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Abstract (~292 words): 
As the field of zirconium (Zr) stable isotopes is rapidly expanding from the study of mass-

independent to that of mass-dependent isotope effects, a variety of Zr standards have appeared in 
the literature. While several of these standards have been proposed as the ideal isotope reference 
material (iRM) against which all data should be reported, none of them have been shown to meet 
the compositional and/or conflict-of-interest-free distribution requirements put forth by the 
community. To remedy this situation, we report on a community-led effort to develop and calibrate 
a scale defining iRM for Zr isotopes: NIST RM 8299. Developed in partnership with the National 
Institute of Standards and Technology (NIST) from the widely used SRM 3169 Zirconium 
Standard Solution (certified for mass fraction), the candidate RM 8299 was calibrated through an 
inter-laboratory study involving three laboratories. Our data show that candidate RM 8299 meets 
all requirements of an ideal iRM. It is an isotopically homogeneous, high-purity reference material, 
that is free of isotope anomalies, and whose composition is identical to that of a major geological 
reservoir (Ocean Island Basalts). Furthermore, RM 8299 will be curated and distributed by NIST, 
a neutral, conflict-of-interest free organization, and was produced in sufficient quantities to last 
multiple decades. We recommend that all Zr isotope data be reported against RM 8299. Our results 
also show that SRM 3169 lots #130920 and #071226 have indistinguishable composition to 
candidate RM 8299. Therefore, using RM 8299 as the scale defining iRM will enable direct 
comparison of all future data with the vast majority of the existing literature data, both for mass-
independent and mass-dependent isotope effects. To facilitate conversion of δ94/90Zr values 
reported against other Zr standards, we provide high-precision conversion factors to the RM 8299 
scale obtained using the double-spike method.
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Main Text 
1. Introduction

Over the past two decades, the field of stable isotope geo- and cosmochemistry has 
expanded from the so-called “traditional” systems (H, C, N, O, S; e.g., Ref.1) to include most of 
the periodic table (e.g., Refs.2–4). For each new isotope system being developed, establishing a 
scale defining isotopic reference material (iRM) is a critical task that is, unfortunately, not always 
given sufficient consideration. This has led to problematic situations where data are reported 
relative to iRMs that were, for instance, inadequate (e.g., isotopically heterogeneous), not readily 
available, rapidly exhausted (e.g., JMC Lyon Zn), and/or not broadly agreed upon (e.g., various 
in-house Mo standards in the literature). As the field of (mass-dependent) zirconium (Zr) stable 
isotopes is starting to develop (e.g., Refs.5–12), it is in the community’s best interest to establish 
and rigorously calibrate an iRM early on, before multiple ‘in-house’ standards proliferate.

In the published literature, Zr isotope data have already been reported against at least 7 
different standards. Study of mass-independent isotope effects have used a single-element Zr 
solution from Johnson Matthey13, a standard solution prepared from AMES Zr metal14, at least two 
lots of NIST SRM 3169 (Refs.13,15–23), as well as 4 different lots of single-element Zr solution from 
Alfa-Aesar19,24–27. An early study showed that different Zr single-element standard solutions had 
identical isotopic composition at the ~20-120 part-per-million (ppm) level28. When proceeding to 
higher precision (< 10 ppm), however, resolvable isotopic differences were identified between 
NIST SRM 3169 and Alfa Aesar Zr standards23,26,27, emphasizing the need for a common iRM to 
render the data of different publications comparable.

Similarly, in the nascent field of Zr mass-dependent stable isotopes, multiple standards 
have already been used, such as NIST SRM 3169 (Ref.26,29–35), the candidate RM 8299 presented 
herein7–9,11,12,36–38, a single-element Zr solution from PlasmaCal (SCP Science) also known as the 
IPGP-Zr standard5,6,10,11,30,33,35,38–46, and the NRC-ZIRC 1 (Refs.44,47,48). Faced with such a 
proliferation of standards, it is critical to assess whether any of these materials are a suitable 
primary iRM against which all isotope data, both mass-dependent and independent isotope effects, 
should be reported. Doing so requires a careful, community-led, interlaboratory calibration effort.

Here, we introduce the candidate RM 8299 reference material. This Zr iRM was conceived 
and developed in collaboration with the National Institute of Standards and Technology (NIST) in 
order to meet all the desirable key criteria of an iRM including isotopic homogeneity, wide 
availability, conflict-of-interest–free distribution, and sufficient stock to last decades (Section 2). 
To ensure traceability to the vast majority of mass-independent isotope studies, candidate RM 
8299 was prepared from the widely used SRM 3169 Zirconium Standard Solution. Below, we 
describe how the candidate RM 8299 was prepared by NIST, and calibrated through a careful and 
thorough inter-laboratory study involving three participating laboratories at Caltech, ETH Zürich 
and UCLA (Section 3 & 4). Our results confirm that all candidate RM 8299 aliquots are 
isotopically homogeneous (at the ± 2.5 part-per-million (ppm) level for 91Zr/90Zr, and 92Zr/90Zr 
ratios, and ± 7.5 ppm for the 96Zr/90Zr ratio) and have a composition identical to SRM 3169 
(Section 5). The data also reveals the existence of clear non-exponential mass-dependent 
fractionation occurring in each laboratory, from measurement session to measurement session, as 
well as mass-independent effects between laboratories (i.e., instrument specific) whose origin 
remains unsolved. These results further emphasize the need for isotopic measurements to be made 
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using a unique iRM, such that anomalous effects can be readily accounted for by sample-standard 
bracketing to the same standard, and enable direct inter-lab data comparison at the < 5-10 ppm 
level for both mass-independent and mass-dependent effects.

2. Key features for an iRM
Reference materials, both for mass fraction and isotopic analyses, are critical to ensure data 

accuracy and comparability between methods and laboratories across the world. But selecting and 
establishing an iRM is a non-trivial task that is often overlooked and/or not given sufficient 
consideration. In non-traditional stable isotope geochemistry in particular, groups pioneering a 
new isotope system have little choice but to use a readily available mass fraction standard solution 
as an in-house isotope standard. By inertia, this in-house standard often becomes the isotope 
standard for the community, leading to potential issues in the distribution (e.g., conflict-of-interest 
between competing groups), preservation, and/or long-term availability of this primary reference 
material. The latter point is the major recurring issue; stocks of iRMs can rapidly become 
exhausted, forcing calibration of novel iRMs when little of the original material remains available, 
which leads to potentially problematic inter-calibration issues and/or a proliferation of materials 
against which isotope data are reported. 

To avoid such problems, the community has developed a series of detailed guidelines and 
best-practices for the selection of an iRM in isotope geochemistry49–51, which are briefly 
summarized in Table 1. The preparation and calibration of the NIST candidate RM 8299 followed 
these guidelines. To ensure the homogeneity (#1) and purity (#2) of the Zr iRM, the candidate RM 
8299 was produced by dilution of the high-purity SRM 3169 Zirconium Standard Solution, lot # 
130920. The resulting RM 8299 will be curated and distributed by NIST, a reliable and neutral 
entity, allowing conflict-of-interest free distribution and wide availability (#6). The large volume 
of the RM lot (>20 L) was sufficient to produce >1000 units (2 bottles each; 10 mL of solution per 
bottle). At the current rate of sale of the SRM 3169, the current RM 8299 lot would last more than 
a century (#7). Establishing the composition (#3) and confirming the lack of isotopic anomalies 
(#4) in candidate RM 8299 was accomplished via high-precision isotope analyses. Finally, and to 
ensure that the choice of the iRM was a community-led effort (#5), the team that initially conceived 
the iRM (Caltech, U. of Arizona, and NIST), invited all groups with expertise in Zr isotopic 
analysis to participate in an inter-laboratory measurement campaign for candidate RM 8299. As 
we show below, this approach was not only successful in calibrating the candidate RM 8299, but 
also led to the identification of systematic discrepancies with measurements of absolute ratios on 
MC-ICPMS instruments, thereby reemphasizing the need for all laboratories to use the same, well-
characterized iRM to ensure inter-lab data comparison.

3. Inter-laboratory calibration
The protocol for inter-laboratory calibration (Fig. 1) was designed by the NIST (Statistical 

Engineering Division) to ensure that the source of any difference in the isotopic compositions 
measured by different labs, or in different bottles, could be identified without the need for any 
iterative process (e.g., investigation of more solution aliquots, or additional rounds of analyses). 
In total, each participating laboratory analyzed 5 separate aliquots of candidate RM 8299. The first 
3 aliquots were sent directly from NIST (in three separate bottles) to each laboratory. Upon 
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reception, each laboratory sampled the bottles and sent 2 of them to one of the other laboratories. 
Once all 5 aliquots had been received, each participating group independently decided on the best 
way to measure the aliquots: e.g., instrument, sample inlet system, interference monitoring 
(Section 4.2). Measurements of all 5 candidate RM 8299 aliquots were to be performed twice (or 
more) in each laboratory, during at least two separate analytical sessions over non-successive days. 
This design allows for identification of any isotopic offsets between aliquots, any occurrence (and 
source) of contamination in a given bottle, as well as any offset stemming from systematic 
differences between laboratories (i.e., operator- and/or instrument-specific biases, interference 
correction, data treatment). 

4. Methods
4.1. iRM preparation and aliquoting
The Zr NIST candidate RM 8299 was produced by dilution of SRM 3169 Zirconium 

Standard Solution (lot #130920). This lot of SRM 3169 was initially produced by digestion of a 
large piece (100 g) of high-purity Zr metal, which was then diluted in a mixture of 10 % vol HNO3 
+ 2 % vol HF (or ~1.5 mol L-1 HNO3 + 0.6 mol L-1 HF) in NIST laboratories, to yield a Zr mass 
fraction of 10.000 ± 0.020 mg/g. To produce the NIST candidate RM 8299, an aliquot of SRM 
3169 was taken and diluted by a factor ~100 into a matrix of 2.1 % HNO3 + 0.48 % HF (or ~0.32 
mol L-1 HNO3 + 0.13 mol L-1 HF) to yield a Zr mass fraction of ~97.5 μg/g. The volume of RM 
produced (>20 L) enabled the production of more than 1000 units; each unit consisting of 2 bottles 
containing 10 mL of solution each.  

For the inter-laboratory comparison, twelve bottles of candidate RM 8299 were selected 
by stratified random sampling. Each bottle was placed in an individual bag and sealed. Three such 
bottles were shipped to each participating laboratory.

4.2. Isotopic analyses
4.2.1. Inter-laboratory calibration of NIST candidate RM 8299 and SRM 3169
Each participating laboratory was tasked with defining their own ideal measurements 

setup. While all groups used multi-collector inductively-coupled-plasma mass-spectrometer (MC-
ICP-MS) instruments (Thermo Fisher Scientific Neptune and Neptune Plus), the sample 
introduction systems, cup configurations and analytical methods varied between groups. The 
details of these respective approaches are presented in Table 2. 

In Laboratory 1, analyses were run in wet plasma conditions, using a glass spray chamber 
and 1 μg/g Zr solutions prepared by diluting 60 μg of the 100 μg/g Zr candidate RM 8299 aliquots 
with 5.94 g of run acid (0.58 mol L-1 HNO3 + 0.01 mol L-1 HF). The instrument was tuned for 
optimal sensitivity and stability. Analyses were performed over two independent analytical 
sessions, one in April and the other in June 2022. For each session, a new batch of run acid solution 
was prepared, as well as new dilutions of the candidate RM 8299 aliquots. In both sessions, the 
solution from one of the candidate RM 8299 aliquots (bottle 12) was used as the bracketing 
standard, and each unknown was bracketed as follows: STD - unknown - STD. Aliquots of the 
SRM 3169 (lot #130920) were measured alongside the candidate RM 8299 solutions, to assess 
their level of isotopic homogeneity. Before any solution analysis, the same run acid solution (i.e., 
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acid blank) was measured to determine On Peak Zero (OPZ) intensities. All aliquots were 
measured 8-10 times per measurement session, and aliquot #12 (used as bracketing standard) was 
measured 37 times in session 1 and 157 times in session 2 (other pure Zr metals, whose 
composition will be reported in a subsequent study, were also measured during this second session, 
and bracketed by aliquot #12).

In laboratory 2, analyses were run in dry plasma conditions, using an Aridus II desolvating 
nebulizer, and 350 ng/g Zr solutions prepared by diluting 56 μL of the 100 μg/g candidate RM 
8299 aliquots with 0.1097 mL of conc. HNO3, 2.97 mL H2O and 12.865 mL of run acid (0.5 mol 
L-1 HNO3 + 0.005 mol L-1 HF). The instrument and desolvating nebulizer (Aridus II) were tuned 
to minimize interferences on all Zr masses (including the ArArO+ interference on 96Zr). Since the 
Aridus II tuning has a large influence on the absolute Zr isotope ratio measured, the tuning was 
further adjusted until the ratios obtained on the NIST SRM 3169 were close to the long-term values 
measured in this laboratory. Analyses were performed over two independent analytical sessions, 
one in May and the other in June 2020. In both sessions, a SRM 3169 solution (lot #071226) was 
used as the bracketing standard. In session 1, each unknown was bracketed by a standard 
measurement (i.e., STD - unknown - STD), while in session 2, a standard was run every 6 analyses 
as STD - Aliquot 1 - Aliquot 2 - Aliquot 3 - Aliquot 4 - Aliquot 5 - Aliquot 6 - STD. Before 
analyses of any solution, the same run acid solution was measured to determine OPZ intensities. 
All Zr candidate RM 8299 aliquots were measured 6 times per session.

In laboratory 3, analyses were run in wet plasma conditions, using a glass spray chamber 
and 2 μg/g Zr solutions prepared by diluting 40 μg of the 100 μg/g Zr candidate RM 8299 aliquots 
with 20 g of run acid (0.3 mol L-1 HNO3 + 0.005 mol L-1 HF). The instrument was tuned for 
optimal sensitivity and stability. Analyses were performed over three independent analytical 
sessions, one in February 2020, and two in July 2020. In all sessions, a SRM 3169 solution (lot 
#130920) was used as the bracketing standard, and each unknown was bracketed: i.e., STD - 
unknown - STD. At the beginning of each sequence (~ twice a day) a run acid solution was 
measured to determine OPZ intensities. All Zr candidate RM 8299 aliquots were measured 24 to 
42 times over the three sessions.

4.2.2. Mass-dependent (δ94/90Zr) analyses of reference materials
In the absence of a community agreed-upon Zr iRM, the rapid expansion of investigations 

of Zr mass-dependent effects has led to the proliferation of proposed RMs. These proposed 
standards cover a wide range of Zr isotope compositions (expressed in delta notation as δ94/90Zr 
values). To facilitate conversion of the literature data to the δ94/90ZrRM 8299 scale, we therefore 
measured at high-precision the composition of these standards against candidate RM 8299. We 
also measured the composition of several widely used rock and zircon geostandards. 
Measurements were made on a Thermo Scientific Neptune Plus MC-ICP-MS at the Isotoparium 
(Caltech), using a 91Zr-96Zr double spike and following the methods from Ref.8. Each proposed 
reference material was measured between 18 and 597 times over multiple analytical sessions 
spread over several years.

4.3. Data reduction

Page 6 of 36Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

To avoid potential systematic biases from differences in data treatment, the data from all 
laboratories were reduced offline (see Supplementary Materials) using a consistent procedure, 
which is briefly summarized below. First, the raw intensities of all measurements and their 
associated OPZ values were tabulated. For each measurement, the OPZ values were subtracted 
from the raw measurement intensities. A correction for isobaric interferences was then 
implemented. In principle, both molybdenum (92Mo, 94Mo, and 96Mo) and ruthenium (96Ru) 
isotopes can impact Zr isotope analyses, and interferences from both elements should be corrected 
for. In practice, the high-purity of the solutions resulted in extremely small interference intensities 
(at most 30 μV), and the Ru correction was found to be negligible (< 1.5 ppm offset on the 
internally normalized 96Zr/90Zr ratios). In contrast, the Mo correction was found to have a 
resolvable impact on the data (see Section 6.2.1). In all cases, the beam intensities of the interfering 
species were subjected to a first-order instrumental mass-bias correction, using the exponential 
law52 and internal normalization to a 94Zr/90Zr (calculated from OPZ-corrected intensities) of 
0.3381 (Ref.53), for consistency with the more extensive literature on Zr mass-independent isotope 
variations. The correction of isobaric interferences therefore used the following general equation:

 (1)9𝑥𝑍𝑟𝐶𝑜𝑟𝑟 = 9𝑥𝑍𝑟𝑀𝑒𝑎𝑠 ― 98𝑀𝑜𝑀𝑒𝑎𝑠 [(9𝑥𝑀𝑜
98𝑀𝑜)

𝑅𝑒𝑓
 (𝑀9𝑥

𝑀98)
𝛽] ― 99𝑅𝑢𝑀𝑒𝑎𝑠 [(9𝑥𝑅𝑢

99𝑅𝑢)
𝑅𝑒𝑓

 (𝑀9𝑥

𝑀99)
𝛽]

where ‘Meas’ denotes measured beam intensities, ‘Ref’ the reference natural Mo and Ru 
isotope ratio taken from IUPAC, β the mass-fractionation coefficients, and M9x the atomic mass of 
the corresponding Zr, Mo or Ru isotope, also taken from IUPAC. While interference correction 
itself is important, the impact of a mass-bias correction during interference correction was found 
to be negligible (< 1 ppm offset on the internally normalized 96Zr/90Zr values). The interference 
corrected intensities were then used to calculate Zr isotope ratios (91Zr/90Zr, 92Zr/90Zr, 94Zr/90Zr 
and 96Zr/90Zr).

At this point the Zr isotope ratios are OPZ and interference corrected, but still have to be 
corrected for instrumental mass fractionation. As in the interference correction step, mass-bias 
correction was initially done by using the exponential law52, where the measured (RMeas) and true 
(RRef) ratio of two isotopes in the samples are related as function of the ratio of their atomic masses 
by a mass-fractionation coefficient β as:

 (2)𝑅𝑀𝑒𝑎𝑠 = 𝑅𝑅𝑒𝑓 (𝑀𝑖

𝑀𝑗)
𝛽

with M denoting atomic masses, and the subscripts i and j the numerator and denominator 
isotopes, respectively. Eq. 2 was used to infer β from the measured and reference value for 
94Zr/90Zr, and the β value thus obtained was used to correct the other xZr/90Zr ratios. This approach 
was taken because the exponential law, which was originally derived empirically to describe the 
mass-fractionation on TIMS (thermal ionization mass-spectrometer) instruments52,54–58, has been 
shown to adequately correct, to first-order, the mass-fractionation for MC-ICP-MS instruments59–

63. 

As precision of MC-ICP-MS instruments rapidly improved over time, it became apparent 
that the exponential law does not perfectly describe mass-fractionation in these mass 
spectrometers64–68. When residual mass-dependent effects were observed in the internally 
normalized ratios obtained after correction with the exponential law (Section 6.2), a second 
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approach was then tried, using the generalized power law (GPL). Introduced by Marechal et al. 
(1999), the GPL formulates mass-dependent fractionation relationships as:

 (3)𝑅𝑀𝑒𝑎𝑠 = 𝑅𝑅𝑒𝑓 𝑔(𝑀𝑖
𝑛 ― 𝑀𝑗

𝑛)

where g is a mass-fractionation factor (just like β in the exponential law) and varying the 
exponent n is equivalent to changing the mass-fractionation law. Most natural laws (i.e., derived 
from first-principles) and empirical laws are simply special cases of the GPL. For instance, the 
GPL yields the equilibrium law for n = -1 and the power law for n = +1. The kinetic law (which is 
identical to the exponential law), is obtained in the limit where n → 0. Here, we used the GPL to 
find the law that best describes mass-fractionation on each instrument from each participating 
laboratory, and to assess whether apparent differences in the absolute composition of the candidate 
RM 8299 (and SRM 3169 lot #130920 and #071226) were simply artifacts of subtle differences in 
mass-fractionation laws relevant to different instruments.

To assess the homogeneity of the Zr isotope composition of the various iRM aliquots, the 
data after mass-bias correction was finally recast in ‘mu’ notation, as part-per-million (ppm) 
deviations relative to the isotopic composition of the bracketing standard:

(4)𝜇9𝑥𝑍𝑟 =  ( (9𝑥𝑍𝑟/90𝑍𝑟)𝑆𝑎𝑚𝑝𝑙𝑒

(9𝑥𝑍𝑟/90𝑍𝑟)𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
― 1) × 106

Such a sample-standard bracketing approach allows for the correction of residual biases 
that cannot otherwise be accounted for, including both non-exponential mass-dependent effects 
and instrument-specific mass-independent effects. Laboratory 1 used the iRM aliquot #12 as 
bracketing standard, while laboratories 2 and 3 used SRM 3169. Uncertainties are reported as 95% 
confidence intervals (i.e., 2SE) and calculated as , where  is the external 

2 × 𝜎𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑛 2 × 𝜎𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

reproducibility of repeat measurements of the standard bracketed by itself (measured at the same 
concentration as the sample) within a session, and n is the number of repeat analyses of the sample 
solution considered (see Table 3). 

5. Results
Internally normalized data from all three laboratories show that the nine aliquots of 

candidate RM 8299 have Zr isotopic compositions identical to each other within error, confirming 
at high-precision (2SD of ±2.5 ppm for μ91Zr and μ92Zr, ± 7.5 ppm for μ96Zr) the isotopic 
homogeneity of the RM stock solution curated by NIST (Fig. 2 and Table 3). As expected, this 
composition is also identical to that of SRM 3169 (lot #130920), the Zirconium Standard Solution 
from which NIST prepared the candidate RM 8299, as well as another lot of SRM 3169 (lot 
#071226). The same is true for the mass-dependent data (δ94/90Zr, see Section 6.4), which confirms 
the lack of mass-dependent fractionation between candidate RM8299 and SRM 3169 lot #130920 
(-0.002 ± 0.006 ‰, 2SE, n = 18). The data on other pure Zr solutions reveal significant variability 
in mass-dependent isotope effects compared to candidate RM 8299, from -0.538 ± 0.005 ‰ (n=23) 
for Alfa Aesar lot 03-14247H to +0.291 ± 0.004 ‰ (n=29) for the AMES Zr solution. The long-
term average of the PlasmaCal solution (IPGP-Zr) is -0.056 ± 0.002 ‰ (n=98). Geostandard values 
cover a much tighter range around candidate RM 8299, from -0.058 ± 0.003 ‰ (n=74) for AGV-
2, to +0.058 ± 0.003 (n=59) for RGM-2.
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Given the homogeneity of candidate RM 8299, the average absolute ratios measured in 
each laboratory – internally normalized to 94Zr/90Zr = 0.3381 (Ref.53) – were calculated and 
compared to literature values28,47,53,69,70 (Fig. 3 and Table 4). While older studies investigated either 
unspecified “natural Zr” standards or single-element solutions from various manufacturers (e.g., 
Alfa-Aesar, SPEX), there is good agreement between the isotopic composition of these materials 
and that of the candidate RM 8299 / SRM 3169 (this work) and the ZIRC-1 reference material47 
distributed by the Canadian National Research Council (NRC). Inspection of the high-precision 
data, however, reveals differences in the internally normalized isotopic composition (i) between 
candidate RM 8299 / SRM 3169 and NRC ZIRC-1 (Fig. 3 and Table 4), and (ii) between different 
laboratories on the very same candidate RM 8299 solution (Figs. 3, 4 and Table 4). As discussed 
below (Section 6.2), these differences reflect a combination of mass-independent effects and non-
exponential mass-dependent effects during mass-spectrometric analyses. 

6. Discussion
6.1. iRM homogeneity
Of the key requirements that an iRM must fulfill (Table 1), the primary goal of this work 

was to address those pertaining to the homogeneity (#1) and composition (#3 and #4) of the NIST 
candidate RM 8299 and SRM 3169 (lot #130920, and #071226). As shown in Figure 2, 
independent analysis of nine aliquots of the candidate RM 8299 by three laboratories confirms at 
high-precision that the iRM stock solution is isotopically homogeneous (thereby addressing 
requirement #1). Such thorough inter-laboratory calibration is essential and demonstrates that Zr 
isotope data measured against the same standard in different laboratories using different analytical 
methods can be taken at face value and compared to one another, as long as matrix effects and 
interferences are appropriately addressed. 

Importantly, the candidate RM 8299 composition was found to be identical to that of 
multiple lots (#130920 and #071226) of SRM 3169 – the Zr concentration reference material from 
NIST – which has been used extensively in radiogenic (92Nb-92Zr system) and nucleosynthetic Zr 
isotope studies. This is important because it means that the literature data reported relative to SRM 
3169 lots #130920 and #071226 (Refs.15–23) are effectively already expressed on the candidate RM 
8299 scale, and no conversion factor need be applied for comparison with future data. Similarly, 
lower precision data reported in earlier studies13,24, can be directly compared to the RM 8299 scale 
because no differences have been detected at the > 30 ppm level between NIST SRM 3169 and 
the other Zr standards used in these studies28. In contrast, the high-precision data of Akram et al. 
(2105) and Akram and Schönbächler (2016), measured relative to Alfa-Aesar Zr standards, require 
a secondary normalization relative to terrestrial standard rock to account for mass-independent 
isotopic variations in the Zr standards that they used23,26,27. 

6.2. The problem with absolute ratios
6.2.1. Variations in absolute ratios
Whereas the standard-bracketed data from all three laboratories unambiguously 

demonstrate the isotopic homogeneity of the candidate RM 8299 (and SRM 3169 lots #130920 
and #071226), inspection of the results in absolute ratio space (after internal normalization to 
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94Zr/90Zr) reveals average compositions that differ slightly from one another (Fig. 3). The 
differences are relatively small (30-120 ppm for 91Zr/90Zr, 6-64 ppm for 92Zr/90Zr, and 35-221 ppm 
96Zr/90Zr), but significantly larger than the external reproducibility of the measurements (± 10-12 
ppm on 91Zr/90Zr and 92Zr/90Zr, and ±30 ppm on 96Zr/90Zr). These differences could in principle be 
due to (i) improper OPZ and/or interference correction, (ii) non-exponential mass-dependent 
instrumental fractionation, (iii) mass-independent instrumental fractionation, or (iv) a combination 
thereof. Below, we examine each of these possibilities to elucidate which may be responsible for 
these differences in absolute ratios.

If these aforementioned differences in absolute ratios stemmed from improper OPZ and/or 
interference correction, then varying the magnitude of these corrections (or, in the most 
conservative scenario, turning them off entirely) would significantly affect the absolute ratios. 
Systematic investigation of these effects (see below) reveals that, while improper OPZ and 
interference correction slightly contribute to the differences in absolute ratios observed between 
laboratories, they are not the main control behind these differences.

OPZ correction and ArArO+ interference. The OPZ beam intensities measured in the run 
acid reflect the low amounts of elements in the run acid itself, as well as residual elements leached 
from the sample introduction system surfaces. While variations in the OPZ values will directly 
affect the measured isotopic ratios, the impact on the internally normalized ratios will be 
negligible, as long as the background elements contributing to the OPZ (Zr, Mo, and Ru) have 
natural compositions. Comparison of the data treated with and without OPZ correction mainly 
confirms these expectations. Indeed, whereas the measured 91Zr/90Zr and 92Zr/90Zr, 94Zr/90Zr and 
96Zr/90Zr ratios of individual analyses calculated with and without OPZ correction differ by up to 
±15, ±30, ±60 and ±150 ppm respectively, the same ratios after internal normalization are identical 
within ±4-6 ppm for 91Zr/90Zr and 92Zr/90Zr. This clearly rules out an improper OPZ correction as 
the source of the differences seen between laboratories for 91Zr/90Zr and 92Zr/90Zr. For 96Zr/90Zr, 
residual positive anomalies subsist after internal normalization, ranging from 0 to +100 ppm. These 
96Zr positive anomalies most certainly are due to ArArO+ interferences, as indicated by the 
elevated OPZ 96Zr beam intensities compared to what would be expected based on the 90Zr and 
Mo isotope intensities. Because the ArArO+ interference will affect the OPZ and sample 
measurements similarly, its impact on the corrected ratios will be smaller than the value listed 
above (likely by an order of magnitude). Assuming the ArArO+ interference is stable within 10-
25 % will result in a maximum variability of ~ ±10-25 ppm on the internally corrected 96Zr/90Zr 
ratios. This is small compared to the 221 ppm range observed in the average value measured in the 
different laboratories. 

Mo and Ru isobaric interferences. If present, both molybdenum (92Mo, 94Mo, and 96Mo) 
and ruthenium (96Ru) will directly interfere on Zr isotopes. The high-purity of the candidate RM 
8299 solutions, however, resulted in barely detectable ion beams on 98Mo, 99Ru and 101Ru (<10 
μV after OPZ correction) as well as 100Mo (<20 μV). As a result, Mo interference correction done 
using 98Mo (Lab 1) or 100Mo (Lab 2) had virtually no effect on the internally normalized 91Zr/90Zr 
and 92Zr/90Zr (< 1 ppm), and changed the 96Zr/90Zr by less than 6 ppm in Lab 1 and 10 ppm in Lab 
2. Similarly, the Ru correction was found to be negligible, changing the internally normalized 
96Zr/90Zr of individual analyses by less than 1.5 ppm.
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Interference from Zr hydrides (ZrH+). Ion beam intensities were clearly observed at mass 
93 (up to 140 μV) and mass 95 (up to 50 μV). Given the near absence of detectable Mo in the 
candidate RM 8299 solutions (i.e., 98Mo < 10 μV in Lab 1, 100Mo < 20 μV in Lab 2), the signals 
on masses 93 and 95 must predominantly reflect the formation of hydrides: 92ZrH+ and 94ZrH+. 
The hydride formation rate, calculated as 9xZrH+/9xZr varied between ~1e-6 and 6e-6, indicating 
that hydride formation could shift the internally normalized 91Zr/90Zr and 92Zr/90Zr ratios by ~5-
25 ppm and ~1-4 ppm, respectively. Like the other effects considered above, the impact of hydride 
formation is small and cannot, by itself, explain the difference in absolute ratios obtained in the 
different laboratories.

Mo interference correction using mass 95. For the internally normalized but non-sample 
standard bracketed ratios considered here, a potential complication arises if mass 95 is used to 
correct for Mo isotope interference (as could have been done in Lab 1 and 2, which both monitored 
mass 95). The signal at mass 95, being predominantly due to 94ZrH+, would yield to overcorrection 
of Mo interferences. The impact of this effect is minor, resulting in shifts of less than 0.5, 2 and 
15 ppm, respectively, on the internally normalized 91Zr/90Zr, 92Zr/90Zr and 96Zr/90Zr ratios. These 
values are, however, 2-3 times larger than the interference corrections using Mo masses free of 
hydrides (see above). To avoid systematic biases due to hydride formation, we therefore decided 
to either correct Mo interferences using masses free of hydrides (i.e., 98Mo in Lab 1 and 100Mo in 
Lab 2) or to apply no Mo correction (Lab 3, where no Mo masses were monitored). It is noteworthy 
that this systematic bias can be accounted for by intensity-matched sample-standard bracketing, 
and 95Mo is a suitable interference monitor for such measurements, most often used in the literature 
(e.g., Refs.17,19,21,23,25,27).

Other spectral interferences. Two other spectral interferences are likely to be present during 
the measurements: ArArN+ on mass 94 and ArSiSi+ on mass 96. The first will affect the mass-bias 
correction, and for all laboratories, will result in shifts of the three isotope ratios along mass-
fractionation lines (see next section). The second would manifest as a mass-independent isotope 
effect leading to elevated 96Zr/90Zr ratios. The production of such an ArSiSi+ interference will 
mainly occur in Labs 1 & 3, as Si from the glass spray chamber might be leached by the small 
amounts of HF present in the run acid. The data, however, shows that the 96Zr/90Zr measured in 
both Labs1 & 3 is lower than that measured in Lab 2, suggesting a minor contribution from ArSiSi+ 
interferences.

Since the impact of OPZ and interference corrections appears to be somewhat limited and 
unlikely to fully explain the differences in absolute ratios measured in the different laboratories, 
we now assess the impact of the nature of the instrumental mass-bias on the data. To do so, we 
plot the internally-normalized ratios as a function of the mass-fractionation coefficient, β, 
calculated using the exponential law (Eq. 2) (Fig. 4). In this space, specific predictions can be 
made about inter- and intra-laboratory data distribution based on the origin of the variability.

- Mass-independent effects: In the hypothetical scenario where the instrumental 
mass-bias is perfectly described by the exponential law (and without interferences 
on the normalizing isotopes), the internal normalization procedure would correct 
all mass-dependent fractionation. In this case, the ratios measured in each 
laboratory would be independent of the magnitude of the instrumental mass-bias 
and the observed differences in absolute ratios obtained in each laboratory would 
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reflect mass-independent effects. In an isotope ratio vs. β plot, the data from any 
given laboratory would therefore plot along a unique horizontal line (i.e., isotope 
ratios are independent from β), and the data from all three laboratories would define 
three distinct lines. 

- Non-exponential mass-dependent effects: In the absence of mass-independent 
effects, the different average absolute ratios obtained in each laboratory might 
reflect the fact that instrumental mass-bias is improperly described by the 
exponential law. In this case, even after internal normalization using the 
exponential law, a residual (mass-dependent) component of the instrumental mass-
bias would still affect the data. The different ratios obtained in the different labs 
would thus reflect how much the mass-fractionation law on each instrument 
deviates from the exponential law. Graphically, this would result in covariations 
between the internally normalized ratios and the β values calculated using the 
exponential law. Note that an interference affecting one, or both, of the normalizing 
isotopes would manifest in the same way.

As shown in Figure 4, both mechanisms seem to be influencing the data we report. Within 
a given laboratory, subtle to very pronounced trends are observed between internally normalized 
ratios and β values, demonstrating that mass-dependent fractionation was not fully corrected by 
the exponential law. At the same time, for a given mass-bias coefficient, differences in absolute 
ratios are observed between laboratories (see Lab 1 and 2, at β ~ 1.725), and between analytical 
sessions within the same laboratory (Lab 3, at β ~ 2.25), indicating that mass-independent effects 
are affecting the data.

6.2.2. Mass-fractionation law versus mass-independent effects
To gain further insights into these effects, it is most useful to compare the internally 

normalized ratios (denoted as R*) in log-log triple isotope plots: i.e., Ln(R*
4/1) versus Ln(R*

3/1), 
where the subscripts describe any isotope ratios i4/i1 and i3/i1, both normalized to isotope ratio i2/i1. 
Indeed, in such a space, non-exponential mass-dependent effects will result in correlations whose 
slopes, s, depend on the nature of the mass-fractionation law, as (see Appendix for derivation):

,  (5)𝑠𝐿𝑛(𝑅 ∗
4/1)

𝐿𝑛(𝑅 ∗
3/1) =

𝜃𝑛
4/1 ― 2/1 ― 𝜃𝑘

4/1 ― 2/1

𝜃𝑛
3/1 ― 2/1 ― 𝜃𝑘

3/1 ― 2/1

where k represents the GPL exponent for the law used for internal normalization and n the 
exponent for the law actually describing the data, and the mass fractionation exponent, , 𝜃𝑛

𝑥/1 ― 2/1
is defined as:

 .(6)𝜃𝑛
𝑥/1 ― 2/1 = (𝑀𝑛

𝑥 ― 𝑀𝑛
1)/(𝑀𝑛

2 ― 𝑀𝑛
1)

In equation (6) above, the isotope ratio i2/i1 is used for internal normalization, and x denotes 
a third isotope used to calculate the ratio ix/i1. When using the exponential law, equation (6) takes 
the form:

 . (7)𝜃𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙
𝑥/1 ― 2/1 = 𝐿𝑛(𝑀𝑥/𝑀1)/𝐿𝑛(𝑀2/𝑀1)

In contrast, mass-independent effects (e.g., variable cup efficiencies, counting fluctuations) 
will appear as deviations from these expected trends. For instance, and as thoroughly discussed in 
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Ref.67, fluctuations in cup efficiency result in changes in the intercept of the mass-fractionation 
curves (their Eq. 48), while noise due to counting fluctuations will result in trends with slopes 
distinct from those of the mass-fractionation curves (their Eq. 63).

As can be seen in Figure 5, and as suggested by Figure 4, the intra- and inter-laboratory 
variability in absolute ratios results from a combination of both non-exponential mass-dependent 
fractionation and mass-independent effects. Notably, Figure 5 reveals that the offsets between data 
from Lab 1 (orange symbols) and Lab 2 (grey symbols) predominantly stem from different 
magnitudes of non-exponential mass-dependent fractionation during analysis, while those between 
data from Labs 1-2 and Lab 3 (blue symbols) are mainly due to instrument-specific mass-
independent effects. The nature of the law (i.e., the value of n for the GPL) on each instrument can 
be determined based on the slope defined by the raw ratios in log-log space (see Eq. (S3) in 
Appendix). This calculation (excluding ratios involving 91Zr, see below) reveals that in Labs 1 and 
2 (Session 1), the data is best explained by the GPL using an exponent n of ~1 (i.e., power law), 
while for Lab 3, a lower exponent is obtained (n ~ 0.1-0.5), consistent with the fact that the 
exponential law in Lab 3 results in mostly uncorrelated isotope variations (i.e., mass-dependent 
fractionation was adequately corrected) (Figure 5, lower panel). Examination of intra-laboratory 
trends reveals further nuances and indicates a contribution from mass-independent counting noise 
(grey arrows), primarily affecting 91Zr, consistent with the twice larger variations (per unit mass) 
seen in internally normalized 91Zr/90Zr compared to the other ratios (Figure 4). This is reminiscent 
of the minor interference observed on 91Zr by Ref.28, and as noted in Section 6.2.1 is most likely 
due to 90Zr hydrides (90ZrH+) interfering on 91Zr. Finally, the clear session-to-session offsets seen 
in a given laboratory, and following neither the non-exponential mass-bias trend nor the counting 
noise trends (this is particularly pronounced in the 96Zr/90Zr vs 92Zr/90Zr data for Lab 3) indicates 
that other mass-independent effects (red arrows) are affecting the data. These could stem from 
session-to-session variations in cup efficiencies or tuning of the sample inlet system.

The identification of these lab- and instrument-specific effects was only made possible by 
the careful approach to inter-laboratory calibration performed here, and demonstrates the difficulty 
of determining the absolute composition of iRMs at high-precision. In fact, when working at the 
< 10 ppm level of precision, the accurate determination of absolute ratios using MC-ICP-MS 
might simply be unattainable as (i) the nature of instrumental mass-fractionations in these 
instruments remain not well-understood and cannot at present be fully quantified, and (ii) a flurry 
of molecular interferences generated by the ionization in the Ar plasma and subsequent extraction 
of the ions into a high vacuum zone can affect the data. In light of these findings, the recommended 
high-precision absolute ratios calibrated in only one laboratory cannot be applied to another 
laboratory, and the only way to ensure data consistency is for all laboratories to use the very same 
standard to bracket sample measurements and report all data as deviation relative to the standard 
(e.g., μ9xZr, Eq. (4)), even if the composition of the latter is imperfectly known. 

6.3. Candidate RM 8299 as an ideal community standard
To ensure direct comparability of data produced in different laboratories, it is imperative 

that all data are measured (or at the very least, reported) against the exact same standard. Because 
of the rapid expansion of the Zr isotope system, multiple Zr isotope standards have been proposed, 
in particular for the characterization of mass-dependent effects, such as the SRM 3169 (Refs.26,29–
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35), the candidate RM 8299 presented herein7–9,11,12,36–38, a single-element Zr solution from 
PlasmaCal (SCP Science) also known as the IPGP-Zr standard5,6,10,11,30,33,35,38–46, and the NRC-
ZIRC 1 (Refs.44,47,48). When the mass-independent literature is included, this list expands to 
include a single-element Zr solution from Johnson Matthey13, a standard solution prepared from 
AMES Zr metal14, at least two lots of NIST SRM 3169 (Refs.13,15–23), as well as 4 different lots of 
single-element Zr solutions from Alfa-Aesar19,24–27. Faced with such a proliferation of standards, 
it is valid to ask whether any of these materials are a suitable primary iRM against which all isotope 
data, both mass-dependent effects and isotope anomalies, should be reported.

In Table 5, we consider how the various previously utilized RMs meet (or fall short of) the 
community-identified criteria for an iRM. Since all proposed RMs are purified Zr solutions, they 
all fulfill the requirements of homogeneity (#1) and purity (#2). Not all proposed RMs, however, 
have compositions representative of a major geological reservoir (#3), as significant mass-
dependent variations exist between these standards (see Section 6.4). While the IPGP-Zr solution 
displays a δ94/90Zr value close to that of Ocean Island Basalts (OIBs) (i.e., ~ 0.048 ± 0.032 ‰ 
lighter than OIBs, Ref.6), only the NIST solutions have δ94/90Zr value identical to that of OIBs (~ 
-0.008 ± 0.032 ‰). Relative to the NIST SRM 3169 lots used in this study (and therefore candidate 
RM 8299, which has identical isotopic composition), isotope anomalies (#4) have been 
documented in three lots of Alfa-Aesar Zr solutions23,26,27. Similar effects have been observed for 
other elements (e.g., Ti71, Ni72, Mo73; W74), and have been interpreted as possibly stemming from 
the elemental purification/enrichment production process (e.g., Kroll process) and/or non-
exponential mass-dependent fractionation during the genesis of the ores used to make these 
standards. While no data are currently available for IPGP-Zr or NRC ZIRC-1, it is reasonable to 
expect small degrees of mass-independent isotope variations in them as a result. In contrast, high-
precision data on terrestrial geostandards23 show no isotope anomalies relative to NIST SRM 3169 
lot #130920 (and thus candidate RM 8299) within ±2 ppm for μ91Zr and μ92Zr, and within ±4-7 
ppm for μ96Zr.

Beyond the composition of an ideal iRM, its curation and distribution are also key 
considerations. NIST RM 8299 (and thus the SRM 3169 lots #130920 and #071226) is the only 
material that the community has come together to establish as the iRM for Zr isotopes (#5a in 
Table 5), and it is by far the most used standard against which mass-independent and mass-
dependent data have been reported with a total of 15 publications: nearly as many as all other 
proposed RMs combined (#5b). A conflict-of-interest free distribution (#6) is only ensured for the 
NIST and NRC standards because other proposed RMs are owned by individual research groups, 
rather than neutral institutions dedicated to the development, curation, and distribution of RMs. 
Similarly, only the NIST and NRC standards have been produced in sufficient stock to last decades 
(#7). 

Of all proposed RMs, it is thus clear that only the NIST candidate RM 8299 fulfills all 
requirements for an ideal iRM, and as such, we recommend that candidate RM 8299 be considered 
the scale defining iRM for Zr isotopes. This will have multiple advantages for the Zr isotope 
community. First, reporting of Zr isotope values against candidate RM 8299 will enable direct 
comparison of future data produced in different laboratories. Second, since SRM 3169 lots 
#130920 and #071226 are isotopically indistinguishable from candidate RM 8299, this will ensure 
direct comparison of newly produced data with the vast majority of existing literature on mass-
independent isotopes data. Third, having a unique iRM used for all Zr isotope investigations will 
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make it possible for isotope anomaly data obtained in one laboratory to be used to correct mass-
dependent effects measured in another laboratory.

For those laboratories using a different Zr standard, all data should be made traceable to 
candidate RM 8299 through careful cross-calibration to determine the presence of any isotopic 
anomaly and mass-dependent fractionation relative to candidate RM 8299. This is particularly 
important as clear isotope anomalies and/or mass-dependent fractionation have already been 
observed in virtually all Zr standards used in the literature. At the current level of precision, only 
the SRM 3169 lots #130920 and #071226 have been found to have identical isotopic composition 
to candidate RM 8299. We note that SRM 3169 lot #130920 is currently out of stock and a new 
standard is in production, which may use a different Zr metal source compared to previous SRM 
3169 lots. As such, it is very likely that this next lot of Zr SRM 3169 will have a different Zr 
isotope composition, and as such it is not suggested that this upcoming lot be used as an isotopic 
reference material. 

6.4 Reference materials δ94/90ZrRM 8299 conversion factors
To facilitate conversion of literature data reported against other materials to the RM 8299 

scale, Table 6 presents a summary of δ94/90ZrRM-8299 values for the main Zr RMs used in the 
literature. With the exception of the GJ-1 zircon and NRC ZIRC-1 material, whose values were 
calculated based on their difference with the IPGP-Zr standard as reported in Refs.42,44, we 
determined all other conversion factors through repeat analyses over several years. Figure 6 shows 
the details of the data used to calculate the average conversion factors presented in Table 6. 

Data reported against another Zr standard (e.g., ZIRC-1, IPGP-Zr), can easily be converted 
to the RM 8299 scale by adding the δ94/90Zr value of the standard reported in Table 6. For instance, 
conversion of data reported against ZIRC-1, are converted to the RM 8299 scale as:

δ94/90ZrRM 8299 = δ94/90ZrZIRC-1 + (-0.276 ± 0.006) (8),

while conversion of data reported against IPGP-ZR can be done as:

δ94/90ZrRM 8299 = δ94/90ZrIPGP-Zr + (-0.056 ± 0.002) (9).

Data for several widely used geostandards (andesite AGV-2, basalts BCR-2 and BHVO-2, 
and rhyolite RGM-2) are also reported in Table 6. As for the pure Zr solutions, the long-term 
average values and their associated uncertainties were determined by repeat measurements carried 
out over more than 3 years (see dates on top of Fig. 6).

7. Conclusion
The field of Zr stable isotopes sorely needs an isotope reference material (iRM) that adheres 

to community-defined best-practices (Table 1). RM 8299, was thus developed in partnership with 
NIST, and calibrated by the Zr isotope community (Fig. 1). Our data show that 9 independently 
bottled aliquots of RM 8299, as well as 2 different lots of SRM 3169, have identical compositions 
within the resolution of modern instrumentation, which is ±2.5 ppm for 91Zr/90Zr and 92Zr/90Zr 
ratios, and ±7.5 ppm for the 96Zr/90Zr ratio (Fig. 2, Table 3 & 4). Compared to other proposed 
reference materials, only NIST RM 8299 meets all requirements that an ideal iRM should fulfill 
(Table 5) and we therefore recommend that all future data (radiogenic, nucleosynthetic and mass-

Page 15 of 36 Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

dependent) be reported against RM 8299. This will allow for direct comparison of all newly 
produced data (mass-dependent and independent) with the vast majority of existing literature data 
on isotope anomalies. To facilitate reporting of mass-dependent effects on the RM 8299 scale, 
high-precision conversion factors between other Zr standards and RM 8299 have been measured 
and/or compiled (Table 6 and Fig. 6).

Careful examination of mass-bias corrected (but not sample-standard bracketed) absolute 
ratios revealed differences (i) from session to session in any given laboratory, and (ii) between 
laboratories (Figs. 3 and 4). These intra- and inter-laboratory differences are best explained as a 
combination of non-exponential mass-dependent fractionation and instrument-specific mass-
independent effects (e.g., possibly related to cup degradation, or sample inlet system tuning) (Fig. 
5). These results highlight the challenge associated with the accurate determination of absolute 
ratios using MC-ICP-MS in the absence of a more robust fundamental understanding of 
instrumental mass-fractionation in these instruments. As our inter-laboratory calibration shows, 
however, perfect knowledge of the absolute composition of the iRM is not necessary to ensure 
data comparability at high-precision, so long as all laboratories use the very same standard to 
bracket sample measurements and report the data. 
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Appendix
Correction of instrumental mass-bias using a law (e.g., the exponential law) that does not perfectly 
describe the true instrumental mass-bias will result in correlations between corrected ratios (e.g., 
Fig. 5). Here we provide the details of the derivation of Eq. (5), which predicts the slope of the 
correlation between two corrected ratios. We note that similar treatments exist in the literature 
(e.g., Refs.67,75–79), but we find it useful to revisit the question here for the sake of clarity, in 
particular given the variable notations used in previous work.

Let us consider four isotopes, i1, i2, i3 and i4, of respective mass M1, M2, M3 and M4, and 
denote Ri/j the ratio of any two isotopes of mass Mi and Mj. Following the exponential law52 to 
correct the mass-fractionation experienced by the sample (in nature and in the instrument), the 
measured and ‘true’ ratios are related to their atomic masses through a mass-fractionation factor, 
β (sometimes also denoted f, e.g., Ref.59), as:

(S1).𝑅𝑚𝑒𝑎𝑠
𝑖/𝑗 = 𝑅𝑡𝑟𝑢𝑒

𝑖/𝑗  (𝑀𝑖

𝑀𝑗)
𝛽

As shown by Ref.61, the exponential law is a special case of a generalized power law (GPL), 
which relates the measured and ‘true’ ratio as:

(S2)𝑅𝑚𝑒𝑎𝑠
𝑖/𝑗 = 𝑅𝑡𝑟𝑢𝑒

𝑖/𝑗  𝑔(𝑀𝑖
𝑛 ― 𝑀𝑗

𝑛)

where g is a mass-fractionation factor and n is a free-parameter that determines the mass-
fractionation law. In the limit where n → 0, the GPL reduces to the exponential law.

Provided that the sample mass-fractionation follows the general form of the GPL, 
important insights into the nature of the mass-fractionation law (i.e., the value of n) can be obtained 
by plotting two measured ratios against one another in log-log space. Indeed, in such spaces, linear 
alignments should be observed whose slopes, s, depend solely on the mass of the isotopes 
considered and the value of the exponent n (Eq. 16 in Ref.67), as:

(S3).𝑠𝐿𝑛(𝑅3/1)
𝐿𝑛(𝑅2/1) =

𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠
3/1 /𝑅𝑡𝑟𝑢𝑒

3/1 )
𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠

2/1 /𝑅𝑡𝑟𝑢𝑒
2/1 ) =

(𝑀3
𝑛 ― 𝑀1

𝑛)
(𝑀2

𝑛 ― 𝑀1
𝑛)

The term of the right-hand side (RHS) of Eq. (S3) is known by many names in the literature. 
In Ref.67, it is identified as the slope between two measured ratios and denoted . In Ref.80 is it 𝑠𝑖/𝑘

𝑗/𝑘
referred to as the exponent β (their eqs 15, 21 and 25), and is defined as the exponent relating the 
fractionation factors, αa-b, of two isotope ratios in two substances a and b, as . 𝛼𝑎 ― 𝑏

2/1 = (𝛼𝑎 ― 𝑏
3/1 )𝛽

Similarly, it is called βinferred in Ref.66 and βlaw in Ref.79, where the superscript terms ‘inferred’ and 
‘law’ stand in for the n exponent of the GPL (Eq. 2 in both papers). In Ref.78 it is referred to as the 
exponent βi3 (their Eq. 1). To avoid confusion with the mass-fractionation factor β of the 
exponential law, Ref.76 denoted this exponent as i1,i2,i3  (their Eq. 3). Here, we follow the spirit of 𝜃
Ref.76 and define the mass fractionation exponent, , as:𝜃𝑛

3/1 ― 2/1

 (S4)𝜃𝑛
3/1 ― 2/1 = (𝑀𝑛

3 ― 𝑀𝑛
1)/(𝑀𝑛

2 ― 𝑀𝑛
1)

where the exponent n is the same exponent as in the GPL, and the subscript denotes the 
isotope ratios considered. When using the exponential law, equation (S4) takes the form:

 . (S5)𝜃𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙
3/1 ― 2/1 = 𝐿𝑛(𝑀3/𝑀1)/𝐿𝑛(𝑀2/𝑀1)
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 Having established this nomenclature, we are finally ready to consider how fractionation-
corrected ratios will correlate if the mass-fractionation law used for correction is different from 
the true mass-fractionation law inside the instrument. To correct the instrumental mass-bias, it is 
customary to fix an isotopic ratio, say i2/i1, to an assumed ‘true’ value, in order to calculated the 
mass-fractionation factor as:

(S6),𝐿𝑛 (𝑔) = 𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠
2/1 /𝑅𝑡𝑟𝑢𝑒

2/1 )/(𝑀2
𝑛 ― 𝑀1

𝑛)
The RHS of Eq (S6) can then be substituted into Eq (S2), to correct a second ratio, say 

i3/i1, as:

𝐿𝑛 (𝑅𝑐𝑜𝑟𝑟
3/1 ) = 𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠

3/1 ) ― (𝑀3
𝑛 ― 𝑀1

𝑛) 𝐿𝑛 (𝑔)

(S7).= 𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠
3/1 ) ―

(𝑀3
𝑛 ― 𝑀1

𝑛)
(𝑀2

𝑛 ― 𝑀1
𝑛)𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠

2/1

𝑅𝑡𝑟𝑢𝑒
2/1

)
which can simply be rewritten as:

 (S8).𝐿𝑛 (𝑅𝑐𝑜𝑟𝑟
3/1 ) = 𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠

3/1 ) ― 𝜃𝑛
3/1 ― 2/1𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠

2/1

𝑅𝑡𝑟𝑢𝑒
2/1

)
Following Ref.75, if the wrong law (exponent k instead of n) was used to correct the data, 

the inappropriately corrected ratio R* would be calculated as:

 (S9).𝐿𝑛 (𝑅 ∗ 𝑐𝑜𝑟𝑟
3/1 ) = 𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠

3/1 ) ― 𝜃𝑘
3/1 ― 2/1𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠

2/1

𝑅𝑡𝑟𝑢𝑒
2/1

)
The difference between the inappropriately corrected ratio and the true ratio, is then calculated by 
subtracting Eq (S8) from (S9):

(S10).𝐿𝑛 (𝑅 ∗ 𝑐𝑜𝑟𝑟
3/1 ) ―𝐿𝑛 (𝑅𝑐𝑜𝑟𝑟

3/1 ) = (𝜃𝑛
3/1 ― 2/1 ― 𝜃𝑘

3/1 ― 2/1) 𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠
2/1

𝑅𝑡𝑟𝑢𝑒
2/1

)
The above equation is notable because it shows that the magnitude of departure of the corrected 

ratio from the true ratio, , directly depends on the extent of mass-𝜀3/1 = (𝑅 ∗ 𝑐𝑜𝑟𝑟
3/1

𝑅𝑐𝑜𝑟𝑟
3/1

― 1)104

fractionation. Indeed, using (i) the δ’ notation, where δ’= , to quantify the 𝐿𝑛 (𝑅𝑖/𝑗/𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑖/𝑗 ) 103

mass-fractionation, and (ii) the fact that Ln(x)  (x-1) when x is close to unity, Eq. (S10) can be ≈
rewritten in terms of isotope anomaly as (Eq. 12 in Ref.77):

(S11).𝜀3/1 = 10 (𝜃𝑛
3/1 ― 2/1 ― 𝜃𝑘

3/1 ― 2/1) 𝛿′2/1

Now considering a second corrected ratio, i4/i1, an equation similar to (S10) can be written:

(S12).𝐿𝑛 (𝑅 ∗ 𝑐𝑜𝑟𝑟
4/1 ) ―𝐿𝑛 (𝑅𝑐𝑜𝑟𝑟

4/1 ) = (𝜃𝑛
4/1 ― 2/1 ― 𝜃𝑘

4/1 ― 2/1) 𝐿𝑛 (𝑅𝑚𝑒𝑎𝑠
2/1

𝑅𝑡𝑟𝑢𝑒
2/1

)
Substituting Equation Eq (S10) into (S12), yields:

 (S13).𝑳𝒏 (𝑹 ∗ 𝒄𝒐𝒓𝒓
𝟒/𝟏 ) ―𝑳𝒏 (𝑹𝒄𝒐𝒓𝒓

𝟒/𝟏 ) =
(𝜽𝒏

𝟒/𝟏 ― 𝟐/𝟏 ― 𝜽𝒌
𝟒/𝟏 ― 𝟐/𝟏)

(𝜽𝒏
𝟑/𝟏 ― 𝟐/𝟏 ― 𝜽𝒌

𝟑/𝟏 ― 𝟐/𝟏) [𝑳𝒏 (𝑹 ∗ 𝒄𝒐𝒓𝒓
𝟑/𝟏 ) ― 𝑳𝒏 (𝑹𝒄𝒐𝒓𝒓

𝟑/𝟏 )] 
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Equation (S13) indicates that if the wrong law (exponent k instead of n) is used to correct 
the data, a residual correlation is expected between corrected-ratios, and the slope of this 
correlation is:

,  (S14).𝑠𝐿𝑛(𝑅 ∗
4/1)

𝐿𝑛(𝑅 ∗
3/1) =

𝜃𝑛
4/1 ― 2/1 ― 𝜃𝑘

4/1 ― 2/1

𝜃𝑛
3/1 ― 2/1 ― 𝜃𝑘

3/1 ― 2/1

Equation (S14) can be rewritten in terms of isotope anomalies (ε), to clarify that mass-bias 
correction using an inappropriate mass-fractionation law will result in correlated isotope anomalies 
between various isotopes:

 (S15).𝜀4/1 =
(𝜃𝑛

4/1 ― 2/1 ― 𝜃𝑘
4/1 ― 2/1)

(𝜃𝑛
3/1 ― 2/1 ― 𝜃𝑘

3/1 ― 2/1) 𝜀3/1

Finally, we note that an approximate form of Eq (S15) was derived by Ref.75 using Taylor 
series expansion, as (their equation A14, as well as Eq 35 in Ref.76):

 (S16).𝜀4/1 =
(𝑀4 ― 𝑀1)(𝑀4 ― 𝑀2)
(𝑀3 ― 𝑀1)(𝑀3 ― 𝑀2) 𝜀3/1

This approximation is slightly more practical than Eq (S15), but it is important to realize that the 
exponents k and n (which describe the mass-fractionation used and the true mass-fractionation) no 
longer appear in Eq (S16), and as such, no insights into the nature of the mass-fractionation laws 
relevant to the measurement can be gained when using this equation. 
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Fig. 1. Schematic depicting how the various iRM aliquots were distributed to and in between 
laboratories for the round-robin inter-calibration. To ensure data reproducibility and track sources 
of contamination, each lab analyzed 5 aliquots (3 shipped directly from NIST, and 2 from another 
lab after subsampling).

1-column fitting image
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Fig. 2. Differences in Zr isotope composition (internally normalized to 94Zr/90Zr) between the 
various aliquots of the candidate RM 8299 and SRM 3169, in 'μ' notation (ppm). Small symbols 
with grey errors bars are measurement session averages, while large symbols with black error bars 
show the averages of all measurement sessions from the same lab (Lab 1: orange; Lab 2: grey; Lab 
3: blue). Uncertainties on each data point are 2 standard error (SE) as listed in Table 3. Data from 
Lab 1 are reported relative to bottle 12, whereas data from Lab 2 & 3 are reported relative to SRM 
3169. The concordant data for all 3 laboratories confirm the isotopic homogeneity of the Zr 
candidate RM 8299, as well as the 2 lots of SRM 3169 measured, and the lack of contamination 
during the calibration process. Vertical gray bands represent the 2 standard deviation (SD) 
uncertainty of the average.

2-column fitting image
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Fig. 3. Absolute Zr isotope ratios – all internally normalized using the exponential law to 94Zr/90Zr 
= 0.3381, following Ref.53. Colored symbols (Lab 1: orange; Lab 2: grey; Lab 3: blue) denote Zr 
isotope ratios for the candidate RM 8299 / SRM 3169 (this work), while black circles denote 
literature data obtained on unspecified Zr standards53,69, multiple Zr standards including NIST 
SRM 3169 (Ref.28), a Zr single-element standard from SPEX70, and ZIRC-147. Despite good 
agreement with previous estimates, subtle differences are observed in the internally normalized 
data obtained in different laboratories on the very same iRM solution. (See Section 6.2). 
Uncertainties are 2SD. Source data in Table 4.

1-column fitting image
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Fig. 4. Absolute Zr isotope ratios – 
internally normalized to 94Zr/90Zr = 
0.3381 using the exponential law (Eq. 2) 
for candidate RM 8299 and SRM 3169 – 
plotted as a function of the mass-bias 
coefficient, β. Despite mass-bias 
correction, differences in absolute ratios 
are observed (i) from session to session 
in any given laboratory, and (ii) between 
laboratories. Within a given laboratory, 
subtle to very pronounced trends are 
observed between internally normalized 
ratios and β values. Both observations 
suggest these variations stem from a 
combination of non-exponential mass-
dependent effects and mass-independent 
effects. 

1-column fitting image
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Fig. 5. Absolute Zr isotope ratios – 
internally normalized to 94Zr/90Zr = 
0.3381 using the exponential law (Eq. 2) 
for candidate RM 8299 and SRM 3169 – 
shown in log-log triple isotope plots. Intra-
laboratory trends appear to be controlled 
by a combination of non-exponential 
mass-dependent fractionation (dotted and 
dashed lines) and mass-independent 
counting statistics noise (grey arrows), 
primarily affecting 91Zr (likely as a result 
of hydride formation: 90ZrH+). Similarly, 
inter-laboratory offsets can be explained 
as a combination of non-exponential 
mass-dependent fractionation, and 
instrument-specific mass-independent 
effects. The latter is possibly related to cup 
degradation, or sample inlet system (red 
arrows). The slopes of the non-
exponential mass-bias curves were 
calculated using Eq. (5) and GPL 
exponents n = -10, -1, +1, +3 and +10 (see 
label in bottom panels). The slopes of the 
noise lines after internal normalization 
(shown on the figure) were calculated by 
subtracting the slope of the exponential 
mass-fractionation line (Eq. 7) from the 
slope of the noise lines as described by Eq 
(63) in Ref.67). Symbols as on Figure 4.

1-column fitting image
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Fig. 6. δ94/90Zr values relative to RM 8299 for widely used Zr standards (a) and geostandards (b) 
used in the literature. Horizontal bars represent long-term average values, which were determined 
by repeat measurements carried out over more than 3 years (see dates on top of the figure) in Lab 
1 using a 91Zr-96Zr double spike. Uncertainties are 95 % CI. Data in Table 6.

2-column fitting image
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