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Abstract. Since the industrial revolution, the abundance of many atmospheric trace gases has changed
significantly. This is of concern because many of these trace species play a fundamental role in determining
physical and chemical properties of the atmosphere important for maintaining life on earth. The impacts of the
changes have been studied by a combination of analytical and theoretical modelling techniques. Stable isotope
measurements made by conventional dual inlet IRMS for example, have provided valuable constraints on the
budgets and removal mechanisms of key atmospheric trace gases. Unfortunately, in most cases, the application of
these methods has been limited, because large air samples and cumbersome off line processing techniques are
required to pre-concentrate enough gas for analysis. GC-IRMS offers a very attractive alternative because it
combines on line processing with air sample size requirements typically 1000 times less than used in
conventional techniques. In this article we focus on the requirements imposed on GC-IRMS by some of the
current applications in atmospheric trace gas research. In addition, we examine some of the analytical and
calibration aspects of the method applied to this kind of work. We finish with a summary of some of the
comparative advantages and disadvantages of the GC-IRMS technique and some suggestions for future research
using the method applied to specific atmospheric trace gases.

1. INTRODUCTION

The most abundant gases in the dry atmosphere are nitrogen, oxygen and noble gases. Their relative
mixing ratios are remarkably constant throughout the atmosphere and they are not very reactive. In
addition to the major gases, there is another class of gases, known as "trace gases". These are usually
characterised by high reactivity and variability and make up less than 0.05% of the atmosphere's
volume ranging from less than a few parts in 1015 to a few parts in 104. Despite this tiny fraction
however, trace gases play a pivotal role in the radiative, physical and chemical properties of the
atmosphere and provide many of the conditions essential for sustaining life as we know it.

Since the industrial revolution, significant variations in the abundance of trace gases, have been
caused by various agricultural and industrial activities. These changes have led to major problems in
both world wide and regional atmospheric chemistry including ozone depletion, photochemical smog
and acid rain formation as well as implications for global climate change. Determining the effects of
changing atmospheric trace gas concentrations and forecasting future perturbations to the properties
of the atmosphere are amongst the most important environmental challenges facing humankind today.

How are such global problems addressed? First of all the magnitude of the problems have to be
determined. This involves making high precision temporal and spatial mixing ratio measurements of
the trace gases believed to be responsible for changing the properties of the atmosphere. For example
the first high precision measurements of atmospheric CO2, the principal anthropogenic "greenhouse
gas", were begun in the late 1950's on a mountaintop in Hawaii [1]. Since that time many cooperative
international atmospheric trace gas measurement programmes have been initiated because no single
country can provide the resources or logistics required to provide the data needed. The data is
currently used in mathematical models predicting the future state of the atmosphere based on assumed
trace gas "emission" scenarios of trace gases. Based on this kind of work the very successful Montreal
protocol aimed at limiting emissions of the CFCs believed to be involved in stratospheric ozone
depletion, was ratified in 1987 and has since been signed by 169 countries.
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More recently mixing ratio measurements of trace gases such as CO2, CH4 and CO have been
complemented by determinations of their stable isotopic composition. These data have provided
valuable additional constraints on the budgets and removal mechanisms of key atmospheric trace
gases for example [2-4]. Most of these results have been provided by isotope ratio mass spectrometry
(IRMS) operating in the traditional dual-inlet mode. Very recent developments, however, indicate that
the coupled techniques of gas chromatography and IRMS (GC-IRMS) may prove to be a valuable
technique in atmospheric trace gas work. Here we focus on the requirements imposed on GC-IRMS
by some of the current applications in atmospheric trace gas research. In addition, we examine some
of the analytical and calibration aspects of the method applied to this kind of work. We finish with a
summary of some of the comparative advantages and disadvantages of the GC-IRMS technique and
some suggestions for future research using the method applied to specific trace gases.

2. ISOTOPE RATIO MASS SPECTROMETRY

2.1. Requirements for IRMS in atmospheric trace gas research

The analysis of stable isotopes in atmospheric trace gases places high demands on IRMS for two main
reasons:

(1) As mentioned in section 1, atmospheric trace gas concentrations are very low. Consequently
non-fractionating enrichment and extraction techniques, for example cryo-focussing, are
required to enrich the gases to levels that can be measured by traditional dual inlet IRMS.
This in turn places demands on air sampling techniques because large air samples require
specialised collection methods involving the use of clean compressors and pumps and are
difficult to transport, store and manage.

(2) To provide meaningful data for use in mathematical models describing the implications of
changes in atmospheric trace gases, high precision measurements are required. For example to
be able to use 613C measurements to resolve seasonal cycles and small latitudinal changes in
background atmospheric methane, external analytical precisions (1 sigma) of at least 0.05%o
are needed [5]. For atmospheric CO2 analyses, the requirements are even more stringent,
0.01%o and 0.02%o for 813C and 51SO respectively. Such requirements for high precision place
extreme demands on the best IRMS equipment commercially available. Also, as mentioned
above,
the situation is exacerbated further by the fact that atmospheric mixing ratios are low.

2.2. Use of traditional dual-inlet IRMS in atmospheric trace gas research

In dual-inlet IRMS, variable volume reservoirs are used to introduce sample and reference gases at
closely matched flow rates through capillaries into an electron impact ion source. During analysis, the
inlet system is repeatedly switched between sample and reference gases, and very small differences in
isotope ratios, better than 1 part in 105, can be precisely determined. In order to maintain precision
and minimise non-linearity, constant pressure and thus uniform flow rates through each capillary must
be maintained on each side of the IRMS dual-inlet system. This requires the presence of a relatively
large amount of sample and reference gas in the reservoirs. Most of this is not used in the analysis but
serves only to maintain the pressure required to keep inlet flows constant and in the "viscous" or
turbulent linear flow region of the capillaries.

One of the most effective uses of this technique has been the determination of 813C and 818O in
atmospheric CO?. For example Francey et al. [6] demonstrated that, with very careful calibration and
techniques, small seasonal cycles and long term secular changes in 813C in atmospheric CO2 can be
used to estimate changes in oceanic and terrestrial carbon uptake. This work shows that S13C in
atmospheric CO2 is becoming more depleted due to fossil fuel CO2 emissions at an average rate of
about 0.03%o.yr~1 over the period 1982 to 1993. Over this period average atmospheric CO2 mixing
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ratios were about 350 micromole.mole l and about 50 mis of a 2 L air sample was used in the
analysis. This is the smallest amount of air used in a dual inlet IRMS analysis of the stable isotopes in
atmospheric CO2 however. Other programmes involved with similar measurements use far more air,
for example 3 L at Scripps Institution of Oceanography (CD. Keeling, personal communication) 813C
in atmospheric methane has also been analysed by dual inlet IRMS. Because atmospheric methane
mixing ratios are low, typically 1.7 micromole.mole"1, elaborate offline pre-concentration systems are
required to quantitatively extract the methane and convert it to CO2 (without isotopic fractionation!)
[7]. Despite these difficulties however, high precision §13C in methane data (1 sigma = 0.02%o) have
been used to determine changes in source strengths of atmospheric methane [5, 8]. To perform these
measurements large air samples are required, typically 50 L.

Stable isotopes in atmospheric carbon monoxide have also been determined using techniques
developed by Brenninkmeijer et al. [9]. Because carbon monoxide is a short lived relatively reactive
species, this work has had a major influence on atmospheric chemistry. Atmospheric carbon
monoxide mixing ratios are very low ranging from about 50 nanomole.mole"1 in the southern
hemisphere, to about 200 nanomole.mole"1 in the background northern hemisphere. Air sample sizes
for the stable isotope measurement range from about 300 to 1000 L.

2.3. Capabilities of standard GC-IRMS in trace gas research

Dual-inlet IRMS for trace gas analysis has the large disadvantage that, prior to analysis, the gas of
interest must be quantitatively extracted from a large volume of air, the size of which increases as the
gas mixing ratio decreases. Clearly in this approach there are potential problems caused both by
incomplete recovery of the gas of interest as well as contamination by impurities, hi the case of
atmospheric CO2 for example, where cryogenic separation techniques are typically used, atmospheric
N2O is co-extracted and introduced into the IRMS as a contaminant for which a correction has to be
made. These problems can potentially be solved by on line contaminant separation before analysis by
IRMS. Sano et al [10] first reported "on line" separation using a GC coupled to a mass spectrometer to
monitor aspirin and its metabolites. This was followed by the pioneering work of Matthews and
Hayes [11] where a system designed for biological work yielded sufficient precision to detect
methane isotope variability in natural biological systems where the signal was relatively large.
Nevertheless, these systems suffered a significant loss of precision when handling the transient
signals derived when processing gases at low abundances. This situation was improved however, in
the first reported attempts to measure atmospheric methane [12] and non methane hydrocarbons [13]
using GC-IRMS where sample volumes used were 3 to 4 orders of magnitude smaller than those
required for dual-inlet IRMS. These systems used on line pre-concentration techniques to increase the
signal in the GC-IRMS and were significantly more advanced than initial methods but still offered
relatively poor precision compared to dual-inlet IRMS for atmospheric trace gases.

GC-IRMS clearly offers huge advantages for atmospheric trace gas research because of the very low
sample volumes used and the potentially contaminant free on line preparation of sample gases.
However to our knowledge, at the time of writing, there are no published reports of GC-IRMS
techniques capable of providing analyses with the precision required for many of the problems
involved in trace gas research.

However we do know of several unpublished accounts of successful high precision analyses of
atmospheric methane, carbon monoxide and CO2. At NIWA, New Zealand, for example, we have a
very successful prototype providing simultaneous analyses of ô13C, 818O and mixing ratios in
atmospheric CO2 to precision's O.O296o, O.O4%o and 0.4ppm respectively. The performance of this
system is currently being tested as a joint project between NIWA and three other laboratories where
dual inlet techniques are used in very successful long term projects designed to make high precision
measurements of stable isotopes in atmospheric CO2. Details of the NIWA technique will soon be
published and it is likely that information on techniques from other laboratories will soon become
available. This makes the GC-IRMS conference organized by the IAEA a timely event.
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2.4. Factors limiting the performance of GC-IRMS
for high precision determinations of stable isotopes in atmospheric trace gases

Current work at NIWA shows that many factors affect the precision of stable isotope ratio
determinations by GC-IRMS. Among the most significant are water entrained from laboratory air
through system leaks in either the gas transfer line and/or the open split system is used to switch GC
effluent into the IRMS. Laboratory air is relatively "wet" and the protonation of CO2 in the ion source
contributes to loss of precision and accuracy through the formation of HCO2

+ ions, mass 45 [14].
Other factors are laboratory temperature variations which can affect many parts of a GC-IRMS system
for example gas regulators on sample cylinders, temperature sensitivity of resistors in electro-magnet
power supplies and effects on open split performance.

The fundamental performance of a GC-IRMS system can be evaluated from considerations of the
"shot -noise limit". This is based on ion collection statistics and refers to the precision that would be
obtained if the ion beam was the only significant noise source [15]. In the case of CC*2 analysis
performed on a Finnigan MAT 252 IRMS, simplified expressions from Merritt and Hayes [16] for the
shot noise limited precision (as) expressed as functions of the integrated m/z signal area (44A Volt.s)
are

as
2 = 0.00446(l/44Areference + l/44AsampIe)

where the integrated ion currents of the reference and sample are not equal and

GS
2 = 0.00892/*^

when the currents are equal.

Clearly the shot noise precision limit is a function of the size of the signal which is proportional to the
amount of sample in the ion source. In all IRMS systems however, there is a limit to the amount of
sample that can be in the source at any one time. In the case of CO2 for a Finnigan MAT 252 IRMS
the limit is about 3-4 nanomole. More CO2 than this causes the detection system to "saturate". Using
the formulae above, signals from samples of this size yield a shot-noise limited precision of 0.02%o for
613C inCO2. For only 150 picomole of CO2 in the ion source the precision deteriorates to about O.l%o.

3. CALIBRATION REQUIREMENTS

As mentioned in section 1, the problems involved in atmospheric trace gas research tend to be global
in nature. No single laboratory can provide all the isotopic and mixing ratio data required to
investigate the implications of the increasing global atmospheric burden of trace gases. For this reason
many collaborative projects have been initiated between laboratories in different countries where data
on various aspects of global atmospheric chemistry are required. Data from the laboratories is shared
and pooled, but before it can be used strict inter-calibration protocols must be agreed to between the
participants.

In the case of isotopic measurements for atmospheric trace gases, the most extensive and successful
laboratory inter-comparisons have been carried out for CO2 and the IAEA has played a major role in
these.(reference) However, no similar strategies exist for other atmospheric trace gases like methane,
non methane hydrocarbons and carbon monoxide.

The natural abundances of 13C in atmospheric trace gases are very different. For example CO2,
methane and carbon monoxide have 613C values of about -8%o, -47%o and -28%o V-PDB respectively.
Hence, because of the non linearity and memory effects inherent in IRMS systems, no single primary
standard can be used for all species.

The IAEA has distributed a 13C light barium carbonate reference inter-comparison material known as
IAEA-CO-9 [17] with IAEA published values of -47.119+0.149%o for 813C. In principle this material
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should be ideal for the calibration of working reference gases used by laboratories to make
measurements of <513C in atmospheric methane. However the stated precision, based on results of
determinations made by 10 different laboratories, is far too large to be useful for research into the
natural variations of atmospheric methane. In addition the most recent (May 1999) determinations of
this material versus NBS-19 by NIWA indicate a 813C value of-47.195%o V-PDB which is close to
the original value of -47.23%o assigned to the material by Carl Brenninkmeijer (personal
communication) who first prepared the material. The mean value, n = 20, obtained for the material at
NIWA over a 3.5 year period is 813C = -47.181±0.01 l%o V-PDB.

Experience from dual-inlet IRMS stable isotopic determinations of atmospheric CO2 has shown that
real air samples are a very effective method for inter-comparing results from different laboratories
[18]. Because whole air is used rather than pure CO2, entire laboratory extraction systems as well as
the IRMS procedures can be tested [19]. The same situation will apply for other atmospheric trace
gases but to our knowledge no such reference or inter-comparison gases in air have ever been
formally prepared or circulated amongst laboratories making these measurements.

With the likely wide spread use of GC-IRMS in atmospheric trace gas research, the IAEA could play
a role in setting up protocols for the supply and use of inter-comparison materials and reference gases.
These protocols could be based on existing procedures developed for dual inlet IRMS analytical
systems used for CO2 for example.

4. CONCLUSIONS

In this article we have shown that GC-IRMS is likely to have a major impact on the stable isotopic
measurement techniques used in atmospheric trace gas research. GC-IRMS has the considerable
advantage that sample sizes up to 1000 times smaller than those required for dual inlet IRMS can be
analysed. This will allow multiple analyses of samples as a means to improve precision. In addition
bulky, off line potentially contaminant-producing extraction systems can be replaced by small on line
separation systems. A major disadvantage however is that the currently published GC-IRMS systems
lack the precision required to solve many of the problems in atmospheric trace gas research. This
situation is likely to change in the near future however as new systems currently under development
in several laboratories become available.

Calibration and inter-comparison is a critical factor limiting cooperative research into several
important trace gas species, for example atmospheric methane. The IAEA has played a valuable role
in the establishment of protocols for work on atmospheric carbon dioxide. A similar role could be
played by the IAEA in setting up calibration and inter-comparison procedures for GC-IRMS
techniques for other trace gases.

Because GC-IRMS uses quite different analytical principles for the extraction and measurement of
trace gas isotopic compositions, inter-comparisons with existing dual-inlet techniques for species like
atmospheric CO2, CH4 and CO will be important. As is the case in other areas of analytical science,
measurements made by techniques based on different principles often provide valuable quality control
information.
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