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A B S T R A C T   

Rare earth elements (REE) concentrations and pattern remains largely unchanged during the process of milling 
and can thus provide strong evidence of the origin of the material. The aim of this study was to determine the 
rare earth elements in uranium ore deposits as a nuclear forensics tool. Uranium ore from three mines were 
collected and analyzed using an inductively coupled plasma mass spectrometry (ICP-MS) to determine the 
concentrations of rare earth elements. A non-parametric Kruskal-Wallis test and a pair wise comparison test was 
used to test for significant difference in the concentration of REEs between the mines followed by principal 
component analysis (PCA). The REE concentration were normalized with C1-Chondrite values to determine the 
REE pattern. The total concentration of the REE ranged from 131.38 to 161.77 ppb, 266.27 to 840.37 ppb, 
177.86 to231.51 for Mine 1, 2 and 3, respectively. The mean 

∑
REE obtained was in the order M2>M3>M1. The 

pairwise comparison test of the pair M1 and M2 was found to be less than 0.05, indicating a significant difference 
in the samples. The REE pattern is mostly similar for all the ore samples with pronounce Eu anomaly, enriched 
LREE and depleted flat HREE. The PCA results indicates that the ore samples can be distinguished from each 
other.   

1. Introduction 

In the early 1990 incidents of illegal possession, transfer and unau
thorized acts involving nuclear material were reported mainly from 
Europe due to the breakup of the Soviet Union (IAEA, 2015). From these 
incidents the need in international communities arose to scientifically 
characterize the nuclear and other radioactive materials found outside 
of regulatory control, to determine its processing history, origin and 
potential illicit trafficking route (Keegan et al., 2016) giving rise to the 
discipline nuclear forensics. 

Nuclear forensics is a science that contributes to criminal in
vestigations of interdicted nuclear materials such as uranium, plutonium 
and other radioactive material to determine the origin or intended use of 
the material (IAEA, 2002). This is provided by identifying any charac
teristics or group of features that may be significantly used to assist in 
distinguishing materials from one another or to determine the origin of 
material processes known as nuclear forensics (Hutcheon et al., 2015). 

Uranium ore is the main raw material in the front end of the nuclear 
fuel cycle in the production of nuclear energy. It is formed in a wide 
range of geological settings, including deep magmatic to surficial con
ditions, and range in age from archaeon to recent with uraninite being 
the most and abundant component of uranium ores (Mercadier et al., 
2011). Nuclear forensics scientists have characterized uranium ore and 
nuclear materials in terms of isotopic composition, chemical impurities, 
the age, the morphology, trace element and rare earth elements as nu
clear forensics signature (Mayer et al., 2011). Each nuclear sample 
carries signature of the materials from which it was made or the process 
to which it was subjected. Such signatures may be related to chemical 
processes, such as extraction, ion exchange, precipitation, or may be due 
to physical processes. 

Rare earth elements (REE) are a group of 17 elements that frequently 
present together in varieties of igneous rocks at different concentrations 
(Rosa and Sarkis, 2011) and are efficient in providing evidence of the 
origin and genetic type of the uranium ore. This is largely owed to its 
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distinct pattern different for the kind of deposit and remains largely 
unchanged under various processing conditions (Mercadier et al., 2011; 
Keegan et al., 2014; Balboni et al., 2017). These REE are the 15 lan
thanides La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Lu with 
atomic numbers ranging from 57 (lanthanum) to 71 (lutetium) and 
scandium and yttrium. Amongst the 15 lanthanides, 14 elements occur 
in nature except for promethium with atomic number 61 (Kanyan, 
2015). REE can be divided into two categories, Light REE (LREE) 
(La-Gd) and Heavy REE (HREE) (Tb-Lu). LREE can be fractionated from 
HREE throughout the formation of minerals like apatite, garnet, 
monazite, sphene and zircon (Reading, 2016). 

Nuclear forensics scientists have employed REE as a possible nuclear 
forensics signature (Balboni et al., 2017; Bradley et al., 2020; Frimmel 
et al., 2014; Khumalo and Mathuthu, 2018; Spano et al., 2017). Khumalo 
and Mathuthu (2018) investigated REE in uranium ore samples from 
South Africa using inductively coupled plasma mass spectrometry. The 
REE fingerprint that the authors obtained suggested that the uranium 
was embedded in uraninite, phosphorite deposit in apatite and fluo
rapatite minerals and they obtained a light REE uniformity and heavy 
REE fractionation with strong positive Tb anomaly in their study. The 
concentrations of REE in uranium ore can be used to distinguish between 
different ore deposit and thus form part of the nuclear forensic signature 
of the different uranium ore deposits (Frimmel et al., 2014; Spano et al., 
2017). The fractionation and relative enrichment or depletion of Ce or 
Eu together with the relative elemental REE concentration existing in a 
sample could act as a forensic tool in the identification of a possible 
geological setting of origin. For instance, if the REE signature showed no 
fractionation or anomaly, the sample would likely come from a deposit 
derived from synmetamorphic deposits or sandstone (Donard et al., 
2015). 

Namibia is a major exporter of uranium ore concentrate and pro
duced a total of 40849 t of uranium during the period 2018 and 2019 
(WNA, 2019). There is thus a need to develop nuclear forensic signatures 
in case of interdictions of nuclear material and thus REEs can be used as 
signatures. The data obtained from these REE can be used as nuclear 
fingerprint for source attribution and contribute to the National Nuclear 
Forensics Library (LaMount et al., 2011; IAEA, 2018a). 

2. Materials and method 

2.1. Study area 

The Erongo region located in the central western part of Namibia is 
rich in uranium mineralization’s and the hub of Namibia’s uranium 
mining. There are currently two uranium mines in operation, two under 

care and maintenance and five active exploration companies (NUA, 
2019). 

The uranium mineralization is concentrated in the Central Zone of 
the Pan-African Damara Orogen (Fig. 1). The Central Zone of the Pan- 
African Damara Orogen is an intracontinental zone with a stretch of 
400 km between the Congo and Kalahari cratons (Basson and Greenway, 
2004). The Damara Belt hosts hard rock uranium deposits of the Mes
oproterozoic Damara Supergroup (Miller, 2008). 

The region (Fig. 2A) consists of primary intrusive uranium deposit 
that is associated with bodies of alaskite, granite, pegmatite and mon
zanite and surficial paleogene to recent near-surface sediments or soils 
containing uranium from intense weathering and erosion of granites 
known as calcrete secondary deposit that formed in paleo-valleys of 
ancient rivers (IAEA, 2009; MME, 2010; IAEA, 2018b; IAEA, 2020). The 
dominant uranium mineral in the alaskite is uraninite, whilst the 
dominant mineralization in the calcrete is carnonite (MME, 2010). Fig. 2 
B shows the location of known uranium deposits in Namibia. Mines are 
referred to as M1, M2 & M3 due to confidentiality agreements. 

2.2. Sample collection and preparation 

A total of 25 crushed uranium ore samples were collected from the 
mines fine ore stock pile at the same time. This constituted of 8 samples 
from mine 1, 9 samples from mine 2 and 8 samples from mine 3. The 
samples were packaged in 0.50 kg polyethylene bags (Fig. 3) and 
transported to the Center of Applied Radiation Sciences (CARST), North- 
West University analytical laboratory for analysis. 

About 0.5 g of each sample was digested in an acid mixture con
sisting of 9 mL of 37% of hydrochloric acid and 3 mL of 55% of nitric 
acid in standard 75 mL high pressure digestion vessels. The mixture was 
digested according to the manufacturers instruction at temperature 
160 ◦C and total digestion time of 30 min (PerkinElmer, 2017). A control 
reagent blank (without sample) of the same mixture of nitric and hy
drochloric acids have been digested at the same time. After digestion, 
each aliquot was transferred to a 50 mL sample bottle and diluted with 
deionized water. The solution was allowed to stand for 24 h before 
analysis. 3 mL of the prepared 50 mL solution was transferred to 10 mL 
ICP-MS analysis sample holder container. 

2.3. Sample analysis 

Samples analyses was performed with PerkinElmer ICP-MS NexION 
2000C. The ICP-MS was preferred analytical technique due to its multi- 
element analysis capabilities and high sensitivity with detection limit of 
ppt-ppq (Bazilio and Weinrich, 2012). The NexION 2000 ICP-MS has 

Fig. 1. Location of the Damara Orogenic belt between the Congo and Kalahari cratons (Toé et al., 2013).  
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Quadrupole ion deflector and dual mode detector (Fig. 4). The instru
ment was optimized using the automated SmartTune™ procedure prior 
to measurements. A 10 mg/L PerkinElmer multi element calibration 
standard was used as a reference material. 

The samples were loaded on the auto sampler in the following 
sequence: a blank sample, standard and then the samples. The sequence 
of measurements is depicted in Fig. 5. The blanks and standard were for 
quality control checks and were run at every ten sample set of mea
surement (Keegan et al., 2008). Auto sampler sampling capillaries were 
rinsed with deionized water prior to analyses of each sample. The liquid 
sample is pumped into the nebulizer via sampling capillaries and con
verted into gaseous form. The gaseous droplets moved into the plasma 
torch and turned into ions. The ions were separated based on their 
mass-to-charge ratio by the mass separation component. The ions were 
then converted into an electrical signal by the ion detector, which was 

then quantified into elemental concentration using the Syngistix™ Nano 
application software. Elemental concentration was acquired with the 
total quant method. Molecular and Isobaric interference due to oxides 
and hydroxides were addresses as described in the article by Khumalo 
and Mathuthu (2018). 

2.4. Data analysis 

Statistical analyses were performed using Statistical Package for the 
Social Sciences (SPSS) v25 (IBM).Principal Component Analysis (PCA) 
was employed to identify trends and grouping (Keegan et al., 2008; 
Švedkauskaitė-LeGore et al., 2008; Reading et al., 2016) in R statistical 
software (Rstudio team, 2020). The data set consisted of 14 variables 
(REE) and 3 independent groups (the mines), non-parametric Kruskal-
wallis test that allowed for comparison of more than two independent 
groups was used to test for significance difference (p < 0.05) in the 
concentration of REE between different mines. For REE determined to 
significantly differ a post–hoc pair wise comparison test was undertaken 
to determine which mines had significantly different REE concentra
tions. The scale of the pair wise test is 0–1, a p < 0.05 suggests significant 
difference and p > 0.05 suggests no significant differences. The abun
dance of the REE was normalized with the known C1-Chondrite values 
(Anders and Grevesse, 1989) and illustrated as graphs plotted in loga
rithmic scale. If the REE pattern is above the general trend then the 
anomaly is defined as positive and the anomaly is said to be negative if it 
is below the trend (Kanyan, 2015). The LaN/YbN was used to quantify 
LREE enrichment and HREE depletion and the ratio LaN/SmN and 
GdN/YbN was used to provide the degree of LREE and HREE fraction
ation respectively (Wang and Liang, 2015). 

3. Results and discussions 

The following are the results obtained after analyzing the uranium 
ore samples using an inductively coupled plasma mass spectrometry 
(ICP-MS). 

3.1. Abundance of REE 

The mean sum concentration of REE in the uranium ore deposit 
range as follow: 131.38–161.77 ppb, 266.27–840.370 ppb, 
177.86–231.51 ppb for M1, M2 and M3 respectively. The mean of the 
concentration is of the order M2 >M3> M1, with M2 having the most 

Fig. 2. Map A, showing Erongo region in red (MURD, 2020), Map B, Namibia’s known uranium deposits (MME, 2010). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Examples of packaged sample.  

D. Madzunya et al.                                                                                                                                                                                                                             



Journal of Environmental Radioactivity 237 (2021) 106668

4

abundance of REE. 
The uranium ore samples are dominant with LREE which accounts 

for more than 80% of the 
∑

REE in all the mines. M1 has the most 
abundance of LREE with 90% of the 

∑
REE. LREE dominant element is 

Ce with more than 40% of the 
∑

LREE and Dy is the dominant HREE 
with over 40% concentration of the 

∑
HREE in all mines. 

The result of the concentrations of REE in uranium ore from the study 
can be used to distinguish between the different ore samples and thus 
form part of the nuclear forensic signature of the Namibia uranium ore 
deposits. 

Fig. 4. The basic components of an ICP-MS system (Thomas, 2008).  

Fig. 5. ICP-MS sequence of measurements.  

Fig. 6. C1-chondrite normalized REE patterns for uranium ore from Mines 1, 2 and 3.  
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3.2. Patterns of REE relative to C1-Chondrite 

Fig. 6 below shows the REE C1-chondrite normalized patterns. The 
REE patterns were broadly similar for all the samples with a negative 
slope of LREE and relative flat HREE. This provides an indication of the 
consistency of geochemical distribution of REEs in the samples. 

The negative slope of LREE is a characteristic of LREE enrichment 
and HREE depletion which is quantified with the ratio of LaN/YbN. When 
the ratio is greater than or equal to 1 then the samples are enrichment 
with LREE and depleted with HREE. The ratio LaN/YbN was 8.55 M1, 
4.62M2 and 2.67M3, meaning all ore samples are enriched with LREE and 
depleted with HREE with M1 ore the most enrich with LREE. The degree 
LREE fractionation of LaN/SmN of 3.36M1, 3.33M2 and 2.62M3 are slightly 
higher than that of the HREE fractionation, GdN/YbN of 1.98M1, 1.1M2 
and 0.90M3. The LREEs have slightly larger ionic radii relative to the 
HREEs, and this may explain the higher enrichment for LREEs (Balboni 
et al., 2017). 

The REE pattern is further characterized with a distinct negative Eu 
anomaly that implies a lower abundance of Eu compared to its neigh
boring REE. Similar REE pattern were observed for uranium ore from 
Luthi mine in Finland and Moore Lake mine in Australia with similar 
deposit from magmatic/intrusive environment (Mercadier et al., 2011; 
Spano et al., 2017), and CN patterns of rocks from the Damara Orogen of 
Namibia displayed an equally relative flat plot with strong negative Eu 
anomaly (Falster et al., 2018). A negative Eu anomaly is consistent with 
mineralization fluids associated with granitic hydrothermal melting or 
weathered granitic deposits (Varga et al., 2010) and in primarily sand
stone hosted rollfront/calcrete uranium deposits found in Botswana 
(Ntsohi et al., 2020). The characteristic observed is similar to those of 
younger granites that are characterized by LREE-enrichment with 
Lan/Ybn ranging between 5.28 and 13.46 with moderately fractionated 
LREE, flat heavy REE patterns and moderately to strongly negative Eu 
anomalies (Bahariya, 2018). Conversely, ore from different deposits 
such as breccia deposit of Olympic dam Mine (Australia) REE pattern 
displayed a positive Eu anomaly (Keegan et al., 2008) and the intrusive 
non-granitic related deposits were characterized by both positive Ce and 
negative Eu anomalies (Corcoran et al., 2019). 

As the C1- Chondrite pattern remained similar for the samples, 
comparison of the plot of 

∑
REE vs (

∑
LREE/

∑
HREE)CN plot (Fig. 7) 

was done. The plot showed that the uranium ore samples are in distinct 
clusters for each mine and not overlapping each other. The distinct 
cluster provides evidence of the different ore samples. 

3.3. Determination of statistical differences 

The nonparametric Kruskal-wallis test resulted in p < 0.05 for all 
samples providing a very strong evidence to suggest difference between 
at least one pair of the mines. The significant difference was done with 
the pair wise comparison test. 

For all the elements in the pair M1-M2, the p value is less than 0.05 
suggesting a very strong evidence of the differences between the samples 
from M1 and M2. This suggested that M1 and M2 are from different 
geological deposit. There was no evidence of difference between the pair 
M1 – M3 as the p value was greater than 0.05 for all elements. The pair 
M3-M2 results are inconclusive as the LREE p value is less than 0.05 but 
the HREE the p value is greater than 0.05. The PCA plot of the REE 
concentration is shown in Fig. 8. The samples are evidently clustered 
according to mine and showed the REE concentration difference be
tween the mines. 

4. Conclusion 

Rare earth elements of uranium ore deposit were determined using 
ICP-MS. The uranium ore samples from the 3 mines showed similar REE 
patterns with pronounced negative Eu anomaly and flat HREE. The pair 
wise comparison test strongly suggests a significant difference in the 

samples from M1 and M2 as the p value was less than 0.05 an indication 
that the samples deposits are different. The pair M1 and M3 p value was 
above 0.05 and suggest that there is no significant between the samples 
an indication that the samples deposit is similar. 

The study has demonstrated that uranium ore deposits from the 3 
mines in Namibia could be distinguished using their REE concentration 
and pattern. 

The study suggests that the negative Eu anomaly, enriched LREE, 
depleted HREE and higher fractionation of LREE compared to HREE 
observed is a nuclear forensic signature for the Namibia uranium ore 
deposits. 

It is recommended that comprehensive sampling be undertaken to 
give the full view of the REE nuclear forensics signatures at the different 
stage of the nuclear fuel cycle (cradle to grave and mining to waste 
characterization). 
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