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Glossary
CRC Collision/Reaction Cell
ICP-MS Inductively Coupled Plasma Mass Spectrometry
ICP-MS/MS Inductively Coupled Plasma Tandem Mass Spectrometry
ICP-TOF-MS Inductively Coupled Plasma Time-of-Flight Mass Spectrometry
ICP-SFMS Inductively Coupled Plasma Sector Field Mass Spectrometry
MC-ICP-MS multicollector inductively coupled plasma mass spectrometer
TIMS thermal ionisation mass spectrometer
IIF instrumental isotopic fractionation
m/z mass-to-charge ratio
Sl International System of Units
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1 Summary

This Good Practice Guide has been structured around the specific objectives and needs of the
MetroPOEM project, namely to develop isotope ratio mass spectrometric methods for stable and long-lived
radiogenic environmental pollutants, to produce recommendations for sample processing, treatment,
uncertainty budgets, and quantification of instrumental mass bias, and the need for obtaining Sl-traceable
isotope amount ratios. The guide has reviewed and summarised the existing approaches to sample
preparation and calibration of isotope ratio measurements. Continued progress made in evaluating and
modelling instrumental isotope fractionation in ICP-based mass spectrometers, with recommendations for
setting up high precision measurement protocols, are articulated in the section on correction for instrumental
isotope fractionation. Separate sections on best practices for reporting results of isotope ratio measurements
and constructing uncertainty budgets are also included.

The information presented should help an analyst to make an informed choice on suitable measurement
strategy in the isotopic characterisation of materials. It is also anticipated that the present guide will help
enhance awareness of the need for improving data comparability between different laboratories and support
the community’s need for reliable isotope ratio data.

2 Introduction

2.1 Project background

Isotope ratio data hold immense significance in various fields of science and technology. They play a
critical role in earth and environmental sciences, providing insight into a wide range of phenomena and giving
rise to numerous applications. Both stable and long-lived radiogenic isotope ratios are useful markers of the
origin of substances and geomaterials, in both small closed systems and on a global scale. Well-established
applications of isotope ratios include absolute age determination, reconstruction of events and physico-
chemical conditions that existed in the past, assessment of chemical transformation and migration pathways
of pollutants in the environment, and quantification of weathering dynamics in climate research.
Advances in the technology made over the last 20 years have improved sensitivity of modern mass
spectrometers and provided new means of resolving spectral interferences. As a result, precise and accurate
isotope ratio measurements can now be performed at much lower concentrations of analyte and for difficult-
to-analyse elements, which were previously inaccessible. The number of laboratories equipped with
instrumentation capable of precise isotopic analysis have also increased worldwide. These changes bring
about new possibilities for calibration of isotope ratio measurements and the need to produce reference
standards with lower uncertainties.

2.2 Scope

As part of response to the aforementioned need, the project “Metrology for the harmonisation of
measurements of environmental pollutants in Europe” (21GRD09, MetroPOEM) was initiated within the
framework of the Metrology Partnership programme. An important objective of the project was to produce
recommendations for sample processing, treatment, uncertainty budgets, and the quantification of
instrumental mass bias in isotope ratio measurements. In implementing this objective, the present guide aims
to advise on best practices for the determination of isotope ratios that can be traceable to the Sl and on
associated sample processing and data reduction.

Eight elements with stable and long-lived radiogenic isotopes were selected in MetroPOEM as models
for the development and optimisation of measurement procedures, including Li, B, Cr, Ni, Cd, Sb, Pb, and U.
These elements were considered in the section devoted to analyte separation prior to instrumental analysis
and used as examples in other sections of the guide. Although main factors influencing isotope ratio
measurement are common for all types of mass spectrometric instruments, the emphasis was given to ICP-
MS based techniques, which are arguably the most widely used type of mass spectrometry for isotopic analysis
of metals and metalloids in the last years.

3 Instrumentation for isotope ratio measurements

High precision isotopic analysis of most elements in the Periodic Table of the Elements that have two or
more isotopes can be made by using either thermal ionization mass spectrometry (TIMS) or multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS). The notable exceptions are light elements (H,
C, N, O, and S) and noble gases (He, Ne, Ar, Kr, Rn and Xe) which are measured by specialised gas source
IRMS accurately and with higher precision. Both TIMS and MC-ICP-MS instruments are equipped with multiple
detectors that detect ions with different mass-to-charge ratio (m/z) simultaneously. It is the capability of
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simultaneous detection of ions with different m/z that allows these instruments to measure isotope ratios with
highest precision.

It is worth noting that TIMS was one of the earliest types of mass spectrometry developed, with first
measurements tracing back to the year of 1918 (Birger et al., 2015). First commercial TIMS instruments were
introduced on the market in the 1960s. The ICP-MS technology emerged later. MC-ICP-MS was presented to
the isotope ratio community in the early 1990s (Walder, Freedman, 1992).

Isotopic analysis with precision inferior to that achieved by MC-ICP-MS and TIMS but still sufficient for
resolving larger natural variations in the isotopic composition of selected elements (e.g., Li, B, Sr, and Pb) can
be made by single collector ICP-MS instruments. There are a few types of single collector ICP-MS instruments
which differ from each other by the principle of how ions produced in the plasma are separated in the mass
analyser according to their mass-to-charge ratio. They can be broadly classified into quadrupole-based ICP-
MS, sector-field ICP-MS, and time-of-flight ICP-MS.

Quadrupole ICP-MS makes use of a quadrupole for separating ions with different m/z. The principle of
operation of the quadrupole was described extensively in textbooks and articles previously (e.g., Miller,
Denton, 1986; Montaser, 1998; Thomas, 2004; Linge, Jarvis, 2009). Continuous progress in dealing with
spectral interferences originating from the plasma led to the appearance of collision/reaction cell quadrupole
ICP-MS (CRC-ICP-MS), and tandem mass spectrometry (ICP-MS/MS — also known as ICP-QQQ-MS). Details
on these techniques can be found elsewhere (Tanner et al. 2002; Balcaen et al., 2015; Kroukamp, Abou-
Shakra, 2020). Modern quadrupole-based ICP-MS instruments routinely achieve a resolution of one atomic
mass unit (u) across the entire mass range.

The mass analyser in sector-field ICP-MS employs a magnetic field to separate ions by their mass-to-
charge ratio (Rottmann et al., 2015). In addition to magnetic field, these instruments use an electrostatic
analyser for focusing ions of different energies to provide more uniform kinetic energy spread of ions with the
same mass-to-charge ratio. Due to the combination of the magnetic field analyser and electrostatic field
analyser in their design, sector-field mass spectrometers are also called double-focusing mass spectrometers.
These instruments can operate in different instrumental mass resolution modes and, when operating in high
resolution mode, offer an order of the magnitude greater mass resolution over that achieved in quadrupole
ICP-MS, however with compromising the overall sensitivity.

In time-of-flight ICP-MS, the mass analyser separates ions based on their differences in velocity as they
travel through a field free flight region of the mass spectrometer. An important benefit associated with this way
of ion separation is that the entire m/z range can be sampled in a very short period of time such that the
contribution from ion source noise becomes vanishingly small in the measurement (Willie et al., 2005).
Although sensitivity of time-of-flight ICP-MS is lower when compared to quadrupole-based ICP-MS, it has the
advantages of faster measurement of multiple m/z at the same time and greater mass resolution.

All the above instrumental techniques were used in the MetroPOEM project to determine isotope ratios
of selected elements as well as to evaluate the limits of the individual methods when it comes to high precision
isotope ratio measurements.

4 Sample matrix separation

Isotopic analysis is susceptible to matrix effects. If the samples being analysed are not matched to the
matrix of calibration standards, a measurement bias can occur. The use of an internal standard can reduce
susceptibility to matrix effects. However, normalisation to an internal standard can only account for a small
difference in matrices between samples and standards. The presence of heavy matrix in samples will render
internal normalisation ineffective.

For techniques using solution sample introduction, a universal means of dealing with matrix effects is the

separation of analyte from concomitant matrix elements. Such separation is a prerequisite for high precision
isotopic analysis. It will not only allow for accurate correction for instrumental mass discrimination but also
helps avoid potential spectral interferences originating from matrix elements.
There is a plethora of methods that have been used for chemical separation of an analyte from the sample
matrix prior to isotopic analysis. These include ion-exchange chromatography, chelation ion chromatography,
extraction chromatography, cold vapor generation, hydride generation, precipitation, co-precipitation,
sublimation and distillation.

4.1 Chromatography-based methods

Chromatography refers to a group of methods that are used as a way of separating mixtures of
compounds into their individual components (Modern chemical techniques, 2015). lon-exchange
chromatography, chelation ion chromatography, and extraction chromatography are the three variants that
were used most widely as preparative techniques for sample matrix separation before isotope ratio
measurement. The main reasons for a wide use of these methods are their applicability to nearly all elements
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in the Periodic Table, ease of implementation when comparing to other methods, and efficiency of analyte
purification.

lon-exchange chromatography is based on a stoichiometric chemical reaction between ions in a solution
and the oppositely charged functional groups on a stationary phase (Fritz, 2004). In essence, in the case of
metal ions, it involves the use of eluents containing complexing acids and a column packed with an ion
exchange resin.

Although related, chelation ion chromatography differs markedly from ion exchange chromatography in
that it involves the formation of coordinate bonds between metal ions and complexing ligands immobilised on
the surface of the ion-exchange resin (Nesterenko, Jones, 2019). Consequently, the retention of metals in
chelation ion chromatography is largely controlled by stability constants of the metal complexes formed on the
surface of the ion-exchanger.

Extraction chromatography is described as a technique that combines the selectivity of solvent extraction
with the ease of operation of chromatographic methods (Siekierski, 1975; Horwitz et al., 2006; Pin, Rodruguez,
2014). To understand the basis of separation by this method it is worth noting that chemical and physical
mechanisms used to separate the solutes include (1) ion-exchange, (2) adsorption, (3) partition, (4) affinity,
and (5) size-exclusion mechanisms (Glen et al., 2012). Extraction chromatography refers to the separation
where adsorption, partition or affinity driven mechanisms prevail. Well-known Sr-spec, Pb-spec, and TEVA
resins, manufactured by Eichrom Technologies Inc, are the examples of element specific solid phase
extraction resins based on extraction chromatography.

Guiding principles of chemical separation based on chromatography have been extensively reviewed in
the literature (e.g., Harland, 1994; Fritz, 2004; Glen et al., 2012; Schonbé&chler, 2018; Nesterenko, Jones,
2019; Michalski, 2024). The performance of chromatographic separation of an analyte made for subsequent
isotope ratio measurement can be assessed in terms of the following criteria:

e extent of reducing of total dissolved solids in sample solution after the separation,

o removal of known interfering elements,

e uantitative recovery of the analyte,

e absence of so-called “column matrix effect” caused by material stripped from the ion-exchange or
solid phase extraction resin.

The importance of as efficient as possible purification of an analyte from matrix elements has been
stressed by many studies (Albarede, Beard, 2004; Irrgeher, Prohaska, 2016). Although there is no commonly
accepted criterion, it is recommended that concentrations of matrix elements in the purified sample solution to
be at a concentration level lower than that of the analyte.

Reduction of total dissolved solids, removal of interfering elements, and recovery of analyte can be
assessed by analysing aliquots of sample solutions taken before and after the separation.

To ensure that recovery of analyte is quantitative is essential. This is needed to avoid artificial isotopic
fractionation on the column. On-column isotope fractionation with preferential elution of lighter or heavier
isotopes is common in chromatography-based methods. In fact, this type of isotope fractionation was
extensively studied and formed the basis for isotope enrichment of many elements (Kakihana, Oi, 1989;
Malinovsky, Vanhaecke, 2014). Importantly, on-column isotope fractionation can only occur if recovery of
analyte after the separation is not quantitative, implying that some fraction of analyte remained bound to the
resin.

It should be noted that it is very difficult to quantify recovery with relative standard uncertainty at the level
of 1% or better. In most cases, uncertainty of concentration measurements is higher due to the cumulative
effect of many contributing factors in the measurement procedure. A question then remains whether
“‘unaccounted” fraction of analyte can induce measurable isotope fractionation. An alternative way of checking
for the absence of on-column isotope fractionation is to run standards with known isotopic composition through
chromatographic columns and compare isotope ratios before and after the run. In this way, potential effect of
organic material originated from the material of ion exchange resin can also be assessed (Pietruszka and
Reznik, 2008).

4.2 Other methods for purification of analyte

Apart from chromatography-based methods, other methods can be used for purification of analyte in
environmental samples. These include sublimation, distillation, cold vapor generation, hydride generation,
precipitation/co-precipitation, and the method of diffusive gradients in thin films.

Sublimation, including its both macro- and micro-sublimation variants, was shown to be an effective
method for separation of boron from sample matrix in a variety of sample types (Pi et al., 2014; Van Hoecke
et al., 2014; Xiao et al., 2019; Wang et al., 2020). Micro-sublimation was employed for the separation of boron
from seawater prior to isotopic analysis in MetroPOEM.

Several elements with specific combinations of physical and chemical properties, e.g., Hg, Se, Sb and
Te, can be separated from sample matrix by conversion of the analyte into cold vapor. Cold vapor generation
is a widely used method for sample introduction in Hg isotopic analysis. It involves the conversion of soluble
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Hg(ll) in sample solutions into Hg(0) vapor by reduction with SnClz, followed by the introduction of gas phase
containing Hg(0) into the plasma of MC-ICP-MS (Shi et al., 2023). Although selenium, antimony and tellurium
do not have significant vapor pressure at room temperature, these elements can be converted into volatile
hydrides, H2Se, SbHs, and HzTe, respectively, by reduction using NaBH4 or a similar compound. Due to high
chemical selectivity of the process of reduction, cold vapor and hydride generation methods give very efficient
separation of analyte from matrix elements. These methods also have an added benefit of improved sample
transport efficiency.

The use of diffuse gradients in thin films is a novel method for in-situ purification and preconcentration of
analytes from natural waters. This method has so far been demonstrated only for a few cases (Hanousek et
al., 2016; Wagner et al., 2022). However, it shows good potential and offers many benefits for isotopic studies.

4.3 Automation in sample preparation

Automation has impacted most areas of sample preparation in analytical chemistry. The term analytical
automation describes a process whereby an analytical instrument performs with only minimal involvement of
an analyst. By definition, automated systems are designed to replace previously manual laboratory techniques
and procedures with their mechanised versions.

Examples of automated systems designed for the needs of high precision isotopic analysis include the
prepFAST MC — High Precision Isotopic Analysis and the microFAST Isotope2 — Automated Precision Injection
for Isotope Ratio Analysis, both manufactured by Elemental Scientific. The prepFAST MC systems are fully
automated, chromatography-based units that isolate elements of interest from the sample matrix and collect
multiple discrete eluent fractions for precise isotopic analysis. They allow for sample loading, multiple acid
washes, column conditioning and elution cycles. The interfacing and integration of computers into the system
allow an analyst to control parameters of sampling time, volume and flow rate.

Importantly, the performance of an automated system for matrix removal needs to be verified using the
same performance criteria as for a manual procedure. These criteria have been described above.

4.4 Separation procedures employed for the model elements of the project (Li, B,
Cr, Ni, Cd, Sb, Pb, and U)
Lithium

Procedure at PTB.  This section describes the separation of lithium from seawater using DOWEX
50WX8-200 100-200 resin prepacked column. The procedure described can also be adapted to other sample
matrices. In the present case — a seawater sample from the German North Sea coast - the lithium mass fraction
(w(Li)) ranged from 140 ng/g to 170 ng/g. Therefore, the procedure described serves as an orientation.

A subsample of approximately 16 mL was transferred into a PFA-beaker. The aliquot was evaporated to
dryness using a hot plate at 120 °C and stored in an oven at 80 °C overnight. After cooling to room temperature,
the residuals were dissolved in roughly 16 mL deionized water. After the pretreatment, lithium was separated
from the sample matrix using preconditioned DOWEX 50WX8-200 100-200 mesh resin, packed in a 30 cm-
glass column (din = 0.9 cm) with Vresin = 14.5 mL. The applied separation is summarized in Table 1 and is based
on works by Velapoldi et al., 1978 and Rienitz, 2001. After the column separation the lithium fractions were
evaporated to complete dryness (hot plate at 120 °C) and re-dissolved in 10 mL HNOs (w(HNO3s) = 0.01 g/g),
leading to the final measurement solutions with w(Li) = 120 ng/g. To assess a possible isotope fractionation
during the column separation also three aliquots of an LSVEC solution were loaded onto the columns. In case
of the three LSVEC subsamples, the same treatment was conducted, but due to the slightly higher lithium
content 7.54 mL were loaded onto the column, all other volumes remained the same. These LSVEC aliquots
were treated also as samples during the later measurements. The measurements against unprocessed LSVEC
were repeated three times on different days, the resulting isotope ratios are shown in Figure 1. The plot shows
that the developed separation procedure does not cause significant isotope fractionation.

Table 1: Elution scheme for lithium separation using DOWEX 50WX8-200 100-200 resin.

fraction eluent V/mL
1 sample in H20 7.72 loading sample
H20 3x20 rinsing

2
3 0.4 mol/L HCI 70 waste
4 0.5 mol/L HCI 40 lithium fraction
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Figure 1: Absolute isotope ratio (R(6Li/”Li)) of the three LSVEC aliquots after being processed in the described
way. Error bars indicate expanded uncertainties (k = 2). The light brown line represents the certified value with
its uncertainty range.

Procedure at BAM. The chromatographic separation of lithium was performed using a two-step cation
exchange column procedure (Rosner et al. 2007; Misra et al. 2009). Columns were packed with Bio-Rad
AG50W-X12 (200-400mm mesh; 2.1meg/mL capacity). The initial separation step employs polypropylene
columns (6.4mm internal diameter) packed with 3mL resin. The columns were pre-cleaned with 6M HCI and
conditioned with 0.2M HCI prior to sample loading. Elution was carried out using 0.2M HCI, following the
protocol outlined in Table 2, with the Li fraction collected in pre cleaned Teflon beakers. Fractions were
evaporated to dryness at 100°C.

The dried residue was redissolved in 0.15M HCI and loaded onto a second, smaller Teflon column
containing 0.5mL of the same resin. The protocol for the second column is outlined in Table 3. Separated Li
were evaporated to dryness, followed by re-dissolution with a mixture of concentrated HNO3s and hydrogen
peroxide(H203) to remove trace amounts of organic residues, dried down again and redissolved in 2% HNOs
to match the concentration of bracketing standards for MC-ICP-MS analysis.

Pre- and post-Li fractions from both column steps were screened by HR-ICP-MS (Element 2, Thermo
Fischer Scientific) to verify quantitative recovery and the absence of Na.

Table 2. Elution protocol for the first lithium separation

Procedure Eluent Volume (mL)
Cleaning 6M HCI 18
Backwash H20

Cleaning 6M HCI 18
Conditioning 0.2M HCI 18
Sample loading 0.2M HCI 0.5
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Fixing 0.2M HCI 1
Pre elution 0.2M HCI 21
Pre Li fraction 0.2M HCI 1
Li elution 0.2M HCI 26
Post Li fraction 0.2M HCI 1

Table 3. Elution protocol for lithium separation with second column
Procedure Eluent Volume (mL)
Cleaning 6N HCI 3
Conditioning 0.15M HCI 3
Sample loading 0.15M HCI 0.1
Fixing 0.15M HCI 0.3
Pre elution 0.15M HCI 3.3
Pre Li fraction 0.15M HCI 0.5
Li elution 0.15M HCI 7.5
Post Li fraction 0.15M HCI 0.5

Boron

Boron was separated from the seawater matrix using a micro-sublimation technique (Van Hoecke et al.,
2014; Xiao et al., 2019). Aliquots of 30 uL sample solution were placed on the inner surface of the lid of a 5
mL Savillex® Teflon vial (conical interior, finned legs). The sample droplet was acidified with HNOs to pH < 2.
The vial is then tightly closed in an inverted position and wrapped with aluminium foil such that sides of the
vial remained warm while the exposed base part acted as a condensation surface. Samples were heated at
95°C for 25h. During this procedure, boric acid volatilizes from the sample droplet and recondenses on the
cooler upper surface of the vial. After cooling of the sample vial, the lid contains the residual matrix is replaced
with a fresh, clean lid, thereby isolating the purified boric acid condensate. The condensate was diluted in 2%
HNO:s prior to boron isotope analysis by MC-ICP-MS.

Chromium

To separate Cr (total) from the seawater matrix, a coprecipitation procedure with Mg(OH)2 and assisted
by the addition of triethylamine adapted from Arslan et al. (2018) was tested. This procedure was then followed
by a two-step Cr isolation method using AG1-X8 and AG50W-X8 (BioRad) resins as described in Yamakawa
et al. (2009).

Nickel

To separate Ni from concomitant elements in seawater samples, a procedure modified from previous
studies was used (Ari, Bakirdere, 2020; Beunon et al., 2020; Yang et al., 2024). First stage of the procedure
involved pre-concentration of the element by co-precipitation with Mg(OH)2. The precipitate formed was then
dissolved in 7 M HCI and run through strongly anion-exchange chromatographic column with AG®1-X8 BioRad
resin, to separate chloro-anionic elements (Cu, Fe, Mn, Cd, Cr, Mo). Separation of Ni from Mg and other
cationic elements in solution was achieved by chromatographic separation using Chelex-100 resin, following
the guidelines described by Yang et al. (2024).

Cadmium

Most frequently, two different chemical purification protocols have been in use: (1) purification of Cd using
the AG®1-X8 resin and (2) purification of Cd using AG®-MP-1M BioRad resin. In the present project, Cd was
pre-concentrated from the seawater matrix by applying a procedure similar to that used for Ni. Namely, Cd
was preconcentrated by triethylamine-assisted (TEA) Mg(OH)2 coprecipitation by the procedure adopted from
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Arslan et al. (2018). The precipitate was then dissolved in 2M HCI and Cd was isolated from the interfering
elements on the AG®-MP-1M (BioRad) resin following the procedure described in Pallavicini et al. (2014).

Antimony

A combination of cation exchange chromatography and anion exchange chromatography can be used
for chemical purification of Sb prior to isotope ratio measurements, following the procedure described by Lobo
et al. (2012). The procedure involves two stages of separation. In the first stage, a sample solution in 0.14 M
HF is loaded onto a chromatographic column filled with Dowex AG50-X8 cation-exchange resin to separate
Sh from alkaline and alkaline earth elements, together with Mn, Fe, Cu and Pb. In the second stage, elements
that tend to be in the anioinic form in aqueous solution, are separated from Sb by running the samples through
Amberlite IRA 743 anion-exchange resin.

Lead

Procedure at MUL. The manual analyte/matrix separation protocol for extracting Pb from the sample
solutions was adapted from a previously published method for the simultaneous separation of Sr and Pb
(Reese et al., 2019). Columns were packed with 0.5 mL of the resin SR-B-100-A (mesh size: 100 um — 150
um) (Triskem International, Bruz, France). After a resin cleaning procedure, 4 mL of sample solution was
loaded on the column, the matrix was eluted by 8 mol L~ HNOs and finally Pb was eluted with 4 mL of MilliQ
water and 4 mL of 8 mol Lt HCI. The collected Pb eluates were evaporated to dryness at 85 °C and re-
dissolved in 2 mL HNOs (w = 2 %).

The automated analyte/matrix separation protocol for extracting Pb form the sample solutions was
performed using the seaFAST-Litre system available at ESI Omaha, USA. Aliquots of samples were sent to
Omaha and followed a purification and preconcentration step by a factor of 10. Eluates were screened for
recoveries and impurities at MUL and considered pure for further isotope ratio analysis by MC-ICP-MS.

Procedure at Hereon. Replicates of 20 mL each were dried on a heating block and subsequently dissolved
in 8 M HNOs. Matrix separation was done by manual column separation using Sr Resin (TrisKkem International)
in 2% HNOz and a separation protocol utilizing 6 M HNOg, Type | reagent grade water and 8 M HCI as cleaning
steps prior to sample loading. The column is conditioned in 8 M HNO3, before the sample is loaded. Matrix is
removed by several rinsing steps using 8 M HNOs and Type | reagent grade water. Pb fractions are eluted
using 8 M HCI. Pb fractions are dried on a heating Block and subsequently dissolved in 2% HNOs3s for
measurement by MC-ICP-MS.

Uranium

This section describes the separation of uranium from seawater using Triskem UTEVA resin prepacked
columns. The procedure described can be adapted to other types of samples. In the present case — a seawater
sample from the German North Sea coast - the uranium mass fraction (w(U)) was approximately 3 ng/g.

Initially, a subsample of approximately 60 g was transferred into 300 mL PFA vessels. The subsample
was evaporated to dryness at approximately 120 °C using a hot plate. The residues were re-dissolved in 35 mL
HNOs (Ww(HNO3s) = 0.65 g/g) and 15 mL H20, evaporated to dryness again, and re-dissolved in 15 mL HNOs
(c(HNOs) = 3 mol/L). Afterwards the uranium was separated from the matrix using preconditioned Triskem
UTEVA resin columns (UT-C50-A, Lot # FUTA240212, 2 mL pre-packed). The separation was carried out
according to the modified Eichrom “Analytical Procedure Method No. ACS07” (Eichrom Technologies, 2015),
with details shown in Table 4 below.

Table 4. Elution scheme used for uranium separation on Triskem UTEVA resin (2 mL pre-packed columns,
Lot # FUTA240212).

Fraction Eluent V/mL
1 0.05 mol/L HCI 15 remqval of.L.Jranium
impurities
2 3 mol/L HNO3 5 preconditioning
3 sample in HNOs 15 loading of sample
4 3 mol/L HNO3 16 removal of matrix
5 7.5 mol/L HCI 3 conditioning
6 0.05 mol/L oxalic acid 5 removal of Th
& 5 mol/L HCI
7 7.5 mol/L HCI 5 waste
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8 0.05 mol/L HCI 11 uranium fraction

The uranium fraction was collected in 15 mL PFA vessels, evaporated to dryness (hot plate at 120 °C)
and the residue was re-dissolved in 1 mL HNOs (0.65 g/g) and 1 mL H202 (0.30 g/g).The sample was
evaporated to dryness again on a hot plate at 80 °C (the temperature was increased from 50 °C to 80 °C in
10 °C steps over 3 h) . Finally, the residual was re-dissolved in 3.5 mL 0.025 g/g HNOs to prepare the
measurement solutions with w(U) = 50 ng/g.

To validate that the separation procedure does not induce uranium isotope fractionation, it was applied
to four aliquots (each ~1.5 g) of a stock solution of IRMM-184 (Rienitz, 2001). This solution had a uranium
mass fraction of roughly 50 ng/g. After separation, the isotope ratios (R(22*U/238U) and R(23°U/238U)) of the four
aliquots were determined using MC-ICP-MS and IRMM-184 as certified reference material in a sample-
reference bracketing scheme. Please note that reference IRMM-184 was an unprocessed aliquot of the before
mentioned stock solution. Details of the MC-ICP-MS measurements are given in the next section. Error!
Reference source not found.2 and Error! Reference source not found. show the determined isotope ratios
R(?**U/?%8U) and R(?%5U/2%8U), respectively. In addition to the single results for each aliquot, the certified value
for IRMM-184 is shown as horizontal red dashed line together with its error range of plus/minus the expanded
uncertainty (k = 2). Since in all cases the isotope ratios of the four aliquots agree with each other and the
certified value, it can be concluded that the presented procedure does not cause measurable isotope
fractionation.
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0.0000530
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R(Z*U/7%8U) / (mol/mol)

0.0000520 ~

0.0000515 T T

aliquot

Figure 2 Absolute isotope ratio R(234U/238U) of the four aliquots of IRMM-184 after being processed in the
described way. Error bars indicate expanded uncertainties (k = 2). The red dashed line represents the
certified value with its uncertainty range.
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Figure 3: Absolute isotope ratio R(23°U/238U) of the four aliquots of IRMM-184 after being
processed in the described way. Error bars indicate expanded uncertainties (k = 2). The red
dashed line represents the certified value with its uncertainty range

5 Correction for instrumental isotope fractionation

Isotope ratios as measured by mass spectrometry are biased from their true values. In the literature, this
bias is termed interchangeably as instrumental mass bias, instrumental mass discrimination, and instrumental
isotope fractionation. The phenomenon was investigated by many research groups over decades (e.g., Nier,
1950; McKinney et al., 1950; Russell et al., 1978; Hart, Zindler, 1989; Albarede, Beard, 2004; Baxter et al.,
2012; Meija et al., 2012; Yang et al., 2018). The following methods can be used to correct for it.

5.1 Calibration by using synthetic isotope mixtures

Originally proposed by Alfred O. Nier in 1950, this method has become the gold standard for performing
the higher order isotopic characterisation of materials. At the core of this method are synthetic mixtures of
highly enriched isotopes, prepared under full gravimetric control and used for calibration of measured isotope
ratios. Detailed description of the measurement principle and selected applications can be found elsewhere
(Qi et al, 1998; Ponzevera et al., 2006; De Bievre et al., 2012; Meija, 2012; Yang et al., 2018, Stoll-Werian et
al., 2019; Dunn et al, 2024). Although being laborious and with costly materials involved, the method offers
two important advantages. First, it does not need to rely on any previously characterised isotope standard.
Second, the method produces results that are directly traceable to the Sl units.

Measurement by this method involves weighing operations to prepare calibration mixtures from
isotopically enriched parent materials, isotope ratio measurements of samples, calibration mixtures and parent
materials, and chemical characterisation of impurities in parent isotopically enriched materials. Provided that
up-to-date instrumentation is used, the calibration by using synthetic isotope mixtures has the potential to
determine isotope amount ratios in samples with lowest uncertainties.

Accounting for chemical impurities in parent isotopically enriched materials is essential. Mass fraction of
chemical impurities is subtracted from masses of parent materials, taken to prepare isotope mixtures, to know
accurate masses of enriched isotopes used in mixing. A challenge here arises from the need to quantify non-
metals, including oxygen, nitrogen, and hydrogen. A recent development in the field is the development of the
variant of the method that determines mixing proportions of enriched isotopes with the aid of ion
chromatography, rendering the determination of impurities in the parent materials superfluous (Flierl et al.,
2024).
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5.2 Double and triple spike methods

Double and triple spike methods are also based on the use of enriched isotopes. What makes them
different to the method of synthetic isotope mixtures is that enriched isotopes are added directly to the samples
to be measured. Conventionally, the methods are applicable to elements having at least four stable or long-
lived radiogenic isotopes (Rudge et al., 2009). However, a modification of the approach applicable to elements
with three isotopes was reported (Chew, Walczyk, 2013; Coath et al., 2017). The double spike technique
involves measuring isotope ratios of four isotopes, the abundances of two of which have been altered by the
addition of enriched isotopic spikes. The triple spike technique involves measuring isotope ratios of four
isotopes, the abundances of three of which have been altered by the addition of enriched isotopic spikes
(Galer, 1999).

Measurements by these methods include weighing operations to add appropriate amounts of enriched
spikes, isotope ratio measurements of unspiked sample, spiked sample, enriched isotopic materials, and an
isotope standard with known isotopic composition. The latter is needed to calibrate isotope ratios of enriched
isotopic materials. An estimate of the chemical purity of the spike materials is also required.

Data reduction algorithm allows to invert measured data to obtain isotope ratios of the sample corrected
for instrumental isotope fractionation. The double spike inversion formulas were derived in early works and
revised later (Compston, Oversby, 1969; Dobson, 1970; Rudge et al., 2009). It is noteworthy that the
conventional double spike inversion assumes mass-dependent isotope fractionation. As a consequence, this
approach is not a suitable analytical method for isotopic analysis of samples in which mass-independent
isotope fractionation can occur (Bigeleisen, 1996; Malinovsky, Vanhaecke, 2011; Buchachenko, 2013). To
address the issue, an analytical equation to calculate a correction that needs to be applied in the presence of
isotopic anomalies in samples was suggested (Hu, Dauphas, 2017).

A known advantage of the double spike method is that the requirement to quantitative recovery of an
analyte can be relaxed. Once the isotopically enriched spike equilibrates with the sample prior to chemical
separation, quantitative yield after the procedure is not necessary. Selected applications of the method are
described elsewhere (Johnson, Beard, 1999; Siebert et al., 2001; Mead, Johnson, 2010; Gall et al., 2012;
Creech et al., 2013; Liu et al., 2020).

5.3 Sample-standard bracketing (external standardisation)

The sample-standard bracketing method assumes that variations in instrumental isotope fractionation
between an unknown sample and two isotope standards, one preceding and one following the sample, are
small relative to the standard deviation of the measurement. This assumption is valid in the techniques
operating at steady state, such as ICP-MS. Data reduction after measurement involves interpolating the
magnitude of instrumental isotope fractionation of an unknown sample from the observed instrumental
fractionation of bracketing standards. With the above assumption, the relationships between them can be
described as follows:

~ Rstd  Rsmp _ Retd 1)
Istd,1 Tsmp Tstd,2

where K is the calibration factor, relating true and measured values of an isotope ratio, Ryy, and Ry are
true isotope ratios of sample and isotope standard, respectively; ryq 1 and ryq o are measured isotope ratios of
the preceding standard and the following standard. Re-arranging Eq (1) gives

_ Rstd 1 1
Remp = Tomp X > X <E + Tstd,2> (2

Sample-standard bracketing also forms the basis for the determination of relative isotope ratios. In a
situation when samples and isotope standards are matrix-matched, delta value of an unknown sample relative
to a chosen isotope standard can be calculated using measured isotope ratios:

Sqg’E =721 (3)

T'std
where delta value 6§ expresses the abundance of isotope i of element E in a sample relative to the abundance
of the same isotope in isotope standard; rsampie = Ismp('E)/Ismp('E) and rgg = Isa(‘E) /Ista(’E) are measured
ratios of the isotopes in sample and isotope standard.

The use of an internal standard can facilitate correction for small differences in matrix composition
between samples and standards. This is achieved by normalisation of measured isotope ratios of an analyte
to those of an internal standard. Another element from the same or adjacent mass region with interference-
free isotopes can act as an internal standard. In this approach, measured isotope ratios of samples and
standards are first corrected for instrumental isotope fractionation by using one of the empirical approaches,
described in the section 5.4, and then used for the calculation of delta values:

.. !
SqgVE =" 1 @)

std
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where Ry, = (Ismp(iE)/Ismp(jE)) ~and Rly = (Istd(iE)/Istd(jE)) _are isotope ratios of sample and

corl corl
isotope standard corrected for instrumental isotope fractionation by using one of the empirical approaches

detailed below.

5.4 Internal standardisation

In analytical chemistry, an internal standard is a known amount of a substance, different from the analyte
of interest, that is added to all samples, blanks and calibration standards to correct for fluctuations in instrument
response during analysis and as an aid for calibration (Skoog et al., 2018; Burns, Walker, 2019). In isotope
ratio measurements, the purpose of using an internal standard is twofold. First, it helps correcting for drift and
signal instability due to noise from the ion source and electronic lenses, and due to matrix effects. Second, the
internal standard can be used as a calibrant of the measurement.

A number of models for the relationship between measured isotope ratios of two different elements were
developed. The genesis and performance characteristics of these models are described in detail elsewhere
(Longerich et al., 1987; Maréchal, et al., 1999; Ingle et al., 2003; Young et al., 2010; Baxter et al., 2012; Meija
et al., 2012; Malinovsky et al., 2016; Tong et al., 2019).

When high precision isotopic analysis is concerned, the most used are the models based on exponential
and power laws. Although it was noted that these models can be viewed as two variants of the generalised
power law (Maréchal et al., 1999), practical calculations using them yield slightly different results. The
calculations involved in these models are summarised in Table 5 on the example of Ni and Cu isotopes.

Table 5. Models commonly used to correct for instrumental isotope fractionation.

Name Functional form Parameters of the models explained

model

Ni is the analyte.

Cu is the admixed internal standard.

; R62Ni/60Ni
A,(°*Ni) Tezy; s0y; iS the measured Ni isotope ratio.

Exponential R“Ni/ﬁoNi = Ar(GONi) " Tez; /60

is the true Ni isotope ratio.

Res ., is the certified Cu isotope ratio.
Cu/”"Cu

T'esgy, 830y is the measured Cu isotope ratio.

A.(°®Ni) and A,(°°Ni) are the relative atomic
masses of Ni isotopes; 4,(°*°Cu) and A,(**Cu)
are the relative atomic masses of Cu isotopes.

f is the exponential model mass fractionation

coefficient calculated as
Re5. 63

In T6SCu/ Cu

( cu/®3cu )

R62Ni/60Ni = Tezy; 607 " 9 ln(Ar(6SCu)/Ar(63Cu)),

Power model g is the power model mass fractionation
coefficient calculated as

1
g= <R65Cu/63cu)(Ar(GSCu)—Ar(63CU)>

T65cu/63cu

Ar(°2Ni)-4,(°°Ni)) f=

The exponential and power models can be effective in correcting for signal instability and temporal drift in
instrumental mass bias over a measurement session. Normalisation procedures based on these models are
also valuable for minimising matrix effects between samples and standards in the determination of delta
values. However, in absolute isotope ratio measurements, the assumptions on the functional form of the
relationship between measured isotope ratios do not guarantee accuracy of results.

A model that is free from any assumptions, and thus offering significant benefit in higher order
measurements, is the so-called regression model. It is based on correlated temporal drift between
simultaneously measured isotope ratios of an analyte and an internal standard. Isotope amount ratios of an
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analyte, corrected for instrumental isotope fractionation, can be calculated by the following formula, written
with isotopes of Ni and Cu as examples.

a b
Rez,,. .=e -R
62Ni/ONi 65¢cu/%3cu

(%)

where Rez, /50N is n(®2Ni)/n(°°Ni), the mass bias corrected isotope ratio of the analyte; Resg, /53cy

known n(®5Cu)/n(83Cu) isotope ratio of the internal standard; b and a are the slope and intercept of a linear
regression through data points of measured [(52Ni)/I(°Ni) isotope ratios and measured 1(55Cu)/I(3Cu) isotope
ratios in In-In space, In(I(62Ni)/I1(6°Ni)) versus In(I(85Cu)/I(53Cu)).

is the

To obtain accurate and precise results by the regression model, it is necessary to find measurement
conditions that will allow establishing a high level of correlation between variations in measured isotope ratios
of the analyte and internal standard. This can be achieved either through running measurement over long time
or in a series of short-term measurements with incremental changes of one of major instrumental parameters,
such as RF power in ICP-MS (Malinovsky et al., 2016).

It should also be noted that an interesting calibration approach was reported recently by Vogl (2021). This
approach does not fit into any of the above four categories of calibration methods. However, it is based on the
theory of mass-dependent isotope fractionation, commonly employed in the internal standardisation. This
approach makes use of the difference in the instrumental isotope fractionation of two different types of mass
spectrometers during measurement of the same sample. Using the measurement data, two different
fractionation lines can be constructed in a three-isotope diagram. The point of interception of these lines should
correspond to true isotope ratio of the sample.

6 Reporting isotope ratio data
Results of isotope ratio measurements can be reported in two ways: as relative isotope ratios or as
absolute isotope ratios, also known as isotope amount ratios, isotope abundance ratios, and isotope number
ratios. General guidelines for reporting isotope ratio data were published and help clarify relevant terminology
and recommended requirements for publishing isotope delta results (De Laeter et al., 2003; Coplen, 2011,
Brand et al., 2014; Prohaska et al., 2022; Skrzypek et al., 2022). Useful guiding documents are also listed on
the website of the IUPAC Commission on Isotopic Abundances and Atomic Weights (CIAAW, 2025).
Relative isotope ratios are expressed as isotope delta values. The isotope delta (symbol ), of an element
E in a material P is defined by the isotope number ratios of an element E in substance P and in an international
standard (Std) (Brand et al. 2014; Skrzypek et al. 2022):
8sea(VE, P) = K(Ter) 1 6
sea(E,P) = *(Tesea) (6)
Isotope delta values are small numbers and therefore are commonly expressed in the per mil notation
(%0), by multiplying by 1000.
The isotope number ratio in a substance P is defined as (Prohaska et al., 2022):
R(*"’E,P) = N( ‘E,P)/N(’E,P) (7)
where N(E,P) and N(E,P) are the numbers of atoms of each isotope making the isotope ratio of the
chemical element E in substance P. It is recommended that 'E denotes the higher and iE the lower atomic
mass number of the isotopes involved.
Reporting isotope ratios as isotope amount ratios is needed to ensure traceability of measurement results
to the Sl units. The knowledge of absolute isotope ratios is also essential in the determination of atomic weights
of elements, accurate mass balance calculations and in many other applications.

7 Measurement uncertainty budgets

The uncertainty budget is a statement of a measurement uncertainty, of the components of that
measurement uncertainty, and of their calculation and combination (JCGM 200:2012). It comprises all known
sources of uncertainty in the analysis. It is recommended that uncertainties be estimated according to the ISO
Guide to the Expression of Uncertainty in Measurement, commonly known as the GUM (JCGM 100:2008).

Individual components of uncertainty and their contributions to total uncertainties will be different for
different measurement methods and calibration approaches described above. In identifying individual
uncertainty components, it is advisable to follow the practice when all uncertainty terms are associated with a
physical cause (Saunders et al., 2008). This ensures that each of the identified sources of uncertainty can
have a mathematical model allowing quantitative estimation and propagation of uncertainty.

Uncertainty budgets and uncertainty propagation for measurements with the calibration approach based
on synthetic isotope mixtures were described in detail in works by Qi et al. (1998); Wolff-Briche et al. (2000),
Mana et al., 2010; Vogl et al. (2016), Dunn et al. (2024), and Flierl et al. (2024). Uncertainty propagation in the
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double spike method was discussed in works by Powell et al. (1998) and Rudge et al. (2009). Discussion on
uncertainty budgets and uncertainty propagation for measurements using the internal standardisation was
given by Meija et al. (2010), Malinovskiy et al. (2016), and Tong et al. (2019).
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