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Abstract. The potential for application of GC/C/BRMS analysis to any multitude of environmental, ecological or
biochemical research areas is only beginning to be realized. Extension of compound-specific isotope analytical
data derived from modern organisms and settings to yield interpretations of ancient depositional environments
certainly appears possible. Further application of GC/C/IRMS approaches to understand the cycling of carbon
and nitrogen, the identification and alteration of pollutants, or resolve metabolic relationships between
compounds in living or extinct organisms are all within the scope of future research.

1. INTRODUCTION

Stable isotopic determinations made on bulk materials are the weighted averages of the isotopic
compositions of mixtures of hundreds to thousands of chemical compounds, each of which having its
own isotopic abundances. The relative contribution of each of these materials to the isotopic content of
the bulk material could theoretically be quantified through mass-balance or isotopic-mixing equations.
The stable isotope analysis of individual molecular components holds great potential as a method of
tracing the source, biochemistry, diagenesis or indigeneity of a material. Stable carbon and nitrogen
isotope analysis of bulk organic materials is a well-established method for tracing biosynthesis as well as
the sources and history of organic matter in the geosphere. For example, nitrogen isotopes have been
used to assess trends in early diagenesis and to elucidate conditions on the early Earth, and to assess the
origins of organic nitrogen in extraterrestrial materials as well as to establish trophic orders in modern
and fossil food chains. This paper endeavors to present a perspective on recent research on isotope
analyses of individual compounds, or compound specific isotope analyses, that are of biosynthetic or
environmental interest. The compounds studied to date include hydrocarbons, tetrapyrroles (chlorophyll
derivatives), fatty acids, carbohydrates and amino acids. In recent studies, nitrogen and carbon isotope
analyses of components of petroleum and hydrocarbon extracts of sediments have indicated the
preservation of original source materials. Isotope analyses of individual amino acids using both carbon
and nitrogen isotopes have been useful in detailing indigeneity of organic matter in meteorites and
fossils, and helping to understand diagenesis. Inscribed in the isotopic signature is an indication of the
biosynthetic pathway used in the formation of the compound. The transfer of nitrogen and carbon within
the organism forming the component is thus able to be better understood. These pathways in turn imprint
the signature of the organism in the rocks and sediments from which the compounds can later be
isolated.

Over the years, numerous attempts have been made to isolate individual molecular components using
liquid or gas chromatographic (GC) techniques in order to better interpret or trace the source of history
of an organic material. The possibility of comparative biochemistry in modern or fossil organisms has
been suggested through the assessment of the isotopic differences between compounds of a family of
components. Such differences are the result of enzymatic fractionation effects during synthesis or
metabolism of the compound, an example of such an effect has been clearly seen using the enzyme
transaminase, with nitrogen isotopic fractionations being observed in acetyl-glucosamine and in the
amino acids asparagine and glutamine (and others) in both cultured and natural populations of organisms
[1]. Isotopic compositions of individual hydrocarbons have the potential for establishing sources for the

55



materials, bacterial or otherwise, and have been useful in correlation techniques both in the petroleum
industry and in pollution assessment. Individual carbohydrate isotope compositions also show great
potential in metabolic and diagenetic studies. Depletions in the isotopic compositions of the products of
reactions permit calculations to be done which quantify use and production of new organic materials and
resolve them from native materials, even though the chemical compositions of the substances are
identical. For non-GC applications for isotope analysis, in addition to establishing separation techniques
to provide sufficient material for stable isotope analysis (usually milligram quantities for liquid
chromatographic separations), the analytical scheme needs to produce little or no isotopic fractionation
of the compound and is labor intensive and time consuming. Large differences in isotopic composition of
a single compound exist across the chromatographic peak, owing to chromatographic isotopic
fractionation effects [2]. Further, addition of carbon (or nitrogen) to an isolated component is possible
through column bleed, or eluent used in the separation of the compound. Certain compounds may require
unique separation schemes owing to close similarities in chemical structure. However, the studies to date
have yielded important information regarding the source and history of the compounds characterized.
Through recent technological advancements, gas chromatographic effluents can be combusted and the
resulting carbon dioxide directly introduced into a stable isotope ratio mass spectrometer (IRMS). This
modification, GC/C/ERMS (Fig. 1), allows for rapid analysis of the carbon and nitrogen isotopes on
components in a mixture, and with increased sensitivity, on the order of 0.5 nmol of each compound [3].
Gas chromatographic-based systems are presently constrained by the volatility of the components
investigated. Compounds which do not have this constraint include hydrocarbons, the analyses of which
have already clearly demonstrated the power of such technology and measurements in the assessments of
source and the history of organic materials [4-7].

f q m * * FID

COOraidBQIDB
I* redaction I

HP5890gat Fomaoe 650 *C He H.O/CO, „,-„.
d««Mfe)gnçh 850'C LiqaidN,1np OYTMA

Fig. 1. Schematic of the GC/C/IRMS systemincorporating both oxidation and reduction furnaces [20].

Nonvolatile, multifunctional molecules, including carbohydrates, fatty acids and amino acids require
derivatization prior to gas chromatographic analysis to increase volatility. Through the derivatization,
additional carbon (but not nitrogen) is thus added to the parent compound. This addition, as well as
fractionations associated with derivatization procedures involving bond rupture and formation in, for
example, esterification and acylation [8] need to be corrected for in order to ascertain the original
isotopic composition of the compound. The original carbon and nitrogen isotopic compositions of
individual amino acids and their stereoisomers have been able to be computed, however, through
analysis of standards prepared in a similar fashion [8]. Using derivatives, enrichments of 13C and 15N in
amino acids and for both stereoisomers of the same amino acid from a meteorite analyzed using
GC/C/TRMS, have confirmed the extra-terrestrial origin of those components and supported the lack of
contamination by terrestrial compounds in the absolute concentrations and stereoisomer relationships [9,
10].
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2. INDIVIDUAL AMINO ACID ISOTOPE ANALYSIS

The foundation for the recent advancements in the use of a combination of molecular techniques in
conjunction with stable nitrogen and carbon isotopic compositions may be ascribed-to the initial work
by Abelson and Hoering [11] on algal cultures. Using a liquid chromatographic separation procedure
for the isolation of sufficient material for stable carbon isotope analyses of individual amino acids and
their carboxyl groups, these authors strengthened our understanding of natural biosynthetic pathways
and the effects of decarboxylation during the diagenesis of organic matter. Studies on nitrogen
metabolism and biosynthesis have also been attempted using stable isotopic compositions of
individual amino acids [12-14] using similar separation approaches and subsequent isotope analysis.
Amino acid isotopic compositions have also continued to be investigated, with pathways for nitrogen
incorporation and intermolecular transfer [2] and comparative biochemistry in fossil materials [15]
being elucidated. Nitrogen isotope abundances in the individual amino acids appear to be related to
kinetic isotope effects associated with transamination reactions during synthesis [16]. Because the
process of amino acid racemization has little apparent effect on the isotopic compositions of
stereoisomers [17] the possibility of an absolute criterion for determining the indigeneity of amino
acids in fossil or extraterrestrial materials has been suggested [18, 19]. Unlike hydrocarbons, the
application of GC/C/IRMS to amino acid analysis is complicated by the fact that amino acids are non-
volatile, multifunctional molecules that require derivatization prior to gas chromatographic analysis.
Although the derivatization procedure introduces additional carbon (but no nitrogen) and an apparent
fractionation during the esterification and acylation [8], the carbon isotopic compositions of
individual amino acids and/or their stereoisomers can be computed through analysis of standards
prepared in a similar fashion, using mass-balance equations which incorporate fractionations inherent
to the derivatization procedure. The isotopic composition of the nitrogen in the derivative is that of
the original compound [20]. Replicate stable isotope analyses of the trifluoroacetyl (TFA)/isopropyl
(IP) ester derivatives, determined by both conventional isotope ratio mass spectrometry (IRMS) and
GC/C/IRMS, indicate that this procedure is highly reproducible (standard deviations typically 0.3-
0.4%o) and that isotopic difference between the original, underivatized amino acid and the amino acid
corrected for derivatization effects is better than 0.5%o.

Extreme enrichments in amino acids and similar enrichments in both stereoisomers of the same amino
acid from a carbonaceous chondrite analyzed using GC/C/IRMS, the Murchison meteorite, have
confirmed the extraterrestrial origin of those components and supported the lack of contamination by
terrestrial compounds in the absolute concentrations and stereoisomer relationships [9, 10]. Such a study
required that the technology for the isotope analysis have the sensitivity for determinations on only
fractions of nanomols of the individual stereoisomers. Applications of this technology (GC/C/IRMS) to
interpret fossil organic matter, to establish its indigeneity or to suggest modern biosynthetic relationships
have recently been explored [1, 21]. The molecular isotope approach in the analysis of individual amino
acids also appears to be able to resolve bacterial contributions from higher plant additions to organic
materials preserved in sediments [22]. Few studies have analyzed the isotopic compositions of chemical
components other then hydrocarbons or amino acids.

3. ISOTOPIC COMPOSITIONS OF INDIVIDUAL LIPID COMPONENTS

The earliest application for this technique has been in the analysis of lipids and hydrocarbons with
sources of petroleum derived materials [23-25], or food chain origins of hydrocarbon natural products
determined through isotope analysis of individual alkanes [26]. Further refinements in the isotopic
characterization of potential biological sources of petroleum-related hydrocarbons are presently being
attempted. The direct interfacing of the gas chromatograph through a combustion furnace to an isotope
ratio mass spectrometer or GC/C/IRMS, requires much less of a compound for analysis [3] allowing for
much more cost- and labor-effective analysis to be done on these types of compounds. Petroleum-
derived or related components appear to show a relationship to the original biological metabolism prior
to deposition [27-31]. Extraterrestrial origins of certain hydrocarbon components which were extracted
from the Murchison meteorite were analyzed using this new technology [32]. Origins of sedimentary
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lipids derived from tree waxes were also documented using GC/C/IRMS [33]. Lipids that originated
from tree waxes were clearly more depleted than those derived from phytoplankton. And thus resolution
of chemically indistinguishable sources is now possible. Gas chromatographic based systems are
presently constrained by column and component resolution considerations and the volatility of the
components investigated. For this reason, hydrocarbons appear to be ideal components for direct
GC/C/IRMS analysis, owing to their excellent resolution using capillary gas chromatography and little
need for derivatization to increase volatility. Additionally, pollutants, including PCBs and PAHs, are
also ideally suited for the source and history analysis through the GC/C/IRMS analysis of extracts of
natural materials [34]. The isotope ratio of the element (for example, as carbon dioxide, mass 45/mass
44. or 2/1) changes dramatically across a single peak. As a result, integration of the entire peak along
with background and column bleed corrections need to be incorporated in the data analysis; there are
also corrections for the addition of carbon or nitrogen to the actual peak. Hydrocarbon components from
fossil fuels have isotopic compositions which are readily resolvable from those of 'natural' lipids, and
thus have potential in the analysis and tracking of pollutants. Atmospheric contaminants from biomass
burning has been able to be tracked to source materials because of the selective isotope signals of both
the PAHs produced and the volatilization of FAs [35].

A more recent development in the field of lipid-related materials has been the utilization of a separate
isolation scheme using liquid chromatography for the purification of chlorophylls, chlorophyll-derived
pigments and other tetrapyrroles, followed by isotopic characterization [36-41]. This separation allows
for the determination of both carbon and nitrogen isotopic compositions of the pigments. Analyses of
this sort enable a strictly biochemical basis for interpretations of inputs and preservation of primary
production in sediments to be addressed in both modern and ancient depositional environments. These
compounds hold promise for future analyses and use with the advancements in the high temperature
technologies now available for GC.

Few early attempts at the assessment of the isotopic compositions of long chain fatty acids exist [42, 43].
Those studies observed depletions in the individual fatty acids which were consistent with fractionations
associated with lipid synthesis, and could yield clues as to the origins of long-chain hydrocarbons in
sediments and fossil fuels, as well as the sources of the fatty acids themselves. The analysis of fatty acids
using GC/C/IRMS technology has been attempted through analysis of the methyl esters of the fatty acids
[35, 44-48] and has indicated that the identification of source carbon for specific organisms, plant types
and depositional environments is possible.

4. ISOTOPE ANALYSES OF CARBOHYDRATES

The largest reservoir of carbon which can be chemically characterized is that of carbohydrates. Degens
et al. [49], through isolation and isotope analysis of major biochemical fractions of phytoplankton which
included different groupings of carbohydrates, concluded that the most labile materials were
carbohydrates and proteins. Utilizing an ion exchange technique, others [50] isolated N-acetyl-D-
glucosamine, the monomeric unit of chitin. The study of this monosaccharide has suggested a use in
palaeoenvironmental and palaeoclimatic reconstruction by the determination of 813C on a single marine
organism-derived compound [51]. Stable isotope analysis enabled others [52] to study the isotopic
compositions of carbohydrates isolated from individual organisms and sediments. In general, individual
sugar isolates from organisms or polymers including glucans. galactans and chitins all have carbon
isotopic compositions similar to but, typically, depleted by approximately 2%o, from the organism for
which they were isolated. The monosaccharides essentially maintain the isotopic signal of the organism
and reflects the primary source of carbon entering the organism, i.e., from the Calvin cycle (C3
pathway), Hatch-Slack cycle metabolism (C4 pathway) or from marine bicarbonate. Carbohydrates may
be derivatized to acetates and analyzed for their carbon stable isotopic compositions using GC/C/IRMS
following a correction for the isotopic effect of derivatization and the addition of the acetate carbon [53].
The similarity in isotopic composition of the monosaccharide to the organism is not maintained in the
nitrogen isotopic compositions of the N-acetylglucosamine isolated from chitin. An approximately 9%o
depletion is observed in samples of the polymer and pure compound relative to the organism [50, 52]. As
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sources of nitrogen for growth and metabolism, amino acids donate nitrogen for cellular biosynthesis.
The isotope ratios of the carbohydrate which receives a donated nitrogen reflects the action of enzymatic
isotopic fractionation which occurs during the transfer of nitrogen. Aspartic acid has been observed to be
depleted by up to 9%o in 815N relative to glutamic acid in the transamination of glutamic acid to aspartic
acid [16]. Transaminase enzymes are likely influential in the transfer of nitrogen from glutamine to
fructose in the initial synthesis of glucosamine, the precursor of N-acetylglucosamine. The consequences
of not considering the above depletions in the nitrogen isotopic signature, in environments impacted by
inputs of chitin, could include inappropriate assignment of sources of organic nitrogen. Marine
environments receive large amounts of chitin from the exoskeletons of marine invertebrates. An
incorrect assessment of the amount of nitrogen from more 15N enriched sources could be possible under
these circumstances. In an investigation on a peat, it was observed that the hexose, mannose was
isotopically similar to the whole peat and extracted carbohydrate [1]. However, xylose showed a distinct
depletion in 13C by over 7%o when compared with other carbohydrates or the bulk carbon of the peat.
This fractionation is consistent with a direction which indicated production of new material [2, 16].
Similar isotopic trends have been noted in Sphagnum, with certain sugars remaining constant (rhamnose,
arabinose) whereas other sugars (xylose, galactose and glucose) become increasingly depleted in 13C
with depth. In general, plant carbohydrates are isotopically similar to plant bulk carbon; isotopic
depletions indicate that these lighter sugars are being newly produced, and when compared with the
changes in the chemical compositions, gives an indication of the lability and rates of utilization and
turnover. The constancy of the arabinose and rhamnose isotopic compositions with the relative increases
in the molar concentrations of these materials (three- to fourfold) may reflect the amount of the plant
mass which has been lost during decomposition reactions.

5. TECHNIQUES

5.1. Amino acids

Solutions (0.05 M) of amino acid enantiomers and racemic amino acids are prepared by dissolving
appropriate amounts of crystalline amino acids (Sigma, St. Louis, MO) in distilled 0.1 N HC1.
Acidified (2.8 M HC1) 2-propanol was prepared by the addition of 250 uL of acetyl chloride (99+%,
Aldrich, Milwaukee, WI) per mL of 2-propanol (HPLC grade, Fisher Scientific, Fairlawn, NJ). The
acidified alcohol should be used within 48 h of preparation. Trifluoroacetic anhydride (99+%, Pierce
Chemical Co., Rockford, IL) is used for acylation. Reagents of the same lot numbers are used for all
derivatizations.

Two hundred nL aliquots (10 nmol) of the amino acid solutions are dispensed into individual 4-mL
screw cap vials with Teflon cap liners. The samples are evaporated to dryness under a stream of N2 at
40°C. For GC/C/IRMS analysis, 100 nL aliquots of a standard solution is prepared in an identical
manner. The dried samples are esterified with 0.5 mL of the acidified 2-propanol for lh at 110°C.
After 1 h the reaction is quenched by placing the vials in a freezer. Next, 0.25 mL of each sample is
pipeted into a 20 cm x 7 mm-i.d. Pyrex tube. The solvent is removed by evaporation under a gentle
stream of N2 at 25°C. Two successive 0.25-mL aliquots of CH2C12 are placed in each tube and
evaporated to remove excess 2-propanol and water. The remaining portions of the esterified samples
are evaporated to dryness under nitrogen, redissolved in CH2C12 and dried again.

The amino acid isopropyl esters are acylated with 0.5 mL of trifluoroacetic anhydride (TFAA) and
0.5 mL of CH2C12 for 10 min at 110°C. Next, the vials are chilled in a freezer and then placed in an ice
bath where the excess TFAA and CH2C12 are removed by evaporation under N2. The derivatives are
redissolved in 0.25 mL of CH2C12 and evaporated at 0°C to remove residual traces of TFAA and
trifluoroacetic acid. The derivatives are then dissolved in 0.5 mL of CH2C12 and transferred to Pyrex
tubes, and evaporated to dryness under N2.

The TFA isopropyl esters of the individual enantiomers and racemic amino acids are analyzed directly
for their stable carbon or nitrogen isotope compositions by using the Micromass Isochrom
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Fig. 2. Chromatogram of amino acid separation for Sl3Canalysis ofstereoisomers [8].
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Fig. 3. Chromatogram of amino acid separation for $5N analysis of stereoisomers [20].
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GC/C/IRMS, Optima GC/C/IRMS or Isoprime GC/C/IRMS systems. The present GC/C/IRMS system
at the University of Virginia consists of a Hewlett-Packard 5890 gas chromatograph interfaced to a
Micromass Isoprime isotope ratio mass spectrometer via a combustion furnace/water trap. For amino
acids, the gas chromatograph is equipped with a 50-m x 0.25-mm-i.d. fused silica capillary column
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coated with an optically active stationary phase (Chirasil-Val; Alltech Assoc, Deerfïeld, IL) capable
of resolving the TFA isopropyl esters of amino acid enantiomers. The CO2 or N2 combustion products
of the compounds eluting from the capillary column are introduced directly into the mass
spectrometer ion source: this instrument configuration permits stable carbon or nitrogen isotope
analysis at nanomol levels (Figs 2 and 3).

The GC conditions are as follows: splitless injection (-1-2 nmol of each enantiomer derivative is
injected, combusted, and subsequently introduced directly into the source of the MS); the carrier gas
is ultrapure He (99.9999%) at a head pressure of 80 kPa; the injector temperature is 200°C, and the
temperature of the interface between the GC and the oxidation furnace is 350°C; the GC temperature
program is 45vC for 3 min, 45-90°C at 45/min, 90°C isothermal for 15 min, 90-190°C at 3C/min, and
then 190°C isothermal for 30 min. The solvent (ethyl acetate) peaks are removed from the effluent of
the GC through a heart split valve which is open to the FID at the time of injection. The valve is
programmed to close at 1500 s to allow the column effluent to be directed to the oxidation furnace.
Calibration of the stable nitrogen or carbon isotope composition of each component is accomplished
by comparison to three reference gas pulses (each of 30 s duration) introduced at the start of the run
and following the opening of the heart split valve at the end of each run, i.e., after 4500 s.

5.2. Carbohydrates

Alditol acetates of the individual sugars (Sigma Chemical Co., St. Louis, MO) are prepared following a
method by Fox et al. [54] in which the sample is reacted with sodium borohydride for lhr at room
temperature to reduce the aldehyde group. Following neutralization with acetic acid, resulting in the
destruction of the carbohydrate-borate complex, and vacuum rotary evaporation, the carbohydrate
mixture is reacted with acetic anhydride in pyridine for 15 min at 100°C. The acetylated products are
then rotary evaporated and subsequently washed with methanol and chloroform and lastly, filtered prior
to analysis by GC on a SP2330 30 m x 0.25 mm (i.d.) column (Supelco, Inc., Bellefonte, Pennsylvania;
film thickness 0.20 a). Conditions for the GC separation (Hewlett Packard 5890) were isothermal at
180°C for 5 min with a helium inlet pressure of 75 kPa, then oven ramping to 250°C at 3°C/min, and
maintenance at the final temperature for 30 min. The injector temperature is 220°C and the detector
temperature was 240°C. Stable isotope compositions of the alditol acetates (Fig. 4) are assessed using the
combined GC/C/IRMS system which has a combustion furnace at 850°C and a water trap at -90°C [8,
55].

5.3. Fatty acids and hydrocarbons

All the solvents and reagents (Fluka, Switzerland) are of analytical grade or higher purity. The organic
solvents are glass distilled, and all the glassware is thoroughly washed, rinsed with deionized water
(x4), and ashed (450°C, 12 h) before use. The samples are subjected to alkaline hydrolysis by heating
(70°C, 3 h) with 10 mL of aqueous ethanolic (95 volume %) potassium hydroxide (1 N) solution.
After cooling, the neutral fraction is extracted with hexane ( 1 * 1 0 mL and 2 x 5 mL). Acidification
of the hydrolysate with 6 N HC1 to pH 1 liberates the fatty acids which are extracted with hexane
( 1 x 1 5 mL and 2 x 5 niL). The excess hexane is removed by rotoevaporation at 30°C and dried in a
vacuum desiccator. The fatty acids are derivatized to fatty acid methyl esters (FAMEs) with BF3 in
methanol (60°C, 8 min), extracted with 10 mL hexane, and washed with saturated KC1 solution
( 2 x 5 mL). The excess solvent is gently evaporated, and the FAMEs are stored with 0.5 mL of hexane
in 2 mL vials with PTFE-lined cap at 4°C until gas chromatographic analysis. The injector
temperature is 200°C, to avoid transmerization of the unsaturated FAMEs. For isotope analysis,
a Micromass Isoprime IRMS is interfaced to a HP5890GC with a combustion furnace (Cu/Nichrome
wire, 850°C) and a cryogenic trap (-90°C). The GC is equipped with an J &W Scientific fused silica
capillary column (30 m x 0.25 mm i.d.) DB-FFAP as stationary phase) and operated at the following
conditions: splitless injection; helium flow rate mL/min; injector temperature 200°C; initial
temperature 150°C; initial time 5 min; temperature ramp rate 10°C/min; final temperature 220°C;
final isothermal period 12 min (Fig. 5). The performance of the GC/C/IRMS system, including the
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combustion furnace, is evaluated every 10 analyses by injection of a laboratory standard (deuterated
naphthalene-dg, Cambridge Isotope Laboratories, MA 01810) of known isotopic composition
(working value = -26.2 +/-0.4%o, 813C). For all runs, background subtraction was performed using the
parameters supplied by the GC-OPTIMA software. Two to five replicate GC/C/IRMS runs are
performed for each sample. The reproducibility ranged between 0.1 and 0.5%o (1 SD). The accuracy
of the samples' analyses was monitored by co-injection of a FAME laboratory standard (methyl
dodecanoate, Supelco) of known isotopic composition (working value = 30.4 +/-0.2%o, 813C). The
isotopic shift due to the carbon introduced in the fatty acids methylation is corrected by the following
relationship [56, 57]:

613C(FAME) =f(FA)513C (FA)+f(MeOH) 513C(Me0H)

where 813C(FAME), 813C(FA), and 813C (MeOH) are the carbon isotope compositions of the fatty acid
methyl ester, the fatty acid, and the methanol used for methylation of the fatty acid, respectively; and
f(FA) and f(MeOH) are the carbon fractions in the fatty acid methyl ester due to the underivatizad
fatty acid and methanol, respectively.
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Fig. 4. Chromatogram of carbohydrate separation for és C analysis [53].
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Fig. 5. Chromatogram of fatty acid separation for $3C analysis [48].
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