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ABSTRACT 

Accurate and precise isotope ratio measurements of heavy elements are playing an 
increasingly important role in modern analytical sciences and have numerous applications. 
Today, isotope ratio measurements are typically performed with two principal techniques: 
thermal ionization mass spectrometry (TIMS) and multiple collector-inductively coupled plasma 
mass spectrometry (MC-ICP-MS).  To obtain accurate results by mass spectrometry, isotopic 
certified reference materials (iCRMs) are needed for mass bias correction and for the validation 
of the method used for analysis. Thus, it is of paramount importance to achieve measurement 
comparability of all data reported, and to assess measurement capability of each CRM 
producer/National Metrology Institute (NMI).  Therefore, the international comparison (CCQM-
P213) was performed to assess the analytical capabilities of NMIs for the accurate 
determination of copper isotope ratio delta values in high purity materials. The study was 
proposed by the coordinating laboratories National Research Council Canada (NRC), National 
Institute of Standards and Technology (NIST), Bundesanstalt für Materialforschung und –
prüfung (BAM) and Physikalisch-Technische Bundesanstalt (PTB) as an activity of the Isotope 
Ratio Working Group (IRWG) of the Consultative Committee for Amount of Substance – 
Metrology in Chemistry and Biology (CCQM).  Participants included six NMIs and one designated 
institute (DI) from the six countries. Although, no measurement method was prescribed by the 
coordinating laboratories, MC-ICP-MS with either standard-sample bracketing (SSB) or 
combined SSB with internal normalization (C-SSBIN) models for mass bias correction were 
recommended.  Results obtained from the six NMIs and one DI were in good agreement. 
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1. INTRODUCTION 

Accurate and precise isotope ratio measurements are playing an increasingly important 
role in modern analytical sciences. Significant and often unique applications include 
investigations involving geochronology, cosmochemistry, archaeology, provenance studies 
(chemical “finger-printing”), life/medical sciences, forensic sciences, environmental and 
atmospheric sciences as well as traditional analytical chemistry and physics1,2. As a native 
element metal, copper (Cu) exists widely in nature; it has two naturally occurring stable 
isotopes of 63Cu and 65Cu, with relative abundances of 69.17% and 30.83%, respectively.3 
Copper is one of the commonly studied elements for isotopic analysis because natural copper 
isotopic variations n(65Cu)/n(63Cu) can provide insights into geological processes4-8 and 
archaeological science.9 Copper isotopes also provide a useful tool to trace back the source of 
Cu in the study of the evolution of metals in the environment.10,11 Recently, copper isotopes 
have gained significant interest in medical science.12,13 Copper is a micronutrient as well as a 
structural and catalytic cofactor of many significant enzymes involved in neoplastic tissue 
differentiation, which makes copper a relevant indicator in studies of monitoring the age,14 
sex,15-18 diet,16,17 disease pathologies19-29 and other biological processes.16,30-33  

Copper isotope ratio measurements are typically performed using two principal 
techniques: thermal ionization mass spectrometry (TIMS) and multiple collector-inductively 
coupled plasma mass spectrometry (MC-ICP-MS).  Compared to TIMS, MC-ICP-MS has made 
high-precision analysis of Cu isotope ratio more efficient since MC-ICP-MS has simple sample 
introduction as well as high ionization efficiency and sensitivity2. However, MC-ICP-MS exhibits 
larger mass bias which needs to be properly corrected. Most published Cu isotopic data are 
reported in a delta notation (Eq. 1), allowing small isotopic differences to be expressed 
unambiguously without the need of the exact knowledge of the absolute isotope ratio of a 
common standard, usually an isotopic certified reference material (iCRM)34. 

𝛿 = (
𝑅sample

𝑅std
− 1) (1) 

where 𝑅sample is mass bias corrected ratio in the sample and 𝑅std is mass bias corrected 

ratio/true ratio in the standard. Note Eq.1 can be simplified to use measured ratios, providing 
analyte and matrix in the sample and the standard are matched, and instrument is stable during 
a short measurement sequence of standard-sample-standard, etc.  

An iCRM can be chosen as “delta-zero” material of an isotopic scale. It can play a crucial 
role for the correction of instrumental isotopic fractionation/mass bias of mass spectrometers 
including TIMS and MC-ICP-MS, and can be used for the validation of the methods used for 
isotopic analyses. Therefore, many National Metrology Institutes (NMIs) have devoted 
significant effort to addressing the growing need for new and replacement iCRMs over the past 
couple of decades.  Currently, the National Institute of Standards & Technology (NIST) SRM 976 
Cu is the internationally accepted “delta-zero” reference material for copper isotope ratios, 
however it is no longer available.  Newer iCRMs, ERM®-AE633 and ERM®-AE647 were produced 
by the Institute for Reference Materials and Measurements (IRMM, Geel, Belgium) and were 
certified for the Cu isotope amount ratio35 using SRM 976 as base material (ERM®-AE633) and 
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as a calibrator (ERM®-AE647).  While ERM®-AE647 is still commercially available, ERM®-AE633 
has been discontinued. More recently, a new Cu iCRM called GBW04624 (certified for absolute 
Cu isotope ratio) was produced by the National Institute of Metrology China36 and CRM 105-07-
001 (certified for Cu delta value with use of SRM 976 as a calibrator) was produced by the Korea 
Research Institute of Standards and Science (KRISS) South Korea, as well as another Cu iCRM37, 
HICU-1 (for absolute Cu isotope ratio), is in the production process at the National Research 
Council Canada. Also, an iCRM BAM-I020 (for Cu delta values), is in the production process at 
the Bundesanstalt für Materialforschung und-prüfung (BAM), Germany. 

Several recent studies assessing the δ65Cu value for SRM 976 relative to ERM®-AE647 
have been reported. A δ65Cu value of -0.21 ‰ ± 0.05 ‰ (uncertainty reported is the expanded 
uncertainty (U) with a coverage factor of two (k = 2)) was reported by Moeller et al.38 while 
more recently, Sullivan et al.37 confirmed this measurement (δ65Cu = -0.21 ‰ ± 0.06 ‰, U, k = 
2). In addition, the most recent study assessing the δ65Cu value for SRM 976 relative to ERM®-
AE647 by Song et al.36 also confirmed the above findings. The calculated δ65Cu value, based on 
the nominal certified values listed for SRM 976 (R65/63 = 1/R63/65 = 1/2.2440 = 0.44563 mol/mol ± 
0.00042 mol/mol)39 and ERM®-AE647 (R65/63 = 0.44560 mol/mol ± 0.00072 mol/mol)35, 
respectively, is0.067 ‰.  Although these measured δ65Cu values do agree with the calculated 
δ65Cu values from of the ‘absolute’ values for these materials due to the larger uncertainties of 
the ‘absolute’ values, a bias does seem to potentially exist. These observations confirm the 
importance of measurement comparability of all data reported, and the need to assess the 
measurement capability of each CRM producer/NMI. Therefore, a pilot comparison, CCQM-
P213, of δ65Cu isotope ratio measurement in high purity copper was proposed by the 
coordinating laboratories National Research Council Canada (NRC), National Institute of 
Standards and Technology (NIST), Bundesanstalt für Materialforschung und –prüfung (BAM) 
and Physikalisch-Technische Bundesanstalt (PTB) as an activity of the Isotope Ratio Working 
Group (IRWG) of the Consultative Committee for Amount of Substance – Metrology in Chemistry 
and Biology (CCQM).  No measurement method was prescribed by the coordinating 
laboratories, but MC-ICP-MS with either standard-sample bracketing (SSB) or combined SSB 
with internal normalization (C-SSBIN) models2 for mass bias correction were recommended. 
Participants included six NMIs and one designated institute (DI) from six countries (see Table 1). 

Table 1. CCQM-P213: List of participating institutes 

Lab Number Institute Country Results reporting date 

01 NRC Canada Dec. 17, 2020 
02 PTB Germany Sept. 17, 2020 
03 NIST USA Mar. 08, 2022 
04 UNIIM Russia July. 27, 2021  
05 BAM Germany Nov. 27, 2020 
06 NIM China Apr. 12, 2021  
07 KRISS Republic of Korea Apr. 23, 2021  
08 UME Turkey withdrawn 

 

2. Experimental section 
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2.1. Instrumentation 

All laboratories used a Neptune Plus MC-ICP-MS except for NIST. They used a Neptune 
MC-ICP-MS, both from Thermo Fisher Scientific (Bremen, Germany) for Cu isotope ratio 
measurements in the low-resolution mode. The MC-ICP-MS instruments were equipped with 
nine Faraday cups, a quartz dual cyclonic spray chamber and a PFA self-aspirating nebulizer 
(Elemental Scientific, Omaha, NE, USA) at a flow rate of 50 - 400 µL min-1. The instruments were 
tuned for high sensitivity while maintaining flat-top square peaks and stable signals. The gain 
calibration of the Faraday cups was performed to ensure the normalization of their efficiencies.  
Rotating amplifiers were chosen by most laboratories during the measurements to minimize 
amplifier calibration biases and to improve measurement precision. Cup configurations used by 
different laboratories were similar, and the measurement time was in a range of 1.5 to 3.1 min 
for each solution.  Typical operating conditions are presented in Table 2.  

Table 2. Typical MC-ICP-MS operating conditions 

Instrument settings 

Radio-frequency power 1100 - 1250 W 
Plasma gas flow rate 16.0 L min-1 
Auxiliary gas flow rate 0.70 - 1.00 L min-1 
Sample gas flow rate 0.9 - 1.2 L min-1 
Sampler cone orifice (Ni or Pt) 1.1 mm 
Skimmer cone orifice (Ni or Pt) 0.8 mm 
Lens settings Optimized for high and stable analyte signal 

while maintaining a flat top peak 
Data acquisition parameters 

Faraday cup configuration  NRC: L3 (58Ni), L2 (60Ni), L1 (61Ni), C (62Ni), 
H1 (63Cu), H2 (64Ni), H3 (65Cu);  
PTB: L3 (60Ni), L1 (62Ni), C (63Cu), H1 (65Cu);  
NIST: L2 (60Ni), C (62Ni), H1 (63Cu), H3 (65Cu); 
UNIIM: L1 (60Ni), C (62Ni), H1 (63Cu), H3 
(65Cu);  
BAM: L3 (63Cu), C (65Cu) and L3 (60Ni), L2 
(61Ni), L1 (62Ni), C (63Cu), H3 (65Cu);  
NIM: L3 (58Ni), L1 (60Ni), C (61Ni), H1 (62Ni), 
H2 (63Cu), H4 (65Cu);  
KRISS: L4 (58Ni), L2 (60Ni), L1 (61Ni), C (62Ni), 
H1 (63Cu), H2 (64Ni), H3 (65Cu) 

Mass resolution Low 
Signal integration time 0.524- 4.194 s 
Numbers of integrations, cycles, and blocks 1, 3-60, 7-10  

 

2.2. Reagents and solutions 
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High-purity nitric acid obtained by a sub-boiling distillation system (Milestone Inc., 
Shelton, CT, USA) of reagent grade feedstocks (Fisher Scientific, Ottawa, ON, Canada) and 
deionized water (DIW, 18.5 MΩ cm) obtained from a Milli-Q ion exchange system (Sigma 
Aldrich, Oakville, ON, Canada) were used to prepare the samples for the CCQM-P213 
comparison.  Polyethylene plastic bottles (Fisher Scientific, Ottawa, ON, Canada) were acid 
washed and dried prior to use. 

Two natural copper materials were provided as comparison samples.  Sample A (diluted 
SRM 3114) was prepared from the NIST SRM 3114 Copper Standard Solution in 2 % HNO3 
(volume fraction, V/V) (approximately 4 g at 500 mg kg-1); and sample B (diluted BAM-I020) was 
prepared from BAM-I020 Cu standard solution (a candidate isotopic Certified Reference 
Material (iCRM)) in 2 % HNO3 (V/V) (about 4 g at 500 mg kg-1). Since both NIST SRM 3114 and 
BAM-I020 are in solution form, they are homogeneous in isotopic composition. 

Two calibration reference materials (RMs) were also provided. RM A (diluted SRM 976): 
prepared from NIST SRM 976 Isotopic Standard for Copper in 2 % HNO3 (V/V) (about 4 g at 500 
mg kg-1) as the bracketing standard/calibrator; and RM B (diluted SRM 986): prepared from 
NIST SRM 986 Isotopic Standard for Nickel in 2 % HNO3 (V/V) (about 4 g at 500 mg kg-1) as an 
internal standard for the C-SSBIN model. 

2.3. Sample preparation and analysis  

Samples, standard and internal standard were diluted in 1 to 2 % high purity HNO3 (V/V) 
at each laboratory to achieve low blank level and adequate signals for measurements by MC-
ICP-MS (with a common sequence of standard-sample-standard, etc.). Typical intensities in the 
blank and sample are shown in Table 3.  

Table 3. Instrument employed and typical intensities obtained 

Lab 
Number 

Institute Intensity, V 
Blank 

Intensity, V 
Sample 

01 NRC 
58Ni (0.033), 60Ni (0.00031), 
63Cu (0.0032), 65Cu (0.0015) 

58Ni (41), 60Ni (17), 
63Cu (41), 65Cu (20) 

02 PTB 
60Ni (0.0005), 62Ni (0.0003), 
63Cu (0.0008), 65Cu (0.0005) 

60Ni (4.2)*, 62Ni (0.62)*, 
63Cu (5.5), 65Cu (2.6) 

03 NIST 
60Ni (0.002), 62Ni (0.0003), 

63Cu (0.0008), 65Cu (0.0004) 

60Ni (1.8), 62Ni (0.2), 63Cu 
(4), 65Cu (2) 

04 UNIIM 
60Ni (0.0028), 62Ni (0.0004), 
63Cu (0.0044), 65Cu (0.0021) 

60Ni (7.0), 62Ni (1.0), 
63Cu (17), 65Cu (8) 

05 BAM 
60Ni (<0.0009), 62Ni (<0.0002), 
63Cu (<0.0007), 65Cu (<0.0004) 

60Ni (7.2)*, 62Ni (1.1)*, 
63Cu (4.5), 65Cu (2.1) 

06 NIM 
60Ni (0.0018), 62Ni (0.0005), 
63Cu (0.001), 65Cu (0.0004) 

60Ni (8)*, 62Ni (1.15)*, 
63Cu (20), 65Cu (10) 

07 KRISS 
60Ni (0.003), 62Ni (0.0004), 
63Cu (0.007), 65Cu (0.003) 

60Ni (8), 62Ni (1), 
63Cu (21), 65Cu (10) 
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* Ni signals in sample solutions using C-SSBIN, and Ni signals at blank levels in sample solutions using 
SSB. 

Note that PTB, BAM and NIM used separate single Cu sample solutions without internal 
standard Ni for SSB measurements. 

2.4. Data reporting  

The measurand for CCQM-P213 comparison was δSRM 976(65Cu/63Cu) relative to NIST SRM 
976 Isotopic Standard for Copper.  Each participant was required to report a final value with 
combined uncertainty for the measurand in each sample solution, and the minimum replicate 
measurements was five.  Each laboratory was required to provide an uncertainty assessment in 
accordance with JCGM 100:28 Evaluation of Measurement Data - Guide to the Expression of 
Uncertainty in Measurement40. 

3. Results and Discussion 

Results obtained using the standard-sample bracketing (SSB), and combined SSB with 
internal normalization (C-SSBIN) models for mass bias correction, are reported in Table 4. 
 
Table 4. CCQM-P213: Reported results for δSRM 976(65Cu/63Cu) relative to NIST SRM 976 

 Lab ID δ65CuSRM976, ‰ u, ‰ k = 1 U, ‰ k = 2 1SD, ‰ N 

Sa
m

p
le

 A
  

SS
B

 

KRISS -0.101 0.018 0.037 0.041 5 
NIST -0.10 0.15 0.30 0.12 5 
PTB -0.086 0.016 0.033 0.012 6 
NRC -0.068 0.009 0.018 0.031 79 
BAM -0.064 0.021 0.042 0.034 18 
NIM -0.063 0.009 0.018 0.070 79 

UNIIM 0.020 0.045 0.090 0.10 5 

Sa
m

p
le

 A
  

C
-S

SB
IN

 

NIM -0.084 0.006 0.012 0.025 54 
KRISS -0.0764 0.0023 0.0046 0.0051 5 
NRC -0.075 0.003 0.006 0.010 79 
PTB -0.074 0.0115 0.023 0.0145 6 
BAM -0.073 0.008 0.016 0.014 18 

UNIIM 0.090 0.077 0.15 0.17 5 

Sa
m

p
le

 B
 

SS
B

 

KRISS 1.453 0.015 0.030 0.034 5 
NIST 1.46 0.08 0.15 0.12 5 
NIM 1.470 0.010 0.020 0.050 38 
PTB 1.473 0.011 0.022 0.0064 6 
BAM 1.478 0.020 0.040 0.034 18 
NRC 1.487 0.0076 0.015 0.027 80 

UNIIM 1.490 0.046 0.092 0.10 5 

Sa
m

p
le

 B
 

C
-S

SB
IN

 UNIIM 1.360 0.022 0.044 0.05 5 
NIM 1.468 0.008 0.016 0.017 27 

KRISS 1.4734 0.0033 0.0067 0.0075 5 
NRC 1.477 0.003 0.006 0.011 80 
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PTB 1.480 0.007 0.014 0.0041 6 
BAM 1.480 0.007 0.014 0.012 18 

Note that results are listed in order of increasing delta value 

As shown in Tables 3 and 4, it was noted that the instrument used by NIST was exhibiting 

an abnormal level of signal instability when the experiments were conducted, thus larger 

uncertainties (u) and/or standard deviations (SDs) were reported. UNIIM also reported similar 

larger uncertainties and/or SDs as compared to the other results.  In general, no significant 

decreasing trends in uncertainties and/or SDs with increasing Cu isotope intensities were 

observed for the reported four sets of results, indicating that measurement uncertainties from 

the laboratories are not limited by counting statistics, rather reflecting their measurement 

uncertainties of the instrument conditions.  Notably, the smallest uncertainties and/or SDs 

were reported by NRC, which may partially be due to the high signal intensities that further 

minimize counting statistics contribution as expected.  As shown in Table 4, in general, smaller 

uncertainties and/or SDs were obtained using the C-SSBIN mass bias correction model as 

compared to the simple SSB model, this is because C-SSBIN can effectively correct the temporal 

drift of mass bias during the measurement sequence. 

 

3.1. Pilot Comparison Reference Values (PCRVs) 

Note that we have used the Guidance note41 that applies to the calculation of key 
comparison reference values (KCRVs) here for the calculation of the PCRVs. Following the 
CCQM Guidance note in section 5.2. and Appendix 1 (page 18), a consistency check was applied 
for the four sets of data (Sample A SSB, Sample A C-SSBIN, Sample B SSB and Sample B C-SSBIN). 
Based on a chi-squared test, it was found that the data set for Sample B SSB was mutually 

consistent (as chi square value of χ𝑜𝑏𝑠
2  = 2.33 and n-1 chi square value of χ𝑜𝑏𝑠,𝑛−1

2  = 0.388 

obtained, n is the number of data points; for n = 7, 95% critical value of χ0.05 ,𝑛−1
2  = 12.592), the 

data set for Sample B C-SSBIN (χ𝑜𝑏𝑠
2  = 29.77, χ𝑜𝑏𝑠,𝑛−1

2  = 5.95, χ0.05 ,𝑛−1
2  = 11.070 for n = 6,) was 

inconsistent, and data sets for Sample A SSB (χ𝑜𝑏𝑠
2  = 8.71, χ𝑜𝑏𝑠,𝑛−1

2  = 1.45, χ0.05,𝑛−1
2  = 12.592 for 

n = 7) and Sample A C-SSBIN (χ𝑜𝑏𝑠
2  = 6.71, χ𝑜𝑏𝑠,𝑛−1

2  = 1.34,  χ0.05,𝑛−1
2  = 11.070 for n = 6) were 

both between the mutually consistent and inconsistent.  

An outlier (1.360 ‰ ± 0.022 ‰, u, k = 1) in the data set of Sample B C-SSBIN was 
identified, based on median calculation and 99 % confidence level; the value is considered an 
outlier when outside 𝑥median ± 3 ∙ 𝑢median (1.475 ‰ ± 3·0.004 ‰, approximately 99 % 
confidence level), as suggested in section 6.3.2.6 of the CCQM Guidance note2. Note that no 
technical reason for the outlier could be identified, and the identified outlier was not used to 
calculate the pilot comparison reference values (PCRVs). Results are summarized in Table 6.   

As suggested in section 6 of the CCQM Guidance note41, although simple mean and 
median methods may be used for the calculation of PCRVs and associated combined 
uncertainties (for large and consistent data sets), they are, however, not suitable for this 
comparison since the data sets are rather small (n ≤ 7). Among the 4 data sets, only one data 
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set is mutually consistent. In addition, both mean and median methods ignore the individual 
uncertainty of each value. The proper uncertainty estimation of each individual value is 
essential in order to maintain measurement traceability for that NMI, and it should be 
considered in the final calculation of PCRVs and uncertainties. Similarly, the weighted mean (W-
Mean) method can be used for consistent data sets. Of the four data sets, two data sets 
(Sample B SSB and Sample B C-SSBIN after rejecting outlier) were consistent and showed zero 
dark uncertainty present (based on the consistency check) and the other two data sets showed 
some dark uncertainty present.  

The DerSimonian-Laird (DSL) estimator41, 42 is a simple direct calculation, in which 
individual uncertainty is considered, and the DSL has been suggested as a preferred calculation 
where calculation simplicity is desired (page 28 in the CCQM Guidance note41).  Thus, DSL was 
selected for the final calculation of PCRVs and associated uncertainties for all 4 data sets. The 
DSL-mean (xDSL) and its uncertainty (uDSL) are calculated using Eqs. 2 through 7 from the 
individual result (xi) and its uncertainty (ui). Note that p is the number of data sets. 

xDSL=
∑ wi

*·xi𝑖

∑ wi
*

𝑖
 (2) 

where 

wi
*=

1

ui
2+λ

 (3) 

λ = max [0,
∑ (wi(xi-x̅)2-p+1)

𝑝
𝑖=1

𝑤1−𝑤2/𝑤1
] (4) 

x̅=
1

w1
∑ wixi

p
i=1  and (5) 

wi=
1

ui
2  (i=1, …p), w1= ∑ wi

p
i=1 ; w2= ∑ wi

2p
i=1  (6) 

uDSL
2 =

1

∑ wi
*

i
  (7) 
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Table 5. CCQM-P213 PCRVs, u(PCRV), U(PCRV) and Ur(PCRV) 

 PCRV 
‰ 

u(PCRV) 
‰, k = 1 

U(PCRV) 
‰, k = 2 

Ur(PCRV) 
% 

Sa
m

p
le

 A
 

SS
B

 

Mean -0.066 0.016 0.031 47 
Median -0.068 0.013 0.025 37 
W-Mean -0.0697 0.0065 0.013 19 

DSL-Mean -0.0709 0.0075 0.015 21 

Sa
m

p
le

 A
 

C
-S

SB
IN

 Mean -0.049 0.028 0.056 114 
Median -0.0745 0.0013 0.0026 3.5 
W-Mean -0.0763 0.0020 0.0039 5.1 

DSL-Mean -0.0764 0.0024 0.0048 6.2 

Sa
m

p
le

 B
 

SS
B

 

Mean 1.476 0.0045 0.009 0.6 
Median 1.476 0.0081 0.016 1.1 
W-Mean 1.479 0.0032 0.006 0.4 

DSL-Mean 1.479 0.0051 0.010 0.7 

Sa
m

p
le

 B
 

C
-S

SB
IN

 Mean 1.476 0.0023 0.005 0.3 
Median 1.477 0.0025 0.005 0.3 
W-Mean 1.476 0.0015 0.003 0.2 

DSL-Mean 1.476 0.0020 0.004 0.3 
Note that u(PCRV) is the combined uncertainty, U(PCRV) is the expanded uncertainty at K = 2 and Ur(PCRV) is the 

relative expanded uncertainty. The outlier identified in Sample B C-SSBIN was not used for the calculation of PCRV. 

As shown in Table 5, it is evident that the DSL method provides very similar results to 
other approaches, especially for the consistent data sets of Sample B SSB or C-SSBIN (after 
rejecting the outlier).  
 

3.2. Measurand graphic results 

The reported results for Sample A SSB, Sample A C-SSBIN, Sample B SSB and Sample B C-

SSBIN are presented in Figures 1-4. PCRVs for δSRM 976(65Cu/63Cu), in short δ65Cu, and their 

uncertainties (green dashed lines) are based on the DSL method described earlier in section 3.1.  
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Figure 1. δSRM 976(65Cu/63Cu) in CCQM-P213 Sample A using SSB model (u, k = 1) 

 

 

Figure 2. δSRM 976(65Cu/63Cu) in CCQM-P213 Sample A using C-SSBIN model (u, k = 1) 
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Figure 3. δSRM 976(65Cu/63Cu) in CCQM-P213 Sample B using SSB model (u, k = 1) 

 

 

Figure 4. δSRM 976(65Cu/63Cu) in CCQM-P213 Sample B using C-SSBIN model (u, k = 1) 

 

3.3. Equivalence statements 
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The degree of equivalence (DoE, di) and its uncertainty (u(di)) of a measurement result (xi) 

reported by a participant relative to the PCRV based on DSL calculation were calculated using 

Eqs. 8-10, as outlined on page 28 of the CCQM Guidance note41. 

di=xi-xDSL (8) 

u2(di)=ui
2+λ-uDSL

2  (9) 

where the value xi is included in the calculation of PCRVs. 

u2(di)=ui
2+λ+uDSL

2  (10) 

where the value xi is not included in the calculation of PCRVS. 

Note that λ (calculated from Eq. 4) is the excess variance due to differences between the 
submitted results from participating labs and its contribution was included in the uncertainty of 
the DoE. Eq 9 was used to calculate each uncertainty (u(di)) of DoE for all data with exception of 
the identified outlier (1.360 ‰ ± 0.022 ‰, u, k = 1) in the data set of Sample B C-SSBIN wherein 
Eq 10 was used.  Results of DoE are shown in Table 6 and Figures 5-8. Clearly, the majority of 
the |di/U(di)| values from the different participants are less than 1, confirming the equivalence 
of the results obtained.  
  



15 

 

Table 6. CCQM-P213 Equivalence statement for δSRM 976(65Cu/63Cu)  

 Institute di, ‰ U(di), ‰, k = 2  |di/U(di)| 
Sa

m
p

le
 A

 

SS
B

 
KRISS -0.030 0.039 0.77 
NIST -0.029 0.300 0.10 
PTB -0.015 0.036 0.43 
NRC 0.0029 0.023 0.12 
BAM 0.0069 0.044 0.15 
NIM 0.0079 0.023 0.34 

UNIIM 0.091 0.091 1.00 

Sa
m

p
le

 A
 

C
-S

SB
IN

 

NIM -0.0076 0.012 0.61 
KRISS 0.0000 0.006 0.002 
NRC 0.0014 0.007 0.21 
PTB 0.0024 0.023 0.10 
BAM 0.0034 0.016 0.21 

UNIIM 0.17 0.15 1.08 

Sa
m

p
le

 B
 

SS
B

 

KRISS -0.026 0.028 0.92 
NIST -0.019 0.160 0.12 
NIM -0.0089 0.017 0.52 
PTB -0.0059 0.020 0.30 
BAM -0.0009 0.039 0.02 
NRC 0.0081 0.011 0.72 

UNIIM 0.011 0.091 0.12 

Sa
m

p
le

 B
 

C
-S

SB
IN

 

UNIIM -0.116 0.044 2.62 
NIM -0.0077 0.016 0.49 

KRISS -0.0023 0.005 0.43 
NRC 0.0013 0.005 0.30 
PTB 0.0043 0.013 0.32 
BAM 0.0043 0.013 0.32 

 



16 

 

 
Figure 5. Equivalence statement for δSRM 976(65Cu/63Cu) in CCQM-P213 Sample A using SSB 

model (k = 2) 

 

Figure 6. Equivalence statement for δSRM 976(65Cu/63Cu) in CCQM-P213 Sample A using C-SSBIN 

model (k = 2) 
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Figure 7. Equivalence statement for δSRM 976(65Cu/63Cu) in CCQM-P213 Sample B using SSB 

model (k = 2) 

 

Figure 8. Equivalence statement for δSRM 976(65Cu/63Cu) in CCQM-P213 Sample B using C-SSBIN 

model (k = 2) 

 

4. Conclusion 
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The pilot study CCQM-P213 was a successful comparison, as indicated by the agreement 

of the results of the majority of the NMIs/DIs with the PCRVs within their expanded 

uncertainties.  Smaller uncertainties were obtained using C-SSBIN mass bias correction as 

compared to the simple SSB model; this is because C-SSBIN can effectively correct the temporal 

drift of mass bias during the measurement sequence. However, a future key comparison should 

be planned to demonstrate equivalence of results for this type of measurement among 

participants so that calibration and measurement capabilities (CMC) claims can be supported. 

 

Disclaimer: The full description of the procedures used in this paper requires the identification 

of certain commercial products and their suppliers. The inclusion of such information should in 

no way be construed as indicating that such products or suppliers are endorsed by NIST or are 

recommended by NIST or that they are necessarily the best materials, instruments, software, or 

suppliers for the purpose described. 
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