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Abstract

The gravimetric isotope mixture method is the primary method to determine
absolute isotope ratios. This method, however, depends on the existence of suit-
able spike materials and knowledge of their purities. Determining the purity of the
spikes can be tedious and labour-intensive. In this publication, an advancement
of the gravimetric isotope mixture method, rendering the determination of the
purity of the spike materials unnecessary, is presented. The advancement com-
bines mass spectrometry and ion chromatography leading to an approach being
independent of the purity of the spike materials. In the manuscript the mathe-
matical background and the basic idea of the novel approach are described using
a two-isotope system like copper or lithium.

Keywords: Isotope amount ratios, Metrology, Mass spectrometry, Ion chromatography

1 Introduction

Isotope amount ratios R are useful tools in many scientific areas, ranging from
archaeology [1] to zoology [2]. Mass spectrometry is usually the method of choice for



the isotope analysis of samples. With mass spectrometry excellent precision can be
obtained, but isotope amount ratios (unit mol mol_l) are not directly available. Users
obtain ion intensity ratios  (unit V/V,A/A or s7!/s7!), which are numerically dif-
ferent from the isotope amount ratios, in some cases the difference is up to 25 % [3-6].
This difference is due to the so-called instrumental isotopic fractionation (IIF) [7] or
mass bias. The second term is rather colloquial and does not describe the chemical
and physical causes adequately. Both terms are collective terms for all possible effects
which lead to the difference between the isotope amount ratio and the ion intensity
ratio, for example different ionization probabilities, space charge effects or detection
efficiencies. These effects can be minimized, but not totally eliminated, and therefore
correction is needed, see equation 1.
n; I
R, = e K;r; = Kzl_1 (1)
R; is the i'M isotope ratio, n; is the amount of substance of the i*" isotope, n; is the
amount of substance of the so-called reference isotope, in most cases the most abun-
dant isotope of the element under investigation. r; is the ratio of the measured ion
intensities of the i*" isotope and the reference isotope. I; and I; are the measured ion
intensities of the ith isotope and the reference isotope, respectively. K; is the so-called
K-factor, which transforms the measured intensity ratio r into the isotope amount
ratio R or in other words corrects for the mass bias. The K-factor can be determined
by using a certified isotope reference material, which is to the International System
of Units traceable (SI) and chemically as close as possible to the sample. The sample
and reference need to be measured within the same campaign, since the IIF varies
over time. With the knowledge of the certified isotope amount ratio and the measured
ion intensity ratio of the reference material the K-factor can be determined by apply-
ing equation 1. This K-factor can also be used for the correction of the measured ion
intensity ratio of the sample. This simple correction scheme requires that a suitable
reference material exists. Since absolute isotope amount ratios are not directly avail-
able via mass spectrometry, the question arises how the isotopic composition of the
reference material can be determined in the first place. This situation is quite similar
to the famous chicken or the egg causality dilemma. Without knowing R, K cannot
be determined and vice versa — a classical catch-22 situation. But there is a way out
of this dilemma and it is known as the gravimetric isotope mixtures (GIM) method
[8]. The GIM procedure is a primary method for the determination of SI-traceable iso-
tope ratios. Since it is a primary method no prior knowledge of the true isotope ratio
is required. Only measured quantities (not having the unit mol mol_l) are needed.
In brief, the basic idea to derive the K-factors for a system with Njg, isotopes is to
have Ns spike materials (each enriched in one of the isotopes) and to prepare at
least Niso — 1 binary blends of these spike (or parent) materials under gravimetric
control. In the following steps the ion intensity ratios of the parent materials and the
binary blends are measured. The isotope amount ratios of the blends can be expressed
as a function of the isotope amount fractions of the corresponding parent materials.
These functions form a system of linear equations, which can be solved for the wanted



K-factors. More detailed information about the basic idea and the underlying math-
ematics can be found in the literature [9-12]. In case of a two-isotope system (e.g.,
lithium or copper) the K-factor can be expressed as [13, 14]:

Ky

M wAmMAB (TA,2 — TAB,2) + WBMBA (B2 — TAB,2) @)

Mz wamagp (raB,2 — 7a,2) TB,2 + WBMBA (TAB2 — TB,2) TA,2

M, is the atomic weight of the reference isotope (in the case of lithium “Li), Mj is
the atomic weight of the other isotope. The small r’s are the measured ion intensity
ratios of the two parent materials (A and B) and the blend AB. map and mpa are
the masses of the parent materials A and B, respectively, used for the preparation
of the blend AB. wa and wg are the mass fractions of the element of interest in
the parent materials, or in other words the purity of the parent materials. Since wa
and wp are needed, these have to be determined as well to derive the K-factor and
finally the absolute isotope ratio R. The established primary method to determine the
analyte content w is the so-called isotope dilution mass spectrometry (IDMS). The
basic principles of the IDMS have been reviewed by Heumann [15] and Vogl et. al
[16] and the underlying mathematics have been generalized by Ouerdane et al. [17].
Besides the fact, that the IDMS is both highly precise and accurate, it has several other
advantages. For instance, once the sample has been well mixed with the spike material,
loss of the mixture does not alter the result since only ratios (being intensive quantities)
are measured. Another advantage is that it is less time consuming than standard
addition [18]. For the determination of the analyte content, a reference material Z is
needed, with a known content wy. Material Z is mixed with the sample/spike to be
analysed (in this case A or B) and finally the isotope ratios in the parent materials
and the blends are measured. Following the aforementioned procedure, the analyte
content w of material A and material B can be expressed as:

mga rz2 — raz,2 M1+ Kara oMo
z

3)

WA =W
maz raz,2 — Ta2 My + Korg oMo

and

mgzp 17,2 — TBz7,2 M1 + Karp o Ms
A

(4)

The three equations (2 to 4) form a system of non-linear equations. Although there
are as many equations as unknowns (three equations and the three unknowns K, wa
and wg ), there is no solution with a physical meaning. Solving this system leads to
solutions where either wp or wp are zero and K is negative. The solutions are given in
the supplement of this manuscript. A possible explanation could be that there is not
enough information to describe the system mathematically correctly. While there are
primary methods to determine absolute isotope ratios and the analyte content (GIM
and IDMS) they cannot be combined to one method. Such a method would allow the
determination of both quantities, due to the lack of additional mathematical informa-
tion. Hence, it seems that it is impossible to determine absolute isotope amount ratios,
without knowing the purity of the spike materials. A potential, but only theoretical,
solution would be to have a second material Z2, with a known content. Instead of blend
BZ blend BZ2 is prepared and equation 4 changes accordingly. Since there are now

wp = w .
mpyz Bz,2 — TB,2 M1 + Korz oMo



three truly independent equations a unique solution can be found. But this approach
has no practical meaning, since two conditions must be fulfilled. Firstly, there must
be a second material Z2, which is hardly the case and secondly, the isotopic composi-
tion of Z2 must be significantly different from Z. If the latter condition is not fulfilled
the correct K-factor can be calculated but the relative uncertainty associated with
it increases dramatically the more similar the isotopic composition of Z and Z2 are.
In the supplement, a simulation showing the described effect can be found as well as
the algebraic solutions. This publication moreover presents a possible solution to this
issue. Since the method is based on the GIM method and additional ion chromatog-
raphy measurements, it is called ICeGIM, which is short for Ion Chromatography
enhanced Gravimetric Isotope Mixtures.

2 Basic Idea and Mathematical Derivation

In this section a solution to the problem described above is presented. The solution is
an advancement of the GIM method. The basic idea of the advancement is schemati-
cally depicted for a two-isotope system in figure 1, and will be explained step-by-step.
In theory the method presented can be used for systems with two or more isotopes,
but for the sake of simplicity only a two-isotope system is considered here. The aim of
the following mathematical considerations is to eliminate wa and wg from equation
2. The isotope amount ratio Rap of the blend AB can be expressed as:
Rapy = 22 = TA20A T I020D )
Ny  TAIMA + TBANB

where np and np are the amounts of substance of the materials A and B used
for the preparation of blend AB. x4 ; is the amount-of-substance fraction of the ith
isotope in material A, and zp; is analogously defined. Next the substance content g

is introduced, f is defined as! :

.
where m; is the mass of the respective solution. This mass includes impurities, solvents
etc., and n; is the amount of substance of the analyte.

Every x; can be expressed as

R;
Niso .
Zj:l Rj

With R; = K;r;, equation 5 can be reformulated as:

€Ty =

Kora o Korg,2
BAMAB TG s T PBMBA T G, 5

(®)

KZTAB,Q = ﬁ m 1 +B m 1
ATILAB 1+Kara 2 BBATI Kyrp o

Equation 8 can be solved for K.

1The International Union of Pure and Applied Chemistry (IUPAC) does not recommend a single symbol
for the substance content but 7/m [19]. In this publication the symbol 8 is used for the sake of briefness.



_ Bamas (Ta,2 —raB2) + Bempa (TB2 — TAB,2) ©)
Bamap (rB2rap2 — rB2TA2) + Bempa (Ta2raB,2 — TA 27B,2)
Now an expression for ; must be found since n; is unknown, and the isotopic
composition of material 4 is also not known. 3; can also be expressed as:

Ky

. M W
Bi = E sz = 7]\/[1' (10)
By considering equation 7, the molar mass M; can be expressed as:
1 R;
M; = M M. 11
v R TR (1D

Combining equations 10 and 11 and considering R; = K;r; in the case of the
reference material Z, leads to:

wz wz

/BZ = =
1 Ry, 1
s M+ e Me i, (Mo + Rz Ma)

_ wy, (1 + RZ,Q) _ wy, (1 + KQT'Z,Q)
M+ Rz oMy My + Korz oM,

(12)

Now a way has to be found to express Sa and S in terms of Sz, since only wy
is known. Here, ion chromatography (IC) might be a useful tool. The area A under
the peak in the chromatogram is proportional to the ratio of the amount of substance
of the corresponding ion to the mass of the loaded analyte mass. For this approach
another material Y is needed. Material Y is an internal standard, which does not
contain the element of the other materials A, B and Z. In the next step three blends
are prepared under gravimetric control; ZY, AY and BY, see figure 1 lower part. For
instance blend ZY is prepared by mixing mass myzy of material Z with mass myy of
material Y. AY and BY are prepared analogously. The area Az of the peak of the
main element of Z in the blend ZY can mathematically be expressed as:

mzy

Az = kzpz (13)

Msin,z

kzy is the sensitivity coefficient. It depends on the specific ion (e.g. LiT), the
conductivity detection, the ion exchange column and other parameters. k is however
constant for a specific ion, as long as the samples have a similar chemical composition
and the same set-up has been used for the measurement. myy is the mass of material
7 used to prepare ZY and mygy 7z is the total mass of the solution including myzy,
myyz and mg; being the mass of the added solvent, if further dilution is necessary.
For better clarification, the area Ay is depicted in the box called ZY in figure 1. It is
shaded in two colours since it is a result of the two isotopes of the element of interest.
In a similar way the area Ay (blue shaded in box ZY of figure 1) can be expressed as:

myz

Avz = kvzfy (14)

Mgln,7



All quantities occurring in equation 14 are analogously defined to those in equation
13. The ratio fz of these two areas is:

fy = Az kzy Bz mzy

27 Ayz kyz By myz

In the case of the two other blends (AY and BY) the ratio of the two peak areas
can be expressed analogously.

(15)

Ax kx Bx mxvy
= = = , X €{A,B 16
Ix Avx kyx By myx { } (16)

Since the sensitivity coefficient k is constant for a specific ion, the following is valid.

ka ke _ ks

— _ 17
kya  kys  kyz (17)
From equation 15 follows:
k 1
vz _ 1 Bz mgy (18)
kz  fz By myz
Now combining equations 15 and 18 allows to express Sa and (g as:
Bp = 1+ Korzo  mgy mya fa (19)
VNG + Karz oMy myz may fz
and
By = 1+ Korz2  mzy mys fB (20)

YN ¥ Korz aMs myz mpy fz'
respectively. These two expressions (equations 19 and 20) can be inserted into
equation 9, which then can be solved for K, leading to:

A famap (ra,2 —raB2) + X fempa (TB2 — TAB,2)
fe = (21)

MYA _ myB —
oA famap (TB2rAB2 — TB2TA2) + o2 fpmpa (T 27AB,2 — TA27B,2)

All steps leading to equation 21 are shown in the electronic supplement of this
publication. With the knowledge of K also wa and wp can be calculated, by using
equations 3 and 4. This applies, in the case that additional mixtures of Z + A and Z +B
are prepared. At this point it should be added, that wa and wg can also be expressed
only in terms of measured quantities (so without directly using K). But since these
expressions are quite long they are only shown in the electronic supplement. In short:
Equations 19 and 20 can be rearranged yielding:

1+ Krg My + KraMa mzy mya fa
14+ Kra My + KryMs myz may fz

WA = Wz
and

1+ Krg My + KrgMs mzy mys fs
14 Krg My + Krg M, myz mey fz,

wp = w



7 . A . . B
wyz =1 wp =" wp =7
By =1 Ba="7 P ="
] Ry, =K x 1y Ry=K X1y Rg =K xrp
= =]
1 2 1 2 1 2
mA mp
\ AB /
. 1 2
MS experiment Rap = K X map
mzy IC experiment may mey
By
7Y AY Y BY
fz fa -— YA —— Ty R —] fn
* myy,

Fig. 1 Schematic presentation of the ICeGIM method. The upper part of the figure shows the
mass spectrometry experiment including the measurement of the standard material Z, the two spike
materials A and B and the blend AB. The masses map and mpa are the amounts of material A and
material B used for the preparation of AB, respectively. The lower part shows the ion chromatography
experiment. This includes measurements of three blends. These blends consist of the internal standard
Y and of the materials A,B or Z. The masses (myx or mxy with X € {A,B,Z}) are the amounts
of the corresponding material used to prepare the three blends AY, BY and ZY. All unknown (or
wanted) quantities are marked with a question mark.

Inserting equation 21 into the last two equations yields equations ??7 and 7?7 in the
supplement. From equation 21 it can easily be seen that ICeGIM allows determina-
tion of absolute isotope ratios without knowing the purity of the spike materials and
that therefore their associated uncertainties do not contribute to the uncertainties of
the absolute isotope ratios. This feature is especially useful if the spike material is
not a high purity metal but a chemical compound with unknown stoichiometry and
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molar mass (e.g. LioCOs3). Actually, even knowledge of wy is not needed for the deter-
mination of absolute isotope ratios. Hence, material Z can be any material with a
similar chemical composition, but it is an important feature of the ICeGIM method
that if you are only interested in the isotope ratios alone, no material Z is needed
(see eq. 21). Also the molar masses of the materials A and B (Ma, Mg) are not
needed. Equation 2 shows another characteristic of ICeGIM. Unlike GIM, ICeGIM
does not require knowledge of the atomic masses of the isotopes. This is due to the
usage of ion chromatography, since here all isotopes are detected as one signal. Besides
ion chromatography, other analytical techniques could also be used. These might be
inductively coupled plasma atomic emission spectrometry, conductometry, quantita-
tive nuclear magnetic resonance (QNMR) or any other method which delivers signals
being proportional to the amount-of-substance fraction of the analyte irrespective of
the isotopic composition.

3 Simulation and Uncertainty Consideration

To test the advancement of the GIM method presented above, a simulation has been
performed. The simulation can be found in the electronic supplement of this publica-
tion. The purpose of this simulation was to demonstrate the principal of ICeGIM and
also to assess the achievable uncertainties. The supplement enables potential users to
perform their own calculations using their own data. In this simulation copper was
chosen as the possible two-isotope system. Real values and realistic estimates of the
uncertainties associated with the input quantities were used to assess the achievable
uncertainties. For example, in the simulation the NIST material 3114 [20] was used
as the certified reference material Z. In table 1, the relative uncertainties used in this
simulation are listed. These uncertainties are typical for each of the input quantities.
Since ICeGIM depends on IC measurements the achievable precision of IC is crucial.
Brennan et al. [21] showed that by applying internal standardization analyte anion
mass fractions can be determined with expanded relative uncertainties as low as 0.2 %.
This value can be seen as upper limit, since the peak area ratio is only one part of the
uncertainty budget reported by Brennan et al. Also Rokher et al. [22] reported simi-
lar relative uncertainties for Li, Na, K, Mg and Ca. Therefore, 0.1 % is a reasonable
but conservative estimate for the relative uncertainty associated with fa or fg. The
whole data set can be found in the supplement part 2.

The calculation of the associated uncertainty of K was done by a Monte
Carlo simulation following internationally accepted rules and recommendations [23—
25]. The result obtained using 1000000 trials is shown in figure 2 and K =
0.9455(33) molV/mol v, with k = 2, was determined. The relative expanded uncertainty
Use1 is 0.35 %, which is in the same order of magnitude if compared with previous two-
isotope GIM experiments, such as Malinovsky et al. (carbon, Uyq = 0.22% ) [26], or
De Bievre et al. (boron, Uy = 0.26 % ) [27]. At this point it must be stressed, that
such a comparison of different isotope systems can only be a general orientation. Nev-
ertheless the simulation shows that with ICeGIM comparable uncertainties could be
obtained. It should be added that correlation was not considered in the simulation.
Therefore, it is likely that lower uncertainties can be achieved.
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Table 1 Relative uncertainty of all
input quantities used in this
simulation.

relative uncertainty | value in %

u(fa) 0.10
u(fB) 0.10
u(mag) 0.022
u(mpa) 0.019
u(mya) 0.028
u(may) 0.053
u(myB) 0.029
u(mpy) 0.057
u(ra,2) 0.010
u(rB,2) 0.010
’U,('I‘AB,Q) 0.0010
350 T T T T T
—— Gaussian fit
—— Best estimate of Ky
300 | — Ky +2-u i

»(K3) in (mol/mol V/V)~!

0.942 0.944 0.946 0.948 0.950
K, in (mol/mol V/V)

Fig. 2 Probability density of Ko derived using 106 Monte Carlo trials. The green curve represents
the Gaussian fit, the two purple lines represent K2 +2-u and the blue line represents the best estimate
of K. 2.

4 Generalization

In the second section of this publication, the mathematics of the ICeGIM method have
been derived for a two-isotope system. This approach can be generalized for systems
with an arbitrary number of isotopes Njg,. The above-described mathematical problem
can be transformed into a matrix equation. The whole transformation is given in the
supplement.

Ak=b (24)
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Matrix A is defined as:
Aij =
TAX(i+1),i+1 " TAj4+1 = X (4),i+1 TA,j+1) MY X (i41) " TMAY " TX(i4+1)A * fX(i+1)*
TAX(i+1),i+1 " TX(5),i+1 — TA;i+1 " TX(5),i+1) " MX(G+1)Y " TVYA - TNAX (i41) ° fa
(25)
¢ and j are running variables (from 1 to Ny, — 1), X (¢) is a function returning
the i letter of the alphabet (e.g. X(2)=B), and all other quantities are analogously
defined as in the above-mentioned two-isotope system.
The vector k contains all the K-factors, therefore it is defined as:

k;, = Ki+1,7: S {1, Niso — 1} (26)
And finally, vector b is defined as:

by — — (T’Ax(z‘),i - T'X(i),z'+1) Ty X (i41) " TMAY " X (i41)Y * fX(i+1)+ (27)
! TAX(i4+1),i+1 — TAi+1) "X (i41)Y " TUYA ~ TRAX (i41) * fa

By multiplying equation 24 with A~! (the inverse of A), the wanted K-factors can
be calculated. Note, inverting a matrix is computationally expensive and for larger
systems it is advisable to use methods like Gaussian elimination, Cholesky decomposi-
tion or LU decomposition. The latter is implemented in the accompanying supplement
to this paper. Applying Cramer’s rule allows a generic solution for the K-factors to
be formulated. It is noteworthy that Ouerdane et al. [17] also employed Cramer’s rule
to solve IDMS equations.
det (A)
A; can be formed by replacing the i*" column with the vector b. The above equations
allow the easy calculate the wanted K-factors for systems with an arbitrary number
of isotopes and therefore also the uncertainties associated with them.

Kiy1 = (28)

5 Conclusion and Prospects

For the determination of absolute isotope ratios, knowledge of the purities of the spike
materials used for the preparation of the gravimetric mixtures was needed. In this
publication, an advancement of the primary method “gravimetric isotope mixtures”
is presented. The method described above combines mass spectrometry and ion chro-
matography measurements. This approach has a distinct advantage over the classical
GIM method. The purities of the spike materials are not needed any longer and there-
fore also do not contribute to the uncertainty of the absolute isotope ratios. This is
a big advantage since ICeGIM allows to determine absolute isotope ratios in cases
where no certified content reference material exists. This is a huge advantage espe-
cially in cases where no high purity metals are available but only salts with unknown
stoichiometry and molar mass. In principle, the purities of the spike materials could
be very low and do not have to be known with high accuracy. This is the case as long

13



as measurements are not biased by it. For example, if the matrices (impurities) of the
spike materials are very different from the sample this would lead to quite different
conditions in the argon plasma and, therefore leading to a different mass bias. The
mathematical background of ICeGIM for a two-isotope system has been presented in
detail. An initial simulation with realistic data demonstrated that, in terms of achiev-
able uncertainties, ICeGIM is a reasonable alternative, when determining the spike
purity is not possible. Moreover, it is worth further developing and testing this alter-
native method. In the last section the mathematical ansatz was generalized, so that
the ICeGIM approach can be applied to any number of isotopes. First practical tests
will be presented in a follow-up publication.
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Appendix: List of Quantities

Table 2 Quantities used in the GIM method. MS is short for mass spectrometry.

Symbol Unit Quantity Property

K molV/molv ~ Mass bias correction factor Result

WA 8/g Mass fraction of analyte element in enriched  Unknown
parent solution A

wB 8/g Mass fraction of analyte element in enriched  Unknown
parent solution B

wy, 8/g Mass fraction of analyte element in natural certified
standard solution Z

Ba mol/g Substance content of enriched analyte element  Unknown
in parent solution A with bA = wA/MA

BB mol/g Substance content of enriched analyte element ~ Unknown
in parent solution B with bB = wB/MB

R; mol/mol Amount ratio of spike isotope (2) over refer- Unknown
ence isotope (1) in sample, standard, parent or
mixture ¢ with ¢ € {A,B,Z,AB} and R = Kr

Ty V/v Signal intensity ratio of spike isotope (2) over = Measured (MS)
reference isotope (1) in sample, standard, par-
ent or mixture ¢ with ¢ € {A,B,Z, AB} and
R=Kr

ma g Mass of parent solution A blended with parent  Measured (balance)
solution B to yield mixture AB

mp g Mass of parent solution B blended with parent  Measured (balance)

solution A to yield mixture AB

15



Table 3 Quantities (masses) used the in preparation of the blend needed for the IC

measurements

Symbol Unit

Quantity

Property

MAY g
myA g
mpy g
myB g
mzy g
myz, g

Mass of parent solution A blended with inter-
nal standard solution Y to yield mixture AY
Mass of internal standard solution Y blended
with parent solution A to yield mixture AY
Mass of parent solution B blended with inter-
nal standard solution Y to yield mixture BY
Mass of internal standard solution Y blended
with parent solution B to yield mixture BY
Mass of standard solution Z blended with
internal standard solution Y to yield mixture
7Y

Mass of internal standard solution Y blended
with standard solution Z to yield mixture ZY

Measured (balance)
Measured (balance)
Measured (balance)
Measured (balance)

Measured (balance)

Measured (balance)

Table 4 Quantities obtained by IC.

Symbol

Unit Quantity

Property

fa

/B

fz

1S/min  Ratio of the area of the chromato-

graphic peak of the analyte element
over the area of the chromatographic
peak of the internal standard element
(ion chromatography) in the mixture
AY of parent solution A and internal
standard solution Y

1S/min  Ratio of the area of the chromato-

graphic peak of the analyte element
over the area of the chromatographic
peak of the internal standard element
(ion chromatography) in the mixture
BY of parent solution B and internal
standard solution Y

1S/min  Ratio of the area of the chromato-

graphic peak of the analyte element
over the area of the chromatographic
peak of the internal standard element
(ion chromatography) in the mixture
ZY of standard solution Z and internal
standard solution Y

Measured (IC)

Measured (IC)

Measured (IC)
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Preface

All equations occurring in this text are numbered as “S.X”, equations labelled only
with an integer number are the same as in the main part of this manuscript.

1 Non-physical Solutions of Equations 2, 3 and 4

As mentioned in the main part of this publication, solving equations 2, 3 and 4 leads
to solutions with no physical meaning. These solutions are:

M,y
M.
Ky = ]Q\Z” (S.1)
_Mer,z
0
wp = (S.2)

ZmZA(TA,Q —r2)(raz2 —77.2)
maz(ra,2 —razz2)(rez2 —1z,2)




wy mze(ra2 —B,2)(TBZ,2 — 7,2)
w = mpz(ras —1z2)(re2 — TBz.2) (S.3)
0

2 IDMS with two Reference Materials

In the main manuscript, it was mentioned that the described problem could be solved
by using a second reference material Z2. Instead of blend BZ, BZ2 is prepared, hence
equation 4 becomes:

Mz2B,2 T72,2 — BZ2,2 M1 + Korp 2 M>

wB = Wyg2 . (84)
mpz2,2 TB72,2 — B,2 M1 + Kryza oMo
By considering equations 3, 2 and S.4 the Ks-factor can expressed as:
Mi(magmpzemazi(rap2—7ra2)(rz1.2—7az1,2)(rB2—"rBz2,2)Wz1+
K maz1mMBAMBZ2(TAB 2~ 7B,2)(TA 2~ TA71,2)(T72,2—TBZ2,2) W72 2) (5.5)
2 = .

My (mABmBZQTnAzN’ZQ,z (TA,Q—TAB,z)(7"21,2—7“A21,2)(TB,Q—TBZQ,z)wm—
MAZ1ITMBAMBZ2T71,2 (TAB,z—T“B,z)(TA,2—7‘A21,2)(7"22,2—7‘322,2)1022)

Mathematically, this approach would work but if uncertainties are also considered
it becomes obvious that this method works only theoretically. In order to demonstrate
this another simulation was performed. As example two-isotope system copper was
chosen. The international reference material for copper is NIST 3114 [1], in this sim-
ulation it is material Z. The isotopic composition of material Z can assumed to be
natural and was taken from de Laeter et al.[2] The isotopic composition of the second
reference Z2 materiel, which is only hypothetical, was changed according to equation
S.6, whereas x75 (GSCu) =1—12y9 (GSCu). dz2 ranged from —900 %o to 445 %o (being
the upper limit otherwise xz2 (65Cu) would be less than zero). The isotopic compo-
sition, the masses of the spike material A and B as well as the measured intensity
ratios can be found in the EXCEL sheet accompanying this supplement. The K fac-
tor was estimated from an earlier measurement of the reference material NIST 885 [3]
and assuming its isotopic composition to be natural. For each of the isotopic different
materials Z2 the K-factor and is associated relative uncertainty .. (K) was calculated
as well as the relative deviation from the theoretical (“true”) value, see equation S.7.
The uncertainties were calculated via a Monte Carlo simulation following international
recommendations[4] and using 10° trials. The results of this simulation are graphically
shown in figure 1. Subfigure la shows the absolute value of Ak plotted against dzs.
The other subfigure shows u,c(K) also plotted against dz3. Please mind the logarith-
mic y-scale used in both figures. From these two subfigures it becomes instantly clear,
that the isotopic composition of Z2 must be significantly different from the compo-
sition of Z, otherwise the uncertainty associated with K becomes huge (in the worst
case &~ 300 % with dz2 = 0%0) and also a deviation from the true value can be wit-
nessed. Ounly if |dz2| exceeds 400 %¢ both the relative uncertainty and the deviation
from the true value get acceptable. A second reference material with a significantly



different isotopic composition is hardly the case for many elements and therefore using
two reference materials is only a theoretical approach.

63
z79 (2°Cu
072 = % — 1 - 1000 %o (S.6)
Ty ( Cu)
K cal
Ak, = < A 1) -100% (S.7)
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1000 T T T T T T T T
100.00
100
10 e
i 1 = 1000
I 3
ﬂ\‘ 0.1F g
001 F ] =100
0.001 |
. . . . . . . . o.10 Lo ‘ ‘ ‘ ‘
-1000 -800 -600  -400  -200 0 200 400 -1000 -500 0 500 1000
b7 1n %o bzpin %
(a) |Ak,| as a function of dz5. Each point (b) url(K2) as a function of dzo. Each
represents a Monte Carlo simulation with point represents a Monte Carlo simulation
105 trails. with 10° trails.

Fig. 1: Results of investigation of the influence of the isotopic composition of the
second reference material Z2 on the K itself and its associated uncertainty.

3 Step-by-Step Derivation of Equation 9

N2 NMATA 2+ NBTB2

Rap=— = S.8
AB ni NAZTA1 T NBTB1 (5:8)
n
Bx = —= (S.9)
mx
Rap = BAMABZA, 2 + BRMBATE,2 (5.10)
B = .
BAmMABTA 1 + BBMBATE 1
R R
Tx2 X2 X2 X e{A,B,Z} (S.11)

B Rxi1+Rx> 1+ Rxp



Rao

m - = -
Pa ABl—I—RA,z 1+ Rppo

Bamap———
ATIAB
1+ R
A2 B (S.12)

Bamag

/8 m

) s

KQTA,Q Korp,a

pamap—————+ —
1+ K. 1+ K
Karag,2 = ALY * 127"3,2 (S.13)

8 SR
m —_— m o a——
A AB1+K27“A72 B BA1+K2TB,2

TA2
MAB——>—— + Opmpa———7+——
B Pa ABT + Kora o Pe BAY + Korp o
TAB2 = 1 (S.14)

8 L 45
m —_— m —_—
A ABI-}-KQ’I“AQ B BA1+K2TB,2

B . + B
r m m =
AB,2 | Pa TAB1+K27’A,2 B BA1+K27”B’2

A2

— " 4 BBmBATBi’z
1+ KQTA72 1+ K2""B,2

(S.15)
Bamas

TAB,2 +ﬁ m TAB,2
T . BMBAT 7~ . —
1+K2’I‘A72 1+K27’B72

TA2 +5 mBa B,2
1+K27‘A,2 BB 1+K27"B,2

Bamas
(S.16)
Bamas

(14 Korg2) raB2Bamas + (1 + Kora 2) raB288mea =

(S.17)
(14 Karp2)ra28amas + (1 + Kaora 2) re2fsmpa

TAB,28aMmAB + Korp oTaB28amaB + raB288mBA + KoTa 2TAB2BMBA =

(S.18)
ra28amag + Korgora 28amag + rB2smea + Kora 278 288MmBA

KorgoraB.2Bama + Kara ora288mBa — Ko 2Ta 28amaB — Kora 2T 2fBMBA =
rA28amaAB + TB28BMBA — TAB28AaMAR — TAB,z@_ﬁrggA



Ky (Bamag (rB,2raB,2 — rB.27A,2) + BBmBA (rA,27AB,2 — TA2TB2)) =

(S.20)
Bamas (Ta2 —raB,2) + Bempa (B2 — TAB,2)

Bamas (Ta2 —raB,2) + Bempa (1B2 — TAB,2)

Ky =
Bamas (TB2TAB,2 — TB,2TA,2) + OBMBA (TA,2TAB,2 — T'A,27B,2)

(9)

4 Step-by-Step Derivation of Equations 19 and 20

By = 2 (S.21)
mz
_ Wz
Bz = 3, (S.22)
Mz = xz71 M + x7,2M> (S.23)
w
Bz = T z R =
+ =~ M.
1+Rzs ' 14Rgs °
wy, _wzg (1 + Rz,z) _ (5.24)
1 My + RyzoMy :
——— (M1 + Rz 2 M, 17 52,2752
1+ Rys (M 7.9M5)
wy, (1 + K27‘Z72)
M1 + KQTZ’QMQ
Ay = kyBy—2% (S.25)
Msin,z
m
Ayz = kyzfly —2 (S.26)
Mgin,z
m
Ax = kxfBx—— (8.27)
Mgsin, X
m
Ayx = kyxfBy —= (S.28)
Mgsln, X
Az, kz Bz mzy
=L -2z $.29
fz Avz  kyz By myz (5.29)
Ax kx Bx mxy
=K o X EX $.30
fx Avx  kyx By myx (5-30)
k m
Bx = %fxﬁy XX (S.31)
X mxy



kyx _ kyz _ 1 Bz mzy

YA Mz - S.32
kx kyz fz By myz ( )
1
Bx = 1 Bz may fx By XX (S.33)
fz By myz mxy
By = By MEY WX IX ¥ € (A,B), (S.34)
myz mxy fz
Inserting S.24.
1+ Korzo  mzy myx fx .
=w : — with X € {A,B 19 & 20
Px ‘M + Korz oMy myz mxy fz { } ( )
5 Step-by-Step Derivation of Equation 21
Starting from equation S.7, which can be rearranged to:
Bamag (TaB2 —Ta2 + Ko (rBaraB2 —TB2TA2)) = (S.35)

Bmpa (rB2 —TaB2 + Ko (ra2rB2 — A 2TAB2))
Now [a and B an be replaced with equations 19 and 20, respectively.

1+ Korzo  mzy mya fa
wy, —map (raB2 —7a2+ Ko (rBarap2 — rB2TA2)) =
My + Karg oMy myz may fz

14+ Korzo mgzy mys fa
wy, ’ =mpa (rp2 — raB2 + Ko (raarpe — A 2mAkSPP)
My + Korg oMy myz mey fz

This expression can then be solved for Ks.

mya fa
————map (rap2 —ra2+ Ko (rgarape — rgaraz)) =
may [z (8.37)
mys fB '
=mpa (r2 —raB2 + Ko (Ta B2 — ra2rap2))
mey [z
mya fa mya fa
———=maB (raB2 —ra2) + K2 (rB2rAB2 — IB.27A,2) “=MmAB =
may fz may fz (S.38)
mys fB myB [B '
————mpa (rB,2 — 7aB,2) + K2 (ra2rB2 — A 27AB,2) “=mpa
mey [z mBy fz

myB fB
“=mpa (TA27AB,2 — rA,zTB,2)> =
mpy fz

mya fa
K, (mAB (rp2raB2 — B 2TA2) +

mya fa myB [B
———MAB (TA,2 — TAB,2) + Zmpa (rp2 — rAR:3P)
may fz (raz 2) mBy fz (rs.2 #




mya fa myB [B
——"—map (ras —TaBz2) + “=mpa (rB,2 — TaB,2)
Ky = may [z mBy fz
mya fa myB [B
————mag (rB,2TAB2 — I'B,2TA,2) + ——mpa (TA27AB,2 — TA27B,2)
may fz mBy [z (5.40)
myA myB

femsa (rB2 — raB,2)
Mo (21)
fBmBA (ra2TAB,2 — T'A,2TB,2)

—— famag (ra2 —7aB2) +
May m
Ky =

myA
—— famag (rB2TAB,2 — 'B,2TA2) +
may

mBy

6 Explicit Solutions of wa and wg

Now we show how equation 22 can be obtained, equation 23 is derived analogously.
We recall the following equations from the main manuscript:

1+ Korzo  mgy mya fa

=w 19
Ba “ My + Korgz oMy myz may fz (19)
as well as:
My + K x rp oMy
My = : 41
A 14+ K x TA,2 (S )
and
wa = BaMa (S.42)

Inserting equations 19 and S.41 into equation S.42 leads to equation 22. By insert-
ing equation 21 in equations 22 and 23 (main manuscript) the following expressions
can be obtained.

mzy famagmeymya (ra,2 —rap2) (ra2Ms — rp2 M) + fempamaymys (rapz2 — 78,2) (Ta2Mi — 7‘A.2A12).
myz fzmagmaymey (ra2 —raB2) (ra2 —re2) (843)
famapmpymya (ra2 —raBz2) (rB2 — 7z,2) — femamaymys (TaB2 — 7B2) (ra2 —rz2)
famapmpymya (ra2 —raB2) (rB2Mi — rz2Mz) — fempamaymys (rap,2 — 7,2) (ra,2 M1 — 17,2 M2)

WA = Wz,

w wy Y femeamaymys (rB2 — raBz2) (rB2Ma —ra2M1) + famapmpymya (rap2 —ra2) (raMi — 1B 2Ms)

B = wg .

myz fzmpampymay (1B2 — TaB2) (TB2 — TA2) (S 44)
fempamaymyp (182 — raBz2) (raz —rz2) — famapmeymya (ra2 —raz2) (rB2 — 7z2)

fempamaymys (re.2 — ras,2) (raoMy — rzoMs) — famapmpymya (rap2 — ra2) (rsaMy — rz,2Ms)

7 Generalization

In this section it is shown how the generalized formulas in the main manuscript
(equations 25 and 27) were derived. In order to do so a three-isotope system is con-
sidered. According to equation 8 the measured ratios of the two necessary blends (AB
and AC) can be expressed as:



famagmeymyara 2(Korg o+ Ksrg s+ 1)+
. femaymeamysrs2(Koras + Ksra s+ 1)
AB2 =
famapmpeymya (Korg o + Ksrg s + 1)+
femaympsamys(Kaoras + Ksraz+1)

(S.45)

and

famacmoymyara o(Kaorc o + Ksrgs + 1)+
femaymeamycrc2(Kaora o + Ksra s+ 1)
TAC2 = (S.46)
famacmeymya (Karc o + Ksres + 1)+
femaymeamyc(Karag + Ksra s+ 1)

The last two equations can be rearranged, leading to:

rap,2(famasmeymya (Korg e + K3rps + 1)+
femaympamyp(Kora o+ Ksras+1)) = (5.47)
famasmpymyara 2(Kaorg e + Kargz + 1)+ '
femaympeamyprs,2(Kora s + Ksrasz+1)

and
rac2(famacmeymya (Korce + Ksre 3 + 1)+
femaymoamyc(Kaora o + Ksras+1)) =
(S.48)
famacmoymyara 2(Korc o + Ksres + 1)+
femaymeamycrc2(Kaora o + Ksra s + 1)
In the next step some quantities (Ko, K3, fa, [B, ¢, MAB, MAC, MAD; MBA, MCA,
mya, May, MBY, MyB, Myc, Mcy) in both expressions can be collected. This leads
to:

fAMABMBYMYATAB 2 + fBMAYMBAMYBTAB,2
+Ko(fBMAYMBAMYBTA 2TAB,2 + fAMABMBYMYATAB 27B 2)
+K3(fBmaymBamyBra sraB,2 + fAMABMBY MyYATAB 2TB,3) =
famasmByYMyATA 2 + fBMAYMBAMYBTB 2
+Kso(famapmeymyara 2re,2 + feBmaympamypra 2rez2) (S.49)

+K3(fBmaymBamyBra,sre,2 + fAMABMBYMYATA 27B,3)

and

famacmoymyarac,2 + fcmaymceamycrac,2
+ Ko (femaymeamycra arac,2 + fAmacmeymyarac,2rc,2)
+K3(femaymeamycra srac,e + famacmoeymyarac,2rc,3) =



famacmcoymyara 2 + fecmaymcamycre,2
+Ko(famacmeymyara2rc,2 + femaymeamycraerez)  (S.50)

+K3(fomaymeamycra src,2 + fFAMACMCYMYATA 27C.3)

Now all terms containing one of the two K-factors are collected on one side and
the others on the other side, this leads to:

~

K> (fB(mAYmBAmYBTA,2TA3,2 — MAYMBAMYBTA,27B,2

~—

+ fa(MABMBYMYATAB 2TB,2 — MABMBYMYATA 27B,2) )+

~

K3 (fB(mAYmBAmYBTA,sTAB,Q — MAYMBAMYBTA,3TB,2 (S.51)

~—

+ fa(MABMBYMYATAB,2TB,3 — MABMBYMYATA,2TB,3)
= fa(MABMBYMYATA,2 — MABMBYMYATAB,2)

+ fe(MAYyMBAMYBTE,2 — MAYMBATMYBTAB,2)

K (fo(maymeamycra 2rac,2 — MAYMCAMYCTA,2TC,2)
+ fA(mACmMEYMYATAC,2TC,2 — MACTRCYTMIYATA 27C,2) ) +
K3(fo(maymeamycra srac,2 — MAYMCAMYCTA,37C,2) (8.52)
+ fa(macmeymyarac,arc,s — MACTICY MYATA 27C,3) )

= fa(macmoyMyaTa 2 — MACMCYMYATAC,2)+

fo(maymecamycrc,2 — MAYMCATMYCTAC,2)

The last two equations allow to determine the generic formulas given in the main
manuscript.

Acknowledgments

The project (21GRD09 MetroPOEM) has received funding from the European
Partnership on Metrology, co-financed from the European Union’s Horizon Europe
Research and Innovation Programme and by the Participating States. Funder name:
European Partnership on Metrology. Funder ID: 10.13039/100019599. Grant number:
21GRD09 MetroPOEM.

References

[1] Certificate of Analysis Standard Reference Material 3114. Technical report, NIST
(February 2021)

[2] Laeter, J.R., Bohlke, J.K., Bievre, P.D., Hidaka, H., Peiser, H.S., Rosman, K.J.R.,
Taylor, P.D.P.: Atomic weights of the elements. review 2000 (IUPAC techni-
cal report). Pure Appl. Chem. 75(6), 683-800 (2003) https://doi.org/10.1351/
pac200375060683



3]

National Institute of Standards and Technology: Certificate of Analysis — Stan-
dard Reference Material 885 (2018). https://tsapps.nist.gov/srmext/certificates/
885.pdf

BIPM and IEC and IFCC and ILAC and ISO and TUPAC and TUPAP and
OIML: Evaluation of measurement data — Supplement 1 to the “Guide to
the expression of uncertainty in measurement” — Propagation of distribu-
tions using a Monte Carlo method. Joint Committee for Guides in Metrology,
JCGM 101:2008. https://doi.org/10.59161/JCGM101-2008. https://doi.org/10.
59161/JCGM101-2008

10



	Introduction
	Basic Idea and Mathematical Derivation
	Simulation and Uncertainty Consideration
	Generalization
	Conclusion and Prospects
	Declarations
	Supplement

