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Abstract

The aim of this study was to determine nuclear forensic signatures from lead ratios and resolve
rare earth elements (REE) signatures in uranium samples and water using inductively coupled
plasma mass spectroscopy (ICP-MS) and laser induced breakdown spectroscopy (LIBS), as well
as comparing resolved REEs and lead isotopic ratios from South Africa with the Namibian results.

A set of water samples were collected from underground in the Namibian area and another set of
uranium ore samples were collected in the mine tailings from both South Africa and Namibia. The
uranium ore samples were digested in a microwave and diluted with distilled water. Both the water
and uranium ore samples were analyzed using the ICP-MS and LIBS. For ICP-MS, the instrument
was set to isotopic ratio method, operated in the collision mode for mass energy discrimination
and filtration against interferences and it was also set to total quantitative method to analyze REEs.
For LIBS, no sample preparation was required so the sample was directly ablated by the laser to
analyze REEs. Principal component analysis (PCA) was performed using the results obtained from

both techniques in order to identify patterns in the samples.

Enriched light rare earth elements and depleted heavy rare earth elements were exhibited in both
samples analyzed using the LIBS and ICP-MS. 2%°Pb/2%*Ph isotope ratio was greater than 20 thus,
indicating a uranium rich ore. However, lead ratios from South Africa exhibited a uranium rich
ore compared to lead ratios of Namibia. The PCA displayed identical patterns for samples analyzed

by ICP-MS whereas distinct patterns were observed in the samples analyzed by LIBS.

These characteristics can be used as a fingerprint and this study will promote and improve nuclear
safety in the fight against theft of nuclear material, thereby promoting the non-violent use of
nuclear material. That is why nuclear forensic signatures of uranium or nuclear materials need to

be established and stored in a nuclear forensic library database.



Table of Contents

Chapter 1: Introduction and Problem Statement............ccocveiririnineneceeee e 1
1.1 BACKGIOUNG......eiitietitertet ettt sttt ettt b bbb b et et e e seeseeseebenbeebentens 1
1.1.1 Historical BaCKOrOUNG ..........cc.oiiiiiiiiieic sttt sttt ne et sre et re e sreens 1
1.1.2 NUCIEAI FOMBNSICS. ... ettt b b e bttt b nnen e 3
1.1.3 National nuclear forensics librariesS (NNFL).........cooiiiiiiiiieece e 4
1.1.4 Cases of Illicit trafficking of nuclear Materials............ccoooeiiiiiiiie e 5
1.1.5 Nuclear fOrenSiCs SIGNALUIES ........ccveiuiiieiieitiiieiesee e se et se et este e e sr e ra e besreere e resreebesreannesreares 5
1.2 ProbIem StAIEMENT........c.coiiiiiiieie ettt 6
1.3 AIM QNG ODJECTIVES ...ttt ettt st s e b e s beeatesteeraentesteesaensesssensesseeneas 7
G 0 N 14 SO URO USSP 7
IR T @ o1 =T 1 LSS 8
1.4 Study area and JUSTIFICATION..........ccviieeiice ettt sttt s be e e be e e tesraennas 8
Chapter 2: LItErature STUAY ........cccoirieieieieieesesestete ettt sttt ettt st e et se b e nes 10
2.1 NUCIEAT TUBI CYCIE ..ttt sb e be st 10
P20 05 1Y/ T 0T SO 11
2,12 IVIHTING. vt s e e 12
2.1.3 CONVEISION ...ttt bbb bbbt b bbb bbb bbbt 12

2. 0.4, ENFICAIMENT.......itiiiii ettt b bbbt b bbb na e n e 12
2.1.5 FADFICALION ...ttt 12
2.1.6 Generation Of EIECIIICITY ........viiieitiieeee s 13

A A 1= L O 0 T=] Y 0] o L= TSROSO 13

2. 1.8 REPIOCESSING ... .veuveteseeiieieete sttt sttt b bbb bbbt bbbt e et e e e bbbt nn e n e 13
2.2 Investigations of nuclear fOrensiC SIGNALUIES ........c.ecveviiiieeciece ettt ae et 13
2.2.1 Lead ISOOPE FALIOS ...c.vecveiviiireieite et ste et st ettt e s te e s beese e besbe et e s be e b e sbeebaebesaeesbesteaneesreates 14
2.2.2 IMPUTILIES OF TrACE ElEMENTS ... .euiiti ittt 15
2.2.3 AQE OF PrOAUCTION TALB.......iiuiiiiiticie ettt e st e e be e be s be e e ste e e e sreares 18
2.3 NUCclear fOrenSiC tECNNIGUES ......cviitieeeieceeese ettt et et e st e st e esaeaesseeseesreennas 18
2.3.1 Background Of tEChNIQUES USEO ........ccveiiiiiiiiiiesesie et 19
2.3.2 Inductively coupled plasma mass spectrometry (ICP-MS).........ccoceriiiiiiii i 25
(O gF:To] (=] ghC T 1Y/ 1< 1 a0 (0] (a0 V20T 28
S L INEFOTUCTION ...ttt ettt e bbbt st b e e e e et e e et e st sbesbeeneneens 28



IS T: L] o] (eI olo] | [-Tot T o TSRO 29

3.2.1.Uranium 0re COHMBCTION. .......ccuiiiiiiieeeeeee e 29
3.2.2 WALET CONBCLION ...ttt 29

3.3 ICP-MS MELNOAOIOOY ....eveeetiiieeetieee ettt sttt e et e b esbeeaaebesreensesreennes 29
3.3.1 Uranium ore digestion by Perkin EImer Titan MPS ... 29
BT S - 1101 o] (3 U o SRS 30
3.3.3 Determination of rare earth elemMENtS...........coi i s 31
3.3.4 Determination of 1ead iSOtOPIC FALIOS ......ccecveieiieiiie et 31

3.4 Laser induced breakdown spectroscopy (LIBS) methodology .........cccoeveeeeveieeceseeeereceeee e 31
3.4.1 SAMPIE PIrEPATALION .....vvvitiiteieete ettt bbbt bbbt b e enes 31

KR B L0 o] (I U o SRS 31
3.4.3 Wavelength calibration of the SPECITOMELEr .........ccoeiiiiieiii s 32

3.5 DALA ANATYSIS ...ttt h bbbttt h bt b ettt a e ae b renre e 34
Chapter 4: ReSUILS and iSCUSSION.......cueiiieiriirieriesteietet ettt sttt sttt e e ese b e nen 35
4.1 DAtA ANAIYSIS ..cuvevieieiteeiecte ettt ettt e st et st et e b e e b et e e be et e teere e beeteeaa e beeaeentenreennas 35
4.1.1 Signatures of REE relative to CI-ChONAIITE ..........ccooieiiiiiiiiiie s 39

4.2 Determination of nuclear forensic signature lead iSOtOPIC ratioS........c.cecvrerererenerierierieereseseneens 46
4.3 Comparison of ICP-MS and LIBS..........cocooiiiiiieeeeseeee et 72
4.3.1 Dendrogram CIUSEEr @NAIYSIS........cc.oiiiiiiiiiie i 72
4.3.2 Principal component analySiS (PCA) .....oiviieiiiice ettt st st ns 74
Chapter 5: Conclusion and reCOmMMENAAtION.........c.ccieieririerieiieere et ee et ae e eneens 77
RETEIEICES ...ttt bbbt b et bbbt e sttt b ettt n e 80



List of figures

Figure 1: NUCIear TUBI CYCIE. .......ooeeeiee e 11
Figure 2: BasiC 1aSer dIagrram ..........cuoiiiiiiieie sttt e et esneenee s 19
Figure 3: An ICP-MS instrument SChemMatiCS .........cccoooviiieiiiie e 26
Figure 4: Sampling points for uranium (yellow) samples from a uranium mine in South
N o= PSSP 29
Figure 5: NexXION 2000C, ICP INSTFUMENT. .....ooviiieiiiie e 30
Figure 6a: LIBS experimental SEL-UP ........cccoeiiiiiiiiiiiicieiee s 32
Figure 6b: True wavelength versus pixel number plot obtained from the high pressure
MEFCUNY TAIMP. 1ottt ettt sb b ene s 33
Figure 7: Cl-chondrite normalized REE pattern of tailing one from a South African
UFNTUM ITHINE. 1ttt ettt sttt s et e bbb et et s bt e beese e st e sbenbenbenbesbesreareas 40
Figure 8: Cl-chondrite normalized REE pattern of tailing two from a South African
UFNTUM ITHINE. 1ottt et bbbt s et e e et et et e e bt e beese e st e e e b e nbesbesbenreareas 40
Figure 9: Cl-chondrite normalized REE pattern of mine tailing from a Namibian uranium
0TSSP PR 44
Figure 10: Cl-chondrite normalized REE pattern of underground water from a Namibian
O T= o TT0 T 0 011 =SSOSR SPPR 45
Figure 11: 297Pb/?%Ph vs 204Pb/26Ph ratios of Mine T1. ......cccccceeviieieieeecccesee e 47
Figure 12: 298pb/204Ph vs 206Ph/204Ph ratios of Mine T1. ......ccceeviiiieicieiccceceeee e 48
Figure 13: 297Pb/206Ph vs 204Ph/26Ph ratios of MINe T2. ......ccceceivvieieieeieeceeee e 49
Figure 14: 298pb/204Ph vs 206Ph/204Ph ratios of MINe T2. ......cccceeeviieieiieeececeeee e 50
Figure 15: 207Pb/2%Pb vs 204Pb/2%Pb ratios of NAM-T.......cccccoveiiiesieieisse e, 50
Figure 16: 208Pb/2%Pb vs 206Pb/2%Pb ratios of NAM-T.......cccccoveiiriiiieieese e, 51
Figure 17: 27Pb/?%Pb vs 204Pb/2%Pb ratios of UDW..........cccccvvveeeieiiieisicisicisessee e, 52
Figure 18: 208Pb/2%Ph vs 206Pb/2%Phb ratios of UDW..........cccceveveveieiiieisicieicse s, 53
Figure 19: The 2%Pb/2%4Pb isotope ratios for uranium mines along with the standard error
around the mean n=3 for all measured sSaMPIES. ..........cccccevveiiiieiicie i 54
Figure 20: The 2°7Pb/?%“Pb isotope ratios for uranium mines along with the standard error
around the mean n=3 for all measured sSaMPIEs. ..........ccccecveiiirieii e 55
Figure 21: The 2%®Pb/?%4Pb isotope ratios for uranium mines along with the standard error
around the mean n=3 for all measured SAMPIES. ... 56
Figure 22: Radiogenic isotopic ratio of 2°*Pb/2%Pb for all measured samples. ..................... 56
Figure 23: Radiogenic isotopic ratio of 2°’Pb/2%Pb for all measured samples. ..................... 57
Figure 24: Radiogenic isotopic ratio of 2°Pb/2%Pb for all measured samples. ..................... 58
Figure 25: REE Spectrum Of TLEL. .....cooi ittt 59
Figure 26: REE SPectrum Of TLET7. .....ccov ottt 60
Figure 27: Overlay spectra 0f MINE TL. ....ccooiiiiiiiie e 61
Figure 28: REE SPectrum Of T2EL. ......coooiiiie ettt 63
Figure 29: REE SPeCtrum OF T2ED. ......cciiiiiieie et 63

\



Figure 30: OVerlay SPECTra Of T2. ..o 65
Figure 31: REE spectrum of NAM-T-1. ..o 66
Figure 32: REE spectrum 0f NAM-T=2. ...ttt 67
Figure 33: An overlay SpPectra 0f NAM-T ... 68
Figure 34: REE Spectrum Of UDW-1. ... 69
Figure 35: REE Spectrum Of UDW-4. .........ooiiiiieeeeee e 70
Figure 36: Overlay Spectra Of UDWi.........ccooiiiiiiiiiiiieeeeee e 71
Figure 37: Dendrogram showing clusters of T1, NAM-T and UDW. First cluster (mine T1),
second clusters (NAM-T) and third cluster (UDW). ........cccooeiiiiiieieiieceee e 73
Figure 38: Principal component analysis for sample mine T1, NAM-T and UDW obtained
TPOM LIBS. ..ot b e bbbt e et bbb b 75
Figure 39: PCA analysis of samples obtained from ICP-MS............cccooiiiiiiiine 76

Vi



List of tables

Table 1: REE concentration for tailing 1 (mineT21) in PPM....cccveiiiiiieiiiieseee e 37
Table 2: REE concentrations for tailing 2 (mine T2) iN PPM. ...ccovviieieereiieseee e 38
Table 3: REE concentrations for mine tailings (NAM-T) iN PPM.......cccocevvevieeneiieieereeenn 42
Table 4: REE concentrations for underground water (UDW) in ppm. ......cccccoeviiincnennnn. 43

Vil



List of Abbreviations

REE

LREE

HREE

IAEA

ICP-MS

LIBS

PCA

NIST

NPT

PUREX

TIMS

GPS

NNFL

NFL

NFKMS

ISL

MC-ICP-MS

SEM

XRD

Rare earth element

Light rare earth element

Heavy rare earth element

International Atomic Energy Agency
Inductively coupled plasma mass spectroscopy
Laser induced breakdown spectroscopy
Principal component analysis

National Institute of Standard and Technology
Non-proliferation treaty

Plutonium and uranium extraction

Thermal ionization mass spectrometry

Global positioning system

National nuclear forensic library

Nuclear forensic library

Nuclear forensics knowledge management
In-situ leaching

Multi-collector inductively coupled plasma spectroscopy
Scanning electron microscopy

X-ray diffraction



LASER

DDG

PPM

CCD

CSIR

Laser amplification by simulated emission of radiation

Digital delay generator
Parts per minute
Charge coupled device

Council for scientific and industrial research



Chapter 1: Introduction and Problem statement

1.1 Background
At the beginning of the 1990s, a kilogram of highly enriched uranium (HEU) was costly to produce

within the framework of a well-established enrichment program, resulting in theft and sale of
developed nuclear materials. Since then, cases of nuclear materials trafficking have been reported
and these incidents continued to increase gradually, therefore the science of nuclear forensics
began to develop with the aim of determining the origin of any nuclear materials found (Reading,
2016, Mayer et al., 2005). Nuclear forensic is a scientific discipline, which has been evolving for
about few decades. The purpose of nuclear forensics is to assist criminal investigations of nuclear
material or other radioactive material to determine the origin or proposed use of the material

confiscated.

The investigated material is usually nuclear material such as yellowcake (U3QOg), uranium and
plutonium (Glossary, 2002). Nuclear forensics focuses primarily on the analysis of measurable or
characteristic parameters referred to as nuclear forensic signatures or fingerprints. In this study,
these parameters refers to lead isotopic ratios and rare earth elements patterns. These parameters
will be determined by inductively coupled plasma spectrometry (ICP-MS) and laser induced
breakdown spectrometry (LIBS). Many of the techniques used in nuclear forensics are based on
techniques that are frequently used in geology or in other fields such as age dating and rare earth
elements analysis (Cheong et al., 2015, Lobato et al., 2015). The purpose of this research is to
identify nuclear forensic signatures of uranium ore samples from two uranium mines in South
Africa and Namibia and to differentiate REE signatures or fingerprints or patterns using statistical
analysis such as principal component analysis (PCA) and dendrogram clusters. All these concepts

will be discussed further in the next sections of this study.

1.1.1 Historical Background
In, 1938 the theoretical description invented by Lise Meitner and Otto Frisch was that the neutron

irradiation divides the uranium atom into two nuclei of approximately identical size and that
energy is released in the process (Vesterlund, 2019). Fission was invented and soon after that, it
was found that a chain reaction could be caused by the neutrons formed in the fission. Rudolf
Peierls and Otto Frisch wrote a paper in 1940 on the probability of establishing "super bombs”
using uranium enriched in 2°U (Arnold, 2003), and the first nuclear experiment, called the

"Trinity" experiment, was carried out on July 16, 1945. Shortly thereafter, the atomic bombs over

1



Hiroshima and Nagasaki followed. Then, the Soviet Union implemented the nuclear weapons
technology in 1949, after technical information on the structure of the atomic bomb leaked to the

Soviet Union and then the nuclear missiles became a part of the cold war (Vesterlund, 2016).

In 1957, IAEA was established following the “Atoms for Peace” initiative by the 34" president of
the United States (Dwight D. Eisenhower) to promote the peaceful use of nuclear energy and to
obstruct the use of nuclear material for military intentions (Arnold, 2003). The goal was that the
IAEA would function as a nuclear material repository. This safety measure organization was
formed to make sure that nuclear material did not fall into the wrong hands. Nevertheless, the cold
war prohibited the execution of the IAEA as a nuclear material protector. While nuclear technology
was spreading around the planet for peaceful uses, nuclear weapons technology was also
distributed (IAEA, 2015a). Five nations around the world had nuclear weapons technology by
1968 and in addition, performed nuclear weapons experimental tests. It became evident that it was
necessary to stop the spread of this skill and technology so the nuclear Non-Proliferation Treaty
(NPT) came into force in 1970 (Mayer and Glaser, 2015).

Few countries created and tested nuclear weapons after the execution of the NPT. There were
immediately three new nuclear weapons nations after the Soviet Union separation. Furthermore,
these three nations namely, Belarus, Kazakhstan and Ukraine, (Reed and Stillman, 2010), shortly
moved their nuclear weapons inventory to the Russian Federation. However, following the Soviet
Union's separation, seizures of illicit radioactive and nuclear material at borders began to rise
quickly. Between 1993 and 2011, the IAEA reported over 2150 cases involving illicit trafficking
of radioactive material. Over 400 of these cases were involved with depleted uranium, natural
uranium or low-enriched uranium, and about 16 were involved with highly-enriched uranium and

plutonium (Hutcheon et al., 2013).

Countries such as Namibia, South Africa, Egypt and others, export uranium ore for additional
processing into fuel for the nuclear reactor. All these countries comply with the Non-Proliferation
treaty which (Mathuthu and Khumalo, 2017) seeks to safeguard nuclear materials and to deter
nuclear terrorism as a result of the illegal trafficking of materials. South Africa was able to process,
enrich its own uranium and it had a nuclear program (Albright, 1994, Mathuthu and Khumalo,
2017). This program then ended after the end of cold war when it signed an agreement to the
Nuclear Non-Proliferation Treaty (NPT) on July 10, 1991 (Initiative, 2016).



1.1.2 Nuclear forensics

For nearly 60 years, nuclear material has been kept under strict control. The IAEA safeguards
agencies in each country (e.g. NECSA in South Africa), have the primary duty to ensure that
government retains accountability for its nuclear material inventory. Nevertheless, cases have
occurred where nuclear material has been discovered out of regulatory control (Wallenius et al.,
2006, Wallenius et al., 2007). Trafficking was the key element, however there have been cases,
where nuclear material theft was also reported While the organisation of safeguards is intended to
avoid incidents concerning nuclear material, it is also necessary to enforce charges on people who
have unlawfully handled nuclear material (UNSCR, 2004). Legal cases may have two goals,
namely deterrence and retribution. Deterrence is directed at both citizens and the state. The
complicated processing of nuclear material makes the involvement of the state and the state
information of the existence of nuclear material production unavoidable. The seizure of nuclear
material identified outside regulatory control would mean that the state has failed to comply with
international nuclear material law. This strengthens the state's willingness to control nuclear
materials and thus prevent both carelessness and proliferation. In order to help in such legal cases,
it is necessary for forensics to enhance existing evidence focused on the information obtained from

nuclear material.
Investigations of nuclear forensic may be grouped into the following components:

1.1.2.1 Categorization
According to (IAEA, 2006), categorization is used to deal with threat caused by a certain case. The

purpose of this is to define the security threat to first victims and the public and to assess if the
event is part of illegal activity or a danger to national security. The interception of uranium at a
border control is an illustration of categorization. At this point, the categorization carried out may
include gamma spectrometric measurements of the substance identified. Assessing uranium
enrichment will include details on how to continue with confiscation or even whether a crime was

committed.

1.1.2.2 Characterization
Characterization determines certain features of the material. Crucial nuclear forensic features

involve isotope, elementary composition and physical characteristics. Based on the sample size

(Rameback et al., 2012), the isotopic composition analysis may be performed using alpha or



gamma spectrometry or any of the mass spectrometric techniques such as Inductively coupled
plasma mass spectrometry (ICP-MS). The isotopic composition contains information on the
intended use of nuclear material, but it can also indicate whether the material is being recycled
(Zsigrai et al., 2015). Elemental composition, or impurity assessment, is the measurement of
remaining metal impurities and can be used to describe the nuclear material production process or
the geographical origin of the source material (Button et al., 2013, Varga et al., 2010b). This can
be performed by laser induced breakdown spectroscopy (LIBS) and ICP-MS. Physical
characterization is used to describe the grain size or chemical stage of a material and is primarily
conducted using surface characterization methods such as scanning electron microscopy (SEM)
and X-ray diffraction (XRD) but also other fundamental methods such as weight and density
measurements (Sweet et al., 2013). The age of a nuclear material, especially the time that has
passed since the last chemical separation of isotopes, is another helpful characteristic (Gehrke et
al., 2000, Eppich et al., 2013, Varga et al., 2011).

1.1.2.3 Nuclear Forensic Interpretation
In addition to the analysis of nuclear and other radioactive materials, another crucial part of nuclear

forensics is the interpretation of analytical results. Nuclear forensic analysis can be broken down
into two groups; relative and prognostic analysis (Hutcheon et al., 2013). Based on the question, a
measuring technique can be used for relative and prognostic analysis. The relative analysis may
be used to answer the questions "Do these materials have the same origin?" or "Does this material
correlate to any material in the database or to any material we know about?”” On the contrary, the
prognostic analysis can be used to identify the material's origin and proposed use. For instance,
the isotopic composition can be used to compare various samples to see if they are likely to come
from the same place, nevertheless the composition could also be used to describe the material's
proposed use and perhaps the production process (Mayer and Glaser, 2015). Hence, the nuclear
forensic interpretation is used to relate materials and incidents with each other as well as to
determine the purpose of the nuclear safety cases.

1.1.3 National nuclear forensics libraries (NNFL)
The IAEA has suggested that each member States develop a national record of nuclear material
and radioactive sources to certify that nuclear material and radioactive sources are distinguishable

and traceable, or where this is not feasible, certify that there are alternative processes to detect and



trace sources (IAEA, 2015). Nuclear forensics knowledge management systems (NFKMS) is a
term that tackles these problems, ranging from experts to databases providing data of regional
nuclear and other radioactive materials, sometimes referred to as the national nuclear forensics
libraries (NNFL) (IAEA, 2019). The library's purpose is to provide data to determine the origin
and history of radioactive or nuclear material that has been taken from regulatory control, to
promote nuclear safety and non-proliferation. A library may be used to determine the probability
that, for example, a seized nuclear material originates from the country in which it is found or it
belongs to another country (IAEA, 2018). The library may contain information on analysis, which
can be used to compare data from nuclear forensic investigations analysis, as well as the producer’s

information.

1.1.4 Cases of lllicit trafficking of nuclear materials
The first cases of nuclear smuggling took place in Switzerland and Italy in 1991 (Svedkauskaite-
LeGore et al., 2007). Thereafter a rapid increase of nuclear or radioactive materials incidents

around central Europe followed (Wallenius et al., 2006).

This first incident was also preceded by a few other cases. Most materials were seized in central
and eastern European countries and most cases of the seizures were related to the former Soviet
Republics. In 1994, 560 g of weapons-usable Pu (87% 23*Pu) mixed with low enriched uranium
was seized at Munich airport together with 210 g Li-metal (Wallenius et al., 2007) and in 1994-
1995 seizures of highly enriched uranium powders were reported in the Czech Republic (Wallenius
et al., 2006). Afterwards, incidents involving uranium and plutonium bearing material continued,
but on a smaller scale (Krajko, 2016, Straub et al., 2020).

1.1.5 Nuclear forensics signatures

Nuclear forensic signatures are a set of data features of a particular sample of nuclear or other
radioactive material capable of identifying the sample as consistent with, or inconsistent with,
specific nuclear or other radioactive material used, produced or stored in a country. Such signatures

can help to determine the processes that produced the material and its history (Reading, 2016).

Each nuclear material carries a signature of the materials from which it was made or the process
to which it was exposed. Such signatures may be related to chemical processes (such

as extraction, ion exchange, precipitation), or may be due to physical processes. They can also be



from source material inherited. For instance, signature can be made up of isotopic composition,

chemical impurities, age and morphology (Mayer et al., 2011).

Three kinds of signatures exist, which are chemical, physical and radiological. The decision to use
them relies on the type of substance you are investigation. There is chemical signatures which
refers to signatures associated with their geological origin or their process of production. The next
signature is a physical signature related to the process of handling, use or production. Radiological
signature gives rise to essential details regarding the origin, in case of minerals, nuclear reactors,
and isotope enrichment plants and reprocessing plants (Sarkis and Rosa, 2011). More details on
these nuclear forensic signatures will be discussed in Chapter 2.

1.2 Problem statement

There were a couple of incidents that took place a while ago, such as, the seizures of uranium
yellowcake in August 2011 in Namibia, uranium yellowcake from a Sierra Leonean attempting to
sell it to Iran in August 2013 and a kilogram of uranium in Durban which raised concerns over a
surge of yellowcake trafficking and uranium yellowcake in Africa. (Mutua, 2015) speculates that
the increase in trafficking of these nuclear materials in Africa could be attributed to social-
economic conditions, which may have created unsophisticated smugglers motivated by profit but
unaware of the inconsiderable financial benefits associated with the scale of primary uranium

products.

Although recent seizures containing inconsiderable amounts of yellowcake, such as 1 kg of
uranium yellowcake seizure in the November 2013 Durban incident, do not appear to pose a severe
danger to proliferation and there is, however, the possibility that the trivial quantities of yellowcake
being smuggled may be accumulated to obtain a large stock for the development of nuclear
weapons (Zwane, 2018). Even then, the probability of non-state actors seeking the tedious path of
conversion-enrichment-manufacturing yellowcake in obtaining crude nuclear weapons seems

minimal.

Such incidents related to nuclear security are mostly linked to the end of the cold war and the
fallout of the former Soviet Union, leaving important nuclear manufacturing and research facilities

in the successor countries without proper regulation and security measures (Moody et al., 2014).



In general, radioactive materials such as actinides are held under strict physical supervision with
constant monitoring, but the malicious intent of the outlaws cannot be excluded. It is important to
control the presence of radiation-emitting materials in various biological and environmental
samples, because they are hazardous to human health even though they enter the human body at

extremely low levels (Aggarwal, 2016).

Critically developing signatures for a certain nuclear or radioactive material that are then kept in a
nuclear forensics library (NFL) can be used to resolve nuclear security cases. A national library of
nuclear forensics maintains a record of nuclear or radioactive material generated by a nation. This
data helps in discriminating nuclear or radioactive material according to each other's characteristics
and the library includes data on how the material was produced, how it is deposited and how it is
designed to be used, it makes it simpler to resolve instances of illegal nuclear material use
(Mathuthu and Khumalo, 2017).

South Africa and Namibia are major exporters of uranium yellowcake. Hence, there is a need to
develop nuclear signatures in case of interdictions of nuclear material. Rare earth elements (REE)
and lead isotopic ratios are normally used as signatures. The data obtained from these REE and
lead isotopic ratios may be used as nuclear fingerprint for source attribution. This analysis proves

to be a strong analytical tool that can help resolve nuclear security and non-proliferation problems.

One of the tactics used to prevent illicit trafficking of nuclear material is by the identification and
characterization of nuclear material by each nation and compiling that data in the nuclear forensic
library (Fuchs et al., 2016).

This study is focused mainly in determining nuclear forensics signatures such as the isotopic ratios,
elemental composition and rare earth elements (REE) in uranium samples found in uranium mines
in South Africa and Namibia using inductively coupled plasma mass spectroscopy (ICP-MS) and

laser induced breakdown spectroscopy (LIBS).

1.3 Aim and objectives
1.3.1 Aim

The aim of this study was to determine nuclear forensic signatures from lead isotopic ratios and

rare earth elements in uranium ore samples from Namibia and South Africa using Perkin Elmer



NexION 2000 inductively coupled plasma mass spectrometry (ICP-MS) and (EKSPLA NT342B-
SH-10-AW, Lithuania) Q-switched Nd:YAG laser induced breakdown spectroscopy (LIBS).

1.3.2 Objectives
The objectives of the research are to:

e Identify the rare earth elements and elemental composition in uranium ore from South
Africa and Namibia using ICP-MS and LIBS.

e Determine lead isotopic ratios in uranium ore from South Africa and Namibia using ICP-
MS.

e Resolve the nuclear forensic signatures from REE and lead isotopic ratios results.

e Compare the results obtained from ICP-MS and LIBS.

1.4 Study area and justification
The study area is located near the West Wits line (Far West Rand) in South Africa's Gauteng

province, near Carletonville, about 70 km southwest of Johannesburg. This ranges from latitude
26 ° 18'S-26 ° 26 'S to longitude 27 © 23'E-27 ° 31'E. The area’s gold discovery dates back to 1898.
This area is part of the Witwatersrand Basin, the world's largest gold and uranium mining basin
covering an area of 1,600 km? (Winde and Stoch, 2010). The basin has produced some 400 km?
of mine tailings dams consisting 6 billion tons of pyrite tailings and 600 000 tons of low-grade
uranium (Winde and Stoch, 2010). The study area has certain shaft systems with surface reserves
defined by rock dumps and mine tailings that have been gathered everywhere in the mine's

operating history. The mine tailings studied in this research are shown in Figure 4.

The other study area of interest is the Erongo region in Namibia. The Erongo region is situated in
the central western part of Namibia and covers an area of 63,549 Km? and is occupied by the
Namib Desert, which extends parallel to the coast from 120 km to 150 km inland to study sites
(Njinga et al., 2016). This area has two uranium mining operations, two uranium mines under care
and maintenance and five active uranium exploration companies. There are two types of uranium
deposits in the area. Primary alaskite and secondary calcrite deposits. These deposits and
radionuclides leached from uranium mining tailings are potential sources of uranium in ground
water (Mathuthu et al., 2020). The samples were collected from a uranium mine in the Erongo
region, whose identity cannot be revealed due to confidentiality agreements.



In the case of nuclear material trafficking in the uranium mines of Witwatersrand and Erongo
region, there should be a nuclear forensic database containing information on nuclear material
from each country. This information should include nuclear forensic signatures such as REE
patterns, Pb isotopic ratios, age of nuclear material, date of production, etc. This may be used to
identify the origin of the nuclear material. Since Witwatersrand is the largest gold/uranium mine
in South Africa and the Erongo region in Namibia has many uranium mines, nuclear forensic

signatures need to be developed. This is the main objective of this study.

Chapter 1 consists of sections providing a brief discussion on nuclear forensics, incidents involving
the trafficking of nuclear materials, and the investigation of nuclear materials after their discovery.
This section also described how nuclear forensic science was developed, the concept of nuclear
forensic signatures and also presented initiatives that force states to use nuclear materials for
peaceful purposes and to account for their nuclear material. The purpose, the study area, the
problem statement and the justification of the study were also presented. The importance of each
country or state storing nuclear forensic signatures (lead isotopic ratios and rare earth elements
(REEs)) and information for each nuclear material into a database was stated. The next section
will discuss the concept of nuclear forensic signatures, starting from the front end of the nuclear
fuel cycle to the determination of nuclear forensics signatures and the techniques that will be
employed to identify them. This section will also describe why lead isotopic ratios and rare earth

elements are used as signatures to identify the origin of uranium samples.



Chapter 2: Literature study

The process of extracting natural uranium from the mine will be presented through the nuclear fuel
cycle as shown in Figure 1. This figure shows the basic stages from mining of uranium to the
transformation of nuclear energy into electricity and lastly, the reprocessing of the spent fuel.
Detailed literature on nuclear forensic signatures, such as lead isotopic ratios, impurities (rare earth
elements) and age or date of production, as well as the techniques used for analysis (ICP-MS and

LIBS) will be presented in this section.

2.1 Nuclear fuel cycle

Uranium is an element which is spread extensively throughout the earth’s crust. It is used as a main
fuel in the nuclear power plant and it consists of 99.3% 28U, 0.7% #°U and negligible amounts of
233, Most of the development of nuclear forensic signatures are presently focused on natural
uranium materials. A short introduction to the front end of the nuclear fuel cycle will be provided
to better understand the word "natural uranium" (Ho, 2015) The front end of the fuel cycle will be
emphasized more than the back end cycle because of easier access to materials from the front end

of the fuel cycle see Figure 1.
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Figure 1: Nuclear fuel cycle (Kristo et al., 2016).

2.1.1 Mining

The front end starts with uranium mining from the different ores discovered on earth. Uraninite
(also known as pitchblende) is the most prevalent. Uranium is mainly mined using three
techniques: open pit, deep mines or in-situ leaching (ISL) and the selection depends mainly on the
depth of uranium deposits (Ho, 2015). The ore containing uranium are mined underground or open
pit mining and transported to a distinct milling facility where the real dissolution of uranium takes
place as shown on the first stage of the nuclear fuel cycle in Figure 1. ISL, on the other hand,
leaches uranium without the need to dig the ore.
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2.1.2 Milling

Following the extraction (mining) process, comes the ore milling process (see Figure 1). The
milling facility is generally situated near mines. Weighing, sorting, crushing, sampling and
grinding are components of the milling operation (Reading et al., 2016). Comminution is essential
for the reduction of the particle size of the mined ore, so that uranium can be easily obtained
through leaching. When alkali treatment is used, the efficient extraction of uranium involves a
finer grinding process (Connelly, 2008). In order to increase the solubility of essential components
and improve the physical properties of the ores, certain uranium ores containing vanadium must
be burnt (Svedkauskaité-Le Gore, 2008, Edwards and Oliver, 2000).

2.1.3 Conversion

Natural uranium comprises of mainly two isotopes, namely 23U and ?*U as discussed earlier in
the introduction of this section. The fission process that releases thermal energy in a nuclear reactor
occurs mainly in 2°U. A percentage of 3-5% 23U is needed in many nuclear power plants, thus
uranium must be enriched in order to raise the concentration of 23°U. As enrichment occurs in
gaseous form, yellowcake is transformed to uranium hexafluoride gas (UFg) at a conversion plant,
thereafter, UFs gas is loaded into large cylinders where it solidifies (IAEA, 2011). The cylinders

are then packed into heavy metal containers and transported to an enrichment plant.

2.1.4. Enrichment

Uranium is enriched in 2°U by the application of gas into fast-spinning cylinders, where heavier
isotopes are forced out of the cylinder walls. Uranium can also be enriched with older technology
by pumping UFs gas through permeable membranes that make it easier for 23°U to pass through
than heavier isotopes such as 23U (IAEA, 2009).

2.1.5 Fabrication

Enriched uranium (UFs) cannot be used straight in reactors because it does not withstand high
temperatures. It thus becomes uranium oxide (UOz) and in order to achieve high density and
stability, fuel pellets are formed by pressing UO2, which is sintered at temperatures above 1400
°C. The pellets are cylindrical and usually have a diameter of 8 — 15 mm and 10 — 15 mm long
(IAEA, 2011). They are packed to form fuel rods in lengthy metal pipes, which are clustered into

' fuel assemblies ' for introduction into a reactor.
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2.1.6 Generation of electricity

Controlled fission happens once the fuel is loaded inside a nuclear reactor and that implies that the
atoms of the 2°U are bombarded and fissioned by neutrons to release energy (heat) and 2 or 3
neutrons. Then Borinated control rods are used to control the rate of heat production. During this
fission (splitting), heat energy used for heating water and generating high-pressure steam vapour
is released (Reading, 2016) as shown in Figure 1 above. The steam turns the turbine generators

connected which then produce electricity. The fuel can be used for 3—6 years in the reactor.
2.1.7 Spent fuel storage

Around one third of the spent fuel is removed and replaced with a new fuel in order to maintain a
successful reactor efficiency. When the spent fuel is removed from the reactor, it is hot and highly
radioactive, so it is then cooled and safeguarded from humans and it is placed in the reactor site's
storage pools (Zakariya, 2016). Spent fuel can be stored safely in these pools for long periods. It
can also be stored dry, cooled by air, in engineered installations (IAEA, 2018). The longer it is
stored, the easier it is to deal with the decay of radioactivity. There are two alternatives for spent
fuel: reprocessing for recovery of the usable portion and vitrification. However, reprocessing does
not take place in South Africa due to the NPT she signed (IAEA, 2015a).

2.1.8 Reprocessing

Reprocessing is the process by which the unexploited energy content of the spent fuel is retrieved
for future reuse or where different components of spent fuel are separated for waste management
purposes. About 3% of the fuel used includes waste products and the remaining 1% is plutonium
(Pu) produced while the fuel is in the reactor and not "burnt." Around 97% of the spent fuel can
therefore be recycled for further use (Ho, 2015). Reprocessing divides uranium and plutonium
from waste products by means of a chemical process called plutonium and uranium extraction
(PUREX). For conversion to UFs and subsequent re-enrichment, recovered uranium can be

returned to the conversion plant.

2.2 Investigations of nuclear forensic signatures
To date, research of uranium ore concentrate signatures has included analyses of uranium isotopic
composition, trace elemental impurities, organic impurities; analyses of stable and radiogenic

isotopic lead composition, morphology; as well as the use of age dating and multivariate analysis
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(Keegan et al., 2016). In this section, we examine how techniques have been used to determine the
geological origin, the history of processing, and perhaps the age of uranium ore concentrates and
to discuss signatures that are essential to nuclear forensic investigations with emphasis on the

characterization of uranium ore.

2.2.1 Lead isotope ratios

Lead isotopic signatures have proved to be an outstanding illustration of useful impurities in
nuclear forensic studies. Numerous studies address the use of lead signatures to identify the origin
of uranium samples (Svedkauskaité-LeGore et al., 2008, Fahey et al., 2010, Svedkauskaite-LeGore
et al., 2007, Stanley et al., 2013). Each of these reports gives insight into the nature of the sample
material based on the disturbance of naturally occurring lead isotopic abundances; the distribution
of lead isotopes in uranium products differs dramatically from general sources (Stanley et al.,
2013).

Since three lead isotopes (2°°Pb, 2°’Pb and 2°®Pb) are generated by the decay of uranium or thorium,
it suggests that uranium-bearing materials such as uranium ores and uranium ore concentrates
would demonstrate natural variability that is large enough to differentiate between materials of
distinct origins (Reading et al., 2016). Investigating uranium ores from two different deposits and
uranium ore concentrates from a couple of mills, the lead isotopic composition was found to be
suitable for the fingerprinting of several natural uranium materials. The isotopic structure of the
measured lead is a function of the age of the ore body and the concentration of uranium and thorium
(Svedkauskaite-LeGore et al., 2007, Varga et al., 2012). However, the possible overlap of lead
isotopic signatures for materials from varying geo-locations requires the use of extra chemical
impurity information. Mayer et al. 2013 investigation proved that in several cases, high variations
in lead isotopic composition can take place within the mine locations and in uranium ore
concentrate, from the same location. This concept, together with the likelihood of introducing
natural lead as a technological contaminant reduces the applicability of lead isotopic ratio as a
unique signature. However, using the radiogenic ratio 2°’Pb/?%Pb, the age of the raw ore material
can be calculated and is found to be directly linked to the source deposit type.

Lead is widely dispersed across the planet and it does not only exist as the radiogenic progeny of
uranium and thorium. It has four stable isotopes, but only 2%*Pb is not radiogenic. The decay of

long-lived radioactive isotopes of uranium (%°U and 2%8U) and the radioactive isotope of 2*?Th
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yields three radiogenic isotopes of lead (?°°Pb, 2°’Pb and 2%Pb), see Table 5 (Svedkauskaite-
LeGore et al., 2007). Lead bearing material has a time dependent isotopic Pb composition, which
demonstrates the relative abundance and decay cycle of the three main parent isotopes. As a result
of radioactive decay, the abundance of the Pb isotopes is increased, with 232Th forming 2%Pb, 2%U
decaying to 2°’Pb, and 238U producing 2°°Pb. About half the capacity of 23U has decayed to 2°°Pb
and over 90 percent of the 2®U has decayed to ?°’Pb on a geological time scale. Standard chemical
or physical processes do not fractionate Pb isotopes easily. Pb isotopes are mainly changed by
radioactive decay or by combining typical non-radiogenic lead with a mixture of four isotopes
(Nuclear, 2001).

Consequently, Lead-204, which is not generated by radioactive decay, provides a measure of
"natural™ lead. It is found that the proportion of lead isotopes in natural lead is almost constant for
most minerals, so the 2°*Pb can be used to determine the non-radiogenic concentrations of 2%°Pb
and 2°Pb (Svedkauskaite-LeGore et al., 2007). Lead is a widely dispersed material that can be
found in all kinds of rock as a trace element. Pb's isotopic composition in layers of rock and ore
provides details on the geological past of the rocks the Pb exists in. The higher the difference
between the radiogenic lead from natural lead composition, the higher the deposition age and
higher uranium and thorium content in source material (Varga et al., 2009). Standard ranges of Pb
isotope ratios found in natural materials are: 14-30 for 2°°Pb/2%4Pb, 15-17 for 2°’Pb/?**Pb and 35—

50 for 2%8Ph/2%4Ph, even though values beyond these ranges are not unusual (Cheng and Hu, 2010).

2.2.2 Impurities or trace elements

Valuable information on nuclear material's history can be found on the following parameters: the
characteristics of the main element of a nuclear material, the minor elements and trace elements.
These trace elements, mostly known as impurities, may be present at constantly changing
concentrations. Impurities may have been deliberately added to the material in order to obtain
certain material properties or may have inadvertently entered the material as residues from the
process material (Mayer and Glaser, 2015). Therefore, the type and level of concentration of such
impurities is representative of the material type, origin (hydrometallurgical processes) and

anticipated use of the material.
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Various patterns have been studied for their utility as a characteristic signature in nuclear forensics,
the concentration of trace elements, the isotopic structure of minor elements and the isotopic
structure of some trace elements. In addition, the concentration of anionic impurities has also been
presented to indicate the chemical processes used in the production of uranium ore concentrate
(Reading, 2016).

2.2.2.1 Metallic impurities (rare earth elements)

Rare earth elements (REE) (also known as lanthanides) are a set of seventeen metallic elements
on the periodic table, specifically in addition to scandium and yttrium we have the fifteen
lanthanides (lanthanum, cerium, praseodymium, neodymium, promethium, samarium, europium,
gadolinium terbium dysprosium, holmium, erbium, thulium, ytterbium and lutetium). These
elements were discovered in extensively varying levels in unusual types of igneous rocks. A huge
quantity of uranium is in rare earth deposits and can be extracted as a by-product. REE is also
present in nuclear material (such as uranium and plutonium) created by nuclear fission in the
reactor. Lanthanides can be present in negligible concentrations in these products either as process
contamination or as raw material residues. Measurements of REES are used for the quality control
and development of nuclear fuel products or for the examination of discovered illegal nuclear
materials. REE in uranium compounds can therefore be used as proof of the origin of uranium
(Sarkis and Rosa, 2011).

The patterns of REEs existence differ with the kind of deposit of the uranium ore. Even after the
milling process, these patterns remains largely unchanged and thus provide strong proof of the
origin of the interdicted uranium ore concentrate or uranium ore (Keegan et al., 2008, Keegan et
al., 2014). These patterns are therefore an extremely important signature for providing information
on the type of material used to generate the uranium ore (Varga et al., 2010a).

REE CIl-chondrite normalized patterns

In petro-genetic studies of igneous rocks, rare earth elements are extremely effective because
they are all geochemically similar. REE concentrations in rocks are typically normalized to a
common reference standard, which mainly contains the chondritic meteorite values. The REEs are
usually demonstrated in a concentration versus atomic number figure where concentrations are

normalized to the chondritic reference value, illustrated as graphs and are connected by a straight
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line (Kanyan 2015). If the plotted structure 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. Europium anomalies can
be analyzed by comparing the observed concentration (Eu) to the anticipated concentration
acquired by inserting between the normalized Sm and Gd (Eu *) values. Cerium anomalies can be
analyzed by comparing the observed concentration (Ce) to the anticipated concentration acquired
by inserting between the normalized La and Pr (Ce*) values. The ratio Eu/Eu* is therefore a
measure of europium and a value greater than 1 (>1) implies a positive anomaly whereas a value

less than 1 (<1) is a negative anomaly, the same applies to a cerium anomaly ratio.

The REE can be grouped into two sub-groups, namely the light rare earth elements (LREE) and
heavy rare earth elements (HREE). Some ratios such as (Gdn/Ybn), (Lan/Ybn), Eu/Eu* and
Ce/Ce* may be used to define the fractionation characteristics. These parameters were measured

in the following way:

Gdy _ Gd/Gdy

(YbN ~ Yb/Yby (2.1)
Lay\ _ La/Lay

(M) ~ Yb/Yby (2.2)
Eu Eu/Euy

Bu ) = _Ew/bun (2.3)
(E“ ) (o)X (G)

Ce _ Ce/Cepn

(&) - e 2

[Eyx
where, the constant (N) means chondrite normalized REE material.

Apart from cerium (Ce) and europium (Eu), the REE exists in trivalent form. Cerium stays in the
trivalent state under conditions without oxygen but its solubility decreases under conditions with
oxygen and it precipitates as Ce(IV)O2 causing a positive anomaly compared to the other REEs.
However, Europium is trivalent in oxygenated environments but may be present in a reducing
environment as a divalent ion. In addition, it can be substituted for plagioclase and other Ca-
bearing minerals as it has the same charge and ionic radii as Ca?*. Eu would therefore be enriched
in the plagioclase relative to the other REE but depleted compared with the other minerals created

by the magma or mineralizing fluids (Kanyan 2015).
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During the formation of ores like apatite, garnet, monazite, sphene and zircon, the light rare earth
(La-Gd) may be fractionated from the heavy rare earths (Dy-Lu). Ce and Eu's geochemical
signature and fractionation level are maintained so long as no further diagenetic modification
occurs (Mercadier et al., 2011). The fractionation and relative enrichment or depletion of Ce or Eu
together with the relative elemental REE concentration present in a sample could even act as a
forensic tool in the identification of a possible geological setting of origin. This signature is one of
the major distinctive parameter of uranium ore and along with other isotopic, elemental, or
morphological data may assist in determining the origin of these materials. 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). A negative Eu anomaly
will be the identification of a quartz-pebble conglomerate (Varga et al., 2010b) due to REE
mineralizing fluids associated with granitic melt or weathered granitic deposits. Igneous or
intrusive deposits will typically exhibit light rare earth elements (LREE) enrichment over heavy
rare earth elements (HREE) by fractionation of HREE in minerals such as garnet and pyroxene

throughout partial melting of the source materials.

2.2.3 Age or production date

In the subject of nuclear forensics, the age of a sample corresponds to the date of production since
the last separation of the daughter isotopes from the radioactive parent. Separation processes set
the clock to 0, the subsequent growth of the daughter isotope allows measurement of the sample
age through daughter to parent ratio measurement and assessment relying on radioactive decay
equations. Age measurement is an incredibly valuable nuclear forensic signature, it does not
require any correlation with other material in a database (Keegan et al., 2016). Nonetheless, it must
be carefully applied. Very delicate techniques such as inductively coupled plasma mass
spectrometry (ICP-MS) (Varga and Suranyi, 2007), thermal ionization mass spectrometry (TIMS)
or alpha spectrometry are usually used for this type of study (Morgenstern et al., 2002).

2.3 Nuclear forensic techniques
This section provides an overview of the primary and analytical techniques used in nuclear
forensics. The intention is to provide the reader with an overview of the technique’s fundamental

principles and offer information limitation and benefits of the tools used in nuclear forensics.
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2.3.1 Background of techniques used
The sections below provides explanation how LIBS works, LIBS concept and other factors related
to the instrument. It also involves a description and principle of the LIBS technique. Furthermore,

it also provides the literature on ICP-MS and all other factors related to the instrument.
2.3.1.1 Literature of Lasers

The term LASER is an acronym for light amplification by stimulated emission of radiation. The
physical process that happens during laser action is stimulated emission which is intensified by the
use of mirrors. A laser is a tool used to stimulate atoms or molecules to produce energy as light in
a particular way. The light emitted will be at frequencies in either the ultraviolet, visible or infrared

areas of the electromagnetic spectrum (Telle et al., 2007).

High _ _ _
reflector Lasing medium Partial
reflector

Prert

Pumping mechanism

Figure 2: Basic laser diagram (Telle et al., 2007).

Most lasers have the following familiar features as shown in Figure 2. They have a laser medium
that contains atoms or molecules that can be either solid, liquid, gas or semiconductor material
capable of being pumped to an excited energy state; a pump source that pumps energy into the
laser medium. This source provides energy from excitation from a lower to a greater level in order

to generate population inversion. The source of the pump may be optical, electrical, mechanical or
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chemical. There is a resonator which consist of two mirrors. One mirror is fully reflective and the

other is partly reflective (Pelle, 2008).

A laser can either be operated in continuous or pulsed mode meaning that the laser production can
be constant and continuous or breaks in between pulses. Continuous lasers are effective in many
applications, however, some pulsed laser has a very large peak power which is beneficial for this
study. Laser spectroscopy is a scientific field whereby lasers can be used in conjunction with
spectroscopic methods to supply data about the interaction of coherent light with material and has
high resolution and sensitivity in general (Telle et al., 2007). This field has contributed to
improvements in the reliability with which spectral line frequencies can be analyzed, and this is
important for the basic understanding of atomic processes. There are several types of lasers,
namely Nd: YAG laser, excimer-pumped laser, helium neon laser, carbon dioxide laser, dye laser,
femtosecond laser and semiconductor diode laser, however, the commercial Nd: YAG laser was
selected for this research due to its accessibility and ability to ionize the atoms of concern
(Paschotta, 2008).

2.3.1.2 Neodymium: yttrium aluminium garnet (Nd:YAG) laser

The Nd:YAG Neodymium yttrium aluminum garnet laser is a solid state laser that is optically
pumped using flash lamps or laser diodes (Telle et al., 2007). The Nd: YAG crystal is used as a
lasing medium (Pelle, 2008). Typically, Nd: YAG lasers emit light in the spectrum's infrared
region with a wavelength of 1064 nm. The beam of 1064 nm focuses on a doubling crystal to
generate both the beams of 1064 nm and 532 nm. The Nd: YAG lasers are normally doubled,
tripled or quadrupled in frequency to produce 532 nm (green, visible), 355 nm (UV) and 266 nm
(UV) light when such wavelengths are required. Nd: YAG lasers can function both in continuous
and pulsed mode. Nd: YAG lasers are used in a variety of applications. It involves cutting, welding
and marking of metals and other materials, as well as scientific applications like those of Raman

spectroscopy, remote sensing and mass spectroscopy, and also pumping dye lasers.
2.3.1.3 Laser induced breakdown spectroscopy (LIBS)

Focusing a laser pulse on a solid, liquid or gaseous sample with sufficient energy to generate a
plasma useful for spectral analysis is what the laser-induced breakdown spectroscopy (LIBS) is

about. LIBS has distinctive benefits such as the ability to analyze quickly, in situ, multi-elements

20



with little or no sample preparation. However, quantitative analysis of LIBS is not a minor task
since the spectroscopic emission of the plasma is defined by the characteristics of the plasma itself,

which in turn depends on the experimental conditions (Pace et al., 2011).

In order to obtain LIBS features, parameters including temperature and electron density, spectral
assessment of the radiation emitted by laser generated plasmas may be used. Nevertheless, it is
quite difficult to measure the atom and ion densities from the calculated emission spectra (Aragon
and Aguilera, 2008b). There are still some concerns under investigation that are believed to be a
major challenge for LIBS. Specifically, self-absorption of spectral lines within the plasma plume,
spatial non-uniformity, shielding effects at high laser irradiance and matrix effects. In many
practical situations, reference samples are therefore inaccessible (Aragén and Aguilera, 2008a).
For instance, when dealing with distinctive samples, samples with a complicated or a sample with
an unidentified matrix or samples needing high-cost production, or a mixture of these
characteristics.

LIBS has been used for the identification of uranium in fluids for nuclear fuel reprocessing, the
identification of impurities in uranium related to nuclear fuel production and the identification of
uranium containing vapor. LIBS is suitable for such applications because it can offer non-invasive
or minimally invasive analyzes using spectrometer. As an illustration, LIBS typically does not
apply to the measurement of isotope ratios for many elements due to small isotope shifts and
difficulties in identifying the shifts because of Stark line broadening arising from elevated electron

density in laser plasma (Chinni et al., 2009).

LIBS is used to determine a sample's atomic composition. Every element emits light at very
distinct wavelengths to form a "fingerprint" spectra for that element. Laser is focused on a material
surface to vaporize and ionize the sample in the formation of a plasma plume. The ionized atoms
return to their ground states with the emission of characteristic light that can be obtained through
an optical setup as the plasma cools. The spectrum of emitted wavelengths can be analysed from
this light using a spectrometer. This technique depends on time and the time difference between
the firing of laser and detector acquisition (Miziolek et al., 2006). Spectral emissions from the
various elements become dominant as the plasma cools. As an outcome, the detector in LIBS is
gated in order to block the continuum light to obtain only the preferred spectral data. Intensifying

of the gate delay not only lowers the continuum background and the overall intensity, but also
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affects the type of spectral lines observed. Normally, ion lines are stronger initially in the plasma
lifetime, meanwhile molecular data is only available at longer gate delays. It is therefore prevalent
not only to gate the detector, but also to use a particular gate width. A digital delay generator
(DDG) coupled with the detector controls both gate delay and gate width.

LIBS applies a high-energy laser pulse as source of vaporization, atomization, and excitation to
produce a high-temperature micro-plasma at the target’s surface (Cremers and Radziemski, 2006).
The initial process begins by the sample reflecting or absorbing energy from the pulsed laser. The
absorbed energy is then abruptly transformed into heat, resulting in the melting and vaporization
of small quantities of material into ionized gas as the temperature reaches the material's boiling
point. The elimination of particulate matter from the surface results to a vapor forming in front of
the sample. As this vapor condenses into droplets of a sub-micrometer size, it results to the
dispersion and absorption of the laser radiation inducing heat, ionization and plasma creation. This
is followed by the rapid expansion of the photo-ablated material, with the emission of characteristic
signals for the elements in the sample. The emission lines that resulted were due to electronic
transition within the atoms or ions that are excited (El-Deftar, 2014). The plasma temperature
reaches 4,000 — 15,000 K, which affects the ionization of the atoms contained in the sample and
results in different line intensities formed. The ions and electrons then combine to form neutral
atoms or even molecules, with the emission of light of characteristic wavelengths, as the plasma

cools and decays.

Each element has a distinctive emission lines which functions as a "signature” of the
elements present in the sample. Roman numeral | in front of an emission line refers to an electron
transition in the atom, while 11 refers to a transition in the first ionization state. After the spectra is
resolved, the wavelength of the emission lines are used to distinguish each element’s presence (EI-

Deftar, 2014). The peak area at the chosen emission line can be used for quantitative assessments.

The wavelengths of the emission lines are independent of the energy of the incident pulses, yet the
intensity of the lines rises with the pulse energy up to the limit of saturation. Each of the emission
line peaks detected in the spectra was compared to the LIBS database available from the United
States National Institute of Standards and Technology (Abedin et al., 2011).
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The wavelength of the spectral line records the identity of an element, while its intensity is
equivalent to the number of atoms present. LIBS has the ability to detect and measure multi-
elements in any solid, liquid or gas materials or in-situ and in real time. Since LIBS is sensitive to
all elements and the plasma emission from a laser shot, offers a broadband spectrum recording the
complete chemical fingerprint of a sample that can be utilized to classify elements and applications
such as origin determination and natural resource assessment (Harmon et al., 2017). Observing the
location and intensity of the emission lines in the LIBS optical spectrum provides knowledge on
both the chemical elements and their abundance in the plasma. Chemical composition of the
sample can be easily determined by distinguishing the various spectral peaks. Elements on the left
side of the periodic table, such as Li, Na and Ca, with relatively low ionization energy , usually
exhibit high emissions and can therefore be detected in very small abundances, while non-metallic
elements on the right side of the periodic table such as F and CI are more difficult to identify and

have far higher detection limits (Harmon et al., 2017).

Qualitative data about the sample can be derived based on the wavelengths present after the atomic
spectrum of the material is acquired. The intensity of the spectral lines can directly be associated
to the amount of the element that emitted them. Major challenges take place when performing
LIBS with a heavy element, particularly the spectral interferences because of spectral line density.
Wachters and Cremers (2010) were amongst the first to research about uranium using LIBS. They
studied uranium in nitric acid solution stored in a horizontal vial in order to avoid lens exposure
from splashing. Their results indicated that LIBS was able to carry out quantitative analysis in
solution on heavy elements (Williams, 2016). Sarkar and his colleague (2008) also researched
uranium in a form of a solution. Instead of carrying out the LIBS analysis directly in the liquid,
the authors dried the samples onto a substrate before measuring the uranium sample (Sarkar et al.,
2008, Sarkar et al., 2012).

Singh and his co-workers () studied uranium (U), plutonium (Pu) and neptunium (Np) in aqueous
solutions. In the solution, the Pu and Np were dried on a carbon rod and were detected on the
surface using LIBS and the strongest lines were observed. For U, the sample was nebulized using
an ultrasonic nebulizer, and a gate delay of 30 us was used to perform LIBS in the aerosol. The
results produced a limit of detection of 1,359 ppm U using a line of 409,013 nm (Williams, 2016).

These studies showed LIBS ability to detect uranium in aqueous solutions regardless of spectral
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interferences and challenges of using liquid samples Actinides were not only measured in solutions

using LIBS, but extensive research was performed in other sample structure.

The geographical origin of yellowcake was determined using LIBS in the study of (Sirven et al.,
2009). The yellowcake was combined with grease to create a paste in which the LIBS analysis was
carried out. The results of their study suggests that the origins of the yellowcake samples can be
assessed in all 11 cases. Chinni and colleagues (2009) were able to determine uranium in soils
using a stand-off method that showed that uranium can be detected in trace amounts using this
method. To measure the uranium and plutonium isotope ratios, several authors used high-
resolution spectrometers (Chinni et al., 2009). (Emmert et al., 2011) also researched techniques to
improve the measurement of actinide. Depleted uranium samples were studied using nanosecond
and femtosecond laser pulses. The results stated that femtosecond laser pulses could help

overcome the difficulties of heavy element assessment and could considerably enhance sensitivity.

LIBS technique was selected for this study due to it’s the capacity to identify all elements and the
capacity to detect multi-elements simultaneously. Any type of material in gas, liquid and solid
state can be evaluated in air, under water and under extreme circumstances such as elevated
temperature and pressure with simple or even without sample preparation. From an analytical
perspective, LIBS performance of qualitative analysis may still be considered as imperfect. The
major factor influencing the quantitative of LIBS is the matrix effect. Clearly, such an effect also
occurs for other plasma based atomic emission spectroscopy, such as inductively coupled plasma,
but is normally more serious for LIBS due to direct laser sampling of materials in different stages.
In addition, LIBS is still typically less comparable in respect of the normal analytical merit figures
(detection limit, precision, accuracy) than other traditional laboratory-based analytical methods.
The existing shortcomings of LIBS can be attributed to several factors from a theoretical
perspective. The first factor is the complicated nature of the laser-sample interaction processes,
which relies on the laser characteristics and the properties of the sample material. The second factor
is the complicated time and space evolution of laser-induced plasma. All of this can induce
unacceptable matrix effects. Even though the concept of LIBS procedure is quite straightforward,
the physical processes included in laser interaction and ionization of plasma excitation are quite
challenging and not yet comprehended. For this reason, ways to mitigate these problems are based

on a clear explanation of the processes involved in plasma evolution and the resulting emission
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characteristics, which rely primarily on the experimental conditions under which the ablation is
performed. In fact, the characteristics of the emission spectrum are associated with the laser pulse's

specific interaction with the sample and the dynamics of the plasma generated.

On the other side, not all modern analytical methods actually require considerable research to
handle the samples in order to achieve good analytical results. All other common methods are
based on strict sample preparation protocols, including ICP and XRF. It is obvious that employing
a complicated treatment to the sample tends to give up one of the mist desirable benefits of LIBS
technique. However, adequate adaptation of the sample to the LIBS readings could significantly
improve the LIBS ability to attain the merits that any excellent analytical instrument should have.
Various techniques of sample treatment and preparation have now been used for LIBS in separate

analytical applications, such as liquid analysis, loose powder analysis and biological samples.

2.3.2 Inductively coupled plasma mass spectrometry (ICP-MS)

The most common analytical method used for elementary analysis is ICP-MS because of its
negligible limit of detection, accuracy and high degree of sensitivity. Figure 3 demonstrates a
diagram of the ICP-MS scheme. ICP-MS is a destructive analytical technique used for elementary
assessment. A more complicated variant of this, ICP-MS (MC-ICP-MS) multi-collector, is a more
delicate technique with reduced detection limits that can provide both elemental and isotopic data.
This instrumentation can be used to accomplish isotopic ratios and concentration determination
via isotope dilution. ICP-MS was used in this research to identify elementary and isotopic nuclear

forensic signatures (Meyers, 2013).

The source of ICP-MS is an ionized argon plasma that can achieve around 10,000 K electron
temperature. Before being positioned into the plasma, a sample solution is thermally nebulized
into small vapor droplets and what makes the sample constituents mainly atomized into individual
atoms that are positively charged, is the high plasma temperature. Upon ionization, the atoms are
removed from the plasma and positioned through a vacuum pump system with two water cooled
nickel metal skimmer cones into a quadrupole mass analyzer. The ions are segregated and
distinguished by passing through four circular perpendicular pair rods, interchanging AC and DC

potential in reverse pairs of rods, depending on their mass to charge ratio (Skoog et al., 2007).
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Figure 3: An ICP-MS instrument schematics (Thomas, 2013).

Although ICP-MS is a common technique, it also has its disadvantages. One of the main issues
related with this technique is the interferences. Isobaric interference can arise when two elements
have the same isotopic mass, such as 22Th and 2*2U. When analyzing radioisotopes, isobaric
interference is one of the most important problems that needs to be tackled and to solve this
problem, chemical separations should be done before analysis (McMahon, 2020).

Another form of interference, which is also important to address, is interferences with oxide,
hydroxide, or hydride molecules, such as 2*UH* and 2%*U*.Such kinds of compound are created
by interactions with the sample matrix or plasma gas itself (Argon). Polyatomic interference can
occur whenever the elements form a molecular element in the plasma, sample matrix, or in the
atmosphere like “°Ar* and “°ArH". This kind of interference is negligible than isobaric and hydride-
forming interference in nuclear or radiological samples during analysis (de Hoffmann and
Stroobant, 2007).
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ICP-MS technique have a mass resolution of approximately one atomic mass unit, enough for most
applications (Meyers, 2013). High resolution or sector field mass spectrometers were used in the
event that a higher resolution is required. These kinds of technique help minimize or remove the

effects of interference resulting from mass overlap.

The main benefit of ICP-MS is its versatility and it can be used to measure the concentration as
well as to determine the isotope ratio of different components. Perkin ElImer Nexlon 2000 ICP is
a very delicate measuring instrument for nearly all components. The method can be used to define
the material type and isotopic data can also be provided (Thomas, 2013). It generally needs less
tedious sample preparation compared to thermal ionization mass spectrometry (TIMS) and can
also be used for components with high potential for ionization. Since it is a destructive analytical
technique, the preparation of samples must be carefully planned, particularly when a restricted

quantity of material is accessible (Fedchenko, 2015).
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Chapter 3: Methodology
This chapter presents the methodology performed in this study. It provides the description of the

study area, sample collection and analytical techniques used in identifying the samples.

3.1 Introduction

This study was conducted in the Witwatersrand area in South Africa as discussed in Chapter 1
study area. Uranium mine tailings identified in this area were Tailing 1 and 2 as shown in Figure
4. Samples were taken from the mine tailings and 22 samples were obtained for laboratory analysis.
Another area of study is the Namibia uranium mine in the Erongo region and the identified mine
tailings were NAM-T and underground water (UDW). Samples were taken from the mine tailings

and underground water and 20 samples were obtained for laboratory analysis.

Elemental composition was studied at the Centre for Applied Radiation Science and Technology
(CARST) and the Department of Chemistry, both of which are located at North-West University.
For elemental composition, the analysis was done using an inductively coupled plasma mass

spectrometer (ICP-MS) and a laser induced breakdown spectroscopy (LIBS).
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3.2 Sample collection

Uranium ore and water samples from different locations were collected in this study using random
sampling see Figure 4. All the samples collected were properly marked and classified by their
sampling positions using Global Positioning System (GPS) for future reference. The samples

collected were then transported for further analysis to the CASRT laboratory.

3.2.1 Uranium ore collection
A maximum of 32 uranium ore samples from three mine tailings were collected at a depth of 5 cm

and packaged in 4 kg polyethylene bags (Kamunda, 2017).

3.2.2 Water collection

Ten water samples from underground were collected and packaged in 2 L polyethylene bottles.
The water was then acidified with HNOs to avoid elements from sticking on the walls of the bottle
(Kamunda, 2017).

3.3 ICP-MS methodology
3.3.1 Uranium ore digestion by Perkin Elmer Titan MPS

1 g of uranium ore sample was weighed and transferred into a 75 ml standard digestion vessel. 9
ml of 37% HCI and 3 ml of 70% HNO3 reagents were slowly added into the digestion vessel,
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rinsing the sample to the bottom of the vessel. The mixture swirled gently for about 10 minutes
before putting the seal in place and closing the vessel. They were then placed inside the Perkin
Elmer Titan MPS (Microwave Preparation System) at 180°C, for about 30 minutes. The vessel
was then removed from the microwave and allowed to cool, to avoid foaming and sample loss.
The digested samples were then transferred into 50 ml vials. The environmental digestion method

used in the sample digestion achieves total sample decomposition (Mangum and Shelton, 2015).

3.3.2 Sample run

About 1 ml of the digested sample was pipetted into a 15 ml vial and was then diluted to 10 ml
with ultra-pure distilled water. The samples were loaded on the auto-sampler. For isotopic ratio,
the instrument was set to isotopic ratio method, operated in the collision mode for mass energy
discrimination and filtration against interferences (Vilta, 2016). For rare earth element analysis,

the instrument was set to total quantitative method.

Figure 5: NexION 2000C, ICP instrument.
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3.3.3 Determination of rare earth elements

The analysis included samples of quality control such as blanks and standard solutions and
certified reference material. The Perkin Elmer, NexION 2000C ICP (as shown in Figure 5)
calibration utilizes Perkin Elmer multi-element calibration standard, for the assessment of rare
earth elements, the requirements are: 10 mg/L of Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu,
Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Ti, U, V and Zn. For quality control, the
instrument was set to run a blank and standard check on every ten samples for each set of

measurements.

3.3.4 Determination of lead isotopic ratios
For uranium isotope ratio, the Perkin EImer multi-element calibration standard certified reference
material was used for the validation of the uranium isotopes and a NIST SMR 981 standard was

used for lead isotopic ratios.

3.4 Laser induced breakdown spectroscopy (LIBS) methodology
3.4.1 Sample preparation

No sample preparation was required for laser induced breakdown spectroscopy to avoid

contamination of the original sample.
3.4.2 Sample run

The LIBS spectra of the different uranium ore and water samples were recorded using a LIBS
experimental setup; a schematic diagram is shown in Figure 6. The setup basically consisted of a
laser source, sample stage, and spectrometer equipped with a detector system. The laser source
used in the present study was an Nd:YAG Q-switched laser (EKSPLA NT342B-SH-10-AW,
Lithuania) operating at 355 nm wavelength and capable of delivering a maximum energy of 30 mJ
over a pulse duration of 3.6 ns at a maximum pulse repetition rate of 10 Hz. The samples were
placed on a sample stage and the laser beam was focused onto the cross-sectional surface of the
uranium ore using a 100 mm focal length lens to create the plasma (Pathak et al., 2012). The light
from the plasma was collected using a lens fixed at the tip of fibre bundle and finally fed into the
entrance slit of the USB 2000+ spectrometer (Ocean Optics, USA) equipped with charge-coupled
device (CCD). The resulting spectra were analysed using Spectra-suite software, with the Spec-

line software was used to identify elements in the spectrum.
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Since ionization energy increase from the left to right across the periodic table, it can be assumed
that the LREE have low ionization energy relative to HREE and therefore they exhibit high
emissions and can be detected in very small abundances. REEs of samples from two different
locations were analyzed using LIBS and the acquired spectra is shown in Figure 25 - 36. Rare earth

elements are observed only when at least three of its non-interfered lines are clearly defined.

The LIBS spectra of uranium ore and water samples were recorded in the spectral range 250 — 800

nm and an average spectrum of 10 laser shots were recorded to enhance the signal-to-noise ratio.

Sample
£100mm
1064nm I
X-y-Z
tmnslanon

Focus len \ /

Figure 6a: LIBS experimental set-up (Pace et al., 2011).

3.4.3 Wavelength calibration of the spectrometer
A light source which produces at least 5 spectral lines in the wavelength region of the spectrometer
and a mercury lamp was used to recalibrate the ocean optics USB2000+ spectrometer; an optical

fibre and a spreadsheet program like excel for calculation.

A spectrum of the light source (high pressure mercury lamp) was acquired after placing spectra-
suite into scope mode. The integration time was adjusted until there were several peaks on the
display screen that are not off scale. The cursor was moved to one of the peaks and was carefully

positioned so that it was at the point of maximum intensity and the pixel number displayed in the
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status bar was recorded. This step was repeated for all the peaks in the spectrum obtained. A

spreadsheet was then prepared in the following manner:

The true wavelength of the spectral lines used were placed in the first column. In the second
column of the worksheet, the observed pixel number was placed, for the third column the pixel
number squared was calculated and in the fourth column, the pixel number cubed was calculated.
The created spreadsheet program was used to calculate the calibration coefficients and to perform
linear regressions. The true wavelength was selected as the dependent variable. The pixel number,
pixel number squared and the pixel number cubed as independent variables. The intercept as well
as the first, second and third coefficient were recorded and the value for R squared was obtained
as shown in Figure 6. The wavelength calibration was updated within the spectra-suite software.

This process was repeated for each channel in the setup.
Ap =] + Clp + Czpz + C3p3 31

where A is the wavelength of pixel p, I is the wavelength of pixel 0, C; is the first coefficient
(nm/pixel), C, is the second coefficient (nm/pixel?), and C; is the third coefficient (nm/pixel®). The

value for I and the three Cs was calculated as described below see Figure 6b.
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Figure 6b: True wavelength versus pixel number plot obtained from the high pressure mercury

lamp.
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3.5 Data analysis

R software v.4.0.2 (Rstudio team 2020, R core Team, 2020) was used for PCA and dendrogram
analysis the data in this study. PCA was performed to identify patterns, similarities, differences
and grouping in the form of a dendrogram clusters. PCA provided a valuable tool to evaluate
whether the samples are the same or different and which variables were responsible for the possible
differences (Gottfried et al., 2009). The dendrogram cluster analysis was used to arrange
multivariate data and to identify common trends in samples. It started with each sample in a
separate cluster. At each stage, two clusters that were the most similar would be joined into a single
new cluster. When the samples were combined, they were never isolated. Samples near
dendrogram branches exhibited more similarities than samples linked to each other through remote
branches. The data analysis procedure was set up in such a way that only chemical elements present
in all samples were used to produce clusters.

The PCA is used to identify variations in the data set. These variations are reduced to a smaller set
of principal components (PC). Each PC is an abstract expression for the actual eigenvector and the
resulting own eigenvalues. PC1 (first PC) provides a definition of the greatest variation, meaning it
accounts for more of the overall variance in the data set than any of the original variables. PC2
(second PC) defines the greatest remaining variance and is orthogonal to PC1. When peaks in the
plot are much closer to +1 or -1, the more relevant the peaks are to the variation in the spectrum
and the variation of the elements in the samples can also be correlated with each peak (Rihlmann
etal., 2018).
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Chapter 4: Results and discussion

4.1 Data analysis

This work was aimed at applying ICP-MS and LIBS techniques to resolve nuclear forensic
signatures from a South African and a Namibian uranium mine and processing plant. It is important
to develop nuclear forensic signatures in case of interdiction of nuclear materials. Signatures
consists of elemental impurities such as rare earth elements, isotopic composition chemical
composition, physical and trace elements. Such data may be stored in a nuclear forensic library

and may be used as a nuclear fingerprint for source attribution.
The results of this work are divided into four categories:

= REE Cl-chondrite normalized patterns analysis using ICP-MS
= Lead isotopic ratio analysis

» REE concentrations analysis using LIBS

= Comparison of ICP-MS and LIBS

Determination of REE concentrations from a South African uranium mine

Tablel and Table 2 provide REE concentrations of the analyzed tailings in South Africa. The REE
patterns of different mine tailings were distinguished in this section. Tailing 1 had REE (3>.REE)
concentrations which were significantly higher compared to tailing 2, with the total number of
REE (3REE) which ranged between 30.035 and 39.908 ppm (parts per million) in tailing 1 and
for tailing 2 it ranged between 27.751 and 38.731 ppm. All these were lower than the coarse and
fine sediments reported by (Silva et al., 2016) which contains Y REE ranging between 48.35 to
95.23 ppm and 125.38 to 320.81 ppm respectively. These values were also lower than the fine sand
and coarse sand which ranged from 12.5 to 63.6 ppm and 126.2 to 877.6 ppm reported by (Sako
et al., 2009). The sum of the LREEs (3 LHREE) and HREEs (3 HREE) ranged between 26.815 to
35.896 and 1.754 to 4.012 ppm respectively for tailings one and for tailing two it ranged between
24.643 to 35.688 and 1.854 to 4.945. LREE (3 .LHREE) contributed about 91.76% and HREE
(O HREE) contributed 8.24% of the total REEs for the tailing one. For tailing two, LREE
(> LHREE) contributed about 89.95% and HREE (> HREE) contributed 10.05% of the total REEs.
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Total quant method was used to discriminate the rare earth elements on each tailing sample. The
concentration of all REEs present were distinguished in ppm. The statistical analysis of this this
results was done using excel. The sum of REES, the standard deviation, the error, the sum of
LREE and HREE, the LREE and HREE content (represented by equation 2.1 and 2.2) and the
anomaly represent by the equation 2.3 were calculated. The standard error found in Table 1 and 2
was lower than 3%. The concentration of rare earth elements in natural uranium are low, so we
expect the REE concentration to be low. Low REE concentration also proves that the REE remain
unchanged and can be used as a signature as described in the literature (Chapter 2 metallic

impurities section).
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Table 1: REE concentration for tailing 1 (mineT1) in ppm.

Sample | La Ce | Pr Nd Sm |Eu |Gd |Tb |Dy |Ho |Er | Tm |Yb |Lu | ¥R |+YR | LaN/Y | GAN/Y | LR | >HR | Ce/C

ID EE EE bN bN EE EE e*

T1E1l 132 |02 |25 |951 |17 (04 |14 |01 |10 |01 |04 |00 |04 |00 |315 |4.002 | 21332 | 2.760 29.12 | 2.437 | 0.008
48 05 73 3 03 47 36 98 48 76 57 66 3 62 62 5

T1E3 107 {60 |21 |776 |13 (03 (10 (01 |07 |01 |03 |00 |03 |00 |311 | 3416 | 24808 | 2.930 2941 | 1.754 | 0.301
85 07 |22 |8 32 |37 |67 |43 |71 |26 |24 |46 |01 [43 |72 8

T1E4 158 (02 |31 |115 |20 |05 |18 (02 |13 |02 |05 |00 |05 |00 |382 |4.808 |21.172 | 2.880 35.24 | 2.999 | 0.007
4 05 84 58 78 7 05 51 17 57 8 18 76 39

T1E5 519 |02 |35 |130 |22 |06 |19 |02 |13 |02 |06 [00 |05 |0.0 |300 |3474 |6.373 2.883 26.81 | 3.22 0.012
1 05 |15 |33 7 34 |67 |7 73 |36 |08 |87 |64 |8 |35 5

T1E6 161 |02 |31 |115 |20 |05 |17 |02 (12 [02 |05 |00 |04 |00 |381 |4.868 |22377 | 2849 35.29 | 2.847 | 0.007
27 05 57 03 59 27 2 37 21 04 34 77 99 75 45 8

T1E7 154 (02 |29 |113 |22 |05 |17 (02 |12 |02 |05 |00 |04 |00 |373 |4.701 |21.794 | 2.929 3445 | 2.861 | 0.007
55 05 65 43 16 3 4 37 42 06 34 78 91 73 15 4

T1E8 110 |02 |34 | 123 |22 |05 |18 |02 |12 |02 |05 |00 |05 |0.0 |346 |4.040 | 15146 | 2.996 31.67 | 2.957 | 0.008
69 05 |06 |59 19 |8 34 |51 |8 |11 |5 78 |06 |75 |29 2

T1E9 163 (02 |31 |116 |20 |05 |17 (02 |12 |02 |05 |00 |05 |00 |386 |4.923 |21.382 | 2745 35.62 | 3.005 | 0.007
37 05 52 16 16 44 57 46 78 21 65 85 29 81 32 7

T1E10 | 120 |02 |24 |897 |16 |04 |15 |02 |14 |02 |06 |00 |05 |00 |306 |3636 |14351 | 2274 27.37 | 3.302 | 0.009
01 05 43 3 89 66 93 47 27 42 34 91 79 82 72

T1E11 155 |02 |31 |118 |22 |06 |22 |03 (17 |02 |07 |01 |07 |01 |399 |4.755 |15274 | 2572 35.89 | 4.012 | 0.007
97 05 |27 |23 86 | 58 17 |42 |92 |42 |09 |07 |03 |08 6

T1E12 | 134 |02 |25 |909 |15 |04 (12 |01 |08 |01 (03 |00 |03 |00 |306 |4014 |26.600 | 3.054 28.63 | 1.983 | 0.008
85 05 54 1 87 2 97 69 5 39 69 52 51 53 22 9

Averag | 131 [ 07 (29 (107 |19 |05 |16 |02 |12 |02 |05 |00 (04 |00 |346 |4.240 | 19.146 | 2.807 31.77 | 2.852 | 0.035

e 94 32 27 80 50 19 74 33 31 06 34 77 98 73 30 8

STD 33 |17 |04 |166 |03 |00 (03 |00 |02 |00 (01 |00 |01 |00 |388 |0586 |5797 0.220 3.603 | 0.622 | 0.088
0 49 40 1 22 95 15 48 68 47 17 18 10 16 2

STD 092 |20 |02 |050 |02 (01 [02 |00 |02 |01 (01 |00 |01 |00 |066 |0.285 |1.325 0.131 0.639 | 0.368 | 0.475

ERR 2 44 57 6 30 32 43 99 42 03 61 63 56 59 0

Min 519 (02 |21 |77 |13 |03 |10 |01 |0O7 |01 |03 |00 (03 |00 |30.0 |3416 |6.373 2.274 26.81 | 1.754 | 0.007
1 05 22 8 32 37 67 43 71 26 24 46 01 43 35 5

Max 163 |60 |35 |130 |22 |06 |22 (03 |17 |02 |07 |01 [07 |01 |399 |4.923 | 26.600 | 3.054 35.89 | 4.012 | 0.301
37 07 |15 |33 86 |58 |00 |17 |42 |92 |42 |09 |07 |03 |08 6
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Table 2: REE concentrations for tailing 2 (mine T2) in ppm.

Samp | La Ce | Pr Nd Sm |Eu |Gd [Tb |[Dy |Ho |Er | Tm | Yb |Lu |YR |+£YR | LaN/Y | GAN/Y | LR | YHR | Ce/C

le ID EE EE bN bN EE EE e*

T2E1 | 021 |02 |47 |171 |31 |09 |29 |04 |21 |03 |09 |01 |08 |01 |342 |4.448 |0.175 2.840 29.3 4.945 | 0.049
7 05 |05 |06 84 25 58 18 |08 |65 |36 31 61 |26 |45

T2E3 | 504 |02 |35 |127 |22 |06 |20 (02 |15 |02 |06 |00 |06 |00 |30.0 |3393 |5575 2.676 26.47 | 3531 | 0.012
9 05 13 |74 69 32 3 79 |01 6 75 96 |27 |93 03 2

T2E4 | 159 |02 |31 |114 (20 (05 |17 |02 |13 |02 |05 |00 |04 |00 |37.9 |4821 | 22569 | 2.883 34.97 | 2.949 | 0.007
72 05 13 |21 08 |45 09 |42 12 13 |44 |77 9 71 22 3

T2E5 | 494 |02 |32 |118 |20 |05 |17 |02 |13 |02 |05 |00 |05 |00 |27.7 |3.183 | 6.097 2.542 2464 | 3.108 | 0.012

05 |52 |97 8 44 |25 |47 17 25 |87 87 61 |84 |51 3

T2E6 | 021 |02 |42 |155 |27 |07 (22 |03 |16 |02 |07 |01 |06 |01 |29.8 |4.045 |0.218 2.732 2595 | 3.887 | 0.051
7 05 |78 |21 21 |4 74 |19 5 83 |36 |05 |88 |06 |43 6

T2E7 | 132 |02 |25 |910 |16 |04 |13 |01 |10 |01 (04 |00 |04 |00 |306 | 3946 | 22414 | 2.634 28.35 | 2.327 | 0.009
08 05 |05 |8 25 |01 86 | 07 7 36 62 08 |58 79 2

T2E8 | 166 |02 |30 |114 |20 (05 |16 |02 |12 |02 |05 |00 |05 |00 |387 |4962 | 20828 | 2541 35.68 | 3.043 | 0.007
05 05 |97 |92 42 5 97 |35 81 21 | 86 84 |52 |84 |31 8

T2E9 | 549 (02 |35 |130 (22 |05 (18 |02 |13 |02 |06 |00 |05 |00 |302 |3492 |6.621 2.626 26.94 | 3.251 | 0.011
9 05 |99 |01 35 83 27 | 58 83 |37 |2 9 75 |88 9

T2E1 | 6.00 |02 |40 |149 |25 |06 |21 |03 |15 |02 |07 |01 |06 |01 |345 |4.001 |6.201 2.688 30.76 | 3.783 | 0.010

0 1 05 |97 |96 89 99 79 |07 98 |8 25 |03 7 49 6

T2E1 | 131 |02 |24 |89 (15 (03 |12 |01 |07 |01 |03 |00 |03 |00 |29.7 |3933 |27534 |3.014 2791 | 1.854 | 0.009

2 63 05 |62 |4 35 92 07 |57 89 31 |45 51 31 |5 72 8

T2E1 | 151 |02 |30 |114 (21 |05 |19 |02 |16 |02 |06 |00 |06 |00 |382 |4620 | 16.863 | 2.570 3455 | 3.711 | 0.007

3 87 | 84 88 64 |28 |9 49 73 194 |97 2 88 62 1

Avera | 872 |02 |34 |125 |22 |05 |18 |02 |14 |02 |06 |00 |05 |00 |329 |4.077 | 12281 | 2.704 29.59 | 3.308 | 0.017

ge 5 05 |28 |23 25 98 94 | 67 18 |42 | 26 89 80 |86 05 7

STD 6.20 |00 |07 | 254 |04 (01 (04 (00 |03 |00 |01 |00 |01 |00 |398 |058 |9.897 0.152 3.885 | 0.823 | 0.017
9 02 |06 1 73 51 80 |70 51 62 | 58 22 |43 |21 |4

STD 210 (00 |03 |071 |03 (01 (03 (01 |02 |01 |02 |00 |01 |00 |0.69 |0.290 |2.824 0.092 0.714 | 0.452 | 0.128

ERR |2 03 |81 |38 17 96 |49 |35 94 |26 |00 72 87 |73 5

Min 021 |02 (24 |89 (15 |03 (12 |01 (07 |01 |03 |00 {03 |00 |27.7 |3.183 | 0.175 2.541 24.64 | 1.854 | 0.007
7 00 |62 |4 35 92 07 |57 89 31 |45 51 31 |50 51 3

Max 166 |02 |47 | 171 |31 (09 |29 |04 |21 |03 |09 |01 |08 |01 |387 |4.962 | 27534 | 3.014 35.68 | 4.945 | 0.051
05 05 |05 |06 84 25 58 18 |08 |65 |36 31 61 | 26 31 8
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The REE patterns are enriched with LREE, as the LaN/YDbN ratio for tailing 1 varied from 6.373
to 26.6 ppm and 0.175 to 27.534 ppm for tailing 2. These values were consistent with the ones
reported by (Silva, Pinto et al. 2016). The GAN/YDbN ratios ranged from 2.572 to 2.996 ppm for
tailing 1 and 2.541 to 3.014 ppm for tailing 2. Tailings one and two exhibited HREE patterns that
were almost flat with no fractionation. All the samples displayed a consistently strong negative
cerium (Ce) anomalies with Ce/Ce* ratios ranging between 0.007 to 0.301 and 0.007 to 0.051 for
tailing 1 and tailing 2 respectively. Ce/Ce* ratios is less than 1 (<1). This indicated a negative
cerium anomaly. In Chapter 2, Cerium was discussed as element that stays in the trivalent state
under conditions without oxygen but its solubility decreases under conditions with oxygen and it
precipitates, thus, causing a positive anomaly compared to the other REES. In this case a negative
Cerium was obtained this could be mean that Cerium solubility was increased thus causing a
negative Cerium. The enrichment or depletion of Ce acts as a tool in the identification of origin as

discussed in chapter 2.

Four REEs were found to be a fingerprint of both mines T1 and T2. These were La, Pr, Nd, Sm.
Tailing 1 had higher concentrations of La than all other REEs and in tailing two, Nd had a higher
concentration than all other REEs. This suggested an enrichment of the LREEs, indicating a large
concentration of uranium. The proportion of these REEs could be used for geochronology and
fossil dating, as their rock concentrations were modified slowly by geochemical processes
(Khumalo and Mathuthu, 2018).

4.1.1 Signatures of REE relative to Cl-chondrite

Figure 7 and 8 displays a strong negative Ce anomaly, showing no HREE (Tb-Lu) fractionation.
This were possibly due to the geo-tectonic activity related with the mining area. The HREE were
flat, clearly indicating that the uranium processing or geological factors did not change them. The
LREE exhibits La, Pr, Nd, Sm, Eu and Gd enrichment with an exception of La that looked slightly
depleted in samples T2E1 and T2E3. The REE patterns of the two tailings are however similar in

general, demonstrating the characteristic signature for this mine.
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Figure 7: Cl-chondrite normalized (Anders and Grevesse, 1989) REE pattern of tailing one from

a South African uranium mine.
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Figure 8: Cl-chondrite normalized (Anders and Grevesse, 1989) REE pattern of tailing two from
a South African uranium mine.
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Determination of REE concentrations from a Namibian uranium mine

Table 3 and Table 4 provide REE concentrations of the analyzed tailings in Namibia. The REE
concentration of mine tailing and underground water samples were distinguished. Mine tailing had
REE (O REE) concentrations, which were significantly lower compared to underground water,
with the total number of REE (3.REE) of mine tailing, which were ranging between 0.434 and
0.644 ppm and for underground water it ranged between 3.630 and 29.370 ppm. All these are lower
than the coarse and fine sediments reported by (Silva et al., 2016), which consists of Y REE ranging
between 48.35 to 95.23 ppm and 125.38 to 320.81 ppm respectively. These values were also lower
than the fine sand and coarse sand which ranges from 12.5 to 63.6 ppm and 126.2 to 877.6 ppm
reported by (Sako et al., 2009). The sum of the LREEs (3 LHREE) and HREEs (3 HREE) ranged
between 0.388 to 0.582 and 0.046 to 0.064 ppm respectively for mine tailings and for underground
water it ranged between 3.140 to 28.150 and 0.490 to 3.120. LREE (3 LHREE) contributed about
89.22% while HREE (3 HREE) contributed 10.78% of the total REEs for the mine tailings. For
underground water, LREE (}LHREE) contributed about 87.46% while HREE (}HREE)
contributed 12.54% of the total REEs.

The REE patterns were enriched with LREE, as the LaN/YbN ratio for mine tailings varied from
5.484 to 7.048 ppm and 1.511 to 3.936 ppm for underground water, see Table 3 and 4. These
values were consistence with the ones reported by (Silva, Pinto et al. 2016). The GAN/YbN ratios
ranged from 1.470 to 1.730 ppm for mine tailings and between 1.202 to 1.748 ppm for underground
water. Mine tailings and underground water exhibited HREE patterns that were almost flat with
no fractionation. All the samples displayed consistently negative Eu anomalies with an exception
of underground water which also exhibited a positive Ce anomaly with Ce/Ce* ratios ranging
between 1.424 and 1.625, this Ce/Ce* ratio is greater than 1 (>1) and it indicates a positive
anomaly. Eu/Eu* ratios ranging between 0.456 to 0.609 for underground water and 0.436 to 0.555
for mine tailings, the Eu/Eu* ratio is less than 1 (<1) and this is an indication of a negative anomaly.
As mentioned in chapter 2 a decrease in the solubility of Cerium with oxygen and its precipitates
results in a positive Cerium which is then used as a tool to identify the origin of samples. Depletion
of Eu (negative anomaly) and enrichment of Ce (positive anomaly) also acts a tool for this

identification of geological location of samples as discussed in Chapter 2.
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Table 3: REE concentrations for mine tailings (NAM-T) in ppm.

Sample |La |[Ce |Pr |[Nd [Sm |Eu |Gd |Tb [Dy |Ho |Er | Tm |Yb |Lu | YR |+£YR | LaN/Y | GAN/Y | YLR | YHR | Eu/E

ID EE EE bN bN EE EE u*

NAM- 00 (01 (00 |00 |OO |OO (OO (OO (00O |0OO |0OO |00 |00 |00 |046 | 0.050 |5.484 1.470 0.409 | 0.052 | 0.555

T-1 81 79 22 87 18 03 18 03 20 04 11 02 10 02 1

NAM- 01 (02 (00 |01 |OO |OO (OO (OO (00O |0OO |0OO |00 |00 |00 |0.59 |0.065 |5.967 1.612 0.532 | 0.064 | 0.550

T-2 06 |31 |29 |14 |23 |04 |24 |04 |26 |05 |13 |02 |12 |02 |7

NAM- 00 (01 (00 |00 |00 |00 |00 |00O |00 (00 |00 |00 |00 |0.0 |047 |0.048 | 5564 1.516 0.415 | 0.057 | 0.522

T-3 80 |61 |24 |96 |20 |03 [20 |04 |23 |04 |12 |02 [11 |02 |2

NAM- 01 (02 (00 |01 |00 |00 |00O |0O (00O (OO0 |00 |00 |00 |00 |064 |0.072 | 7.048 1.730 0.582 | 0.061 | 0.448

T-4 20 55 31 23 25 04 25 04 25 05 13 02 12 02 4

NAM- 00 (01 (00 |00 |00 |00 |00 |0O (00O (OO0 |00 |00 |00 |0.0 |043 |0.048 | 5.855 1.589 0.388 | 0.046 | 0.436

T-5 77 |70 |21 |8 |18 |03 |17 |03 |19 |03 |09 |01 |09 |01 |4

NAM- 00 |01 (00 |00 |00 |00 |00 |0O (00O (00 |00 |00 |00 |00 |O047 |0.051 |5593 1.512 0.418 | 0.052 | 0.553

T-6 84 |81 |22 |91 |19 |03 [19 |03 |21 |04 |11 |02 [10 |02 |1

NAM- 00 (02 (00 |00 |00 |00 |00O |0O (00O (00 |00 |00 |00 |00 |052 |0.058 | 5.666 1.541 0.466 | 0.058 | 0.540

T-7 91 06 25 99 20 04 21 04 23 04 12 02 11 02 4

NAM- 00 (01 (00 |00 |00 |00 |00O |0O (00O (00 |00 |00 |00 |0.0 |047 |0.052 |5.852 1.550 0.424 | 0.052 | 0.544

T-8 86 |83 |23 |92 |19 |03 [19 |03 |21 |04 |11 |02 |10 |02 |7

NAM- 00 |01 (00 |00 |00 |00 |00 |00O |00 (00 |00 |00 |00 |00 |O046 |0.051 |6.002 1.565 0.416 | 0.049 | 0.515

T-9 84 80 22 90 18 03 18 03 20 04 10 02 10 02 6

NAM- 00 (02 (00 |01 |00 |00 |00O |0O (00O (OO0 |00 |00 |00 |00 |055 |0.062 |6.335 1.675 0.498 | 0.057 | 0.519

T-10 98 21 26 06 21 04 22 04 23 04 12 02 11 02 5

Averag [ 00 |01 |00 |00 (00O (0O |00 |00 |00 |00 |00 (00 [00 |00 |051 |0.056 | 5936 1.576 0.455 | 0.055 | 0.518

e 92 97 25 98 20 03 20 04 22 04 11 02 11 02 0

STD 00 (00 (00O |00 |OO |OO (OO (OO (00O |0OO |0OO |00 |00 |00 |0.06 |0.008 | 0.465 0.079 0.063 | 0.006 | 0.043
13 30 03 13 02 00 02 00 02 00 01 00 01 00 8

STD 00 |00 (00 |00 |00 |00 |00O |0O (00O (00 |00 |00 |00 |00 |0.09 |0.035 |0.191 0.063 0.094 | 0.024 | 0.059

ERR 43 68 22 42 16 08 17 07 16 06 11 04 09 04 5

Min 00 (01 (00 |00 |00 |00 |00 |0O (00O (00 |00 |00 |0.0 |0.0 | 043 |0.048 | 5.484 1.470 0.388 | 0.046 | 0.436
77 61 21 82 18 03 17 03 19 03 09 01 09 01 4

Max 01 (02 (00 |01 |OO |OO (OO (OO (00O |0OO |0OO |00 |00 |00 |0.64 |0.072 | 7.048 1.730 0.582 | 0.064 | 0.555
20 55 31 23 25 04 25 04 26 05 13 02 12 02 4
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Table 4: REE concentrations for underground water (UDW) in ppm.

SAMPL La | Ce Pr- {Nd | Sm |Eu | Gd | Tb | Dy |Ho | Er | T Yb | Lu | YR | £YR | LaN/ | GdN/ | YLR | YHR | Ce/ Eu/
E ID m EE | EE YbN YbN EE EE Ce* | Eu*
UDW-1 06 [ 25302 |12 |02 |00 |03 |00 |04 |00 |02 |00 |02]00 293|670 |1.836 | 1.258 | 28.15 | 1.220 | 16.2 | 0.48
10 | 50 30 |80 |80 |50 |50 |80 [90 |90 |60 [40 |30 |30 |70 0 0 25 5
UbW-2 04 17101 |06 (01 |00 |01 |00 |02 |00 |01 |00/|01]|00 /389|045 |3323 | 1405 | 3.340|0.550 | 1.52 | 0.57
80 |0 50 |50 |50 |30 |70 |30 |20 |50 |20 |10 |00 |20 |O 1 8 1
UDW-3 09 |35 |03 |13 |03 |00 |03 |00 |04 |00 |02|00/|01]|00]792)|093 |3316 |1.610 | 6.870 | 1.050 | 1.58 | 0.53
10 |0 20 |40 |10 |60 |70 |70 |30 |80 |20 |30 |9 |3 |oO 8 2 8
uUbw-4 24 199109 |37 |09 |01 |11 |02 |13 |02 |06 00|05 |00 |223|260 |3236 |1.748 | 19.22 | 3.120 | 1.60 | 0.56
30 |0 00 |50 [40 |90 |00 |20 [00 |50 |60 [90 |20 |80 |40 2 0 7 7
UDW-5 04 | 158 |01 |06 (01|00 |01 |00 |02 |00 |01 |00 /|00]|00]|363|041 |3616 | 1469 | 3.140 | 0.490 |1.42 | 0.60
70 |0 50 |10 [40 |30 |60 |30 |00 [40 |10 |10 |90 |10 |O 9 7 9
UDW-6 10 (387 (03 |15 |03 |00 |03 |00 (04 (00 |02 |00 |01 |00 |869 |102 |3936 |1.653 | 7.590 | 1.100 | 1.48 | 0.60
80 |0 60 |00 |30 |70 |80 |70 |50 |90 |40 |30 |9 |3 |0 6 8 0
UbDW-7 06 [ 25302 |10 (03 |00 |03 |00 |05 |01 |02 |00 |02]|00 640|065 |1983 | 1390 |5140 | 1.260 |1.56 | 0.45
30 |0 40 |20 |00 |50 |70 |80 |30 [00 |50 |40 |20 |40 |O 7 0 6
UDW-8 19 (69407 (29 |07 |01 |09 |01 |12 |02 |05 |00 |04 |00 |172| 183 | 2813 | 1567 | 1437 | 2.850 | 1.42 | 0.54
50 |0 00 |40 [80 |50 |10 |90 [10 |30 |90 |80 |80 |70 |20 0 0 4 1
UbDW-9 15 | 667 |05 |24 |06 |01 |06 |01 |09 |01 |04 |00 |03 |00 |1247 |174 | 2923 | 1584 | 1265|2120 |1.71 | 0.54
20 | O 70 |20 |60 |20 |90 |40 |10 |70 |30 |60 |60 |50 |70 4 0 8 0
UDW- 04 |177 |01 |07 |02 |00 |03 |00 |04 |00 |02 |00]|02]|00]|495|045 |1511 |1.202 |3.770| 1.180 | 1.48 | 0.45
10 80 |0 70 |70 |20 |40 |20 |70 |80 |90 |50 |40 |20 |30 |O 9 5 8
Average 10 (638 |03 |16 |04 |00 |04 |00 |06 (01 |03 |00 |02 |00 |11.9 | 168 | 2849 | 1489 | 1042 | 1.494 | 3.00 | 0.53
56 |9 79 |28 |11 |79 |8 |98 [22 |19 |13 [43 |60 |39 |18 3 4 4 6
STDEV 06 |721|02 (10 |02 |00 |03 |00 |03 |00 |01 |00 |01 |00 874 |19 |0812 |0.175 | 8221 |0.904 | 464 | 0.05
92 |0 59 |63 |79 |55 |14 |64 |8 |73 |87 |27 |47 |22 |3 6 6 5
STD 06 |28 |04 |08 |04 |01 |04 |02 |04 )02 (03|01 (02|01 |253 146 | 0481 |0.144 | 2546 | 0.740 | 2.68 | 0.07
ERR 74 |13 21 |33 |36 |97 |53 |06 |89 |11 |34 |29 |8 |11 |3 9 1 4
Min 04 | 158 |01 |06 |01 |00 |01 |00 |02 |00 |01 |00]|00]00 /363|041 |1511 | 1.202 | 3.140 | 0.490 | 142 | 0.45
70 |0 50 |10 [40 |30 |60 |30 |00 |40 |10 |10 |90 |10 |O 9 4 6
Max 24 | 25309 |37 |09 |01 |11|02 |13 |02 |06 00|05 |00 ]|293|6.70 |3936 |1.748 | 28.15 | 3.120 | 16.2 | 0.60
30 |50 00 |50 |40 |90 |00 |20 |00 |50 |60 |90 |20 |80 |70 0 0 25 9
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Figure 9: Cl-chondrite normalized (Anders and Grevesse, 1989) REE pattern of mine tailing

from a Namibian uranium mine.
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Underground water CI-Chondrite Normalised REE Signatures
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Figure 10: Cl-chondrite normalized (Anders and Grevesse, 1989) REE pattern of underground

water from a Namibian uranium mine.

REE pattern of samples taken from Namibia

Three REEs were found to be a fingerprint on both the mine tailing and underground water. These
were La, Ce and Nd. The mine tailing ad underground water both had higher concentrations of Ce
than all other REEs. This indicated an enrichment of the LREEsS, indicating a large concentration

of uranium.

Samples of this mine tailing shown in Figure 9 and 10 exhibited a strong negative Eu anomaly,
showing no HREE (Th-Lu) fractionation and LREE (La-Gd) fractionation. This is possibly due to
the geo-tectonic activity related with the mining area. The HREE were flat clearly indicating that
the uranium processing or geological factors did not change them. The LREE exhibited La, Ce, Pr,
Nd and Sm enrichment with an exception of Eu. A negative Eu anomaly is an identification of a
quartz-pebble conglomerate (Varga et al., 2010b), which is due to REE mineralizing fluids
associated with granitic melt or weathered granitic deposits. Figure 10 also indicates a positive Ce
anomaly. The chondrite normalized REE patterns observed from Figure 9 and Figure 10 strongly
agrees with the REE pattern obtained from Rossing uranium mine in Namibia, reported by (Krajko,

2016), which exhibited a negative Eu anomaly.
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4.2 Determination of nuclear forensic signature lead isotopic ratios
Isotopic fingerprinting depends on the precise variation in isotopic abundance in order to identify

the certain sources of Pb present in the samples. The isotopic ratios of Pb are analyzed using mass
spectrometry, with either thermal ionization (TIMS) or with inductively coupled plasma (ICP-MS)
as the ion source (Cheng and Hu, 2010). To calibrate the mass spectrometers and normalize the
measured ratios of the four Pb isotopes, a standard reference material (such as NIST SRM-981) is
required. In this study, ICP-MS (Perkin EImer NexION 2000C) was used to measure lead isotopic
ratios and the following national institute of standards and technology (NIST SRM 981) values

with errors based on 95% confidence levels were used:

e Atomic abundance Ratio, 2*Pb/2%Ph = 0.059042 + 0.000037
e Atomic abundance Ratio, 2’Pb/?%Ph = 0.91464 + 0.00033

e Atomic abundance Ratio, 2°®Pb/2°Ph = 2.1681 + 0.0008

e Atomic abundance Ratio, 2°6Pb/2%Pb = 16.9416

e Atomic abundance Ratio, 2’Pb/2%Ph = 15.4998

e Atomic abundance Ratio, 2%Pb/?°6Ph = 36.7249
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Determination of lead isotopic ratios of samples from South Africa

All four lead isotopic ratios were identified using the isotopic method on ICP using the NIST
standard as reference. The results were analysed using excel by plotting 2°’Pb/?°°Pb vs 2*Pb/2°Pb
and 2%8pb/2%pb vs 2°6Pb/2%*Pb. The difference between these lead ratios in this study is higher than
the NIST lead ratios this means that the uranium and thorium content in the uranium is higher (see
Chapter 2).
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Figure 11: 2°7Pb/2%Pb vs 204Pb/2%Pp ratios of mine T1.

The values in Figure 11 varies from 0.013 to 0.056 for 2%*Pb/?°®Pb, which were less than the NIST
SRM 981 value of 0.059042. Figures 11 & 12 shows similarities for these plots, thus providing a
signature for the mine. However, Figure 11 plots were distributed in linear form and in an
increasing order across 2%Pb/2%Ph. The 2°7Ph/?°®Pb content of Figure 11 and 12 were also lower

than the NIST values; this could be because the 2*°U content was very low in this sample.
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Figure 12: 208pb/204ph vs 206Pph/2%4Pp ratios of mine T1.

The lead ratios plotted in Figure 12 indicates the geological provenance of the deposit. There was
a highly radiogenic isotopic composition of 2%Pb/2%Pp that was greater than 20, which could be
due to Pb emanating from uranium ore. The abundance of isotopic compositions of radiogenic Pb
means that the Pb in tailing one were derived from a Pb-rich ore. An isotopic composition is less
radiogenic when it has 2°°Pb/?%*Pb less than 17.6 and this indicates poor uranium content in the
deposit. Consequently, the three points in Figure 6 were due to the higher value of 2°Pb, which
implies a higher content rich in uranium (?3U). Since 2°Pb/?%Pb is greater than 20, these deposits

are of radiogenic origin.
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Figure 13: 207Pb/2%Ph vs 204Pb/2%Pp ratios of mine T2.

The values were distributed in a linear order along 2°*Pb/2%Pb from 0.018 to 0.028, which was less
than the NIST SRM 981 value of 0.059 for 2%*Pb/?%Pb. Figure 13 shows the content of 2°U which
is less than 0.59 (NIST recommended limit). This means that this uranium was not enriched since
its content was low. Similarities between Figures 13 and 14 were found and could be used as
another signature for this mine. Mine T1 and T2 were from the same mine and therefore, display
the same trend of having 2°*Pb/2%Pb values that were lower than the NIST values, and both display
a linear trend of 2°7Pb/?%Pb versus 2*4Pb/?°®Pb. The signature found in tailings one and two

determines the origin of the mine.
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Figure 14: 208pb/204ph vs 206Pp/204Pp ratios of mine T2.

Determination of lead isotopic ratios of samples from Namibia

The values shown in the Figure 15 are set at 0.020 to 0.025, which was less than the NIST value
of 0.059. This means that the sample contains a low 2%*Pb content. There was a low 2°Pb/?%Pb,

which means that the sample contains a poor 2%U content.
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Figure 15: 207Pb/2%6Ph vs 204Pb/2%Pp ratios of NAM-T.
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In Figure 16, the 2°°Pb/2%Pb was grouped between 39.37 and 45.99. This isotopic ratio was higher
than 20, which indicates that this sample is of radiogenic origin and originated from a uranium
rich ore deposit (see Figure 15). (Varga et al., 2009) obtained a value of 36.730 for the 2°2Pb/2%Ph
ratio, which was consistent to the NIST acceptable value of 36.7249. However; these values were
not consistent with the ones obtained in this study because they were higher than the recommended

value.
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Figure 16: 2°8Pb/204Ph vs 206Pb/204Pp ratios of NAM-T.

Figure 17 was in accordance with the agreed value of NIST SRM 981 because the ratio of
206pp/204pp was distributed around the value of 0.059. Figures 17 and 18 displayed similarities,
thus providing a signature for this mine. The 2°’Pb/?%Phb content was also in agreement with the
NIST values apart from two samples which were above 0.91, these background levels were

expected since this underground water was not contaminated with nuclear materials.
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Figure 17: 207Pb/?%Pb vs 204Ph/2%%Ph ratios of UDW.

Sample represented in Figure 18 below indicated that the sample was not radiogenic because
206pp/2%4pPp was below 20. This means that the deposit had a low uranium content of 28U, This
could be because this borehole sample was collected a distance (> 5 km) away from the mine and
it shows that mining process did not contaminate it. An isotopic composition is non radiogenic
when it has a 2°Pb/204Pb ratio less than 17.6 and this indicates poor uranium content in the
deposit. Figure 18 shows the natural lead ratios and from the results, all the lead ratios were
distributed at 35 which is slightly lower than the NIST values. Since the decay product of 232Th is
208pp, this implies that thorium content in this sample was very low.
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Figure 18: 208Pb/204Ph vs 206Ph/204Ph ratios of UDW.

Figures 19, 20 and 21 displayed the latest natural ratios of 2%Ph/2%Pb, 207Pb/2%Pb and 2°8Phb/2%*Pb.
The greater the radiogenic lead variation from the natural lead composition, the greater the deposit
age and the greater the uranium and thorium content in the source rock. The lead isotopic
composition of ore concentrates in most cases differs vastly from that of the typical natural lead
and the ratios varied over a wide range. The lack of consistency of 2%°Pb/2%Pb, 2°’Pb/?%Ph and
208pp/2%4pp ratios between samples of different origins is several orders of magnitude. The broad
range of inconsistency is highly beneficial and can be used to differentiate ore concentrate and to
validate the origin of the uranium ore by comparing with a standard sample of known origin. As
can be seen from replicate samples from South Africa (mine T1 and T2) and Namibia (Nam-T and
UDW), the difference in lead isotopic ratio in samples derived from the same mine can be very
large and can lead to false assumptions. The difference of the lead isotopic is the result of two
effects in the duplicate samples: the non-uniformity of the isotopic composition of lead in the ore
body and the steady depletion of the radiogenic lead by chemical separation and its persistent
dilution of the isotope with natural lead due to the contamination of reagents during the milling

stage.
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Figure 19: The 2%Pb/2%PD isotope ratios for uranium mines along with the standard error around

the mean n=3 for all measured samples.

The ratios of 29’Pb/?%Pb, 2%Pp/?%Ph and 2°®Pb/?%*Pb ranged from (16-23), (15-75) and (36-43)
respectively, were higher than the permissible NIST values of 15.4998, 16.9416 and 36.7249. In
the determination of origin, the 2®®Pb content plays an important role because this isotope is the
daughter of 22Th decay sequence found in uranium ore (Varga et al., 2009). Figure 21 below
shows a high level of 2®Pb (for Nam-T, mine T1 and T2) and this indicates a deposit of quartz-
pebble conglomerate that is distinguished by a high thorium content. Mine T1 and T2 (South
Africa) and NAM-T (Namibia) could be distinguished by this isotopic pattern (Varga et al., 2009).
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the mean n=3 for all measured samples.

The isotopic ratio of 2°°Pb/?%*Ph shown in Figure 19 ranged between 15.6225 and 75.8725. As
reported by (Bellucci et al., 2013), a ratio of 2°°Pb/?%*Pb greater than 20 suggests that the Pb
examined originated from uranium ore, whereas a ratio of less than 20 suggests a Pb-rich ore. In
Figure 19, the 2°°Pb/2%Pb isotope ratios were greater than 20, which suggests that these samples
were from uranium-rich ores with the exception of UDW, T1E1 and T1E5, which were lower than
20. Zircon, monazite and apatite are the uranium-bearing products related to the higher radiogenic

Pb material.
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Figure 21: The 2%Pb/2%PD isotope ratios for uranium mines along with the standard error around

the mean n=3 for all measured samples.

According to (Vecchiaetal., 2017), the standard ranges of the Pb isotopic ratio contained in natural
materials, including ores and rocks are 14-30 for 2°6Pb/2%4Pb, 15-17 for 2°’Pb/?**Pb and 35-50 for
208pp/204pp, although values beyond these ranges are not rare. The isotopic ratios shown in Figures
20 and 21 varied from 14.6857 to 19.2879 and 34.872 to 40.657 for 2°’Pb/?%*Ph and 2°®Pb/?**Pb
respectively. 2°°Pb/2%Pb was higher than the range stipulated above, but it was not an unusual

range for natural ores.
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Figure 22: Radiogenic isotopic ratio of 2%4Pb/2%®Pb for all measured samples.
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Figures 22, 23 and 24 as shown; exhibited the same pattern although the isotopic ratios were
different. This could be as a result of the varying abundance percentages of lead isotopes. 2°6Pb is
more abundant than other isotopes and that is the reason why its ratio is higher than 2°°Pb relative
to the other ratios. It may also be due to the enrichment of 232Th. The isotope ratio of 2**Pb/?%®Pb
has the lowest ratio since a small 1.4% percentage of 2°Pb is found in the Earth's crust. ?°’Pb is
slightly lower than 2°°Pb and thus the ratio of 2°’Pb/?%®Pb in Figure 23 was moderate relative to

other isotopic ratios (Varga et al., 2009, Reimann et al., 2012).
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Figure 23: Radiogenic isotopic ratio of 2°7Pb/?%®Pb for all measured samples.

Radiogenic Pb isotopic ratios were shown in Figures 22, 23 and 24 are for the uranium ore and
water samples. Depending on the geological age and uranium or thorium content, the lead
contained in the sample may contain varying quantities of natural and radiogenic lead. The overall
uncertainty in the data is too small to be seen for samples with a very low 2%Pb content thus; the
samples with a high primordial lead content have a high uncertainty, which can be visible.
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Figure 24: Radiogenic isotopic ratio of 2°8Pb/2%Pb for all measured samples.

4.3 LIBS data analysis

REEs of tailing one (mine T1)

The range of spectra acquired was 250 - 850 nm, obtained without argon gas ambient. Because of
the density number, some interference lines were observed from the spectrum. The main neutral
and ionic lines of the rare earth elements have been identified within the specified wavelength
range. The following rare earth elements were not detected; La, Sm, Eu, Tb, Ho and Lu. According
to Palleschi 2019, LIBS is not highly sensitive to most of the elements of interest, this explains
why some elements were not detected (Palleschi, 2019). Arab (2014) compared the USB 4000
spectrometer with the Maya 2000 Pro spectrometer from Ocean Optics and found that Maya 2000
obtained better results with more high peaks as the limit of detection (LOD) was lower than the
USB4000. The USB4000 is in the same group as the USB2000+ spectrometer used in this study.
The USB series has a high limit of detection (LOD) and thus shows low spectral resolution
compared to the spectral resolution of the Maya spectrometer (Arab et al., 2014). Any element
with a wavelength below the detection limit cannot be detected. This may be the explanation why
certain elements have not been identified. However, we have detected a number of rare earth

elements such as Ce, Pr, Nd, Gd, Dy, Er, Tm and Yb. LREEs peaks were most dominant in this
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sample relative to HREEs. The spectrum is dominated by rare earth element Ce, Gd, Tm and Dy
LREEs and HREES respectively.
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Figure 25: REE spectrum of T1EL.

Most peaks lie in the range between 0 to 2x10* intensity and the highest peaks between 8x10* to
1x10° intensity. Er 1 (354.75 nm), Ce 1l (279.05 nm), Gd | (501.17 nm) and Nd I (532.08 nm)
recorded the highest peaks as shown in Figure 25. In addition, the strongest emission lines of Yb
I1251.63 nm, Gd 11 308.99 nm, Nd 11 383.05 nm, Ce 11 413.38 nm and Ce 11 532.33 nm described
in the NIST database were also observed in this spectrum. The total number of REEs observed in
Figure 25 is 19.
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Figure 26: REE spectrum of T1E7.

The emission of Er | 354.75 nm interferes with the Tm | 354.21 nm emission line. This may be
caused by alack of ambient argon gas during analysis of the sample. In addition, several
interferences affected the results of the LIBS and most of this were discussed in Chapter 2. Figure
26 was dominated by LREE in contrast with HREE. The highest peaks were observed in the
following emission lines; Er 1 354.75 nm, Ce Il 279.05 nm, Nd | 385.05 nm, Gd 1 396.01 nm, Gd
I1517.88 nm, Nd | 532.08 nm and Lu I11 588.98 nm. There were the highest peaks in LREE. Ce,
Gd, Tm and Dy mostly populated the spectra. Most peaks ranged from 0 to 2 x 10*, apart from Ce
11 279.05 and Er 1 354.75 nm, which ranged from 2 x 10* to 4 x 10%and 8 x 10* respectively. The
following strong emission lines Ce | 567.78 nm, Nd 11 383.05 nm and Dy | 422.52 nm were in
agreement with those acquired from the NIST database. About 28 REEs were identified in Figure
26.
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Figure 27: Overlay spectra of mine T1.
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The full spectra of all samples examined in one mine tailing is shown in Figure 27 above. Samples
T1E1 and T1E7 showed similar spectral patterns. This pattern could be seen from the above
overlay spectra. This overlay spectra showed the signature of the tailing of the mine. Since these
samples showed the same pattern, it could be inferred that they might be of the same geological

origin. All samples showed Ce, Gd, Tm and Dy occurred often.

Elements with relatively low ionization energy have a high emission and can be detected at very
low abundance. High ionization energy elements can be expected to have low emissions and can
be observed at very high abundances. Since REE has a low ionization energy, there is therefore a
high emission and a very small abundance can be detected. In detail, most of the spectral lines of
useful and high intensity were around the 250 - 590 nm range. At the same time, LIBS spectra

provided a significantly lower intensity and stable pattern at 590 - 800 nm (Yu et al., 2016).

REEs of tailing two

Figure 28 showed a distinct REE fingerprint from the other samples. Ce 11 279.05, Er | 354.75, Nd
11 383.05, Gd 1 393.01, Nd 1 532.08 and Yb Il 589.72 nm were the lines with the highest peaks in
the spectra. Most of the highest peaks were occupied by LREEs relative to HREES. This may be
because the ionization energy on the periodic table increases from left to right, resulting in the
elements on the left having low ionization energy. As mentioned, a low ionization energy implies
low spectral emission and a very small abundance. The lines of Gd, Ce, Pr, Nd, Tm, Er, and Yb
occurred frequently. Tailing two samples also revealed a similar tendency to have more LREES
than HREE, thereby exhibiting a similar characteristic trend for tailing one and two. This

characteristic was observed as a signature for these two tailings.
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Figure 28: REE spectrum of T2EL.

The highest peak (Er | 354.75 nm) ranged from 6 x 10* to 8 x 10% while the other high peaks
ranged from 0 - 2 x 10* Figure 28 had emission peaks comparable to tailing one, both of which
showed Ce Il 279.05, Nd Il 383.05 and Nd I 532.05 nm. The distinction is that a few samples
contain Pr at 598.73, 635.73 and 767.707 nm in tailing two and some samples showed Er as one

of the HREE's dominant peaks, and this was not observed in tailing one.
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Figure 29: REE spectrum of T2ES5.
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In Figure 29, approximately 22 emission lines were detected and only 13 were HREE and 14 LREE
were detected. This means that LREE were more predominant in this spectrum relative to HREEs.
The most elements occurring frequently in the spectrum were Pr and Nd for LREEs and Er, Tm
and Dy for HREEs. Most rare earth elements have been detected, except for Gd, Tb and Yb. The
highest peaks were located at 355.61, 278.77, 348.59, 500.25, 517.38, 531.98, and 589.32 nm. In
comparison to the other samples, the emission line of 279.05 nm Ce Il was not observed in the
spectra. According to the NIST database, the strongest lines are Ho |1 412.02, Dy Il 395.78, Nd Il
382.92 and Pr 1 463.23 nm, these lines were also observed in Figure 29.
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Figure 30: Overlay spectra of T2.
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LREE were the predominant ones in all samples except for only one sample. Tailing two overlay
revealed the fingerprint of the mine. The pattern of tailing one looked different from the tailing
one overlay. The overlay consisted of 11 samples from the same mine. Since these samples showed
the same pattern, it can be inferred that they might have been of the same geological origin. All
samples showed that Ce, Gd, Tm and Dy appeared continually. Most of the spectral lines of useful
and high intensity were around the 250 - 590 nm range. At the same time, the LIBS spectra
provided a significantly lower intensity and stable pattern at 590 - 800 nm.

REEs of NAM-T

There were 19 REE found in this sample, of which 12 were LREE and the rest HREE. Ce, Nd, Dy
and Tm were classified as the most predominant in the spectrum. Tm | 354.21 nm appeared to be
saturated, which suggested that the obtained plasma light was more than the detector could count.
The highest peaks were recorded at Tm 1 354.21 nm, Yb 11 589.72 nm, Nd |1 532.08 nm and Ce II
279.05 nm at intensities between (6 x 10*- 8 x 10%), (4 x 10*- 6 x 10%), (2 x 10*- 4 x 10%) and (0 - 2
x 10%) respectively. A few REE emission lines observed in Figure 31 were listed in the NIST as
the lines with the strongest emission lines. Those lines are Ce Il 422.77 nm, Ce | 569.29 nm, Tm
| 354.21 nm, Dy | 396.26 nm and Nd Il 383.05 nm.
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Figure 31: REE spectrum of NAM-T-1.
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The intensity of Figure 32 varies from 0 to 8 x 10* a.u. There were three highest peaks present in
this spectrum; Tm | 354.21 nm, Ce 1 589.32 nm, Ce 11 279.05 nm with intensities between 2 x 10
8x10% 1.5x 10%- 2 x 10* and 1 x 10* — 1.5 x 10* a.u. Since the height of a peak can be determined
as a dominant factor in the spectra, these three peaks were the dominant ones in this spectrum.
Several REEs found in Figure 32. Approximately 31 LREE and HREE were detected in this
sample. All LREE and HREE were detected, but some were detected several times more than
others such as Gd, Ce, Nd, Eu, Tm, Dy and Er. For the first time, Yb IV 214.48 nm, Gd 111 237.43
nm, Tm 111 266.30 nm, Lu | 636.60 and Yb 111 840 nm were detected in the sample in Figure 32.
There was no saturation of the detector in this spectrum. The emission lines were scattered across
spectral wavelengths of 250 to 700 nm. Ce | 559.80 nm, La | 578.92 nm, Nd Il 373.28 nm, Eu |
429.87 nm, Eu 1l 382.67 nm, Gd | 407.87 nm, Dy 11 303.83 nm, Dy | 393.01 nm, Dy 422.52 nm,
Tm 1 317.36 nm and Tm | 354.21 nm observed were identified as the strongest in the NIST

database.
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Figure 32: REE spectrum of NAM-T-2.
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The overlay consisted of all 10 samples from the Namibian tailings mine. The pattern in Figure 33
showed the fingerprint of this mine. This overlay showed a distinct pattern from the overlay of the
other tailings. Each spectrum in this tailing looked identical, although some of the samples had
more REE than others. Interferences were found, most of which were due to the reasons mentioned
in Chapter 2 under the LIBS section.

REEs of underground water

There were several emission lines present in this spectrum, which were identified as the strongest
lines in the NIST database, such as Tm | 287.84 nm, Tm 1l 324.15 nm, Er 1l 336.67 nm, Tm |
354.21 nm, Er 1 385.59 nm, Er 1 390.40 nm, Gd 11 434.22 nm, Ce 1 567.78 nm and Pr 1 598.73 nm.
The spectra shown in Figure 34 had 28 REE detected with 14 LREE and HREE. There was also
an equal amount of LREE and HREE in this sample. Ce, Tm and Er occurred more than once in
the Figure 34. The emission lines with the highest peaks were: Tm | 354.21 nm, Ce 1 506.40 nm,
Dy 1 412.61 nm, Tm 1l 287.84 nm, Ce Il 251.33 nm, Er | 385.59 nm and Pr 1l 634.71 nm with
intensities between 6 x 10* -8 x 10* for Tm | 354.21 nm and 2 x10* — 4 x10* for the rest of the
peaks. Most of the emission lines were between 250 - 670 nm wavelengths.
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Figure 34: REE spectrum of UDW-1.
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Only 14 REE were measured with few LREE (6) relative to HREE (8), so this spectrum was
dominated by HREE. The elements that occurred more than once were Tm, Er, Ce and Nd. The
highest peaks occurring in this spectrum were Er | 354.75 and Ce Il 279.05 nm with intensities
between (5 x 10* — 6 x 10%) and (1 x 10* — 2 x 10% respectively. Many REEs were clustered
between 250 - 530 nm wavelengths. In Figure 35, Th, Ho, Lu, Yb, La, Pr, Sm, Eu and Gd were

not measured by the spectrometer.
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Figure 35: REE spectrum of UDW-4.

Most of the peaks were grouped from 250-650 nm. This overlay also depicted the fingerprint of
the underground water (UDW). The pattern was different from the mine tailings (NAM-T)
although they were from the same area (Namibia). The overlay spectrum consisted of all 10

samples taken from underground water.
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4.3 Comparison of ICP-MS and LIBS

In this section, the REE signatures obtained from ICP-MS were compared with those obtained
from LIBS. All REEs were detected by ICP-MS as shown in Figures 7 to 10, however. LIBS was
unable to detect some of the REE in all the tailings. This may be because their intensity was too
small to be detected by the spectrometer or because the spectrometer’s resolution was not high
enough and because the spectrometer’s wavelength used cannot reach ranges below 250 nm and
above 850 nm. Although LIBS is said to be the most sensitive instrument to detect

elemental compositions, it has not been able to measure all REEs present in the sample.

The ability of LIBS to detect REEs was mainly affected by interference. This can be resolved by
using the argon gas ambient in the experiment, calibrating the spectrometer using a high-pressure
Hg (mercury) lamp or Hg-Ar (mercury-argon) lamp for wavelength correction and using a high-
resolution spectrometer with a wavelength range of 100 -1100 nm. The patterns observed from the
overlay spectra can be used as REE signatures for the various mines.

REEs from ICP-MS indicated that mine T1 and T2 from a South African uranium mine had a
negative cerium anomaly with flat HREEs and no fractionation, whereas NAM-T and UDW (from
the Namibian uranium mine) had a negative europium anomaly with enriched LREEs and a flat
HREEs. LREEs were found to dominate the spectrum on the LIBS analysis, indicating that they
were enriched, therefore, the LIBS results agree with the ICP-MS. REEs collected from LIBS
indicated that T1 and T2 (South African uranium mine) had more identified REEs than NAM-T
and UDW (Namibia uranium mine). Ce, Nd, Gd, Tm and Dy dominated the spectra of T1, T2,
Nam-T and UDW.

4.3.1 Dendrogram cluster analysis

There are three clusters contained in Figure 37. There were some cases in which cluster analysis
grouped samples from different geo-locations into one cluster. Cluster analysis was unable to
group samples from the same mine as those showing similarities, instead only samples showing
similarities were grouped regardless of the origin from which they came. Figure 37 provided
illustrations of this. The first group comprised samples from South Africa (tailing one and Namibia
(NAM-T). The second and third comprised underground water (UDW) from Namibia.
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Figure 37: Dendrogram showing clusters of T1, NAM-T and UDW. First cluster (mine T1),
second clusters (NAM-T) and third cluster (UDW).

Figure 37 displayed the outcome of the cluster analysis in the form of a dendrogram for twenty-
four samples. Ce, Nd, Gd, Dy and Tm were the common elements present in all samples. Mine T2
was not included in the clustering analysis because it did not have all the elements common to
mine T1, NAM-T and UDW. Because of this factor, it was generating errors. Only samples from
T1, NAM-T and UDW were included in this analysis. This selection was intentional, since it results

in a conservative analysis of similarities.
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4.3.2 Principal component analysis (PCA)
The plot provides insight into the spectral characteristics, which primarily affect the various
principal components. The positive loads represent the magnification of the resulting

principal component.

Clustering was observed when adding the uranium ore and water to the plot in Figure 38. A
rough categorization of mine T1, NAM-T and UDW suggested that mine T1 and NAM-T were
positioned in the right quadrant (predominantly in the top right with positive PC1 and positive
PC2 values). On the side of PC1, the LIBS uranium ore spectra were differentiated, although
some spectra appeared to be on the positive side of PC2. There was a small overlap that indicated
that there was a clear distinction between the three clusters.

The findings of the dendrogram were consistent with the results obtained from the PCA. Figure
37 displays three clusters clustered in the same way as Figure 38. The spectral line with less
interference was chosen to achieve accurate analysis (Yang et al., 2017). PCA was used to
distinguish spectral differences between similar types of samples (Harmon et al., 2017). PCA
provided a valuable tool to evaluate whether the samples are the same or different and which

variables were responsible for the possible differences (Gottfried et al., 2009).

PCA was carried out to display any variation between the 3 samples using the LIBS spectra on the

selected characteristic lines. Each point represented one spectrum in the scatter plot.
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Figure 38: Principal component analysis for sample mine T1, NAM-T and UDW obtained from
LIBS.

Figure 39 shows three clusters displayed in dots of three different colors, pink, green and blue.
Cluster 1-18 reflects tailing one, (mine T1) and mine tailings (NAM-T) samples which were
grouped into one cluster and plotted between -1 and +1. Tailing two was not part of the PCA
clusters as in the dendrogram simply because it had distinct elements and emission lines from other
samples. Mines T1 and NAM-T both formed one cluster, while UDW was divided into two distinct
clusters, from19-21 on positive PC2 and 22-24 on negative PC2 clusters. The results showed that
tailing one and NAM-T mine tailings exhibited identical patterns and UDW showed a distinct
trend relative to mine T1 and NAM-T. This mean that mine T1 and NAM-T had identical rare
earth patterns compared to UDW.
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Figure 39: PCA analysis of samples obtained from ICP-MS.

Figure 39 displays the PCA results obtained from the ICP-MS and presents three clusters. This
plot consisted of all samples from mines T1, T2, NAM-T and UDW. From the diagram, mines T1
and T2 transformed into one cluster, and NAM-T and UDW transformed into another cluster, with
the exception of a few samples of UDW-1, UDW-3, UDW-4 and UDW-9, which formed a separate
cluster as shown by pink dots. This similarity was expected because mines T1 and T2 were from
the same geological area and the same applies to NAM-T and UDW, they were of the same origin

but NAM-T was uranium ore, while UDW was underground water.

This PCA plot indicates that samples with similar trend originated from the same area, while the
LIBS PCA plot does not indicate that samples with the same trend originated from the same

location.
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Chapter 5: Conclusion and recommendation

The goal of this study was to identify nuclear forensic signatures from lead isotopic ratios and rare
earth elements in uranium ore samples from the Namibian and South African uranium mines.
Namibia and South Africa are major uranium ore exporters. These countries are also at risk of
nuclear material being stolen for malicious purposes, and the nuclear forensic signatures produced
in this study will promote and improve nuclear security and safety in the fight against theft of
nuclear material, thereby promoting the non-violent use of nuclear material. That is why nuclear
forensic signatures of uranium or nuclear materials need to be established and stored in a nuclear

forensic library database.

This research examined the REE signatures and lead isotopic ratios in 32 uranium ore samples and
10 groundwater samples (22 samples of uranium from South Africa and 10 samples of uranium
ore and 10 samples of groundwater both from Namibia). The REE signatures were developed using
ICP-MS and LIBS techniques for the mines under investigation. REE found to be prevalent were
Ce, Nd, Gd, Tm, Er and DY from LIBS and from ICP-MS the REEs found to be abundant for T1
and T2 were La, Ce and Nd whereas for NAM-T and UDW, La, Pr, Nd and Dy were found. Based
on the LaN/YDbN ratio, LREE was found to dominate the South African mine and there was a
negative cerium anomaly. It was found that LREE dominated the Namibian mine and a negative
europium anomaly was observed. Based on this ratio, LREE of underground water were also found
to dominate water samples. Therefore, enriched LREEs and depleted HREEsS, were exhibited in
both samples analyzed by LIBS and ICP-MS.

These findings were consistent with the ones obtained from LIBS because the mine was also
dominated by LREE in both samples from South Africa and Namibia. The LIBS results showed
that most of the emission lines and high intensities that were useful or strongest were in the range
of 300 - 590 nm. The differences and similarities or trend on the clusters between samples from
different mines were observed in the principal component analysis of ICP-MS and LIBS, which

can be used as signatures for these mines.

The principal component analysis displayed identical patterns within the mines for samples
analyzed using ICP-MS whereas distinct patterns were observed from samples analyzed using
LIBS.
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The lead isotopic fingerprints plotted relative to 2°°Pb did not comply with the reference values
for NIST SRM 981, which are as follows: 0.059, 0.9146 and 2.168 respectively for 2%4Pb/?%Pb,
207pp/2%pp and 2°8Pb/2%°Ph. The lead isotopic concentrations of underground water, however, were
in line with the NIST values. It was found that the 2%°Pb/2%4Pb plotted exceeded the NIST reference
values and that marks a rich uranium or lead ore because they are higher than 20. All
samples exhibited that they were from an ore rich in uranium excluding underground water that is
located a distance away from the Namibian mine, which means that the uranium content in water
was poor, so it contained natural uranium/lead content. Lead isotopic ratios from South Africa

exhibited a very rich uranium ore content compared to the lead ratios from Namibia.

This research therefore determined the nuclear forensic signatures from lead isotopic ratios and
the REE of uranium ore and water samples and the characteristics found could be used as a

fingerprint in promoting nuclear safety.

All the objectives of this study were achieved, with the exception of the second last objective
which states that the nuclear forensic library will be established for Namibia and South Africa.
This occurred because of time constraints and because there were few samples examined for both
countries and which were not enough to build a forensic library. In addition, collecting more results

for both countries would have a great benefit in developing such a library.

The limitations encountered in this research were: lack of laser resources, such as the unavailability
of a laser operating at a wavelength of 1064 nm at CARST laboratory, the lack of a high resolution
spectrometer with wavelengths ranging from 100 to 1100 nm, not having a high-pressure mercury-
argon lamp at CARST laboratory for wavelength calibration and the lack of argon atmospheric gas
during the experiment. This research could be improved by increasing the sample size and

availability of resources for the LIBS experiment.
Recommendations and future work

In order to make well informed decisions of the nuclear forensic signatures, a reasonable set of
samples should be collected and analyzed. A high resolution spectrometer is recommended since
it would be difficult to measure wavelengths within the vacuum UV wavelength range (i.e. about
100 — 250 nm). An argon gas is recommended during the experiment to avoid absorption of other

emission lines.
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Future work must include a huge number of samples covering all the uranium mines in South
Africa and Namibia. In order to observe the signatures and make a decisive conclusion on the
origin. This information from the samples would then be put in a nuclear forensic database to help
in safeguarding nuclear materials in both countries. A well-established laser laboratory is

necessary to make explicit conclusions on the results.
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