields in the eastern United
States do not occur where the fixed carbon content
exceeds 60%; gas fields are not found beyond fixed car-
bon values of 65-70%. This theory proposed that pet-
roleum occurrence is limited by thermal history.

1926: Establishment of the American Petroleum
Institute’s (API) Project 4 to investigate the origin and
environment of petroleum source sediments (Trask,
1932). Two important conclusions resulted from this
project. First, the distribution of organic matter in var-
ious modern sediments indicates that liquid petroleum
does not occur in sediments at the time of deposition
and, therefore, soluble organic matter in modern sedi-
ments is not an important factor in petroleum origin
(Trask and Wu, 1930). Second, much (if not most) pet-
roleum comes from the non-extractable organic matter
(kerogen) in sediments.
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Fig. 1. Crude oils are the source of a wide variety of refined products and feedstocks for the petrochemical industry. This flow chart
shows a simplified refinery crude oil distillation process and the associated refined products.
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1927: Organization of API Project 6 to study the
hydrocarbon constituents of a representative petroleum
(from the Brett No. 6 well, Ponca City, Oklahoma
Field). This ambitious project required exhaustive frac-
tionation, including five forms of distillation, two forms
of extraction, four forms of adsorption, two forms of
crystallization, and two forms of separation using
molecular sieves. By June 1960, 175 hydrocarbon com-
pounds, representing about 60% of the crude oil, had
been isolated and identified (Rossini, 1960). By the time
the project ended in the mid-1960s, more than 295
compounds had been identified.

1929: Beginning of surface prospecting by geochem-
ical means to explore for subsurface petroleum deposits.
The first possibility of a direct surface prospecting
method appeared in a patent filed in Germany and the
United States entitled “Detecting the Presence of Prof-
itable Deposits in the Earth” (Laubmeyer, 1933) in
which soil gas was assayed for hydrocarbons as an
indicator of petroleum in the subsurface. Prospecting
methods were also used in the USSR (Sokolov, 1933).
Later in the United States, Horvitz (1939) and Rosaire
(1940) established a commercial company to provide
surface prospecting services to the petroleum industry.

1931: The American Chemical Society’s Petroleum
Research Fund (PRF), the outgrowth of two funds
established in 1926 by the API and the Universal Oil
Products Company (UOP), began to support funda-
mental research and education in the petroleum field.

1933: Discovery of porphyrin pigments in shale, and
later in oil and coal, marks the first result of modern
studies on the geochemistry of organic molecules
(Treibs, 1936). Free-base as well as metal-complex por-
phyrins were found and demonstrated to be degradation
products from chlorophyll. This observation showed
there is a link between biochemicals in living matter and
the compounds found in petroleum. In the following
year Vernadskii (1934), in his Outlines of Geochemistry,
reiterated the importance of sedimentary organic matter
in the origin of petroleum.

1942: API Project 43 was initiated to study the trans-
formation of organic matter into petroleum by radio-
active and thermal sources of energy and by
bacteriological and biochemical processes. The results of
these studies greatly influenced ideas at the time on the
origin of petroleum. The work showed that hydro-
carbons derived from the organic matter of living
organisms are adequate in quantity to yield hydro-
carbons found in petroleum (summarized in Whitehead
and Breger, 1963).

1952: Sustained interest in molecular organic geo-
chemistry was initiated by the finding of liquid hydro-
carbons in recent sediments by Smith (1952). This
observation changed the course of petroleum geochem-
istry, momentarily, because it challenged the conven-
tional wisdom expounded by Trask and Wu (1930) that

liquid hydrocarbons are not present in recent sediments.
Also in 1952, Oakwood et al. (1952) observed optical
activity in petroleum fractions thought to contain ster-
oids and terpenoids, an observation confirmed much
later by Whitehead (1971).

1954: The first successful source rock—crude oil corre-
lation was carried out in the Uinta Basin of Utah. Four
major source rock types were identified and correlated
with the liquid hydrocarbons in the basin using a variety
of techniques such as fractionation, column chromato-
graphy, infrared analysis and elemental analysis (Hunt et
al, 1954). This led to the identification of a variety of shales
and carbonate rocks that were acting as source rocks for
oils in nearby reservoirs (Hunt and Jamieson, 1956).

1955: Development of mass spectrometric analyses of
high molecular weight hydrocarbons in which the mass
spectral data were corrected to a monoisotopic basis for
carbon and hydrogen, leading to the discovery of
n-paraffin distributions (Fig. 2) in crude oils and sediment
extracts (Stevens et al., 1956; Bray and Evans, 1961).

1958: In contrast to the idea that petroleum could be
accounted for by a selection and concentration of
hydrocarbons in recent sediments (Smith, 1952, 1954;
Meinschein, 1959), Forsman and Hunt (1958) and Bray
and Evans (1961) suggested, correctly, that hydrocarbon
mixtures in recent sediments cannot serve directly as
precursors for petroleum hydrocarbons. Rather, sedi-
ment organic matter including hydrocarbons must be
altered and transformed to produce petroleum. The
structure and properties of kerogen were investigated
(Forsman and Hunt, 1958), and the important role of
kerogen in petroleum generation was finally accepted
(Abelson, 1963) and has been reviewed in detail by
Durand (1980).

1958: Carbon isotopic studies were applied to petro-
leum and other sedimentary organic materials (Silver-
man and Epstein, 1958). This practical application of
isotope geochemistry was a natural extension of the
work of Craig (1953), who firmly established carbon
isotopes as an important part of the chemistry of
organic molecules.

~1960: Gas chromatography (later coupled with
mass spectrometry) became commercially available,
leading to the separation, identification, and determina-
tion of distributions of many kinds of organic com-
pounds found in sediments and crude oils. The
n-alkanes and n-fatty acids (Cooper, 1962; Cooper and
Bray, 1963) and isoprenoid hydrocarbons (Bendoriatis et
al., 1962) were among the first compounds investigated.

1963: Publication of Organic Geochemistry, edited by
I.A. Breger (1963), which contains 15 papers, many of
relevance to petroleum geochemistry. This book is the
first compilation, in English, of papers covering organic
and petroleum geochemistry.

1964: Development of the biomarker concept where
biomarkers, also called biological markers (Eglinton et
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Fig. 2. Distributions of n-alkanes in recent sediments, crude oils and shales have been investigated extensively since the 1950s. Var-
iations in the odd/even distributions of the n-alkanes was recognized as a potential maturity indicator by Stevens et al. (1956). One of
the earliest illustrations of the odd/even predominance of n-alkanes in immature sediments and plankton plus the smooth distribution
of these components in crude oils is shown in this figure (reproduced with permission from Bray and Evans, 1961).

al., 1964), molecular markers, chemical fossils (Eglinton
and Calvin, 1967) and geochemical fossils (Tissot and
Welte, 1978), led to comparison of structurally similar
organic compounds in sediments and crude oils with
their probable precursors in living organisms. Bio-
markers were also used to make oil-rock correlations
and oil-oil correlations, and to understand petroleum
occurrence and origin.

1969: Publication of Organic Geochemistry—Methods
and Results, edited by G. Eglinton and M.T.J. Murphy
(1969), provided a comprehensive collection of 31
papers, many of direct interest to petroleum geo-
chemists. It is essentially the first textbook in the field.

1977: Development and use of Rock-Eval, a standar-
dized pyrolysis method of source-rock characterization
and evaluation (Espitalié et al., 1977). Rock-Eval
became a principal analytical tool in petroleum geo-
chemistry. The type of kerogen is characterized by its
Rock-Eval-determined hydrogen index and oxygen
index, which show good correlations with H/C and O/C
ratios, respectively, of kerogen. The indices can be plot-
ted as a modified van Krevelen diagram (Fig. 3 a,b),
from which kerogen in rocks has been classified as types

I, II, III, and IV. Types I and II are considered oil-
prone, whereas types III and IV are gas-prone.

1978: Publication of Petroleum Formation and Occur-
rence by Tissot and Welte (1978), the first textbook on
petroleum geochemistry. The journal Organic Geochem-
istry, which serves as an outlet for many research papers
on petroleum geochemistry, was first published in 1977
under the editorship of I.A. Breger. In 1983 the journal
became affiliated with the European Association of
Organic Geochemists (EAOG), and in 1985 the publica-
tion was designated the Official Journal of the EAOG.

1979: One of the most significant developments in pet-
roleum geochemistry was the introduction of the labora-
tory technique of hydrous pyrolysis by the Amoco
geochemists Lewan and Winters (Lewan et al., 1979).
Whereas fingerprinting methods provide a snapshot at a
specific point in time, hydrous pyrolysis is a method to
simulate the maturation of an immature kerogen or source
rock, and yields information on the nature of the products
that a specific kerogen generates with increasing maturity.
This technique is discussed in more detail below.

1979: Publication of Petroleum Geochemistry and
Geology by Hunt (1979), the second textbook directed
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Fig. 3. (a) van Krevelen diagram showing four different types of kerogen at different maturity levels. The open square symbols are
type I, Eocene Green River Shale, USA; open triangles are type II, Jurassic of Saudi Arabia, and open circles are type II from the
Toarcian Shale of France; shaded circles are type 111, Tertiary of Greenland; and shaded diamonds are type IV, Upper Tertiary, Gulf
of Alaska. The dashed lines are isorank lines based on vitrinite reflectance,% R,. (b) Classification of kerogen types on the basis of the
HI and OI from Rock Eval data. The symbols are the same as for Fig. 3a although the Alaskan samples are not included in this

diagram (reproduced with permission from Hunt, 1996).

specifically to petroleum geochemistry and its appli-
cation to petroleum geology.

3. Formal recognition of petroleum geochemistry

Petroleum geochemistry was first recognized as a sci-
entific discipline in 1959 when a meeting entitled “Gen-
eral Petroleum Geochemistry Symposium” was held in
conjunction with the 5th World Petroleum Congress.
This symposium was organized by B. Nagy, E.G. Baker,
and P. Witherspoon, moderated by G. Hobson, and
took place at Fordham University in New York. During
the same year, B. Nagy also organized the Organic
Geochemistry Division (OGD) of The Geochemical
Society, and the OGD met for the first time in 1960 with
the Geological Society of America in Denver, Colorado.

Three years later in September 1962, the 1st Inter-
national Meeting on Organic Geochemistry (IMOG)
was held in Milan, Italy, co-chaired by U. Colombo and
G. Hobson. About one-third of the 39 papers presented
were about petroleum geochemistry. International
meetings have been held approximately every other year

since then. Six petroleum geochemists from the United
States, P. Witherspoon, H. Smith, S. Silverman, N. Ste-
vens, P.A. Dickey and J. Hunt, attended the 1st IMOG,
while on their way to Budapest, Hungary, for the 3rd
International Scientific Conference on Geochemistry,
Microbiology and Petroleum Chemistry in October
1962. This meeting demonstrated that petroleum geo-
chemistry had been an active discipline in Cold War
countries (Russia, Hungary, Czechoslovakia, Romania,
and East Germany).

During 1963, a Gordon Research Conference entitled
“Origin of Petroleum” was held at Tilton School, New
Hampshire, co-chaired by H. Smith and F. Rossini.
Keynote addresses on petroleum geology and petroleum
geochemistry were given by H. Edberg and J. Hunt,
respectively. For the next 6 years, Gordon Research
Conferences dealt with broad issues in geochemistry,
including petroleum geochemistry. In 1968 the Con-
ference was titled “Organic Geochemistry,” and since
then a Gordon Research Conference on Organic Geo-
chemistry has been held biennially at Holderness
School, New Hampshire, and petroleum geochemistry
has always been an important topic of discussion.
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4. Surface prospecting

One of the earliest applications of petroleum geo-
chemistry was to surface prospecting for subsurface
hydrocarbon accumulations. DeGolyer (1940) claimed
that visible evidence of oil at the surface had been
responsible for the discovery of more oil than any other
prospecting technique up to that time. Oil seeps have
always been relatively easy to observe, and with the
multitude of satellite imagery techniques available today,
they are far more easily observed than in past years. Sur-
face prospecting has had varying degrees of success over
the years, and has also been received with varying levels of
skepticism. Many of the early publications only reported
successes, gave no indication of the rates of success, and
certainly no indication of the spectacular failures. Others
implied that a successful discovery of a surface anomaly
would indicate a drilling target at the center of the anom-
aly, completely ignoring the fact that volatile components
do not necessarily migrate vertically but instead take
pathways of least resistance to the surface via faults and
fissures (summarized in Philp and Crisp, 1982).

Used as a regional tool in conjunction with other data
such as geophysics, regional geology and stratigraphy,
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surface prospecting can provide an extremely powerful
indicator for the presence of hydrocarbons, particularly
in frontier basins, but not the exact location of the trap.
The use of the technique as a regional tool rather than a
specific anomaly indicator has led to wider acceptance.
Philp and Crisp (1982) reviewed surface prospecting as
conducted prior to about 1980.

A petroleum seep is defined as visible evidence at the
earth’s surface of the present or past leakage of oil, gas
or bitumen from the subsurface. Seeps have been uti-
lized at least since ancient tribes of the Near East
recovered blocks of asphalt from the Dead Sea, and
many studies have demonstrated the worldwide corre-
lation between seeps and earthquakes, with most visible
seeps being near past or present areas of tectonic activ-
ity. The presence of seeps in a basin can considerably
reduce the exploration risk because these seeps indicate
that petroleum-forming processes have been active in
the subsurface. In a situation where the major pathway
for seeps is along a fault, the intensity and shape of the
seep will be significantly different from those situations
where vertical leakage has occurred, and this difference
permits their distinction. For example, Fig. 4 illustrates
a case where high pressure gases move up a fault in a
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Fig. 4. Surface prospecting for subsurface accumulations of hydrocarbons was one of the earliest forms of petroleum geochemistry.
Much of the early work was directed towards the determination of gaseous anomalies at the surface particularly in areas where faults
were associated with petroleum producing regions. In this example, surface geochemical profiles across a major fault in an oil pro-
ducing area of Michigan are shown. The top curve for each profile is total gas, and the bottom curve is C,, fraction (reproduced with

permission from Mclver, 1985).
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petroleum producing area. Gas concentrations along the
fault were more than 50 times background concentra-
tion levels.

Early investigators assumed that hydrocarbons would
migrate vertically, and any resulting surface anomaly
would be directly over the location of the trap. This
concept has changed considerably over the years, and it
is now known that a number of factors may affect the
location of any surface anomaly relative to the under-
lying hydrocarbon accumulation. Overlying geology,
groundwater, depth of accumulation, degree of fractur-
ing, and many other factors will ultimately determine
the relative position of any surface feature or anomaly.
Weathering effects such as evaporation of volatiles,
leaching of water soluble constituents, microbial degra-
dation, polymerization, and auto-oxidation may also
affect the appearance of the seep and ultimately lead to
the oil being converted to solid bitumen.

Systematic development of geochemical methods for
oil and gas prospecting was first initiated by Laubmeyer
(1933) in Germany, Sokolov et al. (1963) in Russia, and
Horvitz (1939, 1972) and Rosaire (1940) in the United
States. Reviews of the early Russian work can be found
in Kartsev et al. (1954), Sokolov (1959), Sokolov and
Mironov (1962) and Sokolov et al. (1963). Rosaire
(1940) discussed early prospecting techniques in the
United States, particularly those applied to gases in soil
and groundwater. Pirson (1940) described various
onshore methods, and Chillingar and Karim (1962)
described the application of surveys to surface sedi-
ments, drilling fluids, and cores. Both DeGolyer (1940)
and Link (1952) emphasized the importance of the rela-
tionship between oil and gas seeps and underlying
accumulations of hydrocarbon reserves. Reviews of
surface prospecting by Davis (1967) included discus-
sions of microbial prospecting methods, infra-red ana-
lyses of soil extracts (Bray, 1956a) and the utilization of
carbon isotopes as a means of characterizing soil lipids
(Bray, 1956b).

Early studies were typically restricted to the analysis
of methane and total non-methane hydrocarbons in soil
gases using condensation, combustion, and a mano-
meter. Traditional methods for surface prospecting were
based on determining soil-gas content, which may be
present as free, adsorbed, or dissolved gas. Surface soil
samples were taken over a grid pattern, returned to the
laboratory, and headspace analyses were undertaken by
gas chromatography (GC) after treatment of the sam-
ples to release the trapped gases. Prior to the routine use
of GC, gas contents were typically determined volume-
trically. The resulting gas concentrations were plotted
and contoured on a grid pattern, and any surface
anomalies with gas concentrations above background
levels were readily detected. Sokolov (1933) and Laub-
meyer (1933) both found higher concentrations of gas in
soil air over productive zones. Nechayeva (1968) noted

that in western Siberia it was possible to distinguish
between gas fields, gas condensate fields, and oilfields on
the basis of hydrogen content at the surface. Character-
ization of adsorbed gases required treatment of the soils
with acid to release the adsorbed gases, and for many
years the method of Horvitz (1939) was used for this
purpose, along with the combustion and manometer
methods of Kartsev et al. (1954). Debnam (1965) and
Horvitz (1972) later developed methods involving gently
heating the soil sample under vacuum, followed by acid
treatment, to release the adsorbed gases. A number of
authors noted correlations between gas content, litho-
logical characteristics and type of organic matter in the
sample (McCrossan et al., 1972; Poll, 1975). Finally it
should be noted that a number of workers developed
methods to measure concentrations of dissolved hydro-
carbons in formation waters. Results from the Russian
work were described by Sokolov (1959), Kartsev et al.
(1954), and Stadnik et al. (1977). McAuliffe (1966, 1971)
reported results from the measurement of hydrocarbons
dissolved in groundwater.

A major problem with surface prospecting has been
interpretation of the results, in particular determining if
the gases are biogenic (microbial and near-surface ori-
gin) or thermogenic. A partial solution to this problem
made use of the concentration of methane relative to the
other gases. Biogenic gases typically contain mostly
methane, likely the most abundant and widespread of
all hydrocarbon gases held within the sedimentary rocks
of the crust (Hedberg, 1980). Another approach is to use
the isotopic composition of the methane, along with the
composition of the light hydrocarbon gases, ethane and
propane, to distinguish microbial from thermal gas
(Bernard et al., 1976).

Initial attempts at surface prospecting were confined
to onshore studies, but in the late 1960s and 1970s
similar applications offshore, including the development
of various sniffing devices, were developed. Sniffers used
various means to strip the gases, typically those in the
C,—C4 range, from water samples collected close to the
sediment/water interface prior to their analyses by GC.
One of the advantages of this type of offshore sniffing
compared to onshore studies was that background
interference from gases coming from plant debris and
roots was non-existent; however, as with onshore stud-
ies, interference from microbial methane was a potential
problem. Offshore sediment samples were also being
collected over grid patterns, and gases were isolated and
analyzed using many of the same techniques described
for onshore sediments. The advantage of this type of
sampling was again the lack of background interference
compared to that in onshore sampling. In selected cases,
gas bubbles from seeps could be observed on the sea-
floor and collected directly into sample bottles and
returned to the laboratory for analyses (Brooks et al.,
1973; Bernard et al., 1976).
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In many situations, the use of methods to detect
indirect surface expression or alteration of surface fea-
tures resulting from the seep was a more viable option.
Such indirect approaches ranged from the extremes of
changes in the mineralogy of the overlying soil to chan-
ges in the vegetation type as a result of a gas seep. Near-
surface carbonate cements can be formed from carbon
dioxide produced by bacterial degradation of hydro-
carbons seeping to the surface from deep petroleum
deposits. Horvitz (1981) noted that ferrous carbonate
anomalies, which could be distinguished on the basis of
their unusual thermal decomposition pathways, showed
high concentrations above the edges of hydrocarbon
accumulations. Their origin was verified, in some cases,
through determination of their carbon isotope compo-
sition (Behrens, 1988). Donovan and Dalziel (1977)
measured the isotopic composition of carbonate
cements in outcrops and detected anomalous isotopic
compositions indicative of hydrocarbon seepage.
Donovan (1981) reported anomalous isotope composi-
tions for the carbonates and also noted associated
occurrences of pyrite. Other indirect methods of detect-
ing surface anomalies included iron and manganese
leaching from surface rocks (Kartsev et al., 1954;
Donovan et al., 1975), ions associated with petroleum
(Kartsev et al., 1954; Davis, 1967, Hitchon, 1974),
helium associated with gas seeps (Dyck, 1976; Roberts
et al., 1976), radon 222 (Gates and McEldowney, 1977),
and dissolved nitrogen in groundwaters (Zorkin et al.,
1976). LANDSAT imagery techniques (Marrs and
Kiminsky, 1977) became available at the end of the
1970s. Various microbiological methods have also been
reported and involve detection of enhanced levels of
methane- and ethane-consuming bacteria in the sedi-
ments. Some of the more notable early reviews of this
method are Davis (1967), Brisbane and Ladd (1968),
Sealey (1974a,b), and Miller (1976).

5. Impact of new analytical techniques

The ability to fractionate crude oils into sub-frac-
tions, or even individual compounds, represented a sig-
nificant advance in geochemistry and its application to
exploration problems. In the early part of the twentieth
century relatively little was known about the compo-
sition of crude oils, and little if any attention was paid
to extracting source rocks and characterizing the source
rock extract. API projects, particularly API Project 6,
which started in 1927, were responsible for initiating the
development of techniques necessary for the fractiona-
tion of crude oils. Later, the 1950s saw developments in
many of the basic techniques, including liquid—solid
chromatography, which are used today for fractionation
and identification processes, albeit with increases in
sensitivity, specificity, and sophistication.

5.1. Distillation

Distillation was the forerunner of gas chroma-
tography, and while not commonly used in geochem-
istry today, distillation is still a major part of refinery
operations. It has long been known that oils and bitu-
mens can be fractionated by distillation at different
temperatures and classified into paraffin base and
asphalt base, depending on the content of the asphalt or
wax in the petroleum residuum. Within each group, oil
correlations were made on the basis of distillation
curves; however, many oils did not fall into the end
member categories and were classified as mixtures. In
the late 1920s, the US Bureau of Mines adopted the
Hempel method of distillation for crude oil correlation,
and Smith (1940) subsequently developed the corre-
lation index (CI) as a means of evaluating the chemical
character of the distillation fractions (Fig. 5). The CI is
calculated from the specific gravity and boiling point of
the distillation fractions. On the basis of the Hempel
distillation data plus the CI, it was possible to distin-
guish crudes from different sources and to correlate
samples from the same source. Although this method is
no longer in use today, the US Bureau of Mines (or its
contemporary equivalent) maintains about 35 year’s of
Hempel distillation information.

5.2. Gas chromatography

One of the main concepts of distillation is the degree
of separation that can be achieved on the basis of the
number of plates in the distillation tower. In gas—liquid
chromatography, usually called gas chromatography
(GC), a similar concept is applied: in general, the longer
the column the greater the resolving capability and
degree of separation. Whereas the degree of separation
expected from distillation may be of the order 2 to 300
theoretical plates, gas chromatography regularly pro-
vides 25,000 or more theoretical plates of separation.
Martin and Synge (1941) proposed that compounds
could be separated by partitioning between a gas and a
liquid; this separation was first achieved by James and
Martin (1952) for fatty acids. The technique of gas—
liquid chromatography (GC) became commercially
available about 1960. A tremendous amount of new
information on the composition of petroleum was
obtained from GC using thermal conductivity and flame
ionization detectors, but it was soon realized that for more
complete analyses, GC would need to be coupled to more
sophisticated detectors. Several years after the introduc-
tion of GC, coupling with a mass spectrometer became
practical, giving rise to the powerful analytical technique
of gas chromatography/mass spectrometry (GCMS).
Other coupled analytical techniques followed, including
liquid chromatography/mass spectrometry (LCMS) and
gas chromatography/infrared spectrometry (GCIR).
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Fig. 5. Crude oils were initially characterized on the basis of Hempel distillation data plus the correlation index (CI). In this diagram
three crude oils are characterized in this manner to illustrate the differences between naphthenic, intermediate and paraffinic crudes.
(The figure is redrawn from Hunt, 1979, and the data used to construct the original figure are from McKinney et al., 1966.)

Early gas chromatographs consisted of an oven,
injector, column and detector. Most significant devel-
opments have taken place in the columns used for the
separation of individual compounds in complex mix-
tures. Early columns were short, wide-bore and typically
made of glass or copper. As the internal diameter of the
columns was reduced and the length increased, the
resolution (or number of theoretical plates) increased.
The initial columns were “packed” columns containing
an inert support coated with a “liquid” film, typically
Apiezon grease or a polymethylsilicone polymer
responsible for the separation of compounds by parti-
tioning between the gas and liquid phases. The intro-
duction of the “capillary” column, initially stainless
steel and then glass, further improved the resolution and
degree of separation. Phases improved, solid supports
were eliminated, and phases were coated on the inside of
the stainless steel, glass, or more recently fused silica,
column. The chromatograms in Fig. 6a and b illustrate
the significant improvement in resolution obtained as a
result of the changes in column technology.

5.3. Gas chromatography/mass spectrometry

Prior to the advent of combined gas chromatography/
mass spectrometry (GCMS), it was practically impos-
sible to contemplate the rapid analysis of an organic
mixture having more than 20 components. Even the
separation and identification of two or three major
components could take a year or more using classical
analytical methods. The sample size required for such
characterizations were many orders of magnitude
greater than the sizes required today, and the analysis of
individual components at the parts per billion con-
centration levels was not possible. Whereas such sensi-
tivity is not needed for many petroleum geochemical
analyses, it is often required in environmental and bio-
medical analyses.

Much of the early GCMS work was accomplished
using magnetic-sector mass spectrometers. When the
quadrupole MS became commercially available in the
mid-1970s the popularity of GCMS increased dramati-
cally for a number of reasons. Quadrupole systems,
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Fig. 6. Short columns (36 ft) were initially used in gas chromatography and were packed with an inert solid support coated with a
liquid phase. Whereas sufficient resolution necessary to separate n-alkanes was readily achievable, many of the less abundant com-
ponents could not be resolved. The chromatograms shown here, provided by Dr. A.G. Douglas, illustrate (a) the n-alkanes from the
Marl Slate as determined by packed column GC, and (b) for comparative purposes the same sample analyzed on a contemporary
capillary column. The comparison illustrates the far greater resolution obtained by capillary columns.

although lacking the high resolution capabilities of
magnetic-sector instruments, were able to scan rapidly,
did not have any memory (hysteresis) effects, were sen-
sitive, easy to use, and did not require the elaborate
tuning procedures of the magnetic-sector systems.

In the late 1970s and the early 1980s, a large number
of novel biomarkers were discovered in crude oils,

source rock extracts and other geological samples (Sei-
fert et al., 1972; Kimble et al., 1974). A comprehensive
review published by Mackenzie et al. (1982) summarizes
advances in sterane geochemistry to about 1980.
Hitchon (1974) reviewed the application of geochem-
istry to the search for oil and gas, covering early days of
biomarkers, introducing concepts of basin modeling,
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discussing ideas on the generation of oil, and serving as
a useful stepping-stone between the early analytical
techniques and those coupled analytical systems being
developed in the early 1970s. Most major instrumental
innovations had already occurred by 1980, and since
then most developments have involved modification and
improvement of existing techniques. Perhaps the only
commercial development that had not occurred in one
form or another by the late 1970s was the coupling of a
GC with an isotope ratio mass spectrometer (IRMS).
Mathews and Hayes (1978) were first to describe
GCIRMS, but it was not until the late 1980s that com-
mercial systems became available.

5.4. Optical rotation

Optical activity, measured by the degree and direction
of rotation of polarized light, has been used for many
years to obtain information on the origin of crude oils
and possible relationships between different oil samples.
Whitmore and Oakwood (1946-1947) described their
efforts to establish whether or not the optical activity in
petroleum is derived directly from living organisms. It
was already recognized by that time that plant hydro-
carbons are optically active in the molecular weight
range of some of the heavier hydrocarbons in petro-
leum. Their results make clear that the fraction with the
highest degree of optical activity was the hydrocarbon
fraction containing steranes and terpanes, a finding
confirmed by Whitehead (1971). The use of optical
rotation for the purposes of correlations was phased
out, but the stereochemistry of chiral biomarkers, using
GC, provided a proxy for optical activity (Hills and
Whitehead, 1966; Maclean et al., 1968; Maxwell et al.,
1972).

5.5. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR), particularly '3C
NMR, developed commercially in the 1960s and 1970s,
has found limited applications in petroleum exploration.
It is used more extensively in the characterization of
refinery products, particularly in determining their aro-
matic content (Bouquet and Bailleul, 1982). The aromatic
content is typically measured on the asphaltenes and
vacuum residues, and other refinery cuts that generally
include the distillates, base stock oils, fuel oils, and
cracking effluents. The application of '3C NMR to the
structural determination of individual compounds and
to the characterization of kerogens and asphaltenes has
been limited (Balogh et al., 1973).

5.6. Pyrolysis

Although crude oils and source rock extracts are
readily characterized through the use of GC and

GCMS, most of the organic matter in a source rock is
insoluble in common organic solvents and cannot be
analyzed directly by these techniques. Similarly, source
rock extracts and crude oils contain an asphaltene frac-
tion which can be isolated by precipitation, but it has
limited solubility in most solvents and thus is not
directly amenable to GC and GCMS. One method used
to characterize asphaltenes and kerogens, however, was
through their initial degradation by pyrolysis. Methods
of pyrolysis can be classified in a number of ways.
Foremost are fingerprinting methods which typically
consist of some type of flash pyrolysis or rapid tem-
perature-programmed pyrolysis, with the pyrolysis pro-
ducts being transferred rapidly to a GC column. The
same approach can also be used in an off-line mode
where the pyrolysis products are trapped and then
fractionated, if necessary, prior to analysis by GC or
GCMS (Douglas and Grantham, 1974). The develop-
ment of Rock-Eval, a standardized pyrolysis method
for source-rock characterization and evaluation (Espi-
talié et al., 1977), led to its widespread use in the petro-
leum industry, where it became a principal analytical
tool.

A significant development in pyrolysis techniques was
the introduction of hydrous pyrolysis (Lewan et al.,
1979; Winters et al., 1983). Unlike flash pyrolysis,
hydrous pyrolysis is undertaken in a high pressure vessel
in the presence of water. Reactions are typically per-
formed just below the critical temperature of water. By
performing a series of reactions at different tempera-
tures one can simulate the fate of the organic matter at
different burial depths. Information obtained in this
manner can be used for basin modeling purposes, or to
determine the nature of the products generated and to
correlate them with other oils in the basin. The most
significant impact of hydrous pyrolysis is that it permits
assessment of the fate of an immature rock as it is
matured at greater depths of burial. The technique has
become routine, and is now available as a commercial
service.

5.7. Stable isotope measurements

Stable isotopes, mainly those of carbon, have played
an important role in many aspects of petroleum geo-
chemistry. Commonly the bulk isotope ratio values for
the complete oil or source-rock extract are determined.
These values represent the weighted average isotopic
compositions of all the constituents in the sample under
investigation. Early applications of bulk carbon isotope
values included a study by Silverman and Epstein (1958)
of a number of Tertiary crude oils from different envir-
onments. Marine and non-marine oils could be differ-
entiated on the basis of their isotopic compositions. A
later study of Carboniferous oils from the Urals, how-
ever, did not show the same discrimination (Galimov,
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Fig. 7. For many years carbon isotopic data have played an important role in the characterization of crude oils. Stahl (1977) devel-
oped a correlation method using the isotopic composition of individual fractions within a crude oil to develop the correlation curves

shown above (reproduced with permission from Stahl, 1977).

1973). Other early applications noted a general trend of
enrichment of the light !? isotope with increasing age
(Welte et al., 1975; Stahl, 1977), possibly caused by
variations in intensity of photosynthesis and changes in
the isotopic composition of the atmospheric CO».
Kvenvolden and Squires (1967) successfully used iso-
topic age trends to relate and distinguish crude oils on
a regional basis in west Texas. Fuex (1977) reviewed
the application of stable carbon isotopes to petroleum
exploration.

Isotopic compositions of crude oils can be plotted on
a petroleum type-curve (Galimov, 1973; Stahl, 1977)
and used for crude oil correlation studies (Fig. 7). Water
washing and microbial alteration tend to alter the shape
of the curves, particularly the curves of the saturate
fraction, making correlations somewhat more difficult.
Stahl (1977) expanded the concept to enable oil/source
rock correlations to be undertaken on the basis of the
isotopic values.

Silverman (1965) was among the first to recognize
isotopic changes during oil migration. He noted a slight
depletion in '}C with increasing migration distance,
caused by the relative increase in the isotopically light
saturates and loss of the isotopically heavy aromatics,
polars, and asphaltenes during migration. Bacterial
degradation causes the greatest isotopic enrichment to
the saturate fraction (Stahl, 1977). Carbon isotopic
compositions of methane were also used extensively in

exploration studies for natural gas as summarized by
Stahl (1977). Many of the trends mentioned above for
oils also apply to methane. Increasing maturity and
biodegradation result in heavier isotopic compositions
of methane.

6. The biomarker revolution

The development of the coupled analytical techniques
described above significantly enhanced the importance
of petroleum geochemistry. Compounds now referred to
as biological markers, biomarkers, molecular markers,
chemical fossils, or geochemical fossils were being dis-
covered rapidly in petroleum and sediment extracts
through the use of these techniques (Eglinton et al.,
1964; Hills et al., 1966; Eglinton and Calvin, 1967; Tis-
sot and Welte, 1984; Maxwell et al., 1971; Blumer, 1973;
Whitehead, 1974). Biomarkers are molecular fossils
derived from living organisms, typically complex
organic compounds composed of carbon, hydrogen and
other elements, which show little structural difference
from their parent biomolecules, e.g. sterols/sterenes/
steranes. The concentration of the biomarker precursor
in the living organism may be relatively high, but after
diagenesis and thermal alteration, biomarker con-
centrations in crude oils and source rock extracts are
often in the parts per million range.
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Biomarkers are typically individual compounds, but a
group or homologous series of compounds may also be
used to identify a specific source of organic matter in a
rock or crude oil. Biomarkers also have many appli-
cations in petroleum geochemistry: (1) correlation of
oils with each other or suspected source rocks; (2) eva-
luation of thermal maturity and/or biodegradation; (3)
regional variations in the character of oils and source
rocks as controlled by organic matter input and char-
acteristics of the depositional environment; and (4)
information on kinetics of petroleum generation and
basin thermal history. Examples of these applications
are described below.

Treibs (1934) was the first to develop the biomarker
concept, with his pioneering work on the identification
of porphyrins in crude oils and his suggestion that these
polyphrins may have originated from the chlorophyll of
plants. Later Blumer et al. (1963) and Blumer and Tho-
mas (1965) isolated pristane from Recent marine sedi-
ments and concluded that it was derived from the phytol
side-chain of chlorophyll. Other workers reported on
various classes of organic compounds in sediments
without recognizing their biomarker implications. For
example, Smith (1952, 1954, 1955) showed that some
hydrocarbons were incorporated into recent sediments
of the Gulf of Mexico. Kidwell and Hunt (1958) found
saturated and aromatic hydrocarbons in Recent sedi-
ments of the Perdernales area in the Orinoco delta,
whereas Meinschein (1959, 1961) reported saturated
hydrocarbons, including steranes, terpanes, and poly-
cyclic aromatic hydrocarbons in sediments of the Gulf
of Mexico. Emery (1960) showed that gaseous and
liquid hydrocarbons could also be found in sediments of
Southern California.

One of the first families of biomarkers discovered and
studied extensively was the family of n-paraffins or
n-alkanes. Early work by Bray and Evans (1961),
Meinschein (1961), and Kvenvolden (1962), among
others, showed the odd/even carbon number pre-
dominance of n-alkanes in recent sediments (see Fig. 2),
reflecting the input of higher plant material. Similarly,
Clark and Blumer (1967) and others noted that marine
organisms contained n-alkanes with a predominance in
the C;5—Cy9 region. Not only could the distribution of
n-alkanes be used to indicate the nature of the source
material in the sediments, but also changes in the dis-
tribution of n-alkanes with increasing depth could indi-
cate maturation. The ratio of odd/even carbon
numbered n-alkanes was used to measure maturity
(Bray and Evans, 1961; Philippi, 1965; Scalan and
Smith, 1970; Tissot et al. 1977).

Isoprenoid hydrocarbons, particularly pristane (Pr)
and phytane (Ph), could be detected by GC, so infor-
mation was available about the origin and distribution
of these compounds before the advent of the GCMS.
Blumer et al. (1963) found Pr in zooplankton; Blumer

and Thomas (1965) noted the presence of the pre-
cursors of Pr and Ph in various zooplankton. At the
same time the Pr/Ph ratio was proposed as a measure
of the redox potential of the environment in which the
organic material was deposited, although these con-
cepts have undergone numerous revisions and modifi-
cations since then (Powell and McKirdy, 1973; Didyk
et al., 1978). The n-C,7/Pr and n-C,g/Ph ratios are also
widely used as indicators of maturity and extent of
biodegradation.

More complex biomarkers such as various groups of
terpanes (tricyclic, tetracyclic, and pentacyclic) and
steranes were studied extensively (summarized by Tissot
and Welte, 1984). After hopanoid hydrocarbons (a class
of terpanes) were found in geological samples, the
number of them that were identified expanded rapidly.
Hopanoid geochemistry was reviewed by Ourisson et al.
(1979). Monoaromatic steranes in crude oils were found
by O’Neal and Hood (1956) using high resolution mass
spectrometry. The commercial availability of GCMS
and associated data systems in the mid-1970s, plus the
pioneering work of oil company petroleum geochemists
such as Seifert and Moldowan (1978, 1979, 1981), led to
an explosion in the use of biomarker compounds for a
wide variety of geochemical purposes. An example of
the GCMS identification of steranes is shown in Fig. 8.

7. Early identification of source rocks

In trying to understand the origin and occurrence of
oil, pioneering petroleum geologists made some very
perceptive observations. For example, Newberry (1860)
described the oil and gas in the Berea sandstone near
Mecca, Ohio, as being formed by low temperature
heating of organic matter in the Ohio Black Shale.
Kentucky’s best oil fields were located where the Cum-
berland Sandstone was immediately overlain by the
Ohio Black Shale. Decades later, Snider (1934), in sum-
marizing the general opinion of petroleum geologists,
stated that there seemed to be almost universal agree-
ment that organic matter is buried principally in argil-
laceous mud and to a lesser extent in calcareous muds
and marls and in sandy muds. Coarse sands and gravels
and very pure calcareous deposits are generally without
any notable content of organic material. Consequently,
shales and bituminous limestones consolidated from
muds and marls are generally regarded as source rocks
for petroleum and natural gas. Some shales and carbo-
nates with porous and permeable sections within them
can act as both source and reservoir. Most of these early
concepts have proved to be correct.

A petroleum source rock may be defined as a fine-
grained sediment that has generated and released enough
hydrocarbons to form an accumulation of oil or gas.
Definitions that include migration and accumulation are
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needed because practically all fine-grained sediments
can form some hydrocarbons. Techniques for recogniz-
ing source rocks are usually based on case histories of
the type, quantity, and maturation level of organic
matter in rocks associated with production. Also, crude
oil source rock correlations have helped to establish that
a particular rock has charged a particular reservoir. In
fact, the genetic relationship between an active source
rock and the resulting oil and gas accumulation is the
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basis of the petroleum-system concept of petroleum
exploration developed later and discussed in detail in
Magoon and Dow (1994).

Using analytical techniques that are crude by today’s
standards, Trask (1932) looked for diagnostic criteria
for recognizing petroleum source beds. Cuttings and
cores were analyzed for carbon content, reduction
number (milliliters of 0.4 N chromic acid reduced by 1 g
of sediments), nitrogen content, color, and volatility.

m/e INTENSITY
= 400 X3
= 386 X3
= 372 X3

REGULAR

5a,14qa, 17a(20R or S.
B 50,148, 17p(20R or S,

Y71 @ 5p 140, 17a(20R)
259 X = H, CH; OR CyH,

REARRANGED

13p. 17a(20R or S)
II ™ 13a, 173(20R or S)

—218 X1
— 217 X1
~ 189 X3
— 151 X3
— 149 X3

Fig. 8. GCMS and associated ancillary techniques such as multiple ion detection played a key role in the characterization of bio-
markers in crude oils and source rock extracts. This diagram from early work by Seifert and Moldowan (1979) illustrates the com-
plexity of the sterane distributions in a typical crude oil. Peaks of the chromatograms are labeled here for illustration only. The peak
identities can be found in Table 4 on p. 116 of the original paper (reproduced with permission from Seifert and Moldowan, 1979).
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None of these properties were very useful in character-
izing source rocks. He also extracted bitumen from
rocks likely to contain liquid hydrocarbons, with boiling
carbon tetrachloride, but he did not have the advantage
of chromatographic separation and analysis techniques
to enable him to recognize petroleum in the source
rocks.

Hunt and Jamieson (1956) first demonstrated that
crude-oil extracts in source rocks have a composition
comparable to that of reservoir oil. Pulverized rocks
were extracted with a mixture of benzene or toluene
and a water miscible organic solvent, e.g., methanol.
The extracts were separated by column chromato-
graphy on powdered activated alumina, and fractio-
nated on a microstill in order to make direct
comparisons between rock extracts and oils from
reservoirs in a study area of the Powder River Basin,
Wyoming. Their work showed that liquid hydro-
carbons, in many cases comparable to reservoir oils,
were indigenous to practically all shales and carbonate
rocks. Also, since the volume of non-reservoir rocks far
exceeded that of reservoir rocks, it was apparent that
enormous quantities of oil were still “locked up” in
the source beds. Source rocks were classified as good,
fair or poor, based on the content of extractable pet-
roleum-like material. Philippi (1965) studied source
rock quality in the Los Angeles and Ventura basins of
California, and Baker (1962) published a detailed
source-rock evaluation of the Cherokee Formation of
Oklahoma.

These early studies defined source rocks on the basis
of their hydrocarbons, whereas it is now recognized
there are three important factors for good source rocks:
quantity, quality, and stage of maturation of organic
matter.

7.1. Quantity of organic matter

The quantity of organic matter, usually expressed as
total organic carbon (TOC), in source beds ranges from
greater than 0.5% to about 15%. Ronov (1958) ana-
lyzed the TOC in about 1000 samples of Upper Devo-
nian shale from throughout the Russian platform from
Kiev in the west to Ufa in the east. Although the Rus-
sian platform has good structures and good sandstones
with high porosity and permeability throughout the
area, all the oil fields are concentrated in an area near
Ufa where TOC values range from 0.5 to 5 wt.%. No oil
or gas was found in the northern part of the Russian
platform where TOC values are generally less than
0.25%. In a detailed study of the Cherokee shales of
Kansas and Oklahoma, Baker (1962) found TOC values
as low as 0.1% in greenish gray, non-source shales and
as high as 17% in one black shale unit. A minimum of
1.5-2% TOC has been generally accepted for defining
good source rocks (Hunt, 1996).

7.2. Quality of organic matter

Kerogen is the disseminated organic matter in sedi-
mentary rock that is insoluble in non-oxidizing acids,
bases and organic solvents; understanding the chemistry
of kerogen (and coal) was critical to understanding the
origin of petroleum and to the development of petro-
leum generation models (Durand, 1980). After the role
of kerogen in petroleum formation was clearly recog-
nized and accepted (Abelson, 1963), much effort was
expended between 1960 and 1980 in developing ideas on
the time—temperature histories of petroleum generation
from kerogen in various petroleum-bearing basins (Phi-
lippi, 1965; Tissot et al., 1971; Connan, 1974). From these
studies came an understanding of the geologic zone of
intense oil generation, now often called the oil window.

The organic matter (OM) initially deposited with
unconsolidated sediments is not kerogen, but a pre-
cursor that is converted to kerogen during diagenesis.
The most important factor controlling the generation of
oil and gas is the hydrogen content of the (OM). The
quantity of petroleum generated and expelled increases
as the atomic hydrogen to carbon (H/C) ratio of the OM
increases. Nearly all OM may be classified into two major
types, sapropelic and humic (Potonie, 1908). The term
sapropelic refers to the decomposition and polymerization
products of lipid-rich organic materials such as spores
and planktonic algae deposited in sub-aquatic muds
(marine or lacustrine), usually under oxygen restricted
conditions. Sapropelic OM, like resins and waxes, shows
high atomic H/C ratios in the 1.3-2.0 range. Humic
usually refers to products of peat formation, mainly to
land plant material deposited in swamps in the presence
of oxygen. The organic matter in sedimentary rocks was
first classified by coal petrologists. Stach et al. (1982)
provide details on the classification of organic matter,
H/C ratios, and a description of the origin and deposi-
tion of both sapropelic and humic materials.

7.3. Maturation of organic matter

D. W. van Krevelen (1961) published a simple and
rapid method for following the chemical processes that
occur during coal maturation (coalification). He plotted
the atomic H/C versus O/C ratios as shown in Fig. 3a.
This plot had the advantage of showing both the quality
of OM (high atomic H/C compared to low H/C) as well
as the pathway that would be followed by the coals
during maturation. Tissot et al. (1974) plotted the
atomic H/C to O/C ratios for a whole series of sedi-
mentary rocks of different ages, and classified their
kerogen into three distinct types. The popularity of this
chart soon led to identification of four types (I, II, III,
1V), as shown in Fig. 3. The charts were also modified to
accommodate increasing information obtained from
other sedimentary rocks over the years. With time and
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increasing thermal stress, all the samples shown in
Fig. 3a gradually move toward the lower left corner of
the chart, which represents pure carbon.

Although the van Krevelen diagram is still widely
used today, it takes time to construct because the kero-
gen has to be isolated from each sample and analyzed
for carbon, hydrogen, and oxygen. Espitali¢ et al. (1977)
developed the hydrogen and the oxygen indices through
simple pyrolysis of sediment samples. These indices are
proxies for the atomic ratios (Fig. 3b) and can be used
to “mimic” the van Krevelen diagram. The indices have
the added advantage of being obtained in about 20 min
per sample, compared to hours for the ratios used in van
Krevelen diagrams. Espitalie’s research led to the com-
mercial development of the Rock-Eval pyrolyzer which
enabled geologists to obtain data on the quantity, qual-
ity and maturation state of the kerogen at the wellsite
while drilling.

Meanwhile, organic petrographers had developed a
series of maturation indicators, the most reliable of
which is vitrinite reflectance. The use of vitrinite reflec-
tance as a technique for determining the maturity of oil
in sedimentary rocks was first described by Teichmuller
(1958). She had observed the same relationships
between coal rank and oil as described by White (1915)
in his carbon ratio theory. Teichmuller had been using
the reflectance of vitrinite, a maceral of coal, to measure
coal rank. It occurred to her that in sediments where
coals were not readily available, as in northwest Ger-
many, it should be possible to measure the reflectance of
the small vitrinite inclusions that occur in many of the
carbonates and shales. She used this technique to clas-
sify petroleum regions that did not possess deposits of
coal. Today vitrinite reflectance is a widely used indi-
cator of thermal stress because it extends over a longer
maturity range than any other indicator, and a skilled
organic petrologist can make a large number of analyses
in a relatively short time.

By the 1970s, most petroleum geochemists had agreed
that the origin and maturation of petroleum occurs in
three stages: diagenesis, catagenesis, and metagenesis
(Hunt, 1979). Diagenesis represents the stage of the
accumulation of hydrocarbons from organisms and
bacterial activity during low temperature chemical reac-
tions on OM, leading to an increase in H/C ratios. Diag-
enesis ends at about 50 °C when lithification of the rock
matrix begins. Catagenesis is the stage where bitumen
forms from kerogen and petroleum forms from bitu-
men. By this stage the rocks are well lithified, and oil
and gas are being generated. Metagenesis starts around
200 °C, and pyrobitumens and increasing quantities of
gas are formed; oil that is present at this stage is altered
and ultimately converted to gas or carbon.

An ecarly indicator of organic maturation was
observed by Bray and Evans (1961), who discovered that
the odd/even carbon number periodicity of n-paraffin

chains decreases with increasing depth of burial. Their
discovery led to a maturation index, called the carbon
preference index (CPI) which has been widely used.
Fig. 9 shows approximate relationships among maturity
parameters.

8. Oil-oil and oil-source correlations

Prior to the development of GCMS and the bio-
marker concept, virtually all correlations were based
simply on geological inference with little or no geo-
chemical data (e.g. Barbat, 1967). Hunt et al. (1954)
carried out oil-source correlations on commercial liquid
and solid oil deposits from the Uinta Basin using infra-
red spectrometry, refractive indices, solvent extractable
organic matter, compound class distributions, and ele-
mental analyses. Application of these techniques
showed that these deposits are related to adjacent
lacustrine source beds.

In the late 1960s and early 1970s geochemists began
to utilize (a) n-alkane distributions, determined initially
by MS, then GC, and later (b) biomarker distributions
as determined by GCMS, for exploration purposes.
Prior to the availability of data systems, biomarker
profiles were printed on light sensitive UV paper and
produced poor quality chromatograms compared to
today’s standards (Fig. 10a). The development of data
systems for use with GCMS provided a major step for-
ward, as can be seen in Fig. 10b illustrating a typical
early example of an oil-source rock correlation on the
basis of biomarker distributions. The development and
commercial availability of GCMS instruments quickly
led to the routine use of this approach to undertake oil/
source rock correlations (Seifert and Moldowan, 1978;
Barker, 1981). Curiale (1993) pointed out the impor-
tance of the development of GCMS in that it permitted
detailed molecular correlations to be made between
both light (Young and Mclver, 1977) and heavy hydro-
carbons (Welte et al., 1975; Seifert, 1977; Leythauser et
al., 1977). Seifert (1977) introduced the concept of
molecular correlation involving kerogen pyrolysates and
crude oils, successfully showing that the insoluble frac-
tion of the source organic matter could be used as a
matching parameter. The first integrated correlation
work, combining both geochemical data and the geo-
logical framework, was by Williams (1974) and Dow
(1974) in their studies of the Williston Basin.

The discovery of biomarkers in crude oils and source
rock extracts led to the idea that if these complex com-
ponent mixtures were present in each sample, they could
be used as fingerprints for correlation purposes. In other
words, if two oils were derived from the same source
rock at similar maturities, they should have similar dis-
tributions of biomarkers. The complexity of the bio-
markers enhanced their utility. If the oils and the source
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rock extracts contained only one compound, there could
be little confidence in the correlation. However, if the
fingerprints had similar distributions of 30 or 40 com-
pounds in different classes, a higher level of confidence
could be assigned to the correlations. A similar
approach was used to examine correlations between
source rocks and crude oils.

Correlations were originally based upon bulk para-
meters, including properties such as API gravity or
possibly color. When GC was developed and used
routinely for monitoring the distribution of n-alkanes
in crude oils and source rock extracts, more specific
modes of correlations became available. In parallel
with the development of GCMS came the biomarker
revolution. Although the initial attempts and outputs
were rather crude, as time progressed, computerized
data systems led to higher sensitivity. As the general
knowledge of biomarkers increased, the quality and
accuracy of the correlation greatly improved. Stable
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isotopes were also widely used as correlation tools in the
1960s and 1970s (Silverman and Epstein, 1958; Fuex,
1977), and the combination of biomarkers and stable
isotopes provide a powerful tool in petroleum geo-
chemistry.

9. Geochemistry applied to migration and accumulation
of petroleum

Petroleum migration has been classified as primary
and secondary (Illing, 1933). The former is movement of
oil and gas within and out of non-reservoir source rocks
into permeable rocks, whereas secondary migration is
the movement within permeable carrier and reservoir
rocks leading to petroleum accumulations. Today the
process is recognized as being more complex, because
there is extensive movement through fractured source
rocks which may act as both source and reservoir.
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Methane is widely distributed in the subsurface
because it is soluble in pore fluids and also migrates.
Higher carbon number molecules are much less soluble
in pore fluids, making it much less likely that these
compounds migrate in solution (McAuliffe, 1966).
Blount et al. (1980), McAuliffe (1966) and Zhuze et al.
(1971) noted that temperature was the most important
factor for increasing the solubility of lower molecular
weight hydrocarbons. However, Zhuze et al. (1971) also
noted that water saturated with gas would decrease
solubility and cause exsolution of hydrocarbons such as
benzene, toluene and methylcyclohexane. Increasing
salinity and decreasing pressure and temperature would
also cause a decrease in the solubility of hydrocarbons
in pore waters (Price, 1976). As a result of these find-
ings, it was recognized that solution in pore fluids was of
minor importance in petroleum migration.

The two most important mechanisms of migration are
gas-phase and oil-phase migration. Early studies
demonstrated that subsurface gases can dissolve large
amounts of liquid hydrocarbons under temperature/
pressure conditions corresponding to depths of 6000—
10000 ft (1830-3050 m) (Sokolov and Mirnov, 1962;
Sokolov et al. 1963). Neglia (1979) had noted that the
Malossa field in [taly contained a condensate with heavy
liquid components dissolved in the gas phase and, using
data from Rzasa and Katz (1950), showed that hydro-
carbons up to C;g would dissolve in the gas phase under
these conditions. Rumeau and Sourisse (1973) also con-
cluded that hydrocarbons in the SW Aquitane Basin
probably entered the reservoir in the gas phase, because
fluid flow from compaction ceased very early in the his-
tory of the reservoir. Gas phase migration along vertical
faults through Tertiary sandstones explains the presence
of aromatic rich condensates in the Pleistocene of the
Gulf Coast (mentioned in Hunt, 1996), Western Canada
Basin (Hitchon and Gawlak, 1972), and East Turkmen
(Gavrilov and Dragunskaya, 1963).

Oil generation will be followed by migration from the
source rocks into the carrier beds, where the oil will
migrate until it reaches an appropriate trap. During and
after generation and expulsion, the oil will undergo
changes, and the composition of the oil arriving in the
reservoir will differ considerably from the oil originally
generated in the source rock. Polar and asphaltene con-
tents of oils that are considerably lower in concentration
than those in the source rock bitumens provide evidence
for the phenomenon of geochromatography, in which
the more polar compounds are adsorbed by clay miner-
als and migrate at a much slower rates than the saturate
and aromatic hydrocarbons (Hunt, 1979).

The interpretation of some early biomarker para-
meters changed as more information was obtained. A
good example is the diasterane/sterane ratio. Originally it
was thought that variations in this ratio reflected the rela-
tive amount of clay minerals in the original depositional

environment, based on results from laboratory studies
(Rubinstein et al., 1975). This idea was widely accepted,
and many samples with a relatively high diasterane
content were postulated to be derived from a deposi-
tional environment with a high clay mineral content. If
the sample came from a pure carbonate environment,
yet contained diasteranes, it would be interpreted that
the carbonate was “‘dirty” and contaminated with clay
minerals (Palacas et al., 1984). Moldowan et al. (1985)
suggested, however, that the reason for this anomaly
was more likely related to changes in oxicity of the
depositional environment. In a highly reducing envir-
onment the intermediate sterenes would be rapidly
hydrogenated to steranes, eliminating the possibility of
diasterane formation. In a more oxic environment, the
sterenes would not be hydrogenated and could therefore
be preferentially converted to diasteranes. Under-
standing the geochemistry of biomarkers is still, in many
ways, in its infancy.

10. Alteration of petroleum in the reservoir

Once oil arrives in the trap, it can be subject to a
number of processes which may dramatically modify its
original properties even more than did the migration
processes. The major processes leading to compositional
changes may result from temperature and pressure
changes (in-reservoir maturation), moving water
(waterwashing and biodegradation), or an influx of
natural gas (deasphalting causing precipitation of solid
bitumen within the reservoir). Numerous pre-1980
reviews cover this topic (Milner et al., 1977; Tissot and
Welte, 1978; Hunt, 1979).

Very high molecular weight hydrocarbons in crude
oils are relatively resistant to biodegradation. These
compounds can be responsible for many problems
occurring in reservoirs. A severely biodegraded oil may
appear to have had all of its n-alkanes removed when
characterized by conventional GC; however, Winters
and Williams (1969) recognized the presence of high
molecular weight waxes in certain heavily biodegraded
oils, and referred to them as biowaxes. They docu-
mented for the first time the effects of biodegradation in
the laboratory. Similar laboratory effects were demon-
strated by Jobson et al. (1972) using a sample of Sas-
katchewan crude oil incubated at 30 °C with a mixed
culture of bacteria. The quantities of heavy oil dis-
covered worldwide prior to 1980 demonstrated the
importance of this process as a means of altering crude
oil composition (Demaison, 1977).

Major requirements for crude-oil biodegradation in a
reservoir were summarized by Philippi (1977) and Con-
nan (1984). Based on the understanding at that time, the
main requirements were: (a) moving water, preferably
fresh water having a high sulfate content with degradation
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occurring, not within the bulk oil, but at the oil/water
interface; (b) a supply of nutrients (nitrates and phos-
phates); (c) microbes; and (d) temperatures typically
below about 88 °C. The effects of biodegradation have
been recognized and well-documented (Volkman et al.,
1984). After initial loss of the low-molecular-weight
hydrocarbons, bacteria begin to remove the n-alkanes,
proceeding from the lower to the higher carbon num-
bered molecules. Once the simpler molecules have been
removed, microbes proceed to the more complex mole-
cules removing isoprenoids and then the complex poly-
cyclic molecules. For the most part the general order of
removal of these different compounds classes follows a
fairly similar pathway in all oils. The pathway is fre-
quently used to indicate the relative extent of biode-
gradation of crude oil. Changes in the bulk composition
of crude oil, as well as in the aromatic components spe-
cifically, have been well documented by Connan (1984).
Changes in composition can also lead to changes in the
way oils are characterized, if the classifications of Tissot
and Welte (1978) are used. Early examples of the chan-
ges to crude oils caused by biodegradation can be mon-
itored by GCMS, as illustrated in Fig. 11.

11. Early modeling of geothermal histories

It has been recognized for some time that as organic
matter is buried, thermal degradation of the kerogen
occurs to yield petroleum range hydrocarbons under
reducing conditions. Over the years these reactions have
been demonstrated many times in the laboratory, and
observed in the natural environment. Among the earliest
experiments demonstrating these effects were those of
Engler (1913), who heated oleic acid and other organic
matter to produce a range of petroleum hydrocarbons
and by Jurg and Eisma (1964) who heated behenic acid
to produce hydrocarbons. Hunt (1979) described a
number of additional experiments that involved heating
various types of organic matter to produce petroleum
hydrocarbons; it is now generally accepted that the
major mechanism for the formation of most oil is the
following reaction derived from these early laboratory
experiments:

Kerogen — bitumen — oil 4+ gas + residue

Confirmation of the above reaction was extremely
important, but equally important was the need to evaluate
when oil generation started, how long it lasted, and at
what depth it occurred. Timing of petroleum generation
is particularly important in relation to the formation of
structures, stratigraphic traps, and faults which act as
migration pathways. This information can be obtained
by modeling the time—temperature history of the source
rock.

Hilt (1873) recognized that carbonization of coal
increased with time, temperature, and depth, and White
(1915) subsequently noted the relationship between the
occurrence of oil and gas, and the rank of coals in the
eastern United States. Habicht (1964) made the first
attempt to model petroleum generation. A burial history
curve was constructed for a Jurassic source rock, and
Arrhenius equation kinetics were used to determine the
time and depth of oil generation in the Gifhorn trough
of northwest Germany. Subsequently, Philippi (1965)
documented the increase in the yield of hydrocarbons
from source rocks with increased time and temperature
in the Los Angeles and Ventura Basins of California.
Later, Poulet and Roucache (1969) used a series of
source rock burial history curves to describe the origin
of hydrocarbons in the Northern Sahara Hassi Messoud
area (Algeria). The main finding of these early studies
was that temperature alone is not sufficient for the gen-
eration of hydrocarbons, but that time also needs to be
taken into account. In other words, rapid burial with
high geothermal gradients does not result in the same
level of maturation as does slow burial with low geo-
thermal gradients.

The first mathematical model, using the Arrenhius
kinetic theory and a source rock burial curve, was pub-
lished by Tissot (1969). At the time these studies were
taking place, Teichmuller (1958) demonstrated for the
first time the relationship between vitrinite reflectance
and the occurrence of oil. The reflectance of vitrinite
increases exponentially with a linear increase in tem-
perature, and generally plots as a straight line on a
semilog plot (Dow, 1977). Hood et al. (1975) developed
a simplified method of predicting oil generation from a
source rock by combining maximum temperature and
effective heating time. The latter was defined as the time
during which a specific rock has been within 15 °C of its
maximum temperature, which is where most of the gen-
eration occurs. This level of organic maturation (LOM)
was correlated with vitrinite reflectance.

Larskaya and Zhabreb (1964) were the first to
demonstrate that generation of oil from kerogen of
shales increases exponentially with temperature. This
intense generation zone was called by Vassoevich et al.
(1969) “the principal phase of oil formation.” Connan
(1974) called it “‘the threshold of intense oil generation”
(Fig. 12), and he developed a method of using these
depth—yield data in a practical manner by constructing a
time—temperature Arrhenius plot to define the threshold
of intense generation for several sedimentary basins
(Fig. 13).

Lopatin (1971) developed a model, based on the
empirical relationship between vitrinite reflectance and
petroleum formation, which was simpler than the model
proposed earlier by Tissot (1969) for using time and
temperature to calculate the thermal maturity of organic
matter in sediments. Lopatin (1971) also developed the
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Fig. 12. The roles of temperature and depth of burial were recognized as important factors in the generation of crude oils. Vassoevich
et al. (1969) initially described the principal phase of oil generation and Connan (1974) first introduced the term “‘threshold of intense
oil generation” illustrated in this diagram for the Douala Basin, Cameroon (reproduced with permission from Hunt, 1979).

time temperature index (TTI), a measure of the total
thermal exposure of a source rock after it was deposited
(Waples, 1985). This measure was based on the old
chemical rule that reaction rates double for each 10 °C
rise in temperature (Bergius, 1913). However, sub-
sequent applications found that the Lopatin method
tended to underestimate maturity at higher heating
rates. This observation led to the development of mod-
els that combined the Lopatin approach with Arrenhius
kinetics. Because these developments took place after
1980, they are not discussed here. The important point
is that these pioneering modeling methods ultimately
gave rise to very sophisticated models which, when
combined with data on evolution of migration path-
ways, traps, and structures, permitted a better evalua-
tion of the risk in prospecting for economic
hydrocarbon accumulations.

12. Summary of early developments

Petroleum geochemistry has come a long way since
1860. Many of the most significant advances have
developed in parallel with the evolution of sophisti-
cated analytical techniques. Other major advances have
resulted from the close liaison between exploration
geologists and petroleum geochemists. Petroleum geo-
chemistry is now a routine part of virtually all explora-
tion efforts by major and smaller companies, although
it is disappointing that there is not more emphasis on
petroleum geochemistry in the academic curriculum of
earth sciences.

The past 60 or 70 years have seen advances from
characterizing oils on the basis of bulk properties such
as API gravity or optical rotation, to extremely detailed
characterization of crude oils at the molecular level. The
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field has gone from the recognition of the significance of
the odd/even periodicity of n-alkanes in recent sedi-
ments to the identification of specific compounds used
to predict the source, depositional environment, and in
some cases the age of the oil’s source rock. Ideas have
evolved from the possibility of oil being generated from
recent organic material as it is deposited in aquatic
environments, to a detailed understanding of the ther-
mal reactions necessary to generate hydrocarbons via
kerogen buried deeply within a basin.

Acknowledgements

The early developments in petroleum geochemistry
were accomplished through the efforts of numerous
individuals, some of whom are recognized here. The list
shows the international scope of early petroleum geo-
chemistry undertaken in research laboratories of oil
companies, institutions, and academia.

QOil companies

Pieter Schenck, E. Eisma-Shell Oil, Rijswijk, The
Netherlands

Archie Hood, John Castano—Shell Oil, Houston,
Texas, USA

John Hunt, Dick Mclver, Jim Forsman, Max
Blumer—Jersey Production Research Co., Tulsa,
Oklahoma, USA

Paul Smith, Warren Meinschein, Ed Baker—Stan-
dard Oil of New Jersey, Linden, New Jersey, USA

Ellis Bray, Ernest Evans, Jim Cooper, Wilson Orr,
Nelson Stevens, Keith Kvenvolden—Mobil Oil,
Duncanville, Texas, USA

Jacques Connan, K. Le Tran—Societe Nationale
Elf-Aquitaine, Pau, France

John Winters, Jack Williams, Jim Momper, Mike
Lewan, Wally Dow—Amoco, Tulsa, Oklahoma,
USA

Gordon Speers—British Petroleum, Sunbury-on-
Thames, England



1048 J.M. Hunt et al. | Organic Geochemistry 33 (2002) 1025-1052

Bill Zarella, Grover Schrayer, Hollis Hedberg—Gulf
Oil, Pittsburgh, Pennsylvania, USA

Bill Riley, Wolf Seifert, Emilio Gallegos—Chevron,
Richmond, California, USA

Derek Spencer—Imperial Oil, Calgary, Canada

Institutes

M. Louis, Bernard Tissot, J. Espitalie, M.A.
Bestougeff—Institut Francais du Petrole, Rueil-
Malmaison, France

Umberto Colombo and Stan Neglia—AGIP, Milan,
Italy

Harold Smith—Bureau of Mines, Bartlesville,
Oklahoma, USA

Web Robinson—Bureau of Mines, Laramie, Wyom-
ing, USA

Irving Breger—US Geological Survey, Washington,
DC, USA

N.B. Vassoevich, N.A. Eremenko, A.A. Kartsev, and
A.A. Petrov—VNIGRI, Moscow, USSR

Tom Hoering, Ed Hare, Phil Abelson—Carnegie
Institution, Washington, D.C., USA

Academia

Dietrich Welte—Universities of Wuerzburg, Goettin-
gen, and Institute of Technology, Aachen, Germany

Geoff Eglinton—University of Bristol, Bristol, England

Archie Douglas—University of Newcastle, Newcastle-
upon-Tyne, England

Don Baker—Rice University, Houston, Texas, USA

L.S. Ciereszko—University of Oklahoma, Norman,
Oklahoma, USA

G.D. Hobson—Imperial College, London, England

Fred Rossini—University of Notre Dame, Notre
Dame, Indiana, USA

We wish to acknowledge and thank our reviewers, all
of whom were among the leaders and pioneers respon-
sible for developing and applying geochemical concepts
to petroleum related problems, whose efforts sig-
nificantly improved this paper: Lloyd Snowdon, Ralph
Burwood, Wally Dow, Archie Douglas, and Joe Curiale.

Associate Editor—J. Curiale

References

Abelson, P.H., 1963. Organic geochemistry and the formation
of petroleum. 6th World Petroleum Congress Proceedings,
Sec 1, 397-407.

Baker, D., 1962. Organic geochemistry of Cherokee Group in
southeastern Kansas and northeastern Oklahoma. American
Association of Petroleum Geologists Bulletin 46, 1621-1642.

Balogh, B., Wilson, D.M., Christiansen, P., Burlingame, A.L.,

1973. 170(H)-hopane identified in oil shale of the Green River
Formation (Eocene) by carbon 13 NMR. Nature 242, 603-605.

Barbat, W.N., 1967. Crude oil correlations and their role in
exploration. American Association of Petroleum Geologists
Bulletin 51, 1255-1292.

Barker, C., 1981. Oil source rock correlation aid drilling site
selection. World Oil 181 (5), 121-126.

Behrens, E.-W., 1988. Geology of a continental slope oil seep,
northern Gulf of Mexico. Association of Petroleum Geo-
logists Bulletin 72, 105-114.

Bendoraitis, J.G., Brown, B.L., Heptner, L.S., 1962. Isoprenoid
hydrocarbons in petroleum-isolation of 2,6,10,14-tetra-
methylpentadecane by high-temperature gas-liquid chroma-
tography. Analytical Chemistry 34, 49-53.

Bergius, F., 1913. Production of hydrogen from water and coal
from cellulose at high temperatures and pressures. Journal
Society Chemical Industry 32, 462—467.

Bernard, B.B., Brooks, J.M., Sackett, W.M., 1976. Natural gas
seepage in the Gulf of Mexico. Earth and Planetary. Science
Letters 31, 48-54.

Blount, C.W., Price, L.C., Wenger, L.M., Tarullo, M., 1970.
Methane solubility in aqueous NaCl solutions at elevated
temperatures and pressures. In: Dorfman, M.H., Fisher,
W.L. (Eds.), Proceedings of Fourth United States Gulf Coast
Geopressure and Geothermal Energy Conference: Research
and Development, 1979, Vol. 3. University of Texas Press,
Austin, pp. 1225-1270.

Blumer, M., 1973. Chemical fossils: trends in organic geo-
chemistry. Pure and Applied Chemistry 34, 591-609.

Blumer, M., Thomas, D.W., 1965. Phytadienes in zooplankton.
Science 149, 1148-1149.

Blumer, M., Mullin, M.M., Thomas, D.W., 1963. Pristane in
zooplankton. Science 140, 974.

Bouquet, M., Bailleul, A., 1982. Various applications of high
field nuclear magnetic resonance on petroleum products. In:
Crump, G.B. (Ed.), Petroanalysis ’81. John Wiley, Chiche-
ster, pp. 394-408.

Bray, E.E., 1956a. Geochemical Exploration Methods. US
Patent 2,742,575.

Bray, E.E., 1956b. Method of Geochemical Prospecting. US
Patent 2,773,991.

Bray, E.E., Evans, E.D., 1961. Distribution of n-paraffins as a
clue to recognition of source beds. Geochimica et Cosmo-
chimica Acta 22, 2-15.

Breger, I.A., 1963. Organic Geochemistry. Pergamon Press,
Oxford.

Brisbane, P.G., Ladd, J.N., 1968. The utilization of methane,
ethane, and propane by soil micro-organisms. Journal Gen-
eral Applied Microbiology 19, 351-364.

Brooks, J.M., Frederick, A.D., Sackett, W.M., Swinnerton,
J.W., 1973. Baseline concentrations of light hydrocarbons in
Gulf of Mexico. Environmental Science and Technology 7,
639-642.

Chilingar, G.V., Karim, M., 1962. Gaseous survey methods in
exploration and prospecting for oil and gas: a review.
Alberta Society of Petroleum Geologists Journal 10, 610—
617.

Clark, R.C., Blumer, M., 1967. Distribution of n-paraffins in
marine organisms and sediment. Limnology and Oceano-
graphy 12, 79-87.

Connan, J., 1974. Time-temperature relation in oil genesis.



J.M. Hunt et al. | Organic Geochemistry 33 (2002) 1025-1052 1049

American Association of Petroleum Geologists Bulletin 58,
2516-2521.

Connan, J., 1984. Biodegradation of crude oils in reservoirs. In:
Brooks, J., Welte, D. (Eds.), Advances in Petroelum Geo-
chemistry, Vol. 1. Academic Press, London, pp. 229-335.

Cooper, J.E., 1962. Fatty acids in recent and ancient sediments
and petroleum reservoir waters. Nature 193, 744-746.

Cooper, J.E., Bray, E.E., 1963. A postulated role of fatty acids
in petroleum formation. Geochimica et Cosmochimica Acta
27, 1113-1127.

Craig, H., 1953. The geochemistry of the stable carbon iso-
topes. Geochimica et Cosmochimica Acta 3, 53-92.

Curiale, J.A., 1993. Oil to source rock correlation: Concepts
and case studies. In: Engel, M.H., Macko, S.A. (Eds.),
Organic Geochemistry: Principles and Applications. Plenum
Press, New York, pp. 473-490.

Davis, J.B., 1967. Petroleum Microbiology. Elsevier, Amster-
dam.

Debnam, A.H., 1965. Field and laboratory methods used by
the Geological Survey of Canada in geochemical surveys. No.
6. Determination of Hydrocarbons in Soils by Gas Chroma-
tography. Geological Survey of Canada. Paper 64-15.

DeGolyer, E., 1940. Future position of petroleum geology in
the oil industry. American Association of Petroleum Geo-
logists Bulletin 24, 1389-1399.

Demaison, G.J., 1977. Asphalt sands and supergiant oil fields.
American Association of Petroleum Geologists Bulletin 61,
1950-1961.

Didyk, B.M., Simoneit, B.R.T., Brassell, S.C., Eglinton, G.,
1978. Organic geochemical indicators of palaeoenviron-
mental conditions of sedimentation. Nature 272, 216-221.

Donovan, T.J., Friedman, 1., Gleason, J.D., 1975. Recognition
of petroleum-bearing traps by unusual isotopic compositions
of carbonate-cemented surface rocks. Geology 2, 351-354.

Donovan, T.J., Dalziel, M.C., 1977, Late diagenetic indicators
of buried oil and gas. US Geological Survey Open File
Report 77-817.

Donovan, T.J., 1981. Geochemical prospecting for oil and gas
from orbital and suborbital altitudes. In: Gottlieb, B.M.
(Ed.), Unconventional Methods in Exploration for Petro-
leum and Natural Gas II. Southern Methodist University
Press, Dallas, pp. 96-115.

Douglas, A.G., Grantham, P.J., 1974. Fingerprint gas chro-
matography in the analysis of some native bitumens,
asphalts, and related substances. In: Tissot, B., Bienner, F.
(Eds.), Advances in Organic Geochemistry 1973. Editions
Technip, Paris, pp. 261-276.

Dow, W.G., 1974. Application of oil-correlation and source-
rock data to exploration in Williston Basin. American Asso-
ciation of Petroleum Geologists Bulletin 58, 1253-1262.

Dow, W.G., 1977. Kerogen studies and geological interpreta-
tions. Journal of Geochemical Exploration 7 (2), 77-79.

Durand, B. (Ed.), 1980. Kerogen-Insoluble Organic Matter
from Sedimentary Rocks. Editions Technip, Paris.

Dyck, W., 1976. The use of helium in mineral exploration.
Journal of Geochemical Exploration 5, 3-20.

Eglinton, G., Scott, P.M., Belsky, T., Burlingame, A.L., Cal-
vin, M., 1964. Hydrocarbons of biological origin from a one
billion year old sediment. Science 145, 263-264.

Eglinton, G., Calvin, M., 1967. Chemical fossils. Scientific
American 216, 32-43.

Eglinton, G., Murphy, M.T.J. (Eds.), 1969. Organic Geochem-
istry: Methods and Results. Springer Verlag, New York.

Emery, K.O., 1960. The Sea off Southern California. Wiley,
New York.

Engler, K.O.V., 1913. Die Chemie und Physik des Erdols. Vol.
1. S. Hirzel, Leipzig.

Espitalie, J., La Porte, J.L., Madec, M., Marquis, F., Le Plat,
P., Paulet, J., Boutefeu, A., 1977. Methode rapide de car-
acterisation des roches meres de leur potential petrolier et de
leur degre d’evolution. Revue I'Inst. Francais du Petrole 32
(1), 23-42.

Forsman, J.P., Hunt, J.M., 1958. Insoluble organic matter (kero-
gen) in sedimentary rocks of marine origin. In: Weeks, L.G.
(Ed.), Habitat of Oil: A Symposium. American Association of
Petroleum Geologists, Tulsa, Oklahoma, pp. 747-778.

Fuex, A.N., 1977. The use of stable carbon isotopes in hydro-
carbon exploration. Journal of Geochemical Exploration 7,
155-188.

Galimov, E.M., 1973. Carbon Isotopes in Oil-Gas Geology.
Nedra, Moscow.

Gates, T.M., McEldowney, R.C., 1977. Uranium exploration
method may help find gas and oil. World Oil 184, 55-57.

Gavrilov, A.Ya., Dragunskaya, V.S., 1963. Aromatic con-
densate of eastern Turkmen, SSSR. Akad. Nauk Turkmen.
SSSR, series. F12. Khim. Geol. Nauk 3, 111-113.

Habicht, J.K.A., 1964. Comment on the history of migration in
the Gifhorn Trough. Proceedings of the Sixth World Petro-
leum Congress, Paper 19-PD2, sec. 1, 480.

Hedberg, H.D., 1980. Methane generation and petroleum
migration. In: Roberts I11., W.H., Cordell, R.J. (Eds.), Pro-
blems of Petroleum Migration. AAPG Studies in Geology
10. American Association of Petroleum Geologists, Tulsa,
pp. 79-206.

Hills, I.R., Whitehead, E.V., Anders, D.E., Cummins, J.J.,
Robinson, W.E., 1966. An optically active triterpane, gam-
macerane in Green River, Colorado, oil-shale bitumen. Che-
mical Communications 752-754.

Hills, I.R., Whitehead, E.V., 1966. Triterpanes in optically
active petroleum distillates. Nature (London) 209, 977-979.
Hilt, T.C., 1873. Die Beziechungen zwischen der Zusammenset-
zung und den technischen Eigenschaften der Steinkohle.

Sitzber. Aachener Bezirksvereinigung VDI, 4.

Hitchon, B., 1974. Application of geochemistry to the search
for crude oil and natural gas. In: Levinson, A.A. (Ed.),
Introduction to Exploration Geochemistry. Applied Pub-
lishing, Calgary, pp. 509-545.

Hitchon, B., Gawlak, M., 1972. Low molecular weight aro-
matic hydrocarbons in gas condensates from Alberta,
Canada. Geochimica et Cosmochimica Acta 36, 1043-1059.

Hood, A., Gutjahr, C.C.M., Heacock, R.L., 1975. Organic
metamorphism and the generation of of petroleum. American
Association of Petroleum Geologists Bulletin 59, 986-996.

Horvitz, L., 1939. On geochemical prospecting. Geophysics 4,
210-225.

Horvitz, L., 1972. Vegetation and geochemical prospecting for
petroleum. American Association of Petroleum Geologists
Bulletin 56, 925-940.

Horvitz, L., Dallas.. Hydrocarbon geochemical prospecting
after forty years. In: Gottlieb, B.M. (Ed.), Unconventional
Methods in Exploration for Petroleum and Natural Gas II.
Methodist Univ. Press. pp. 83-95.



1050 J.M. Hunt et al. | Organic Geochemistry 33 (2002) 1025-1052

Hunt, T.S. 1863. Report on the geology of Canada. Canadian
Geological Survey Report: Progress to 1863. Canadian Geo-
logical Survey.

Hunt, J.M., 1979. Petroleum Geochemistry and Geology.
Freeman, San Francisco.

Hunt, J.M., 1996. Petroleum Geochemistry and Geology. Sec-
ond Ed. Freeman, New York.

Hunt, J.M., Jamieson, G.W., 1956. Oil and organic matter in
source rocks of petroleum. American Association of Petro-
leum Geologists Bulletin 40, 477-488.

Hunt, J.M., Stewart, F., Dickey, P.A., 1954. Origin of hydro-
carbons of Unita Basin, Utah. American Association of Pet-
roleum Geologists Bulletin 38, 1671-1688.

Illing, V.C., 1933. The origin of pressure in oil pores. In: The
Science of Petroleum, Vol. 1. Oxford University Press,
Oxford, pp.229-234.

James, A.T., Martin, A.J.P., 1952. Gas liquid partition
chromatography: the separation of volatile fatty acids from
formic acid to dodecanoic acid. Biochemical Journal 50, 679—
685.

Jobson, A., Cook, A.D., Westlake, D.W.S., 1972. Microbial
utilization of crude oil. Applied Microbiology 23, 1082-1089.

Jurg, J.W., Eisma, E., 1964. Petroleum hydrocarbons: genera-
tion from fatty acids. Science 144, 1451-1452.

Kartsev, A.A., Tabasaranskii, Z.A., Subbota, M.1., Mogilevskii,
G.A., 1954. Geochemical Methods for Prospecting and
Exploration for Petroleum and Natural Gas. State Scientific
and Technical Publishing House of Petroleum and Mineral
Fuel Literature, Moscow. (English translation by With-
erspoon, P.A. and Romey, W.D., 1959. University of Cali-
fornia Press, Berkeley.

Kidwell, A.L., Hunt, J.M., 1958. Migration of oil in Recent
sediments of Pedernales, Venezuela. In: Weeks, L.G. (Ed.),
Habitat of Oil. American Association of Petroleum Geo-
logists, Tulsa, pp. 790-817.

Kimble, B.J., Maxwell, J.R., Philp, R.P., Eglinton, G., 1974.
Tri- and tetraterpenoid hydrocarbons in the Messel oil shale.
Geochimica et Cosmochimica Acta 38, 1165-1181.

Kvenvolden, K.A., 1962. Normal paraffin hydrocarbons in
sediments from San Francisco Bay, California. American
Association of Petroleum Geologists Bulletin 46, 1643—1652.

Kvenvolden, K.A., Squires, R.M., 1967. Carbon isotopic compo-
sition of crude oils from Ellenburger group (Lower Ordovician),
Permian Basin west Texas and eastern New Mexico. American
Association of Petroleum Geologists Bulletin 5, 1293-1303.

Larskaya, Ye.S., Zhabrev, D.V., 1964. Effects of stratal tem-
peratures and pressures on the composition of dispersed
organic matter. Dokl. Akad. Nauk SSSR 157 (4), 135-139.

Laubmeyer, G., 1933. A new geophysical prospecting method,
especially for deposits of hydrocarbons. Petroleum 29, 1-4.

Lewan, M.D., Winters, J.C., McDonald, J.H., 1979. Genera-
tion of oil-like pyrolyzates from organic rich shales. Science
203, 897-899.

Leythaeuser, D., Hollerbach, A., Hagemann, H.W., 1977.
Source rock/crude oil correlation based on distribution of
C,7+-cyclic hydrocarbons. In: Campos, R., Goni, J. (Eds.),
Advances in Organic Geochemistry 1975. ENADIMSA,
Madrid, pp. 3-20.

Link, W.K., 1952. Significance of oil and gas seeps in world oil
exploration. American Association of Petroleum Geologists
Bulletin 36, 1505-1540.

Lopatin, N.V., 1971. Temperature and geological time as fac-
tors of carbonifaction. Akad. Nauk SSSR. Izv. Ser. Geol 3,
95-106.

Mackenzie, A.S., Brassell, S.C., Eglinton, G., Maxwell, J.R.,
1982. Chemical fossils: the geological fate of steroids. Science
217, 491-504.

Maclean, 1., Eglinton, G., Douragh-Zadeh, K., Ackman, R.G.,
Hooper, S.N., 1968. Correlation of stereoisomerism in pre-
sent day and geologically ancient isoprenoid fatty acids.
Nature 218, 1019-1024.

Magoon, L.B., Dow, W.G., 1994. The Petroleum System-From
Source to Trap. AAPG Memoir 60. American Association of
Petroleum Geologists, Tulsa.

Marrs, R.W., Kaminsky, B., 1977. Detection of petroleum-
related soil anomalies from LANDSAT. American Associ-
ation of Petroleum Geologists Bulletin 61, 1560-1561.

Martin, A.J.P., Synge, R.L.M., 1941. A new form of chroma-
togram employing two liquid phases. Biochemical Journal
35, 1358-1364.

Mathews, D.E., Hayes, J.M., 1978. Isotope-ratio-monitoring
gas chromatography-mass spectrometry. Analytical Chem-
istry 50, 1465-1473.

Maxwell, J.R., Pillinger, C.T., Eglinton, G., 1971. Organic
geochemistry. Quarterly Review, The Chemical Society 25,
628.

Maxwell, J.R., Cox, R.E., Ackman, R.G., Hooper, S.N., 1972.
The diagenesis and maturation of phytol—the stereo-
chemistry of 2,6,10,14-tetramethyl pentadecane from an
ancient sediment. In: von Gaertner, H.R., Wehner, H. (Eds.),
Advances in Organic Geochemistry 1971. Pergamon Press,
Oxford, pp. 177-291.

McAuliffe, C.D., 1966. Solubility in water of paraffin, cyclo-
paraffin, olefin, acetylene, cyclo-olefin, and aromatic hydro-
carbons. Journal of Physical Chemistry 70, 1267-1275.

McAuliffe, C.D., 1971. GC determination of solutes by multi-
ple phase equilibration. Chemical Technology 1, 46-51.

McCrossan, R.G., Ball, N.L., Snowdon, L.R., 1972. An eva-
luation of surface geochemical prospecting for petroleum,
Olds-Carolina area, Alberta. Geological Survey of Canada,
Paper 71-31.

Mclver, R.D., 1985. Near-surface hydrocarbon surveys in oil
and gas exploration. Oil Gas Journal 82 (39), 113-117.

McKinney, C.M., Ferro, E.P., Wenger, JW.J., 1966. Analyses of
crude oils from 546 important oilfields in the United States.
US Bureau of Mines Report of Investigations 6819. US
Department of Interior, Bureau of Mines, Washington, DC.

Meinschein, W.G., 1959. Origin of petroleum. American Asso-
ciation of Petroleum Geologists Bulletin 43, 925-943.

Meinschein, W.G., 1961. Significance of hydrocarbons in sedi-
ments and petroleum. Geochimica et Cosmochimica Acta 22,
58-64.

Miller, G.H., 1976. Microbial surveys help evaluate geological,
geophysical prospects. Oil Gas Journal 74, 192-202.

Milner, C.W.D., Rogers, M.A., Evans, C.R., 1977. Petroleum
transformations in reservoirs. Journal of Geochemical
Exploration 7, 101-153.

Moldowan, J.M., Seifert, W.K., Gallegos, E.J., 1985. Rela-
tionship between petroleum composition and depositional
environment of petroleum source rocks. American Associ-
ation of Petroleum Geologists Bulletin 69, 1255-1268.

Nechayeva, O.L., 1968. Hydrogen in gases dissolved in water of



J.M. Hunt et al. | Organic Geochemistry 33 (2002) 1025-1052 1051

the western Siberian plain. Dokl. Akad. Akad. Nauk SSSR
179 (4), 961-962.

Neglia, S., 1979. Migration of fluids in sedimentary basins.
American Association of Petroleum Geologists Bulletin 63,
573-597.

Newberry, J.S., 1860. The Rock Oils of Ohio. Agriculture
Report for 1859.

Oakwood, T.S., Shriver, D.S., Fall, HH., McAleer, W.J.,
Wunz, P.R., 1952. Optical activity of petroleum. Industrial
and Engineering Chemistry 44, 2568-2570.

O’Neal, M.J., Hood, A., 1956. Mass spectrometric analysis of
polycyclic hydrocarbons. American Chemical Society, Divi-
sion of Petroleum Chemistry (preprint), pp. 127-135.

Ourisson, G., Albrecht, P., Rohmer, M., 1979. The hopanoids,
paleochemistry and biochemistry of a group of natural pro-
ducts. Pure and Applied Chemistry 51, 709-729.

Palacas, J.G., Anders, D.E, King, J.D., 1984. South Florida
Basin—a prime example of a carbonate source rocks of pet-
roleum. In: Palacas, J.G. (Ed.), Petroleum Geochemistry and
Source Rock Potential of Carbonate Rocks. AAPG Studies
in Geology 18. American Association of Petroleum Geo-
logists, Tulsa, pp. 71-96.

Philp, R.P., Crisp, P.T., 1982. Surface geochemical methods
used for oil and gas prospecting—a review. Journal of Geo-
chemical Exploration 17, 1-34.

Philippi, G.T., 1965. On the depth, time and mechanism of
petroleum generation. Geochimica et Cosmochimica Acta
29, 1021-1049.

Philippi, G.T., 1977. On the depth, time, and mechanism of
origin of the heavy to medium gravity naphthenic crude oils.
Geochemica et Cosmochimica Acta 41, 33-52.

Pirson, S.J., 1940. Critical survey of recent developments in
geochemical prospecting. American Association of Petro-
leum Geologists Bulletin 24, 1464-1474.

Poll, J.J.K., 1975. Onshore Gippsland geochemical survey. A
test case for Australia. APEA Journal 15, 93-101.

Potonie, H., 1908. Die rezenten Kaustobiolithe und ihre Lan-
gerstatten: Die Sapropeliten. Abh. Kgl. Preuss. Geol. Land-
esanstalt. New series 1.

Poulet, M., Roucache, J., 1969. Etude geochemique des gise-
ments du Nord-Sahara (Algerie). Revue I'Inst. Francais du
petrole 24, 615-644.

Powell, T.G., McKirdy, D.M., 1973. The effect of source
material, rock type and diagenesis on the n-alkane content of
sediments. Geochimica et Cosmochimica Acta 37, 523-633.

Price, L.C., 1976. Aqueous solubility of petroleum as applied to
its origins and primary migration. American Association of
Petroleum Geologists Bulletin 60, 213-244.

Roberts, A.A., Dalziel, M., Pogorski, L.A., Quirt, S.G., 1976.
A possible helium anomaly in the soil gas, Boulder and Weld
Counties, Colorado. US Geological Survey, Open-File
Report 76-544.

Rosaire, E.E., 1940. Symposium on geochemical exploration.
Geochemical prospecting for petroleum. American Associ-
ation of Petroleum Geologists Bulletin 24, 1400-1433.

Ronov, A.B., 1958. Organic carbon in sedimentary rocks (in rela-
tion to the presence of petroleum). Geochemistry 5, 497-509.

Rossini, F.D., 1960. Hydrocarbons in petroleum. Journal of
Chemical Education 37, 554-561.

Rubinstein, 1., Sieskind, O., Albrecht, P., 1975. Rearranged
steranes in a shale: occurrence and simulated formation.

Journal of The Chemical Society, Perkin Transactions I
1833-1836.

Rumeau, J-L., Sourisse, C., 1973. Un exemple de migration
primaire en phase gazeuse. Bulletin of the Centre for
Research. Pau-SNPA 7 (1), 53-67.

Rzasa, M.J., Katz, D.L., 1950. The co-existence of liquid and
vapor phases at pressures above 10,000 psi. Transactions
AIME 189.

Scalan, R.S., Smith, J.E., 1970. An improved measure of the
odd-even predominance in the normal alkanes of sediment
extracts and petroleum. Geochimica et Cosmochimica Acta
34, 611-620.

Sealey, J.Q., 1974a. A geomicrobiological method of prospect-
ing for petroleum, Part I. Oil Gas Journal 72 (14), 142-146.
Sealey, J.Q., 1974b. A geomicrobiological method of prospect-
ing for petroleum, Part II. Oil Gas Journal 72 (15), 98-102.
Seifert, W.K., 1977. Source rock/oil correlations by C,7-Cs3g
biological marker hydrocarbons. In: Campos, R., Goni, J.
(Eds.), Advances in Organic Geochemistry 1975. ENA-

DIMSA, Madrid, pp. 21-44.

Seifert, W.K., 1978. Steranes and terpanes in kerogen pyrolysis
for correlation of oils and source rocks. Geochimica et
Cosmochimica Acta 42, 473-484.

Seifert, W.K., Moldowan, J.M., 1978. Applications of steranes,
terpanes and monoaromatics to the maturation, migration
and source of crude oils. Geochimica et Cosmochimica Acta
42, 77-95.

Seifert, W.K., Moldowan, J.M., 1979. The effect of biode-
gradation on steranes and terpanes in crude oils. Geochimica
et Cosmochimica Acta 43, 111-126.

Seifert, W.K., Moldowan, J.M., 1981. Paleoreconstruction by
biological markers. Geochimica et Cosmochimica Acta 45,
783-794.

Seifert, W.K., Gallegos, E.J., Teeter, R.M., 1972. Proof of
structure of steroid carboxylic acids in a California petro-
leum by deuterium labeling, synthesis, and mass spectro-
metry. Journal American Chemical Society 94, 5880-5887.

Silverman, S.R., 1965. Migration and segregation of oil and gas.
In: Young, A., Galley, G.E. (Eds.), AAPG Memoir 4. Amer-
ican Association of Petroleum Geologists, Tulsa, pp. 54-65.

Silverman, S.R., Epstein, S., 1958. Carbon isotopic composi-
tion of petroleums and other sedimentary organic materials.
American Association of Petroleum Geologists Bulletin 42,
998-1012.

Smith, H.M., 1940. Correlation index to aid in interpreting
crude oil analyses. US Bureau of Mines Technical Paper 610.
US Dept. Interior Bureau of Mines, Washington, DC.

Smith, P.V., 1952. The occurrence of hydrocarbons in Recent
sediments from the Gulf of Mexico. Science 116, 437-439.

Smith, P.V., 1954. Studies on origin of petroleum: occurrence
of hydrocarbons in Recent sediments. American Association
of Petroleum Geologists Bulletin 38, 377-404.

Smith, P.V., 1955. Status of our present information on the
origin and accumulation of oil. Proceedings 4th World Pet-
roleum Congress I 359-376.

Snider, L.C., 1934. Current ideas regarding source beds for
petroleum. In: Rather, W.E., Lahee, F.H. (Eds.), Problems
of Petroleum Geology, AAPG Memoir 1. American Associ-
ation of Petroleum Geologists, pp. 51-66.

Sokolov, V.A., 1933. New prospecting method for petroleum
and gas. Technika, February. Bulletin, NGRI 1.



1052 J.M. Hunt et al. | Organic Geochemistry 33 (2002) 1025-1052

Sokolov, V.A., 1959. Geochemical Methods of Prospecting for
Oil and Gas Deposits. (Symposium). Izd. Akad. Nauk.
SSSR, Moscow.

Sokolov, V.A., Mironov, S.I., 1962. On the primary migration
of hydrocarbons and other oil components under the action
of compressed gases. In: The Chemistry of Oil and other
Deposits. Academy of Science USSR, Institute of Geology
and Exploitation of Mineral Fuels, pp. 38-91 (in Russian).
(Translation by Israel Program for Scientific Translation,
Jerusalem, 1964).

Sokolov, V.A., Zhure, T.P., Vassoevich, N.B., Antonov, P.L.,
Grigoryev, G.G., Kozlov, V.P., 1963. Migration processes of
gas and oil, their intensity and directionality. Paper presented
at 5th World Petroleum Congress, 19-26 June, Frankfurt,
Germany.

Stach, E., Mackowsky, M-Th., Teichmeuller, M., Taylor,
G.H., Chandra, D., Teichmeuller, R., 1982. Textbook of
Coal Petrology, Third ed. Bebruder Borntraeger, Berlin.

Stadnik, Ye.V., Mogilevskiy, G.A., Soshnikov, V.K., Yurin,
G.A., Gal’chenko, V.A., Popovich, T.A., 1977. Importance
of waters of near surface horizons for petroleum exploration
(as in the Pripyat-Dnepr-Donets basin). International Geo-
logy Reviews 19, 559-568.

Stahl, W.J., 1977. Carbon and nitrogen isotopes in hydrocarbon
research and exploration. Chemical. Geology 20, 121-149.

Stevens, N.P., Bray, E.E., Evans, E.D., 1956. Hydrocarbons in
sediments of the Gulf of Mexico. American Association of
Petroleum Geologists Bulletin 40, 975-983.

Teichmuller, M., 1958. Metamorphism du carbon et propection
du petrole. Review of Industrial Minerals, Special Issue 1-15.

Teichmuller, M., 1974. Generation of petroleum-like sub-
stances in coal seams as seen under the microscope. In: Tis-
sot, B., Bienner, F. (Eds.), Advances in Organic
Geochemistry 1973. Panz: Editions Technip. pp. 379-407.

Tissot, B., 1969. Primieres donnees sur le mecanismes et la
cinetique de la formation du petrole dans les sediments:
simulation d’un schema reactionnel sur ordinateur. Revue
I'Inst. Francais du Petrole 24 (4), 470-501.

Tissot, B., Califet-Debyser, Y., Deroo, G., Oudin, J.L., 1971.
Origin and evolution of hydrocarbons in Early Toarcian
shales. Am. Assoc. Petr Geol. Bull. 55 (12), 2177-2193.

Tissot, B., Durand, B., Espitalie, J., Combaz, A., 1974. Influ-
ence of nature and diagenesis of organic matter in formation
of petroleum. American Association of Petroleum Geologists
Bulletin 58, 499-506.

Tissot, B., Pelet, R., Rouchache, J., Combaz, A., 1977. Utili-
zation des alcanes comme fossiles geochemiques indicateurs
des environments geologiques. In: Campos, R., Goni, J.
(Eds.), Advances in Organic Geochemistry 1975. ENA-
DIMSA, Madrid, pp. 117-154.

Tissot, B., Welte, D.H., 1978. Petroleum Formation and
Occurrence. Springer Verlag, Heidlberg.

Tissot, B., Welte, D.H., 1984. Petroleum Formation and
Occurrence. Second Ed. Springer Verlag, Berlin.

Trask, P.D., 1932. Origin and Environment of Source Sediments
of Petroleum. Gulf Publishing Company, Houston, Texas.

Trask, P.D., Wu, C.C., 1930. Does petroleum form in sedi-
ments at time of deposition? American Association of Pet-
roleum Geologists Bulletin 14, 1451-1463.

Treibs, A., 1934. The occurrence of chlorophyll derivatives in
an oil shale of the upper Triassic. Annalen 517, 103-114.

Treibs, A., 1936. Chlorophyll and hemin derivatives in organic
materials. Angewandte Chemie 49, 682-686.

van Krevelen, D.W., 1961. Coal: Typology-Chemistry-Physics-
Constitution. Elsevier Science, Amsterdam.

Vassoevich, N.B., Yu, I., Korchagina, I., Lopatin, N.V., Cher-
nischev, V.V., 1969. The main stage of petroelum formation.
Moscow University, Vestnik. No. 6, 3-37 (in Russian).
[English translation: International Geology Review 12, 1276~
1296 (1970)].

Vernadskii, V.I., 1934. Outlines of Geochemistry. ONTI, Gor-
nogeologie. Neft. Izd. pp. 152-153.

Volkman, J.K., Alexander, R., Kagi, R.I., Rowland, S.J.,
Sheppard, P.N., 1984. Biodegradation of aromatic hydro-
carbons in crude oils from the Barrow Subbasin of Western
Australia. In: Schenck, P.A., de Leeuw, J.W., Lijmbach,
G.W.M. (Eds.), Advances in Organic Geochemistry 1983.
Pergamon, Oxford, pp. 619-632.

Waples, D.W., 1985. Geochemistry in Petroleum Exploration.
International Human Resources Development Corporation,
Boston.

Welte, D.H., Hagemann, H.W., Hollerbach, A., Leythauser,
D., Stahl, W., 1975. Correlation between petroleum and
source rock. Proceedings 9th World Petroleum Congress.
Applied Science Publishers II, London, pp. 179-191.

White, D., 1915. Geology: some relations in origin between
coal and petroleum. Journal Washington Academy of
Science 5 (6), 189-212.

Whitehead, E.V., 1971. Chemical clues to petroleum origin.
Chemistry and Industry, 27 1116-1118.

Whitehead, E.V., 1974. The structure of petroleum pentacy-
clanes.. In: Tissot, B., Bienner, F. (Eds.), Advances in
Organic Geochemistry 1973 pp. 225-243.

Whitehead, W.L., Breger, I.A., 1963. Geochemistry of petro-
leum. In: Breger, I.A. (Ed.), Organic Geochemistry. The
Macmillan Company, New York, pp. 248-332.

Whitmore, F.C., Oakwood, T.S., 1946-1947. Progress Report
on Fundamental Research on Occurrence and Recovery of
Petroleum 1946-1947.

Williams, J.A., 1974. Characterization of oil types in Williston
Basin. American Association of Petroleum Geologists Bulle-
tin 58, 1243-1252.

Winters, J.C., Williams, J.A., 1969. Microbiological alteration
of crude oil in the reservoir. Symposium on Petroleum
Transformation in Geologic Environments, American Che-
mical Society, Division of Petroleum Chemistry, Paper
PETR 86, pp. E22-E31.

Winters, J.C., Williams, J.A., Lewan, M.D., 1983. A laboratory
study of petroleum generation by hydrous pyrolysis. In:
Bjorey, M. et al. (Eds.), Advances in Organic Geochemistry
1981. Wiley, Chichester, pp. 524-533.

Young, A., Mclver, R.D., 1977. Distribution of hydrocarbons
between oils and associated fine-grained sedimentary rocks—
physical chemistry applied to petroleum geochemistry II.
American Association of Petroleum Geologists Bulletin 61,
1407-1436.

Zhuze, T.P., Sergeyevich, V.I., Burmistrova, V.F., Yesakov,
Y.A., 1971. Solubility of hydrocarbons in water under stratal
conditions. Dolk. Akad. Nauk SSSR 198 (1), 206-209.

Zorkin, L.M., Stadnik, Ye.V., Yurin, G.A., 1976. Geochem-
istry of nitrogen in ground water of oil and gas bearing
basins. International Geology Review 19, 1404-1410.



