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High Precision Isotope Ratio Monitoring 
Techniques in Mass Spectrometry 
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Isotope ratio monitoring following on-line combustion is .a new method in gas chromatography/mass spectrometry 
(GC/MS) that allows the ratios of abundances of stable isotopes of elements such as carbon and nitrogen to be 
determined for individual compounds introduced via a gas chromatograph. It is the first combustion method that 
allows direct measurement of isotope ratios of individual molecular components of mixtures. Unlike traditional gas 
isotope ratio measurements made on pure samples, the method requires only very small samples, viz. several pico- 
litres of the vapour. This paper reviews the principles and history of gas isotope ratio monitoring, focusing on the 
instrumentation used in isotope ratio monitoring GC/MS, including the combustion procedures used for atom- 
ization. Standardization methods and data manipulation techniques are described, as are applications to geochem- 
istry, biology, medicine and other areas of science. 
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INTRODUCTION 

The advent of mass spectrometry is closely related to 
the discovery of isotopes, their recognition as the fun- 
damental species comprising the elements and the sub- 
sequent investigations of their natural abundances. This 
phase of mass spectrometric research, which concen- 
trated on the physical properties of matter, lasted for a 
number of decades during the first half of this century. 
After the second world war, there was a shift towards 
the use of mass spectrometers as analytical tools, in 
particular for organic analysis and molecular mass 
determination. Today, most practising mass spectro- 
metrists think almost exclusively in terms of using mass 
spectrometers for organic and biological analysis. While 
new ionization methods for ever larger molecules are 
the hot topics at international conferences, some funda- 
mental developments in other areas of mass spectrom- 
etry have passed with little notice. It is the aim of this 
paper to bring such a fundamentally new mass spectro- 
metric technique, (combustion) isotope ratio monitor- 
ing GC/MS (irm-GC/MS), to the attention of the mass 
spectrometry community. 

Contrary to the general view that natural abundances 
of stable isotopes for any given element are fixed and 
can be looked up in tables, they are not constant. While 
the 'whole earth' values for the elements was fixed by 
the composition of the primordial starting materials, 
there exists a considerable, if subtle, amount of varia- 
tion in isotope abundances due to a variety of fraction- 
ation processes. The elements whose isotopes are 
routinely measured with gas inlet mass spectrometers 
are carbon (13C and 12C, but not 14C), oxygen (l60, 
"0, "O), hydrogen ('H, ,H, but not 'H), nitrogen 

(14N and "N) and sulphur ("S, 33S, 34S, 36S). The 
measurement of the isotope ratios of the noble gases is 
not mentioned here because it has evolved as a com- 
pletely separate discipline. 

The precise measurement of isotope ratios for the 
light elements (H, C, N, 0 and S) in natural materials is 
now routinely performed in perhaps 1000 laboratories 
worldwide. The recent development and commercial 
implementation of the novel technique inn-GC/MS, has 
married capillary gas chromatography with isotope 
ratio mass spectrometry, and the heretofore relatively 
conservative field of the measurement of light stable 
isotope ratios is undergoing rapid evolution. To under- 
stand the importance and the significance of this tech- 
nique, it is necessary first to describe the specialized 
instruments that are in general use for isotopic mea- 
surements. 

GAS ISOTOPE RATIO MASS 
SPECTROMETERS : DUALINLET SYSTEM 

One of the peculiarities of gas isotope mass spectro- 
meters is that all samples must be converted into simple 
gases prior to introduction into the ion source. The 
gases most commonly used for isotopic analysis include 
CO,, H,, N, and SO,. As much as 70% of all gas 
isotope analyses are made on CO, , which is employed 
for both the 13C/12C and the 180/'60 ratios. 

Other less commonly used species include 0, , SF,, 
N,O and CO. Another peculiarity of these instruments 
is their utilization of relative measurements, compari- 
sons being made between the isotopic composition of 
the gas sample of interest relative to that of a standard 
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or reference gas. All these measurements have been 
made, until recently, with a dual viscous flow inlet 
system (Fig. 1) that uses two variable-volume gas 
reservoirs, either of which can be connected to the 
source of a gas isotope mass spectrometer via a capil- 
lary inlet line. Because the effusion of gas from the 
sample reservoirs into the vacuum of the mass spectro- 
meter would lead to isotopic fractionation that would 
exceed the differences to be determined, the capillaries 
serve to decouple the sample reservoirs from the mass 
spectrometer. The dimensions of the capillaries, which 
have a crimp just prior to the ion source, are chosen so 
that the isotopic composition of the gases in the inlet 
does not alter during the course of a normal measure- 
ment. For modern gas isotope mass spectrometers, this 
holds true provided the pressure in the inlet system is 20 
mbar (1 bar = lo5 Pa) or higher (viscous flow 
condition). Between the capillaries and the mass 
spectrometer, a valve system (the 'changeover valve') is 
used to toggle the capillary effluents between the source 
of the mass spectrometer and a waste line, so that a 
constant flow through the capillaries is maintained at 
all times. Precise measurement also requires that the 
gases be clean and pure. The pressures in the inlet 
systems are balanced so that the signal intensities of the 
major ion beams from both inlet volumes are precisely 
equal. The ion currents representing the isotopomers of 
interest are sampled simultaneously using a multiple 
Faraday cup arrangement (the mass spectrometer is not 
scanned). The cups are lined up in fixed positions along 
the image plane of the magnetic sector mass spectro- 
meter (Fig. 1). For the measurement of the isotopes of 
C and 0, the Faraday cups are positioned such that the 
major ion currents of C 0 2 +  (m/z 44, 45 and 46) simul- 
taneously impinge on the middle of the entrance slit of 
the respective cups. Instrument manufacturers have put 
a great deal of effort into the design of these cups in 
order to achieve an efficiency of exactly unity; a situ- 
ation in which each incoming ion contributes one 
charge, and where no stray ions or electrons are 

allowed to enter the cup, and no secondary particles 
arising from the impact with the inner walls of the cups 
exit the cup. 

DELTA NOTATION 

Although the dual-inlet system is under full computer 
control of the mass spectrometer and can be integrated 
with a wide variety of automated peripheral devices, 
its fundamental design has basically remained unal- 
tered since its original description in 1950 by Mc- 
Kinney el al.' This is because the principal advantage 
of the relative measurement scheme is precision. For 
instance, the 13C/'zC isotope ratio can be determined 
with a precision of 10 ppm at.%, standard 
deviation) relative to a standard, even though this 
amount represents only l o v 7  of the major 12C ion 
beam at natural abundance. In order to express these 
small differences in a convenient fashion, the &notation 
and units of per mil a0) have been adopted to express 
isotope abundance differences as %,, deviation between 
two species : 

S 1 3 W 0 )  = [ ( R s a m p ~ e A t a n ~ a r J  - 11 x lo3 
where R = 13C/'2C. A difference of 1%, on this b-scale 
corresponds in the case of carbon to a change of 
0.001099 at.% at natural abundance. The precision of 

at.% mentioned above corresponds to a difference 
of O.Ol%,. The largest 13C/'2C difference in natural 
material so far discovered is of the order of 100%. 
Figure 2 exhibits some of the common ranges of 6 
values encountered in samples derived from natural 
sources. Table 1 gives the relationship between the 
&scale and at.% notation, which is commonly used in 
tracer experiments. 

The isotope community has standardized on isotope 
ratio differences expressed relative to international stan- 
dards, rather than the use of absolute isotope values. 
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Figure 1. Classical dual-inlet system for precise isotope ratio determination following McKinney ef a/.' The gas flows from the variable- 
volume reservoirs are admitted alternately to the El ion source of the mass spectrometer by the change over valve (COV). Separate Faraday 
cup detectors for each isotopic form of CO,+ (viz. m/z 44,45 and 46) are located in the focal plane of the magnetic sector instrument. 
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Figure 2. Some typical 613C values as they are found in nature. All living matter is created through photosynthesis from CO, in the 
atmosphere (6 "C % -7%) or in marine environments (6 13C sz 0%). Note the difference between people living in Europe and in the USA. 
In the USA, maize (a plant that photosynthetizes following the C-4 path) is extensively used in human diet (kettle feeding, bread, serials, 
etc.). 

These standards, while seemingly obscure to researchers 
outside the community, were carefully chosen to rep- 
resent dominant terrestrial reservoirs for specific ele- 
ments. For C, the international standard is PDB ('Pee 
Dee Belemnite' CaCO,) with an abundance of 
1.1112328 at.% or an 13C/'*C ratio of 0.0112372, 
chosen to represent carbon precipitated from the World 
Ocean. Other relevant standards include SMOW 
('Standard Mean Ocean Water') for oxygen and hydro- 
gen, air for N, (atmospheric N, is very uniform in 
space and time) and CDT (Canyon Diablo troilite, 
meteoritic S) for sulphur. All these standards have been 
assigned a value of 0.0% on their respective &scales. 
While the absolute values of the isotopic abundances in 
these standards is a subject of research and are thus 
subject to revision, meaningful work on natural varia- 
tions does not depend on knowing the absolute abun- 
dances. 
To be sure, the ability to measure small vari- 

ations to such high precision exacts a price. One 
consequence is the limited flexibility of such an instru- 

ment in comparison with scanning mass spectrometric 
techniques that deliver a full mass spectrum within frac- 
tions of a second. A second consequence is the amount 
of sample required to maintain viscous flow in the dual 
inlet system. The smallest volumes in front of the capil- 
laries are, from a practical standpoint, -250 4. With 
the pressure limit of 20 mbar already given, this 
translates into a minimum sample size of 5 bar p1 
or 200 nmol of gas. Although this is a relatively 
large sample by some measures, it is sufficiently small 
that it is difficult to manipulate without causing 
fractionation. 

Unlike GC/MS, it is clearly not possible to couple a gas 
chromatograph directly to an isotope ratio mass 
spectrometer because the GC emuent is not in a form 
that is amenable to isotopic analysis, which for i3C/'2C 
should be CO,. In contrast to the sample handling 
required in conventional isotope ratio mass spectrom- 
etry, modern separation techniques such capillary GC, 
which use a carrier gas, routinely work with sample 
amounts of 1 nmol and less. The development of a 

Table 1. Common definitions and units for reporting isotope ratios and their 
relations. 

Parameter Definition Units 

6 
at.% 

6, - (R,/R, - 1 ) x l O3 
at.%. - (n./Zn,) x 10' - 

I 00R,(d,/1000 + 1 ) 
at.% - f  at.% - 

1 +R,(6,,/1000+1) 

x 
% 

% 

6 - f  (at.%)b 6, -103{[R,(100/at.%,. -111-' -1)  "/, 

At.% excess APE-at.%-at.%,,,,,,,, 

R ,  and R, are the isotope abundance ratios for sample and standard, respec- 
tively. 
' For atoms with two isotopes. 

Example for ''C: 2.0 at.% - 81 6.2% %. vs. PDB8 

PDB is the isotopic reference standard Pee Dee Belemnite. 
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modern generation of instruments that marry the preci- 
sion required for isotopic analysis with the ability to 
handle carrier gas flows is the subject of this review. 

irm-GC/MS: HISTORICAL DEVELOPMENT 

Because of the tremendeous breakthrough in chemical 
analysis represented by GC/MS, the desire to apply 
similar technological advances to the precise measure- 
ment of isotope ratios occured to a number of 
researchers. In 1976, Sano et ul.' reported using a multi- 
ple ion detection scheme for monitoring aspirin and its 
metabolites following GC separation. In order to study 
subtle changes in the abundance of the I3C label, they 
installed a combustion reactor directly behind the gas 
chromatograph. Thus the mass spectrometer was 
required to monitor the ion currents at m/z 44 and 45 
only. The 3C-labelled metabolites of acetylsalicylic acid 
exhibited a very clean GC trace compared with the 
overall FID (flame ionization detector) GC signal and 
the total adminstered dose of labelled aspirin (300 mg), 
and was sufficient to detect many metabolites present in 
a 24 h urine collection. 

In 1978, Matthews and Hayes3 used a conventional 
sector organic mass spectrometer and peak jumping by 
alternating the accelerating voltage between two prede- 
termined values to measure isotope ratios at a precision 
level of 0.5% RSD. This value approaches that required 
for natural abundance variation studies. By analogy 
with the already popular GC/MS technique of selected 
ion monitoring, they proposed the term 'irm-GC/MS' to 
describe their analytical approach. This paper was a 
breakthrough in the principle of the approach, and 
within 10 years the first commercial systems using the 
same experimental principles were i n t r o d u ~ e d . ~ . ~  It is 
important to note that two important features were 
missing from gas isotope mass spectrometers in 1978: 
the ability to handle transient signals of gas without 
sacrificing precision and the computerized data acquisi- 
tion and evaluation that allow the acquistion and pro- 
cessing of large amounts of data at reasonable cost. 

The first use of the combustion of GC eMuents in 
combination with a dedicated isotope ratio mass 
spectrometer was made in 1984 in the corporate 
research laboratories of Pernod -Ricard in Paris. 
Bricout and co-workers6 aimed to investigate a new 
means of authenticity control for food and food addi- 
tives by studying isotopic values at the molecular rather 
than the bulk level. They achieved precisions for 
13C/12C better than 1%, (&notation), thus demonstrat- 
ing the feasibility of applying the method to study the 
natural abundance variation of carbon isotopes. At the 
exit of a capillary gas chromatograph, Bricout and co- 
workers6 installed a quartz furnace (300 mm x 0.5 mm 
i.d.) filled with Co,O, at 700°C. It was followed by a 
stainless-steel dry-ice trap (0.5 mm id.) for removing 
water produced in the reaction from the effluent stream 
(hydroxyl ions react with CO, in the ion source to form 
CO,H+, which contributes to the critical m/z 45 ion 
current). The connection to the mass spectrometer was 
made with an open split interface consisting of two 
fused-silica capillaries with a helium cushion surround- 

ing the joint. The bypass He flow of the open split 
assembly could be closed automatically. Together with 
simultaneously opening a vent valve at the end of the 
GC column, this mechanism provided a backflush 
method which was used to prevent the solvent peak 
from destroying the oxidation furnace. 

irm-GC/MS: TODAY'S TECHNIQUE 

The combustion interface 

Commercial implementation of irm-GC/MS occurred in 
1988 and the method is now in use in perhaps 150 
laboratories. Figure 3 depicts schematically the com- 
mercial version of the combustion interface between the 
gas chromatograph and the isotope mass spectrometer 
that was developed by the author7 in close collabo- 
ration with Hayes and his co-workers and with the 
support of the researchers at Pernod. The gas chro- 
matograph is equipped with an on-column injector for 
fluids or a split injector for gases, to ensure quantitative 
control over injections. Evaporation during sample 
splitting must be avoided owing to the potential for iso- 
topic fractionation. As a general rule, any technique 
that has non-quantitative yields is suspected to lead to 
unreliable data owing to the potential for isotopic frac- 
tionation. At the end of the GC column, an effluent 
splitter sends >95% of the sample to a combustion 
furnace, with the remainder being directed to either an 
optional FID or to a parallel ion trap mass spectro- 
meter, while maintaining a small positive flow to a valve 
that is opened for solvent removal. The combustion 
furnace is an alumina tube (300 mm x 0.5 mm i.d.) filled 
with Pt, CuO and NiO wire at a temperature of 
-950°C. The CuO and NiO provide the necessary 
oxygen source for quantitative combustion of organic 
compounds to CO,, H,O and a variety of nitrogen 
compounds. Quantitative conversion of nitrogen oxides 
to N, is achieved in a reduction reactor filled with ele- 
mental Cu at 600°C. In addition, any surplus oxygen is 
scavenged in this reactor, keeping the conditions of the 
ion source constant. In between the two furnaces, He 
and 0, can be gated in when the exhaust valve at the 
end of the gas chromatograph is open, providing a 
backflush for the solvent and allowing reoxidation to 
occur in the combustion oven. The reduction furnace is 
followed by an on-line water-removal system consisting 
of a hygroscopic membrane (Nafion) the outside of 
which is kept dry by purging it with dry helium; this 
system avoids the problems attendant with the use of 
cryogenic water removal, including cold spots and ice 
build-up. 

When nitrogen isotopic ratios are to be measured as 
N, , it is imperative quantitiatively to exclude CO, from 
the source, otherwise the CO' fragment ions, formed 
from CO,' in the ion source, adds isobaric inter- 
ferences at m / z  28 and 29, which markedly affect the 
apparent lsN/14N isotopic ratio. This is done by 
leading the gas stream through a liquid nitrogen 
reservoir (- 196 "C). Connection to the mass spectro- 
meter is achieved with an open split in order to cope 
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Figure 3. Set-up for combustion of organic compounds eluting from a GC' instrument. For a functional description, see the text. 

with the pressure fluctuations inherent in the com- 
bustion process. 

The mass spectrometer 

The major differences between modern gas isotope mass 
spectrometers and their predecessors are the ability to 
measure transient signals with high precision, the addi- 
tion of differential pumping to handle carrier gas loads 
and major improvements to source linearity and sensi- 
tivity. 

The transient signals are measured quantitatively by 
simultaneously monitoring the various ionic species of 
interest with a multiple Faraday cup arrangement. The 
ion currents are amplified then processed via a VFC 
(voltage to frequency converter) system for digitization 
and the data is transferred to a host computer for 
storage and further processing. The VFC system is 
designed to measure large and small ion currents with 
the same precision. No information can be lost during 
digitization. The ion currents are monitored contig- 
uously with respect to time and no data can be lost 
during any transfer operation, e.g. to the host computer. 
This development turned out to be a key to the tech- 
nique. As described later (Fig. 4), the degree of isotopic 
separation in the GC is tremendous in comparison with 
the differences in isotope composition under investiga- 
tion. Isotope ratios cannot be inferred from exami- 
nation of some part of a GC peak. Only through 
complete peak integration can the desired information 
be extracted with the required precision. The high- 
precision measurement of transient signals requires a 
high degree of linearity in the mass spectrometer, in 
particular of its ion source. In general, electron impact 
ionization is chosen because of its excellent stability and 
high ionization yield. In the dual-inlet technique, linear- 
ity was of more limited importance owing to the pres- 

sure adjustment used to equalize the intensity of the 
ions beams using the variable-volume reservoirs. It was 
required for small samples (5-50 bar pl) when the 
sample had to be frozen into a small volume in front of 
the capillary. In that case, precise adjustment of the 
pressures was diflicult. 

Linearity of response is of particular concern in 
isotope ratio monitoring. A typical GC run will contain 
peaks of varying intensity from each of which accurate 
isotope ratios are to be measured. A typical linearity 
specification of a modern isotope mass spectrometer is 
O.Ol%, nA-', meaning that the measured isotope ratio 
difference measured for two identical gas samples that 
differ in signal intensity by A should not exceed 

of 1.1% (for carbon). In absolute terms, the varia- 
tion of the 13C ion current must be smaller than lo-' of 
the major ion beam intensity (again for carbon). This 
specification is just adequate for isotope ratio monitor- 
ing techniques where significant differences in signal 
heights cannot be avoided. 

Whereas the minimum sample size in the traditional 
dual-inlet technique is limited by the condition that 
viscous flow be maintained in the inlet capillaries, irm- 
GC/MS techniques can take full advantage of the sensi- 
tivity of the mass spectrometer itself. For the types of 
instruments discussed, the mass spectrometer sensitivity 
is on the order of one ion arriving at the detector for 
1000-2000 molecules flowing into the ion source, and 
this sensitivity has become a crucial point for irm-GC/ 
MS techniques. On the one hand, the amount of sample 
is more or less fixed by the dynamic range of the gas 
chromatograph; on the other hand, a large number of 
ions of the minor isotope are necessary to obtain a pre- 
cision at the 0.1% level. Ultimately, precision is limited 
by Poisson statistics: a number of events can be deter- 
mined with a best precision of l/a, where N is the 
number of events. This fact, pointed out by Matthews 
and Hayes,3 has been further evaluated for irm-GC/MS 
techniques by Merritt and co-workers.'-'' 
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Figure 4. The CO,+ signal generated by a irm-GC/MS system, recorded using 3 x lo-’. 3 x lo- ’”  and 3 x lo - ”  0 resistors for them/z 44, 
45 and 46 signals respectively, i.e. response factors of 1 : 100: 1000. The lower trace shows the “CO,+ signal (m/z 44) for a series of 
n-alkanes derived from crude oil following GC separation and combustion. The trace can be looked at as a mass-selective FID trace. The first 
two peaks are reference gas pulses used for standardization. The upper trace shows the instantaneous ratio of the ion currents at m/z 45 and 
m/z 44. Note the huge swing of the isotope ratio as each peak is analysed due to isotopic separation in the gas chromatograph. Note too 
that between GC peaks the ratio of abundances is set (electronically) to be close to the natural isotope ratio; in these regions the noise is a 
consequence of a zero divided by zero operation 

Standardization 

In contrast to the dual-inlet system, for irm-GC/MS it is 
not possible to reference the sample to a standard of 
precisely known isotopic composition introduced in 
exactly the same fashion. There are a number of ways to 
introduce a standard, including (i) introduction of refer- 
ence gas pulses into the continuous helium stream with 
and without effluent diversion, (ii) introduction of refer- 
ence gas pulses by adding gas from a reference volume 
directly into the ion source using the changeover valve 
and (iii) addition of reference compounds into the 
mixture injected into the gas chromatograph. 

It has been shown that none of the possiblilties has 
exclusive advantages over the others. If possible, multi- 
ple standardization is preferred. Reference gas pulses, 
either from the bellows or with a switching mechanism 
integrated into the open split,’ provide a convenient 
means for standardization provided that there is a free 
time slot in the chromatogram. If not, the emuent from 
the gas chromatograph has to be replaced by a clean 
stream of helium at the open split before introducing 
the standard gas. The alternative of mixing reference 
compounds into the injected sample stream is preferred 
whenever possible. This is the case when the GC trace 
of the material under investigation is precisely known 
and when the reference compound elutes in a ‘flat spot’. 
For a series of n-alkanes for instance, the perdeuterated 

counterparts elute between regular sample peaks and 
can be used for referencing. Merritt et ~ 1 . ’ ~  have used 
this method and compared it with the reference gas 
injection procedure. They found that the methods give 
identical results within the experimental error (< O.l%,). 

Data flow and evaluation 

The data generated by an irm-GC/MS system (Fig. 4) 
very much resemble those from the trace of the FID of 
a standard gas chromatograph. However, the data in 
the case of CO, consist of three separate traces due to 
the ion currents at m/z 44,45 and 46, which are record- 
ed at relative sentivities of 1 : 100: 1000. Thus, at natural 
abundance, the expected experimental isotope ratios 
(uncorrected for instrument sensitivity factors) for m/z 
44,45 and 46 are 1 : 1.15 : 1.3. The three traces look very 
similar in shape although there are significant time 
shifts (Fig. 5). The differences between the traces, for 
example the m/z 45 us. 44 trace, are made prominent by 
continuously calculating the ratios of the two traces and 
displaying it as a ‘ratio trace’ (upper part of Figs 4 and 
5). As long as the isotope ratios are at natural abun- 
dance, the I3C trace will always track the I2C trace at a 
level of 1.1% irrespective of the source of the CO,, be it 
due to samples, artifacts or chemical noise from column 
bleed. A prominent feature in the ratio trace is the S-  
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Figure 5. Expanded portion of an irm-GC/MS trace similar to Fig. 4, and using the same sensitivity factors. The lower trace displays all 
three ion currents (m/z 44,45 and 46) that have been recorded. A close look at the middle trace reveals that the peaks here precede those in 
the other two traces by about 0.1 s. This gives rise to the S-shapes shown in the upper trace. 

shaped signal response. The m/z 45 signal in general 
precedes the m/z 44 signal by roughly 100 ms 
(depending on the compound, flow rate, temperature, 
column, etc.) because of isotopic separation of the 
molecular species in the GC column. The m/z 46/44 
ratio does not show this phenomenon, because the 
oxygen originates from the post-GC combustion. The 
fact that the isotopically heavy species travel through 
the GC column faster than their lighter isotopomers is 
somewhat surprising at first glance. It is, however, a 
well known phen~menon.'~ 

The time difference between the m/z 45 and 44 traces 
generates problems for the analyst. Because the instan- 
taneous ratio exhibits &variations sometimes exceeding 
f 100ym, it is not possible to measure the isotope ratio 
of a particular compound eluting from a gas chromato- 
graph by sampling only a portion of it. The peaks need 
to be integrated quantitatively over exactly the same 
time window for the three traces prior to calculation of 
the ratio, with a precision for the minor peak of better 
than 0.01%. Before integration, the m/z 45 ion current is 
shifted to the time position of the m/z 44 peak by ana- 
lysing the peak envelope. The S-values themselves are 

calculated by comparing the ratios of the area of a refer- 
ence peak to that of the sample peak in question. Multi- 
ple standard peaks allow drift correction and, more 
importantly, judgement of the quality of a single stan- 
dard measurement. Data acquisition and processing for 
isotope-ratio-monitoring techniques have been 
described in detail by Ricci et 

SELECTED APPLICATIONS OF ISOTOPE 
RATIO MONITORING GC/MS 

The measurement of isotope ratios is a tool, not a scien- 
tific discipline in itself, and consequently finds use in a 
large number of fields that sometimes have nothing in 
common except the analytical technique employed. The 
broadest applications of isotope measurements are 
found in geochemistry and related fields such as hydrol- 
ogy, glaciology, cosmochemistry and atmospheric 
chemistry, where natural variations in isotopes are used 
as tracers of natural processes. The current large-scale 
'experiment' we are conducting on our globe ('global 
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change’) can be monitored at a very precise level. This 
can be done, for example, by elucidating the origins of 
trace gases in the atmosphere, and by studying the cli- 
mates of the past from the record of fossil precipitation 
that is locked in ice caps. In pharmacology and medi- 
cine, stable isotopes are taking the place of radioactive 
isotopes in tracer studies. Food research, involving 
quality control and proof of authenticity, increasingly 
makes use of stable isotopic methods. Since it is not 
within the scope of this paper to review this literature, 
only representative examples of applications of isotope 
ratio monitoring will be given. 

Biogeochemistr y 

Fossils in general are the key to understanding how life 
evolved on earth. While isotope techniques on bulk 
samples have been widely used, it was the desire to 
study isotope ratios on a molecular level that largely 
fuelled the development of irm-GC/MS. Researchers 
wanted to study the isotopic composition of fossil mol- 
ecules (from biomarkers in fossil fuel to fossil DNA). In 
an early irm-GCMS paper, Freeman et al.15 reported 
on measurements of hydrocarbons from sediments 
deposited in an Eocene lake (the Messel shale). They 
found a large spread of 13C &values, ranging from 
- 20%,, down to - 75%, us. PDB, proving the multiplic- 
ity of origins of the different compounds in the shale. 
The negative values were interpreted to originate from 
methanotrophic bacteria, because such low b-values had 
hitherto only been found for methane and not for larger 
molecules. From these and other measurements, it is 
now clear that sedimentary organic materials can be the 
secondary products of microbial communities and not 
simply the products of primary processes. 

One of the big questions in geology is the increase in 
animal diversity at the end of the Proterozoic Era, 560 
million years before our time. Carbon isotope measure- 
ments have shown that the record of life extends back 
to the oldest rocks, -3.5 billion years. In a recent 
paper, Logan et contribute to solving the puzzle of 
the ‘Cambrian explosion’ of multicellular life by using 
irm-GCMS measurements of the 13C content of hydro- 
carbons contained in ancient sedimentary rocks across 
the Precambrian-Cambrian boundary. Using the iso- 
topic evidence, they were able to show a transition from 
a budget dominated by sulphate reducing bacteria to 
one dominated by photosynthetical organisms and, by 
several lines of reasoning, they show that there must 
have been a transition from a anaerobic ocean to an 
aerobic ocean at this time, which fact is then implicated 
in contributing to the radiation of multicellular life by 
making conditions conducive to its existence. 

ARCHAEOLOGY 

Evershed et al.” have applied inn-GC/MS to the inves- 
tigation of cooking artefacts from archeological sites, in 
an effort to unravel what people were cooking and 
eating. The 13C content of individual lipid components 

on pot shards supports the idea that this pottery was 
used for cooking contemporary wild cabbage. 

Meteorites 

The organic constituents of chondritic meteorites are of 
intense interest because of their implications for prebio- 
tic synthesis of organic compounds. Two research 

have used irm-GC/MS to elucidate the 
origin of organic matter in the Murchison carbonaceous 
chondrite. 

Engel et ~ 1 . ’ ~  measured the 13C isotopic composi- 
tions of individual amino acids and their enantiomers 
present in non-terrestrial abundances, and showed that 
the &values were positive and that 13C enrichment 
decreased with increasing number of carbon atoms in 
the molecule. Of particular interest was the discovery of 
a marked difference in isotopic composition between D- 
and L-alanine which suggests that optically active forms 
of material were present in the early pre-biotic solar 
system. 

Gilmour and Pillinger’ investigated polycyclic aro- 
matic hydrocarbons (PAHs) using irm-GC/MS. They 
reported a similar trend of 3C depletion with increas- 
ing numbers of carbon atoms in the molecules, consis- 
tent with a mechanism involving the sythesis of higher 
molecular mass species from lower homologues. If these 
compounds had been synthesized in a terrestrial 
environment involving biological processes, in contrast, 
they would exhibit a narrow range of isotopic composi- 
tions reflecting the average 13C composition in that 
hypothetical environment. 

Food and flavours 

Isotope ratios have long found use in the detection of 
some very specific, and common, forms of food adulter- 
ation. The control of the origin of material used for 
food production is mandatory for maintaining the 
quality of the products. Adulteration of fruit juices, 
honey and maple syrup with additives derived from 
corn or sugar cane can be readily detected, owing to the 
very distinctive bulk isotope composition of products 
deriving from these C-4 plants, with 13C isotope values 
around -12%,. In contrast to such bulk isotope mea- 
surements, irm-GC/MS allows the measurement of I3C 
and I5N contents to be made for individual compounds, 
which allows some very sophisticated analytical work. 

Woodbury et ~ 1 . ’ ~  used irm-GCMS to investigate 
vegetable oil adulteration by measuring the 6-13C dis- 
tribution pattern in individual fatty acids. With this 
technique, admixture of only 5% of foreign oil could be 
detected readily using only three significant fatty acids 
(C16,0, C,,:, and Cls,z). Using chirospecific capillary 
GC in combination with irm-GC/MS, Bernreuther et 
d 2 1  described the detection of multiple origin of y- 
decalactone in fruits [contrasting stone fruits (plum, 
peach, apricot) with Si3C values around -39% with 
that from strawberries (- 297/,)]. This finding points to 
a previously unrecognized difference in the biosynthesis 
of this compound, and was also used to demonstrate 
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adulteration by synthetic y-decalactone, with distinctly 
different 6I3C values, between - 24 and - 27%. 
A comprehensive review of the role of capillary GC 
including irm-GCMS in flavour and fragrance research 
has recently been compiled by Mosandl.” 

Medicine, pharmacology and related fields 

Stable isotopes have long been a routine tool in a small 
number of medical research laboratories. One of the 
simplest analyses that can be made using inn-GC/MS is 
the measurement of the carbon isotope variation of the 
COz gas in human breath. Whole breath can be injected 
into a gas chromatograph equipped with a gas separa- 
tion column. The emuent from that column can be 
directly coupled into the mass spectrometer with an 
open split interface, and used to perform irm-GC/MS 
monitoring experiments on the exhaled CO, . TheHeli- 
cobacter pylori bacterium has been implicated in gas- 
tritis, ulcers and stomach cancer, and this technique has 
found widespread use in confirming the presence or 
absence of infection. When a dose of less than 100 mg of 
‘3C-labelled urea is administered to these patients, 
I3CO, is released into the blood and shows up in the 
breath within minutes, allowing non-invasive and highly 
specific diagnosis of the existence of the bacterium in 
question. 

An experimentally more challenging application of 
irm-GC/MS is found in metabolite studies. It was pre- 
viously mentioned that the very first paper using GC 
eMuent combustion’ examined the metabolites of 
aspirin in humans. Tissot et ~ 1 . ~ ~  studied the glucose 
metabolism in rats and humans at a very low level of 
enrichment. A dose of 0.5 mg kg-’ body mass of 
[‘3C]glucose was sufficient to obtain reliable kinetic 
parameters of glucose metabolism, thus making this 
kind of investigation rather inexpensive in comparison 
with previous techniques. In a similar study, the fate of 
cholesterol in one human subject was studied over a 
period of 57 days following a single oral administration 
of 50 mg of [3,4-13C]cholesterol.24 

Discovery of athletic doping always stirs tremendous 
public interest, especially when it happens in major 
sports events such as the Olympics or World Cham- 
pionships. One of the more difficult analytical tasks is 
the detection of the misuse of testosterone. Often the 
results of GC/MS analyses for teststerone (T) us. epi- 
androsterone (E) (T/E > 6)  are of debatable significance 
and need further confirmation. Becchi et aLZ5 have 
introduced a new method for detecting testosterone 
abuse involving irm-GC/MS based on a simple idea. 
Testosterone is synthesized in the body from cholesterol 
via dehydroepiandrosterone (DHEA) and is further 
metabolized to androstanediol. This endogenous 
pathway in the body always shows a distinctive isotope 
pattern. According to the investigation there is a small 
isotope shift of about -2% when testosterone is sythe- 
sized. Since commercially available testosterone has a 
markedly different 6I3C value, any intake will destroy 
the natural pattern. The tests were made on European 
subjects who mainly take in C-3 photosynthesis-derived 
food. Testosterone abuse by athletes from the Americas 

or from Japan should be even simpler to detect (see 
Table 1). 

Global change 

Isotopic techniques form a key to new insights into the 
ice ages. Recent ice core drillings at the Greenland ice 
summit covering the last 300 000 years were closely 
analysed for hydrogen and oxygen isotope ratios. They 
revealed dramatically rapid climate changes in the 
recent past. Merritt et aLZ6 presented an on-line GC 
combustion technique for background methane ( x  1.7 
ppm in clean air). Injections of 5 ml plain air samples 
on to a column at - 120 “C allowed separation of CH, 
from N, and 0’. The remaining sample was injected on 
to a second (capillary) column by reversing the flow. 
The emuent of that column was combusted at high tem- 
peratures using NiO. The results indicated that the 
technique was suitable to determine isotopic changes of 
background methane at the 0.2-0.5%, level. 

An alternative approach has been proposed by the 
a ~ t h o r . ’ ~  Air samples (100 ml size) are washed contin- 
uously with a helium stream, cleaned at - 196 “C, com- 
busted with NiO at 1000°C and CO, is sampled at 
-196°C. The sample is then transferred to a gas 
separation capillary column prior to analysis. The preci- 
sion using this method was 0.160/, for methane. The 
same preparation system can also be used to measure 
isotope values from background N 2 0  ( ~ 0 . 3  ppm). In 
this case, the precision was 0.16% for nitrogen and 
0.2%, for oxygen, both determined directly from N 2 0 +  
ion currents. 

The major advantage of these techniques over the 
previously established methods is sample size. For both 
methane and nitrous oxide, the sample amount neces- 
sary for a single measurement by standard techniques is 
in excess of 70 1, but using irm-GC/MS methods less 
than 100 ml is sufficient. This allows many more mea- 
surements to be made, an important advantage in 
tracking underlying atmospheric phenomena. Isotopic 
trends are one of the tools to elucidate the mechanisms 
behind observations on changes in concentrations of 
atmospherically significant gases including those diag- 
nostic of global change phenomena.” 

ISOTOPE RATIOS FROM BULK SAMPLES 

The traditional way of measuring carbon and nitrogen 
isotope ratios by combustion in sealed tubes has largely 
been replaced today by on-line combination with con- 
tinuous monitoring with an isotope mass spectro- 
meter.’9 Although this technique has been developed 
separately from inn-GC/MS (it is easier to measure one 
broad peak than closely spaced peaks eluting from a 
capillary gas chromatograph), the principle of the mea- 
surement is entirely identical. Owing to the high flow of 
the combustion units and to inherent problems with 
blanks when analysing small amounts of bulk tissue for 
C and N, the size of samples is limited to the microgram 
range for a precision of 0.1-0.27&,. This is often not a 
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point of concern since the samples under investigation 
are not isotopically homogeneous at that level. The 
combustion unit is a traditional CHN analyser for 
quantification of these elements in bulk samples. The 
samples are placed in tin or silver capsules and posi- 
tioned into a carousel. From here they automatically 
fall into the hot zone of a reactor filled with CuO or 
another suitable oxidant. Combustion takes place in a 
helium atmosphere containing large amounts of oxygen. 
The combustion products are swept through a 
reduction furnace to remove surplus oxygen and to 
convert nitrous oxides into N2.  Water is removed with 
a drying tube. The gaseous products are separated chro- 
matographically prior to introduction to an isotope 
ratio mass spectrometer. 

This technique is available for carbon and nitrogen 
and has more recently been extended to sulphur.30 A 
similar technique using pyrolysis instead of combustion 
seems to be capable of adding the determination of 
'aO/'60 in organic material to the family.31v32 First 
atsempts have been reported to also cover the 'H/'H 
ratio variations in water samples using modified isotope 
ratio monitoring  technique^.^^-^^ 

ISOTOPE RATIO MONITORING LIQUID 
CHROMATOGRAPHY (LC)/MS 

The isotopic analysis of organic compounds suffer the 
common limitation of gas chromatographs with regard 
to sample volatility. Because of this, large numbers of 
samples cannot be analysed or can only be examined 
after derivatization. The derivatization step deserves 
special attention. When looking at the carbon isotopes 
it must be borne in mind that carbon atoms are nor- 
mally added to the compound on derivatization. Thus, 
a mass balance correction must be applied in order to 
obtain the true isotopic composition. Moreover, it has 
to be ensured that the derivatization process is free from 
fractionation or that the fractionation process is under- 
stood quantitatively so that a correction can be made. 
In the case of nitrogen-containing compounds, the mea- 
surement of the nitrogen isotopes might be an advan- 

tage, since derivatization does not dilute the element in 
question. Moreover, the nitrogen signal is very clean36 
in comparison with that for carbon signal because 
column bleeding does not contribute and also most 
organic compounds comprising the chemical back- 
ground in GC do not contain nitrogen. The disadvan- 
tages are that nitrogen is present in air in great 
abundance, the content of nitrogen in organic com- 
pounds is usually low and contamination from CO' 
must be avoided. These analytical problems have been 
discussed in more detail by Brand et aL7 

The best derivatization for isotopic analysis is, of 
course, no derivatization at all. The combination of an 
LC technique with an isotope ratio mass spectrometer 
seems ideal for this purpose. The advantage of GC that 
the carrier is completely inert with respect to the 
problem of analysing isotope ratios is, however, sacri- 
ficed when LC is used for the separation of more polar 
compounds. The removal of the solvent without affect- 
ing the separated analyte peaks therefore is a critical 
step. One technique that has successfully been applied 
to measure carbon isotope ratios at natural abundance 
is a 'moving wire Here, the LC effluent is 
deposited on a fast moving wire (5-15 cm s-'). The 
solvent is evaporated completely before the wire enters 
a hot furnace where the combustion takes place. Water 
is removed with Nafion as in the irm-GC/MS tech- 
nique. For repeated injections of sugar solutions via a 
sample loop, a precision for the isotopic analysis of 
0.5% has been achieved, but the technique is still in its 
infancy. 
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