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Abstract. Recent refinements to instrumentation and methodology have facilitated measurement of 13C/12C of
individual compounds within complex biogeochemical mixtures by CF-IRMS. Specific challenges such as
instrument performance, effective compound partitioning, efficient combustion, effective water removal, and
isotope effects during online preparation of gases are discussed and practical improvements are presented.

1. INTRODUCTION

Since the advent of isotope ratio mass spectrometers (IRMS) in the 1940's to measure stable isotope
ratios in natural substances, it was recognized that variations in the distribution of isotopes in organic
compounds, especially with lighter elements, e.g., H, C, O, N, S, can provide diagnostic information.
It was confirmed that the distributions of the different isotopes and their ratios, such as 2H/1H, 13C/12C
or 15N/14N in various phases are controlled by isotope effects, including equilibrium isotope effects
(EIE's) and kinetic isotope effects (KEE's). Physicochemical factors and principles based on mass,
such as vapour pressures, bond energies, or diffusional velocities, result in isotope effects that partly
partition the heavy and light isotope pairs between phases.

Prior to this decade, i.e., before the availability of online combustion, or Continuous-Flow Isotope
Ratio Mass Spectrometry (CF-IRMS, [1-3]), most stable isotope measurements were made on either
bulk or single constituent samples, e.g., carbonates, leaves, water or methane. In some laboratories
compound fractions, such as fatty acids, aliphatics, vitrinite, etc., were isolated from mixtures for
isotope ratio determinations, but the isotopic measurement of individual compounds in a complex
mixture during these earlier days was generally difficult and non-routine.

Typically the IRMS instruments, prior to CF-IRMS had sufficient resolution and sensitivity to
measure isotope ratios in individual compounds, rather the limitation was due to constraints in the
sample inlet configuration. Traditional IRMS instruments employ a dual inlet with a viscous leak into
the source. Following ionization, acceleration, focussing and magnetic mass separation, the actual
isotope ratio measurement is a direct detection of the collision frequency of the target ions.
Essentially, the IRMS simultaneously compares the currents (i) generated in the Faraday cups of the
different masses, e.g., 12C16O16O (mass 44 amu) vs. 13C16O16O (mass 45 amu) producing the isotope
ratio R where

R = 45//44i (1)

The isotope measurements are made in the IRMS on simple, stable compounds (e.g., H2, CO2, N2 or
SO2) that are quantitatively formed from the original sample material prior to measuring. These
simple molecules are formed by "offline" preparation systems. For example, for C-isotope
measurements of a hydrocarbon mixture, the sample is typically combusted offline in a furnace to
CO2 and H2O. The CO2 is then admitted under controlled pressure conditions into the IRMS source.
The 45f /44z response of the IRMS is dependent on several instrumental factors, some of which may
change within the measurement period. As a consequence, the ratios (Rsa) measured on their own are
not calibrated absolute abundances. Because of these difficulties and the need to compare results
between analyses and instruments, the isotope ratio of the sample is constantly compared in
alternation with a standard which has known or accepted isotopic abundances or ratios (Rst), e.g. PDB,
SMOW, CDT. Thus suitable international standards became and remain a critical requirement of
convertible and comparable isotope ratio measurements.
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The differences in isotope abundances and hence isotope ratios between samples and standards are
relatively small. These small numerical differences are inconvenient to express and recall. A s a result
the delta notation (S) is commonly used to report the magnitude of the difference or excursion in
isotope ratio, given in permil (%o), be tween the sample and the appropriate standard, according to:

Ssa(%o) = ( R s a / R s t - l ) x l 0 3

where for carbon the P D B standard (R*) is 0.0112372 ± 0.0000029 [4].

(2)

The dual inlet system simplified this calibration, by alternating measurements of sample and standard
gases. This approach permit ted optimization of beam intensities, pressure balancing between the two
gas reservoirs and maintained relatively good vacuum in the source. Generally, samples for a dual
inlet are prepared and purified offline. With offline preparation it is difficult and non-routine to
quantitatively separate and collect the individual compounds in a complex mixtures. This presented
the major limitation for compound specific isotope measurements.

2. D E V E L O P M E N T O F CF-IRMS

2.1 . Basic instrumentation

The development of CF-IRMS1 , initiated by Matthews and Hayes [1], created a minor geochemical
revolution. The ability to measure the isotope ratios of individual compounds merged the fields of
molecular organic geochemistry and isotope geochemistry. In addition, the online configuration of
CF-IRMS means that proportionately more sample material enters the source than by conventional
dual inlet, even with cold finger focussing (ca. 1 ul»atm CO 2 ) .

Table I gives an indication of the relative amounts of sample required for CF-IRMS compared with
conventional dual inlet systems, using the example of atmospheric methane.

T A B L E I. C O M P A R I S O N OF SAMPLE REQUIREMENTS OF CONVENTIONAL D U A L INLET
V S . CF-IRMS CONFIGURATIONS

Typical Min imum Sample Requirements for Light Gas Isotope Ratio Mass Spectroscopy

S Y S T E M

1.Conventional Inlet
(min. 15 mbar)
2. Micro-coldfinger
3. GC/C/ IRMS (inj.)
(a) CH4 in He
(b) CH4 in air

13C/12<

jxl atm C O 2

ca. 50 - 600

ca. 5 -50

ca. 0.001
ca. 0.009

Z (as CO2 on masses 44, 45,

Nmol CO2

2 400 - 28000

240 - 2 400

0.05
0.4

46: 0.5 to 7 V; 1%

Equiv. Air (ltr) for atm
CH4(1.8ppmv)
30-340 (off-line)

3 - 3 0 (off-line)

-
0.005 (on-line)
(= 5 ml)

io precision, PDB)

CF-IRMS shares the basics of the conventional IRMS (ion source, flight tube, detectors, etc.).
However , the mode of sample introduction is radically different. Instead of the dual inlet, CF-IRMS
has a continual leak of gas into the source, generally from an online preparation line. For example,

1 The term CF-IRMS encompasses several forms of on-line IRMS analyses, including Elemental Analyzer-IRMS
(EA-IRMS, e.g., [12]) and Gas Chromatograhy-Combustion-IRMS (GC-C-IRMS, e.g., [1], [2], [5], [6]. Other
terms have been used to describe the approach such as GC-IRMS, GC-irm (GC-isotope ratio monitoring), CSIA
(Compound Specific Isotope Analyses), but CF-IRMS might become the more common term.
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TABLE II. LIST OF COMPOUNDS IDENTIFIED IN
GC-FID CHROMATOGRAM OF FIG. 13A

Cpd#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

abbr.
iC5
nC5

22DMC4
CYC5

23DMC4
2MC5
3MC5
nC6

22DMC5
MCYC5
24DMC5
223TMC4

Benz
33DMC5

CYC6
2MC6

23DMC5
11DMCYC5

3MC6
lc3DMCYC5
lt3DMCYC5
lt2DMCYC5

nC7
lc2DMCYC5

MCYC6
22DMC6
EtCYC5
25DMC6
24DMC6

lt2c4TMCYC5
33DMC6

lt2c3TMCYC5
223TMCYC6

Toi
2MC7
3MC7

lc4DMCYC6
nC8

chemical name
i-pentane
n-pentane

2,2-dimethylbutane
Cyclopentane

2,3 -dimethylbutane
2-methylpentane
3-methylpentane

n-hexane
2,2-dimethylpentane
methylcyclopentane
2,4-dimethylpentane
2,2,3-trimethylbutane

benzene
3,3-dimethylpentane

cyclohexane
2-methylhexane

2,3-dimethylpentane
1,1 -dimethylcyclopentane

3-methylhexane
1 -cis-3-dimethylcyclopentane

1 -trans-3 -dimethylcyclopentane
1 -trans-2-dimethylcyclopentane

n-heptane
l-cis2-dimethylcyclopentane uncertain

methylcyclohexane
2,2-dimethylhexane uncertain

ethylcyclopentane
2,5 -dimethylhexane
2,4-dimethylhexane

l-trans-2-cis-4-trimethylcyclopentane
3,3 -dimethylhexane

l-trans-2-cis-3-trimethylcyclopentane
2,2,3 -trimethylcyclohexane

toluene
2-methylheptane
3 -methylheptane

1 -cis-4-dimethylcyclohexane
n-octane

CF-IRMS analysis of most liquid or gaseous organic compounds generally involves a gas
chromatographic (GC) separation to temporally partition the mixture into the individual constituents
(Fig. 1). Because the isotope ratio of these compounds can not be measured as such in the IRMS, i.e.,
directly as hydrocarbons or fatty acids, they are first converted by either oxidation or reduction after
partitioning into the IRMS target gas, e.g., CO2, N2, SO2. This conversion is commonly performed in a
high temperature micro-combustion tube (850°C-1100°C) filled with combinations of (oxidized) Cu,
Pt and Ni wires. In the case of hydrocarbons, this combustion results in the generation of both CO2

and H2O. As discussed below, the introduction of water into the source is highly undesirable, and
dramatically influences the stability of the source and the mass abundances. To alleviate this problem,
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the combustion water is removed after the micro-combustion tube by either cryofiltering (dry ice trap)
or more commonly with a Nafion™ tube from Perma Pure (FIG. 1). Following water removal, the
CO2 in the He carrier gas stream is directed to a splitter where a predetermined fraction is "sipped" by
a controlled capillary leak into the source of the IRMS.

CF-IRMS Analytical System for Picomole Levels of Carbon
in Natural Gases (e.g., CH4, CO2, C2-C4)

Oxidation
oven

CuO/Pt wire
@850 °C

H2O
removal MS-splitter

He <r-* He

Fig. 1. Schematic of continuous flow-isotope ratio mass spectrometer configuration for measuring
low level carbon isotope ratios.

2.2. Instrument challenges

The early challenges of CF-IRMS included dealing with higher pressures in the source (10~6-10~5

torr), and introducing a reference gas standard. Much of the gas pressure in the source is the He
carrier gas. Differential pumping with a larger turbomolecular pump on a semi-sealed source removes
most of the residual gas, and improved and stabilized ion optics in the source can accommodate the
elevated pressures. The separately pumped analyzer attains pressures of ca. 10"7 torr. The question of
external standard introduction was elegantly solved by running a second capillary together with the
sample gas stream capillary into the source via a two-hole ferrule. The reference gas is then
introduced without a pressure pulse, as shown in Fig. 2 by changing the composition of the gas sipped
by the reference capillary. By simply moving the position of the reference gas capillary higher and
lower in the mixing tube, the IRMS sipper capillary either sees the reference gas (e.g. CO2 + He flush
gas), or only the He flush gas.

Further complications in the development of CF-IRMS are the limited dynamic range of the IRMS
and the limited sipping rates permitted by the IRMS capillary and pumping capacities (ca. 0.2 to
0.5 ml.min"1). The first means that the amount of the individual compounds prepared online must be
tailored to the measurement limits of the IRMS. In part, this involves appropriate choice of sample
amounts introduced, e.g., injected volume or weight, into the preparation system such as a GC or EA.
The use of injector splitters and cold-on-column in GC's are widely used to divide down the amount
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of material on column and eliminate excessive solvent peaks, but care must be exercised to avoid
molecular and isotopic fractionation by this hardware. A post-combustion splitter offers additional
control of the sample amounts by varying the proportion of gaseous sample sipped by the IRMS
capillary. Most GC columns optimally require carrier gas flow rates higher than the IRMS sipper
capillary, i.e.,
differences.

1-5 ml»min" vs. 0.5 ml»min" . Again the splitter accommodates these flow rate

Reference Gas Introduction Mechanism

reference gas
capillary in

(e.g, CO2) with
pressure-regulated

flow rate

sipper
capillary

out to IRMS
(via 2-hole ferrule)

glass mixing
tube

He only gas
sipping position

reference gas
(e.g., CO2 + He)

JF sipping position

•pneumatic
2-position
actuator

He flush
gas capillary in

Fig. 2. Schematic of reference gas injection assemble for pulse-free introduction of standard gas into
CF-IRMS.
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As we gain experience with CF-IRMS several observations have been made to improve the
performance of the instrument. These include the requirement for effective compound partitioning,
efficient combustion, and effective water removal. Contamination by other sources of the
measurement molecule, such as CO2 can critically affect the measurements. For example, a rising
background from increased GC column bleed at higher program temperatures can contribute
unacceptable amounts of material that is co-combusted to CO2 and measured. Above all, a major
challenge with CF-IRMS is resolving leak problems in the system. These can provide endless sources
of grief. The following is a treatment of some of these CF-IRMS analytical challenges, especially
encountered with sub-nanomolar concentrations of compounds.

3. SPECIFIC CHALLENGES WITH CF-IRMS

3.1. Shot noise limit of IRMS

The precision of the isotope ratio measurements is largely controlled by the signal to noise ratio (S/N)
of the ion currents for the individual detector cups. This includes the background or "dark" currents of
the detectors and the associated electronics, but also the noise related to the shot of the ion beams
noise, also termed the ion-statistical limit [5]. In a companion paper Merritt and Hayes, [6]) derived
an expression for the maximum IRMS performance, namely,

(CT/R)2 = (1 + R)2/IefinNR (3)

where (0/R)2 is the standard deviation at the shot noise limit, R as Eq. 1, Ieff is the ionization efficiency
of the gas in question, n is the number of moles of sample gas inlet to the source, n is Avogadro's
number. Equation 3 can be re-expressed in terms of the delta notation (Eq. 2) such that,

c8
2 = 2x 106(l + R)2/IegnNR (4)

and simplified in terms of44/ the integrated signal at the detector (44A; Vsec) as:

CT5
2 = 0.00446 (1/^Asa + l/^A*) (5)

Fig. 3a shows the influence of shot noise on the isotope ratio as a function of the integrated ion count
(peak area) for mass 44 (44A; Vsec) according to Eq. 5. The peak area range is typical of that expected
for most analyses. The solid line demarcates the envelope of the first standard deviation ±la, and the
dashed line the ±5a. Fig. 3b expands the scale of Fig. 3a, illustrating the limits of IRMS performance
at low peak areas. The shot noise rises rapidly below peak areas of 0.5 Vsec, but for some scientific
questions with large isotope excursions, the large error may still be acceptable.

3.2. Sample limits of CF-IRMS — Dilution experiments

To test the response and precision of the CF-IRMS at low sample quantities, we conducted
experiments using an exponential dilution flask (Fig. 4). This device allows continuous dynamic
dilution of a sample over the entire measurement range of the IRMS. The diluter was connected to a
6-port sample valve, such that samples from the flask could be taken at fixed intervals and analysed
by CF-IRMS. The chosen analyte gas for the experiment was methane and the dilution gas was
helium. At any point in time (t) the concentration of the analyte gas (Ct) can be described by Eq. 6:

t = Qexp(-t//v) (6)
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Source IRMS Shot Noise Limit

5.0

N

2

o

1

0.0 -

-5.0
0.0

• • 1 1 1 1 1 1 • . . 1 1 • 1 1 • 1 I

(a):

1

' \

^ —

X ** ""

. /

/

J
1

, , , , | . .

±5o

-

•

2.0 4.0 6.0 8.0
Peak area, mass 44 (V sec)

10.0

-1.0
0.0 0.5 1.0 1.5

Peak area, mass 44 (V sec)
2.0

Fig. 3. Theoretical limit of precision of CF-IRMS measurement based on shot noise of IRMS
(source, detector).
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initial gas
(e.g., CH4-He mix)

septum
injection port

glass
mixing vanes

glass
exponential

dilution
flask

initial or
dilution gas

(Helium)

magnetic
stirrer

to Valco 6-port
gas sampling valve

and CF-IRMS

glass
embedded
stirring rod

O O

Fig. 4. Exponential dilution flask experimental set-up.

where flv is the ratio of the helium flow rate to the volume of the flask. Fig. 5a shows the time-
concentration curves for four experiments up to 185 min. Mass 44 peak areas for times shorter than
60 min are not reported because the CH4 was still too concentrated for the IRMS (> 8V). The four
runs, at 2 different micro-combustion tube temperatures (850°C and 900°C) are similar and show no
systematic offsets. Values for //v were consistently between 0.0405 and 0.0437, with r2 values of
0.9999 to 0.9829. For reference the position of 80 picomoles of carbon is indicated on the plot. Fig.
5b is a scale expansion of Fig. 5a. By the end of the experiment, the amount of methane injected
produced a peak area of 0.034 Vsec, or the equivalent of < 5 picomoles. Shown on the plot is the 80
picomole point that corresponds to the amount of carbon in methane in a 1 ml air sample, assuming a
tropo-spheric mixing ratio of 1.8 ppmv.

The corresponding time series of the methane carbon isotope ratios is shown in Fig. 6. From 60 to
125 minutes, the carbon isotope ratios vary about a mean S13CH4 of -16.9%o and fall within the 95%
confidence interval calculated from all data and drawn on the plot (Panel b). Fig. 6 shows that at
longer times, i.e. >125 min., the error in the carbon isotope ratios gradually increases, departing from
the mean value. The peak area at 125 min. (see Fig. 5) is approximately 0.36 Vsec or ca. 42 picomoles
C. for most purposes, this sets the lower measurement limit for 813CH4 determinations in a He mix. As
discussed below, the precise o13CHLt measurements in real atmospheric samples is more challenging,
i.e., CH4 in air rather than CH4 in He.
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Methane Exponential Dilution Flask Experiments

o
CD
CO

co
CO
OS

E
CO
CD
CO
XL
CO
CD
Û.

Run 1:850°C
Run 2: 850°C
Run 3: 900°C
Run 4: 900°C

Equivalent to
80 pmoles C

2 -

1 -

60 80 100 120 140 160
Time after CH4 injection in mixing bottle (min)

180

o
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CO
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%
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" • <
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cô

1o
CD

°- 0.2

Run 1: 850 °C
Run 2: 850 °C
Run 3: 900 °C
Run 4: 900 °C

1.8 ppmv CH4

in 1 ml air
(equivalent to
80 pmoles C)

90 110 130 150 170
Time after CH4 injection in mixing bottle (min)

19C

Fig. 5. Time series of methane concentration (peak area, mass 44 ion) in exponential dilution flask
experiment.
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Methane Exponential Dilution Flask Experiments
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Fig. 6. Time series of methane carbon isotope ratio (*3C/12C) in exponential dilution flask experiment.

84



Methane Exponential Dilution Flask Experiments
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Fig. 7. Methane carbon isotope ratio (3C/nC) vs. peak area (mass 44) in exponential dilution flask
experiment.
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1.17

1.16

1.15

Atmospheric Methane Measurements by CF-IRMS

1.25

no N2O, NOg contamination ;

NO2 from Ng
(predominantly

mass 46)

N2O from N2
(predominantly

mass 44)

severe N2O, NO2 contamination ;

1.2

1.15

1.1

3500

3000 -

2500 -

2000 -

1500

1000

500

hopeless
isotope measurement

. . . . 1 . . . . . . . . , . . . . ,

-

>'
1

' I V

- i \
i

mass 45
mass 46

CO2 from CH4
severely contaminated

with mix of
; N2O, NO2 from N2

[

mV •
mV '
mV

•

-

170 190 200 210 220

Time (seconds)

230 240 170 180 190 200 210 220

Time (seconds)

230 240

Fig. 8. Demonstration of the effect of air TV? isobaric contamination on GC partitioning and stable
carbon isotope measurements on atmospheric samples.

The relationship between peak area and o13C£Li from the dilution experiments is shown in Fig. 7a.
The mean S13CH4 value of-16.9%o is drawn as a dashed line, hi Fig. 7b, the expanded scale, the shot
noise shown in Fig. 3 is superimposed. At higher concentrations the variances from the mean 813CH4
approach the expected performance limited by ±1CT shot noise. However, at lower concentrations
(< 0.5 Vsec) the error in Ô13CH4 is larger; around the ±5a shot noise limit.

3.3. Influence of nitrogen on ô13CH4 measurements of atmospheric CH4

As discussed above, there is sufficient carbon in 80 picomoles of methane (ca. 1.8 nl CH4 in 1 ml air)
for an 813CH4 measurement by CF-IRMS. However, the nitrogen (N2) in air presents a serious
complication. If the large amounts of N2 in the air sample are co-injected into the GC and
subsequently oxidized in the microcombustion tube, then several things occur. The first is that the
partitioning capability of the GC column is degraded, such that N2 and CH4 are poorly separated. As
shown in
Fig. 8b, this loss of column performance due to overloading with N2 shortens the retention time of
methane from ca. 220 sec. to 200 sec. Secondly, a small proportion of the N2 leaving the micro-
combustion tube is oxidized to NO2 (predominantly mass 46) and N2O (predominantly mass 44),
which isobarically contaminates the CO2 masses 44, 45 and 46 that are derived from the CH4
combustion. Thus it is critical that the N2 in air be removed such that it does not overlap or tail into
the CH4 peak. We perform this by cryo-prefocussing the air sample on a sample loop to effectively
remove O2 and N2 from the gas prior to inletting in the GC (Fig. 1).
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Fig. 9. Effects of microcombustion oven performance on peak area (mass 44 and carbon isotope
ratio of atmospheric methane.
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In comparison with Fig. 10, the surface is created by allowing sample intensity and reference gas
(1V mass 44) water content to vary continuously.

Fig. 8 is an example of a 813CH4 measurement of atmospheric methane in air by CF-IRMS. In Fig. 8a
most of the air N2 has been removed. The peaks of masses 44, 45, and 46 associated with the methane
are cleanly partitioned with baseline separation from the preceding nitrogen oxides. The 45/44 trace in
panel a clearly demonstrate the potential for contamination by nitrogen oxides if they overlap with
those of the CO2 from CH4 combustion. Fig. 8b shows the effects of the nitrogen oxide contamination
on the 45/44 of the methane-CO2. Unlike normal GC data integration procedures, it is not possible to
deconvolute a contaminated peak. This is discussed in detail below.

3.4. Influence of microcombustion tube performance on S13CH4 measurements

The conversion of organic compounds to CO2 for 45/44 isotope measurements by CF-IRMS typically
utilizes a microcombustion tube in an oven heated to temperatures ranging from 850°C to 1100°C.
These capillary tubes are filled with strands of twisted metal wire, such as Cu, Pt and Ni. These wires
serve two purposes, namely (1) providing a source of oxygen to oxidize the carbon-bearing
compounds to CO2 and (2) acting as a catalyst and reaction substrate to ensure quantitative
combustion. The temperature of the tube is important because of O2 streaming. At a too low
temperature there is insufficient O2 and incomplete oxidation results. At too high temperatures, the O2

streams off the metal oxide too quickly and is depleted before required, again leading to incomplete
oxidation. Because of this streaming, the choice of metal oxides in the tube dictates the operating
temperatures of the microcombustion tube. Fig. 9 shows the effect of O2 depletion in the micro-
combustion tube on S13CH4 measurements by CF-IRMS. As O2 depletes the carbon isotope ratio of
methane becomes 13C depleted. Re-oxidation of the oven returns the combustion performance.
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Fig. 12. Example using reference gas injection (see Fig. 2) ofCO2 showing 3D integration requirement ofCF-IRMS. Isotope effects operating on the gases can
partition them such that the peaks are not homogeneous with respect to masses 44, 45 and 46 for COi.
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Fig. 13. Example ofCF-IRMS measurement of individual hydrocarbons in the gasoline range fraction
ofaAlbertan oil. Panel (a) shows the GC-FID trace of the sample (see Table II for peak ssignments).
Panel (b) is the corresponding ô'3Cx "Isotopogram "for the sample.

B. Dias (USGS, pers. comm.) has produced a modification to the CF-IRMS system that introduces a
constant "leak" of He/O2 into the gas stream between the GC column and the microcombustion tube.
This steady, low level stream of O2 (50 mV mass 16) ensures that sufficient 0 2 pressure is available in
the microcombustion tube, especially for longer GC runs with high 0 2 demand. The leak also obviates
the need to re-oxidize the combustion tube, thereby saving considerable amounts of time.

Other improvements include the use of a capillary column as the microcombustion oven [7, 8], In this
configuration, the capillary extends from the backflush/02 make-up connection through to the water
trap. This single tube design eliminates several connections that are notorious for leaks. However, our
experience with the capillary tube approach is that the 0.32 mm fused silica tube becomes very brittle
with time and is easily subject to breakage. Recently, we have moved to a silica-lined stainless steel
combustion tube. This has proven to have the advantages of the fused silica capillary column
combined with the robustness and ease of sealing of a steel column.
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Fig. 14. Example demonstrating the importance of compound (peak) separation on carbone isotope
ratio. The compounds are indicated in Fig. 13 (peaks 16, 17 and 19). Panel (a) shows a well-
separated compound (baseline separation). Panel (b) is a scale expansion of (a). Panels (c) and (d)
are an example of two poorly-separated peaks. The resultant carbon isotope ratios in (c, d) are highly
unreliable.
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3.5. Effects of water on CF-IRMS measurements

Water in the source of the IRMS can produce systematic errors during stable carbon isotope
measurements, if not maintained at a constant, low level. By transferring hydrogen to CO2 in the ion
source via the reaction

CO2
+ + H2O -»• HCO2

+ + OH (7)

and similar reactions, water causes changes in the 45/44 and the 46/44 ion currents, e.g.,
H12C16O2

+ = mass 45 and H13C16O2
+ = mass 46 [9, 3]. The consequences of these changes are an over-

estimation of 13C and a similar over-compensation in the 17O correction.

A quantification of water induced errors in the determination of carbon isotopes was made by
Leckrone and Hayes [10]. They derived a general relationship between the observed error in Ô and the
ratio of water to CO2. This shows that the effects on the observed ion current ratios are such that the
systematic errors on the true isotope ratios can be either positive or negative. The sign and magnitude
of the offset error depends on the differential in the ion currents between the sample and the reference
peaks.
For example, if the sample and reference peaks are identical and the water background is the same for
both, then the water-based errors are identical and cancel out. However, if for example the area of the
sample peak is smaller than the reference peak, i.e., the mass 44 ion currents of the two are different,
then the resulting systematic error in the determination of the sample value will be positive, even
though the water background remained the same for both. This contamination is manifested as a
heavier bias or apparent mass 45 and 46 contributions to the CO2. Conversely, a sample peak that is
greater than the reference peak will produce a negative error with a bias in Ô13C towards a 12C-
enriched value.

Fig. 10 illustrates the calculated errors to the 45/44 ratio of the sample in 5-notation as a function of
the sample peak size (mass 44, V) and level of water background. Curves are plotted in Fig. 10 for
three water background levels of 5, 15 and 25 mV measured on mass 18 (!H2

16O). The reference peak
level is fixed at mass 44 = IV (Fig. 10a) and mass 44 = 2V (Fig. 10b), respectively. All of the curves
intersect where the sample and reference peak intensities are the same. At this intersection point, the
water-induced error on 813C is balanced and hence zeros. These plots demonstrate the negative and
positive errors in 513C depending on the sizes of the sample relative to the reference peaks. At lower
water contributions, e.g., 5V vs. 15V mass 18, the error becomes less significant. Fig. 11 shows the
continuous 3D surface describing the 813C error as a function of changing signal intensities of water
(mass 18) and the sample (mass 44), using a reference signal intensities of IV (mass 44). Again, at the
points in the plot where sample and reference intensities are matched, the water errors cancel as
indicated by the bold line.

Thus, matching the intensities of the reference peak to the sample peak can be used to minimize the
influence of the water-based error.

There are additional ways to control water-induced errors. For example, it is possible to reduce the
systematic errors by changing the potential of the extraction lens and thereby shorten the residence
time of the molecules in the ion source. A shorter residence time will lead to a lower number of
collisions between water and CO2 molecules. Hence, there will be less HCO2

+ formed and
subsequently a reduced error. Unfortunately, lowering the extraction plate potential will also decrease
the sensitivity of the instrument, making this approach less optimal.

The best way to avoid the influence of water background without compromising the sensitivity of the
instrument is to use an efficient water trap before entering the source of the IRMS. Currently we use a
trap constructed with a 60-100 cm long Nafion™ tube inserted into 1/16-inch glass lined steel tubing
with a 1/16-inch Swagelok™ stainless steel T-piece in either end. Approximately 30-40 cm of the
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downstream end the trap is held at -20°C in an ethylene glycol/dry ice slurry. This configuration is
sufficient to keep water background at a level where the systematic error should be reduced to less
than 0.1 per mil.

3.5. Influence of isotope effects on reference gas measurements by CF-IRMS

Isotope effects including diffusion velocity and vapour pressure differences are operative during the
online preparation stages. To illustrate this, Fig. 12 shows the introduction of three CO2 reference gas
pulses via the reference gas injector. Panel (a) is the time series of intensities for each of the 44, 45
and 46 masses of the three pulses. As the CO2 capillary is lowered and raised in the mixing tube
(Fig. 2) the ion currents for the three masses rise and fall. Comparison with the corresponding raw
45/44 ratio in Fig. 2 demonstrates that 12CO2 arrives marginally earlier than 13CO2. Once the reference
gas is turned off, the 13CO2 ion current persists longer, giving rise to the distinctive 45/44 ratio swing.

Panels (b) and (c) in Fig. 12 are time scale expansions to zoom in on the middle CO2 reference pulse
and the leading edge of this pulse, respectively, hi this case the time shift between masses 44, 45, and
46 are not readily seen merely by looking at the intensity records, but obvious in the
corresponding45/44 ratio. This example points out the need for extreme care in making isotope ratio
measurements by CF-IRMS. Essentially, a 813C determination requires careful 3D integration, i.e.,
contemporaneous integration of three peaks (e.g., masses 44, 45, and 46). In the case of the reference
gas, the 45/44 reading can be taken on the plateau region in the middle of the pulse. This avoids the
front and tail problems.

3.6. Influence of isotope effects on sample gas measurements by CF-IRMS

Unfortunately, using a plateau region in a peak is not an option for the sample gas measurements, due
to limited sample quantities and hence peak width. Furthermore, as gases such as CO2 or CH4 travel
along the GC column, isotope effects discriminate between isotope species. In these cases, 12CO2 and
12CEL( elute from the column measurably faster than 13CO2 and 13CH4. Thus a compound peak is
isotopically heterogeneous upon elution from the column. This isotope time lag is observed in the raw
45/44 trace of CH4 in panel (a) of Fig. 8. This means that the 513CH4 at any point across the CH4 peak
is different, depending on the mix of mass 44, 45 and 46 contributions.

This factor is one of the greatest challenges in the use of CF-IRMS. Failure to completely and reliably
integrate the three ion peaks in the case of CO2, results in large errors. Certainly the individual
baseline corrections required for each mass 44, 45 and 46 peak in this 3D integration dramatically
complicate the measurements.

The isotopic heterogeneity across a peak means that as a general rule baseline separations are needed
between the individual compound peaks eluting off the GC columns. The carbon isotope ratios of co-
eluting or shoulder peaks are difficult, if not impossible, to determine by deconvolution of the three
separate masses.

Fig. 13a shows FID gas chromatogram of the gasoline range fraction of a Dunvegan oil from
the Western Canada Sedimentary Basin [11]. The chromatogram illustrates the poor separation
between the compounds 2-methylhexane (compound peak 16) and 2,3-dimethylpentane (compound
peak 17).
hi contrast 3-methylhexane (compound peak 19) is well separated from the surrounding peaks. In
order to create the "isotopogram" in Fig. 13b, good separations are essential.

Fig. 14 illustrates the importance of baseline separation. Panel (a) and the scale expansion panel (b)
show a cleanly resolved 3-methylhexane peak with a good 45/44 trace. Panels (c) and (d) (Fig. 14)
show the two overlapping 2-methylhexane and 2,3-dimethylpentane peaks. The resultant 45/44 trace
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indicates the uncertain mixture of the two and the potential for large errors in the carbon isotope
estimates.

4. CONCLUSIONS

Continuous Flow-Isotope Ratio Mass Spectrometry (CF-IRMS) is an exciting analytical development
that permits isotope measurements on individual compounds in complex mixtures. This opens up
tremendous opportunities to understand isotope characteristics and systematics at a much more
refined level than available through bulk measurements. Although pioneered by geochemists,
application of CF-IRMS is now extending rapidly to other fields.

Significant differences in the inlet configuration between the conventional dual inlet and CF-IRMS
mean that new challenges must be met to make reliable measurements. In particular internal and
external standards are critical to test and calibrate the instruments, but also to allow the
interlaboratory exchange of information.
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