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22 Abstract

23 Measurement methods for the analysis of trace impurities in uranium materials, essential 

24 in nuclear fuel production and nuclear forensics, are continuously improving. Analytical 

25 methods were developed with the goal of lowering uncertainties of next generation 

26 certified uranium oxide reference materials for trace impurity concentrations. Through 

27 addition of a traceable standard directly into the sample, gravimetric standard addition and 

28 isotope dilution followed by analysis on an inductively coupled plasma mass spectrometer 

29 can achieve lower uncertainties. Results for 28 impurities in CRM 124-1 and 124-6 from 

30 NBL Program Office were used for validation of accuracy and comparisons of 

31 uncertainties.
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35 The processes of the nuclear fuel cycle, from mining to fuel fabrication, can introduce 

36 impurities to uranium intermediates and the final product. The ability to quantify impurities 

37 in uranium materials is important for both reactor fuel production and the nuclear forensics 

38 community. When producing uranium fuel for nuclear reactors, there are certain 

39 specifications for impurities that should be monitored during the conversion—from ore 

40 mining through to sintering into a fuel pellet [1-6]. Coincidently, the impurities from the 

41 conversion process can provide the forensics community information about the production 

42 and source [7-10]. In order to validate methods for accuracy and  precision, it is ideal for a 

43 reference material of the same uranium form to serve as a quality control; unfortunately, 

44 these reference materials are in short supply or non-existent [11].

45 The United States Department of Homeland Security has supported the production and 

46 characterization of a set of uranium oxide reference materials for 28 impurities. Oak Ridge 

47 National Laboratory (ORNL) and other domestic and international laboratories have 

48 worked to characterize the trace element content. The current work does not report any 

49 data from these new reference materials, but details the accuracy and precision for a novel 

50 method using gravimetric standard addition and isotope dilution mass spectrometry for 

51 impurity quantification in CRM 124-1 and CRM 124-6 from NBL Program Office 

52 (NBLPO) [12-13].

53 Comprehensive impurity analyses in uranium are being conducted on a routine basis 

54 among nuclear laboratories worldwide. These methods typically employ matrix-matched 

55 external calibrations coupled with measurement by inductively coupled plasma mass 

56 spectrometry (ICP-MS), inductively coupled plasma atomic emission spectrometry (ICP-

57 AES) and/or inductively coupled plasma optical emission spectrometry (ICP-OES) [14-

58 17].  For these methods, the uncertainty and precision of the measurement are adversely 

59 affected by matrix interferences, analysis-to-analysis instrumental drift and the lack of 

60 matrix specific certified reference materials, which prevent detailed compensations for 

61 these factors [18-20].  The use of the standard addition technique eliminates the 

62 requirement of matrix matched solutions for trace impurity analysis making it more 

63 convient for complex samples. Furthermore, performing standard addition gravimetrically 
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64 allows for better accuracy and precision while reducing time when compared to the 

65 volumetric technique.

66 Isotope dilution mass spectrometry (IDMS) is a “definitive method” providing higher 

67 accuracy due to direct traceability to a certified reference material (CRM) [21]. IDMS can 

68 be used to reduce matrix and preparation effects otherwise introduced by external 

69 calibration techniques, allowing for more precise measurements to be made. Depending on 

70 the analyte and the analyte’s concentration, IDMS can provide the most accurate and 

71 precise content measurements available to analytical laboratories today. Using this 

72 technique, certified enriched isotopes are added directly into the sample matrix for the 

73 elements analyzed.  All additions and dilutions are performed gravimetrically to minimize 

74 analytical uncertainties [22].

75 Although matrix-matched external calibration may be a more practical method when 

76 several elements are to be analyzed, gravimetric standard addition and/or IDMS presents 

77 an improvement in accuracy and precision for complex matrices. In this work, gravimetric 

78 standard addition and IDMS provided the primary characterization for provision of values 

79 for a reference material. In total, 28 impurities in uranium oxide were analyzed1; IDMS 

80 was applied to 17 of these, while gravimetric standard addition was applied to the 

81 remaining 11 elements where the analyte was monoisotopic or it was not feasible to obtain 

82 the enriched spikes necessary for IDMS.

83 Experimental

84 Equipment

85 Reverse  IMDS measurements for enriched spike calibration were performed on a Neptune 

86 (Thermo Instruments, Bremen, Germany) double-focusing multicollector inductively 

87 coupled plasma mass spectrometer (MC-ICP-MS), equipped with nine Faraday collectors 

1 The actual scope of the analysis was 28 elements, 17 by IDMS and 11 by gravimetric standard addition; 
however, 11 of those elements are not certified values in the CRM 124 series from NBLPO but are 
included for informational purposes.
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88 and one secondary electron multiplier. Both low (R = 300) and medium (R = 4,000) 

89 resolution modes of the instrument were used for the analyses. The samples were aspirated 

90 using a 100 µl minute-1 self-aspirating nebulizer with a standard cyclonic double passing 

91 introduction system (SIS, Elemental Scientific Inc., Omaha, NE). All data for the samples 

92 were collected in the static mode. Amplifier resistors were changed between 10-11 and 10-

93 13, as required for the analysis.

94 Elemental quantification was performed using an Element 2 (Thermo Instruments, 

95 Bremen, Germany) double-focusing high resolution inductively coupled plasma mass 

96 spectrometer (HR-ICP-MS), equipped with single orthogonal secondary electron 

97 multiplier. The samples were aspirated using a 100 µl minute-1 self-aspirating nebulizer 

98 with an Apex micro (SIS, Elemental Scientific Inc., Omaha, NE).

99 All samples and enriched stable isotopes were dissolved using a CEM Discover SP-D 

100 microwave in 35 mL Pyrex digestion vessels lined with Teflon liners. Each digestion vessel 

101 contained a small stir bar and was sealed with a disposable Teflon-lined cap.

102 Materials

103 High-purity nitric acid and hydrofluoric acid (Optima Grade, Fisher Scientific) were used 

104 for sample dilutions together with >18 MΩ cm water (GenPure Pro, ThermoScientific). 

105 Labware used for the project included low-density polyethylene (LDPE) bottles, pipette 

106 tips (Eppendorf), sample vials (PFA, Savillex Corporation), and microwave vessels, Teflon 

107 liners and caps. All labware was pre-cleaned by soaking for ≥72 hours at 60 ºC in 10% 

108 HNO3 prepared with trace-metals grade nitric acid (Fisher Scientific), followed by ≥72 

109 hours at 60 ºC in 18 MΩ cm water, rinsed and then dried in a laminar flow hood inside an 

110 ISO Class 5 cleanroom. Certified reference materials, CRM 124 series, were purchased 

111 from NBLPO and used as quality control (QC) samples for the reference material 

112 characterization project. Enriched stable isotopes for IDMS were either purchased from the 
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113 National Isotope Development Center2 (NIDC) or from Inorganic Ventures, Inc. Single 

114 element standard solutions were purchased from the National Institute of Standards and 

115 Technology (NIST) with the exception of Zr and V which were purchased from Inorganic 

116 Ventures, Inc. Information for the purchased spikes and standards can be found in 

117 supplemental information Tables 1, 2 and 3.

118 Sample and blank dissolution

119 Microwave digestion was employed to ensure total dissolution of the uranium oxide 

120 materials. A single analysis sample consisted of approximately 200 mg of oxide which was 

121 weighed into a PFA vial. A 4 mL aliquot of concentrated HNO3 was added to the vial and 

122 heated on a hot plate for ~2 hours at 125 ºC, followed by an addition of 20 µL concentrated 

123 HF (CRM 124-1) or 5 µL concentrated HF (CRM 124-6). The largely dissolved sample 

124 was quantitaively transferred and rinsed into a microwave digestion vessel resulting in an 

125 approximate solution volume of 7 mL. The sample was digested in a CEM Discover 

126 microwave by ramping the temperature to 190 degrees C for 5 minutes and holding that 

127 temperature for 10 minutes at 200 psi and 300W with stirring. In some cases, the 

128 microwave digestion was performed more than once until no refractory particles were 

129 visible. After digestion, the solution was quantitativly transferred to a tared LDPE bottle 

130 and diluted to a final solution U concentration of ~5 mg/mL in 8 M HNO3-0.02M HF; this 

131 was the master solution.

132 Gravimetric standard addition

133 The experimental design of standard addition calls for three solutions to be mixed in 

134 varying proportions: the unknown (X), a solution of known concentration for each analyte 

135 (S), and a diluent (D) as shown in Fig. 1. As opposed to standard addition by volume, 

136 gravimetric standard addition employs the use of a balance for all additions and dilutions 

2 The NIDC manages isotope production funded by the Isotope Development and Production for Research 
and Applications within the Office of Nuclear Physics of the United States Department of Energy Office of 
Science.



Journal of Radioanalytical and Nuclear Chemistry

7

137 allowing for a more precise determination of the quantities of solutions. The analytes 

138 measured by gravimetric standard addition were divided into four groups, shown in Table 

139 1, based on the optimal resolution mode for the HR-ICP-MS and minimization of isobaric 

140 interferences. To create the known solution, S, NIST spectrometry SRMs were 

141 gravimetrically combined for each group and then diluted with 2% HNO3 to create a 

142 ‘standard addition cocktail’ of known concentration, CS. The cocktail was prepared based 

143 on estimated values of impurities in the unknown, so that the signal for each analyte 

144 increased by approximately 25% with incremental additions of the known solution. 

145 All additions were weighed to create the measurement solutions, starting with a 2 g aliquot 

146 of the unknown (mX) to which incremental 0.5 g additions (mS) of the known solution were 

147 added, followed by diluent (mD), 2% HNO3, to achieve a final mass of 5 g. A total of four 

148 measurement solutions were created (mS = 0 in the first solution). The concentration of 

149 analyte in a method blank was calculated the same as samples. Blank values were 

150 subtracted from the sample when the analyte concentration in the blank was statistically 

151 greater than zero.  The measurement solution introduced to ICP-MS was ~100 ppm U for 

152 CRM 124-1 and ~200 ppm U for CRM 124-6. It should be noted that the same batch of 

153 2% HNO3 used for the dilutions of the known standards was used as the diluent to maintain 

154 an identical matrix in each sample. 

155

156 Fig. 1 Standard addition experimental design: measurement solutions consisting of 
157 sample X, increasing additions of standard S, and diluent D to bring the final solution to a 
158 constant mass. Mass fractions for the additions are represented as mX, mS and mD, 
159 respectively

160 Table 1 Groups and resolution modes of the gravimetric standard addition analysis
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Group Elements Resolution Mode
1 Nb, Ta, Y Low
2 Ce Low
3 Al, Ca, V, P Medium
4 Co, B, Mn Medium

161 The treatment of data from gravimetric standard addition analyses is based on formulation 

162 developed in earlier works [23, 24]. Eq. (1) represents the analysis variables arranged in a 

163 linear form, y = mx + b. The left side of the equation (y) is plotted versus the portion in 

164 parenthesis on the right side of the equation (x). R is the corrected instrument response for 

165 the analyte and CX is the concentration of analyte in the unknown. Here, k represents the 

166 sensitivity of the system and is equivalent to the slope, m, if the plot of Eq. (1) yields a 

167 straight line.

168 (𝑚𝑋 + 𝑚𝑆 + 𝑚𝐷

𝑚𝑋 )𝑅 = 𝑘(𝑚𝑆

𝑚𝑋) + 𝑘𝐶𝑋#(1)

169 The concentration of the analyte, CX, can be calculated according to Eq. (2), where b is the 

170 intercept and m is the slope given by linear regression. Further information on the 

171 regression calculation can be found in supplemental information.

172 𝐶𝑋 =
𝑏
𝑚𝐶𝑆#(2)

173 Isotope dilution mass spectrometry

174 Isotope dilution mass spectrometry method

175 In IDMS, an isotopically enriched spike (of known concentration and isotopic abundance) 

176 of the analyte element is added into the unknown and then a measured ratio, Rm, of the 

177 major isotope in the sample, i, to the major isotope in the spike, k, is used to calculate 

178 concentration of the unknown, Cx, using Eq. (3);

179 𝐶𝑥 =
𝑚𝑠

𝑊𝑥

𝐴𝑥

𝐴𝑠

𝑎𝑘𝑠

𝑎𝑘𝑥

(𝑅𝑠 ‒ 𝑅𝑚)
(𝑅𝑚 ‒ 𝑅𝑥)#(3)
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180 where ms is the elemental mass in the spike, Wx is the weight of the sample solution, aks is 

181 the atom abundance of k in the spike, akx is the atom abundance of k in the sample and Ax 

182 and As are the molar mass of the sample and the spike, respectively. Cx can only be 

183 determined if the isotope abundance of the analyte in the sample is known. The CRM 124 

184 series was doped with elements of natural abundance. The isotope ratios are defined in Eq. 

185 (4) where a is atomic abundance and the subscripts are x for the sample, s for the spike and 

186 m for the mixture.

187 𝑅𝑥 =
𝑎𝑥(𝑖)

𝑎𝑥(𝑘), 𝑅𝑠 =
𝑎𝑠(𝑖)

𝑎𝑠(𝑘), 𝑅𝑚 =
𝑎𝑚(𝑖)

𝑎𝑚(𝑘)#(4)

188 The IDMS analytes were divided into five groups (Table 2) to reduce the possiblity of 

189 concomitant impurities and interferences. Aliquots of the master solution were weighed 

190 into a PFA vial and spiked with known enriched isotopes and allowed to equilibrate on a 

191 hotplate for >24 hours at 90 ºC. The unknown was spiked so as to achieve an Rm 

192 approximately equal to 1. Uranium was removed via extraction chromatography with a 

193 stacked Eichrom UTEVA-Prefilter column as shown in Fig. 2. The column chemistry was 

194 very similar to the method outlined in ASTM C1647-13, substituting pre-packed 2 mL 

195 columns and adjusting the loading and elution volumes [25]. The eluted portion was 

196 submitted for HR-ICP-MS analysis and the Rm from Table 2 was measured for each 

197 analyte.

198 Table 2 Groups and quantifying ratios for isotope dilution mass spectrometry

Group 1 Group 2 Group 3 Group 4 Group 5
Metal Rm Metal Rm Metal Rm Metal Rm Metal Rm

Er 167Er/164Er Hf 178Hf/179Hf Mo 95Mo/97Mo Ti 48Ti/47Ti Fe 56Fe/57Fe
Dy 163Dy/160Dy Nd 146Nd/143Nd Pb 208Pb/204Pb Zr 90Zr/91Zr Cr 52Cr/53Cr

Li 7Li/6Li Ni 60Ni/61Ni W 182W/183W
Mg 24Mg/25Mg Cu 63Cu/65Cu
Si 28Si/30Si
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199

200 Fig. 2 Column chemistry of uranium extraction for IDMS samples. *The addition of HF 

201 is only needed for the elution of Zr and Hf. In this study, if these metals were not to be 

202 eluted, only 8 M HNO3 was used

203 Traceability of enriched spikes

204 As mentioned  in the materials section, enriched spikes were purchased from two suppliers. 

205 Six enriched isotopes (61Ni, 204Pb, 25Mg, 65Cu, 57Fe, 6Li) were purchased as solutions from 

206 Inorganic Ventures, Inc and used as received. The certificates of analysis included the 

207 certified isotopic abundance and a concentration that was certified directly versus a NIST 

208 standard reference material (SRM). 

209 The enriched isotopes from NIDC (53Cr, 164Er, 97Mo, 143Nd, 47Ti, 183W, 91Zr, 179Hf, 160Dy, 

210 30Si) were purchased as solids, digested and diluted to approximately 1 mg/mL. Traceable 

211 calibration of the enriched solutions was achieved by performing reverse-IDMS (three 

212 repeated measurements) using NIST spectrometry SRMs that are certified for elemental 

213 concentration. The reverse-IDMS technique yields a traceable concentration value by 

214 adding the spike solution to a well known standard and performing the necessary isotopic 
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215 measurements for IDMS. Any subsequent dilutions of the spike solutions were made 

216 gravimetrically with 8 M HNO3, which was the matrix needed for loading the column.

217 Sample Analysis

218 Purified elemental groups were analyzed by HR-ICP-MS. Elements quantified by standard 

219 addition were analyzed with 3 runs and 50 passes with a mass window of 125% and 30 

220 peaks per samples. The intergration time was 0.0200 ms for a total segment duration of 

221 0.760 ms. The interferences were monitored with a mass window of 125% and 10 peaks 

222 per sample. The intergration time was 0.0100 ms. Elements quantified by IDMS were 

223 analyzed with 3 runs and 25 passes with a mass window of 5% and 200 peaks per sample. 

224 The intergration time was 0.0200 ms for a total segment duration of 0.200 ms. The 

225 interferences were monitored with a mass window of 20% and 25 peaks per sample with 

226 an intergration time of 0.0050 ms. 

227 The standard addition sequence consisted of a washout blank  instrument blank sample 

228 1  sample 2 sample 3 sample 4  washout blank  instrument blank, this was 

229 repeated for each sample. A 60 second probe wash with 5% HNO3 was placed between 

230 samples but no data was collected. The samples were bracketed by controls at the beginning 

231 and end of analysis. Sample count rates were corrected for blanks and inteferences. The 

232 list of interferences can be found in Table 3. Single element standards were analyzed at the 

233 begining and end of the sequence run. The analyte intensity was diluted to yield 

234 approximately 5 x 106 cps.  The correction factors were averaged and applied to the 

235 appropriate isotope. Correction factors ratios of 9 x 10-8 or less were not applied.    

236 Table 3 A list of possible interferences that were monitored and corrected for each element 

237 analyzed

Element Interferences (monitor and corrected)
Mo MnAr, CoAr, FeAr, NiAr, Os++,Pt++, Ir++

Pb OsO, PtO, IrO, DyAr, ErAr, YbAr
W ErO, NdAr, HoO, SmO, Dy, CeAr
Mg LiO
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Nb Re++, Os++, W++, ZrH, MoH
Ta WH, DyOH, HfH, HoO
Y Hf++, SrH, TiAr 
Zr Ta++, W++

Ca Sr++

V Ru++, Pd++, Rh++

Ti Mo++, Zr++, Nb++

238 The IDMS sequence was bracketed with instrument blanks and every 6 samples/controls 

239 were bracketed by a natural isotopic abundance standard to correct for mass fractions. A 

240 30 second probe wash with 5% HNO3 was placed before each sample or control. Sample 

241 count rates were corrected for blanks, inteferences and mass fractionation. The list of 

242 interferences can be found in Table 3. Single element standards were analyzed at the 

243 beginning and end of the sequence run. The analyte intensity was diluted to yield 

244 approximately 5 x 106 cps.  The samples were diluted to maintain a count rate of 5 x 106 

245 cps, thus keeping the detector in counting mode.  The correction factors were averaged and 

246 applied to the appropriate isotope. Correction factor ratios of 9 x 10-8 or less were not 

247 applied.

248 Results and discussion

249 Gravimetric standard addition

250 The analytical method was validated for accuracy and precision using two materials of the 

251 CRM 124 reference material set, CRM 124-1 and CRM 124-6. Of the 11 analytes measured 

252 by gravimetric standard addition, six of them have certified values in these reference 

253 materials. The experimental results for CRM 124-1 and CRM 124-6 are shown in Tables 

254 4 and 5, respectively. All analytes were measured within the stated uncertainty of the CRM 

255 except for aluminum in CRM 124-6, however aluminum was measured within the stated 

256 uncertainty of the re-evaluated value. CRM 124-6 does not report certified values for B 

257 and Ca and therefore no statement can be made about accuracy at that level. The majority 

258 of the elements had a smaller associated uncertainty than the CRM from the certificate of 

259 analysis. Uncertainties varied with each analyte, that analyte’s concentration and the blank 
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260 levels. In general, the relative uncertainty for single measurements was 1-12% for CRM 

261 124-1 and CRM 124-6. Boron was difficult to analyze at low levels, exhibiting less 

262 reproducibility due to high blank levels; a relative uncertainty of 35% and 96% were 

263 reported for CRM 124-1 and CRM 124-6, respectively.

264 Table 4 Gravimetric standard addition method for CRM 124-1 compared to certificate of 

265 analysis values and re-evaluated values [12,13]

Analyte n Experimental,
µg/g U ± uc

Certified,
µg/g U ± uc

Re-evaluated,
µg/g U ± uc

Al 4 208 ± 11 205 ± 37 217 ± 37
B 4 3.7 ± 1.3 5.1 ± 1.0 5.5 ± 1.0
Ca 4 208 ± 26 200 ± 36 207 ± 36
Co 4 25.3 ± 1.4 25.0 ± 6.1 23.3 ± 6.1
Mn 4 51.5 ± 1.9 51.0 ± 7.6 50.2 ± 7.6
V 4 50.2 ± 8.5 50.0 ± 7.2 49.9 ± 7.2

266 Table 5 Gravimetric standard addition method for CRM 124-6 compared to certificate of 

267 analysis values and re-evaluated values [12,13]

Analyte n Experimental,
µg/g U ± uc

Certified,
µg/g U ± uc

Re-evaluated,
µg/g U ± uc

Al 2 5.62 ± 0.71 10 ± 1.4 7.6 ± 1.4
B 2 0.99 ± 0.95 0.2a N/Ab

Ca 2 10.42 ± 0.94 5.8a N/Ab

Co 2 0.572 ± 0.010 0.60 ± 0.09 0.54 ±0.09
Mn 2 1.421 ± 0.013 1.70 ± 0.49 1.71 ± 0.49
V 2 0.998 ± 0.085 1.00 ± 0.13 1.06 ±0.13

268 aValues are not certified [12], bValues were not re-evaluated

269 Uncertainty contributions from gravimetric standard addition

270 The expanded uncertainty for each single replicate measurement was reported with a 

271 coverage factor (k) of 2 with the following contributions:

272  Standard deviation of the slope and intercept calculated from linear regression, 

273 least-squares method;

274  All weights from the original solid and subsequent dilutions as well as from 

275 dilutions of the certified solutions;
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276  Standard uncertainty of certified element solutions reported on the certificate of 

277 analysis (COA);

278  Standard deviation of replicate blank measurements when the blank was subtracted.

279 The uncertainty, uc, reported in Tables 4 and 5 are the standard deviation for n replicates 

280 multiplied by a coverage factor of 2 to provide a simplified estimate of 95% overall 

281 measurement uncertainty.

282 Fig. 3 exhibits the typical major contributors to the uncertainty budget for a single 

283 measurement. As shown, the deviations from linear regression (slope, m, and intercept, b) 

284 resulted in >90% contribution to the uncertainty, as was typical for each analyte in this 

285 analysis. To decrease this contribution and tighten precision and accuracy, more data points 

286 could be used to plot the standard addition line. Also, considering Eq. (1), while noting that 

287 masses have a small associated error, it can be assumed that deviations from the best fit 

288 line were a result of R which could be attributed to instrumental drift; improvements could 

289 be made with an internal standard introduced during instrumental analysis.

290
291 Fig. 3 Graph of major contributors to the uncertainty budget as given in GUM 

292 Workbench for a single measurement of calcium in CRM 124-1 by the gravimetric 

293 standard addition method

294 Isotope dilution mass spectrometry

295 Again, method validation was performed with CRM 124-1 and CRM 124-6 which are 

296 certified for 11 of the metals measured by IDMS. The experimental results for CRM 124-

297 1 and CRM 124-6 are shown in Tables 6 and 7, respectively. All elements were reported 

298 within the standard uncertainty of the CRM, except for zirconium and tungsten in CRM 
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299 124-1 which fell in the 95%-99% level of confidence of the certified value. When Zr and 

300 W experimental values are compared to the re-evaluated values, there is a slight 

301 improvement, however there still appears to be a bias. A recent study by Boulyga et al. 

302 found similar results with Zr and W at higher concentrations in CRM 124-1 [26]. Previous 

303 authors have suggested this could be a dissolution problem for W, however, the precision 

304 in this W data set between replicates suggests this is not likely to be the source of the bias 

305 for this analysis as dissolution problems are more random. The cause for the bias is still 

306 under investigation.

307 Isotopic equilibration is necessary for accuracy in IDMS methodology, and if this is not 

308 achieved, systematic errors can result [22]. Isotopic equilibration can be achieved by 

309 complete sample dissolution synchronously with the enriched isotope spike as well as 

310 oxidation/reduction reactions. However, these could not be justified due to the cost of 

311 adding the enriched spikes at these levels and addition of contamination due to the number 

312 of spikes that would be added and/or the composition of the oxidative/reductive species. In 

313 the current method, the liquid mixture was heated to 90 ºC in 8 M HNO3 for ~24 hours for 

314 equilibration. Isotopic fractionation biases were assessed by analysis of the suitable CRM 

315 analyzed in parallel the sample. In any case, any fractionation that might have occurred 

316 was negligible in comparison to other contributions of uncertainty.

317 IDMS achieved a smaller relative uncertainty for single measurements than gravimetric 

318 standard addition, typically 0.1-3% for CRM 124-1 and 1-15% for CRM 124-6. The 

319 standard deviation of replicate measurements was typically 1-8% for CRM 124-1, but more 

320 sporadic for CRM 124-6 due to lower analyte concentrations. The high uncertainty for 

321 silicon can be attributed to the use of HF for sample dilution which produces volatile SiF4. 

322 For this same reason, silicon was not reported for CRM 124-6.

323 Table 6 IDMS method results for CRM 124-1 compared to certificate of analysis values 

324 and re-evaluated values [12,13]

Analyte n Experimental,
µg/g U ± uc

Certified,
µg/g U ± uc

Re-evaluated,
µg/g U ± uc

Cr 4 108.1 ± 1.8 102 ± 14 107 ± 14
Cu 4 50.5 ± 0.8 50.0 ± 9.4 46.3 ± 9.4
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Fe 3 208.9 ± 5.1 210 ± 24 196 ± 24
Mg 4 105 ± 18 101 ± 13 104 ± 13
Mo 4 98.6 ± 2.3 100.0 ± 5.5 100.5 ± 5.5
Ni 4 208.2 ± 4.2 202 ± 17 208 ± 17
Pb 4 50.8 ± 0.7 51 ± 15 46 ± 15
Si 4 206 ± 68 202 ± 58 221 ± 58
Ti 4 47.5 ± 1.1 50 ± 14 44 ± 14
W 4 164.7 ± 9.4 200 ± 22 195 ± 22
Zr 4 282.8 ± 2.2 200 ± 61 228 ± 61

325 Table 7 IDMS method results for CRM 124-6 compared to certificate of analysis values 

326 and re-evaluated values [12,13]

Analyte n Experimental,
µg/g U ± uc

Certified,
µg/g U ± uc

Re-evaluated,
µg/g U ± uc

Cr 2 4.39 ± 0.66 4.3a N/Ab

Cu 2 1.25 ± 0.34 1.40 ± 0.44 1.45 ± 0.44
Fe 2 10.8 ± 2.7 15a N/Ab

Mg 2 2.58 ± 0.81 3.00 ± 0.55 2.69 ± 0.55
Mo 2 2.237 ± 0.003 2.00 ± 0.66 2.24 ± 0.66
Ni 2 6.58 ± 0.22 7.0 ± 1.0 6.6 ± 1.0
Pb 2 1.26 ± 0.01 1.80 ± 0.45 1.30 ± 0.45
Ti 2 1.068 ± 0.018 1.30 ± 0.28 1.15 ± 0.28
W 2 4.3 ± 0.03 5.0 ± 1.0 4.8 ± 1.0
Zr 2 7.3 ± 0.06 5.0 ± 1.7 6.7 ± 1.7

327 aValues are not certified [12].

328 Uncertainty contributions from isotope dilution mass spectrometry

329 The expanded uncertainty was reported with a coverage factor (k) of 2 with the following 

330 contributions:

331  All weights from the original oxide and subsequent dilutions as well as from 

332 dilutions of the enriched spike solutions;

333  Elemental concentrations of enriched isotope spikes (measured with three 

334 replicates by reverse IDMS);

335  Uncertainty in atom percent of the enriched spike provided on the COA;

336  The measured ratio, Rm, as determined by instrumental analysis with contributions 

337 from counting statistics and corrections for interferences;
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338  Standard deviation of replicate blank measurements when the blank was subtracted.

339 The uncertainty, uc, reported in Tables 6 and 7 are the standard deviation for n replicates 

340 multiplied by a coverage factor of 2 to provide a simplified estimate of 95% overall 

341 measurement uncertainty.

342 The uncertainty contributions depended heavily on analysis of replicate blanks; two 

343 situations are shown for chromium in Fig. 4. The uncertainty budget has shown that better 

344 precision and accuracy could be achieved if blank subtraction was negligible, however, 

345 when this is not possible a larger number of blanks could be analyzed for a blank value 

346 with a tighter standard deviation. Apart from the blanks, the major contributors were the 

347 Rm measured by ICP-MS as well as the uncertainty in atomic abundance in the enriched 

348 spikes supplied on the COA.

349
350 Fig. 4 An example of uncertainty budgets calculated in GUM Workbench for chromium 

351 in CRM 124-1 analyzed by the IDMS method. (4a) A measurement in which the standard 

352 deviation of replicate blank measurements was large and contributed to the majority of 

353 uncertainty (4b) In the case that the standard deviation of replicate blank measurements 

354 was small, other sources of uncertainty played a bigger role

355 Zeta scores

356 A zeta (ζ) score (calculated as in Eq. (5)) is essentially a quantitative comparison of 

357 experimental results xmeasured with a standard uncertainty u2(xmeasured) to a certified reference 

358 value xcertified with a standard uncertainty u2(certified) [27]. If |ζ| < 2, then the result is in good 
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359 agreement with the certified value at 95% confidence, if |ζ| < 3 the same can be said at 99% 

360 confidence. A zeta score greater than 3 signals that action should be taken to assess the 

361 problem.

362 𝜁 =
𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ‒ 𝑥𝑐𝑒𝑟𝑡𝑖𝑓𝑖𝑒𝑑

𝑢2(𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) + 𝑢2(𝑥𝑐𝑒𝑟𝑡𝑖𝑓𝑖𝑒𝑑)
#(5)

363 Figures 5 and 6 show the calculated zeta scores for CRM 124-1 and CRM 124-6. The 

364 reproducibility and accuracy of measurements were generally better at higher 

365 concentrations of analytes. CRM 124-1 and CRM 124-6 have rather large uncertainties; 

366 thus, it should be recognized this has the effect of reducing |ζ|. The single way to alleviate 

367 this problem would be comparison to a CRM with smaller uncertainties, which is in part 

368 why development of these methods was conducted. 

369

370 Fig. 5 Zeta scores for 17 analytes evaluated by gravimetric standard addition method and 

371 IDMS for CRM 124-1.
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372

373 Fig. 6 Zeta scores for 16 analytes evaluated by gravimetric standard addition method and 

374 IDMS for CRM 124-6.

375 Conclusions

376 This work has highlighted efforts to characterize a potential set of uranium oxide reference 

377 materials for impurities. Gravimetric standard addition and IDMS present techniques for 

378 tightening precision through an unbroken chain of comparisons to an SRM; the result being 

379 smaller or similar uncertainties when compared to CRM 124-1 and CRM 124-6. When 

380 compared to CRM 124-1, the results showed improvements of an order of magnitude 

381 reduction of uncertainty for elements Cr, Cu, Fe, Pb and Ti. Elements such as Mo, Ni, W, 

382 Al, Ca, Co and Mn showed moderate reduction in uncertainties while Mg, Si, B and V had 

383 uncertainties that showed no improvement from the certificate. The uncertainties for the 

384 CRM 124 series certificate were a result of compiled data from several laboratories—

385 which will usually lead to higher uncertainties due to between-lab reproducibility; thus the 

386 preceding statement is made just as a comparison. As expected a lower uncertainty resulted 

387 when analyte concentrations increased due to smaller contribution of blank subtraction and 

388 improvements in counting statistics. This technique is also useful when samples are 

389 complex and a suitable material cannot be found to create a matrix-matched calibration 

390 curve. Several potential improvements have been discovered in the analysis of the data 

391 including lowering uncertainty contributions from blanks, instrumental analysis and 
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392 linearity in standard addition. Future work is to study combining the elements that have 

393 been divided into groups into one single analysis for each method giving rise to a more 

394 efficient analysis for several elements. Other future work includes refining the method and 

395 possibly expanding the techniques to include other impurities.

396

397 Acknowledgements

398 Radioactive work requires many controls to ensure personnel and environment safety, and 

399 for that we thank Lisa Duncan, Mike Hensley and Micah Ely. The authors would like to 

400 thank Jeff Morrison as the program manager. This work is supported by the the Department 

401 of Homeland Security at the Department of Energy’s National Nuclear Security 

402 Administration under contract DE-AC05-00OR22725 with UT-Battelle, LLC. Oak Ridge 

403 National Laboratory is managed by UT-Battelle for the Department of Energy under 

404 Contract DE-AC05-000R22725.

405

406 Notes

407 The Authors declare no competing financial interest.

408 This manuscript has been authored by UT-Battelle, LLC, under contract DE-AC05-

409 00OR22725 with the US Department of Energy (DOE). The US government retains and 

410 the publisher, by accepting the article for publication, acknowledges that the US 

411 government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or 

412 reproduce the published form of this manuscript, or allow others to do so, for US 

413 government purposes. DOE will provide public access to these results of federally 

414 sponsored research in accordance with the DOE Public Access Plan 

415 (http://energy.gov/downloads/doe-public-access-plan).

416 References

http://energy.gov/downloads/doe-public-access-plan


Journal of Radioanalytical and Nuclear Chemistry

21

417 1. ASTM International (2016) Standard Specification for Nuclear-Grade, Sinterable 

418 Uranium Dioxide Powder. ASTM C753-16a

419 2. ASTM International (2015) Standard Specification for Uranium Hexafluoride for 

420 Enrichment. ASTM C787-15

421 3. ASTM International (2015) Standard Specification for Nuclear-Grade Uranyl 

422 Nitrate Solution or Crystals. ASTM C788-03(2015)

423 4. ASTM International (2017) Standard Specification for Sintered (Uranium-

424 Plutonium) Dioxide Pellets for Light Water Reactors. ASTM C833-17

425 5. ASTM International (2013) Standard Specification for Uranium Ore Concentrate. 

426 ASTM C967-13

427 6. ASTM International (2016) Standard Specification for Uranium Oxides with a 235U 

428 Content of Less Than 5% for Dissolution Prior to Conversion to Nuclear-Grade 

429 Uranium Dioxide. ASTM C1334-05(2016)

430 7. Moody KJ, Hutcheon ID, Grant PM (2005) Nuclear Forensic Analysis. CRC Press, 

431 Boca Raton, Florida

432 8. Varga Z, Wallenius M, Mayer K, Meppen M (2011) Analysis of Uranium Ore 

433 Concentrates for Origin Assessment. Proc Radiochim Acta. 1:1-4

434 9. Keegan E, Wallenius M, Mayer K, Varga Z, Rasmussen G (2012) Attribution of 

435 Uranium Ore Concentrates Using Elemental and Anionic Data. Appl Geochem. 

436 27:1600-1609

437 10. Varga Z, Krajkó J, Peńkin M, Novák M, Eke Z, Wallenius M, Mayer K (2017) 

438 Identification of Uranium Signatures Relevant for Nuclear Safeguards and 

439 Forensics. J Radioanal Nucl Chem. 312:639-654

440 11. Inn KGW, Johnson Jr CM, Oldham W, Jerome S, Tandon L, Schaaff T, Jones R, 

441 Mackney D, MacKill P, Palmer B, Smith D, LaMont S, Griggs J (2012) The Urgent 

442 Requirement for New Radioanalytical Certified Reference Materials for Nuclear 

443 Safeguards, Forensics, and Consequence Management. J Radioanal Nucl Chem. 

444 296:5-22

445 12. New Brunswick Laboratory (1983) Provisional Certificate of Analysis, CRM No. 

446 124(1-7)



Journal of Radioanalytical and Nuclear Chemistry

22

447 13. Bürger S, Mathew KJ, Mason P, Narayanan U (2009) Reference Materials 

448 Characterized for Impurities in Uranium Matrices: An Overview and Re-

449 Evaluation of the NBL CRM 124 series. J Radioanal Nucl Chem. 279(2):659-673

450 14. Mahan C, Bonchin S, Figg D, Gerth D, Collier C (2000) Chromatographic 

451 Extraction of plutonium and inorganic impurity analysis using ICP-MS and ICP-

452 AES. J. Anal. At. Spectrom. 15:929-935

453 15. Montoa DP, Manard BT, Xu N (2016) Novel Sample Introduction System to 

454 Reduce ICP-OES Sample Size for Plutonium Metal Trace Impurity Determination. 

455 J Radioanal Nucl Chem. 307:2009-2014

456 16. Satyanarayana K, Durani S (2010) Separation and Inductively Coupled Plasma 

457 Optical Emission Spectrometric (ICP-OES) Determination of Trace Impuriites in 

458 Nuclear Grade Uranium Oxide. J Radioanal Nucl Chem. 285:659-665

459 17. Wylie E, Manard BT, Quarles Jr. CD, Meyers L, Xu N (2018) An Automated 

460 Micro-Separation System for the Chromatographic Removal of Uranium Matrix 

461 for Trace Element Analysis by ICP-OES. Talanta. 189 

462 10.1016/j.talanta.2018.06.063

463 18. Oliveira Junior OP, Sarkis JES (2002) Determination of Impurities in Uranium 

464 Oxide by Inductively Coupled Plasma Mass Spectrometry (ICPMS) by the Matrix 

465 Matching Method. J Radioanal Nucl Chem. 254(3):519-526

466 19. ASTM International (2010) Standard Test Method for Determination of Impurities 

467 in Nuclear Grade Uranium Compounds by Inductively Coupled Plasma Mass 

468 Spectrometry. ASTM C1287-10

469 20. International Organization for Standardization (2010) Nuclear Technology—

470 Nuclear Fuels—Procedures for the Measurement of Elemental Impurities in 

471 Uranium- and Plutonium-Based Materials by Inductively Coupled Plasma Mass 

472 Spectrometry, ISO 26062:2010(E)

473 21. Fassett JD (1988) Inorganic Trace Analysis by Isotope Dilution Mass 

474 Spectrometry—New Frontiers. Journal of Research of the National Bureau of 

475 Standards. 93:417-418



Journal of Radioanalytical and Nuclear Chemistry

23

476 22. Sargent M, Harrington C, Harte R (2002) Guidelines for Achieveing High 

477 Accuracy in Isotope Dilution Mass Spectrometry (IDMS). The Royal Society of 

478 Chemistry, Cambridge

479 23. Kelly WR, MacDonald BS, Guthrie WF (2008) Gravimetric Approach to the 

480 Standard Addition Method in Instrumental Analysis. 1. Anal. Chem. 80:6154-6158

481 24. Hauswaldt AL, Rienitz O, Jährling R, Fischer N, Schiel D, Labarraque G, 

482 Magnusson B (2012) Uncertainty of Standard Addition Experiments: a Novel 

483 Approach to Include the Uncertainty Associated with the Standard in the Model 

484 Equation. Accred Qual Assur. 17:129-138.

485 25. ASTM International (2013) Standard Practice for Removal of Uranium or 

486 Plutonium, or both, for Impurity Assay in Uranium or Plutonium Materials. ASTM 

487 C1647-13

488 26. Boulyga SF, Cunningham JA, Macsik Z, Hiess J, Peńkin MV, Walsh SJ (2017) 

489 Development, Validation and Verification of an ICP-MS Procedure for a Multi-

490 element Analysis of Uranium Ore Concentrates. 32:2226-2237.

491 27. Analytical Methods Committee, AMCTB No. 74 (2016) z-Scores and Other Scores 

492 in Chemical Proficiency Testing—Their Meanings, and Some Common 

493 Misconceptions. Anal. Methods. 8:5553-5555.


