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Abstract

A new approach to the quantitative analysis by isotope dilution mass spectrometry (IDMS) has been developed th
overcomes many of the limitations of established methods. It incorporates additional dilution steps that act as an interr
calibration so that an independent isotopic reference material is not required. It avoids the need to measure the isotope r:
of the highly enriched spike directly, and enables the final results to be arranged as a combination of measurements that
largely insensitive to instrumental bias and drift. Consequently, it has the potential to extend the scope of application of IDM
to include analyses for which reference materials with certified isotope ratios are not available or where contamination of tt
instrument by the highly-enriched spike causes difficulty. The new method has been demonstrated by measuring the m
ratio of an isotopically-enriched sample of carbon dioxide in a natural sample of carbon dioxide with a relative uncertaint
of 0.02%. (Int J Mass Spectrom 218 (2002) 63—73). Crown Copyright © 2002 Published by Elsevier Science B.V. All rights
reserved.
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1. Introduction applications to gas analysis demanding the smallest
uncertainties.

The accurate measurement of the concentration of In its basic form, IDMS requires measurements of
standard gas mixtures presents a challenge to analyti-the isotope ratios of a sample, a highly enriched spike
cal science. This arises because standards can be preand a blend (or “isotope mixture”) of the tWd]. The
pared with values traceable to their gravimetric com- wide range of isotope ratios that these span is chal-
position with relative uncertainties of the order £0 lenging to measure with an accuracy of better than 1%
but there are no widely available matrix-independent without the use of an external calibration. It has there-
methods capable of analysis with comparable uncer- fore become common practice to rely on reference ma-
tainty. Isotope dilution mass spectrometry (IDMS) has terials with certified isotope ratios to calibrate the re-
the potential to play such a role in the analysis of trace sponse of the spectrometer at particular mass numbers
metals and organidd—3] but has not been proven in  [5-7]. However, this is only feasible when suitable

traceable reference materials are available with valid

estimates for their uncertainty. Advances in the IDMS
"+ Corresponding author. method include the development of the two-step IDMS
E-mail: martin.milton@npl.co.uk, jian.wang@npl.co.uk method[8,9] which extends the direct (or “one-step”)
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method by the introduction of a “reverse” step, in verifying trends in the concentration of carbon diox-
which the enriched spike is blended with a pure ma- ide in the ambient atmosphere for the investigation of
terial with the same isotope ratio as the sample. This globe warming. Many such applications will require
eliminates the need to measure the concentration of cryogenic trapping of a matrix gas (such as nitrogen)
the pure spike and reduces the range of mass num-out of the sample in order to carry out isotope dilu-
bers at which the isotope ratio must be measured to tion on the required analyfd1]. We have chosen to
just two. However, there is still a need to measure the demonstrate the capability of the new method at the
isotope ratio of the highly enriched spike, which is highest possible level of accuracy by using pure gases
undesirable because of the risk of contamination and [12] in order to avoid the uncertainty introduced by
the difficulty of carrying out accurate measurements any cryogenic trapping procedure.

over an extended range of isotope ratios. The “exact

matching” method8,9] relies on the use of a reverse

blend that is closely matched to the unknown blend, 2. Isotope dilution mass spectrometry methods

this minimises the dependence of the results on the

isotope ratio of the enriched spike, but does not elim-
inate it entirely and may require an iterative process
to approach the optimum condition.

In this paper, we introduce a new formulation of the
IDMS method that uses a single mathematical curve
to relate the isotope ratio of all possible blends of any
stated pair of sample and spike materials. Our formu-
lation extends beyond the work of others who have re-
ported an isotope dilution curjé] based on a linear
assumption, which significantly limits the accuracy of
the results. The insight from the full isotope dilution
curve developed here gives much more flexibility in
the design of IDMS methods than is provided simply
by numerical solution§l0].

We propose a new method that extends the
“two-step” method by the introduction of a second
reverse step which leads to a result that is entirely

The basic principle of IDMS is that an amouht of
sample is blended with an amousiy; of an enriched
spike, the isotope ratio of the resulting blerRy) is
then related to the isotope ratios of the spiRg,( and
sample Rs) by [4,5,9]:

N1 _ Rsp— Rp1 ZiRs
Nspl Rb1— Rs Zi Rsp
where the summations are over all isotopes of the

species being measured. Introducing the quantities
Q ands (defined inTable 1), Eqg. (1)can be rewritten:

@

55p — dp1
b1

X1 = 0 (2)
Eqg. (2)is the basic measurement equation that applies
to each isotope dilution step within any IDMS pro-

cedure. Every possible isotope dilution between the

independent of any measurement of the isotope ra- S@me spike and sample with isotope raffas andRs

tio of the spike. In this case, all of the isotope ratio

that defineSsp = (Rsp/ Rs— 1) x 1000 corresponds to

measurements can be chosen to be within a limited & Point on a curve defined by (2) withandsy, being

dynamic range which can be close to the abundance ofthe dependant and independent variables. The form of
the natural sample. The uncertainty of the method has this curve becomes more familiar by re-arranging (2)
been verified by making a series of blends of natural into the form:
and highly-enriched carbon dioxide anq comparing (x + Q)8 = Qdsp ?)
the results of the new IDMS method with the mass

ratios of the gases in the blends derived from their This is the equation of the rectangular hyperbola
gravimetric preparation. The application of this new shown inFig. 1L The values ok and sy, for any pos-
method will be to the measurement of standard gas sible blend created from the same sample and spike
mixtures with an accuracy of better than 0.1%. These correspond to a single point on this curve. The curve
are required for a number of applications including crosses thép axis atésp sincex = 0 corresponds to



Table 1
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Symbol (unit)

N; (mol)

Nsp (mol)

Rs, Rsp

Rbi

Ssp

Obi

Ms, Msp (g/mol)
Q

Amount of sample in théth blend,i =1, 2 and 3
Amount of spike in theth blend,i =1, 2 and 3

Isotope amount ratio in sample and spike

Isotope amount ratio in thgh blend,i =1, 2 and 3
(Rsp/Rs — 1) x 1000

(Rpi/Rs — 1) x 1000,i =1 2, and 3

Molar mass of sample and spike

Ms/Msp ZRs/ZRsp, the summations are over all isotopes

m;, Mgy (MQ) Masses of sample and spike for tiie blend,i =1, 2 and 3
X mi/msy, i =1, 2, and 3
XIDMS Value of amount ratian/msp; obtained by IDMS
s a “blend” that only contains the pure spike. The curve
b tends to an asymptotic value 8f = 0 asx — oo
. Asymptote §,=8 . - “ T
N R v which corresponds to a hypothetical “blend” with no
i 0 X spike.
5 i When the two parametesgp andQ are known, the
i i 0o curve inFig. 1is defined completely throughq. (3)
2> i
£ Intercept at x=0 For exampleFig. Zshoyvs the _curve for stated _values
g 1 of §sp and Q. Alternatively, since the curve is de-
< E fined by an equation with two unknown parameters,
' it can be defined completely from knowledge of the
co-ordinates of any two points that lie on it. These
Fig. 1. General isotope dilution curve (for the caseRgp < Rs). known points could be the results, for example, of two
O -
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Fig. 2. Isotope dilution curve for the spike and sample used for the validation experimigyis £890429 andQs = 1.01098).



66 M.J.T. Milton, J. Wang/ International Journal of Mass Spectrometry 218 (2002) 63—73
o
T
S
8b2 -------------- . E
v :
X, X X;
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“reverse” steps in which the spike is blended with a
pure material with the same isotopic composition as
the unknown. Once the curve is defined, a measure-
ment of the value ofp for an unknown blend will
correspond to a single point on the curve with a corre-
sponding value fok (Fig. 3). It is important to notice
that our approach combines the quantifesandRsp
into the variablelsp and similarlyRs andRy; into dy;.
Hence, it is necessary to measure three quantiites (
andRsp andQ) in order to define the two parameters
(6sp andQ) that determine the isotope dilution curve.
In the case of the “two-step” IDMS method, a
“reverse” step is introduced that involves a second
blend consisting of an amoumM, of pure material
of the same isotopic composition (the “back spike”)
as the sample and an amount of enriched spike.
Applying (2) to the reverse step leads to:

_ 55p — 8p2

0
db2

x2 (4)

If the natural isotopic composition of the unknown
varies, an additional factor must be introduced to al-
low for any difference between it and the back spike
[13]. In this work, we consider the case where the in-

fluence of this factor is negligibl&gs. (2) and (4tan

sotope dilution curwg( 2).

be combined to eliminat® and produce the measure-
ment equation for the two-step IDMS method:

amn(2)(222)

In this paper we propose a new method that incor-
porates a further reverse step, in which a third blend
is made from an amount of pure materdy and an
amount of enriched materidlsps. Applying (2) again

leads to:

X3 = ( ) 0

Egs. (2), (4) and (6an now be manipulated to elim-
inate the unknown termss, andQ and rearranged to
give:

b2

db1

asp —dp1
55p — &p2

®)

3sp — 8p3
33

(6)

x1=Dx2+ (1— D)x3 Q)

where

_ 6p2(8p3 — Sb1)
dp1(8b3 — Sb2)

As mentioned above, this formula applies when the
isotopic composition of the unknown sample is the
same as that of the reference. When this is not the case,

D
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a further parameter must be introduced Q. (7)
[13]. The new method presented here is not based
on the same principle as the “double-spike method”
developed previously for multi-isotopic species such
as iron[14,15] Our method uses two different blends
and depends on analysis at only two mass numbers.
The IDMS method described tfyq. (7) has some
important characteristics. Firstly, it has the benefit that
it does not involve the paramet€r used inEq. (2)
which is extremely difficult to measure directly. Sec-
ondly, it does not require any direct measurement of
the un-diluted spike, which avoids any risk of contam-
inating the instrument. Thirdly, it only involves mea-
surements of the quantity which can be chosen to
fall within a limited range of isotope ratios in order to Fig. 4. Scheme for preparation of blends.
minimise the effect of instrumental non-linearity. Fi-
nally, all of thes measurements are configured in pairs (12C, 99.95%, Cambridge Isotope Laboratories, MA,
such that the final result is dependant on a ratié of USA) and natural C® (SFC grade N5.5, BOC Spe-
values §n2/8p1), and a ratio between the differences of cial Gases, Guildford, UK):3C-depleted material was
8 values [8p3 — dp1)/(8p3 — dp2)]. This configuration used in preference t&C-enriched material in order
not only enables the cancellation of inherent “scale to limit the exposure of the equipment to high level of
contraction” due to memory effecf46,17], but also 13C. The scheme for preparation of blends is as shown
makes the final results less sensitive to any systematicin Fig. 4. A validated procedure for making primary
error in the measured values due to equilibriation or gas standards gravimetrically was used to form the
mass fractionation processgs3]. These lead to one  blendg[19]. Two identical 500 ml stainless steel cylin-
of the most important properties of the new method ders (SwageIOQ) with identical valves were used for
which is that it enables the isotope ratios to be cho- storing and weighing the gas mixtures. One was filled
sen such that the instrument does not require externalwith air at atmospheric pressure and designated as
calibration. Hence it can be used to measure unknown the tare and the other was used for the sample. The
samples for which no isotopic reference materials are sample cylinder was evacuated before the first weigh-
available. The only requirements are the availability ing cycle and then filled successively with spike and
of an enriched spike material of the same species andsample in the second and third weighing cycles. Dur-
a pure back spike with the same isotopic composition ing each weighing cycle, the difference in mass be-
as the unknown. The spike material is only required tween the sample cylinder and the tare cylinder was
for the manufacture of the blends—it is not necessary recorded five times using a single-pan mass compara-
to have any information about its isotope ratio. tor (Mettler-Toledo PR2004) following a conventional
A-B-B-A substitution method. The resolution of the
balance was 0.1 mg and the repeatability of the weigh-

3. Experimental section ings was 0.2mg or better. The masses of the sample
m and spikemsp were calculated from the results of
3.1. Gravimetry and preparation of the blends the successive weighing cycles. The expanded uncer-

tainty for each value afhandmsp was calculated to be
A number of blends were prepared for the purpose 1 mg = 2) corresponding to a combination of the
of validating the new method usifgC-depleted C@ uncertainty of the two successive weighings with that
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from the buoyancy correctiof20,21]. In the experi- In this experiment, one of the four inlets was used
ments reported here the masses of the samples were irfor the natural abundance sample which served as the
the range 48.5-50.5g and the masses of spike addedeference for measuring the blends in terms of the

were in the range 9.0-10.0g. quantity §. The other three inlets were used for the
blends which were measured sequentially. The control
3.2. Instrumental and measurement procedure software allowed a conventional alternating measur-

ing sequence of." . reference/sample/reference”

The isotope ratio measurements were carried out to be performed between pairs of gas samples in any
on a modified Optima mass spectrometer (Micromass, order. The values for eachreported here are calcu-
Wythenshawe, UK). The principle modification is the |ated from an average of 10 repeat measurements of
use of two dual-inlet sample introduction systems. the isotope ratio of the blend and the natural sample.
Each inlet had an automated 100%tstainless steel  The standard deviation of these 10 measurements is
bellows to control and balance the pressures betweentypically 1x 10~ relative to value. The IDMS results
the inlets. This configuration is ideal for carrying out reported here are based on an average of nine repeated

the measurements éffor the three blends required measurements of eaéhmade from a single filling of
for the new IDMS method. The periods of time for the bellows.

which the instrument was exposed to each of the gas
samples and subsequently evacuated were carefully
optimised in order to reduce the influence of memory 4. Results and discussion
effects and hence to increase the precision. Important
set up parameters are shownTable 2 A multiple The analysis of the principle of IDMS presented in
collector assembly capable of simultaneous measure-Section 2shows that if a set of three blends is made
ments at masses 44, 45, 46 and 47 was used for thefrom the same sample and spike, then their mass ratios
measurements reported here. The extent of isobaric(x;) determined from gravimetry together with their
interference at these masses is extremely small com-correspondingy,; values will satisfyEq. (7)and cor-
pared with the magnitude of the ion current from the respond to three points on the curve showrrig. 1
analyte ions. All of the results presented here refer to However, in any real measurement, experimental er-
the ratio of 45/44 since the signals corresponding to rors in both the gravimetry and the isotope ratio mea-
46, 47 are significantly smaller for the samples used surement will lead to discrepancies between the two
here. An unusual feature of the isotope ratio measure- sides of the equation. Since gravimetry is a primary
ments reported here is that the ratio of 45/44 has beenmethod which yields results that are traceable to the
used rather than the more commi@e/22C ratio. This ~ SI[22], we use it to provide “reference” values against
is because there is no need to reduce the measuredvhich the new method can be validated.
data to equivalent values for the isotopes of the con-  The results presented in the following sections make
stituent elements in order to use IDMS in the absence use of a set of blends prepared gravimetrically with
of isotopic equilibriation process. mass ratios of the enriched to natural £i®the range
4.8-5.6 (as summarised Trable 3.

Table 2

Selected data acquisition parameters for the four channel mass Consi i .

spectrometer 4.1. Consistency of isotope ratio measurement

Integration time 60s . h h |

Sum of ion currents at 44 and 45 11nA It is generally expected that the va ueg&ofnea-
Accelerating voltage 3.8kv sured on a mass spectrometer are subject to error
Analyser vacuum <5 x 10~ mbar primarily because of instrument drift and mass frac-
Mass resolution 100

tionation effects in the gas inlefig. 5illustrates the
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Table 3

Gravimetric values of four blends used in the validation of the

69

occur at the crimp where molecular flow results in
a conductance that is proportional MY/, Conse-

new method . . .
quently, the lighter species escapes through the crimp
Quantity . . . . .
into the source quicker than the heavier species with
X2 X3 X1 X! a consequent increase in the ratio of 45/44. When
Value 551972 4.81652 4.97971 5.28783 the bellows is refilled from the sample cylinders, the
U 0.00062  0.00050 ~ 0.00052 0.00058  measured value of returns to the unfractionated
Relative uncertainty 0.011% 0.010% 0.010% 0.011%

level.

U represents the expanded uncertainty with a coverage factor

kof 2. 4.2. Uncertainty of the method

variations around the mean valuessomeasured for The uncertainty of the method can be estimated by
each of three blends. These were recorded by chang-the application of the internationally-accepted method
ing our previously described measurement procedure [20] to the measuremeriq. (7) This results in an

to incorporate a standby time of 4 h between the mea- expression for the uncertainty of the resufk;) in
surements of each set of thréeso that any drift in terms of the uncertainty of the amount ratios of the two
the results would be larger than experienced during reverse blendsu[xz) and u(xs)] and the uncertainty
our IDMS measurement§&ig. 5 shows that the frac-  of the measurements of the thr&galues [i(51) etc.].
tional change in the measured valuesotan be as  The results of this analysis are showTable 4 It can
large as 5< 10~ over 64 h, which is approximately  be seen that the estimate of the combined uncertainty
five times larger than the uncertainty of each value. of the result is 0.00083, and that the contributions
This change is a consequence of mass fractionationof each of the five terms are of the same order of
processes in each of the inlets8]. These largely  magnitude.

0.08 1

0.04

-0.04 o o

Deviation from correponding
measured average

'0.08 T T T T T T T 1
15 20 25 30 35 40
Measurement No

Fig. 5. Repeated measurementséofor the three blends allowing a 4h delay between each. Baehlue reported is an average of 10
measurements of each isotope ratio and has a typical standard deviaticnl@F 2. Each point on the graph corresponds to the deviation
from measured average for each loading. The bellows supplying gas to each inlet were re-filled after measurements 11 and 26.
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Table 4 4.3. Validation of the new IDMS method
Gravimetric values and IDMS results for the first set of blends
Value Expanded Contribution Three blends were chosen from the set prepared
uncertainty to combined

gravimetrically to validate the capability of the new

uncertainty

o 551972 0.00062 0.00014 method 'Fo measure an “unknown”. One of the blend_s
X3 4.81652 0.00050 0.00038 was designated as the “unknown” and the mass ratio
51 —157.394 0.015 0.00057 determined during its preparation was used as the ref-
82 —144.458 0.015 0.00016 : )
5s 161799 0.015 0.00042 erence tq be compared w_nh the IDMS result. In or

der to validate the uncertainty of the new method and
XIDMS 4.98047 0.00083

check its consistency, this measurement was repeated
five times. The results are shownhig. 7. The mean

Fig. 6 shows the IDMS results calculated from the of the five IDMS results is slightly larger than the
data shown irFig. 5usingEq. (7) The value derived  gravimetric “reference” value, but falls well within the
during the gravimetric preparation of the “unknown” estimated uncertainty. The relative uncertainty of each
blend is shown as a reference. It demonstrates thatmeasurement is approximately 0.02% and the relative
during the 64-h period during which the isotope ratio difference between the mean of the five IDMS results
measurements drifted by 0.008%, the standard devi- and the gravimetric result is 0.007%. Similar results
ation relative to the value of the IDMS method was were generated when these measurements were re-
only 0.012%. Additionally, the systematic nature of peated using the second set of blends. The uncertainty
the drift seen irFig. 5is not reflected irFig. 6. This of the new method is nearly one order of magnitude
confirms that the results of the new IDMS method are smaller than reported previously for the analysis of
largely insensitive to the systematic drift observed in CO; in air by one-step IDM$11] and the analysis of
the mass spectrometer. synthetic mixtures of X¢12].

4.9830

4.9820

4.9810 { [ - 7 [ } TN
Wr-looptrosorlotpdelidd-l LTl

4.9800 .

Mass ratio x of blend,

4.9790

4.9780 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Measurement No

Fig. 6. Results of IDMS analysis from blends measureéign 5. One of the blends has been considered as “unknown” and its gravimetric
value is shown as a reference. The solid line indicates the gravimetry value for the “unknown” and the dotted lines indicate the uncertainty
(k = 2).
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Fig. 7. Results of five repeat analyse using the IDMS method described here. The solid line indicates the gravimetry value for th
“unknown” and the dotted lines indicate the uncertairity=(2).

4.4. Validation of isotope dilution curve (made from the same sample and spike) on the same
curve. Fig. 9 shows a detailed view of one of these
The results of the new IDMS method can also be points with its corresponding uncertainties. It can
displayed by plotting the gravimetric mass ratio and be seen that it is consistent with the isotope dilution
corresponding value for each of the blends on aniso- curve within its estimated uncertainties. This confirms
tope dilution curveFig. 8 shows the isotope dilution  the validity of the isotope dilution curve approach.An

curve passing through two measured points. Addi- interesting feature of measurements made from the
tionally, we show the data for a third and fourth blend isotope dilution curve is that their uncertainty can be

-140 1

-145 4

-150

S of blend

-155

-160 1

-165 T L] T T L}
4.7 4.9 5.1 5.3 5.5 57
Mass ratio x of blend

Fig. 8. Isotope dilution curve for the experimental results reported here. The curve passes thramghxz. The observations of the
“unknowns” x; andx;’” are also shown.
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-157.7

4.97 4.975

4.98 4.985 4.99

Mass ratio x of blend

Fig. 9. Detailed isotope dilution curve near to the “unknown” poiptin Fig. 8.

reduced below the uncertainty of a single gravimetric This approach is significantly simpler than measuring

value u(x) by /N (whereN is the number of points
used to define the line).

4.5. Applications of the isotope dilution curve

As discussed isection 2the isotope dilution curve

the summations over all isotopes of the species being
measured directly and can provide a basis for com-

parisons with the absolute isotope ratio measurements
required for one-step IDMEL2].

also provides means for measuring the isotope ratio of 5. Conclusion

the spike. For examplésp can be calculated using the
measured values ok{, §p2) and s, dp3) in Table 4
as:

(x3 — x2)3p20p3

x38p3 — X20b2

If the isotopic composition of the pure GQused in
the experiment is known, then the isotope ratidRgf
is given by:

83p
Rsp = 1) R
P (1000+ ) s

The value ofQ, which must be measured in one step
IDMS, can also be determined from the isotope dilu-
tion curve. Using the same set of data,(sp2) and
(X3, 8p3) in Table 4

_ X30p3 — x2dp2
33 — db2

0= =1.0411

We have developed and validated a new IDMS
method that uses two “reverse” or “internal calibration”
steps. The measurement equation is new and, in addi-
tion to the gravimetric mass ratio measurement, only
consists of measurements of the quantityhich ex-
presses the isotope ratio of each blend relative to that
of the unknown sample. All the measurement8 cén
be chosen to be within a limited dynamic range and no
isotope ratio measurements of the spike are required.
Hence the final results are insensitive to inherent scale
contraction effects, due to memory or other non-linear
effects, and drift in measurement®fThe result is not
dependent on any absolute isotope ratios and therefore
does not require certified isotopic reference materials
to calibrate the response of the mass spectrometer.

We have validated the new method by a series
of measurements of blends of isotopically-enriched
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carbon dioxide in natural carbon dioxide. The rel- [3] N. Demuth, K.G. Heumann, Anal. Chem. 73 (2001) 4020.
ative uncertainty in the analysis of one blend is [4] M. Riepe, H. Kaiser, Fres. J. Anal. Chem. 233 (1966) 321.

. . . [5] K.G. Heumann, in: F. Adams, R. Gijbels, R.V. Grienken
0
estimated to be 0.02%. This confirms that the new (Eds.), Inorganic Mass Spectrometry, Wiley, New York, 1988.
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