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bstract

Different sets of synthetic isotope mixtures for the calibration of carbon and oxygen ion current ratio measurements obtained by mass spectrometry
ave been prepared by mixing carbon dioxide isotopically enriched in 18O (natC18O2) and natural carbon dioxide (CO2)nat, and by mixing different
atural CO2 gases with slightly different carbon and oxygen isotopic compositions. These mixtures act as Primary Standards to the SI for carbon and
xygen isotope amount ratio measurements in CO2. They will help to anchor existing carbon Isotope Reference Samples (i.e., NBS19, IAEA-CO-9)
nd therefore offer the basis for comparability of carbon (and oxygen) isotope measurement results, without any assumptive correction for the
xygen isotopes.

Through such ‘absolute’ isotope amount ratio measurements of carbon and oxygen on CO produced from the Primary Standard for carbon to
2

he VPDB-scale, NBS19CO2 , calibrated by means of synthetic isotope mixtures, ‘absolute’ isotope amount carbon and oxygen ratios for the zero
oint of the VPDB conventional scale were calculated to be R13/12 = (111,376 ± 16) × 10−7 and R18/16 = (208,824 ± 48) × 10−8, respectively. This
pproach makes these values traceable to the derived SI unit mol/mol.

2007 Elsevier B.V. All rights reserved.
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. Introduction
Carbon isotope amount ratios play a significant role in many
elds such as climate research and prediction [1], authentication

n food and drinks [2] and in non-intrusive medical diagnosis [3].

Abbreviations: VPDB, Vienna Pee Dee Belemnite; NBS19, Primary
eference Material; PS, Primary Standard; R13/12, absolute amount ratio

3C/12C; R18/16, absolute amount ratio 18O/16O; R17/16, absolute amount
atio 17O/16O; J45/44, ion current ratio I(45CO2)/I(44CO2); J46/44, ion cur-
ent ratio I(46CO2)/I(44CO2); J47/44, ion current ratio I(47CO2)/I(44CO2); SI,
nternational System of Units; K, correction factor for systematic unknown
ffects in the mass spectrometer; n(CO2), amount CO2; R45/44, amount ratio
(45CO2)/n(44CO2); R46/44, amount ratio n(46CO2)/n(44CO2); R47/44, amount
atio n(47CO2)/n(44CO2)
∗ Corresponding author. Tel.: +32 14 571 639; fax: +32 14 571 863.
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The classical measurement method is to convert the carbon-
ontaining compounds into CO2 gas, and compare the carbon
sotope amount ratio in the unknown sample to that in a known
eference by (ultra-)high precision gas mass spectrometry on
O2. However, when comparing CO2 isotope measurement

esults, difficulties arise from the fact that the quantities mea-
ured are ion current ratios Ji/44 = I[i(CO2)+]/I[44(CO2)+] with
= 45 and 46 resulting from both sample and reference sample
e.g., PDB [4]). From those ratio-of-ratios of electric currents,
he differences in carbon ratio values J13/12(sample)/J13/12(PS) are
alculated and reported as δ(13C)VPDB values in the unit ‘per mil’
‰):
(13C)VPDB =
[
R13/12(sample)

R13/12(PS)
− 1

]
1000
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hereby R13/12(sample)/R13/12(PS) is supposed to be identical to
13/12(sample)/J13/12(PS).

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

easurement (J).
To establish the ‘degree-of-equivalence’ of δ(13C) and δ(18O)

easurement results amongst different laboratories, a reference
ample is required that is proven to be sufficiently homoge-
eous and stable, with an internationally agreed value in the
onventional delta carbon scale (NBS19 or a material that is
inked via NBS19 to the conventional carbon delta scale), and
ith an isotopic composition of the sample close to the one

n the reference sample. However, incomplete correction of
easurement results obtained and making use of other isotope

eference samples in the linking process of the delta measure-
ent results to the conventional scale, currently prevent the

stablishment of the degree-of-equivalence of delta measure-
ent results (between different laboratories) to be better than

.01‰.1

And there are some more problems/limitations:

For a correct realization 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 CO2 [5–8], required for the
measurement.
The δ(13C)VPDB value of NBS19 is assigned [6,8] to be
+1.95‰ 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 CO2 [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 CO2 from NBS19 and in CO2 obtained
via other conversion techniques [8].
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

1 W. Brand, personal communication (2007).
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are compared with results obtained by means of different
techniques (C-IRMS, FTIR, Laser-ICPMS).
Different ion correction algorithms [4,9–12] are currently
used to calculate carbon isotope amount ratios R13/12 from
measured ion current ratios Ji/44 (with i = 45 and 46) on CO2.
Since J45/44 is actually an ion current ratio, a correction must
be applied for the 17O 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.

J13/12 = J45/44 − 2J17/16 (1)

J46/44 = 2J18/16 + (
J17/16

)2 + 2J13/12J17/16 (2)

Assuming mass-dependent-fractionation processes, which is
nearly valid for all environmental and geochemical (natural)
applications, it can be safely assumed that 17O variations
are following the 18O variations according to an approxi-
mate (mass-dependent) relation [9,10]: δ17O ≈ aδ18O, which
could be considered as a third equation, or expressed in
an exponential relationship J17S/J17R = (J18S/J18R)0.5 and,
therefore,

J17S = J17R

[J18R]0.5 [J18S]0.5 = k[J18S]0.5 (3)

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
ime guaranteeing long term metrological comparability of mea-
ured δ(13C)VPDB values, can be achieved through calibrated
easurements of the value embodied in the Reference Sam-

le (NBS19) and of any future successors, by using Primary
tandards (PS), in the metrological meaning of the term and
s defined in the VIM which [35]. Such PS are ‘realizations’
f the SI units involved (in this specific case of the derived unit
ol/mol) in the form of ‘synthesized’ isotope amount ratios with

mall full measurement uncertainties [14]. Such PS however will
ever be used as PRM, because the specific goal of the PS is to
alibrate a particular instrument. If the values for the isotope
mount ratios in these PS are shown to be traceable to the SI,
etrological traceability of measurement results expressed on a

onventional δ(13C)VPDB can be established.
In this work a procedure is described to prepare (‘synthesize’)

I-traceable carbon and oxygen isotope amount ratios in CO2.
ollowing a gravimetric approach, a total of seven synthetic

sotope mixtures have been prepared from CO2 gases enriched
n 18O and with 13C close to natural abundances. The ion current
atios Ji/44 (with i = 45–47) generated from the synthetic isotope
ixtures, the starting materials, from CO2 from NBS19 and from
high purity CO2 gas from Air Liquide. In this way we wanted
o obtain SI-traceable carbon and oxygen isotope amount ratios,
nabling to calibrate measurements of the international carbon
eference sample (NBS19) and thus establishing a direct link
etween the common ‘VPDB-traceable’ results and the SI.
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When the impurities are added together, their amount content
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. Gravimetrically prepared isotope mixtures:
ynthesizing isotope amount ratios

.1. General considerations

When high purity CO2 is weighed on a balance, the chemical
mount nCO2 is given by:

CO2 = mCO2 (1 − εimp)

MCO2

(4)

here εimp is a small correction term for the (mass of) chemi-
al impurities in the CO2 gas. A stoichiometry term for gases
contrary to solids) can be neglected. As nCO2 is not a func-
ion of other amounts (but only a function of molar mass MCO2

nd mass mCO2 ), this procedure is a ‘primary measurement pro-
edure’ [35], as the result is obtained by other means than the
easurements for which it is intended to act as a calibrator. These
ethods are perhaps not the fastest, or not even the most con-

enient or flexible, but they have two important features which
ake them metrologically superior: the metrological traceabil-

ty of the measurement results produced is visibly traceable to
he 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
roduce mixtures of isotopes with isotope amount ratios having
mall combined uncertainties [15–19]. Materials of high isotope
nrichment are used and their isotope ratio in a mixture X of such
aterials (A and B) is given by Eq. (5):

n(iE, X)

n(jE, X)
= n(iE, A) + n(iE, B)

n(jE, A) + n(jE, B)

= fi,An(E, A) + fi,Bn(E, B)

fj,An(E, A) + fj,Bn(E, B)
(5)

here f denotes the isotope abundance, for isotope iE, jE in
ample A, e.g., fi,A = Ri,A/�Ri,A. The amounts n can be expressed
sing Eq. (4). The starting materials A and B must be of high
hemical purity, and the order of magnitude of the impurities
nown (as εimp).

For CO2 mixtures, the imperfection prior to mixing is then
arefully assessed: purity of the gas, isotope enrichment of
he carbon and the oxygen, and – very important – isotopic
quilibrium [20,21] in all materials. The systematic effects
re measured, their uncertainties evaluated, and then combined
ith the uncertainty of the mass measurements (weighings).
epending on the target measurement uncertainty and on the

mounts of the materials available, mixtures can be prepared to
arious final measurement uncertainties from various starting
aterials.

.2. Theoretical considerations on the preparation of
ixtures
The preparation of synthetic isotope mixtures in gaseous form
s more difficult to achieve than when mixing solids. The full
ncertainty is limited by the typically high tare mass of the gas
mpoule (∼350 g) relative to the mass of gas (∼2 g). To decrease

w
t
t
n
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he measurement uncertainty of the gas amount, the amount of
as needs to be increased. High pressure however could increase
he measurement uncertainties due to almost inevitable small
eaks and potential flow disturbances and could make the han-
ling of the high pressure containers unsafe, especially when
eating is required to attain isotope equilibrium at T = 500 ◦C
20]. Furthermore, large amounts of isotopically enriched gas
re expensive. It is concluded that the tare mass of the ampoules
hould be reduced as much as possible.

When targeting small total combined uncertainties by
orking at atmospheric pressure, volumetric mixing can be per-

ormed based on measurements of the pressure and of the volume
f the parent gases for the mixture preparation. In volumetric
ixing procedures, the amount of gas n is related to the volume
of the mixing vessel, the pressure p and the temperature T in

he vessel following the equation pV = nRT, with R being the uni-
ersal gas constant [22]. The behaviour of real gases however is
etter described by the empirical ‘van der Waals’-equation (Eq.
6)) [23]:

p + an2

V 2

)
(V − nb) = nRT (6)

he (an2/V2) term accounts for the attractive forces of the
olecules and are responsible for a pressure increase, while

he b-term accounts for repulsive forces which in turn decreases
he volume available for the molecules. At the critical point
f CO2 (Tc = 304.13 K) the terms a and b are related to
he critical volume Vc (0.094118 m3 kmol−1) and pressure
c (7.3773 MPa) as follows [22]: Vc = 3b and pc = a/27b2.
his results in a value for aCO2 = 0.1960 Pa m6 mol−2 and for
CO2 = (3.1373) × 10−5 m3 mol−1. When mixing gases at a pres-
ure of 106 Pa (10 bar), this would result in a correction of
.9 × 104 Pa (or 3.9% relative) of the pressure compared to the
alculation via the ideal gas law ((an2/V2) = nb = 0) or the ‘van
er Waals’ law reduced to the ideal gas law.

. Preparation of the synthetic isotope mixtures

.1. The starting materials

The starting materials used for the preparation of the mix-
ures are natC18O2 and (CO2)nat. The enriched gas was supplied
y Chemotrade (Düsseldorf, D), with specifications as follows:
C18O2’: “min 53.7 at.% 18O”, “Lot no. 498-285-652-C”, initial
mount: 22.28 L. The natural CO2 gases are supplied by BOC
pecial Gases (N5.0), Guilford (UK) and by Air Liquide (N5.0),
iège (B) and Messer (N5.0), Krefeld (D).

An impurity check (including measurements of isobars at
/e = 44–47 by high resolution MS at R = 8000) on all these

tarting materials was performed before starting the experimen-
al work (by means of the MAT 271 gas mass spectrometer).
as below 0.0001% (g/g) for all parent gases, which make
heir impact on the mixture calculations extremely small, but
he effect was taken into account. The isobaric effects could be
eglected.



S. Valkiers et al. / International Journal of Mass Spectrometry 264 (2007) 10–21 13

Table 1
The CO2 gases and their mass values used for the preparation of the four NPL mixtures

Cylinder ID Contents Mass of the C18O2 spike (g) Mass of the (CO2)nat (g) Notes

#1 C18O2 3.11 0 Pure
#1B (CO2)nat 0 >400 Pure
#6 C18O2/(CO2)nat 2.89004 (29) 20.38734 (78) NPL CL10
#7 C18O2/(CO2)nat 2.88148 (29) 18.96005 (76) NPL CL23
#8 C18O2/(CO2)nat 2.88115 (29) 21.80696 (76) NPL CL24
#9 C18O /(CO ) 2.89729 (29) 23.32092 (76) NPL CL56
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he stated uncertainties are total combined measurement uncertainties U = kuc

.2. Gravimetric mixing procedure

.2.1. NPL mixtures
Two identical 500 mL stainless (electropolished) steel cylin-

ers (Swagelok®) with identical valves (SS-4BK-Swagelok)
ere used for the weighing [24,25]. One cylinder was filled with

ir at atmospheric pressure and designated as the ‘tare’ while
he other was used for preparing the CO2 mixture. The mixture
ylinders were attached to a 1/4 in. stainless steel vacuum line
Dockweiler, electropolished), which was connected to a two-
tage rotary fore-pump (pressure < 1 Pa) and a turbo-molecular
ump (<10−5 Pa).

Before the first weighing cycle, the mixture cylinders were
vacuated. Each cylinder was successively filled with natural
O2 (BOC), then with C18O2 as for mixtures for the preparation
f mixtures CL10, CL23, CL24 and CL56 (Table 1 and Fig. 1).

During each weighing cycle, each consisting of one filling
18
f the cylinders with (CO2)nat and one for C O2, the differ-

nces in mass between the mixing cylinder and the tare cylinder
ere recorded five times using a single-pan mass comparator

Mettler-Toledo PR2004 with a capacity of 2.3 kg) following a

ig. 1. A schematic presentation for the preparation of the 4 NPL mixtures
L10, CL23, CL24 and CL56, the amounts of which are given in Table 1.
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, calculated according to the GUM [14] guidelines.

onventional A-B-B-A substitution method [25]. The resolution
f the Mettler balance was 0.1 mg with a weighing repeatabil-
ty below 0.2 mg. The masses of both natural CO2 and enriched

18O2 were calculated from results of the successive weigh-
ng cycles. The total combined GUM uncertainty (U = kuc, with
= 1) for each weighing was calculated to be 0.5 mg. For the
ixture preparation, the masses of the natural CO2 gas were in

he range of 19–23 g and of the enriched gas C18O2 added in the
ange of 3 g.

.2.2. IRMM mixtures
Besides the four NPL CO2 mixtures, 3 more gravimetrical

sotope mixtures were prepared at IRMM, in a similar way as at
PL [25].
For Mixture IRMM-1105-1 (Table 2), two NPL mixtures –

L24 (CO2 enriched in 18O, Table 1) and an enriched NPL
3CO2 gas, CL01 (CO2 enriched in 13C but with natural oxygen
sotopic composition) – were mixed again (Table 2 and Fig. 2).
he benefit of such a mixture is that the ion current ratio J47/44 on
oth starting materials (CL01 and CL24) can be measured with
measurement uncertainty of the same order as can be obtained
n J45/44 and J46/44 (<10−4 relative). This is very important, as
n solving the cubic equation (Eq. (9)), the mass uncertainty of
45/44, R46/44 and R47/44 is equally distributed over the calculated
arbon and the oxygen isotope amount ratios R13/12, R17/16 and
18/16 for the parents and mixtures.

Mixture IRMM-1205-2 and IRMM-1205-3 (Table 3,
igs. 3 and 4) were prepared by mixing natural CO2 (N5.0, Air

13
iquide) with slightly depleted carbon δ( C)VPDB = −10‰ and
20‰, respectively, in order to obtain mixtures which closely

pproach the natural carbon and oxygen isotopic composition
f the unknown samples.

able 2
sotope mixture (IRMM Mix 1105-1) prepared at IRMM, by mixing NPL-CL01
13CO2 enriched in 13C and mixed in natural CO2) and NPL-CL24 (C18O2

nriched in 18O, mixed in natural CO2) with their amounts used for the prepa-
ation of the mixture

ylinder ID #M1-11
ontents C18O2/13CO2

ass of CL01 (g) 0.34839 (25)
ass of CL24 (g) 0.04042 (26)
otes IRMM Mix 1105-1

he stated uncertainties are combined measurement uncertainties U = kuc (k = 1),
alculated according to the GUM [14] guidelines.
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Fig. 2. Isotope mixture (IRMM Mix 1105-1) prepared at IRMM, by mixing
NPL-CL01 (13CO2 enriched in 13C which was mixed in natural CO2) and NPL-
C
f
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Fig. 3. Isotope mixture (IRMM Mix 1205-2) prepared at IRMM, by mix-
ing natural CO2 (N5.0, Air Liquide) with slightly depleted carbon 13C,
δ

c
c

a
g
o
e
w
l
w
i
r
w
t
a
o
t
i
The handling of the ampoule (e.g., connecting and discon-

T
I
n

C

#
#
A
#
#

T

L24 (C18O2 enriched in 18O, mixed in natural CO2). The amounts of CO2 used
or MIX 1105-1 are given in Table 2.

Prior to the preparation of the IRMM mixtures, all mix-
ng containers were first evacuated to a pressure of <10−6 Pa
nd carefully checked for complete leak-tightness, by measur-
ng the ion current ratio I[28(N2)+]/I[28(N2)+]baseline. A steady
atio indicates the absence of leaks (or other effects such as
dsorption and desorption) which would bias the results. Mea-
urements have been done on an empty ampoule (internal
urface ± 100 cm2) which has been closed after it was connected
o the pump. The residual gas spectrum was directly measured
n the mass spectrometer: no intensity at m/e = 44 could be
easured while the stability of the ion current at m/e = 28 was
1 fA.
All weighings were performed on a Mettler Toledo AX504

alance. It is specified to have a maximum load of 510 g,
eadability and repeatabilities of 0.1 mg, respectively, and a lin-
arity of ±0.4 mg. The gas cylinders (50 mL, stainless steel)

sed for the preparation of these mixtures weighed approx-
mately 380 g including the valve, whereas the mass of the
ases varied from 0.35 to 3.8 g. The high tare of the gas

n
w
b

able 3
sotope mixtures IRMM Mix 1205-2 and IRMM Mix 1205-3 prepared at IRMM, b
atural CO2

ylinder ID Contents Mass of the s

IM-A Slightly depleted CO2 δ(13C)VPDB = −10‰ 23.12
IM-B Slightly depleted CO2 δ(13C)VPDB = −20‰ 22.16
L/N5.0 Natural CO2 0
IRMM-121 CO2 δ(13C)VPDB = −10‰ in (CO2)nat 0.3546 (3)
IRMM-122 CO2 δ(13C)VPDB = −20‰ in (CO2)nat 2.0861 (3)

heir amounts used for the preparation are given with combined measurement uncert
(13C)VPDB = −10‰, in order to have a mixture which closely approach the
arbon and oxygen isotopic composition of the unknown samples in the entire
alibration process (Table 3).

mpoule thus limited the uncertainty of the weighings of the
ases. Particularly with regard to moisture adsorbed on the
uter ampoule surface, good repeatability conditions were not
asy to realize. To minimise weighing errors, all weighings
ere performed relative to a reference container with simi-

ar shape and surface as the sample container. Both containers
ere exposed to exactly the same conditions prior to weigh-

ng, i.e., after cleaning the outer surface with ethanol (to
emove any contamination, e.g., fingerprints) the containers
ere dried at 350 K for about 12 h and then placed next to

he balance to equilibrate with ambient conditions. Already
fter about 3 h of conditioning in the weighing room, the mass
f the container and reference container was constant within
he readability of the balance (0.1 mg), whereas the repeatabil-
ty of weighings of a single ampoule was of the same order.
ecting from the mass spectrometer) could influence its tare
eight. No small weight loss of the container however could
e observed (abrasion of small metal pieces during screwing

y mixing 13C depleted CO2 (respectively −10 and −20 δ‰ vs. VPDB) with

pike (g) Mass of the natCO2 (g) Air Liquide Notes

– Pure
– Pure
>3000 g Pure
3.6602 (3) IRMM Mix 1205-2
3.8170 (3) IRMM Mix 1205-3

ainties U = kuc (k = 1), evaluated according to the GUM [14] guidelines.
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Fig. 4. Isotopic mixture (IRMM Mix 1205-3) prepared at IRMM, by mixing
natural CO2 (N5.0, Air Liquide) with slightly depleted carbon 13C, carbon 13C,
δ
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(13C)VPDB = −20‰, in order to have a mixture which closely approach the
arbon and oxygen isotopic composition of the unknown samples in the entire
alibration process (Table 3).

ere an inherent possibility; its uncertainty was estimated to be
.2 mg).

.3. The procedure for measuring the mixtures and the
arent gases

The isotope amount ratio measurements were performed on
RMM’s Avogadro II amount comparator [15,26–30], by mea-
uring the ion current ratios Ji/44 = I[i(CO2)+]/I[44(CO2)+]. The
easurements were monitored sequentially using one Faraday

up and one SEM/Ion detector positioned for m/z = 44–47. Short
erm fluctuations were eliminated by symmetrically scanning
28,29] the four peaks. In the ideal case the measured ion current
atios J could be converted directly into isotope amount ratios
true. The correction factors K = Ri/44/Ji/44 were expected to
e unity (Eq. (7)), with Ri/44 being derived from the preparation
f a synthetic mixture. Each measurement took about 2 h, and
ean ion current ratios of the 5 successive measurements were

btained, with their associated standard measurement deviations
1 s).

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

Such an approach leads to the selection of particular types
f methods and instrumentation which are different from what

esearchers use in ‘differential’ measurements. This is not sur-
rising as the objectives in both approaches are different.

For absolute isotope amount ratio measurements the aim
owever is to ‘maximise’ biases in order to use them in their
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ata treatment. In a generic way, this can be described by:

true = n(iE)

n(jE)
= Ji,jK = I(iE+)

I(jE+)
K = I(iE+)

I(jE+)
K1K2· · ·KZ

(7)

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

When aiming at highest metrological quality, gas source
ass spectrometry is highly desirable because of its very good

epeatability of the results. Additionally, the use of molecular
ow sample gas inlet will result in a predictable mass discrim-

nation, at the point of effusion of the gas in the spectrometer
ource, a property which has been exploited to the maximum in
he re-determination of the Avogadro constant [15,19]. Apply-
ng this procedure, it is possible to identify and to quantify most
f the K factors in Eq. (7), and just leaving small ‘residual’ factor
which can be determined by means of the prepared synthetic

sotope mixtures.
Prior to starting the measurements however, complete equi-

ibrium of the carbon and oxygen isotopes in CO2 molecule
mongst its 12 different isotopologues is a basic require-
ent for the calculation of the correct carbon and oxygen

sotope amount ratios from measurements of the ion current
atios Ji/44 = I[i(CO2)+]/I[44(CO2)+] with i = 45–47. The degree,
o which isotope distribution is achieved when mixing CO2
olecules of different isotopic composition, is of key impor-

ance when measuring these ion current ratios on the mass
pectrometer [20]. The gas mass spectrometric measurement
rocedure applied here and developed over the years in the re-
etermination of the Avogadro constant [15,26–30], creates the
pportunities to do this. They are not accessible in commer-
ial ‘delta’-machines. Monitoring isotope fractionation during
he measurements (by continuously looking for compatibility of
easurement results with applying kinetic gas theory), including
correction for adverse or uncontrolled fractionation, provided
rucial information about the isotopic equilibrium status of the
ample [20]. When a statistical carbon and oxygen isotope dis-
ribution is not achieved within the CO2 sample (mixture) prior
he ion current ratio measurement, progressive equilibration will
ake place during the measurement, due to the high operating
emperatures in the spectrometer (inlet vessel, ion source, ioniza-
ion filament). An incompletely equilibrated sample will affect
he behaviour of the molecular gas flow in the mass spectrome-
er, resulting in erroneous Ji/44 measurement results. In our case
he equilibrium must be complete, otherwise uncontrolled equi-
ibration will take place in the mass spectrometer and this will
ead to wrong results [20]. Full isotopic equilibrium will result
n compatibility with kinetic gas theory. Hence, it is of cru-
ial importance that full isotopic equilibrium is achieved prior

o the measurements. An ‘in-flight’ tool to verify this did not
xist previously. Subsequently, it was found out, that it was
ven useful to quantify the degree of statistical isotope dis-
ribution between the carbon and oxygen isotopes in the gas
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Table 4
Ion current ratios observed on the starting materials, the parent gases used for the preparation of the seven synthetic isotope mixtures

Materials J45/44 J46/44 J47/44

C18O2 0.559299 (21) 3.0179800 (50) 0.825768 (47)
Natural CO2 0.01137143 (86) 0.0041752 (33) 0.000046850 (10)
CL01 0.1319122 (10) 0.01030932 (19) 0.00133822 (16)
CL24 0.0347982 (23) 0.1331486 (26) 0.00297582 (10)
Natural CO2 Air Liquide 0.01172500 (51) 0.00412389 (64) 0.000046436 (11)
IM −10‰ 0.01179256 (43) 0.0041599 (15) 0.000047351 (21)
IM −20‰ 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).

Fig. 5. The iterative procedure used to determine the absolute isotope amount ratios Ri/44 of all prepared synthetic isotope mixtures (exemplified for the mixtures
CL in Table 1).
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ixtures and in the starting materials [20], in the beginning of the
easurement.

. Results and discussion

.1. Determination of the residual correction factors Ki/44

or conversion of Ji/44 to Ri/44 in CO2 isotopic measurements

In order to determine the ‘absolute’ or ‘true’ isotope amount
atios Ri/44 true = Ji/44K (with i = 45–47) of the seven isotope
ixtures prepared (Tables 1–3), the absolute carbon and oxygen

sotope amount ratios R13/12, R17/16 and R18/16 of all starting
aterials (parent gases) need to be known. They are derived from

he measured ion current ratios Ji/44 on the parent gases (Table 4).
owever to obtain the absolute values of the starting materials,

he residual correction factors Ki/44, which are intended to be
etermined via the synthetic isotope mixtures, already need to be
nown. To achieve this, an iterative approach is chosen (Fig. 5).

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

r
(
r
e

able 5
repared isotope amount ratios R45/44, measured ion current ratios J45/44 and resul
repared gravimetrically from mixing enriched and natural CO2, respectively

ynthetic mixtures Prepared isotope amount ratio R45/44 M

L10 0.036383 (12) 0.0
L23 0.038056 (11) 0.0
L24 0.034739 (11) 0.0
L56 0.033392 (10) 0.0
IX1 0.120344 (79) 0.1
IX2 0.0117315 (13) 0.0
IX3 0.0116776 (12) 0.0

ean K45/44 = 0.99959 (19)

ncertainties stated are evaluated according to GUM [14], values given in brackets
U = kuc, k = 1).

able 6
repared isotope amount ratios R46/44, measured ion current ratios J46/44 and resul
repared gravimetrically from mixing enriched and natural CO2, respectively

ynthetic mixtures Prepared isotope amount ratio R46/44 M

L10 0.141983 (27) 0.1
L23 0.151455 (18) 0.1
L24 0.133047 (15) 0.1
L56 0.125658 (14) 0.1
IX1 0.022492 (52) 0.0
IX2 0.0041278 (14) 0.0
IX3 0.0041014 (12) 0.0

ean K46/44 = 0.99963 (14)

ncertainties stated are evaluated according to GUM [14], values given in brackets a
alue (U = kuc, k = 1).
etrically prepared isotope mixtures as calculated from the prepared isotope
mount ratios R45/44 and the measured ion current ratios J45/44 (U = kuc, k = 1).

uickly and already after the fourth step the conversion factors
tay constant (the variations on Ki/44 were below 0.01‰), and the
terative process could be stopped. The final correction factors

i/44 obtained from the various mixtures are given in Tables 5–7,
nd visualised in Figs. 6–8.

The three average conversion factors for all seven gravimet-
ically prepared mixtures are close to unity: K45/44 = 0.99959

19), K46/44 = 0.99963 (14) and K47/44 = 0.99985 (20), with
epeatabilities stated as standard deviations of the mean. These
xperimental uncertainties are of the same order, in most cases

ting conversion factors K45/44 = R45/44/J45/44 for the seven synthetic mixtures

easured ion current ratio J45/44 Conversion factor K45/44 = R45/44/J45/44

364001 (30) 0.99953 (36)
380676 (18) 0.99970 (33)
347830 (23) 0.99874 (34)
334225 (13) 0.99909 (30)
203225 (10) 1.00018 (66)
1173227 (63) 0.99993 (10)
1167821 (60) 0.999953 (96)

are combined uncertainties uc and apply to the last digits of the given value

ting conversion factors K46/44 = R46/44/J46/44 for the seven synthetic mixtures

easured ion current ratio J46/44 Conversion factor K46/44 = R46/44/J46/44

42021 (14) 0.99973 (16)
515554 (30) 0.99934 (12)
331482 (26) 0.99924 (11)
257588 (14) 0.99920 (11)
224899 (80) 1.0001 (23)
0412860 (98) 0.99981 (25)
0410205 (11) 0.99984 (29)

re combined standard uncertainties uc and apply to the last digits of the given
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Table 7
Prepared isotope amount ratios R47/44, measured ion current ratios J47/44 and resulting conversion factors K47/44 = R47/44 /J47/44 for the seven synthetic mixtures
prepared gravimetrically from mixing enriched and natural CO2, respectively

Synthetic mixtures Prepared isotope amount ratio R47/44 Measured ion current ratio J47/44 Conversion factor K47/44 = R47/44/J47/44

CL10 0.0032861 (32) 0.00328697 (63) 0.99974 (97)
CL23 0.0036211 (33) 0.00361998 (49) 1.00031 (91)
CL24 0.0029740 (24) 0.00297682 (10) 0.99905 (81)
CL56 0.0027253 (26) 0.00272660 (50) 0.99952 (94)
MIX1 0.0026235 (84) 0.00262168 (69) 1.0007 (32)
MIX2 0.000046519 (30) 0.000046523 (14) 0.99992 (56)
MIX3 0.000046117 (31) 0.000046131 (16) 0.99976 (57)

Mean K47/44 = 0.99985 (20)
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ncertainties stated are evaluated according to GUM [14], values given in brac
= 1).

ven smaller, than the total combined uncertainties on the sin-
le mixtures as calculated from the mixing process, indicating
hat the uncertainty components (measurement of the isotope
nrichment, weighings and impurities) were correctly taken into
ccount.

Because of the small amount of gas which was available for
he preparation of IRMM-Mix-1105-1, their weighing uncer-
ainties become much more important than for the six other
ixtures. Thus, relative combined uncertainties of 10−3 on the
orrection factors were obtained. For the other mixtures, these
actors were about a factor of 10 better (10−4 rel.) (Figs. 6–8).

ig. 7. The resulting conversion factors K46/44 = R46/44/J46/44 for the seven gravi-
etrically prepared isotope mixtures as calculated from the prepared isotope

mount ratios R46/44 and the measured ion current ratios J46/44 (U = kuc, k = 1).

ig. 8. The resulting conversion factors K47/44 = R47/44/J47/44 for the seven gravi-
etrically prepared isotope mixtures as calculated from the prepared isotope

mount ratios R47/44 and the measured ion current ratios J47/44 (U = kuc, k = 1).
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re combined uncertainties uc and apply to the last digits of the value (U = kuc,

he uncertainty contributions expressed in % for the different
orrection factors are given in Table 8 (exemplified for mixture
L10).

.2. Absolute R13/12, R17/16 and R18/16 values for NBS19

Via the conversion factors (Tables 5–7), the ion current ratios
i/44 (i = 45–47) measured on NBS19-CO2 could be converted
nto absolute isotope amount ratios R13/12, R17/16 and R18/16,
espectively, without any assumptive correction for oxygen (Eq.
8)). The results are presented in Table 9.

The uncertainties on R13/12, R17/16 and R18/16 data

Tables 9 and 10) mainly stem from the measurement uncer-
ainty of the ion current ratio J47/44 measurements (10−3 rel.) on
oth gases. This uncertainty is entirely propagated to the amount
atio R47/44 (Table 9), as the ratios R13/12, R17/16 and R18/16 are

able 8
ncertainty contribution expressed in % to the different correction factors

ixture CL10 K45/44 = 0.99954
(36), uK45/44 (in
%)

K46/44 = 0.99973
(16), uK46/44 (in
%)

K47/44 = 0.99974
(97), uK47/44 (in
%)

tarting material 1
J45/44–(CO2)nat 6.40 0.29 0.64
J46/44–(CO2)nat 12.30 11.40 25.79
J47/44–(CO2)nat 3.25 0.72 8.59

tarting material 2
J45/44–C18O2 6.99 1.55 8.57
J46/44–C18O2 0.53 0.41 0.26
J47/44–C18O2 22.00 0.45 16.16

ixture
J45/44 22.01 <0.01 <0.01
J46/44 <0.01 37.14 <0.01
J47/44 <0.01 <0.01 19.77

ass (CO2)nat 0.07 13.11 5.49
ass C18O2 18.21 35.02 14.70

mpurities <0.01 <0.01 <0.01
uclidic masses <0.01 <0.01 <0.01

ncertainties stated are evaluated according to GUM [14], values given in brack-
ts are combined uncertainties uc and apply to the last digits of the given value
U = kuc, k = 1).
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Table 9
Ion current ratios Ji/44 (with i = 45–47) measured on CO2 gas obtained from:
conversion of NBS19 carbonate via the H3PO4 procedure

NBS19-CO2

Measured ion current ratio
J45/44 0.01192449 (22)
J46/44 0.00417748 (40)
J47/44 0.000048097 (10)

Absolute amount ratio Ri/44 = KJi/44

R45/44 0.0119196 (26)
R46/44 0.00417593 (98)
R47/44 0.000048090 (20)

Absolute amount ratio
R13/12 0.0111593 (16)
R18/16 0.00208365 (48)
R17/16 0.00038014 (48)

From the absolute Ri/44 the absolute carbon and oxygen isotope amount ratios
R13/12, R17/16 and R18/16 are calculated. Uncertainties stated are evaluated accord-
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ng to GUM [14], values given in brackets are combined uncertainties uc and
pply to the last digits of the given value (U = kuc, k = 1). The uncertainty budgets
re given in Tables 8 and 10.

alculated from the set of Eq. (8):

R45/44 = R13/12 + 2R17/16

R46/44 = 2R18/16 + (R17/16)2 + 2R13/12R17/16

R47/44 = 2R13/12R18/16 + 2R17/16R18/16 + R13/12(R17/16)2

(8

y re-arranging (Eq. (8)) to a cubic equation as a function of
13/12 (Eq. (9)), besides R13/12 also R17/16 and R18/16 can be
alculated:

(R13/12) = 5R3
13/12 − 3R45/44R

2
13/12

+(4R46/44 − R2
45/44)R13/12 − R3

45/44

+4R45/44R46/44 − 8R47/44 (9)

Some reflections about the uncertainties of R13/12, R17/16 and
18/16 need to be made, while they are biased by the isotope
mount ratios R45/44, R46/44 and R47/44. Each of their partial
ontribution to the final uncertainty of the ratios R13/12, R17/16
nd R18/16 can be calculated (Eq. (10)) with the help of the
ollowing matrix:

δR13/12

δR17/16

δR18/16

⎫⎪⎬
⎪⎭ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

(
∂R13/12

∂R45/44

) (
∂R13/12

∂R46/44

) (
∂R13/12

∂R47/44

)
(

∂R17/16

∂R45/44

) (
∂R17/16

∂R46/44

) (
∂R17/16

∂R47/44

)
(

∂R18/16

∂R45/44

) (
∂R18/16

∂R46/44

) (
∂R18/16

∂R47/44

)

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

×

⎧⎪⎨ δR45/44

δR46/44

⎫⎪⎬
(10)
⎪⎩

δR47/44
⎪⎭

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

N
C
a
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atios, such a calculation is exemplified below:

δR13/12

δR17/16

δR18/16

⎫⎪⎬
⎪⎭ =

⎛
⎜⎝

|−0.883| |−5.250| |464.748|
|0.941| |2.625| |−232.374|

|−0.0107| |0.470| |2.603|

⎞
⎟⎠

×

⎧⎪⎨
⎪⎩

δR45/44

δR46/44

δR47/44

⎫⎪⎬
⎪⎭

This matrix (Eq. (10)) is however strongly “unbalanced”,
s the effect of the measurement uncertainty of R47/44 to the
sotope amount ratios R13/12, R17/16 and R18/16 is much more
ominant than of the other ratios R45/44 and R46/44, due to the
mall R47/44 value in natural carbon dioxide samples. Although
y applying Eq. (10) together with the repeatabilities obtained
n Tables 9 and 10, the uncertainties of the isotope amount ratios
13/12, R17/16 and R18/16 can be calculated.

Rk =

√√√√√√√

(
∂Rk

∂R45

)2

Rm
45

(δR45)2 +
(

∂Rk

∂R46

)2

Rm
46

(δR46)2

+
(

∂Rk

∂R47

)2

Rm
47

(δR47)2
(11)

nowing the absolute carbon isotope amount ratio
13/12-NBS19 CO2 (Table 9), and its assigned value relative

o VPDB [6] or δ(13C)NBS19 CO2 versus VPDB CO2
, the absolute

sotope amount ratio for PDB, R13/12-VPDB CO2, can be
alculated via Eq. (12):

(13C)NBS19 CO2 versus VPDB CO2

=
[
R13/12-NBS19 CO2

R13/12-VPDB CO2

− 1

]
1000 = 1.95 ‰ (12)

esulting in a value R13/12-VPDB CO2 = 0.0111376 (16). This car-
on isotope amount ratio is lower than the value obtained by
raig [6] R13/12-VPDB CO2 = 0.011237 (30) or the value given
y Chang and Chin [31] R13/12-VPDB CO2 = 0.0111949 (14), but
igher than the isotope amount ratio obtained by Ruße et al. [32]
hich is R13/12-VPDB CO2 = 0.011101 (16) (Table 11).
The R13/12 value for VPDB-CO2 given by Ruße [32], has

een obtained by converting the ion current ratios

13/12 = I(13CF3)
+

I(12CF3)+

easured on NBS22, PEF1 and USGS24 after they were fluori-
ated via the F2 route to CF4 to isotope amount ratios R13/12 by
alibration against synthetic isotope mixtures of highly enriched
CF4 gases. This calibration procedure [32] is similar to the
ne used in this paper, although the chemical procedures and
easurement techniques involved in both procedures are much

ifferent [33].

Via the isotope amount ratio R18/16-NBS19 CO2 obtained on

BS19-CO2 (Table 9), and its assigned value relative to VPDB-
O2 [6] or δ(18O)NBS19 CO2 versus VPDB CO2 , the absolute isotope
mount ratio for VPDB, R18/16-VPDB CO2 , can be calculated via
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Table 10
Uncertainty contribution from Ri/44 (with i = 45, 46, 47, expressed in %) to the amount ratios R13/12, R17/16 and R18/16 applying Eqs. (8)–(10)

Table 11
The absolute carbon isotope amount ratio R13/12-VPDB CO2 calculated via
NBS19-CO2 (this paper) compared to all available literature values [32,6,31]

Absolute carbon isotope amount
ratio R13/12-VPDB CO2

This paper 0.0111376 (16)
Ruße et al. [32] 0.011101 (16)
Craig [6] 0.011237 (30)
Chang and Chin [31] 0.0111949 (14)
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alues given in brackets are combined standard uncertainties uc and apply to
he last digits of the given value (U = kuc, k = 1).

q. (13):

(18O)NBS19 CO2 versus VPDB CO2

=
[
R18/16-NBS19 CO2

R18/16-VPDB CO2

− 1

]
1000 = − 2.20 ‰ (13)

esulting in a R18/16-VPDB CO2 = 0.00208824 (48). This value
atches very well with the IAEA-recommended value [8,9] for
18/16-VPDB CO2 = 0.00208830 (45).
Soon an IRMM-CO2-RM [34] will be (commercially) avail-

ble (via Messer, Germany) with absolute isotope amount ratios
13/12, R17/16 and R18/16, and with δ(13C) and δ(18O) values

inked via NBS19 to the conventional scale.

. Conclusions

Seven gaseous isotope mixtures were prepared from isotopi-
ally enriched CO2 and from natural CO2 gas. The ratio values
ere ‘synthesized’ by preparing gravimetric gas mixtures and
easuring them by an ‘amount comparator’ of proven linear-

ty. These mixtures are realizations (embodiments) of the unit
ol/mol used. They are therefore Primary Standard, suitable

o calibrate carbon and oxygen ion current ratio measurements
e.g., by the “Avogadro measurement procedure”) and lead to
I-traceable carbon and oxygen isotope amount ratio values,

ndependent of any assumptive correction for the oxygen iso-
opes.

At the same time a start was made to realize long term
etrological comparability of measured δ(13C)VPDB values in

he conventional carbon scale by assigning SI-traceable isotope
mount ratio values to the ‘primary isotope reference sample’

NBS19) as well as to other carbon reference samples (NBS18,
AEA-CO-9, RM8562, etc.). Such measurements make it pos-
ible to reproduce the value on the δ(13C)VPDB scale by a
ompletely independent measurement when the PS runs out of
tock.
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Milton, P. Bièvre, Int. J. Mass Spectr. Ion Proc. 263 (2007) 195–203.

21] R. Gonfiantini, S. Valkiers, P. De Bièvre, Int. J. Mass Spectr. Ion Proc. 63
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Spectr., submitted for publication.

34] S. Valkiers, M. Varlam, M. Berglund, P. Taylor, P. De Bièvre, Int. J. Mass
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