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Introduction

Geochemical analysis, and more speciRcally
chromatography, is concerned with samples derived
from two different sources: those of relatively
recent origin, related to environmental problems; and
those of a much greater geological age, related to
fossil fuel exploration and exploitation. The
chromatographic techniques utilized to analyse and
characterize such samples are virtually identical re-
gardless of the age and origin of the sample. The
extracts from geochemical samples, whether they are
rocks, soils, crude oil spills, contaminated wildlife or
spills of reRned products, are very complex mixtures
of a wide variety of organic compounds. Compounds
derived from fossil fuels typically will be complex
mixtures of hydrocarbons, and the environmental
samples from more recent sediments probably will
contain a variety of other compounds such as chlorin-
ated compounds, pesticides or herbicides. In view of
the similarities of the techniques used for analysing
the samples from these different sources, the ma-
jority of examples used in this article to illustrate the
techniques will be based on the characterization of
fossil fuel samples.

The major goal of any geochemical analysis is to
take a sample and, through a variety of fractionations
and analytical techniques, reach a point where either
the presence or absence of speciRc target compounds
can be determined, or Rngerprints for speciRc classes
of compounds can be obtained and used for correla-
tion purposes. Applications related to petroleum
exploration might use such Rngerprints for oil}source
rock or oil}oil correlation studies, whereas in envir-

onmental studies one is more concerned with cor-
relating a spilled product with its original source
material or trying to evaluate the extent of removal
during clean-up procedures.

Geochemical samples are extremely complex mix-
tures of a wide variety of compound classes. The
analytical techniques commonly used to characterize
such mixtures involve some form of chromatography,
such as gas chromatography (GC), gas chromatogra-
phy}mass spectrometry (GC-MS), gas chromatogra-
phy}mass spectrometry/mass spectrometry (GC-
MS/MS), and more recently gas chromatography}
isotope ratio mass spectrometry (GC-IRMS). Liquid
chromatography (LC) and combined liquid
chromatography}mass spectrometry (LC-MS) are
also used in certain applications, but not to the same
extent as GC and GC-MS. In addition to the analyti-
cal chromatographic separations, most geochemical
analyses require some sort of fractionation into com-
pounds classes prior to the actual analysis. There are
certain cases where total sediment extracts or whole
crude oils are analysed directly but generally the mix-
tures are so complex that an initial fractionation(s) is
required to simplify the extracts for subsequent ana-
lyses. For example gas chromatograms of many crude
oils (Figure 1) are dominated by n-alkanes but, for
the most part, compounds that are of much greater
geochemical importance are not readily observable in
these chromatograms but are hidden in the baseline
of the chromatogram. It should be noted that there
are also many naphthenic crudes not dominated by
n-alkanes, e.g. Venezuelan and Russian crudes. Most
of these naphthenic crudes are either severely biode-
graded or have been generated at relatively low levels
of maturity from sulfur-rich kerogens. A fractiona-
tion step involving thin-layer chromatography, col-
umn chromatography or liquid chromatography, all
of which involve partitioning of components between
a liquid and solid phase, leads to the separation of
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Figure 1 Gas chromatograms of crude oils, rock extracts, or
refined petroleum products are typically dominated by n-alkanes
and isoprenoids. While GC alone does not permit their identifica-
tion, the fact that the isoprenoids pristane and phytane have very
similar elution times to the C17 and C18 n-alkanes, respectively,
generally make it relatively easy to identify the other members of
the homologous series with a reasonably high degree of confi-
dence.

Figure 2 The whole oil chromatogram shown in Figure 1 does
not give a true impression of the complexity of the mixture of
compounds in a crude oil. While the n-alkanes are the dominant
components in the chromatogram, a vast array of branched,
cyclic, aromatic and polar compounds are also present. This
figure shows the chromatograms for a saturate and aromatic
fraction separated from a crude oil by thin-layer chromatography.

Figure 3 The saturate fraction shown in Figure 2 is again dom-
inated by n-alkanes, which tend to mask the presence of a very
complex mixture of branched and cyclic compounds also present
in this fraction. The n-alkanes can be separated from these
branched and cyclic compounds by processes such as molecular
sieving or urea adduction to produce the branched and cyclic
fraction shown in the bottom chromatogram of this figure. The top
chromatogram (A), shown for comparison purposes, is the total
saturate fraction from which the branched and cyclic compounds
were isolated.

compounds on the basis of factors such as polarity,
shape and size. For hydrocarbon-containing samples,
the fractionation step typically involves separation
into three fractions } saturate and aromatic hydrocar-
bons and a polar fraction containing nitrogen, sulfur
and oxygen compounds. In general it is the saturate
and aromatic fractions that receive most attention in
terms of additional analyses. Although the nitrogen,
sulfur and oxygen fractions contain many com-
pounds that possess useful information, the complex-
ity of these fractions has precluded their detailed
analyses. It is not proposed to go into the experi-
mental details of such chromatographic fractiona-
tions since these are very basic techniques and de-
scriptions of speciRc methods for particular classes of
compounds are readily available in the literature.

Fractionation of the crude oil used for Figure 1 into
various fractions produces saturate and aromatic
fractions as shown in Figure 2. It should be noted
when comparing Figures 1 and 2 that the result of the
fractionation and evaporation of the solvents used in
the fractionation process will lead to the loss of some
of the more volatile compounds in the C1}C15 range
of the saturate and aromatic fractions. GC analyses
of the saturate fraction produces a chromatogram
dominated by n-alkanes, typically in the carbon num-
ber range from C15 to around C40 when the analyses
are performed using conventional GC. The iso-
prenoids pristane (Pr) and phytane (Ph) can also be
clearly discerned on these chromatograms. Once
again, it should be emphasized that although the
n-alkanes are the predominant compounds in the
chromatograms, there are many more minor com-
pounds in the fraction that generally provide a great
deal more information than the n-alkanes. These

compounds can be further concentrated by such pro-
cesses as molecular sieving or urea adduction, both of
which will separate the n-alkanes from the branched
and cyclic alkanes as shown in Figure 3. At this point
fractionation and sieving of the original extract or
crude oil will have produced a fraction that is readily
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amenable to analysis by the techniques mentioned
above, such as GC, GC-MS, GC-MS/MS or GC-
IRMS. In the following sections a brief description of
each technique and typical applications will be given.
Again it should be reiterated that for the most part
this article uses hydrocarbons for illustration pur-
poses, but the majority of the techniques are equally
applicable to the analysis of other samples of geo-
chemical interest such as environmental samples, pos-
sibly with some slight modiRcations in the operating
conditions.

Gas Chromatography

As can be seen from the chromatograms used in the
Introduction, GC provides a great deal of informa-
tion on the composition of geochemical samples.
With the inclusion of an internal standard, this in-
formation can be both quantitative and qualitative in
nature. However, it is important to remember that,
for the most part, GC does not provide any informa-
tion on the identiRcation of individual components.
In the saturate hydrocarbon fractions, individual
compounds such as n-alkanes in the chromatograms
can be readily recognized and their identiRcation con-
Rrmed either by the use of co-injected standards or
analysis of the sample by GC-MS as described below.
In other cases where it may be necessary to detect
certain classes of chlorinated compounds, or or-
ganosulfur compounds, additional information on
the presence or absence of these compounds can be
obtained by using detectors that are speciRc for these
classes of compounds, such as electron capture, Same
photometric or Hall detectors. It should also be noted
that a number of recent studies have shown that
atomic emission detection (AED) is a particularly
sensitive and speciRc method of detection for sulfur-
containing compounds. Although the Same photo-
metric detector (FPD) is probably the most widely
used detector for sulfur-containing compounds, it has
some drawbacks including nonlinear compound-de-
pendent response, and the quenching of sulfur signals
by co-eluting hydrocarbons. The AED has a linear
response and is compound-independent, permitting
easy calibration using any sulfur-containing com-
pounds. This feature is unique because other de-
tectors require the construction of curves using target
analytes as standards, which becomes a very time-
consuming exercise.

GC has been utilized widely in geochemistry since
the 1950s. As column technology and instrumenta-
tion have improved, so has the quality of the analyti-
cal data. There are many similarities between the gas
chromatographs of today and the systems that were
developed in the 1950s and 1960s. Detectors and

injectors have improved and temperature control of
the ovens has improved, but probably the greatest
advances have occurred in the Reld of column tech-
nology. Early columns were short, large-diameter
packed columns made of stainless steel or copper.
Over the years narrow-bore capillary columns were
developed, initially made of stainless steel, then glass
and more recently fused silica. At the same time as the
evolution of capillary columns, the variety of liquid
phases for different applications has also greatly
improved. The most recent advance, and one that is
quite signiRcant for petroleum exploration and pro-
duction, has been the development of high temper-
ature GC phases. Traditionally most crude oil ana-
lyses have characterized hydrocarbons in the C1}C40

range but the advent of high temperature GC
(HTGC) signiRcantly changed the way in which we
look at hydrocarbon distributions of crude oils. The
use of HTGC has demonstrated that many crude oils
contain a wide range of hydrocarbons signiRcantly
above C40, extending to as far as C100 and possibly
higher. This in turn has also led to changes in one of
the very basic premises of geochemistry } that oils
with a high wax content were thought to be derived
only from higher plant sources. It is now clear that
such oils may also be derived from lacustrine and
marine source rocks as a result of analysing a number
of samples from such source rocks using HTGC.
Figure 4 provides an excellent illustration of the addi-
tional information obtained from the use of HTGC.
The upper chromatogram shows the analysis of an
ozocerite extract by conventional GC and the bottom
chromatogram shows the same sample analysed by
HTGC. Clearly the distribution of hydrocarbons is
quite different in the lower chromatogram. The
signiRcance of this is related to the fact that the
greater the concentration of the higher molecular
weight alkanes, the greater the production problems
associated with oils that contain such compounds. In
other words, if the oils were only characterized by
conventional GC, high molecular weight hydrocar-
bons would remain undetected. Once a production
programme was initiated it would not be long before
the wellhead facilities and pipelines would become
blocked with parafRn deposits, which require
costly measures to remove. While HTGC analyses do
not eliminate the problem, production engineers
would be aware of the potential for such a problem
and steps could be introduced to minimize its occur-
rence.

With the availability of HTGC an increasing num-
ber of samples have been analysed using this ap-
proach and steps have been taken to develop methods
that will quantitatively separate high molecular
weight alkanes from the asphaltene fraction. Analyses
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Figure 4 One of the most significant recent developments with-
in GC has been the development of high temperature phases for
the columns. Before this development it was generally only pos-
sible to analyse compounds with up to approximately 40 carbon
atoms. The newer HTGC columns permit samples containing up
to approximately 120 carbon atoms to be analysed. This figure
illustrates the comparison between the analyses of the hydrocar-
bons in the fossil bitumen ozocerite by (A) conventional GC and
(B) HTGC. The difference in distributions is very clear and also
demonstrates how the composition of a fraction obtained by
conventional GC may not necessarily reflect the true composition
of the sample being investigated.

of a wide range of such samples have shown that, in
addition to the n-alkanes, there is also a wide range of
additional compounds in the higher molecular weight
fraction including branched alkanes and alkylcy-
clohexanes. The distribution patterns for these com-
pounds has provided an additional powerful tool for
determination of the type of environment from which
a sample has been generated. For example Figure 5A
and B show the distributions of high molecular
weight fractions from oils whose source materials
were known to be deposited in lacustrine and marine
depositional environments, respectively. Note the dif-
ference in the distributions of these monocyclic
hydrocarbons, which are characteristic of the dif-
ferent environments. At present relatively little in-
formation is available concerning the origin of these
compounds, although their widespread distribution
suggests that they are probably related to an al-
gal/phytoplanktonic source, possibly with additional
contributions from higher plant waxes. It is known
that many marine organisms contain abundant
quantities of higher molecular weight esters, alcohols
and fatty acids. Relatively simple transformations

could readily convert these compounds to the corre-
sponding hydrocarbon and could easily represent
a viable source for such hydrocarbons.

Another area of geochemistry that has become par-
ticularly important in the past few years is reservoir
geochemistry, and GC has played an extremely im-
portant role in its development. Oil and gas reservoirs
are very complex geological features with many com-
partments. A knowledge of the relative position of
these compartments is extremely important for reser-
voir management, determination of where additional
production wells should be drilled, and evaluating
how a speciRc reservoir may have been Rlled. There
are a number of ways in which the reservoir compart-
ments may be delineated but one particularly interest-
ing, innovative and relatively cheap method involves
the utilization of high resolution GC. As indicated
above, crude oils are very complex mixtures of hydro-
carbons, but when the chromatograms are expanded
the complexity of the mixtures becomes far more
apparent and the presence of a large number of minor
components is clearly visible. Reservoir geochemistry
utilizes these minor components to assist in the delin-
eation of the reservoir compartments. In brief it is Rrst
necessary to determine whether all of the oils in the
reservoir are derived from the same source materials.
Once this has been established, all of the oils need to
be analysed by high resolution GC, the early eluting
region of the chromatogram expanded and a number
of pairs of minor peaks selected as shown in Figure 6.
Ratios based on pairs of selected peaks are measured
and subsequently plotted on a star or polar diagram.
This process is then repeated for all the oils to be
examined from the reservoir. It is important to ensure
that the same pairs of peaks are selected for each oil,
even if the identity of these peaks in unknown. Since
the differences between the pairs of peaks in
individual samples are often quite small it is extreme-
ly important to ensure that the GC analyses are highly
reproducible for this particular application. How-
ever, once all of the oils have been analysed and the
data plotted on the star diagram, it will be found that
oils that are in the same compartment or in commun-
ication will appear virtually on top of each other,
whereas those oils in different compartments will
be slightly separated (Figure 7). These small dif-
ference may result from slight differences in
oil}rock interactions, slight maturity differences
or generation from slightly different sources.

Gas Chromatography^
Mass Spectrometry

While GC can provide a great deal of information
that is of interest and useful from a geochemical
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Figure 5 The availability of HTGC has led to the discovery of numerous new series of compounds present in oils and source rocks
above C40. Several of these series, and in particular a series of alkylcyclohexanes, have been shown to be useful in discriminating
between oils derived from source materials deposited in lacustrine (A) versus marine settings (B). More subtle variations in these
distributions allow the salinity levels of the depositional environments to be distinguished.

perspective, it should also be noted that in most cases
GC only provides information on the distribution of
the major components in the sample, and for the most
part these are generally dominated by the n-alkanes.
The more useful compounds are the more complex
molecules, or biomarkers, which are typically present
in relatively low concentrations and which require the
use of GC-MS and more speciRcally single ion or
multiple ion detection (MID) in order to determine
their distributions. While there are many classes of
biomarkers that are commonly used for correlation
and other purposes, compounds such as the steranes
and terpanes will typically provide the greatest

amounts of useful information for both an environ-
mental and exploration context.

To illustrate the utility of the biomaker Rnger-
prints, the gas chromatograms of three oils are shown
in Figure 8. From the gas chromatograms alone it is
virtually impossible to determine what relationship, if
any, exists between these samples. In other words, are
they from the same source rock or can they be corre-
lated with each other? The effects of biodegrada-
tion are clearly evident in sample B since all of the
n-alkanes have been removed, making it appear even
more signiRcantly different from the other two
samples. Detailed analyses of the same samples by
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Figure 6 Reservoir geochemistry has provided an important means of determining continuity and communication within reservoir
compartments. Once it has been established that the oil in a reservoir is from a common source, high resolution gas chromatograms are
obtained for individual samples and ratios of various pairs of peaks are determined, as shown in the figure. The identity of the
components does not have to be known; the important point is that the same pairs of peaks are used for all the samples examined in
any particular study. Although the early studies typically used peaks in the early part of the chromatogram, it has been shown that the
minor components in the higher regions of the chromatogram can also be used for the same purpose.

GC-MS and MID using the characteristic ions for the
sterane and terpane biomarkers at m/z 217 and 191,
respectively, produces the additional data shown in
Figure 9. On the basis of the chromatograms shown
in Figure 9, samples B and C are in all probability
related to each other. It is not necessary to identify
each component, rather one should think of the mass
chromatograms as Rngerprints. If two samples are
derived from the same source, then their Rngerprints
should be the same, or at least very similar; samples
from different sources will be different from
each other. Hence when the Rngerprint for sample
A is compared with those for B and C in Figure 9,
there are a number of signiRcant differences be-
tween these samples that permit one to conclude that
A is from a different source than B or C. The
biomarker Rngerprints obtained in this way are very

speciRc for a variety of applications, in addition to
this type of correlation. The presence of individual
compounds, for example oleanane and gam-
macerane, can provide information on the presence of
speciRc types of source materials or the nature of the
depositional environment.

To illustrate this type of application, Figure 10
shows the m/z 191 and 217 mass chromatograms of
an oil that is derived from source material dominated
by higher plant or terrestrial source material. This
evidence is contained in the fact that the predominant
component in the m/z 191 mass chromatogram is the
terpane called 18�(H)-oleanane. It has been estab-
lished that this compound has its precursor in higher
plant material and hence the presence of this com-
pound in an oil will indicate that the sample is derived
from such material. In support of such evidence is the
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Figure 7 The ratios of the pairs of peaks measured in Figure 6
are plotted on a star or polar diagram. If two oils are in the same
compartment, or in communication with each other, then on such
a star plot the two oils will have identical plots (i.e. B and C). If they
are not in communication with each other, then their plots will
show some subtle differences (i.e. oil A).

Figure 8 Gas chromatograms of three different oils provides
limited information concerning the relationship between the sam-
ples. In this figure oil B clearly appears to be quite different from
oils A and C, but all that can really be said is that oil B has been
heavily biodegraded and the n-alkanes have been removed. It is
impossible to say what, if any, similarities there may have been
between the alkane distribution for this sample and the other two
samples.

fact that the sterane chromatogram is dominated by
the C29 steranes. For oils of this nature it has been
clearly established that the C29 steranes are also asso-
ciated with higher plant source materials. In this

manner, pieces of evidence can be put together that in
many cases will provide a very clear indication as to
the origin of the material being analysed.

In the second example, shown in Figure 11, the
presence of another very speciRc compound, gam-
macerane, can also be very clearly seen in the m/z 191
chromatogram. This compound is a very speciRc indi-
cator of depositional environments of enhanced salin-
ity. Recent attempts have been made to relate the
presence of certain compounds, for example, dino-
sterane to the age of the source rock from which the
sample was generated. SpeciRc ratios of different
sterane isomers or terpane isomers are also used ex-
tensively for determining the relative maturity of oils
or source rocks.

The sterane and methylsterane distributions in
crude oils are far more complex than the terpanes and
no matter how good the GC resolution, it is imposs-
ible to obtain complete separation of all co-eluting
isomers, epimers and homologues (Figure 12). In or-
der to optimize this separation it is necessary to utilize
GC combined with tandem mass spectrometry, or
MS/MS, which provides an additional degree of
separation based on the utilization of the MS/MS
capability.

Gas Chromatography^Mass
Spectrometry/Mass Spectrometry

To demonstrate the utility of the GC-MS/MS ap-
proach to the characterization and determination of
biomarkers in geochemical samples, the resolution of
a complex mixture of sterane isomers and homo-
logues will be described. While this example utilizes
the steranes, it should be borne in mind that the same
approach can be used to resolve any very complex
mixture of organic compounds from geochemical
samples.

The mixture of steranes commonly analysed by
MS/MS is in the C27}C30 carbon number range and
each homologue has a molecular mass at m/z 372,
386, 400 and 414, respectively. For each of the
steranes the parent ions will undergo a collision-
activated decomposition to produce a daughter ion at
m/z 217. Hence a series of MS/MS parent}daugh-
ter experiments are performed utilizing these par-
ent}daughter transitions in combination with the GC
separation. The GC-MS analysis and single ion
monitoring of m/z 217 produces the mass chromato-
gram shown in Figure 12 but with the GC-MS/MS
analyses, the results shown in Figure 13 are obtained.
It can be seen in Figure 13 that by using the C27 par-
ent}daughter ion pair at m/z 372/217, respectively,
the result of analysing the sample by MS/MS is to
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Figure 9 The terpane and sterane distributions for the same three oils as used in Figure 8 provide a more specific indication of the
relationship between different samples. It is not necessary to know the identification of all the individual peaks but rather to think of the
total chromatogram as a fingerprint. In this case it can be seen that oil A has quite a different set of fingerprints than oils B and C,
suggesting it is not related to these other two samples. While the fingerprints of oils B and C may show some differences, these are
actually due to small maturity differences in the samples.

totally resolve the C27 components from the rest of
the complex mixture.

Similar results would be obtained if the par-
ent}daughter pairs for the other members of the series
were also illustrated. A similar approach could be
applied to the methylsterane mixture using the parent
ions and the daughter ion at mass 231 and a similar
simpliRcation of the mixture would be obtained. In
this particular application the MS/MS serves to intro-
duce an additional element of separation following
the initial separation by GC.

Pyrolysis^Gas Chromatography^
Mass Spectrometry

While a large proportion of the geochemical samples
analysed are soluble in organic solvents and readily
amenable to direct analysis by GC or GC-MS, there is
another aspect to geochemical samples that is often
overlooked. Samples of geochemical interest such as
soils, source rocks or coals also have a signiRcant
insoluble organic component such as the humic frac-
tion of soils or the kerogen fraction of a source rock.
Characterization of these insoluble fractions requries

some type of degradation step prior to analysis. At
present for geochemical purposes this degradation
step typically consists of some type of pyrolysis
reaction with the pyrolyser interfaced to the gas
chromatograph or GC-MS system. There are
also reports of the use of various NMR techniques
to characterize this insoluble fraction, although
this is a little less speciRc than the pyrolysis
approach.

An example of the pyrolysis of the insoluble frac-
tion of an organic-rich source rock in shown in Fig-
ure 14. This was produced by pyrolysing the sample
at a temperature of 6003C for a short period of time
and allowing the pyrolysis products to be transferred
directly to the GC column. (There are of course a
wide variety of pyrolysis conditions that could be
used, but those cited here give a general idea of the
typical conditions used.) The products of a sample
pyrolysed in this manner produce a chromatogram
dominated by alkane/alkene doublets plus a wide
variety of minor components. From these distribu-
tions it is often possible to gain information about the
nature of the source materials originally responsible
for the formation of the kerogen plus the type of
products it will subsequently produce if buried to
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Figure 10 GC-MS analysis of crude oils reveals complex fin-
gerprints of biomarkers. In many cases these compounds may be
very specific indicators of particular types of source materials
responsible for sourcing the oil. In this example the predominant
component in the terpane chromatogram is 18�(H)-oleanane. Not
only is this compound very specific in terms of being derived from
higher plant source materials, but it is also more specifically
related to the flowering plants or angiosperms that have only
evolved since the Late Cretaceous}Early Tertiary periods. The
presence of this compound can therefore be used to constrain the
age of the source rock from which the oil was generated.

Figure 11 Gammacerane is another very specific biomarker
that can be readily observed in the m/z 191 chromatogram. The
relative concentration of this compound varies with the salinity of
the original depositional environment. Hence samples deposited
in a very saline lacustrine setting will generally have high gam-
macerane contents whereas those from freshwater lacustrine
environments are generally depleted in gammacerane.

Figure 12 Sterane distributions in crude oils as typically deter-
mined by single ion monitoring of m/z 217 reflect the complex
nature of the mixture of these components in a crude oil. It is
virtually impossible to separate all of the co-eluting isomers,
epimers and homologues by GC-MS, no matter how good the
chromatography.

Figure 13 To simplify the sterane fingerprint to some degree
GC-MS/MS becomes an important tool. In this diagram the same
sterane mixture used for Figure 12 has been analysed in the
GC-MS/MS mode. By filtering out the parent}daughter ions for
the C27 steranes, the top chromatogram shows only the C27 com-
pounds. Distributions for the C28}C30 steranes could also be
obtained using the appropriate parent}daughter ions.

appropriate depths and subjected to thermal degrada-
tion.

Another useful application is the pyrolysis of as-
phaltenes, particularly those isolated from bio-
degraded crude oil samples. It is often difRcult to
determine the origin of a biodegraded oil sample.
However, if there are a number of possible nonde-
graded samples with which it can be compared, then
the asphaltenes can be isolated from all the samples

by pentane precipitation and pyrolysed. In this way it
will be observed that the n-alkane/alkene Rngerprints
generated from the degraded and nondegraded
samples will be virtually identical if the samples
are derived from the same source, but quite dif-
ferent if the samples are unrelated.

Gas Chromatography^High Resolution
Mass Spectrometry

The majority of geochemical analyses reported in
the literature are concerned with the detection and
identiRcation of hydrocarbons. However, many
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Figure 14 One of the most useful ways for characterizing the
insoluble organic matter in a source rock, coal, shale or soil
sample is by pyrolysis-GC. This figure illustrates the results ob-
tained from pyrolysis-GC of Messel shale and shows that the
major components obtained in the approach are a series of
alkane/alkene doublets. Variations in these distributions can be
used to characterize the organic matter in terms of whether it is
algal or terrestrial as well as provide information on the relative
maturity of the samples.

geochemical mixtures contain complex mixtures of
compounds in which heteroatoms are mixed with the
hydrocarbons in varying amounts. In certain applica-
tions knowledge of these components, particularly
sulfur-containing compounds, may be extremely im-
portant. There are two approaches by which such
distributions may be obtained. The Rrst is by the use
of element-selective GC detectors, such as the FPD,
Hall detector, or one of the more recent types of AED
that are selective for sulfur-containing compounds at
the exclusion of non-sulfur-containing compounds.
The second method combines GC with high resolu-
tion MS. Although this approach is not used routine-
ly, it is a very powerful and speciRc technique for this
type of application, as discussed by Tibbetts and
Large in 1988. While the use of low resolution GC-
MS and ancillary techniques such as single ion
monitoring and multiple ion detection have been dis-
cussed elsewhere, it needs to be recognized that utiliz-
ation of nominal masses in MID may lead to ambigu-
ous results. As demonstrated by Tibbets and Large,
while the ion at nominal mass 184 may be used for the
determination of dibenzothiophenes (DBT), it is also
the nominal mass for the C4-substituted naphthalenes,
leading to possible misinterpretation of the resulting
chromatograms. However, use of the accurate mass at
m/z 184.0347 permits detection of only the DBT and
no substituted naphthalenes. Several examples have
been given by Tibbetts and Large on the use of this
approach for the correlation of crude oils or to distin-
guish oils from different sources or reservoirs.

Used in conjunction with the conventional detection
of biomarkers, this method provides a very powerful
and additional tool for geochemical analyses.

Gas Chromatography^Isotope
Ratio Mass Spectrometry

Carbon naturally exists as a mixture of its two stable
isotopes, 12C and 13C, in an approximate 12C/13C ratio
of 99 : 1. The carbon isotopic composition of living
organic matter in part depends on the species but is
also determined by a number of environmental prop-
erties. For example, atmospheric carbon dioxide is
assimilated by living plants during photosynthesis
and the nature of the plants and whether they assimi-
late CO2 via a C3 or C4 photosynthetic cycle will
determine the extent of preferential assimilation of
the lighter 12C isotope. C3 plants are typically asso-
ciated with warmer and more arid climates and in
general have isotopic values in the !10 to !18�
range. C4 plants are more typically associated with
colder climates and have lighter isotopic values in the
!22 to !30� range. To determine the 13C com-
position, the sample is combusted to convert all of the
carbon to CO2, which is analysed in a stable isotope
ratio mass spectrometer and compared with the iso-
topic composition of a standard material (Pee Dee
Belimnite, PDB), whose isotopic composition has
been assigned a value of 0.

GC-IRMS and Isotopic Composition
of Individual Components

GC-IRMS permits acquisition of �13C values for indi-
vidual components in complex mixtures. The impor-
tant part of the system is the interface between the
GC and the isotope ratio mass spectrometer. This
consists of a reactor tube, generally a narrow-bore
ceramic tube, containing a bundle of wires, typically
copper, nickel or platinum where complete combus-
tion to CO2 must occur. After combustion the water
and CO2 pass through a membrane separator to re-
move the water before the CO2 enters the mass spec-
trometer, where the isotopic composition of the gas is
determined relative to the standard. The isotopic
values of individual components can be interpreted to
obtain information on the diagenetic history of an
individual component and the nature of the microbial
community during deposition.

The isotopic composition of individual compounds
is also of importance from an environmental view-
point. For example, analysis of a whole oil, or the
saturate fraction of a whole oil, allows the ready
determination of �13C values of the n-alkanes and the
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Figure 15 (A) Chromatogram of an extract from bird feathers
contaminated by a crude oil; (B) shows the chromatogram for the
suspected source of the contamination. The two chromatograms
show some significant differences, particularly in the early part of
the chromatogram, mainly as a result of weathering. However, in
(C) we see that there is a strong relationship between the isotopic
compositions for each individual n-alkane in the two samples.
This isotopic information can be used in conjunction with the
biomarker data and other parameters to establish a relationship
between the two samples.

major isoprenoids, pristane and phytane. These
values can be used for correlation purposes, to distin-
guish oils from different sources, to correlate oil
spills with their suspected sources, or to determine the
source of hydrocarbons that have contaminated
wildlife. Examples of this approach are shown in
Figure 15. Gas chromatograms of oil extracted from
the feathers of birds that had been exposed to a crude
oil spill and a suspected source are compared with
each other and show certain differences, parti-
cularly at the lighter end of the chromatograms. Such
differences could lead to a dispute as to whether
or not this oil was actually the one that was respon-
sible for contaminating the birds. The lower part of
the Rgure shows the carbon isotope data for indi-
vidual compounds in the two samples. It can be seen

that, despite the loss of some of the light ends through
evaporation, a good relationship between the two
samples can be established. These data could also be
used in support of the biomarker and other properties
normally used to establish relationships between sam-
ples thought to be related. In an additional example,
Figure 16 shows the results from the GC-IRMS ana-
lyses of 20 oils from a region in SE Asia. It can be seen
that on the basis of these analyses two distinct fami-
lies of oils are present in the region. One family has
isotopic values of around !20� for each compound
whereas the other family has values around !28�.
This information can be used in conjunction with the
biomarker data to determine the signiRcance of these
differences.

While these are just two examples, we have also
shown that GC-IRMS can be used in an environ-
mental context to correlate weathered and un-
weathered oils and reRned products and their
weathered counterparts. If there are small amounts of
the n-alkanes remaining it should be possible to ob-
tain their isotopic composition and subsequently use
these values to make the correlation. Alternatively if
the samples have been so extensively biodegraded
that all of the n-alkanes have been removed, it is
possible to isolate the asphaltenes, pyrolyse them and
analyse the pyrolysates by GC-IRMS. Correlations
can then be made using these data. This is a parti-
cularly valuable approach for the correlation of re-
Rned products that only contain lower carbon num-
ber compounds and none of the more reliable bio-
marker compounds that are typically used for
correlation purposes.

Summary

This article has attempted to illustrate the importance
of GC to geochemical analyses. Geochemical samples
from all sources, whether recent or ancient, oils or
synthetic chemicals, reRned or crude, are incredibly
complex mixtures of organic compounds in most
cases. To try and analyse such samples, whether sim-
ply for correlation purposes or to detect and identify
unknown compounds, almost inevitably requires
some level of chromatography to facilitate the
analytical process. The most common forms of
chromatography generally involve some form of
liquid chromatography in the initial steps to simplify
the mixture into compound classes, followed by GC
to separate and resolve as many compounds as pos-
sible in the resulting fractions. Chromatography
alone simply separates the components, hence it is
very common in most geochemical analyses for the
chromatographic step to be combined with an identi-
Rcation technique such as MS. The results of such
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Figure 16 Analysis of 20 oils by GC-IRMS provides isotopic data for each major compound present in the oils. The oils plotted on this
chart can be divided into isotopically heavy and isotopically light groups. Supporting evidence for these groupings can be obtained from
the GC-MS data.

analyses generally provide the information necessary
to determine the origin of a particular sample and, in
the context or crude oil exploration, relate it to pos-
sible source rocks and such information as age, ma-
turity, and migration pathways. For environmental
samples the information obtained is generally for the
purpose of determining the source of a spill and hence
a great deal of use is made of these distributions in
terms of their Rngerprinting capability. As chromato-
graphic and spectroscopic techniques continue to im-
prove, clearly the degree of separation achievable for
these complex mixtures will also greatly improve, but
mixtures of even greater complexities will always be
available to provide that next level of challenge.

See also: II/Chromatography: Gas: Column Techno-
logy; Detectors: General (Flame Ionization Detectors and
Thermal Conductivity Detectors); Detectors: Mass Spec-
trometry; Detectors: Selective; Historical Development;
Pyrolysis Gas Chromatography; Theory of Gas
Chromatography.
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