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Abstract …….. 

The elemental and isotopic composition of radiological or nuclear material, along with its 
macroscopic and microscopic appearance, is often unique to its mode of production. In this way, 
such data may be used as a “nuclear fingerprint” for source attribution should such material be 
interdicted. A key component of the “nuclear fingerprint” for source attribution is the 
determination of the elapsed time (age) since the last chemical purification. During production, 
the nuclear material is purified from radioactive decay products (progeny). After separation, the 
decay products begin to accumulate. Measuring the parent-progeny ratio therefore provides the 
age of the nuclear material. An isotope ratio that may be used for dating nuclear material is 
referred to as a radiochronometer. Currently, there is a global need for certified reference 
materials for nuclear forensics work, including those for radiochronometry. This project aimed to 
validate reference materials and procedures for Nuclear Forensics Laboratories that will ensure 
laboratory interoperability for the measurement of radiochronometers. Most of the focus of this 
project was on the development of the cobalt-60/nickel-60 radiochronometer, for which a 
reference material and standard operating procedure were developed and validated through a 
series of inter-comparison exercises, the latter of which involved five Canadian and one 
American laboratory. Two other radiochronometers, cesium-137/barium-137 and strontium-
90/zirconium-90, were of interest to this project. To this end, the participating U.S. laboratory 
was able to provide their work instruction describing age dating of various sources, including the 
cesium-137/barium-137 and strontium-90/zirconium-90 radiochronometers. 

Résumé …..... 

La composition isotopique des matières nucléaires ou radiologiques, ainsi que leur aspect 
macroscopique et microscopique, sont souvent uniques à leur mode de production. Ces données 
peuvent donc être utilisées comme une «empreinte nucléaire» permettant de déterminer l'origine 
d'un matériel nucléaire obtenue illégalement. Une composante clé pour la détermination de la 
provenance d'un matériel nucléaire est la détermination du temps écoulé (âge) depuis la dernière 
purification. Lors de la production, les matières nucléaires sont purifiées et donc séparées des 
produits de désintégration radioactifs (progéniture). Après la séparation, les produits de 
désintégration commencent à s'accumuler. Le rapport entre les concentrations du parent et de sa 
progéniture permet la détermination de l'âge de la matière nucléaire. On appelle 
un radiochronomètre un rapport isotopique permettant la datation des matières nucléaires. Il 
existe actuellement un besoin grandissant pour les matériaux de référence certifiés pour 
l'utilisation de radiochronomètres. Ce projet visait à valider des matériaux de référence et des 
procédures pour la mesure de radiochronomètres. Le projet s'est principalement concentré sur 
le radiochronomètre cobalt-60/nickel-60, pour lequel un matériau de référence et une procédure 
de laboratoire ont été développés et validés par une série d'exercices d'inter-comparaison, le 
dernier impliquant cinq laboratoires canadiens et un laboratoire américain. Deux 
autres radiochronomètres, le césium-137/barium-137 et le strontium-90/zirconium-90 ont 
également été étudiés. Une procédure détaillée pour la mesure de radiochronomètres, y compris 
pour celle du césium-137/barium-137 et du strontium-90/zirconium-90, a été partagée par notre 
partenaire américain.  
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1 Introduction 

Nuclear forensics is an emerging and critical field, given the threat of radiological/nuclear 
terrorism. The laboratories having demonstrated capabilities in the measurement of 
radiological/nuclear (RN) evidence must be able to deliver reproducible analytical results that can 
be upheld in a court of law during a criminal investigation. 

An important tool and capability for nuclear forensics science is the ability to provide data on an 
illicit source, such as source production, date of purification or origin.  Very accurate data in this 
area can then be coupled to other pertinent source information to allow for material attribution. 
The process of elucidating the date of production or purification of an interdicted illicit source is 
achieved through radiochronology, or the elemental ratio determination of the radioactive 
component and a daughter product (see Figure 1).  The nuclear forensics community needs a 
radiochronometer reference material, which would be used to ensure measurement traceability, 
method validation and instrument calibration. 

 

 

Figure 1: The parent-daughter ratio provides the age of the nuclear material. An isotope ratio 
that may be used for dating nuclear material is referred to as a radiochronometer.  

 

This project aimed at addressing the lack of interoperability between laboratories in the forensics 
community. The focus of this collaboration was the cobalt-60/nickel-60 (60Co/60Ni) 
radiochronometer for which a reference material and standard operating procedure were 
developed and validated through a series of inactive and active inter-comparison exercises. The 
cesium-137/barium-137 (137Cs/137Ba) and strontium-90/zirconium-90 (90Sr/90Zr) 
radiochronometer work was led by U.S. partners, who were able to share the standard operating 
procedure with the participating Canadian laboratories (Annex E8).  The identified 
radiochronometers in this project are found in significant amounts in spent nuclear fuel and 



 

 
 

radioactive waste. They are also common sealed sources with applications in industrial and 
medical radiography, sterilization, radiotherapy, and blood irradiation. Such sources are probable 
targets for illicit usage and malicious intent. 

 

1.1 Supporting Documents 

This report draws from different documents prepared over the course of this project. The first was 
a literature review on cobalt/nickel and strontium/zirconium separation using 
complexation/extraction and ion-exchange chromatography (Annex E1), by Laval University.  

1.1.1 Cobalt-60/Nickel-60 Radiochronometer 

Most of the ground work for the development of the 60Co/60Ni radiochronometer was done at 
Laval University. This work is detailed in a M. Sc. thesis by Luc Charbonneau, entitled 
«Séparation et analyse du 60Co et du 60Ni par spectrométrie de masse pour la datation de sources 
de radiocobalt ». This document can be found in Annex E2.  

The final standard operating procedure for 60Co/60Ni radiochronometry is based on the 
modifications proposed by the CNSC Laboratory, such as the use of Omni-frit column and high 
purity acids, which made the separation of Ni from Co more consistent, can be found in Annex 
E3. A more detailed work instruction, developed by Laval University, is found in Annex E4.   

A document, prepared by NRC, entitled “60Co Radiochronometer  Reference Comparison” 
details the  preparation of the  radiochronometer  reference  material   and  the final  round  robin  
inter-comparison to test the reference  material  and the Standard operating procedure (SOP). This 
document can be found in Annex E5. 

Finally, a report from ANL detailing their participation in the final round robin (ANL. 11.005: 
Cobalt-60 Collaboration with Canada) can be found in Annex E6. 

1.1.2 Strontium-90/Zirconium-90 Radiochronometer 
Early in the collaboration, it was decided to focus on development of the 60Co/60Ni 
radiochronometer. Nevertheless, Laval University produced a SOP on the separation of stable 
strontium and zirconium (Annex E7). This, in combination with the age-dating reference 
provided by ANL (Annex E8), should serve as a template for further investigation into Sr-90/Zr-
90 radiochronometer development. 

1.1.3 Cesium-137/Barium-137 Radiochronometer 

137Cs/137Ba  radiochronometer development was led by U.S. partners.  ANL provided a SOP, 
entitled “Radioactive Source Separations Using Mini-Gas Pressurized Extraction 
Chromatography”, for multiple radiochronometers, including 137Cs/137Ba. The document is 
included in Annex E8. A peer-reviewed, scientific article which specifically addresses the 
137Cs/137Ba radiochronometer has also been published 0. While the SOP provided by ANL 
describes a different methodology (based on mini-gas pressurized extraction chromatography) 
than that used for 60Co/60Ni, it can nevertheless be used as a basis for further investigation into 
137Cs/137Ba radiochronometer development.  

Finally, a report for Laval university involvement in the project can be can be found in Annex E9.  
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1.2 International Collaboration 

The initial project charter called for a close relationship between the participating Canadian and 
U.S. labs.  During the course of this project, it became clear that international cooperation did not 
manifest to the extent that was originally planned. For example, Canadian participation in a U.S. 
lead 137Cs/137Ba round-robin never occurred. However, the last year of the collaboration has 
shown strong and effective collaboration between Canadian labs and their U.S. counterparts. One 
of the U.S. labs (Argonne National Lab) participated in the final round robin for the testing of the 
Canadian developed 60Co/60Ni reference material and SOP. Furthermore, ANL provided an SOP 
for radiochronometry work that encompasses the radiochronometers defined by this project 
(Annex E8). ANL has also provided a detailed work instruction for their 60Co/60Ni contribution 
to this project (Annex E6). 

 

 

 
 



 

 
 

2 Purpose 

The primary objective of this project was to develop and validate reference materials and 
procedures for Nuclear Forensics Laboratories that will ensure laboratory interoperability for the 
measurement of radiochronometers. The validity of these results, and hence admissibility in court, 
can only be established if certified reference materials are available. Additionally, certified 
reference materials allow scientists to devise analytical methods that can be corroborated 
independently. Currently, there is a global need for certified reference materials for nuclear 
forensics work, including those for radiochronometry 

The radiochronometer reference materials investigated were 60Co/60Ni, 137Cs/137Ba and 
90Sr/90Zr. The methodologies and procedures developed in this project adhere to the stringent 
laboratory quality requirements needed for the admissibility of scientific evidence in a court of 
law for criminal investigations. 

 



 

CRTI 08-0173TD 
 5 

3 Methodology 

3.1 Production  of  the Radiochronometer  Reference Material  

RMC was charged with the irradiation of pure 59Co foil to produce the 60Co material to be used 
by the collaboration for the development of a SOP and as test material for round-robin inter-
comparisons of an age reference standard. As the project length was comparable to the half-life of 
the 60Co isotope, it would have been difficult to produce a true blind test when the laboratories 
essentially knew when the test material was irradiated. Two options were originally considered 
for creating radiochronometers of arbitrary age from the RMC material: either 1) perform one 
irradiation at the start of the project and a second one at the end just before the round-robin, 
mixing the resulting 60Co materials to mimic ages in the range zero to four years (roughly the 
duration of the project); or 2) irradiate once and create artificial samples of arbitrary ages by 
adding different amounts of pure 60Ni to the resulting 60Co material. The latter option was the 
one chosen as it  promised the greatest possible range of synthetic ages for testing. The former 
option was retained as a fall-back in case it was not possible to  develop a reliable procedure over 
the course of the project for spiking  active 60Co with 60Ni to create 60Co:60Ni ratios of desired 
age. 

For this project, RMC made two irradiations. The 60Co material from the first irradiation was 
used to prepare solutions for the first active-sample round-robin, while the material produced in 
the second irradiation in December 2012 was used for the final round-robin. Also irradiated 
during this second production round was a 59Co flux wire for producing a radiochronometer 
reference standard of different composition from that of the samples to be used for official round-
robin testing.  

Enriched 60Ni foil was purchased with an isotopic enrichment of 99.3% in 60Ni, as reported by 
the manufacturer. This foil was dissolved in a mixture of highly pure solutions of 1 M HCl and 1 
M H2O2 to produce a parent stock solution. The concentration of the 60Ni was determined based 
on the mass of the foil and confirmed by ICP-MS analysis performed by chemical metrology at 
NRC. In a similar fashion, the cobalt solutions, either  59Co  or a piece of the same foil irradiated 
to give 60Co in the RMC SLOWPOKE-2 reactor, was dissolved using the same mixture  of 
highly pure solutions of 1M HCl and 1M H2O2 as was used in the 60Ni digestion.  Applying heat 
would have increased the rate of dissolution, but this was avoided in the case of radioactive foil 
digestion in order to minimize potential contamination outside of the dissolution vessel. Without 
heating, a typical 1 cm2 foil weighing approximately 0.5 g takes a day and a half to completely 
dissolve.  

There were seven sets of mixtures produced using the unirradiated 59Co foils. The intent of these 
sets was to test the production, transportation and evaluation of the cobalt-nickel separation 
procedure. With the third set, the production scheme at NRC was finalised and the same 
procedure used for the remaining comparisons, including two comparisons with active material.   

More details on the production of the reference material can be found in Annex E5. 

3.2 Procedure Methodology for Separation of Nickel in Highly 
Concentrated Cobalt Solution by Anion Exchange Resin 

60Ni content is determined by mass spectrometry. However, 60Co has a nuclidic mass too similar 
to be differentiated, and 59Co (natural cobalt) can form hydride species which pose the same 



 

 
 

problem. It is therefore necessary to separate these two metals in order to quantify nickel without 
interference. To this end, differences in the speciation of Ni2+ and Co2+ as a function of 
hydrochloric acid (HCl) concentration can be utilized to achieve an efficient separation. 
Specifically, at relatively high concentration of HCl, nickel exists as a charge-neutral species, 
while cobalt exists as a charge-negative species. This enables the use of anion exchange resin, 
which bears an immobilized, positively-charged surface. This surface electrostatically binds the 
cobalt species, but has no affinity for the nickel species and so it is not retained on the column. 
Cobalt is eluted from the column with water. The details of the experimental conditions required 
to achieve optimal separation and recovery can be found in the SOP located in Annex E3. 

3.3 Procedure Methodology for 60Co 

60Co is characterised by two, high-yield gamma emission lines at 1173 and 1332 keV en route to 
decaying to stable 60Ni. The intensity of these lines correlates directly with the number of decay 
events per unit of time (activity), which can be used in turn to determine the mass of 60Co in the 
sample (represented as parts per billion).  Since gamma radiation is highly penetrating, isolation 
of the 60Co is unnecessary. The correlation between line intensity and activity was simplified by 
supplying each of the tested labs with a 60Co certified reference standard of known activity. This 
was produced by NRC. A comparison of the (background subtracted) integrated count rate over 
the aforementioned spectral lines, for reference standard and unknown sample in turn, and at 
fixed distance and in the same geometry, yields the unknown activity. This was done in one of 
two ways by the participating groups. One approach was to take the ratio of count rates as 
described above for the unmodified reference sample and unknown sample and use that to derive 
the sample activity directly, assuming linearity.  A more popular method was to first establish a 
calibration curve of count rate versus activity from samples of increasing activity created from 
aliquots of different amounts of reference material, and then make a linear fit to these data. The 
resulting fit function was then used to derive activity from count rate for the unknown samples. 
Regardless of how the 60Co activity was measured, the reported uncertainties include the 
uncertainty on the reference standard, the uncertainty on the count rate, and the uncertainty 
associated with any mass transfer steps. 

3.4 Round Robin Inter-comparison 

Prior to the analysis of active samples containing 60Co, a total of seven inter-comparison 
exercises were conducted on inactive samples containing various concentration ratios of 59Co to 
60Ni. The participating laboratories included CNSC, HC, RMC, and Laval University. These 
samples were prepared by NRC using parent solutions of 59Co and 60Ni that were validated for 
elemental composition by NRC (chemical metrology) and partners such as CNSC. These inactive 
exercises served to refine the cobalt-nickel separation protocol, by addressing and overcoming 
both expected and unanticipated issues. Consensus in the group results also validated the protocol 
used by NRC to prepare samples.   

The first active inter-comparison included four Canadian laboratories: CNSC, HC, RMC, and 
Laval University. Each group was sent six unknown sample mixtures corresponding to simulated 
ages ranging from 2 – 34 years. The labs were sent duplicates of three different sample solutions. 
Note that the labs were unaware of this, and had to assume the six samples were different. 

Six laboratories were included in the final inter-comparison. CNSC, HC, Laval University and 
RMC were the labs which participated in the collaboration to produce the SOP. AECL and ANL 
(U.S. lab) were added for the final comparison. They were sent the official SOP and a kit 
containing the resin and column casing which they would need to perform the analysis. NRC 
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provided all labs with a 60Co activity standard to aid in the determination of the activity of the 
unknowns. The 60Co activity uncertainty for the mixtures was 0.3% at k=1, and the 60Ni parent 
solution uncertainty was 3% at k=1, as determined by NRC. 

For the final inter-comparison, each group was sent five unknown sample mixtures (with no 
duplicates) corresponding to the simulated ages given in Table 1. Mixture #1 received no 60Ni 
spike. In addition, the participating labs requested that an age reference sample be provided to 
serve as a quality control check on their execution of the SOP. Rather than provide the labs with 
an age reference produced from the same parent 60Co material, a second 59Co flux wire was 
irradiated by RMC, and this resultant 60Co source was used to prepare the age reference. This 
was done to avoid a potential source of bias. The age reference characteristics are also given in 
Table 1. NRC received the four pieces of 60Co foil and one piece of 60Co flux wire on December 
3, 2012. Three of the 60Co foils were used to prepare the parent solution, while the flux wire was 
used to prepare the parent solution for the age reference sample. All mixtures were prepared 
within two weeks from the receipt of the material. 

 

Table 1: Prepared 60Ni/ 60Co ratios 
 
 

Mix ID Expected 
60Ni C 

(ppb  ng/g) 

Uncertainty 
60Ni C 
(± ppb) 

Expected 
60Co C 

(ppb  ng/g) 

Uncertainty 
60Co C 
(± ppb) 

Sample 
Age 

(years) 

Uncertainty 
in Age 

(± years) 

1 
2 
3 
4 
5 

AR 

0.056 
1.168 
5.172 

12.874 
49.565 
10.725 

0.001 
0.024 
0.109 
0.273 
1.054 
0.258 

11.164 
10.166 
11.249 
10.815 
9.325 
5.178 

0.033 
0.030 
0.034 
0.032 
0.028 
0.016 

0.0383 
0.8270 
2.8770 
5.9628 

14.0151 
8.5328 

0.001 
0.016 
0.051 
0.088 
0.137 
0.024 

 

 Prepared 60Ni/60Co ratios and corresponding ages for the inter-comparison 
unknown and age reference samples. The reference date  for these samples 
was December 12, 2012 at 12:12:12 (EST) 

 



 

 
 

4 Results  

4.1 Inactive Inter-comparisons 

While developing the SOP, a series of inter-comparison exercises were conducted amongst the 
participating Canadian labs using inactive samples (i.e. with 59Co instead of 60Co). The results 
of the seventh and final such inter-comparison (Figure 2) shows that, using the developed SOP, 
labs were consistently able to obtain Ni concentration to within about the 20% target range.  

 

 
Figure 2: 60Ni concentration (ppb) determined by ICP-MS among Canadian labs relative to 
known 60Ni content 

4.2 First Active Inter-comparison 

The results from the first active inter-comparison (Figure 3) were very encouraging. For the 
samples with simulated ages ranging from 12 to 34 years, all the labs were within the set goal of 
±20% of the true age. The youngest simulated sample was more challenging, as evidenced by a 
larger variation of results, expressed relative to the true age. A more realistic threshold for this 
sample is ±1 year, which all labs were able to satisfy. 
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Figure 3: Difference between the reported age by the round robin participants and the 
prepared age. All uncertainties are shown at k=1. 

 

4.3 Final Active Inter-comparison  

In the course of analysis, it was consistently reported by all labs that the age reference and one of 
the unknown samples contained a relatively large amount of natural nickel (on a ppm scale). 
Since the 60Ni excesses being determined for age calculation were only on a ppb scale, this 
naturally contributed to a larger uncertainty relative to the other samples. The groups were offered 
another age reference sample, but only AECL took advantage of this offer. 

These observations raised the issue of potential contamination during the production of the test 
samples. Upon examination of the NRC’s procedure for sample preparation a contaminated 
pipette tip was deemed the most likely source of contamination as these tips were not pre-rinsed 
before use. This hypothesis was tested with 60Ni samples intentionally prepared in the same 
manner by NRC and measured by CNSC, but did not reproduce the effect. There were, in total, 
eight prior production runs of inter-comparison materials without any issues, and this fact 
strongly indicates that NRC’s procedure is robust. Regardless, this contamination can be avoided 
in any future production and samples will be validated before being certified. Nevertheless, a 
large nickel background could be dealt with, as some groups demonstrated. 

The labs were all successful in determining the 60Co concentrations, as shown in Figure 4. The 
60Ni measurements were more challenging (see Figure 5). In previous inter-comparisons, it was 
clear that samples with ages below two years were difficult to measure within 20% of the true 
age. This was the case once more in this comparison, as shown in Figure 6. While the goal was 
set at ±20% of the true age, an acceptable result would be ±1 year for forensic purposes. 
Comparing the weighted average of the measured ages to that determined by NRC also indicates 
the difficulty in the analysis of low age samples, while the other samples are systematically high 
but still within the ±20% goal. The range of applicability of the developed SOP should be the 
topic of another study. In addition, the large background 60Ni samples demonstrated the added 
challenge that would be faced in the analysis of a real field sample of 60Co which would be 
found in non-ideal formats. This is also the topic of a separate proposed study. 



 

 
 

 
Figure 4 Prepared 60Co concentration compared to those reported by the round robin 
participants. All uncertainties are shown at k=1. The uncertainty for the NRC value is smaller 
than the marker. 
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Figure 5 Prepared 60Ni concentration compared to those reported by the round robin 
participants. All uncertainties are shown at k=1. The uncertainty for the NRC value is smaller 
than the marker. 



 

 
 

 
Figure 6 Prepared age compared to those reported by the round robin participants. All 
uncertainties are shown at k=1. The uncertainty for the NRC value is smaller than the marker. 
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5 Transition and Exploitation 

The procedure developed during this project will be published in a peer review journal. The 
formal SOP will be transferred to the leader of the CSSP targeted investment, entitled “Canadian 
National Nuclear Forensics Capability Project” (CSSP – 2012-TI-1119), who will be responsible 
to maintain it and distribute it to the appropriate laboratories. 
 
One of the most important outcomes of this work is the production of 60Co/60Ni reference 
material for forensic applications. Now that the standard has been validated, it is available as a 
reference material from the NRC. 
 
The expertise developed in this project will also feed into the CSSP Canadian National Nuclear 
Forensics Capability Project. While the present project addressed a very specific need of the 
forensic communities (i.e. the development of a reference material and standard operating 
procedure for radiochronometers), the new CSSP project takes a broader approach to the 
Canadian forensic capacity required for a full investigation of a nuclear security event.  
 
Project Interfaces  
CSSP – 2012-TI-1119: Canadian national nuclear forensics capability project 
 

 



 

 
 

6 Conclusion          

With regard to the 60Co/60Ni radiochronometer, a standard operating procedure (SOP) has been 
successfully developed and refined through a series of inactive (59Co/60Ni) and active 
(60Co/60Ni) inter-comparison exercises involving Canadian and U.S. laboratories. This SOP, 
through the consensus of the results obtained with it, has in turn validated the 60Co/60Ni 
radiochronometer reference material and procedures developed by the National Research Council. 
The successful age dating of samples by laboratories not previously involved with the work, 
namely AECL and ANL, demonstrates conclusively that the reference material and SOP 
produced serve their intended purpose of ensuring laboratory interoperability.  

In general, the results obtained by the participating labs for the two active sample inter-
comparison exercises are within the 20% accuracy benchmark established at the outset of this 
project. For simulated ages less than two years and for those samples with unanticipated, high 
natural nickel content, this benchmark was not achieved by most labs. However, some labs were 
not affected to the same extent by these limitations and underscores the need for continued 
development.  

The re-establishment of a strong partnership with U.S. nuclear forensic counterparts that was 
achieved during the final year of this project will be a strong asset toward continued development 
of our nuclear forensic capability in general. To this end, ANL has disclosed with us their detailed 
work instruction for age dating of radiological sources, including those containing the 
137Cs/137Ba and 90Sr/90Zr radiochronometers. Together with work already published by ANL 
regarding the 137Cs/137Ba  radiochronometer and the SOP developed by Laval University for 
the 90Sr/90Zr radiochronometer, our first step toward nuclear forensic lab interoperability has 
been a substantial one. 
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Annex B Project Performance Summary 

PROJECT PERFORMANCE SUMMARY 
Technical Performance Summary:  

 Technology Readiness Level of Deliverable (TRL):  
1. 60Co/60Ni standard operating procedure (SOP) has been successfully developed and is 

now ready to be used. 
2. Procedures developed for the 60Co/60Ni radiochronometer reference material have been 

validated and reference materials are now available. 
  Estimated Time to Reach TRL7 Maturity (months):  Not applicable to the project. 
 Advantages Over Existing/Competing Technologies : Not applicable to the project. 

Schedule Performance Summary: 
 
Several changes at the Project Management and Project Champion level, along with change 
regarding the hiring of graduate students have led to some delays. However, the schedule was 
successfully adapted; all the delays did not impact the successful delivery of planned outputs. 
 
Cost Performance Summary:  
The project cash flow occurred according to the project charter. 
 

FY 1 
(2009/2010) 

FY 2 
(2010/2011) 

FY 3 
(2011/2012) 

FY 4 
(2012/2013) TOTAL Ratio 

CSS PROGRAM 
(CRTI/PSTP)  171,387.50  351,250  473,613  403,750  $   1,400,000 0.509 

In-Kind  214,750  385,250  375,250  375,250  $   1,350,500 0.491 

Total  $ 386,137.5 
  
$ 736,500  $ 848,862.5  $   779,000  $  2,750,500          

 
 
 



 

 
 

Annex C Publications, Presentations, Patents 

Nuclear Forensic Lab Interoperability and Criminal Investigation, Dominic Larivière, Kathy 
Nielsen, Nadereh St-Amant, Slobodan Jovanovic, Patrick Saull, Raphael Galea, Kimberly Moore, 
Stephen Kiser, Jean-Francois Mercier, Michael Cooke.The  10th annual Public Security S&T 
Summer Symposium 2012: Beyond our Borders will be hosted in the National Capital Region 
June 11-14, 2012.   

An article describing the SOP and latest round robin is in preparation. 
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Annex D List of symbols/abbreviations/acronyms/initialisms  

DND Department of National Defence 

OPI Office of Primary Interest 

R&D 

NRC 

RMC 

HC 

UL  

CNSC 

AECL 

ANL 

SOP 

Ni 

Co 

Cs 

Br 

Sr 

Zr 

RN 

ICP-MS 

HCl 

H2O2 

KeV 

Ppm  

 

Research & Development 

National Research Council  

Royal Military College  

Health Canada 

Université  Laval 

Canadian Nuclear Safety Commission 

Atomic Energy of Canada Limited 

Argonne National Laboratory 

Standard operating procedure  

Nickel 

Cobalt 

Cesium 

Barium  

Strontium 

Zirconium 

Radiological/nuclear 

Inductively coupled plasma mass spectrometry 

hydrochloric acid  

hydrogen peroxide 

kiloelectron volt 

Parts per million 
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The separation process for isotopes or isobars is complex task. Techniques including 

industrial processes such as electrolysis, electromagnetic isotopes separation or gas 

centrifugation have already been applied. It is the case for the production of source 

isotopically enriched. While separation of isotopes of an element is performed through 

minuscule changes in their physical properties for enrichment, elements with overlapping 

isotopes, such as 60Co and 60Ni or 90Sr and 90Zr, can be separated on the basis of their 

chemical properties.  

 

 

Two ways for the separation and purification of 60Co and 60Ni have been reviewed: 

liquid-liquid extraction (LLE) and chromatography.   

 

The separation of cobalt from nickel could be performed by the LLE. In order to use 

this method, dilution of the analytes in an acid medium is required. Subsequently, an 

extractant is added to selectively neutralize the change of the analyte of interest. In the 

literature, extractants such as di(2-ethylhexyl) phosphate acid (D2EHPA), PC88, Cyanex, 

organophosphonic acid, sulfate solution, EDTA, imidazole have been proposed (1-11) for 

either cobalt and nickel extraction. To perform the extraction, an organic solvent, such as 

kerosene, is put in contact with the aqueous solution containing the analyte and the 

extractant. Based on distribution coefficient, transfer of the ion from an aqueous phase to 

the organic phase can occur. Synergetic chelating effects have been demonstrated for 

mixtures of extractants. Many parameters, including pH, temperature and the extractant 

concentration, will affect the distribution coefficient and consequently the extraction 

process.  LLE has proven its efficiency in the hydrometallurgical world, were it is the 

method of predilection. Many authors have reported extraction yield as high as 99%. 

However, such yield is only achieved after multiple extractions. Other drawbacks of LLE 

been frequently mentioned are: time- and reagent-consuming, high-dependence on 

experimental conditions, inconsistent and low yield if a single extraction is performed. 



Finally, this method can’t be easily automated for microchemical separation which we 

deem inapplicable for nuclear forensic applications.  

 

The other separation approach for the isolation of 60Co and 60Ni is the resin supported 

extraction or ion-exchange chromatography. While the former is based on ionic 

interactions (either anionic or cationic), the latter is performed with an extracting agent 

dissolved in a water insoluble solvent. This method is by far the simplest. It requires a 

good knowledge the column chemical properties, the pH of the loading and elution 

solution. Temperature is also a critical factor, but we believe that we can control this 

parameter. For a proper separation, the following parameters must be optimized: column 

volume, flow rate, loading, rinsing and eluting conditions. If the separation yield is not 

optimal, multiple-pass loading of the resin is a potential alternative.  

 

The protocol generally consists in dissolving the sample containing Ni and Co in the 

appropriate acidic or basic media, conditioning the column with the appropriate solvent 

and adjusting the flow for the separation process. One commercially available resin that 

has shown promising results for radionickel analysis is the selective Ni resin (Eichrom, Il) 

(Tab. 1). The resin is made of polymethacrylate in which dimethylglyoxime (DMG) (Fig. 

1a), a very efficient chelating agent for the Ni, is dissolved via impregnation. The complex 

of Ni-DMG (Fig. 1b) is retained on the column resin. Other resins have been reported in 

the literature for the separation of 60Co and 60Ni: Dowex M4195, Purolite S985, Purolite 

S984 and Amberlyte IRC 748 and could serve as alternative if the Ni resin does not 

provide optimal results. Via a multicolumn sequence it could be possible to reach a very 

high purity fraction 60Co and 60Ni. The advantages of this extraction/purification approach 

are the possibility to perform microscale separation, obtain better yield for the purification 

and remove small traces of metals. Furthermore, we believed that approach can be easily 

automated.   

 
 
 
 
 



Parameter  
Extractant Dimethylglyoxime 
Resin density (g mL-1)  0.25 
Particle size ( m) 100-150 m 
Resin capacity (mg g-1 resin) 4 mg (Ni)/ g resin 
Eluting agent  0.2M ammonium citrate pH 8-9 
Stripping agent 3M HNO3  
Recovery yield (%) 90% 
Decontamination factor for cobalt 113 000 

 

The separation of 90Sr and 90Zr could be performed via two applicable methods: the 

traditional liquid-liquid extraction (LLE) or the chromatography. It is hypothesized that the 

separation of strontium and zirconium ions should be facilitated by the fact that these 

elements belong to different family of the periodic table, namely the alkaline earth 

elements and the transition metal.  

 

The literature provides very few information concerning 90Sr and 90Zr extraction 

methods. Some articles proposed the separation of 90Sr and 90Zr by using acid 

organophosphorous extractant(24-25). Like the cobalt-nickel case, this approach is not 

going to be considered due to their complex separation parameters/optimization, the poor 

yield and for the difficulty to be automated.  



Like in the case of cobalt-nickel separation, ion exchange chromatography is probably 

the most suited approach. Eichrom industry provides a selective resin for the separation 

of 90Sr(26). The resin works efficiently in acidic media. The chemical parameters of the 

resin are summarized below: 

 

Parameter  
Extractant 1.0M 4,4'(5')-di-t-butylcyclohexano 

18-crown-6 (crown ether) in 1-
octanol 

Resin density (g mL-1)  0.35 
Particle size ( m) 100-150 m 
Eluting agent  8M HNO3  
Stripping agent 0.05M HNO3  

 

The literature provides one interesting article that proposes the Diphonix(27), 

another resin from Eichrom, for the selective separation of Zr. Instead of operating in nitric 

acid, the ion exchange column is treated with sulfuric acid. This column was used for the 

separation of Zr from Hf. The advantages are the same as for the ion exchange 

chromatography of cobalt-nickel.  
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Standard operating procedure for Co Ni
radiochronometry.
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Working instruction regarding Co Ni radiochronometry.
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R.Galea1, K.Moore1, P.R.B.Saull1, L.Yang2
1NRC-Ionizing Radiation Standards, 2NRC-Chemical Metrology

March 27, 2013

1 Introduction

One of the main outcomes of the CRTI project 2008-0173TD was the development of a ra-
diochronometer reference material based on 60Co. This report details the preparation of
the standard and a round robin comparison between the Atomic Energy of Canada Lim-
ited (AECL), Argonne National Laboratory (ANL), the Canadian Nuclear Safety Commission
(CNSC), Health Canada (HC), Laval University and the Royal Military College (RMC).

2 Production of the radiochronometer reference mate-

rial

RMC was charged with the irradiation of pure 59Co foil to produce the 60Co material to be
used by the collaboration for the development of Standard Operating Procedure (SOP) test
material as well as to serve as the material to be used in a round robin comparison of an age
reference standard. As the project length was comparable to the half life of the 60Co isotope
it would have been difficult to produce a true blind test when the laboratories essentially knew
when the test material was irradiated. A proposal was put forth by NRC to create artificially
aged 60Co reference material by spiking the active solution with 60Ni to create a 60Co:60Ni ratio
corresponding to an age of choice.

Enriched 60Ni foil was purchased that had a isotopic enrichment of 99.3% in 60Ni. This foil
was dissolved in a mixture of 1 M HCl and 1 M H2O2 to produce a parent spike solution. The
concentration of the 60Ni was determined based on the mass of the foil and the mass of the final
solution and was confirmed by a measurement performed by the chemical metrology group via
ICP-MS analysis.

In a similar fashion the cobalt solutions, either 59Co unirradiated or a piece of the same foil
irradiated in the RMC Slowpoke-2 reactor was dissolved using the same mixture of HCl and
H2O2 used in the 60Ni digestion. The highest purity HCl and H2O2 are used to prevent the
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contamination of the final mixtures. Applying heat would increase the rate of dissolution but
this was avoided in the case of radioactive foil digestion in order to minimize potential contam-
ination outside of the dissolution vessel. Without heat a typical foil weighing approximately
0.5 g and 1 square centimeter in area takes a day and a half to completely dissolve.

There were seven sets of mixtures produced using only the unirradiated 59Co foils. The intent
of these sets was to test the production, transportation and evaluation of the cobalt, nickel
separation procedure. With the third set, the production scheme at NRC was established and
the same procedure used for the remaining comparisons, including two comparisons with active
material.

2.1 Procedure

The glassware used in the digestion of the cobalt and nickel materials was pre-rinsed in high
purity HCl, then allowed to dry inverted for several days. The glassware was then weighed before
and after the introduction of any acid or solid material. Redundant weights were performed at
each stage of the material production in order to establish traceability to the parent solutions.

After complete digestion of the cobalt foil was performed, the solutions were filtered through
filter paper to ensure no solid pieces remained. The solutions were then weighed once more and
distributed over several nalgene bottles. The number of bottles corresponded to the number
of different mixtures being made. The nalgene bottles were rinsed with the high purity HCl
and left to dry for several days in the same manner as the digestion glassware. These bottles
were weighed empty and after the addition of material. The transfer was achieved using a large
volume pipette tip and the parent solution was withdrawn in its entirety in a single pull when
possible. This pipette tip was not pre-rinsed.

Each nalgene bottle was then topped up with the high purity 0.1 M HCl to a volume that
was required for the number of samples to be made. Each nalgene bottle, which represents a
different mixture and hence age reference, was then spiked with the appropriate amount of 60Ni
from the 60Ni parent solution using a new but unrinsed pipette tip. The same pipette tip was
used in each of the next draws of solution from the 60Ni parent.

Once the nalgene bottles were sufficiently mixed, a new large volume pipette tip was used to
deposit approximately 5 ml of solution into each of a number of glass ampoules. After weighting,
the ampoules were sealed using an automatic flame sealer. The Flame Sealed Ampoule (FSA)
was swiped over its entire surface with a moistened filter paper. The paper was then counted
using a Bicron Frisk Meter coupled with a Geiger-type probe. If no detectable activity above
background was found the ampoule is immersed in water at close to the boiling temperature,
both upright and in an inverted position to search for leaks. If a leak was found the ampoule
was re-sealed. Re-sealed ampoules were not distributed in the comparison.
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2.2 Standardization

The reference material was standardized using the National Research Council (NRC) primary
standard 4πβγ coincidence counting systems[1]. Three to five high efficiency thin film sources
(VYNS) were prepared from one of the FSAs from each mixture and measured in the primary
standard counting systems.

The coincidence counting system is comprised of a pressurized proportional counter which
detects the βs emitted from the source and a system of sodium iodide detectors to measure the
γ which is emitted in coincidence to the β particle. The efficiency of the primary β counter is
varied and the extrapolation to 100% determines the activity of the source.

The activity dispensed on each source was weighed using a Mettler Toledo XP26 microbalance
and had a typical weight of 15 mg. The mean result of the measured activity per mass of solution
for the sources determined the certified massic activity for the mixture. With a knowledge of
the dilution factors a comparison between all the samples was performed in order to trace back
to the common parent 60Co solution as a check (See Figure 1). There was a single outlier VYNS
source from mixture #2 which was not included in the mean.

Due to the high Co(59)Cl2 salt content common to all the mixtures the thin film sources were
not as thin as in other standardizations. This translated into a slightlys higher uncertainty in
the activity determination of the samples but still below 1%.

2.3 Final active comparison

Six laboratories were included in the final comparison. CNSC, HC, Laval University and RMC
were the labs which participated in the collaboration to produce the SOP. AECL and ANL
in the USA were added for the final comparison. They were sent the official SOP and a kit
containing the resin and columns which they would need to perform the analysis.

NRC provided HC, RMC, AECL and ANL a 60Co activity standard to aid in the determination
of the activity of the unknowns. The 60Co massic activity uncertainty for the mixtures was
0.3% at k=1 and the 60Ni parent concentration uncertainty was 3% at k=1 as determined by
the chemical metrology group at NRC.

Each group was sent five unknown sample mixtures corresponding to the ages given in Table 1.
Mixture #1 received no 60Ni spike. In addition, the participating labs requested that an age
reference be provided in order to provide a quality control on their execution of the SOP. Rather
than provide the labs with another mixture from the same parent 60Co material another 59Co
parent material, a 59Co flux wire, was irradiated by RMC. NRC purchased a new 60Ni enriched
foil sample in order to have a completely different lot number for the 60Ni parent solution as
well but this did not arrive in time for the production of the mixtures for this comparison.
Therefore, while the 60Co for the unknowns and the age reference were of different parentage,
the 60Ni spike was common to both mixtures. The age reference characteristics are also given
in Table 1.
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NRC received the four pieces of cobalt foil and one piece of cobalt flux wire on December 3,
2012. Three of the Cobalt foils were used in the comparison parent mixtures and the flux wire
was used as the parent for the age reference. The Cobalt foils and flux wire were processed on
different days. All mixtures were prepared within two weeks from the receipt of the material.

Mix ID Expected Uncertainty Expected Uncertainty Sample Uncertainty
Ni-60 Conc Ni-60 Conc Co-60 Conc Co-60 Conc Age in sample age
(ppb ng/g) (± ppb) (ppb ng/g) (± ppb) (years) (± years)

NRC

1 0.056 0.001 11.164 0.033 0.0383 0.001
2 1.168 0.024 10.166 0.030 0.8270 0.016
3 5.172 0.109 11.249 0.034 2.8770 0.051
4 12.874 0.273 10.815 0.032 5.9628 0.088
5 49.565 1.054 9.325 0.028 14.0151 0.137

age ref. 10.725 0.258 5.178 0.016 8.5328 0.024
age ref. Extra 59.313 1.779 13.040 0.026 13.0305 0.187

Table 1: Prepared 60Ni/60Co ratios and corresponding ages for the comparison samples and age
reference. The reference date for these samples was December 12, 2012 at 12:12:12 (EST).

3 Results

In the course of analysis, it was consistently reported by all labs that the age reference and one
of the unknowns contained a large background natural nickel content or an effective background
resulting from other isotopic interferences. This resulted in a large uncertainty in their reported
results for those particular samples. The groups were offered another age reference but only
AECL took advantage of this offer.

Neither the ampoules nor pipette tips were pre-rinsed in clean high purity acids as described in
Section 2.1. There were in total eight prior production runs of comparison materials and since
this issue had never been observed the NRC’s procedure seemed robust. In any case a large
natural nickel background could be dealt with as some groups demonstrated. Nevertheless, an
analysis of the NRC laboratory procedure indicated that the pipette used in the 60Ni spike
could have been the only potential source of contamination. All groups reported the high
background in mixture #2, which was the first to receive the 60Ni spike. As the pipette tip
was reused for the subsequent spikes the first aliquot effectively rinsed the pipette clean. The
ampoules are unlikely to be the source of the problem as the high background was always
observed in a common group of mixtures. Finally, the age reference was once more the first and
only mixture created on that particular day and once more a contaminated pipette tip could
have been the culprit. The pipette tips are stored on a lab bench and were uncovered for short
periods of time. This procedure was mimicked and two samples of 60Ni were sent to CNSC
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for measurement. The effect could not be reproduced. Nevertheless, future mixtures will avoid
this potential contamination and samples will be validated before being certified.

The labs were all successful in determining the 60Co concentration as seen in Figure 2 and
Figure 3 and summarized in Table 2. The 60Ni measurement was more challenging (See Figure 4
and Figure 5). In previous comparisons it was clear that samples with ages below two years were
difficult to measure within 20% of the true age. This was the case once more in this comparison
as seen in Figure 6 and Figure 7. Nevertheless, RMC correctly reported less than one year for
the two lowest age sources. While not reporting an age, RMC did report the 60Co and 60Ni
concentrations and thus a calculated age is shown for RMC in Figure 6 and Figure 7. While
the goal was set at ±20% of the true age, an acceptable result would be ±1 year for forensic
purposes. Comparing the weighted average of the measured ages to the that determinated by
NRC also indicates the difficulty in the analysis of low age samples (See Table 3) while all the
other samples are systematically high but within the ±20% goal. The range of applicability of
the developed SOP should be the topic of another study.

4 Conclusion

The comparison of a 60Co radiochronometer reference material between six laboratories in
Canada and USA was performed. The majority of the laboratories reported the age to within
20% of the true age for samples with reference ages greater than two years. For low age samples
(< 1 year), the measurement of the low 60Ni concentration leads to large relative uncertainties.

The age reference and one of the unknowns were all observed to have high natural nickel
backgrounds resulting in large uncertainties on the values reported. This large background
may have been due to a contamination during the production stage and can be addressed in
future reference samples to prevent its occurrence again. Validation of representative materials
should be performed for commercial production of 60Co radiochronometer reference materials.
Nevertheless, it was instrumental in demonstrating difficulties that may be presented should
the labs receive a real world sample recovered from the interdiction of an illicit source or in a
post dirty bomb detonation scenario.

References
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Figure 1: Parent 60Co activity concentration determination for the individual VYNS made from
the five mixtures prepared for the round robin exercise for a reference date of December 12,
2012 at 12:12:12 (EST). The red circles are the activity concentration of the VYNS sources
prepared from the flux wire and are scaled by 1.55 for display purposes. All uncertainties are
given at k=2.
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Figure 2: Prepared 60Co concentration
compared to those reported by the round
robin participants. All uncertainties are
shown at k=1. The uncertainty for the
NRC value is smaller than the marker.
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Figure 4: Prepared 60Ni concentration
compared to those reported by the round
robin participants. All uncertainties are
shown at k=1. The uncertainty for the
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Mix ID Measured Uncertainty Measured Uncertainty Sample Uncertainty
Ni-60 Conc Ni-60 Conc Co-60 Conc Co-60 Conc Age in sample age
(ppb ng/g) (± ppb) (ppb ng/g) (± ppb) (years) (± years)

CNSC

1 0.57 0.52 10.97 0.33 0.39 0.3440
2 4.78 3.19 10.16 0.31 2.93 1.6240
3 5.64 0.14 11.19 0.34 3.10 0.0991
4 12.99 0.63 10.89 0.33 5.97 0.2370
5 47.07 1.38 9.42 0.29 13.62 0.2670

age ref. 13.48 2.15 5.14 0.16 9.79 0.8929

Health Canada

1 2.51 2.42 10.89 0.42 1.58 1.38
2 13.71 10.59 10.12 0.39 6.51 3.38
3 6.27 1.00 11.26 0.43 3.37 0.45
4 14.87 0.71 10.91 0.42 6.54 0.27
5 55.10 0.92 9.20 0.36 14.78 0.27

age ref. 17.97 15.02 5.18 0.21 11.38 4.94

Laval University

1 0.9 0.8 10.9 0.6 0.6 0.5
2 4.0 2.0 10.0 0.6 2.6 1.1
3 6.2 0.4 11.0 0.6 3.4 0.2
4 13.1 0.1 10.9 0.6 6.0 0.2
5 47.3 0.4 9.1 0.5 13.8 0.4

age ref. 6.0 5.0 5.2 0.3 5.9 3.4

RMC

1 0.6 1.8 11.17 0.05 < 1
2 1.1 23.8 10.21 0.05 < 1
3 5.9 1.8 11.30 0.05 3.20 0.80
4 17.2 0.8 10.88 0.05 7.22 0.23
5 50.9 1.8 9.36 0.04 14.17 0.23

age ref. 9.9 22.4 5.19 0.03 8.12 11.31
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Mix ID Measured Uncertainty Measured Uncertainty Sample Uncertainty
Ni-60 Conc Ni-60 Conc Co-60 Conc Co-60 Conc Age in sample age
(ppb ng/g) (± ppb) (ppb ng/g) (± ppb) (years) (± years)

ANL

1 0.42 0.19 11.191 0.036 0.28 0.12
2 3.10 1.23 10.169 0.033 2.02 0.70
3 5.46 0.24 11.260 0.036 3.01 0.11
4 13.05 0.13 10.825 0.035 6.02 0.04
5 49.17 0.19 9.325 0.030 13.96 0.03

age ref. 11.65 1.13 5.22 0.02 8.92 0.51

AECL

1 0.0 1.0 11.257 0.215 0.00 0.68
2 0.0 8.8 10.365 0.0720 0.00 6.46
3 5.3 0.7 11.388 0.081 2.91 0.32
4 12.5 0.4 11.026 0.115 5.76 0.14
5 53.0 0.9 9.331 0.045 14.44 0.11

age ref. 11.3 4.3 5.251 0.019 8.73 1.98
age ref. Extra 59.2 2.2 12.904 0.0450 13.08 0.23

Table 2: Prepared and reported 60Co and 60Ni concentrations for the comparison samples and
age reference. The reference date for these samples was December 12, 2012 at 12:12:12 (EST).
All uncertainties are shown at k=1.
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Mix ID Weighted average Weighted Uncertainty (Lab age)/(NRC age) Uncertainty
(years) (years) in ratio

1 0.31 0.11 8.00 2.31
2 2.36 0.55 2.85 0.35
3 3.06 0.08 1.06 0.09
4 6.04 0.04 1.01 0.05
5 14.01 0.03 1.00 0.03

age ref. 9.07 0.43 1.06 0.05

Table 3: Weighted average of age for all participating labs for the unknown samples and age
reference compared to the perpared NRC age.
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Health Canada is initiating production of a Co-60 reference material for forensics
purposes. Although Co-60 is not at the top of the US priority list of RDD materials, the
US is in a unique position to benefit from collaborating with the Canadians at this time.
By providing them information we developed previously through DHS-funded work, we
can dramatically shorten their time to producing a reference material that will meet our
needs and specifications. In turn, the Canadians will include us in round-robin tests of the
material they produce and make the final product and data available to us.

In February, effort was focused on activities supporting Argonne’s participation in the
Co-60 Age Dating round-robin exercise organized by the National Research Council of
Canada (CRNC). First, a rehearsal of the Co/Ni separations and nickel measurements by
ICP-MS was completed with an inactive Co and Ni solution sample provided by CRNC
in a flame-sealed ampoule like the ones containing the radioactive Co-60 samples, and
having cobalt and Ni-60 concentrations comparable to those in the radioactive samples.
The experience gained in this practice run helped to confirm expectations on which we
had planned our operations and to fine tune the techniques our analysts would use when
handling the radioactive samples. Following the successful practice run, the radioactive
samples for the round robin were opened, transferred to sterile centrifuge vials, and
aliquoted in duplicate (triplicate for the counting standard) by mass. The 60Co in each
aliquot was determined by comparing gamma count rates for each aliquot of the unknown
samples against count rates for aliquots of a standard 60Co solution, which was certified
by CRNC and provided with the round-robin samples. Once the gamma-counting data
were collected, the nickel in each aliquot was separated from cobalt in the aliquot using
the anion-exchange procedure specified for the exercise. The nickel fraction from each
aliquot (twelve samples in total) was collected in a cleaned quartz beaker containing a
measured amount of manganese internal standard, evaporated to dryness, and ultimately
brought into solution in 2% nitric acid (roughly 10 mL) for ICP-MS analysis. The
samples were analyzed in two ICP-MS runs that comprised measuring a set of calibration
standards prepared from a commercial spectroscopic standard solution, and one aliquot of
each of the six round-robin samples. The ICP-MS data were processed to correct the data
for non-linearity effects and to sort out the 60Ni excess attributable to 60Co decay from
60Ni associated with natural nickel present in the samples. Some of the round-robin
samples were found to contain sizable amounts of natural nickel compared to the excess
60Ni, which made determining the excess very challenging. Results from the 60Co
gamma counting and the excess 60Ni ICP-MS measurements were assigned uncertainties
by summing (in quadrature) contributions from pertinent statistical and systematic
uncertainty sources. The results and associated uncertainties were compiled in the format
of the reporting template provided by CNRC for the round robin exercise and were
transmitted to CRNC on March 8. Overall, duplicate analyses conducted during the
measurements agreed within the uncertainties estimated. More details of the operations
and observations made during our method development and application can be found in
the following paragraphs.
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With the preliminary data from January suggesting Mn was the best choice of internal
standard for nickel, a set of calibration standards with nominal concentrations of 0, 1, 5,
10, 25, 50, 100, and 200 ng/g of Ni and 25 ng/g of 55Mn were prepared. Each standard
was prepared in a pre-cleaned 125-mL FEP Teflon® container, with all aliquots and
dilutions measured by mass. A verification run with the standards was made with the
ICP-MS. Good consistency among the standards was observed when the instrument
response curve was defined using ratios of the Ni-isotope/Mn signals vs. the
corresponding ratios of Ni-isotope to mass of Mn solution added. This use of ratios for
the instrument calibration is a variation of a similar approach developed at NIST for high-
precision elemental analysis using ICP-OES and is a special feature of Argonne’s ICP-
MS measurement strategy. Background signals present at Ni-58 from the molecular ion
40Ar18O+ were adequately compensated by subtracting the average of the 2% HNO3
blanks bracketing each sample. Backgrounds under the peaks at mass 60, 61, and 62
were negligibly small. Ratios of 60/58, 60/61, and 60/62 correlated well among all
standards within the run and gave consistent corrections for 60Ni from the natural-
abundance element present. Based on these results, we judged the ICP-MS
measurements satisfactory and were ready to move forward with separation and analysis
of the inactive Co/Ni samples.

The inactive solution was supplied at our request by CNRC as an aid to setting up and
demonstrating the 60Co analysis procedures in our laboratory, since we had not
participated in earlier inter-laboratory evaluations of performance and had no experience
with the type of sample that we might encounter. The solution for our practice run was
contained in a flame-sealed glass ampoule identical to the round-robin samples, and
consisted of 5 mL of 0.1 M HCl having a 59Co concentration of about 600,000 ppb and a
60Ni excess concentration of 14.26 ± 0.02 ppb according to CNRC. The solution in the
ampoule was light pink in color. The ampoulated sample allowed us to refine our
technique for opening the ampoule while wearing cut-resistant gloves and transferring the
solution to a 15-mL sterile centrifuge vial for storage. Next, we transferred two 1-mL
aliquots into separate, previously weighed, 50-mL vials and weighed the vials to
determine the mass of each aliquot. We had opted to determine the analytes of interest in
units of amount per unit mass of solution rather than amount per unit volume because
mass measurements are more accurate than volume measurements by more than an order
of magnitude. We had also proposed as part of our analysis strategy to convert the 0.1 M
HCl acid matrix to the 9 M HCl concentration desired for loading the ion exchange
column by simply adding an appropriate amount of concentrated HCl instead of
evaporating down the sample aliquot and re-dissolving the dry residue. Our approach
would result in a larger volume of solution being loaded on the column, but given our
knowledge of the ion exchange behavior of Co and Ni, this was deemed to be only a
minor disadvantage compared to the time and effort of the evaporation and potential for
sample loss that the recommended approach entails. In keeping with our strategy, we
added 5.7 mL of concentrated Optima grade (Fisher) HCl to each of the 1 mL aliquots to
create a 9 M HCl matrix suitable for loading onto the column. On adding the
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concentrated HCl, the color of the solution changed from light pink to aqua-blue (Figure
1). This was unexpected but not surprising; the addition of concentrated HCl changed the
coordination sphere of the cobalt ions from water to chloride.

. Illustration of the inactive cobalt solution (middle) changing from light pink to
blue (far left and right) after the addition of concentrated HCl.

Following the addition of concentrated HCl, the sample was pumped onto the column at a
rate of 0.5 mL/min. The 6.7 mL of Co/Ni solution was pumped down until
approximately 5 mL had passed through the column. At this point, the procedure dictated
that we discard the first 5 mL that had eluted from the column, and collect the remaining
eluent as the Ni fraction. A 100-mL quartz beaker containing nominally 1 g of 250 ng/g
Mn-55 internal-standard solution was positioned as the collection vessel for nickel. The
remaining solution was pumped until approximately 100 L remained in the centrifuge
vial. An additional 2 mL of 9 M HCl was added to the vial and pumped onto the column.
This rinsing step was repeated two times with 1 mL of 9 M HCl added to the vial and
pumped to the column until 100 L remained. After all of the inactive solution was
loaded onto the column, an additional 25 mL of 9 M HCl was eluted to ensure all Ni was
transferred into the collection beaker. The collection beaker containing the eluted nickel
and manganese internal standard was placed on a hotplate and gently brought to dryness.
The bright color of the cobalt served as an excellent visual indicator as to where the
cobalt was on the column at each stage of the separation. An image of the Co retained on
the column after the nickel elution is shown in Figure 2. Cobalt was eluted with 30 mL of
water at a rate of 1 mL/min.
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Image of cobalt retained on the anion-exchange resin column (bright blue
green band at bottom of column) after nickel was eluted.

The nickel/manganese mixture was brought to dryness to drive off excess HCl. Then,
approximately 1 mL of concentrated nitric acid was added to the sample and also taken to
dryness; this step was repeated an additional time to fully convert the residue to nitrate
salts. To bring the salts back into a suitable matrix for ICP-MS, we added a small
amount of methanol and 2% HNO3, heated to eliminate the methanol, and transferred the
mixture into a previously weighed, sterile, 15-mL centrifuge vial. We rinsed the beaker
with two additional portions of 2% nitric acid and transferred these to the centrifuge vial
as well, producing a final solution volume between 10 and 12 mL. The methanol
addition was made to dissolve any organic residue from the column that might be
trapping nickel/manganese salts at the bottom of the beaker. The vial of solution was
weighed and sent to the ICP-MS laboratory for analysis. The ICP-MS measurements
determined the excess Ni-60 concentration in duplicate aliquots taken through the
separation to be 12.89 ng/g and 12.98 ng/g. The measured concentrations were precise
but recovery was low relative to the 14.26 ng/g reference value provided by CNRC.
Based on observation of the blue-colored cobalt band eluting from the column as water
was pumped into it, we judged that, with our column, some of the analyte was leaving the
column near the 5-mL cut point for the discard volume. Rather than establish an exact
discard volume to use, we decided to collect all of the 9 M HCl eluent for the 60Co
samples and thereby avoid losing nickel in the discard. The only drawback from this
deviation to the recommended procedure was adding 5 mL to the volume that had to be
evaporated in converting to the nitric acid matrix for ICP-MS.

Using manganese as the internal standard and adding the manganese to the collection
beaker worked well; these features were incorporated in our final procedure.
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A total of seven 60Co samples, each containing 5 mL
of 0.1 M HCl in a flame-sealed glass ampoule, were delivered to Argonne in late January.
The shipment included: 1) five unknown 60Co samples labeled A12368, A12381,
A12393, A12399, and A12403; 2) one certified counting standard (CRM-2012-FSA-
CO60-A12300 from the National Research Council of Canada, reference time 9/1/2012 at
12:00 PM EST); and 3) one age-reference sample (reference time of 12/12/2012 at 12:12
PM EST). The ampoules were opened one-at-a-time, with the entire contents of each
transferred into a sterile 15-mL centrifuge vial for storage. Before the storage vial was
closed, two or three 1-mL aliquots of the solution were pipetted into separate, previously
weighed, 50-mL sterile centrifuge cones for use in subsequent measurements. Two
aliquots were taken for the age-reference sample and the five unknown samples; three
aliquots were taken from the counting standard for calibrating the gamma-counting
system. Each vial containing a solution aliquot was weighed and the mass of solution it
contained was calculated and recorded. After the vials were weighed, 5.7 mL of
concentrated HCl (33 wt% HCl) was added to each to adjust the acid concentration 9 M
HCl.

Gamma measurements were made prior to separating the
cobalt and nickel in each sample to avoid introducing errors from transfer losses and to
take advantage of the uniform geometry provided by each aliquot being contained in
essentially identical solution volumes in identical centrifuge cones. The plan of analysis
consisted of taking the ratio of the count-rate from each unknown to the count rate from
the CNRC counting standard. Counts were acquired at both 1332 and 1173 keV and
results from the measured activities from the two peaks were averaged. All samples were
measured at a fixed geometry approximately 20 cm from the detector for a minimum total
count of 250,000 at each energy peak; this minimum count was chosen to reduce the
uncertainty contribution from counting statistics to 0.2%. The gamma detector (Ortec®

GEM Series 50195-P HPGe Coaxial) was calibrated using the certified counting standard
by relating the counts per second (cps) observed for each aliquot of the standard to the
decay-corrected disintegrations per second (Bq) from the certified specific activity and
the aliquot mass. Count rates for each peak were evaluated using Ortec® GammaVision
software. The activity of each unknown sample was calculated by converting the
recorded cps to Bq using the efficiency measured from the counting standard and
dividing by the aliquot mass to give Bq/g. The result for each sample was adjusted for
decay to the reference time (12/12/12 at 12:12 PM EST) specified by the round-robin.
Results from the gamma counting were consistent with expected counting statistics and
showed a pooled relative standard deviation of 0.19% between activities determined with
the 1332 keV peak and the 1173 keV peak. On averaging the values from the two peaks
for each aliquot and subsequently averaging the averages over the two aliquots that were
analyzed for each sample, counting statistics produce an uncertainty contribution to the
60Co concentrations of 0.10%. Uncertainty from the certified activity of the calibration
standard (0.3%, k=1) dominates the combined uncertainty of the gamma results, which
we assigned as (0.32 + 0.12)0.5 or 0.32%, relative. After the gamma data were deemed
acceptable, the unknown and age-reference samples were moved from the counting area
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to the laboratory hood where the anion exchange column was set up so the Co/Ni
separations could be done.

Prior to beginning operations to separate the nickel
and cobalt in the sample aliquots, fourteen quartz beakers (twelve for the duplicate
samples and two spares) were cleaned by refluxing with concentrated aqua regia for 4
hours, rinsing with copious amounts of DI water, and drying face-down under a hepa-
filtered laminar flow hood. After drying, each beaker was tared on a five-place balance
and a 1-mL aliquot of the stock 250 ng/g Mn internal standard solution was added; the
mass of the added solution was recorded. The beaker was covered with Parafilm® and set
aside until needed for use in collecting the separated nickel fraction from one of the
sample aliquots. Samples were separated on the column in alpha-numeric order
according to sample number, beginning with the Age-Reference duplicates and ending
with A12403-A and -B aliquots. Each separation followed the optimized separation
procedure described in Section 1. The nickel fractions were collected in the quartz
beakers containing Mn internal standard. The cobalt fractions in DI water were collected
in 50-mL centrifuge cones, which were capped and put in shielded storage for eventual
disposal. Between samples, the column was rinsed with 50-mL of DI water and
conditioned with 30 mL of 9 M HCl. The column was left under DI water when left
unused for more than a few hours.

The time of separation of each aliquot was recorded in the notebook for use in subsequent
decay-correction calculations. After the nickel-containing eluent was collected from each
sample, the quartz beaker that it was collected in was moved to the hotplate and gently
dried following the nitrate conversion procedure outlined in Section 1. All samples were
brought up in 2% HNO3 and quantitatively transferred into pre-weighed 15-mL sterile
centrifuge vials for subsequent ICP-MS analysis to determine the 60Ni content.

Because the number of samples produced in separating
the twelve aliquots taken from the six round-robin samples would require a very long run
on the ICP-MS when calibration standards and blanks were included in the run, the
measurements were split into two runs that were carried out on separate days: the “A”
aliquots from each sample (for a total of 5 unknowns plus the age standard) were run on
one day, and the “B” aliquots were run on the next day. Each sample was analyzed twice
during the ICP-MS run, and calibration standards were run three times with each set of
six samples bracketed by a set of calibration standards in the run. Blanks (2% HNO3)
were run between all samples and calibration standards to ensure adequate rinsing of the
sample introduction system between measurements. The raw data from the ICP-MS was
exported to an Excel® spreadsheet and processed with macro-based calculations to
subtract backgrounds, apply linearity corrections, compile isotope-ratio relationships, and
establish calibration curves for deducing the 60Ni concentration in each sample. The
algorithm used for dead-time/non-linearity corrections was developed during the course
of the Sr/Zr task; it was applied to this task using the measured isotope ratios and
literature values for the 60/58, 61/58, and 62/58 isotopic ratios of Ni. Ni-64 was
deliberately not included in the calculation due to its small abundance and hard-to-
evaluate interferences at m/z 64. The mass bias corrections indicated conformance to the
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Russell equation, but we opted to use uncorrected 60/58, 60/61, and 60/62 ratios observed
with the calibration standards for calculating the natural nickel component of the 60Ni
signals. The run with the “A” aliquots gave a non-linearity parameter of 54.5 ns, while
the run with the “B” aliquots gave 65.5 ns; we do not yet understand what might cause
the instrument linearity to vary from day to day, but with these corrections, both the
within-run and day-to-day consistency of the measurements was improved.

One unanticipated observation that was noted in the data review was an extremely high
Mn count rate in the analyses of the age-reference sample. Apparently, this sample
contained a substantial amount of manganese in solution, which accompanied the nickel
fraction through the column separation. Rather than re-process this sample with a
different internal standard element, we estimated the count rate for our internal standard
manganese using the average intensity per unit internal standard found with all the other
samples. The manganese signals for all the other samples were quite consistent and
individual values of the counts per unit added manganese only varied by about 2%
relative. We included a contribution for uncertainty in applying this estimate in the
uncertainty we assigned for the age reference sample. This observation calls out a
notable drawback to using Mn as internal standard for the nickel measurements despite
its superior performance based on other criteria. Consequently, we conclude that
manganese was not the best choice for internal standard after all. In future work, we
suggest indium as a better choice since we saw no spurious signals at the mass 115
position in any of our measurements.

Results from the gamma-counting
measurements of 60Co and ICP-MS measurements of 60Ni are compiled in Table 1 in the
format of the Reporting Template that the CRNC provided for round-robin participants to
use. Values for the Ni-60 excess in units of ng/g of solution, Co-60 activity in Bq, and
the aliquot mass in g were to be input by the participating laboratory along with
uncertainties that each laboratory assigned to its measurements. Values for the mass
concentration of Co-60 (ng/g), the age of the sample (years), and the uncertainty in the
age were produced by formulas in the report template spreadsheet. We noted in our
report to CRNC that the formula in the template for calculating the age was not exactly
correct because it used the mass concentration values for the 60Ni and 60Co isotopes in the
samples. In fact, the age formula that was listed should use atom or molar
concentrations. The practical effect of this error is quite small because the nuclidic
masses of 60Ni (59.9307864 amu) and 60Co (59.9338171 amu) are very nearly the same
so the molar ratio and mass ratio of the two nuclides will only differ by about 0.005%,
relative. Still, the age calculated in the spreadsheet is not exactly correct.

Overall, the calculated ages between our duplicates of the unknown 60Co samples agreed
extremely well within the uncertainties we assigned. For three of the samples (Age
Reference, A12368, and A12381), the variation between duplicates and the magnitude of
the estimated uncertainty were elevated due to a high concentration of natural nickel in
the samples. To illustrate the challenge posed by this situation, we present in Table 2 the
concentrations of natural nickel, the 60Ni concentration corresponding to this natural
nickel background, and the concentration of excess 60Ni that we reported. For the three
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samples called out above, the excess 60Ni represents less than two percent of the total 60Ni
concentration, and in the A12368 and A12381 samples it is well under 1%.
Differentiating the total signal from the underlying natural nickel component corresponds
to measuring a very small difference between large numbers, and an uncertainty in the
small number of over 20% as a result of this difficulty is not unexpected. It is, in fact,
quite remarkable that the ICP-MS measurement system and use of the isotope-ratio
corrections based on the 58Ni, 61Ni, and 62Ni signals produced values as consistent as it
did for these samples. For the samples without these relatively high concentrations of
natural nickel, the relative uncertainty was 3% or less.

Argonne’s results were reported to the round robin administrators on March 8, 2013.
Feedback on the exercise is anticipated after all participants turn in their data; this should
be completed by the end of March.
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Age-date results for the Co-60 unknowns and age reference

Age reference-
A 12.31 221663 1.0140

3 5.221 9.21 0.85

Age reference-
B 10.99 221124 1.0122

7 5.217 8.62 0.52

A12368-A 2.37 427385 1.0044
7 10.162 1.59 0.90

A12368-B 3.82 426517 1.0010
5 10.176 2.42 1.06

A12381-A 0.24 473126 1.0094
1 11.195 0.16 0.17

A12381-B 0.59 471496 1.0065
5 11.188 0.39 0.18

A12393-A 13.04 455110 1.0047
8 10.818 6.01 0.06

A12393-B 13.07 453042 0.9989
7 10.832 6.02 0.06

A12399-A 5.32 475361 1.0080
6 11.263 2.94 0.15

A12399-B 5.61 474537 1.0068
6 11.257 3.08 0.16

A12403-A 49.44 390531 1.0008
4 9.320 14.00 0.04

A12403-B 48.89 389396 0.9967
1 9.331 13.92 0.04
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Comparison of natural nickel concentrations vs. excess nickel concentrations.

12.43 823 3075
11.12 744 2778
11.77 784 2927 0.015

2.62 889 3318
4.07 882 3295
3.35 885 3307 0.0037

0.51 100.6 376
0.87 100.3 375
0.69 100.4 375 0.0068

13.29 28.2 105
13.33 26.7 100
13.31 27.4 103 0.327

5.60 65.0 243
5.89 65.0 243
5.75 65.0 243 0.081

49.83 38.8 145
49.28 36.5 136
49.56 37.6 141 0.569



Annex E7

Standard operating procedure for Sr Zr separation using
ion exchange chromatography.

Université de Laval



Protocol to separate zirconium from strontium using a 
cationic exchange resin 

(Preliminary version) 
 
 

1. Reagents and Labware 
 
Environmental or analytical grade chemicals, Millipore water (18.2 MΩ/cm), 
centrifuge tubes for elution, and volumetric flasks to prepare eluent solutions. 
 
 

2. Eluent Solutions Preparation 
 
Strontium is eluted using a 2N HNO3 solution. Add and appropriate amount 
of concentrated nitric acid (environmental grade) in a volumetric flask and 
dilute in Millipore water.  
 
For zirconium elution, prepare a 0.2N oxalic solution. Weigh exact mass of 
oxalic acid (analytical grade) in a volumetric flask and dissolved it in Millipore 
water.  
 
Solutions can be storage in polypropylene or Teflon bottles to minimize 
contaminations. 

 
 
3. AF Omnifit® Column Preparation 

 
Dismantle the column following manufacturer instructions and wash it using 
soapy water or laboratory detergents. Rinse well.  
 
Weigh approximately 0.5 g of AG50W-X8 resin (100-200 mesh, H+ form). 
Slurry the resin in approximately 5 ml of Millipore water and pour the 
suspension into the column. Apply a vacuum to slowly drain the water off the 
column and to obtain a more compact resin bed. Avoid column dryness 
preserving a few millimetres of water above the resin. Assemble the column 
and compact the resin using both the plunger and the adjusting nut at the 
upper side of the column (Figure 1).  
 
Connect the column to a peristaltic pump. Never use gas pressure, which 
could result in an explosion. Set flow rate to 2 mL/min in an inverse flow, i.e. 



from the lower to the upper end of the column (Figure 2). Resins bed 
excessively compacted could block the flow. In such a case, release the 
pressure playing with the adjusting nut until obtain the desired flow.  
 
Wash the resin using approximately 5 mL of Millipore water. Be sure to 
eliminate all air bubbles. Reversing flow direction can help to eliminate them.  
 

 
4. Resin treatment before elution 

 
Wash the resin using 15 mL of a 6N HCl solution, then 5 mL of Millipore 
water. Use approximately 5 mL of the 2N HNO3 solution for conditioning the 
column. 
 

 
5. Separation 

 
Check whether flow rate is set to 2 mL/min. Recover a blank before loading 
the sample. Load 250 μL of the sample solution, then 20 mL of 2N HNO3 
solution to collect strontium fraction. Do not discard any fraction. Recover Zr 
fraction switching eluent for 30 mL of 0.2N oxalic solution. Samples are 
collected in centrifuge tubes containing graduation marks. Before loading the 
next sample, treat the resin as described in section 4.  

 
 
6. Sample Preparation for ICP-MS  

 
Evaporate to dryness strontium and zirconium fractions using Teflon vials on 
a hot plate. Heat all fractions at temperatures up to 200°C. Dissolve fractions 
using 4% HNO3. Further dilutions are needed in order to fit concentrations 
within the quantification range. Add an internal standard solution of Indium in 
all fractions prior ICP-MS analysis. 

 
 
References 
F. W. E. Strelow, Analytical Chemistry 1960, 32, 1185-1188. 
F. W. E. Strelow, Rethemey.R and C. J. C. Bothma, Analytical Chemistry 1965, 
37, 106-111. 
F. W. E. Strelow, Analytical Chemistry 1959, 31, 1974-1977. 



 
Figure 1: AF Omnifit® Column  

 

 
Figure 2: AF Omnifit® Column Kit combined to a peristaltic pump 

(Bed resin 0.5 g AG50W-X8, column L × I.D. 100 mm × 6.6 mm) 











Annex E8

Radioactive Source Separations Using Mini Gas
Pressurized Extraction Chromatography

Argonne National Laboratory



This Work Instruction applies to the Gas Pressurized Extraction Chromatography (GPEC) apparatus located in 
Building 205, room E131, in the National Security Department within the Chemical Sciences and Engineering 
Division (CSE) of Argonne National Laboratory.  An additional GPEC is located in Building 205, X109, and is 
governed under its own WCD safety document. 

1.1 Scope 

This method is utilized to determine the purification age of sealed-source materials including but not 
limited to 137Cs, 90Sr, 60Co,192Ir, and 241Am. The method describes preparation of the source material for 
analysis and chemical separation of the radioactive parent isotope from its stable decay-daughter isotope 
using the mini-Gas Pressurized Extraction Chromatography (GPEC) system. The source material can be 
present in either solid or liquid form; details for handling both forms are discussed in this document. 
Isotopic analysis of the sample by Inductively Coupled Plasma-Mass Spectrometry (ICPMS), Thermal 
Ionization Mass Spectrometry (TIMS)or gamma spectrometry is covered in other standard operating 
procedures. 

1.2 Users 

This Work Instruction will be performed by qualified individuals in the National Security Department or 
other qualified, approved individuals. 

2.1 Summary 

Source materials are analyzed for parent/daughter isotopic composition (i.e. 90Sr/90Zr, 137Cs/137Ba, 
60Co/60Ni, etc.). Source materials in liquid form are converted into an appropriate acid matrix (i.e.t3M 
HNO3) for analysis. The separation is performed using a micro-column loaded with a commercially 
available resin for the selective separation of elements of interest (i.e., Eichrom’s Sr resin) in the mini-
Gas Pressurized Extraction Chromatography (GPEC) system. Mass spectrometry (ICP-MS and TIMS) 
are the most common methods to determine the parent/daughter isotopic ratios.  

2.2 Method Interferences 

The primary interference for the age dating in this method is the stable daughter isotope, which is 
typically found in the surrounding environment. No operations should be done with labware made from 
glass or other materials that contribute to elevated backgrounds of the stable isotope. High purity 
reagents must be used. See Section 2.6 for a detailed description of cleaning protocols for laboratory 
utensils.  Other interferences include high suspended or dissolved solids, organics that complex to the 
isotopes, or anything that changes the viscosity of the solution (relative to 3M HNO3) prior to separation 
in the GPEC column. 

2.3 Safety 

The primary hazard for this procedure is the radioactivity of the parent isotope. Follow all standard 
procedures and safety reviews and work with Health Physics on a per-project basis to determine 
appropriate PPE and shielding requirements.  



 Chemical hazards are present from the reagents. Follow all applicable safety reviews as well as division 
and Laboratory ESH policies.  Concentrated acid solutions shall be used in a chemical fume hood. The 
system requires only small volumes of acids (i.e., 3M nitric acid and 1% acetic acid) which should be 
handled by chemical hygiene trained personnel. 

2.4 Apparatus 

 All lab ware shall be pre-cleaned according to Cleaning Protocol (Section 2.6). 

Analytical balance, five-
place 

• Anti-static holder for plastic bottles 

• Anti-static “gun” or equivalent 

Bottles for reagents Teflon or HDPE 

Test tubes for GPEC wash 
solutions 

plastic 

Vials or bottles for sample 
collection 

Teflon or HDPE (or other non-leachable plastic) 

Pipets, pipet tips  

Cleaning supplies • Ziplock bags. 

• Plastic tub for bath. 

• Long plastic tongs. 

• Dust-free area for cleaning and drying, such as a HEPA-
filtered laminar flow hood. 

 

2.5 Reagents 

Various reagents are used throughout the separation process for the cleaning of labware, or for the 
separation process. Some commonly used reagents and the preparation of diluted reagents are listed 
below (additional diluted concentrations may be required for a specific separation). 

DI Water >17.5 MOhm at 25 C. 

Nitric acid, Optima 
grade or equivalent 

 

• Concentrated 

• Diluted: 3M nitric acid (19 mL nitric acid and 81 mL DI water) 
and 2% nitric acid (2 mL nitric acid and 98 mL DI water). 

Hydrochloric acid, 
Optima grade or 
equivalent 

• Concentrated 

• Diluted 

Acetic acid, Optima • Concentrated 



grade or equivalent • Diluted: 1% acetic acid (1 mL acetic acid and 99 mL DI water). 

Eichrom resins • Pre-filter resin, 100-150 micrometer particle size 

• Sr resin, 50-100 micrometer particle size 

• TEVA resin 

• Nickel Resin 

• TRU resin 

• UTEVA resin 

• DGA resin 

• Diphonix resin 

 

Cleaning solutions • Citranox liquid acid cleaner and detergent (Fisher #04-322-12A), 
or equivalent. 

• Nitric Acid, trace-metal grade. 

 

2.6 Cleaning protocol 

Due to the fact that stable decay-daughter isotopes are present in the environment and the need to 
quantify low concentrations of elements of interest for age-dating, it is necessary to scrupulously clean 
all labware prior to use. Sterile RNAse/DNAse free polypropylene vials have been verified to be as 
clean as acid-washed labware (Corning 50/15 mL sterile vials). If mentioned sterile vials are not 
available, acid washing of all labware must be completed.  Labware that contains multiple metallic 
elements in its matrix, for example glass, is to be avoided.  Use PFA/FEP bottles (plastic when Teflon is 
not available), beakers, pipets, volumetric flasks, chromatography columns, frits, stopcocks, 
autosampler cups, etc., instead of glass. Prior to using or reusing any item of labware, the following 
cleaning procedures should be used. 

Step 1 Preliminary Cleaning 

• If the labware has been used previously, the chemist’s judgment and knowledge of its 
history will be required to decide if the item is appropriate for use in trace metal analysis. 
Typically, it is not possible to suitably clean labware that previously contained high 
concentrations (parts per thousand to percent levels) of the analytes of interest. Similarly, 
labware that has held high concentrations of complexing agents or solvents may not be 
suitable for trace metal work.  

• If the used labware is judged suitable or if the labware is new, it should be cleaned 
thoroughly prior to use.  Optima grade (or equivalent) ethanol and/or methanol may be 
used to remove any trace organics (inside or out).  If ethanol and/or methanol is used, the 
labware should be rinsed subsequently at least 3 times with deionized water.   

• New and used labware should be cleaned inside and out with a trace metal detergent, such 



as Citranox, and again rinsed at least 3 times with deionized water. Following rinsing, the 
labware should be turned upside down on dust-free towels to dry so that introduction of 
atmospheric dust is avoided. If possible, the cleaning and drying procedures should be 
carried out in a laminar flow clean bench. Alternatively, the rinsed labware may be taken 
directly to the acid cleaning steps below without drying. 

Step 2 Acid Cleaning for Bottles 

• For heat-tolerant bottles (PTFE Teflon) with tight-fitting lids or caps, the following 
procedure may be used after the bottles and lids have undergone preliminary cleaning.   

• Add enough of highest purity (Optima or equivalent) HNO3 to cover the bottom of the 
bottle. Tightly cap with clean lid. Place capped bottle on a clean hot plate and warm on low 
setting for at least one hour. The purpose is to allow a gentle reflux of acid to bathe the 
interior surfaces of the bottles and lids. The hot plate should be adjusted to accomplish this 
reflux without excessively heating the bottles and causing them to melt or deform.  When 
the bottles are sufficiently cool, the acid can be discarded.  

• The bottles can then be rinsed with deionized water and either used immediately or stored 
inside a sealed ziplock bag until needed. 

Step 3 Acid Cleaning for Non-Sealable Plastic Apparatus 

• After preliminary cleaning, beakers, pipet tips, and chromatography columns that cannot 
be sealed like the plastic bottles should be acid-cleaned by soaking overnight (or at least 
four hours) at room temperature in a plastic bath with a plastic lid.   

• The plastic labware should either be submerged in or filled to the top with 3 M nitric acid 
(Trace Metal grade or better). If the labware is not compatible with 3 M nitric acid, its use 
in the analysis should be re-evaluated. If it is still deemed appropriate, it should be cleaned 
with a compatible acid and rinsed thoroughly with deionized water.   

• If possible, the rinsing and drying procedures should be carried out in a laminar flow clean 
bench with the labware turned upside down on dust-free towels to dry so that introduction 
of atmospheric dust is avoided. After drying, all apparatus should be stored in clean plastic 
bags until use. 

 

2.7 Sample Preservation and Handling 

•  Sealed source materials are radioactive and appropriate precautions must be taken in accordance 
with Health Physics guidance based on the activity of the material. 

• Solid samples may require an inert atmosphere for storage and handling until dissolved. 

• Liquid samples should be stored in tightly-capped Teflon or HPDE bottles. To avoid transpiration, 
the bottles should be stored inside a gas-impermeable secondary container or seal, such as Al foil 
wrap, parafilm seal, plastic pouch, or a glass container. 

 



2.8 Source Material Preparation 

• Radioactive source material may be provided in either liquid or solid form.  This Work Instruction 
is currently limited to liquid forms. Guidance for preparation of solid forms will be provided after 
method development and testing. 

• Guidance is provided below regarding appropriate quantities of the sample to be processed using 
this Work Instruction as well as the detailed procedure to be followed. This guidance corresponds to 
quantities known to separate well with the GPEC column size and conditions tested to date, and to 
concentrations typically analyzed by TIMS and ICP-MS.  If other column sizes, separation 
conditions, or other procedural modifications are shown to produce comparable or better results, 
they may be used and the deviations from this procedure should be recorded by the analyst. A 
validation of the modified method should be completed following Section 2.12, Method 
Performance. 

• Gamma spectrometry may be used at all stages of the procedure as a quantitative or qualitative 
measurement. Use of gamma analysis upon receipt of the sample, separation of aliquots or 
segregation of a particle for analysis, and upon separation of the parent from the daughter isotope in 
the columns will allow tracking of the radioactive parent through the analysis.  This analysis will be 
noted in the procedure below simply as gamma analysis at the points where it is most 
recommended. Gamma measurements can be done at any stage in this procedure as an aid, but not 
as a replacement for TIMS and/or ICP-MS measurements. 

 

 2.8.1 Preparation of a solid source material 

General comments on solid sources (example137Cs): 

• 137Cesiumsources have been produced using many different cesium compounds including 
Cs chloride, Cs pollucite, Cs nitrate, Cs oxide, Cs sulfate, and Cs zirconium phosphate, 
and as unspecified compounds incorporated in polymeric resins and glass.  Different 
reagents and processes are best suited to dissolve these compounds. 

• Some cesium compounds are extremely deliquescent (e.g. CsCl) while others are stable 
in a moist atmosphere (Cs glasses).  Deliquescent compounds will require an inert 
atmosphere and special handling procedures prior to analysis. 

• Aged radioactive sources with significant daughter product in-growth may be unstable or 
metastable with respect to their physical properties.  Such materials will require special 
handling procedures. 

 
• Appropriate procedures for handling, characterizing, and dissolving solid samples will be 

provided at a later time.  These procedures have not been adequately developed and 
tested at this time. 

 

 2.8.2 Preparation of a liquid radioactive source material for quantitative or isotope dilution analysis. 



Step 1 Determine appropriate sample size: 

• If the activity of the sample solution is not known, it can be estimated 
non-destructively by beta/gamma analysis of the solution without any sample 
preparation. 

• Determine an aliquot size that will provide sufficient quantity of analyte for 
mass spectrometry analysis but a small enough quantity to enable good 
separation on the column (<10-20% of the maximum resin capacity) while 
minimizing dose limits.  If conducting both TIMS and ICP-MS analyses, an 
appropriate aliquot size will be determined for both. Appropriate amounts to be 
separated on the GPEC are determined by multiple test separations of the cold 
isotope to evaluate clean separations of the parent from the daughter isotope 
(for a test separation of 90Sr, a spectroscopic standard of natural cold isotopic 
strontium would be appropriate). See section 2.12 Method Performance for 
further details on validating the aliquot size on the GPEC.  (As an example of a 
Cs/Ba separation, assume that a 250 L sample loop and 7-inch Sr-resin 
column are used for the separation, that a total of 0.5 mL of sample will be 
required to flush and load the sample loop, and that the final dilution produces 
a 5-mL sample for ICPMS). Apply the following guides listed below for 
appropriate sample quantity. If different sample loops, columns, or final 
dilution are used, these values will need to be scaled or modified appropriately. 

• Radioactive source  quantity for Quantitative Analysis: Use an aliquot 
containing the appropriate amount of the source material for quantitative 
analysis. This analysis requires quantitative recovery and an effective separation 
of the isotopes. Appendix A provides the range of quantities and concentrations 
for the Cs and Ba quantitation by ICP-MS over which the GPEC system has 
been validated. The validated Cs/Ba separation scheme provides quantitative 
recovery and effective separation of the Cs and Ba isotopes. If different 
separation schemes, sample loops, columns, or final dilution are used, these 
values will need to be evaluated and scaled appropriately, and a revised 
validation may be required.    If other stable source isotopes are present that can 
affect the loading capacity of the resin, it is preferable to limit the total loading 
species’ content of the sample to < 10-20% of maximum resin capacity 
(provided by commercial resin supplier) so that adequate separation is achieved. 
Radioactive source quantity for Isotope Dilution: Use an aliquot containing an 
appropriate amount of the source material for isotope dilution analysis. The 
requirements for this technique are a clean elemental separation; quantitative 
recovery of the total amount of isotopes separated through the column is not 
required. A known amount of enriched isotope is selected and spiked into pre-
cleaned vials; a 10 mL Teflon beaker is typically used as the spiking vessel for 
this procedure. The isotopic spike is equilibrated several times with additions of 
3 M HNO3 and taken to dryness on a hotplate. An appropriate amount of the 
radioactive sealed source aliquot (a rule of thumb is that anywhere between a 
1:1 to 10:1 ratio of source:spike is appropriate for all isotope dilution analyses) 
is spiked and mixed into the same beaker containing the equilibrated spike. The 
mixture of the isotopic spike and source material are equilibrated by adding 3M 
HNO3 and drying on a hotplate several times. The equilibrated mixture is next 



brought up in a suitable acid (based upon the separation scheme) and separated 
on the GPEC column. Each separated fraction is collected into a cleaned Teflon 
beaker and equilibrated again by adding an additional 3M HNO3 aliquot and 
drying on the hotplate. The dried separated fraction is then brought up in a 
suitable volume of nitric acid and diluted to 2% for mass spectrometry analysis. 
If both TIMS and ICP-MS are chosen for analysis, TIMS samples must be 
aliquoted in a high concentration to dry a larger (100 ng or more) amount of 
sample relative to ICP-MS; the sample remaining can be diluted to an 
appropriate concentration for ICP-MS. 

 
 

Step 2 Prepare a liquid sample for quantitative analysis as follows: 

1. If the sample contains an appropriate amount of parent and the daughter isotope 
(as described in 2.8.2) and the sample is an appropriate solution composition 
for the separation (i.e., 3M HNO3 for Cs/Ba separation), no further preparation 
is needed. Proceed to Section 2.9, Separation of Cs and Ba. 

2. If the sample is the appropriate solution composition for the separation scheme 
(i.e., a nitric acid solution) but not the correct concentration (i.e., 3M HNO3): 

• Weigh a pre-cleaned, empty HDPE or Teflon container. Use of a 5-place 
analytical balance is preferred, but a 4-place balance may suffice. 

• Transfer the desired aliquot to the weighed container using a pre-cleaned 
plastic pipet. .  

• Reweigh the container to determine the aliquot weight. 

• Gently take the aliquot to dryness under a heat lamp or on a hot plate. This 
process may expose the sample to contamination if the sample is left open, 
so a laminar flow clean hood should be used. 

• Dissolve the residue in 1 mL of the desired solution composition (i.e., 3M 
HNO3 of Optima grade or better). 

• Weigh the container plus 1 mL solution; determine the solution weight.  

3. If the sample matrix is water, hydrochloric acid, hydrofluoric acid, or acetic 
acid: 

• Weigh a pre-cleaned, empty HDPE or Teflon container. Use of a 5-place 
analytical balance is preferred, but a 4-place balance may suffice. 

• Transfer the desired aliquot to the weighed container using a pre-cleaned 
plastic pipet.  

• Reweigh the container to determine the aliquot weight. 

• Gently take the aliquot to dryness under a heat lamp or on a hot plate. This 
process may expose the sample to contamination if the sample is left open, 
so a laminar flow clean hood should be used. 

• Dissolve the residue in 2 mL conc. HNO3 (Optima grade or equivalent) to 



the container and gently take to dryness. Repeat bringing to dryness and 
dissolving in conc. HNO3 twice more. 

• Gently take the aliquot to dryness under a heat lamp or on a hot plate. This 
process may expose the sample to contamination if the sample is left open, 
so a laminar flow clean hood should be used. 

• Dissolve the residue in 1 mL of 3M HNO3 (Optima grade or equivalent). 

• Weigh the container plus 1 mL solution; determine the solution weight. 

 
Step 3 If the sample is in a different solvent, a different matrix exchange approach may be 

required or a different parent/daughter isotope separation technique may be 
required. An evaluation of the different parent/daughter separation can be validated 
using Section 2.12.  

Step 4 Prepare a process blank solution using exactly the same procedure as used for the 
sample.  The blank should be processed side-by-side with the sample. 

 

2.9 Separation of prepared source material with extraction chromatographic resins.  

This procedure outlines the steps to be followed for separation using Eichrom Sr-resin. The appropriate 
isotope pairs originating from sealed sources that can be used with Sr-resin are 137Cs/137Ba and 90Sr/90Zr. 
Under the separation conditions described above, the parent or the daughter depending on the charge of 
the ion will adsorb to the column resin while the other elutes. Other extraction chromatographic resins 
can be loaded onto the column to separate other analytes of interest, such as 60Co/60Ni, and typically use 
the same procedure outlined below. A validation of the method developed for the mentioned isotopes 
should be conducted following the procedure in Section 2.12, Method Performance.  The details of the 
procedure for preparing the column are provided in Appendix B and for operating the column are 
provided in Appendix C.  

 

Step 1 Pre-clean supplies (collection tubes, storage bottles, lids, and any other materials) that will 
contact the samples or reagents. Cover sample tubes, rinse solutions and collection tubes 
(parafilm works well) to eliminate introduction of dust or other contaminants. 

Step 2 Pre-clean column prior to first usage with appropriate acid (i.e., for Sr resin, several loops of 3M 
HNO3 and at least 10 loops of 1% acetic acid) 

Step 3 Pre-condition GPEC column 

• Follow instructions in Appendix B for preliminary checks and conditioning of the GPEC 
system. 

• Rinse column with one loop of appropriate acid (i.e., 3M HNO3 for Cs/Ba separation with 
the Sr resin). Adjust flow rate to 1mL/min or other flow rate appropriate for the resin and 
separation scheme. 

Step 4 Collect the first analyte fraction 



• Label and pre-weigh the first fraction tube and cap (either with the parent or the daughter 
isotope, dependent on which elutes first). Use 5-place balance for weight.  

• Use a blank solution for the first separation. 

• Place collection tube at output from column, then place tubing in collection tube. 

• Place sample at uptake tube. 

• Load one loop of sample onto column following the instructions in Appendix C for 
operating the GPEC system. 

• Collect solution in collection tube. Total solution residence time in the system tubing should 
allow for an efficient separation (i.e., approximately 4.5 minutes for the Cs/Ba separation 
using Sr resin loaded in a 7” column). The exact amount of time may need to be adjusted for 
the column dimensions used, the separation scheme, or the extraction chromatographic resin. 

• Rinse column with an additional loop of appropriate solution if required per separation 
scheme (i.e., 3 M HNO3 for the Cs separation using the Sr resin) following the instructions 
in Appendix C and collect in same tube. Continue collecting sample for approximately 45 
seconds after the sample begins to sputter from the exit tube. 

• Remove tube, cap it closed, and weigh on 5-place balance. (For the Cs/Ba separation using 
the 7” Sr resin column, the sample weight of the first fraction should correspond to two 
times the weight of one sample loop volume of 3M HNO3. For a 250 L sample loop, this 
should be approximately 0.55 g or 2 x 0.275 g). 

• Submit sample for ICP-MS analysis. 

Step 5 Collect the second analyte fraction 

• Pre-weigh and label fraction tube and cap (either with parent or daughter isotope, dependent 
on which isotope is extracted). Use 5-place balance for weight.  

• Place collection tube at output of column. 

• Strip the column per separation scheme using appropriate reagent solution (Following the 
Cs/Ba separation scheme, recover or strip the Ba fraction by loading 4 loops of 1% acetic 
acid (OPTIMA) following the GPEC operating instructions in Appendix C. Use fresh acetic 
acid (less than 6 months old). Total residence time in the column should be about 4 minutes 
for 1% acetic acid, including the 45 seconds after the solution begins to sputter from the exit 
tube). 

• Remove tube, cap it closed, and weigh on 5-place balance. 

• Submit the samples for analysis. 

Step 6 Recondition the Column 

• Recondition column with one or two loops of appropriate reagent solution (i.e., 3M HNO3) 
following the instructions in Appendix C. 

• Collect solution for analysis if analyte of interest is suspected of eluting after the main peak. 
If not, discard the solution. 



Step 7 After completing the separation work, follow steps in Appendix C for cleaning and storing the 
system. 

 

2.10 Preparation of Samples for ICPMS Analysis 

• A. Quantitative analysis by ICP-MS: After samples have been separated and each fraction weighed 
and recorded, add internal standard (i.e. Pr-141) to each fraction such that the concentration of 
internal standard in the final diluted sample fraction (5 g) is 50 ng/g. Weigh sample fraction after 
addition of internal standard. Continue to step C. 

• B. Isotope Dilution analysis by ICP-MS: After samples have been aliquoted for TIMS analysis, the 
remaining amount of the separated enriched isotope/radioactive isotope mixture will be diluted up to 
approximately 50 ppb or lower for ICP-MS analysis. Since all separated fractions are equilibrated 
with 3 M HNO3 and taken to dryness, there will be visible organic residue, yellowish-brown in color 
that is likely the diluent eluting from the resin. Nitric acid alone will not dissolve the organic residue, 
which may trap part of the separated analyte of interest. Therefore, a drop of optima grade methanol 
will disperse and wet the bottom of the Teflon beaker prior to re-dissolving and diluting in nitric acid 
for ICP-MS analysis. Continue to Step D.  

• C. Dilute to 5 g with DIW for the Cs fraction and 2% HNO3 for the Ba fraction, cap the sample 
container, and record the final weight. Calculate the total weight of the sample fraction. 

• D. Analyze both separated fractions by ICP-MS. 

• E. If samples will not be analyzed immediately, they should be secured in an air-impermeable 
container to prevent transpiration through the wall of the sample tube. A closed glass container, foil 
pouch, or foil-wrapped plastic container works well for this purpose. 

 

2.11 Quality Control 

• All samples should be processed and analyzed in triplicate (or higher number of replicates) unless 
there is insufficient quantity to do so. 

• Run at least one procedural blank for each five sample runs. Minimization of the background 
contaminants is critical. The procedural (method) blanks will give a measure of the background 
contaminant’s contribution from the reagents, lab ware, and environment. Use of Teflon, plastic and 
other low-metal materials is essential. High purity reagents (Ultrex, Optima, etc.) are also required. 

• A minimum of 3 procedural blanks (total) should be prepared even if there are fewer than 15 samples 
analyzed. 

 

2.12 Method Performance 



A reference solution should be processed and analyzed along with the samples. At this time, there is no 
certified reference material with attributes matching those of sealed sources available for use.  However, 
NIST-traceable natural isotopic reference solutions may be used to establish the GPEC separation 
efficiency and the required frequency for blanks.  These standards will enable determination of 
separation efficiency of the parent isotope from the daughter isotope by the GPEC procedure and overall 
recovery of analyte through the entire process.  

 2.12.1 Calculate the separation efficiency of the GPEC column. Other methods may be used if 
appropriate. 

Step 1 Prepare a reference solution containing known quantities of a natural isotopic 
surrogate of the parent and daughter isotope from NIST-traceable standard solutions, 
such that the solution contains approximately 50-100 ng/g of each in 3 M HNO3 or 
other appropriate solution, respectively 

Step 2 Separate the parent from the daughter in the reference solution as in Section 2.9 
above. 

 

Step 3 Prepare the samples for ICPMS analysis as in Section 2.10 above. Analyze by 
ICPMS.  

 

Step 4 Calculate the separation efficiency for the parent (ex.,Cs) as: 

SolutiondUnseparateinngCs
FractionCsinngCsSEFactor FractionCsCs 133

133
, =                       

Step 5 Calculate the amount of the parent (Cs) that rinsed into the daughter (ex,Ba) fraction 
as: 

 

SolutiondUnseparateinngCs
FractionBainngCsFactorCsSepError FractionBaCs 133

133
, =        

Step 6 Calculate the separation efficiency for the daughter isotope (Ba)as: 

SolutiondUnseparateinngBa
FractionBainngBaSEFactor FractionBaBa 138

138
, =                       

Step 7 Calculate the amount of daughter (Ba) that rinsed into the parent (Cs) fraction as: 

SolutiondUnseparateinngBa
FractionTrailinginngBaFractionCsinngBaFactorBaSepError FractionCsBa 138

138138
,

+
=  



 

2.13 References 

Argonne National Laboratory Environment, Safety, and Health Manual, Chapters 4, 5, and 12. 

The following records are created by this Work Instruction: 

• Laboratory notebook(s) 

• ICPMS analysis files (electronic files; may also include hard copy printouts) 

• TIMS analysis files (hard copy files; transcribed to excel files manually) 

• If gamma analysis is performed: gamma analysis electronic files 

• Analysis report 

These records will be maintained by the program manager for the duration of the program or for the period 
specified by the work sponsor. 

Title and content changed to reflect broader use of Work Instruction. 

 

 



 3M HNO3 solutions as 
introduced to GPEC system 

250 L Solution on GPEC column 

Sample volume (mass) 0.5 mL (=0.55 g) minimum 250 L (275 mg) 
   
Minimum Concentration3   
137Csor 137Ba 2 ng/g 2 ng/g 
CsT or BaT NA4 NA4 
Minimum quantity3   
137Csor 137Ba 1.1 ng 0.55 ng 
CsT or BaT NA4 NA4 
Maximum concentration   
137Csor 137Ba <500 ng/g <500 ng/g 
CsT or BaT 500 ng/g 500 ng/g 
Maximum quantity   
137Cs or 137Ba <275 ng <137.5 ng 
CsT or BaT 275 ng 137.5 ng 
1This assumes that samples are in a 3M HNO3 matrix. If samples are in a different aqueous matrix, they need to 
undergo matrix exchange to a 3M HNO3 matrix. This typically involves repeated evaporation to near dryness 
and dissolution in HNO3 (refer to procedure in Section 2.8.2, Step 2, #3). Sample volumes and Cs, Ba 
concentrations may change significantly since evaporative concentration and subsequent dilution in 3M HNO3 
may be used to adjust the final Cs, Ba concentrations to the ranges specified in the Table.  
2Values listed represent those demonstrated for the separation conditions for 137Cs/137Ba listed in this Work 
Instruction. A change in any of the operating conditions (parent/daughter isotope, flow rate, column length, acid 
concentration, etc.) may result in a different table of values. In case of a change, Section 2.12 Method 
Performance must be conducted prior to separation of the radioactive sealed source sample.  
3Minimum values depend (in part) on the final dilution used for the ICP-MS sample. These values assume that a 
5.0 g sample will be generated for ICPMS and that the lower limit for ICP-MS quantitation is 0.10 ng/g. 
4Not applicable. Typically, 137Cssources also contain 133Csand 135Cs, but the relative amounts of each isotope can 
vary widely. Barium may be 100% Ba-137 if the only source of Barium is from decay of 137Cs. This statement is 
also true for other parent/stable decay daughter pairs found in radioactive sealed sources i.e. 90Sr/90Zr, 60Co/60Ni, 
etc.  

  



.   
 

The GPEC system incorporates various valves and tubing to reduce the liquid generated for disposal and cross-
contamination of elements between samples.  A flow schematic of the system is shown in Figures 1 through 3.  
It is assembled using 1/16” O.D. Teflon tubing with inside diameters varying between 0.01 to 0.03 inches 
(details of the assembly are found in the GPEC Manual provided by Dan Cummings/INL).  The internal volume 
of the system is less than 0.20 mL without the sample loop.  The typical size of the sample loop is 0.25 mL; 
hence the entire volume is less than 0.5mL.  Nitrogen is the pressurizing gas, but other inert gases work as well.  
Gas pressure is controlled by dropping the pressure with two regulators and controlling flow with a micro-
metering valve; pressures do not exceed 100 psig. 

 

1. Initial Operation/ System Checkout 
1.1. System Familiarity: The flow diagrams (Fig. 1 and 2) and system photo (Fig. 3) should be 

referenced during this phase. 
 

1.2. Leak Check – Liquid  
1.2.1. Using water as the fluid, circulate liquid through the system and look for leaks.  Correct 

all leaks before proceeding.  
 

1.3. Leak Check – Gas  
1.3.1. Assure that the tubing is connected per the sketch attached to this diagram. 
1.3.2. Gas flow through path selector valve is correct. 
1.3.3. Simulated performance of separation using water. 
1.3.4. Set the gas regulator GR2 to 20 psig. 
1.3.5. Adjust the gas flow rate using GMV1 to approximately 10mL. 
1.3.6. Position GSV1 to off 
1.3.7. Position IV1 to load 
1.3.8. Position DV1 to Normal position. 
1.3.9. Start the pump and fill the 250 uL loop.  A liquid flow rate of about 1mL/min is 

adequate.  
1.3.10. Stop the pump. 
1.3.11. Place a collection tube at the discharge of DV1. 
1.3.12. Position GSV1 to on 
1.3.13. Position IV1 to inject. 
1.3.14. Observe the flow.  Liquid should be moving from the loop and through the column into 

the fraction collection tube.  If flow path is not correct terminate the activity and 
correct. 

1.3.15. Collect the water at the fraction collection tube until all the water is collected. 
1.3.16. Position GSV1 to off  
1.3.17. Position IV1 to load. 

 

 

1.4. Volume of loop characterization and system flow characterization. 



1.4.1. Verify that the 250 uL loop is installed. 
1.4.2. Fill the loop with water using the pump. 
1.4.3. Inject the water through the system using the bypass on DV1 (do not go through 

column) and collect the water in pre-weighed plastic cups.  Determine the weight of the 
water collected.  Repeat the process five times and determine the standard deviation of 
the process.  If precision is poor (> 1% rsd) make adjustments to the gas pressure and 
flow rate and repeat the process.   

1.4.4. Inject water 5 times through the column (DV1 set to COL) to determine the precision 
and quantification of the fluid collected.  A liquid flow rate of approximately 1 mL per 
minute is recommended.  Note the pressure and flow values. 

  



 

The separation performed by the GPEC system is a cyclic operation and is simply repeated for each solution 
or sample. Basically, the sequence is “load”, “rinse”, “strip”, “re-condition”.  During the “load” operation, a 
peristaltic pump fills a fixed length of tubing, which has been looped into a circular shape with a sample 
solution.  The sample solution is then forced through the column of resin with nitrogen gas, thus trapping or 
loading the resin with elements that are retained by the resin.  Other components remain with the liquid and 
are collected at the discharge of the resin column.  The loop is then re-filled with clean acid, which is forced 
through the column to rinse any unbound constituents that did not completely elute during the load 
operation.   The rinse fluid is collected in the same bottle as the load fraction.  The liquid collected from 
loading the sample and rinsing is the liquid that is analyzed as the first fraction.  The column is then stripped 
by filling a loop with a more dilute or different acid and forcing it through the column.  The bound 
(retained) elements are stripped from the column and collected for analysis or discarded.  After stripping the 
column, it is re-conditioned by filling a loop with the acid matrix of the sample and forcing this liquid 
through the column and collecting the liquid for disposal. 

 

A small length (~7”) of 1/16” O.D. by 0.03 inches I.D. is filled with resin material and contained by a filter 
at both ends of the tubing.  Internal volumes of the tubing range from approximately 20 uL to 100 uL.  
Elements are separated by the column by filling a fixed length of tubing with liquid and injecting it through 
the column by flowing gas (~ 1mL/min).  

 

The generic steps for loading a solution of one sample loop volume and subsequent loading or rinsing of the 
resin in the column are described.  

 

1 Loading sample loop 
 

1.1 Position GSV1 to OFF 
 

1.2 Position IV1 to LD 
 

1.3 Position DV1 to COL\ 
 

1.4 Place tared collection tube at discharge of DV1 
1.4.1 Place uptake tube (connected to IV1) into the liquid to fill sample loop. Observe liquid 

front filling loop; sample loop is filled once the liquid front exits to tubing going to 
peristaltic pump and drain bottle. Removal of the uptake tube once the loop is loaded 
differs for rinse solutions and a sample solution.  

1.5 Once loop is filled with rinse solution, remove uptake tubing from liquid and place into empty 
tube. 

 



1.6 Once loop is filled with sample solution, remove the uptake tubing from liquid and place 
momentarily into a dip solution tube of 3M HNO3, then move uptake tubing into a rinse 
solution tube of 3M HNO3, and finally into an empty tube. 

 

2 Loading or rinsing of resin column 
 

2.1 Position GSV1 to ON 
 

2.2 Position IV1 to INJ (inject) and start timer to monitor flow rate through the system. Observe 
flow of liquid from loop through column into collection tube positioned at discharge. Collect 
solution in collection tube for an additional 30 sec after the solution front exits the column (stop 
timer). A fine spray will be observed when the last of the solution has passed through the 
column. 

 

2.3 When the last of the solution has been collected, Position GSV1 to OFF 
 

2.4 Position IV1 to LD 
 

3 Repeat steps 1 and 2 for loading/rinsing with other solutions. Change the liquid (sample, rinse, etc) at 
the uptake position as needed for the separation. 

 

4 After completion of the separation work, clean the system for storage. 
 

4.1 Fill/store resin column with 3M HNO3 
4.1.1 Place tube of 3M HNO3 at uptake 
4.1.2 Position DV1 to COL 
4.1.3 Position IV1 to INJ 
4.1.4 Observe liquid front moving through system. 
4.1.5 Position DV1 to BY before the last of the acid exits the column or air front enters the 

column.  
 

4.2 Flush the rest of the system (excluding column) with Nanopure water, especially the peristaltic 
pump tubing. 
4.2.1 Place tube of Nanopure water at uptake 
4.2.2 Position GSV1 to OFF position 
4.2.3 Position IV1 to LD 
4.2.4 Allow to rinse sample loop and peristaltic pump tubing for several minutes. 
4.2.5 Position GSV1 to ON position 
4.2.6 Position IV1 to INJ 
4.2.7 Position DV1 to BY  
4.2.8 Allow rinsing of rest of the system for several minutes. 

 

4.3 Stop the pump and remove the tubing from the pump. 



 

4.4 Shut off the gas. 
 

 
Figure 1.  Load loop configuration of mini-GPEC system showing flow of gas and solution through valve ports. Gas 

regulators (GR#), Valves (gas valve, GSV1; injector valve, IV1 and diverter valve, DV1) and valve ports (#1-8 
or #1-4) are labeled. 

 



 
Figure 2:  Injection loop configuration of mini-GPEC system showing flow of gas and solution through valve ports. Gas 

regulators (GR#), Valves (gas valve, GSV1; injector valve, IV1 and diverter valve, DV1) and valve ports (#1-8 or 
#1-4) are labeled. 

 

 



 
Figure 3:  Mini-Gas Pressurized Extraction System (GPEC) labeled to show valve positions, gas flow from nitrogen tank, 

liquid flow through the system, and identification of items in system. Valves and valve positions: Gas Valve 
(GSV1) has ON or OFF; Injector Valve (IV1) has INJ (inject) or LD (load); Diverter Valve (DV1) has BY 
(bypass) or COL (column) 

  



 

Sealed radioactive sources have been produced for approximately 60 years by chemical separation of the parent 
from the daughter from spent nuclear-reactor fuel.  The time since separation and purification of the parent from 
other spent fuel constituents (presumed to include the daughter) is referred to as its purification age and is 
determined from the ratio of the decay daughter to its parent,.  This Appendix provides equations and guidance 
for calculating the purification age. 

 

The general relationship between purification age and the Parent/Daughter ratio is given in Equation D1.   

 

+×=
D
Pt p 1ln1

λ
                                           

 = ln(2)/t1/2,P                                           

where tp is the purification age,  is the decay constant, D and P are the quantities (atoms or grams) of the 
respective nuclides of the Daughter and the Parent at measurement time, and t1/2,= half life of the parent nuclide.   

 

Equation D1 can be applied directly to the quantities of the parent and daughter isotope determined in this 
procedure if there are no sources of either the parent or daughter other than the parent isotope in the sealed 
source material. There are, however, many potential sources of contamination of these nuclides that could 
invalidate this relationship. For example, a parent nuclide, 137Cs contamination from materials in the hot cell is 
typically a concern; process blanks must be included in hot cell operations to account for this contribution. 
Because natural Cs is 100% Cs-133, contamination by natural Cs is not significant for 137Cs analysis. For 137Ba, 
the decay-daughter isotope, contamination by hot cell materials is a concern but more likely sources of 
contamination are from natural Ba (which is 11.2 at% 137Ba-).  For 90Sr, contamination may have occurred 
during the fuel purification and/or source manufacturing processes, sample collection and handling, or 
laboratory analysis. Because all of these sources are possible, it is necessary to account for their contribution (if 
any and to subtract those contributions from the total nuclide quantities determined.  Equation D1 is then applied 
to the parent and daughter quantities that are associated only with the sealed source material. 

 

The following set of calculations can be used to estimate natural isotopic contamination of the decay daughter 
isotope added during analytical processing, natural contamination added during source manufacturing, and the 
decay daughter isotope produced from decay of the parent isotope. Other computational methods may also be 
used to correct the sample analysis data for extraneous sources of the daughter nuclide.   

 



1. Start with raw ICP-MS data (counts per second, cps) for the Ba fraction. 
 

2. Remove (subtract) instrument-related background counts.  This includes any contribution from isobaric 
interferences i.e. Xe, Kr present in the Ar used for the plasma, etc.   

 

3. Perform mass bias correction for each daughter isotope; 137Cs/137Ba will be used as an example: 
 

a. Calculate the ratios of natural isotopic abundances to the most abundant mass.  
 

138

13
138/13

Ba

XBa
XBa NatAbund

NatAbundtioNatAbundRa =                       

 

b. Using blanks and natural Ba standards with no Cs or radiogenic Ba present, calculate the ratios of 
measured isotopic abundances as 

 

Ba138 of cps
Ba13X of cps

138/13 =XBaatioMeasAbundR                      

 

c. Calculate a mass bias adjustment factor for each mass as  
 

138/13

138/13
13

XBa

XBa
XBa tioNatAbundRa

atioMeasAbundRctorMassBiasFa =                 

 

d. For each sample and process blank, calculate mass bias-corrected cps values as 
 

XBa
XBa ctorMassBiasFa

countscorrectedMB
13

13
Ba13X of cps=             

 

4. Process Blanks:  The mass bias-corrected process blank counts (MBcorrectedcountsBa13X,PB) correspond 
to the Ba contamination that occurred during analytical processing.  For each mass from 132 to 138, 
calculate the average for process blanks performed with a batch of samples and then subtract this 
average value from each of the mass bias-corrected samples processed in the same batch. 

 

PBXBaSampleYXBaYSampleXBa countscorrectedMBcountscorrectedMBcountscorrectedPB ,13,13,13 −=

 



5. Perform separation efficiency correction.  Use the Cs and Ba separation efficiency factors determined in 
Section 2.9 to adjust for <100% efficient elemental separations during the column separation process.  
For each Ba isotope, calculate the Separation Efficiency-corrected counts in the Ba separation fraction 
as 

 

fractionBaBa

YXBa
YXBa SEFactor

countsdPBcorrecte
countsdSEcorrecte

,

,13
,13 =      

 

Note: This assumes that no Cs is eluted from the column into the Ba fraction.  Studies performed with 
NIST gamma counting SRMs for Cs-137 and Ba-133 using the conditions in this Work Instruction 
indicate that is generally true. However, if the results from the reference sample (Section 2.9) indicate 
that Cs did rinse into the Ba fraction, it should be subtracted as follows. 

 

 

( )
fractionBaBaSEFactor

YCscountsdPBcorrecteBaFractionCsFactorCsSepErrorYXBacountsdPBcorrecte
YXBacountsdSEcorrecte

,

,137,,13
,13

×−
=

 

 

6. Natural Ba counts: If there was any natural Ba present in the sealed source material, it needs to be 
subtracted out of the residual sample counts.  The natural Ba component in the PB corrected counts is 
calculated as 

 

138/13,138,13 XBaSampleYBaYX tioNatAbundRacountscorrectedPBcountsNatBa ×=      

 

7. Radiogenic Ba counts are calculated by subtracting the Natural Ba counts from the Process Blank-
corrected counts for each mass as 

 

countsNatBadcountsPBcorrectecountsBaRadiogenic YYBa ,137,137137 −=       

Subtracting natural Ba from the Process Blank-corrected counts should theoretically yield zero counts 
for every Ba isotope other than Ba-137. 

 

8. Radiogenic Ba-137 content (in grams or atoms) is calculated from the RadiogenicBa137counts using a 
standard calibration. 

 



137Cs/137Ba will be used as an example below)

Determination of Cs-137 associated with contamination during processing and that associated with the sealed 
source is performed with the following guidance. 
 

1. Start with raw ICP-MS data (counts per second, cps) for the Cs fraction. 
 

2. Remove (subtract) instrument-related background counts.   
 

3. Mass Bias:  Natural Cs is 100% Cs-133 and at this time, there is no certified reference material 
containing certified quantities of Cs-137 and any other isotopes of Cs.  Therefore the preferred method 
for determining Cs mass bias (using multiple isotopes of Cs) is not available to the analyst.  Other 
methods may be used and explained by the analyst. 

 

4. Process Blanks:  The process blank counts correspond to the Cs-137 contamination that occurred during 
analytical processing. These counts also include a fraction of the Ba-137 contamination that occurred 
before column separation and all of the Ba-137 contamination in the Cs fraction that occurred after 
column separation.    Calculate the average for process blanks performed with a batch of samples and 
then subtract this average value from each of the samples processed in the same batch. 

 

PBCsSampleYCsYSampleCs cpscpscountscorrectedPB ,137,137,137 −=           

 

5. Correction for column separation efficiency:  If the separation of Cs from Ba during the column 
separation process is <100% efficient, some of the Ba may bleed into the Cs fraction.  This is corrected 
by applying a factor determined from analysis of Cs and Ba reference materials as described in Section 
2.9 of this Work Instruction.  The separation efficiency-corrected Cs-137 in the sample is calculated as 

 

fractionCsCs

YCs
YCs SEFactor

countsdPBcorrecte
countsdSEcorrecte

,

,137
,137 =             

 

Note: This assumes that no Ba is rinsed from the column into the Cs fraction.  Studies performed with 
NIST gamma counting SRMs for Cs-137 and Ba-133 using the conditions in this Work Instruction 
indicate that is generally true.  A maximum of 1% of the Ba was found in the Cs fraction, and that 
occurred in only a few samples.  However, if the results of the reference sample (Section 2.9) indicate 
that Ba did rinse into the Cs fraction, it should be subtracted as follows. 

 



( )
fractionCsCsSEFactor

YBacountsdPBcorrecteCsFractionBaFactorBaSepErrorYCscountsdPBcorrecte
YCscountsdSEcorrecte

,

,137,,137
,137

×−
=

 

 

6. Cesium-137 content (in grams or atoms) is calculated from the separation efficiency-corrected counts 
using a standard calibration for Cs-133 assuming no mass bias correction is needed. 

 

 

 

 

Use equation D1 with the Ba-137 and Cs-137 quantities calculated above to calculate the purification age of the 
Cs-137 source material. 

 

 

 

Uncertainty estimation should be performed using the GUM method or a method that is consistent with the 
GUM approach for considering all sources of measurement uncertainty.  
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1. Project Background, Assumptions and Specific Scope of the 
Requirement 
 

Nuclear forensics is an emerging and critical field, given the threat of radiological 
and nuclear (RN) terrorism. The laboratories having demonstrated capabilities in 
the measurement of RN evidence must be able to deliver reproducible analytical 
results that can be upheld in a court of law during a criminal investigation. 
 
Within the nuclear forensics laboratory community, a lack of interoperability 
exists with regards to the consistency of analytical results produced. This has 
been demonstrated through a number of exercises held in the US and Canada. 
This gap requires specific measures in order to obtain a level of consistency and 
harmonization within the nuclear forensics laboratory community. An important 
tool and capability for nuclear forensics science is the ability to provide data on 
an illicit source, such as the date of source production or the date of source 
purification. Very accurate data in this area can then be coupled to other 
pertinent source information to allow for source attribution. 
 
The process of elucidating the date of production or purification of an interdicted 
illicit source is through radiochronology, or the elemental ratio determination of 
the radioactive component and a daughter product. The nuclear forensics 
community needs a radiochronometer reference material, which would be used 
to ensure measurement traceability, validation and instrument calibration. 
Currently, there is a lack of reference materials that specifically address nuclear 
forensics attribution. The development of new radiochronometer reference 
materials would address a critical shortfall in the evaluation of measurement 
techniques used by the laboratories, as well as provide the tools to constrain the 
measurement accuracy and uncertainty. These factors play a critical role in 
forensic cases that are before a court of law. 
 
2. Scope of Work 
 
Initially, the scope of the work to be performed by UL included the following: 
 

1. Characterization of the cobalt starting material that will be used to develop 
the Cobalt-Nickel radiochronometer for the round-robin testing; 
 

2. Development of the methods for the measurement of 2 
radiochronometers: Cobalt-Nickel and Strontium-Zirconium; 

 
3. Development of Standard Operating Procedures (SOP) for the 

measurement of Cobalt-Nickel and Strontium-Zirconium 
radiochronometers; 

 



4. Participation in two round-robin tests for radiochronometer measurement, 
one for Cobalt-Nickel and the second for Cesium-Barium 
radiochronometers. 

 
The scope of the project was modified by TA (see newest version of Project 
Charter) to exclude Strontium-Zirconium and Cesium-barium radiochronometers. 
The scope for the former, which was given to UL, was modify to only include 
proposed methodologies to perform Sr/Zr separation that could ultimately lead to 
the development of an SOP. Participation in a round-robin test for Cesium-
Barium radiochronometer was never performed as it relied on the US partners 
activities, which did not occur during the timeframe of this project. 
 
3.0 UL Requirements 
 
3.1 Tasks, Activities, Deliverables and Milestones 
 
The tasks and activities that were completed by UL and provided to the Technical 
Authority for review and approval include the following: 
 

1. The Contractor must attend the kick-off meeting that will be hosted by the 
Technical Authority (TA) at the Radiation Protection Bureau in Ottawa. 
The meeting will take place by January 2010. UL activities: Prof. D. 
Larivière attended the kick-off meeting at the RPB (via teleconferencing) 
organized by Dr. S. Johnson (TA). During this meeting, objectives for the 
project were described and UL tasks were reviewed. 
 

2. Perform a literature review on Cobalt-Nickel and Strontium-Zirconium 
separation using extraction and ion-exchange chromatography. 
Deliverable: The Contractor must provide to the Technical Authority the 
list of references that will be used for subsequent method development. 
UL activities: Prof. D. Larivière submitted a report (LRUL-2009-2, see 
annex A) to TA in January 2010 regarding the diverse separation avenues 
possible for Co/Ni and Sr/Zr radiochronometry.  
 

3. Characterize the impurities in the Cobalt metal starting material before and 
after irradiation at the Royal Military College. The Royal Military College is 
a partner in this CRTI project, and will provide the sample to Laval 
University for analysis. Deliverable: Upon completion of the 
characterization work, the Contractor must provide to the Technical 
Authority a spreadsheet with the results, including the error estimates, of 
all measured impurities. UL activities: After discussion with K. Nielsen 
(RMC), the cobalt starting material purchased came with a certificate of 
analysis, which contained all the critical information required for the 
successful completion of the project. It was decided by the TA that further 
characterisation was not necessary and that effort should focus of the 



separation and characterisation of other standards and reagents used for 
this project.  

 
4. Characterize mono-elemental standards of Cobalt, Nickel, Strontium and 

Zirconium. Deliverable: The Contractor must provide the Technical 
Authority with the results of the measurements, including the error 
estimate. UL activities: Characterisation of the Nickel content was 
performed in the cobalt mono-elemental standard. For a 10 000 mg L-1 Co 
standard, it was found that it contained 108 μg L-1 for Ni. Co, Sr and Zr 
content in Ni, Zr, and Sr standards, respectively, was found to be below 
detection limits. These results were provided to TA via email. 

 
5. Measure the isotopic content of 3 inactive solutions prepared by the 

National Research Council (NRC) to verify their sample preparation 
procedure. The NRC is a partner in this CRTI project, and will provide the 
samples to Laval University. Deliverable: The Contractor must provide the 
Technical Authority with the results of the measurement, including the 
error estimates. UL Activities: We were involved in 7-exercises designed 
to determine isotopic content of inactive solutions. Results were reported 
(within required deadlines) to NRC. These exercises helped us to improve 
the separation procedure designed at UL for the radiochronometry of Co-
60. 

 
6. Perform an experimental-based calculation of instrument precision and 

accuracy for Cobalt-Nickel and for Strontium-Zirconium. Deliverable: The 
Contractor must provide the Technical Authority with the values for 
precision and accuracy that is feasible for the Cobalt-Nickel and 
Strontium-Zirconium radiochronometer. UL activities: This was performed 
and results for Co-Ni can be found in L. Charbonneau M. Sc. Thesis (see 
annex B). For Sr-Zr, since UL mandate was modify (see section 2), only 
the separation scheme was evaluated (see annex C). 

 
7. Develop manual separation method for cobalt-nickel radiochronometer 

using stable isotopes. Deliverable: The Contractor must provide the 
Technical Authority with a report on how the method was developed. The 
report must include the experimental set-up used along with the 
measurements obtained using the stable isotopes. UL activities: develop 
an initial protocol which was then distributed to all partners for 
comments/modification. The protocol was subsequently transformed into a 
Standard operating procedure (SOP) which was distributed to all partners 
including the additional partners in the final round-robin (ANL and AECL). 
The SOP procedure for Ni-Co can be found in annex D.   

 
8. Verify cobalt-nickel method using low-activity standards. Deliverable: The 

Contractor must provide to the Technical Authority a summary table that 
outlines the known values of the sources used compared to the values 



measured by the laboratory at Laval University. This summary table must 
also include the uncertainty measurement for the ratio of cobalt to nickel. 
UL Activities: This was performed on the solution provided by NRC (see 
next point). Results were submitted to NRC. 

 
9. Perform testing of one radiochronometer solution developed by the NRC. 

The solution will be provided by the NRC. Deliverable: The Contractor 
must provide to the Technical Authority the value of the two elements in 
the radiochronometer, their ratio and the age of the radiochronometer 
including the uncertainty value. UL activities: We performed two round-
robin exercise that included radiochronometry solution prepared by NRC. 
Results were submitted to NRC. 

 
10. Develop semi-automated method for cobalt-nickel radiochronometer. 

Deliverable: The Contractor must provide to the Technical Authority a 
report on the methodology, including the experimental set-up and results 
of the test samples used. UL activities: An automated Gas Pressurized 
Extraction Chromatograph (GPEC) micro-column system was provided to 
UL by Idaho National Laboratory (INL, Kevin Carney, September 2012) 
which was modified to suit the separation need for Co/Ni separation. This 
approach was supposed to be tested by Argonne National Laboratory 
(ANL) during the second round-robin exercise. K. Carney should also 
provide training on the GPEC system (in UL installation in 2013). 
Invitations have been sent to all partners on this project to attend.     

 
11. Develop the SOP for the Cobalt-Nickel radiochronometer. Deliverable: 

The Contractor must provide to the Technical Authority the SOP for the 
separation and measurement of Cobalt-Nickel radiochronometers. The 
SOP must contain the equipment and reagents needed to perform the 
experiment, and the description of the separation methodology and 
measurement of the two elements. UL activities: This aspect of the 
project was completed. See annex D. In addition, detailed working 
instructions based on Health Canada template were produced (annex E). 

 
12. Participate in the round-robin testing of the Cesium-Barium 

radiochronometer. The Contractor will be provided with one sample and 
the SOP for the measurement by the Technical Authority.  Deliverable: 
The Contractor must provide the Technical Authority with the value of the 
cesium and barium measured, their ratio and the age of the material along 
with the uncertainty estimate. UL activities: Samples were never provided 
to UL as they were supposed to originate from a US round-robin program 
that did not occur. However, SOP from ANL regarding GPEC were sent to 
UL for analysis and distributed to Canadian partners (annex F). 

 
13. Participate in the round-robin testing of the Cobalt-Nickel 

radiochronometer. The Contractor will be provided with one sample and 



the SOP for the measurement by the NRC. Deliverable: The Contractor 
must provide the Technical Authority with the value of the cobalt and 
nickel measured, their ratio and the age of the material along with the 
uncertainty estimate. UL activities: UL participated in two round-robin 
exercises regarding Co-Ni radiochronometry. Results were provided to 
NRC within the expected deadlines. We also assisted to teleconferences 
regarding the preparation, execution, and evaluation of these round-robin 
exercises. 

 
14. Develop a manual separation method for Strontium-Zirconium using stable 

isotopes. Deliverable: The Contractor must provide the Technical 
Authority with a report on how the method was developed. The report 
must include the experimental set-up used along with the measurements 
obtained using the stable isotopes. UL activities: A separation procedure 
was developed for the separation of strontium and zirconium in solution for 
radiochronometry purposes. The findings of these researches are 
presented as an SOP in annex C. 

 
15. Perform method verification of Strontium-Zirconium method using low 

activity samples. Deliverable: The Contractor must provide to the 
Technical Authority a summary table that outlines the known values of the 
sources used compared to the values measured by the laboratory at Laval 
University. This summary table must also include the uncertainty 
measurement for the ratio of Strontium to Zirconium. UL activities: This 
aspect of our duties was removed from subsequent charters by TA and 
was not performed.  

 
 Develop the SOP for the Strontium-Zirconium radiochronometer. 
Deliverable: The contractor must provide to the Technical Authority the 
SOP for the separation and measurement of Strontium-Zirconium 
radiochronometers. The SOP must contain the equipment and reagents 
needed to perform the experiment, and the description of the separation 
methodology and measurement of the two elements. UL activities: A SOP 
regarding the separation aspect of this project was prepared (annex C). 
Since it has not been tested on low activity samples, it will need to be 
updated based on further experimentations and round-robin. These 
aspects have not been planned in this project.

4.  Budgetary aspects 
 
UL was awarded $315,000CDN for its involvement in this project. From this 
amount, $65,000 CDN was dedicated to indirect research fees set by the 
university and $250,000 was dedicated to salaries, supplies and instrumentation 
fees required to meet the deliverables for this project. UL contributed to over 
$123,000CDN in this project as in-kind. Detailed financial budget can be provided 
to TA, if requested. 



 
5. Conclusions 
 
All the activities set by the TA for UL involvement in this project have been 
successfully met, with the exception of those related to Cs-Ba and Sr-Zr.  In the 
first case, although technical specifications and knowledge was transferred to 
UL, a Cs-Ba round-robin, as specified in the work statement never occurred. In 
the case of Sr-Zr, the mandate given to UL was restricted by the TA to only focus 
on the separation aspect of this radiochronometer, in order to focus more 
specifically on the Co-Ni radiochronometer. Albeit the change in mandate, UL 
produced a SOP regarding the separation of stable Sr and Zr. This should serve 
as a template for further investigation regarding Sr-Zr radiochronometer by the 
TA. The SOP developed by UL as part of this project was successfully 
transferred to TA and other partners (including AECL and ANL). This was 
demonstrated by the exceptional results generated during the two NRC-lead 
round-robins. 
  


