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Abstract

Different sets of synthetic isotope mixtures for the calibration of carbon and oxygen ion current ratio measurements obtained by mass spectrometry
have been prepared by mixing carbon dioxide isotopically enriched in 'O ("*C'30,) and natural carbon dioxide (CO,)ny, and by mixing different
natural CO, gases with slightly different carbon and oxygen isotopic compositions. These mixtures act as Primary Standards to the SI for carbon and
oxygen isotope amount ratio measurements in CO,. They will help to anchor existing carbon Isotope Reference Samples (i.e., NBS19, IAEA-CO-9)
and therefore offer the basis for comparability of carbon (and oxygen) isotope measurement results, without any assumptive correction for the
oxygen isotopes.

Through such ‘absolute’ isotope amount ratio measurements of carbon and oxygen on CO, produced from the Primary Standard for carbon to
the VPDB-scale, NBS19¢,, calibrated by means of synthetic isotope mixtures, ‘absolute’ isotope amount carbon and oxygen ratios for the zero
point of the VPDB conventional scale were calculated to be Rz, =(111,376 4 16) x 1077 and Rg/16 = (208,824 £ 48) x 1078, respectively. This
approach makes these values traceable to the derived SI unit mol/mol.
© 2007 Elsevier B.V. All rights reserved.
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The classical measurement method is to convert the carbon-
containing compounds into CO; gas, and compare the carbon
isotope amount ratio in the unknown sample to that in a known
reference by (ultra-)high precision gas mass spectrometry on
CO,. However, when comparing CO; isotope measurement
results, difficulties arise from the fact that the quantities mea-
sured are ion current ratios Jius = I[{(CO2)* V/I[**(CO,)*] with
i=45 and 46 resulting from both sample and reference sample

1. Introduction

Carbon isotope amount ratios play a significant role in many
fields such as climate research and prediction [1], authentication
in food and drinks [2] and in non-intrusive medical diagnosis [3].

Abbreviations: VPDB, Vienna Pee Dee Belemnite; NBS19, Primary

Reference Material; PS, Primary Standard; Rj3/12, absolute amount ratio

3C/2C; Rige, absolute amount ratio '80/'°0; Rj716, absolute amount
ratio 170/1%0; Jysua, ion current ratio I(*>CO»)/I(**CO,); Jug/as, ion cur-
rent ratio I(**CO,)/I(**COy); Ja7/44, ion current ratio I(*’ COL)/I(**CO,); SI,
international System of Units; K, correction factor for systematic unknown
effects in the mass spectrometer; n(CO;), amount CO; R4s/44, amount ratio
n(*¥ COL)/n(**C0,); Ragjaa, amount ratio n(*°CO,2)/n(**CO2); Ra7/a4, amount
ratio n(*’CO,)/n(**C0O,)
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(e.g., PDB [4]). From those ratio-of-ratios of electric currents,
the differences in carbon ratio values J13/12(sample)/ J13/12(PS) are
calculated and reported as 8(13C)VPDB values in the unit ‘per mil’
(%0)1

R13/12(sample) _
Ri3/12(ps)

8("3C)yppp = 1] 1000
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whereby R13/12(sample)/ R13/12(Ps) is supposed to be identical to
J13/12(sample)/ J13/12(PS)-

For samples and reference samples measured on the same
instrument at the same time and place, the correction factors K
(R13/12 =K13/12J13/12) in nominator and denominator drop out;
but this may not be the case exactly as the quantity intended
to be measured (R) is different from the quantity subject to
measurement (J).

To establish the ‘degree-of-equivalence’ of 8(13C) and 8('*0)
measurement results amongst different laboratories, a reference
sample is required that is proven to be sufficiently homoge-
neous and stable, with an internationally agreed value in the
conventional delta carbon scale (NBS19 or a material that is
linked via NBS19 to the conventional carbon delta scale), and
with an isotopic composition of the sample close to the one
in the reference sample. However, incomplete correction of
measurement results obtained and making use of other isotope
reference samples in the linking process of the delta measure-
ment results to the conventional scale, currently prevent the
establishment of the degree-of-equivalence of delta measure-
ment results (between different laboratories) to be better than
0.01%o.!

And there are some more problems/limitations:

e Foracorrectrealization to the VPDB-scale, the carbon isotope
amount ratio of each Secondary Isotope Reference Sample
used, should be linked to that of NBS19; however, for the
currently available isotope reference samples (oil, PE foil,
sugars or other organic materials) it is difficult to trace-back
potential systematic isotope effects in the employed chem-
ical conversion techniques to CO; [5-8], required for the
measurement.

e The 8(]3C)VPDB value of NBS19 is assigned [6,8] to be
+1.95%0 exactly (without any measurement uncertainty as is
inherent to the concept of ‘conventional scale’).

However, like any other material, the very use of NBS19
is also subject to measurement uncertainties including con-
tributions from possible lack of homogeneity and long-term
stability. Furthermore the material (limestone) needs to be
treated with phosphoric acid to release CO, [5-7]; this con-
version step introduces an uncertainty component (however
good isotope labs are aware of this and report the measure-
ment uncertainty of NBS19), which has to be entered into the
measurement uncertainty budget when comparing carbon iso-
tope measurements in CO; from NBS19 and in CO; obtained
via other conversion techniques [8].

e Carbon isotope amount ratio measurements are usually
performed with highest precision when using gas mass spec-
trometers with a dual inlet system; although all laboratories
involved in an inter-laboratory comparison use very similar
methods [8], the way in which the mass spectrometers are built
(to measure ratio of ratios of ion currents) could prevent the
detection of possible (small) systematic errors in the proce-
dure, however the largest problems arise when such results

I W. Brand, personal communication (2007).

are compared with results obtained by means of different
techniques (C-IRMS, FTIR, Laser-ICPMS).

e Different ion correction algorithms [4,9-12] are currently
used to calculate carbon isotope amount ratios Ry3/1> from
measured ion current ratios Jj44 (with i =45 and 46) on CO,.
Since J45/44 1s actually an ion current ratio, a correction must
be applied for the 7O contribution. The correction term to
be subtracted from the ion current measured at mass 45 is
equal to twice the ion current ratio J17/16, assuming a complete
stochastic isotope distribution.

J13712 = Jasa4 — 2J1716 ()

2
Jassas = 2018716 + (J17/16) " + 2013/12017/16 2

Assuming mass-dependent-fractionation processes, which is
nearly valid for all environmental and geochemical (natural)
applications, it can be safely assumed that 'O variations
are following the '80 variations according to an approxi-
mate (mass-dependent) relation [9,10]: 8170 ~ a8'80, which
could be considered as a third equation, or expressed in
an exponential relationship Ji7s/J17r = (]185/113R)0'5 and,
therefore,

J17R 0.5 0.5
Ji7s = ———=[J1ss]~ = kl[Jigs]™ (3)
[J18r]%

The (four) algorithms commonly used [9-13], are not exactly
identical. As a consequence artificial biases might appear in
the comparison of carbon isotope amount ratios when apply-
ing these algorithms.

Meeting the above mentioned constraints, and at the same
time guaranteeing long term metrological comparability of mea-
sured 8(13C)VPDB values, can be achieved through calibrated
measurements of the value embodied in the Reference Sam-
ple (NBS19) and of any future successors, by using Primary
Standards (PS), in the metrological meaning of the term and
as defined in the VIM which [35]. Such PS are ‘realizations’
of the ST units involved (in this specific case of the derived unit
mol/mol) in the form of ‘synthesized’ isotope amount ratios with
small full measurement uncertainties [14]. Such PS however will
never be used as PRM, because the specific goal of the PS is to
calibrate a particular instrument. If the values for the isotope
amount ratios in these PS are shown to be traceable to the SI,
metrological traceability of measurement results expressed on a
conventional 8(13C)VPDB can be established.

In this work a procedure is described to prepare (‘synthesize’)
SI-traceable carbon and oxygen isotope amount ratios in CO».
Following a gravimetric approach, a total of seven synthetic
isotope mixtures have been prepared from CO; gases enriched
in 130 and with 13C close to natural abundances. The ion current
ratios Jj44 (with i =45-47) generated from the synthetic isotope
mixtures, the starting materials, from CO; from NBS19 and from
a high purity CO gas from Air Liquide. In this way we wanted
to obtain SI-traceable carbon and oxygen isotope amount ratios,
enabling to calibrate measurements of the international carbon
reference sample (NBS19) and thus establishing a direct link
between the common ‘VPDB-traceable’ results and the SI.
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2. Gravimetrically prepared isotope mixtures:
synthesizing isotope amount ratios

2.1. General considerations

When high purity CO; is weighed on a balance, the chemical
amount nco, is given by:

mco,(1 — &imp)
Mco,

nco, = (4)
where &imp is a small correction term for the (mass of) chemi-
cal impurities in the CO;, gas. A stoichiometry term for gases
(contrary to solids) can be neglected. As nco, is not a func-
tion of other amounts (but only a function of molar mass Mco,
and mass mco,), this procedure is a ‘primary measurement pro-
cedure’ [35], as the result is obtained by other means than the
measurements for which itis intended to act as a calibrator. These
methods are perhaps not the fastest, or not even the most con-
venient or flexible, but they have two important features which
make them metrologically superior: the metrological traceabil-
ity of the measurement results produced is visibly traceable to
the SI measurement units (mol/mol), and they yield values with
(very) small total combined uncertainties.

Gravimetry and the ensuring mass ratio is mostly used to
produce mixtures of isotopes with isotope amount ratios having
small combined uncertainties [ 15—19]. Materials of high isotope
enrichment are used and their isotope ratio in a mixture X of such
materials (A and B) is given by Eq. (5):

n(E,X) n(E,A)+n(E, B)
n(/E,X) n(E,A)+n(E, B)
_ Jian(E, A) + fipn(E, B)
fian(E, A)+ f;pn(E, B)

where f denotes the isotope abundance, for isotope IE,JE in
sample A, e.g., fi a4 = Ri oA/ 2R; 4. The amounts n can be expressed
using Eq. (4). The starting materials A and B must be of high
chemical purity, and the order of magnitude of the impurities
known (as &jmp).

For CO, mixtures, the imperfection prior to mixing is then
carefully assessed: purity of the gas, isotope enrichment of
the carbon and the oxygen, and — very important — isotopic
equilibrium [20,21] in all materials. The systematic effects
are measured, their uncertainties evaluated, and then combined
with the uncertainty of the mass measurements (weighings).
Depending on the target measurement uncertainty and on the
amounts of the materials available, mixtures can be prepared to
various final measurement uncertainties from various starting
materials.

&)

2.2. Theoretical considerations on the preparation of
mixtures

The preparation of synthetic isotope mixtures in gaseous form
is more difficult to achieve than when mixing solids. The full
uncertainty is limited by the typically high tare mass of the gas
ampoule (~350 g) relative to the mass of gas (~2 g). To decrease

the measurement uncertainty of the gas amount, the amount of
gas needs to be increased. High pressure however could increase
the measurement uncertainties due to almost inevitable small
leaks and potential flow disturbances and could make the han-
dling of the high pressure containers unsafe, especially when
heating is required to attain isotope equilibrium at 7=500°C
[20]. Furthermore, large amounts of isotopically enriched gas
are expensive. It is concluded that the tare mass of the ampoules
should be reduced as much as possible.

When targeting small total combined uncertainties by
working at atmospheric pressure, volumetric mixing can be per-
formed based on measurements of the pressure and of the volume
of the parent gases for the mixture preparation. In volumetric
mixing procedures, the amount of gas n is related to the volume
V of the mixing vessel, the pressure p and the temperature 7 in
the vessel following the equation pV =nRT, with R being the uni-
versal gas constant [22]. The behaviour of real gases however is
better described by the empirical ‘van der Waals’-equation (Eq.

(6)) [23]:
an’
<p+ Vz) (V —nb) =nRT (6)

The (an?/V?) term accounts for the attractive forces of the
molecules and are responsible for a pressure increase, while
the b-term accounts for repulsive forces which in turn decreases
the volume available for the molecules. At the critical point
of COy (T.=304.13K) the terms a and b are related to
the critical volume V. (0.094118 m?kmol™') and pressure
pe (1.3773MPa) as follows [22]: V.=3b and p. = al27b?.
This results in a value for aco, =0.1960 Pa m® mol~2 and for
bco, =(3.1373) x 107> m3 mol~!. When mixing gases at a pres-
sure of 10°Pa (10bar), this would result in a correction of
3.9 x 10* Pa (or 3.9% relative) of the pressure compared to the
calculation via the ideal gas law ((an?/V®) =nb=0) or the ‘van
der Waals’ law reduced to the ideal gas law.

3. Preparation of the synthetic isotope mixtures
3.1. The starting materials

The starting materials used for the preparation of the mix-
tures are "C!80, and (CO7)nar. The enriched gas was supplied
by Chemotrade (Diisseldorf, D), with specifications as follows:
‘C180,’: “min 53.7 at.% '80”, “Lot no. 498-285-652-C”, initial
amount: 22.28 L. The natural CO; gases are supplied by BOC
Special Gases (N5.0), Guilford (UK) and by Air Liquide (N5.0),
Liege (B) and Messer (N5.0), Krefeld (D).

An impurity check (including measurements of isobars at
mle=44-47 by high resolution MS at R=8000) on all these
starting materials was performed before starting the experimen-
tal work (by means of the MAT 271 gas mass spectrometer).
When the impurities are added together, their amount content
was below 0.0001% (g/g) for all parent gases, which make
their impact on the mixture calculations extremely small, but
the effect was taken into account. The isobaric effects could be
neglected.
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Table 1

The CO; gases and their mass values used for the preparation of the four NPL mixtures

Cylinder ID Contents Mass of the C130, spike (g) Mass of the (CO2)nat (2) Notes

#1 co, 3.11 0 Pure

#1B (CO2)nat 0 >400 Pure

#6 C'802/(CO2 )nat 2.89004 (29) 20.38734 (78) NPL CL10
#7 C180,/(CO2)nar 2.88148 (29) 18.96005 (76) NPL CL23
#8 C802/(CO2 )nat 2.88115 (29) 21.80696 (76) NPL CL24
#9 C180,/(CO2)nar 2.89729 (29) 23.32092 (76) NPL CL56

The stated uncertainties are total combined measurement uncertainties U = ku, (k= 1), calculated according to the GUM [14] guidelines.

3.2. Gravimetric mixing procedure

3.2.1. NPL mixtures

Two identical 500 mL stainless (electropolished) steel cylin-
ders (Swagelok®) with identical valves (SS-4BK-Swagelok)
were used for the weighing [24,25]. One cylinder was filled with
air at atmospheric pressure and designated as the ‘zare’ while
the other was used for preparing the CO, mixture. The mixture
cylinders were attached to a 1/4in. stainless steel vacuum line
(Dockweiler, electropolished), which was connected to a two-
stage rotary fore-pump (pressure < 1 Pa) and a turbo-molecular
pump (<107 Pa).

Before the first weighing cycle, the mixture cylinders were
evacuated. Each cylinder was successively filled with natural
CO, (BOC), then with C!80, as for mixtures for the preparation
of mixtures CL10, CL23, CL24 and CL56 (Table 1 and Fig. 1).

During each weighing cycle, each consisting of one filling
of the cylinders with (CO3)na and one for C180,, the differ-
ences in mass between the mixing cylinder and the tare cylinder
were recorded five times using a single-pan mass comparator
(Mettler-Toledo PR2004 with a capacity of 2.3 kg) following a

‘
pa—
pra—
-

o o (3] o~
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o o o o
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CL10 CL23 CL24 CL56

Fig. 1. A schematic presentation for the preparation of the 4 NPL mixtures
CL10, CL23, CL24 and CL56, the amounts of which are given in Table 1.

conventional A-B-B-A substitution method [25]. The resolution
of the Mettler balance was 0.1 mg with a weighing repeatabil-
ity below 0.2 mg. The masses of both natural CO; and enriched
C'30, were calculated from results of the successive weigh-
ing cycles. The total combined GUM uncertainty (U = ki, with
k=1) for each weighing was calculated to be 0.5 mg. For the
mixture preparation, the masses of the natural CO, gas were in
the range of 19-23 g and of the enriched gas C'80, added in the
range of 3 g.

3.2.2. IRMM mixtures

Besides the four NPL CO;, mixtures, 3 more gravimetrical
isotope mixtures were prepared at IRMM, in a similar way as at
NPL [25].

For Mixture IRMM-1105-1 (Table 2), two NPL mixtures —
CL24 (CO, enriched in '80, Table 1) and an enriched NPL
13C0, gas, CLO1 (CO; enriched in '3C but with natural oxygen
isotopic composition) — were mixed again (Table 2 and Fig. 2).
The benefit of such a mixture is that the ion current ratio J47,44 on
both starting materials (CLO1 and CL24) can be measured with
a measurement uncertainty of the same order as can be obtained
on Jas/as and Jue/as (<10~ relative). This is very important, as
in solving the cubic equation (Eq. (9)), the mass uncertainty of
R45/44, Rae/44 and Ry7/44 1s equally distributed over the calculated
carbon and the oxygen isotope amount ratios Rj3/12, R17/16 and
R13/16 for the parents and mixtures.

Mixture IRMM-1205-2 and IRMM-1205-3 (Table 3,
Figs. 3 and 4) were prepared by mixing natural CO, (N5.0, Air
Liquide) with slightly depleted carbon 8('3C)yppg = —10%0 and
—20%o, respectively, in order to obtain mixtures which closely
approach the natural carbon and oxygen isotopic composition
of the unknown samples.

Table 2

Isotope mixture IRMM Mix 1105-1) prepared at IRMM, by mixing NPL-CLO1
(13CO; enriched in 3C and mixed in natural CO,) and NPL-CL24 (C'80,
enriched in 'O, mixed in natural CO,) with their amounts used for the prepa-
ration of the mixture

Cylinder ID #M1-11
Contents C'%0,/13C0,
Mass of CLOI (g) 0.34839 (25)

Mass of CL24 (g) 0.04042 (26)
Notes IRMM Mix 1105-1

The stated uncertainties are combined measurement uncertainties U = ku, (k= 1),
calculated according to the GUM [14] guidelines.
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CLO1
CL24

PP

IRMM Mix1

IRMM Mix 1105-1

Fig. 2. Isotope mixture (IRMM Mix 1105-1) prepared at IRMM, by mixing
NPL-CLO1 ('3CO, enriched in '*C which was mixed in natural CO,) and NPL-
CL24 (C'30; enriched in '*0, mixed in natural CO,). The amounts of CO; used
for MIX 1105-1 are given in Table 2.

Prior to the preparation of the IRMM mixtures, all mix-
ing containers were first evacuated to a pressure of <107®Pa
and carefully checked for complete leak-tightness, by measur-
ing the ion current ratio /[28(N2)* /1128 (N2)* Ipaseline. A steady
ratio indicates the absence of leaks (or other effects such as
adsorption and desorption) which would bias the results. Mea-
surements have been done on an empty ampoule (internal
surface 100 cm?) which has been closed after it was connected
to the pump. The residual gas spectrum was directly measured
on the mass spectrometer: no intensity at m/e=44 could be
measured while the stability of the ion current at m/e =28 was
~1fA.

All weighings were performed on a Mettler Toledo AX504
balance. It is specified to have a maximum load of 510g,
readability and repeatabilities of 0.1 mg, respectively, and a lin-
earity of £0.4mg. The gas cylinders (50 mL, stainless steel)
used for the preparation of these mixtures weighed approx-
imately 380¢g including the valve, whereas the mass of the
gases varied from 0.35 to 3.8g. The high tare of the gas

Table 3

Air Liquide
-10 %o

IRMM Mix2

IRMM Mix 1205-2

Fig. 3. Isotope mixture (IRMM Mix 1205-2) prepared at IRMM, by mix-
ing natural CO, (N5.0, Air Liquide) with slightly depleted carbon '3C,
8(13C)yppp = —10%o, in order to have a mixture which closely approach the
carbon and oxygen isotopic composition of the unknown samples in the entire
calibration process (Table 3).

ampoule thus limited the uncertainty of the weighings of the
gases. Particularly with regard to moisture adsorbed on the
outer ampoule surface, good repeatability conditions were not
easy to realize. To minimise weighing errors, all weighings
were performed relative to a reference container with simi-
lar shape and surface as the sample container. Both containers
were exposed to exactly the same conditions prior to weigh-
ing, i.e., after cleaning the outer surface with ethanol (to
remove any contamination, e.g., fingerprints) the containers
were dried at 350K for about 12h and then placed next to
the balance to equilibrate with ambient conditions. Already
after about 3 h of conditioning in the weighing room, the mass
of the container and reference container was constant within
the readability of the balance (0.1 mg), whereas the repeatabil-
ity of weighings of a single ampoule was of the same order.
The handling of the ampoule (e.g., connecting and discon-
necting from the mass spectrometer) could influence its tare
weight. No small weight loss of the container however could
be observed (abrasion of small metal pieces during screwing

Isotope mixtures IRMM Mix 1205-2 and IRMM Mix 1205-3 prepared at IRMM, by mixing '3C depleted CO; (respectively —10 and —20 8%o vs. VPDB) with

natural CO,

Cylinder ID Contents Mass of the spike (g) Mass of the "™CO; (g) Air Liquide Notes

#IM-A Slightly depleted CO> 8('*C)yppp = —10%o 23.12 - Pure

#IM-B Slightly depleted CO, 8(13C)vaB =—20%o0 22.16 - Pure

AL/N5.0 Natural CO, 0 >3000 g Pure

#IRMM-121 CO, 8("3C)vppp = —10%0 in (CO2)pat 0.3546 (3) 3.6602 (3) IRMM Mix 1205-2
#IRMM-122 CO; 3(13C)vppE = —20%0 in (CO2)nat 2.0861 (3) 3.8170 (3) IRMM Mix 1205-3

Their amounts used for the preparation are given with combined measurement uncertainties U = ku. (k=1), evaluated according to the GUM [14] guidelines.
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Air Liquide
-20 %o

IRMM Mix3

IRMM Mix 1205-3

Fig. 4. Isotopic mixture (IRMM Mix 1205-3) prepared at IRMM, by mixing
natural CO, (N5.0, Air Liquide) with slightly depleted carbon '3C, carbon 13C,
8(13C)yppp = —20%o, in order to have a mixture which closely approach the
carbon and oxygen isotopic composition of the unknown samples in the entire
calibration process (Table 3).

were an inherent possibility; its uncertainty was estimated to be
0.2mg).

3.3. The procedure for measuring the mixtures and the
parent gases

The isotope amount ratio measurements were performed on
IRMM’s Avogadro I amount comparator [15,26-30], by mea-
suring the ion current ratios Jias4 = I[{(CO2)* //I[**(CO»)*]. The
measurements were monitored sequentially using one Faraday
cup and one SEM/Ion detector positioned for m/z = 44—47. Short
term fluctuations were eliminated by symmetrically scanning
[28,29] the four peaks. In the ideal case the measured ion current
ratios J could be converted directly into isotope amount ratios
Rirye. The correction factors K = R;/44/J;/a4 Were expected to
be unity (Eq. (7)), with R;j44 being derived from the preparation
of a synthetic mixture. Each measurement took about 2 h, and
mean ion current ratios of the 5 successive measurements were
obtained, with their associated standard measurement deviations
(15s).

The procedure used is very important when producing syn-
thetic isotope mixtures. It must be reliable and transparent. Thus,
different sources of measurement uncertainties can be easily
identified in a step-by-step breakdown and, as a result, isotope
amount ratios can be obtained with known and possibly smallest
combined uncertainties.

Such an approach leads to the selection of particular types
of methods and instrumentation which are different from what
researchers use in ‘differential’ measurements. This is not sur-
prising as the objectives in both approaches are different.

For absolute isotope amount ratio measurements the aim
however is to ‘maximise’ biases in order to use them in their

data treatment. In a generic way, this can be described by:

n(E) _ICEY)

_ . _ICED
T n(E) T YT T IUET)

T IUED

KKy Ky
(7

true

The equation is an elaboration of Eq. (5). Firstly, it clarifies that
the ratio of amounts (of isotopes) is not directly accessible, but
only via measurements of ratios of ion currents. Secondly, the
component by component investigation of possible systematic
effects will result in a series of different K factors (Eq. (7)).

When aiming at highest metrological quality, gas source
mass spectrometry is highly desirable because of its very good
repeatability of the results. Additionally, the use of molecular
flow sample gas inlet will result in a predictable mass discrim-
ination, at the point of effusion of the gas in the spectrometer
source, a property which has been exploited to the maximum in
the re-determination of the Avogadro constant [15,19]. Apply-
ing this procedure, it is possible to identify and to quantify most
of the K factors in Eq. (7), and just leaving small ‘residual’ factor
K which can be determined by means of the prepared synthetic
isotope mixtures.

Prior to starting the measurements however, complete equi-
librium of the carbon and oxygen isotopes in CO, molecule
amongst its 12 different isotopologues is a basic require-
ment for the calculation of the correct carbon and oxygen
isotope amount ratios from measurements of the ion current
ratios Jia4 = I[{(CO2)* //I[**(CO»)*] with i = 45-47. The degree,
to which isotope distribution is achieved when mixing CO»
molecules of different isotopic composition, is of key impor-
tance when measuring these ion current ratios on the mass
spectrometer [20]. The gas mass spectrometric measurement
procedure applied here and developed over the years in the re-
determination of the Avogadro constant [15,26-30], creates the
opportunities to do this. They are not accessible in commer-
cial ‘delta’-machines. Monitoring isotope fractionation during
the measurements (by continuously looking for compatibility of
measurement results with applying kinetic gas theory), including
a correction for adverse or uncontrolled fractionation, provided
crucial information about the isotopic equilibrium status of the
sample [20]. When a statistical carbon and oxygen isotope dis-
tribution is not achieved within the CO;, sample (mixture) prior
the ion current ratio measurement, progressive equilibration will
take place during the measurement, due to the high operating
temperatures in the spectrometer (inlet vessel, ion source, ioniza-
tion filament). An incompletely equilibrated sample will affect
the behaviour of the molecular gas flow in the mass spectrome-
ter, resulting in erroneous J;44 measurement results. In our case
the equilibrium must be complete, otherwise uncontrolled equi-
libration will take place in the mass spectrometer and this will
lead to wrong results [20]. Full isotopic equilibrium will result
in compatibility with kinetic gas theory. Hence, it is of cru-
cial importance that full isotopic equilibrium is achieved prior
to the measurements. An ‘in-flight’ tool to verify this did not
exist previously. Subsequently, it was found out, that it was
even useful to quantify the degree of statistical isotope dis-
tribution between the carbon and oxygen isotopes in the gas
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Table 4

ITon current ratios observed on the starting materials, the parent gases used for the preparation of the seven synthetic isotope mixtures

Materials Jasiaa Jao/44 J47144

C80, 0.559299 (21) 3.0179800 (50) 0.825768 (47)
Natural CO, 0.01137143 (86) 0.0041752 (33) 0.000046850 (10)
CLO1 0.1319122 (10) 0.01030932 (19) 0.00133822 (16)
CL24 0.0347982 (23) 0.1331486 (26) 0.00297582 (10)
Natural CO; Air Liquide 0.01172500 (51) 0.00412389 (64) 0.000046436 (11)
IM —10%o 0.01179256 (43) 0.0041599 (15) 0.000047351 (21)
IM —20%0 0.01158951 (21) 0.0040590 (11) 0.0000454981 (80)

Each measurement took about 2 h, and mean ion current ratios of the 5 successive measurements were obtained, with their associated standard deviations (1 s).

Mo,

masses

m

CO,(2)

CO, parent 1
Ji144 [1]

CO, parent 2
Ji.'m [2]

Cubic equation x>R,,
O R [ e e )

R1 301 )’R1 T(1)’R18(1)

R13(2)’R1T(2]’R1 8(2)

g =

Calculation of the Isotope amount fractions
- ! _ _Ris
/2 G e S s s
1 f _ Rz ; _ Rig
TR L O s W) T TE T e

'=I2C:.Hr.
Ko lEoEo

s i
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Fig. 5. The iterative procedure used to determine the absolute isotope amount ratios Rjs4 of all prepared synthetic isotope mixtures (exemplified for the mixtures

CL in Table 1).
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mixtures and in the starting materials [20], in the beginning of the
measurement.

4. Results and discussion

4.1. Determination of the residual correction factors Kiy
for conversion of Jijuq to Riyq in CO3 isotopic measurements

In order to determine the ‘absolute’ or ‘true’ isotope amount
ratios R;/44uue = Jija4K (with i=45-47) of the seven isotope
mixtures prepared (Tables 1-3), the absolute carbon and oxygen
isotope amount ratios Ri3/12, R17/16 and Rjg/1e of all starting
materials (parent gases) need to be known. They are derived from
the measured ion current ratios Jj44 on the parent gases (Table 4).
However to obtain the absolute values of the starting materials,
the residual correction factors Kj/44, which are intended to be
determined via the synthetic isotope mixtures, already need to be
known. To achieve this, an iterative approach is chosen (Fig. 5).

For the initial step in the iterative process, the conversion fac-
tors Kjja4 were assumed to be one (exactly). Then, by comparing
the measured ratios Jj44 of the mixtures to the ones calculated
(from the gravimetric mixing procedure), first estimates of Kj/44
were obtained. These preliminary correction factors in turn were
applied to the ion current ratios Jj44 of the starting materials
(Table 4), and a new (slightly modified) set of Kj44 values cal-
culated. This iteration process was continued until no change
in Kj44 could be observed anymore. The iteration converged

Table 5

K 45144
1,0020

mean K 45,,= 0.999 59 (19)

1,0010
Mix IRMM2+3

1,0000 s

7
0,9990 I"
Ji MIX IRMM1

0,9980

MIX C™0,
0,9970

0,9960 T T T T T T
0,00 0,02 0,04 0,08 0,08 0,10 0,12

0,14
R 4544

Fig. 6. Theresulting conversion factors Ky5/44 = R45/44/J45/44 for the seven gravi-
metrically prepared isotope mixtures as calculated from the prepared isotope
amount ratios R4s/44 and the measured ion current ratios J45/44 (U =kuc, k=1).

quickly and already after the fourth step the conversion factors
stay constant (the variations on Kj44 were below 0.01%o), and the
iterative process could be stopped. The final correction factors
Kija4 obtained from the various mixtures are given in Tables 5-7,
and visualised in Figs. 6-8.

The three average conversion factors for all seven gravimet-
rically prepared mixtures are close to unity: Kis5/44 =0.99959
(19), K46/44=0.99963 (14) and Ki7/44=0.99985 (20), with
repeatabilities stated as standard deviations of the mean. These
experimental uncertainties are of the same order, in most cases

Prepared isotope amount ratios R4s/44, measured ion current ratios Jus5/44 and resulting conversion factors Kas/aa = Ras/44/J45/44 for the seven synthetic mixtures

prepared gravimetrically from mixing enriched and natural CO,, respectively

Synthetic mixtures Prepared isotope amount ratio R45/44

Measured ion current ratio J4s/44 Conversion factor Kys/44 = Ras/44/J45/44

CL10 0.036383 (12)
CL23 0.038056 (11)
CL24 0.034739 (11)
CL56 0.033392 (10)
MIX1 0.120344 (79)
MIX2 0.0117315 (13)
MIX3 0.0116776 (12)

Mean K45/44 =0.99959 (19)

0.0364001 (30)
0.0380676 (18)
0.0347830 (23)
0.0334225 (13)
0.1203225 (10)
0.01173227 (63)
0.01167821 (60)

0.99953 (36)
0.99970 (33)
0.99874 (34)
0.99909 (30)
1.00018 (66)
0.99993 (10)
0.999953 (96)

Uncertainties stated are evaluated according to GUM [14], values given in brackets are combined uncertainties u. and apply to the last digits of the given value

(U=kue, k=1).

Table 6

Prepared isotope amount ratios R4e/44, measured ion current ratios Jue44 and resulting conversion factors Kae/aa = Raejaa/Ja6/44 for the seven synthetic mixtures

prepared gravimetrically from mixing enriched and natural CO,, respectively

Synthetic mixtures Prepared isotope amount ratio Rae/44

Measured ion current ratio J4e/44 Conversion factor Ky¢/44 = Rae/a4/J46/44

CL10 0.141983 (27)
CL23 0.151455 (18)
CL24 0.133047 (15)
CL56 0.125658 (14)
MIXI 0.022492 (52)
MIX2 0.0041278 (14)
MIX3 0.0041014 (12)

Mean K4()/44 =0.99963 (14)

0.142021 (14) 0.99973 (16)

0.1515554 (30) 0.99934 (12)
0.1331482 (26) 0.99924 (11)
0.1257588 (14) 0.99920 (11)
0.0224899 (80) 1.0001 (23)

0.00412860 (98) 0.99981 (25)
0.00410205 (11) 0.99984 (29)

Uncertainties stated are evaluated according to GUM [14], values given in brackets are combined standard uncertainties #. and apply to the last digits of the given

value (U=kuc, k=1).
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Table 7

Prepared isotope amount ratios R47/44, measured ion current ratios J47/44 and resulting conversion factors K47/44 = Ra7/44 1Ja7/44 for the seven synthetic mixtures

prepared gravimetrically from mixing enriched and natural CO,, respectively

Synthetic mixtures Prepared isotope amount ratio R47/44

Measured ion current ratio J47/44 Conversion factor K47/44 = Ra7/44/J47/44

CL10 0.0032861 (32)
CL23 0.0036211 (33)
CL24 0.0029740 (24)
CL56 0.0027253 (26)
MIX1 0.0026235 (84)
MIX2 0.000046519 (30)
MIX3 0.000046117 (31)

Mean K47/44 =0.99985 (20)

0.00328697 (63) 0.99974 (97)
0.00361998 (49) 1.00031 (91)
0.00297682 (10) 0.99905 (81)
0.00272660 (50) 0.99952 (94)
0.00262168 (69) 1.0007 (32)

0.000046523 (14) 0.99992 (56)
0.000046131 (16) 0.99976 (57)

Uncertainties stated are evaluated according to GUM [14], values given in brackets are combined uncertainties u. and apply to the last digits of the value (U = kuc,

k=1).

even smaller, than the total combined uncertainties on the sin-
gle mixtures as calculated from the mixing process, indicating
that the uncertainty components (measurement of the isotope
enrichment, weighings and impurities) were correctly taken into
account.

Because of the small amount of gas which was available for
the preparation of IRMM-Mix-1105-1, their weighing uncer-
tainties become much more important than for the six other
mixtures. Thus, relative combined uncertainties of 10~3 on the
correction factors were obtained. For the other mixtures, these
factors were about a factor of 10 better (10~# rel.) (Figs. 6-8).

K 46124

1,0040
MIX IRMM1
mean K 45,4 = 0.999 63 (14)

1,0020
MIX IRMM2+3|

MIX C'®0,

1,0000 3

0,9980

0,9960

0,9940

0,00 0,04 0,08 0,12 0,16

R 6144

Fig.7. Theresulting conversion factors K4e/44 = Raea4/Ja6/a4 for the seven gravi-
metrically prepared isotope mixtures as calculated from the prepared isotope
amount ratios R4e/44 and the measured ion current ratios Jyeuq (U=kue, k=1).

K 47124
1,0100
mean K 4744 = 0.999 85 (20)

1,0050 4—

Mix IRMM MIX IRMM 1 Mix'%0

243
1,0000 1§ 2y Tt P S
0,9950
0,9900 T T T

0,000 0,001 0,002 0,003 R 0,004
47/44

Fig. 8. The resulting conversion factors K47/44 = R47/44/J47/44 for the seven gravi-
metrically prepared isotope mixtures as calculated from the prepared isotope
amount ratios R47/44 and the measured ion current ratios J47/44 (U=kuc, k=1).

The uncertainty contributions expressed in % for the different
correction factors are given in Table 8 (exemplified for mixture
CL10).

4.2. Absolute R;3/12, Ri7/16 and R;8/16 values for NBS19

Via the conversion factors (Tables 5-7), the ion current ratios
Jijaq (i=45-47) measured on NBS19-CO; could be converted
into absolute isotope amount ratios Rj3/12, R17/16 and Rig/6,
respectively, without any assumptive correction for oxygen (Eq.
(8)). The results are presented in Table 9.

The uncertainties on Rjy3/12, Ri7/16 and Rjge data
(Tables 9 and 10) mainly stem from the measurement uncer-
tainty of the ion current ratio J47/44 measurements (10_3 rel.) on
both gases. This uncertainty is entirely propagated to the amount
ratio R47/44 (Table 9), as the ratios Ry3/12, R17/16 and Rjg/16 are

Table 8
Uncertainty contribution expressed in % to the different correction factors

Mixture CL10 K45/44 =0.99954 K46/44 =0.99973 K47/44 =0.99974
(36), uKyspuq (in - (16), uKye/a4 (in - (97), uKg7/44 (in
%) %) %)
Starting material 1
J45/44—(CO2)nat 6.40 0.29 0.64
J16/44—(CO2)nat 12.30 11.40 25.79
J47/44—~(CO2)nat 3.25 0.72 8.59
Starting material 2
Jus14—C120, 6.99 1.55 8.57
Ja6144—C'30, 0.53 0.41 0.26
J47124—C120; 22.00 0.45 16.16
Mixture
J4s5/44 22.01 <0.01 <0.01
J46/44 <0.01 37.14 <0.01
J47/44 <0.01 <0.01 19.77
Mass (CO2)nat 0.07 13.11 5.49
Mass C'30, 18.21 35.02 14.70
Impurities <0.01 <0.01 <0.01
Nuclidic masses <0.01 <0.01 <0.01

Uncertainties stated are evaluated according to GUM [14], values given in brack-
ets are combined uncertainties u. and apply to the last digits of the given value
(U=kue, k=1).
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Table 9
Ton current ratios Ji44 (With i=45-47) measured on CO, gas obtained from:
conversion of NBS19 carbonate via the H3PO4 procedure

NBS19-CO,
Measured ion current ratio
Ja5/44 0.01192449 (22)
Ja6iaa 0.00417748 (40)
Ja7/44 0.000048097 (10)

Absolute amount ratio Rj4q = KJjj44

Ras/44 0.0119196 (26)
Rae/44 0.00417593 (98)
Ra7/34 0.000048090 (20)

Absolute amount ratio

Riznz 0.0111593 (16)
Rigne 0.00208365 (48)
Rine 0.00038014 (48)

From the absolute Rj44 the absolute carbon and oxygen isotope amount ratios
R13/12, R17/16 and Ry g/16 are calculated. Uncertainties stated are evaluated accord-
ing to GUM [14], values given in brackets are combined uncertainties u. and
apply to the last digits of the given value (U = ku, k= 1). The uncertainty budgets
are given in Tables 8 and 10.

calculated from the set of Eq. (8):

Ras/44 = Ri3j12 + 2R17/16

Rasjas = 2Ris)16 + (R17/16)* + 2R13/12R17/16 3
Ra7/44 = 2R13/12R18/16 + 2R17/16 R18/16 + R13/12(R17/16)
By re-arranging (Eq. (8)) to a cubic equation as a function of

R13/12 (Eq. (9)), besides Rj3/12 also Ri17/16 and Rig/e can be
calculated:

F(Ri3/12) = 5Ri3;15 — 3RasjaaRi3 1

+(4R46/44 — R35/44)R13/12 - R35/44
+4R45/44Ra6/44 — 8R47/44 9)

Some reflections about the uncertainties of Ry3/12, Ri7/1¢ and
R13/16 need to be made, while they are biased by the isotope
amount ratios R4s/a4, Rae/aa and Ra7/44. Each of their partial
contribution to the final uncertainty of the ratios Ry3/12, R17/16
and Rig/16 can be calculated (Eq. (10)) with the help of the

following matrix:
(3R13/12) <3R13/12> (3R13/12>
OR45/44 OR46/44 OR47/44

iii;ji _ (3R17/16) (3R17/16> (3R17/16>
5R1s,16 OR45/44 OR46/44 OR47/44
oR18/16 OR18/16 oR18/16
( OR45/44 ) ( OR46/44 > ( OR47/44 >
OR45/44
X § 8R46/44 (10
OR47/44

In order to emphases the magnitude of these influences in the cal-
culation of the isotope amount ratios from measured ion current

ratios, such a calculation is exemplified below:

SR13/12 |—0.883] |—5.250| |464.748|
dR17/16 ¢ = 10.941] |2.625] |—232.374|
SR1s/16 |—0.0107|  [0.470]  |2.603]

SR4s5/44

X O0R46/44

SR47/44

This matrix (Eq. (10)) is however strongly “unbalanced”,
as the effect of the measurement uncertainty of R47/44 to the
isotope amount ratios Ri3/12, R17/16 and Rig/1¢ is much more
dominant than of the other ratios R45/44 and Ry¢/44, due to the
small R47/44 value in natural carbon dioxide samples. Although
by applying Eq. (10) together with the repeatabilities obtained
in Tables 9 and 10, the uncertainties of the isotope amount ratios
Ri13/12, R17/16 and R1g/16 can be calculated.

2 2
BRk 2 aRk 2
()  ORe + (48) oy OR0)

ok = R, \ 2
2
+ (i) gy R

an

Knowing the absolute carbon isotope amount ratio
Ri3/12.NBs19c0, (Table 9), and its assigned value relative
to VPDB [6] or 6(13C)NB519C02 versus VPDB CO3 > the absolute
isotope amount ratio for PDB, Ri3/12.-vPDB Co2, can be
calculated via Eq. (12):

13
3" CINBS19.CO, versus VPDB CO,

_ | R13/12-NBs19CO,

= —1{ 1000 = 1.95 %o
R13/12-vPDB CO,

(12)
resulting in a value R13,12-vpDB co, =0.0111376 (16). This car-
bon isotope amount ratio is lower than the value obtained by
Craig [6] R13/12-vPDB O, =0.011237 (30) or the value given
by Chang and Chin [31] R13/12-vpDB co, =0.0111949 (14), but
higher than the isotope amount ratio obtained by Ruf3e et al. [32]
which is Rl3/12—VPDB CO, = 0.011101 (16) (Table 11).

The Rj3/12 value for VPDB-CO, given by Rufle [32], has
been obtained by converting the ion current ratios

1(BCFs)*
1(12CF3)*

measured on NBS22, PEF1 and USGS24 after they were fluori-
nated via the F; route to CF4 to isotope amount ratios R13/12 by
calibration against synthetic isotope mixtures of highly enriched
I{CF4 gases. This calibration procedure [32] is similar to the
one used in this paper, although the chemical procedures and
measurement techniques involved in both procedures are much
different [33].

Via the isotope amount ratio Rig/16.NBS19C0, Obtained on
NBS19-CO; (Table 9), and its assigned value relative to VPDB-
CO; [6] or 8(** O)NBs19 €O, versus VPDB o, the absolute isotope
amount ratio for VPDB, Rig,16-vPDB C0,, can be calculated via

Ji3j12 =
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Table 10
Uncertainty contribution from Rj44 (With i=45, 46, 47, expressed in %) to the amount ratios R13/12, R17/16 and Rig/16 applying Egs. (8)—(10)
Uncertainty Contribution to Ri3nz to Ri716 to Rigne
from R45M4 4.66% 18.13% 0.34%
from R4 23.09% 19.83% 98.55%
from R4 72.20% 62.03% 1.10%
Table 11 Acknowledgements

The absolute carbon isotope amount ratio Rj3;12-vpDBCO, calculated via
NBS19-CO; (this paper) compared to all available literature values [32,6,31]

Absolute carbon isotope amount
ratio R13/12-vPDB CO,

This paper 0.0111376 (16)
RuBe et al. [32] 0.011101 (16)
Craig [6] 0.011237 (30)
Chang and Chin [31] 0.0111949 (14)

Values given in brackets are combined standard uncertainties u. and apply to
the last digits of the given value (U=ku, k=1).

Eq. (13):

18
3" O)NBS19 CO, versus VPDB CO,

| R18/16-NBS19CO, “ 1l 1000 =

—2.20 %o (13)
R18/16-vPDB CO,

resulting in a R1g/16-vpDB CO, =0.00208824 (48). This value
matches very well with the TAEA-recommended value [8,9] for
R13/16-vPDB O, = 0.00208830 (45).

Soon an IRMM-CO,-RM [34] will be (commercially) avail-
able (via Messer, Germany) with absolute isotope amount ratios
Ri3/12, Ri7/16 and Rjg/16, and with 5(13C) and 5(180) values
linked via NBS19 to the conventional scale.

5. Conclusions

Seven gaseous isotope mixtures were prepared from isotopi-
cally enriched CO; and from natural CO; gas. The ratio values
were ‘synthesized’ by preparing gravimetric gas mixtures and
measuring them by an ‘amount comparator’ of proven linear-
ity. These mixtures are realizations (embodiments) of the unit
mol/mol used. They are therefore Primary Standard, suitable
to calibrate carbon and oxygen ion current ratio measurements
(e.g., by the “Avogadro measurement procedure”) and lead to
Sl-traceable carbon and oxygen isotope amount ratio values,
independent of any assumptive correction for the oxygen iso-
topes.

At the same time a start was made to realize long term
metrological comparability of measured 8('>C)yppg values in
the conventional carbon scale by assigning SI-traceable isotope
amount ratio values to the ‘primary isotope reference sample’
(NBS19) as well as to other carbon reference samples (NBS18,
TAEA-CO-9, RM8562, etc.). Such measurements make it pos-
sible to reproduce the value on the 8(13C)yppp scale by a
completely independent measurement when the PS runs out of
stock.

The authors acknowledge the valuable contributions by H.
Kuehn (IRMM) and D. Vendelbo (IRMM) in improving the
dynamic range of the MAT 271 mass spectrometer, required for
the measurements of the very small ion currents in this project.
U. Jacobson is greatly acknowledged for his help in execut-
ing gas weighings at IRMM and Dr. S. Assonov (IRMM) and
Dr. B. Geypens (IRMM) for the various critical readings of the
manuscript.
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