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f absolute isotope ratios of
vanadium by internal standardisation

D. Malinovsky, * P. J. H. Dunn, B. A. Engin and H. Goenaga-Infante

Due to the prohibitively high cost of materials enriched in the 50V isotope, internal standardisation is the only

viable method for the determination of absolute vanadium isotope ratios by mass spectrometry. This work

describes methodology that applies, for the first time, internal standardisation to the determination of

n(51V)/n(50V) isotope ratios by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-

MS). To achieve this, solutions of vanadium standard NIST SRM 3165 were doped with iron standard

IRMM-014 with certified Fe isotope amount ratios, which was used as a calibrant in the measurements. A

comparison of the performance of the established models to correct for instrumental mass fractionation

showed that although the mean n(51V)/n(50V) values obtained by the regression model and the

exponential model were statistically indistinguishable (399.8 ± 12.6 and 397.3 ± 1.7, Uexpanded, k = 2,

respectively), their uncertainties were remarkably different. High uncertainty of the n(51V)/n(50V) value by

the regression model was attributed to bias arising due to heterogeneity of variance of measured data

on the log scale in a situation when isotope ratios of an analyte and an internal standard are significantly

different. By its nature, the regression model offered an important advantage of assumption-free

calibration, and, following its unsatisfactory performance, a new calibration method that does not rely on

a priori assumed functional form of instrumental isotope fractionation was developed in this study. The

new method is based on extracting a calibration factor for measured 51V/50V ratios from the relationship

constructed between calibration factors obtained for measured isotope ratios of the internal standard

and ratios of relative atomic masses making up these ratios (56Fe/54Fe, 57Fe/54Fe and 57Fe/56Fe). The data

obtained allowed us to re-determine the atomic weight of vanadium in NIST SRM 3165, to get Ar(V) =

50.94146 ± 0.00003 (Uexpanded, k = 2), with the uncertainties improved by a factor of four as compared

to the last estimate made in 1977.
Introduction

Vanadium has two stable isotopes, namely 50V and 51V, with
natural abundances of ∼0.25% and ∼99.75%, respectively.
Variations in the abundances of vanadium isotopes were shown
to be useful markers in geochemistry and environmental
science.1–10 They help discriminate the origin of vanadium
containing materials and can provide insight into migration
pathways of the element. Recent studies documented an
increase in global anthropogenic releases of the element to soil
and water that led to naming vanadium a re-emerging envi-
ronmental hazard.11 Given the potential offered by vanadium
isotope data in the above areas, further studies employing
vanadium isotopes are warranted.

Vanadium isotope ratio data were reported previously almost
exclusively as delta values. Despite being a convenient way of
reporting results, the delta value notation has an important
drawback of poor data comparability in the situation when an
Priestley Road, Guildford, GU2 7XY, UK.

1, 1928–1937
isotope standard used is not certied for absolute isotope
ratios. This is precisely the situation for vanadium isotope ratio
measurements as there is no vanadium material with certied
n(51V)/n(50V) ratios.

The determination of absolute isotope ratios of vanadium
with high accuracy and precision is a very non-trivial task. The
traditional method for the determination of absolute isotope
ratios is based on the use of synthetic isotope mixtures to cali-
brate measurements. These calibration mixtures need to be
prepared from parent materials highly enriched in 50V and 51V
isotopes. However, the cost of 50V isotope materials, such as
vanadium oxides, with the required degree of enrichment is
prohibitively high, starting from more than ve thousand US
dollars for a milligram of vanadium pentoxide enriched in 50V
isotope.12

An alternative calibration method is internal stand-
ardisation. Using this approach, an internal standard with
a known amount of a substance, different from the analyte of
interest, is added to samples to correct for uctuations in
instrument response during analysis and as an aid for calibra-
tion.13,14 It has been shown that normalisation to an internal
This journal is © The Royal Society of Chemistry 2026
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standard with certied isotope abundances by using the so-
called regression method is the metrologically rigorous
method for the determination of isotope amount ratios.15–17

Empirical models based on a priori assumed functional rela-
tionships between measured isotope ratios of an analyte and
internal standard are also a popular choice, albeit it is known
that the accuracy of results obtained by these models is oen
poor.18

In this study, the performance of the existing approaches for
the determination of the n(51V)/n(50V) isotope ratio of vanadium
standard solution NIST SRM 3165 by normalisation to the
internal standard with certied Fe isotope abundances has
been systematically evaluated. Following initial results, a novel
method for obtaining a calibration factor that relates true and
measured isotope ratios of vanadium was developed and vali-
dated. The isotope ratio data obtained using the new method
have enabled re-determination of the atomic weight of vana-
dium with a four-fold improvement in measurement uncer-
tainty relative to the last IUPAC estimate in the year 1977.
Experimental
Materials and reagents

Single element NIST Standard Reference Material 3165, a vana-
dium standard solution (Lot No. 992706, NIST, USA) certied
only for concentration of vanadium, was used as the sample in
this study. IRMM-014 Fe solution with certied Fe isotope
abundances was used as the internal standard in the
measurements (JRC, Belgium). High purity deionised water was
obtained using an ELGA water purication system (Veolia
Water, Marlow, UK). Ultrapure nitric acid was purchased from
Romil (Cambridge, UK) and used as supplied by the
manufacturer.
Mass spectrometry and uncertainty estimation

Vanadium and iron isotope ratios were measured by multi-
collector ICP-MS (Neptune, Thermo Scientic, Germany). A
stable introduction system consisting of a peristaltic pump, a 50
ml min−1 microconcentric PFA nebulizer, and a tandem quartz
spray chamber arrangement (cyclone + Scott double pass) was
Table 1 Typical operating conditions and detector configurations of the

RF power, W 1100

Sample and skimmer cones Nickel, 1.1 mm and 0.8 mm ori
Argon gas ow rate, l min−1

Cool/plasma 15.4
Auxiliary ∼0.9
Nebuliser ∼1.05
Sample uptake rate, ml min−1 ∼0.10–0.12
Mass resolution, R(5–95%) ∼9000
Ion lens settings Optimised for maximum intens
Typical 51V+ sensitivity, V mg l−1 ∼6.4
Detector conguration
Isotope m/z 50V 51V
Faraday cup L3 L2
Cup position, mm 74.300 47.100

This journal is © The Royal Society of Chemistry 2026
used for sample introduction. 50V+, 51V+, 52Cr+, 53Cr+, 54Fe+,
56Fe+ and 57Fe+ isotopic ions were collected simultaneously in
static mode at Low 3, Low 2, Low 1, Central, High 1, High 2 and
High 4 Faraday cup positions, respectively. Signals on 52Cr and
53Cr isotopes were monitored in the case of a potential presence
of chromium which also has a minor 50Cr isotope which, if
present, interferes with the 50V isotope. The least abundant 58Fe
isotope was not measured because it was not possible to achieve
a well-aligned static Faraday cup conguration that included
50V and 58Fe isotopes due to the limitations on ion beam
dispersion in MC-ICP-MS and the fact that an ion counter was
installed on the Low 4 Faraday cup.

The NIST SRM 3165 standard solution was in most cases
diluted to a vanadium concentration of ∼2 mg l−1 and spiked
with the IRMM-014 Fe standard at ∼2 mg l−1. In the beginning
of each measurement session, the instrument was carefully
tuned to maximise the intensity of the vanadium signal by
adjusting the torch position, gas ow rates, and lens voltages.
Typical operating conditions for MC-ICPMS are shown in Table
1. All analyses were conducted in high mass resolution mode of
the instrument (R ∼ 9000). Typical sensitivities for 51V+ and
56Fe+ isotopic ions were ∼6 volts and ∼5 volts per mg l−1,
respectively.

With the aim of producing a larger extent of variations in
instrumental mass bias, the measurement protocol involved
a series of single measurements, each with an incremental
change in the RF power away from the maximum sensitivity
setting at ∼1100 W with steps ranging from 10 W to 40 W.16,17

Each measurement consisted of 100 cycles, with each cycle
having an 8 second duration. It was always veried in the on-
line scan window prior to starting the next measurement that
the measurement position was in the middle of the
interference-free plateau of the 50V+ and 56Fe+ signals.

Vanadium and iron ion current intensities were corrected for
procedural blank. The blank signal on the least abundant 50V
isotope was always lower than 0.1% and lower than 0.05% for
51V and all Fe isotopes. n(51V)/n(50V) isotope ratio calculations
were performed off-line using a template made in MS Excel
program. Combined standard uncertainties of measurement
results were obtained by propagating the uncertainty of
MC-ICP-MS

ce diameter, respectively; H-type skimmer cone

ity of the vanadium signal

52Cr 53Cr 54Fe 56Fe 57Fe
L1 Centre H1 H2 H3
21.080 0.000 22.540 68.340 90.310

J. Anal. At. Spectrom., 2026, 41, 1928–1937 | 1929
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individual components according to the ISO/GUM Guide (see
details in the SI).
Results and discussion
Calibration of n(51V)/n(50V) isotope ratios by using the
regression model

The regression model is based on correlated temporal dri
between simultaneously measured isotope ratios of the analyte
element and internal standard element. The rationale of the
model was detailed in previous works.15–17 It can be shown that
when using the 56Fe/54Fe ratio of isotopically certied iron as the
internal standard as a calibrator, mass bias corrected isotope
ratios of vanadium, n(51V)/n(50V), can be calculated as follows:

R51V=50V ¼ ea$R56Fe=54Fe
b (1)

where R51V/50V is n(
51V)/n(50V), the mass bias corrected isotope ratio

of vanadium, R56Fe/54Fe is the certied n(56Fe)/n(54Fe) ratio of the
internal standard, and b and a are the slope and intercept of
a linear regression of ln(51V/50V)measured versus ln(

56V/54Fe)measured,
respectively.

A notable advantage of using iron as an internal standard is
that the element has four stable isotopes, namely 54Fe, 56Fe, 57Fe,
and 58Fe. The abundances of these isotopes were certied in the
IRMM-014 isotope standard and allow us to use 56Fe/54Fe,
57Fe/54Fe, and 57Fe/56Fe isotope ratios to calibrate the measured
51V/50V ratios of the NIST SRM 3165 material. Therefore, equa-
tions analogous to eqn (2) can be written when 57Fe/54Fe and
57Fe/56Fe isotope ratios are used for calibration. This also implies
that each measurement yields a vanadium isotope ratio that
represents a grand mean of three 51V/50V ratio values calculated
by normalisation to 56Fe/54Fe, 57Fe/54Fe, and 57Fe/56Fe isotope
ratios of the admixed internal standard, respectively.

Another point to consider is that the slope and intercept of
regression can be calculated by using either an ordinary linear
regression (OLR), that does not account for measurement errors
in variables X and Y, or an errors-in-variables model that does
Fig. 1 n(51V)/n(50V) isotope ratios obtained by using the regressionmode
Filled diamonds represent the results of Weighted Linear Regression (W
calculated by normalisation to 56Fe/54Fe, 57Fe/54Fe, and 57Fe/56Fe isotope
uncertainty. Solid line and dashed lines are the grand mean and expand

1930 | J. Anal. At. Spectrom., 2026, 41, 1928–1937
account for measurement errors. The use of the latter can help
achieve higher accuracy in estimates of slopes and intercepts
but oen at the cost of higher uncertainties associated with
their values. A weighted linear regression (WLR) as described by
MacTaggert and Farwell (1992)19 was used in this work as one of
the variants of the errors-in-variables model.

n(51V)/n(50V) isotope ratios obtained by using the regression
model in 12 independent measurement sessions are shown in
Fig. 1. Aer examining these data, two observations can be
made. First, there is a good agreement between values obtained
by OLR and WLR. Second, there is signicant dispersion in
n(51V)/n(50V) isotope ratios between measurement sessions,
resulting in high uncertainty of the grand mean. The OLR
approach yields an n(51V)/n(50V) isotope ratio of NIST SRM 3165
equal to 399.8 ± 12.6 (Uexpanded, k = 2). The WLR approach
yields an n(51V)/n(50V) isotope ratio of the same solution equal
to 401.9 ± 23 (Uexpanded, k = 2). In relative terms, these uncer-
tainties are 3.1% and 5.7%, respectively. In comparison to
previous studies which used the regression model for calibra-
tion of isotope ratios of medium and heavy mass elements, the
results obtained for vanadium are poor.

Interestingly, when measured 51V/50V and 56Fe/54Fe isotope
ratios without mass bias correction are presented with the same
statistical treatment as the data in Fig. 1, we can see that they
are much more repeatable. As can be seen from Fig. 2, the mean
value for all measured 51V/50V isotope ratios is equal to 408.6 ±

1.0 (Uexpanded, k = 2), and the mean value for all measured
56Fe/54Fe isotope ratios is equal to 16.510 ± 0.071 (Uexpanded, k=
2). In relative terms, these uncertainties are 0.24% and 0.43%,
respectively.

Comparison of the data shown in Fig. 1 and 2 reveals that the
main reason for poor repeatability of vanadium isotope ratios
calibrated by the regression model is the lack of accuracy in the
determination of regression parameters. Difficulties in obtain-
ing an accurate slope and intercept of linear regression
through V and Fe isotope ratio data plotted in ln–ln space are
l. Filled circles represent the results of Ordinary Linear Regression (OLR).
LR). Each data point is the mean of three 51V/50V isotope ratio values
ratios of the internal standard. Uncertainty bars are combined standard
ed uncertainty (k = 2) of the results by OLR.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Variations in measured 51V/50V and 56Fe/54Fe isotope ratios in this study, without mass bias correction applied ((A and B), respectively).
Each data point is a mean value of replicates in a measurement session. Uncertainty bars are combined standard uncertainty. Solid lines and
dashed lines are expanded uncertainties with a coverage factor of 2.
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largely driven by the inherent properties of the natural loga-
rithmic function.

A logarithmic curve, dened by the equation y = ln(x), is
characterised by a decreasing rate of change that levels off as the
input variable, x, grows (Fig. 3A). As a consequence, the vertical
variability in a plot of logarithmic data may depend on where
you are on the horizontal scale, with variance of the measure-
ment data in the region of Fe isotope ratios (e.g., 56Fe/54Fe z
16.5 and ln(56Fe/54Fe)z 2.8) being slightly different to variance
of the data for a large isotope ratio, such as that of vanadium
(51V/50V z 408 and ln(51V/50V) z 6.01).

This problem of unequal variance, also known as heteroge-
neity of variance or heteroscedasticity, was discussed previously
for the log transformed data as it can lead to bias in estimating
regression coefficients.20–22 A plot of residuals versus predicted
values of ln(51V/50V) used in identifying heteroscedasticity of the
data is shown in Fig. 3B. As can be seen from this gure, the
scatter of data points forms a funnel shape pattern which is
commonly interpreted as an indicator of unequal variance.
More rigorous techniques can be used to conrm hetero-
scedasticity of the data, including Welch's t-test. However, to
This journal is © The Royal Society of Chemistry 2026
obtain strong evidence, one will need to consider a wider than
natural range of ln(51V/50V) values, which can only be obtained
using synthetically prepared synthetic isotope mixtures of
enriched vanadium isotopes. Yet, as noted above, the prohibi-
tively high cost of the enriched 50V isotope does not allow easy
implementation of such tests.

It is also worth noting that previous studies that determined
isotope amount ratios of Ni, Mo, Pb and other elements with high
accuracy and precision by using the regression model worked
with more favourable ranges of isotope ratios of analytes and
internal standards.15–17,23–28 When plotted on a ln–ln scale, the
isotope ratios of analytes and internal standards in these studies
were not as signicantly different as in the case of vanadium.
Calibration by using the exponential model and robustness of
the measurements

The measurement procedure with incremental changes in RF
power offers a good opportunity to test the robustness of
measurements with internal standardisation. The robustness or
ruggedness of an analytical method means its capacity to
remain unaffected by small variations in the operating
J. Anal. At. Spectrom., 2026, 41, 1928–1937 | 1931
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Fig. 3 An illustration of a potential cause for unequal variance of the log transformed Fe and V isotope ratios. Part (A): the natural logarithmic
function, corresponding to the range of isotope ratios from0.023 to 411 considered in this study, is a non-linear curve. The rate of change in the Y
axis values of this curve is dependent on the position on the horizontal scale. Part (B): a plot of residuals vs. fit values for all measurements of
51V/50V ratios made in this study. The vertical distance between any one measured data point, yi, and its value, y�i, predicted by using regression
coefficients is known as “residual”: ei = yi − y�i. A funnel like pattern of the data on such plots is commonly interpreted as an indicator of unequal
variance21 (see the text for details).
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parameters and produce consistent and repeatable results.29

The exponential model is well suited for testing the repeatability
of results obtained under slightly changed measurement
conditions because the calibration factor can be calculated
from a single measurement of isotope ratios of an analyte and
an internal standard.

Mass bias corrected vanadium isotope ratios were calculated
using the approach by Russell et al. (1978),18,30 written as follows
in the case of the 56Fe/54Fe ratio of the internal standard:

R51V/50V = K$r51V/50V (2)
1932 | J. Anal. At. Spectrom., 2026, 41, 1928–1937
K ¼
 
Ar

�
51V
�

Ar

�
50V
�
!f

(3)

f ¼
ln

 
R56Fe=54Fe

r56Fe=54Fe

!

ln
�
Ar

�
56Fe

��
Ar

�
54Fe

�� (4)

where R51V/50V is the vanadium isotope ratio corrected for
instrumental mass bias; K is the calibration factor to correct for
instrumental mass bias of vanadium isotopes; f is the
This journal is © The Royal Society of Chemistry 2026
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exponential model mass fractionation coefficient; r51V/50V is the
measured vanadium isotope ratio; R56Fe/54Fe is the certied Fe
isotope ratio; r56Fe/54Fe is the measured Fe isotope ratio; and
Ar(50V), Ar(51V), Ar(54Fe) and Ar(56Fe) are the relative atomic
masses of vanadium and iron isotopes.

The n(51V)/n(50V) isotope ratios of NIST SRM 3165 obtained by
using the exponential model are shown in Fig. 4. These ratios are
very reproducible, with the grand mean of 397.3 ± 1.7 (Uexpanded,
k = 2). In relative terms, the expanded uncertainty of the result
obtained by the exponential model is equal to 0.42% and that is
much lower than the expanded uncertainties of the results of the
regression model discussed above.
New method of calibration using internal standardisation

The newmethod exploits the fact that three isotope ratios of the
internal standard, namely 56Fe/54Fe, 57Fe/54Fe and 57Fe/54Fe,
were measured simultaneously with the 51V/50V isotope ratio.
Since Fe isotope abundances in the internal standard were
certied, it is possible to construct a relationship between
calibration factors obtained using the isotope ratios of the
internal standard and ratios of relative atomic masses of 54Fe,
56Fe, and 57Fe isotopes, making up these ratios. Fig. 5 shows
such a relationship based on the results of a single measure-
ment session. This relationship can be plotted on both a linear
scale and a ln–ln scale. The lines passing through the data
points in Fig. 5 closely approximate the distribution of cali-
bration factors as a function of relative atomic mass ratios over
the narrow range of values dened by Fe isotopes.

At the same time, the relative atomic mass ratio of 51V and
50V isotopes, that is equal to 1.020, sits within the range dened
by the relative atomic mass ratios of Fe isotopes. A calibration
factor for the measured 51V/50V isotope ratio can therefore be
calculated using parameters of regression through the data
obtained for the internal standard. The n(51V)/n(50V) isotope
ratios obtained by this approach, with extracting calibration
factors from the Fe isotope data plotted on a linear scale, are
Fig. 4 n(51V)/n(50V) isotope ratios obtained by using the exponential mo
calculated by normalisation to 56Fe/54Fe, 57Fe/54Fe, and 57Fe/56Fe isotop
bars are combined standard uncertainty. Solid line and dashed lines are
value is equal to 397.4 ± 1.4 (Uexpanded, k = 2).

This journal is © The Royal Society of Chemistry 2026
shown in Fig. 6. The grand mean value of these n(51V)/n(50V)
isotope ratios is 397.59 ± 2.04 (Uexpanded, k = 2). A nearly iden-
tical grand mean value of 397.60 ± 2.04 (Uexpanded, k = 2) was
obtained when calibration factors for vanadium isotope ratios
were extracted from the Fe isotope data plotted on a ln–ln scale.

The combined standard uncertainties of n(51V)/n(50V) isotope
ratios were estimated by propagating uncertainty through the
calculations with the aid of the numerical method of differenti-
ation by Kragten (1994).31 The largest contribution to total
uncertainty budget of the newmethod comes fromuncertainty in
determining the K factor from Fe isotope ratios of the internal
standard that, on average, accounts for 70% of total uncertainty.
Contribution from measurements of the analyte, 51V/50V isotope
ratio, accounts for the remaining 30% of total uncertainty.

To compare the results of the new calibration method with
results of the exponential and regression models, the n(51V)/
n(50V) isotope ratio values of NIST SRM 3165 and their uncer-
tainties obtained in this study are shown in Fig. 7. As can be
seen from this gure, the result of the new method is in excel-
lent agreement with the result of the exponential model. A
closer look at the procedure by which the abundances of Fe
isotopes were determined in the standard IRMM-014 reveals
why this agreement is so good. Only the n(56Fe)/n(54Fe) isotope
ratio of the IRMM-014 standard was calibrated using the
gravimetrically prepared mixtures of enriched 56Fe and 54Fe
isotopes; other isotope ratios were obtained using an internal
normalisation procedure.32 This implies that once an internal
standard with independently calibrated Fe isotope ratios is
used, the accuracy of n(51V)/n(50V) isotope ratio measurements
by the new method can further be improved. Likewise, uncer-
tainties of the measurements can also be improved provided
that isotope amount ratios of a new Fe isotope standard have
lower uncertainties than those of the IRMM-014 material.

It is also worth noting that calculating a calibration factor for
measured vanadium isotope ratios from the relationship
between calibration factors and relative atomic mass ratios of
del. Each data point is the mean of three 51V/50V isotope ratio values
e ratios of the internal standard in a measurement session. Uncertainty
the grand mean and expanded uncertainty (k = 2) of the results. Mean
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Fig. 5 A relationship between calibration factors obtained for the internal standard (IRMM-014) and the relative atomic mass ratios of 54Fe, 56Fe,
and 57Fe isotopes in a typical measurement session plotted: (A) on a linear scale; (B) on a ln–ln scale. It can be seen that the relative atomic mass
ratio of vanadium isotopes sits within the range of values defined by Fe isotopes.
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Fe isotopes implies mass-dependent instrumental isotope
fractionation in the mass spectrometer. As vanadium has only
two stable isotopes, there is no way of identifying a potential
mass-independent component in instrumental fractionation of
vanadium isotopes from measured ratios (a three-isotope plot
can be used for this purpose in other elements). Deviations
from the mass-dependent distribution in measured isotope
ratios can be caused by a spread in the ion energy during
transmission of ions in the mass spectrometer.33 However,
measured Fe isotope ratios of the internal standard are
consistent with the mass-dependent pattern, ruling out such
a spread as the cause. Mass-independent isotope fractionation
1934 | J. Anal. At. Spectrom., 2026, 41, 1928–1937
can also potentially occur due to the differences in nuclear
properties of isotopes. However, a careful examination of
research on the topic shows that it is very unlikely that any
detectable mass-independent vanadium isotope fractionation
can occur during measurements by MC-ICP-MS. Of the two
known mechanisms, the nuclear volume effect was predicted to
be negligible for naturally occurring vanadium species.6

Another mechanism, the magnetic isotope effect, requires
a solvent cage to manifest itself.34 Yet it is unrealistic for
a solvent cage to be formed in the plasma and the plasma
interface region of the ICP-MS.34,35
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 n(51V)/n(50V) isotope ratios obtained by the newmethod, with determining K factors for measured 51V/50V isotope ratios using a function
of K factors versus relative atomic mass ratios for three Fe isotopes of the internal standard (see the text for details). Uncertainty bars are
combined standard uncertainty. Solid line and dashed lines are the grand mean and expanded uncertainty (k = 2) of the results. Mean value is
equal to 397.6 ± 2.0 (Uexpanded, k = 2).

Fig. 7 n(51V)/n(50V) isotope ratios of the NIST SRM 3165 vanadium standard determined by different techniques of internal standardisation.
Uncertainty bars are expanded uncertainties (k = 2).
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The isotope abundances and atomic weight of vanadium in
NIST SRM 3165

The atomic weight of an element is the weighted sum of the
relative masses of its isotopes, Ar(iE), and the abundance of
each isotope, x(iE):36

Ar(E) =
P

[x(iE)$Ar(
iE)] (5)

The abundances of 50V and 51V isotopes were calculated from
the n(51V)/n(50V) isotope ratio, R, obtained for the NIST SRM
3165 standard as follows:

x
�
50V
� ¼ 1

ðRþ 1Þ (6)
This journal is © The Royal Society of Chemistry 2026
x
�
51V
� ¼ R

ðRþ 1Þ (7)

By using the exact relative atomic masses of vanadium
isotopes,37 we determined the atomic weight of the above
standard to be 50.94146 ± 0.00003 (Uexpanded, k = 2). Compared
to the current IUPAC data which have not been updated since
1977, the uncertainty of the atomic weight obtained for a refer-
ence sample of vanadium (NIST SRM 3165) has improved by
a factor of four (see the SI for details). The abundances of 50V
and 51V isotopes in NIST SRM 3165 were calculated to be
0.00251(3) and 0.99749(3), respectively, with the coverage factor
k = 2.
J. Anal. At. Spectrom., 2026, 41, 1928–1937 | 1935
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Conclusions

When assessing the performance of the existing calibration
approaches, we observed that the so-called regression model
was unable to determine the n(51V)/n(50V) isotope ratios of the
NIST SRM 3165 vanadium solution with sufficiently low
uncertainty. Difficulties in obtaining accurate and precise
parameters of regression seem to be connected with the pattern
of measurement data distribution in ln–ln space and the effect
of reducing the scatter for large isotope ratios, such as a 51V/50V
ratio of ∼408. This observation will need to be considered when
the regression model is applied for the determination of large
isotope ratios of other elements, e.g., in characterisation of
highly enriched isotopic materials.

Interestingly, the exponential model based on the functional
form known as the Russell's equation demonstrated reproducible
and robust performance, with the grand mean of the mass bias
corrected n(51V)/n(50V) isotope ratios of 397.3± 1.7 (Uexpanded, k= 2).

The possibility of using three isotope ratios of the internal
standard, 56Fe/54Fe, 57Fe/54Fe, and 57Fe/56Fe, to calibrate the
measured 51V/50V isotope ratio led to the development of a new
method based on internal standardisation that does not rely on
a priori assumed functional form of instrumental isotope frac-
tionation. It involves calculation of a calibration factor for
measured vanadium isotopes from a relationship of calibration
factors versus relative atomicmass ratios obtained for Fe isotope
ratios of the internal standard. By using the newly developed
method, the n(51V)/n(50V) isotope ratio of the NIST SRM 3165
vanadium solution was determined to be 397.6 ± 2.0 (Uexpanded,
k = 2). This has enabled re-determination of the abundances of
50V and 51V isotopes and the atomic weight of a reference
sample of vanadium (NIST SRM 3165), the uncertainties of
which have been improved by a factor of four as compared to
the last estimate made in 1977. The developedmethod has good
potential for isotopic characterisation of vanadium reference
materials.

This work has also highlighted that further improvement in
accuracy and precision of n(51V)/n(50V) isotope ratio measure-
ments by internal standardisation can be achieved by using
a standard with independently calibrated Fe isotope amount
ratios, which is currently unavailable on the market.
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