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Abstract 

The natural radionuclide content of 20 samplescollected from Kurun Mountain, western Sudan, 

has been determined using gamma-spectrometry. The data showed that 238U and its decay 

products were the principal contributors of radioactivity in phosphate deposits. The range of the 

activity concentration was measured in apatite phosphate rock samples was 378.03-1332.58 

Bq/Kg with a mean value of 815.46 Bq/Kg and the data showed that most of samples 

concentrated in the medial comparable with top and bottom of mountain.The distribution of 

samples indicated that the weathering effect and the rainfall may be the main reasons to enhance 

the mobility and solubility of uranium from the top to the bottom of the mountain. 
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 الخالصة

ت������م تحدی������د بع������ض العناصراالمش������عھ الطبیعی������ھ  للعین������ات الم������اخوذه م������ن جب������ل الفوس������فات ك������رن بغ������رب الس������ودان 

وذل�����ك باس�����تخدام جھ�����از مطیافی�����ة قام�����ا ودلل�����ت النت�����ائج عل�����ي وج�����ود عنص�����ر الی�����ورانیم وبع�����ض العناص�����ر الناتج�����ھ 

و أظھ��������رت .) 815.46(وقیم��������ة متوس��������طھ)  1332.58-378.03( وكان��������ت ق��������یم  تراكی��������زه م��������ابینم��������ن تحلل��������ھ 

اظھ�����ر توزی�����ع العناص�����ر . مقارن�����ة م�����ع أعل�����ى وأس�����فل الجب�����ل الجبلالبیان�����ات أن معظ�����م العین�����ات تترك�����ز ف�����ي وس�����ط

حس�����ب تراكیزھ�����ا ف�����ي الجب�����ل ت�����اثیر الظ�����روف الجوی�����ھ والت�����ي ق�����د تك�����ون الس�����بب الرئیس�����ي ف�����ي ذوب�����ان وحرك�����ة 

 .وم من االعلي الي االسفلالیورانی
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Chapter One 

Introduction 

1.1 Radioactivity and soil of the phosphate rocks 

Man is exposed to radiation from the creation of the earth.  The main types of radiation are 

primordial or terrestrial, cosmogenic and anthropogenic natures (man-made) are all present in 

environment. Primordial radionuclide such as 40K, 238U and 232Th are left over when the world 

and universe were created. They are long live radionuclides with half-life often of the order of 

hundred million years. 

 The specific level of terrestrial environmental radiation is related to geological compassion of 

each lithological area. It depends on the content of the rock from which the soil originates in each 

area1. 

In term of natural radioactivity, it is well known that the igneous rocks of granite composition are 

strongly enriched with thorium and uranium (on an average 15ppm for thorium and 5ppmfor 

uranium) as compared with to the rock of basaltic or ultramafic composition 2,3. For that reason 

soil originate with igneous is associate with higher radiation level, and the lower level is associate 

with sedimentary originated soil 4. 

Most of radioactivity associate with uranium in the nature is due to its progeny 226Ra, since 222Rn 

is gas and it may escape easily to cause disturbance to the secular equilibrium. When equilibrium 

is obtained after proper sample sealing, this implies that the activity concentration is same within 

all members of the decay chain 5. 

1.2 Aim and scope of study 

 Assessment of radioactivity (in Bq,Kg-1) of U238 in phosphate rock in Kurun Mountain, Eastern 

Nubba Mountains in the state of Kordofan (Western Sudan). 
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1.3 Thesis description 

The thesis consists offour chapters. A brief introduction has been highlighted in the first chapter. 

The second chapter described the introduction of environmental radioactivity and their types. It’s 

also includes the literature review on the phosphate rock, radioactivity in rock, industry, and the 

contamination to environment. The detail of rock sample, equipment used and sample processing 

have also been mentioned in chapter three with details of analytical methods. Chapter four 

presents the results and discussion of the data. 
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Chapter Two 

Literature Review 

2.1 Radiation phenomenon 

Since the formation of the Earth, man-kind has been exposed to radiation from different sources. 

The largest proportion of human radiation exposure originates from the natural environment, and 

these include cosmicradiation andterrestrial sources. Asignificant naturalradioactivesource is 

radon gas, since it is produced in many close homes andbuildings with wall attempted by 

terrestrial elements. Radiation exposure also occurs due to artificial sources such as diagnostic 

examinations and radiotherapy of tumors from artificial elements. Due to their high energy, a 

radioactive atom decays and emits its surplus energy and transformed into another isotope of the 

same or a different element that in turn may be radioactive. This process continues until a stable 

isotope isformed6. 

2.2 Radioactive decay 

In the radioactive decay process, an unstable “parent” nuclidePis transformed into a more stable 

“daughter” nuclide Dthrough various processes. Symbolically, the process can be described as 

follow: 

P→D+d1+d2+...                            (1.1) 

Where the light productsd1+d2+... are the emitted particles.  

The radioactive decay process is usually accompanied by the emission of gamma radiation. If the 

daughter nuclideis also unstable, the radioactive decay process continues further in decay until a 

stable nuclide is produced. Radioactive nuclides decay spontaneously by the severalmode which 

are represented in Table (1.1) such as alpha (α) decay, beta-minus (β−) decay,beta-plus (β+) 

decay, gamma emission (γ), etc. … 

 The actual process of radioactive decay depends on the neutron to protonratio, on the mass-

energy relationship of the parent to daughter, and on the emitted particles. Thus the process does 

not depend on the chemical and physical states of the nuclide. As with any nuclear reaction, the 

varies conservation law must be hold 
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Table1.1 Summary of different types of radioactive decay, the parent nuclide is denoted byP 

and the daughter nuclide by D 

 

Type of decay Reaction Description 

Alpha (α)  

��
� → �	���

��� +α 

In proton rich nuclides, an alpha particle can be 

emitted – the daughter nucleus contains two protons 

and two neutrons less than the parent. 

Beta-minus(β−) ��
� +→ ����

� + β− +ν In neutron rich nuclides, a neutron in the 

nucleus can decay to a proton – thereby 

an electron (β−) is emitted together with an 

antineutrino(ν) 

Beta-plus (β+) A
ZP→ AZ-1D+β++ν In proton rich nuclides, a proton in the 

nucleus changes to a neutron – thereby a 

positron (β+) is emitted together with aneutrino (ν) 

Electroncapture 

(ε or ec) 

A
ZP + e−→ AZ−1D∗+ν An orbital electron is “captured” by the 

nucleus and results in a proton being converted to a 

neutron and a neutrino (ν). Thedaughter nucleus is 

usually left in an excited state 

Gamma (γ) A
ZP∗→A

ZP +γ An atom in an excited state decaysthrough the 

emission of a photon. 

Isomeric transition 

(IT) 

Am 
Z P →A

ZP +γ Isomeric transition occurs in long-lived 

Metastable states (isomers) of parent 

Nuclei 

Internal conversion 

(IC) 

A
ZP∗→[A

ZP]++e− A nucleus in an excited state ejects anorbital 

(usually a K-shell) electron. 

Proton (p) A
ZP→A−1

Z−1D + p 
 

A proton is ejected from the nucleus 

Neutron (n) A
ZP→A−1

ZD +n 

 

A neutron is ejected from the nucleus. 

Spontaneous fission 

(SF) 

A
ZP →DH +DL +υn In this process, the parent nucleus splits 

into heavy and light fragment daughter 

nuclei(DH,DL) with mass and charge 

roughly half that of the parent, and several 

neutrons (υn) 

Special betadecay 

processesβ−,n,β+α,β+p 

 

A
ZP→ AZ+1D∗+β−+ν- 

 

A
Z+1D∗→A−1

Z+1D + n 

Particle (neutron, alpha, proton) emission 

Immediately follows beta decay. 

Heavy-ionradioactivity 

 

A
ZP→DH+DL A heavy parent decays by the emission of a light 

ion. 
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2.2.1 Alpha (α) Decay 

In alpha decay, the parent atom(P)emits an alpha particle(He+2)and a daughter nuclide(D). The 

daughter atom atomicnumber (z)decreases by two and the mass number (m) decreases by four of 

the parent. The process of alpha decay associated with high atomic number and proton rich 

nuclides. The produced alpha particle will slow down and lose its kinetic energy and must have 

sufficient energy to overcome the potential barrier in the nucleus. The decay energy for alpha is 

expressed as: 

Eα =Qα. 
�(�)

[�(�)��(��)]
………………. (1.2) 

Whereas Eαis alpha energy, Qαis reaction energy, M(D) is atomic mass for daughter and M(He) 

isatomic mass for alpha. 

The penetrating range of alpha particle in solids and liquids is fewmicrometers, but in air the 

range is typically a few centimeters. Alpha particles are absorbed in the outer layers of the skin, 

before caused injury. If they are taken internally, they become very dangerous because of the 

large amount of energy released in a short distance within living tissue. This property can be used 

for killing cancer cells in such processes as alpha-immunotherapy. 

2.2.2 Beta (β) Decay 

β radioactivity occurs when a nucleus emits an electron from an unstable radioactive nucleus, and 

this happens when the nuclide has an excess of neutron or proton. 

n → p+(β−) +ν-………………… (1.3) 

p → n+(β+)+ ν    .……….……….(1.4) 

Where (ν, ν-)areneutrino and antineutrino. The ejected high energy electron from the nucleus and 

denoted by(β−) to distinguish it from other electrons denoted by (e−).Beta particles have a 

continuous spectrum of energies between zero and some maximum value in range  from few keV 

to few tens MeV, (the endpoint energyis characteristic of that nuclide). The fact that the beta 

particles are not mono energetic but have a continuous energy distribution up to a definite 

maximum energy, implies that there is another particle taking part of the energy(e.g. the neutrino 

ν)7. 
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2.2.3 Gamma ray 

Gamma radiation is electromagnetic waves (photons), related to radiofrequency waves and 

visible light, but with much higher energy. It has been created due to changes in the atomic 

nucleus from excited to ground state. The penetrating energy of gamma radiation is very long, 

compared with alpha and beta, and it can easily penetrate living tissue. 

Thus, gamma rays are always accompanied with alpha and beta decay, when daughter has been 

created in excited state then emitted energy (gamma) to be in ground state. 

P → D* + (α orβ) →D + (γ)………………   (1.5) 

 In order to attenuate gamma radiation, several centimeters of lead or tens of centimeters of 

concrete, are required. The gamma radiation decreases exponentially with the thickness of the 

shield depending on the initial energy of the photons6. 

2.3 Uranium 

The  element  uranium  is  very  widely  distributed  throughout  the  crust  of  the  earth. Almost,  

all  type  of  rocks  contain  at  least  some  amount  of  uranium, with a range of 2 – 4 ppm.  

Natural waters, including sea water also contain uranium in very small quantity. About 1.3 x 

1014tons of uranium exists in the earth’s crust8.Natural uranium has three isotopes 238U (99.28%), 

235U (0.72%) and 234U (0.0055%), all are radioactive nuclides undergo spontaneous disintegration 

to produce different elements. 

2.3.1 Physical and chemical properties of uranium ore 

Pure form of uranium is a silvery-white, and it consider as one of the heaviest metals of the 

natural occurring elements. It is weakly radioactive with abundance 0.0003 %(3 parts per million) 

of earth crust. Uranium found in different chemical forms due to its several oxidant states (+2, 

+3, +4, +5, +6), with theoxidation states +4 and +6 (e.g. dioxide UO2 

andtriuraniumoctaoxide(U3O8) to be more dominant. 

In aqueous media, uranium is primarily presents in the +6 oxidation state as the uranyl cation 

(UO2)
+2, and its present depends on  pH, Eh and redox potential. Forexample, under neutral 

conditions, hydroxide complexes such as(UO2OH)+, (UO2)2(OH)2
+2,(UO2)3(OH)5+and 

((UO2)3(OH))7-and phosphate complexes such as UO2HPO4
0and( UO2(HPO4)2)

2-are the more 
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dominant forms. However, under alkaline conditions, carbonate complexes such as (UO2CO3), 

UO2(CO3)2
2-and UO2(CO3)3

4-arepredominate9. 

2.3.2 Estimation of uranium 

Various  physical  and  chemical  methods  and  techniques  are  available  for  determination of 

uranium content in rock/ore. During prospecting and/or exploration of uranium bearing minerals, 

it is necessary to make a quick but reliable estimation of uranium content in the rock. The 

properties of uranium described above (2.3.1) are the basis for separation and determination of 

uranium, however, for the purpose of field measurement; the most useful property of uranium 

identification is its radioactivity 8. 

2.3.3 Uranium series 

Naturally occurring uranium is a mixture of three isotopes. The most abundant isotope (greater 

than 99%) is 238U (half-life 4.5×109 years), and the other isotopes 235U (half-life 7×108 years) and 

234U (half-life 2.5×105 years). Uranium-238 is the parent substance of the 14 member radioactive 

decay series (Fig 2.1) known as the uranium series (4n+2 chains). Some relatively long-lived 

members of this series include 234U, 230Th, and226Ra; the final stable member of the series is the 

stable Pb206. 

2.3.4Actinium series 
235U, also called action uranium, is the parent of the so-called actinium series (4n+3 chains),a 15-

member radioactive decay series ending in stable 207Pb (Fig 2.2).231Pa and 227Ac are the relatively 

stable members of this series. Because the rate of decay in these series is constant, it is possible to 

estimate the age of uranium samples (e.g., minerals) from the relative amounts of parent 

substance and final product10. 
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_  

Figure 2.1 Natural Decay Series: Uranium-238(source: Martin 2006) 
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Figure 2.2Natural Decay Series: Uranium-235(Source: Martin 2006) 

 

 

 

 

 



 

2.4Radioactive Decay Law

The rate of decay (number of disintegrations per unit time) is proportional to the number of 

radioactive nuclei (N) in the sample:

−  N                               

The negative sign signifies that 

probability per unit time that a given radioactive nucleus will decay. 

Equation (1.6) can be integrated to give

N

Where N0 = number of radioactive nuclei at 

2.4.1 Activity and Half-life 

ActivityisNumber of disintegrations per unit time

A(t) = N(

Substituting N0 = N0/2 and t = 

t1/2 is half -life of the radionuclide (

the sample to decay). This has the same exponential fall off with time as N(t).

Figure 2.3Activity and time is the exponential function

 

dN 
dt 

10 

Radioactive Decay Law 

The rate of decay (number of disintegrations per unit time) is proportional to the number of 

radioactive nuclei (N) in the sample: 

                               ..……….………………..(1.6) 

signifies that N is decreasing with time. is called the decay constant

probability per unit time that a given radioactive nucleus will decay.  

) can be integrated to give: 

N(t) = N0e − t …………………..(1.7) 

= number of radioactive nuclei at t = 0. 

disintegrations per unit time 

N(t) = N0e
− t = A0e

− t …………………….(1.8) 

= t1/2 into Eq. (1.8) gives 

t1/2 = ln2……………………… (1.9) 

fe of the radionuclide (the time required for half of the amount of the 

This has the same exponential fall off with time as N(t).

Activity and time is the exponential function (Source Mangill and Glay 2005)

The rate of decay (number of disintegrations per unit time) is proportional to the number of 

 

called the decay constant or 

 

of the amount of the radio nuclei in 

This has the same exponential fall off with time as N(t). 

 

(Source Mangill and Glay 2005) 
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Fig (2.3) above shows the activity of a sample decaying at a rate of exp(-t), andthe half-life of 

this sample = ln2 (≈ 0.7 s). 

2.4.2 Decay Chains 

When nuclei A decay into stable nuclei B, the number of each nuclei present at time t is: 

NA(t) = NA(0)e -λt and NB(t) = NA(0)(1 - e -λt)  …………….(1-10) 

where only nuclei A are present initially. The number of nuclei A (parent nuclei) decreases with 

time, whilethe number of nuclei B (daughter nuclei) increases from zero and approaches NA(0). 

Ast, all the parent nuclei eventually become daughter nuclei.  

The total number of nuclei is constant: 

NA(t) + NB(t) = NA(0)  ..……………………. (1-11) 

 If nuclei B are also radioactive, the above equations do not apply, since, as nuclei B are 

produced, they also decay. The daughter nuclei of B may also be radioactive and a decay chain is 

set up: A B C…. etc. 

2.4.3 Decay Series 

The number of atoms of each member of a radioactive series at any time (t) can be obtained by 

solving a system of differential equations, which relates each product A,B, C,...  with 

corresponding disintegration constants A, B, C,...etc. Each series begins with a parent nuclide 

A, which has a rate of transformation 

=   - A NA……………………. (1-12) 

The second nuclide in a radionuclide series will be produced at a rate of ANA due to the 

transformation of NA, but as soon as atoms of NB exist, they also can undergo transformation if 

they are radioactive.Thus, the rate of change of atoms of NB is the rate of production minus the 

rate of removal of NB atoms, or: 

=   A NA  -B NB  ……………. (1-13) 

Whereλ
A
and λ

B
are the decay constants of N

A
and N

B
  respectively. Substituting Eq(1.7) into (1-13) 

and rearranging yields: 

+ B NB - A 
ºNA e-At = 0         ……..…….  (1-14) 

The solution of Eq. (1-14) is: 

NB =   NA(e-At - e-Bt )   ………………(1-15) 

And it can be verified by substitution into Eq. (1-14). In Eq. (1-15), the first term on the right 

reflects the production of N
B
by decay of N

A
and the loss of N

B
by decay. The second term on the 

dNA 

dt 
 

dNB 

dt 
 

dNB 

dt 
 

 

º A 
B- A 
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right represents the contribution from any initial N
B
in the system. IfλB is zero, that is, N

B
is a 

stable nuclide7. 

2.5 Radioactive equilibrium/disequilibrium 

Consider a simplified radioactive decay process involving only three nuclides, NA, NB, and NC. 

The nuclide (A) decays into nuclide (B) which in turn decays to nuclide (C). Nuclide (A) is the 

parent of nuclide (B). From the relations given above, the number of atoms of nuclide (B) is 

given by equation (1-15). 
 

NB =  ºNA(e-At - e-Bt)  =NA(1 - e -( A - B)t)(1-16) 

 

From Eq. (1-16), it can be seen that the time required to reach equilibrium depends on the 

half-life of both the parent and the daughter. Therefore, three cases can be distinguished to give 

different equilibrium states: 

1. τA »τB The half-life of the parent is much longer than that of the daughter. 

2. τA>τB The half-life of the parent is longer than that of the daughter. 

3. τA<τB The half-life of the parent is shorter than that of the daughter. 

2.5.1 Secular Equilibrium: (τA» τB) 

In secular equilibrium, the half-life of the parent is much longer than that of the daughter, 

i.e. τA»τB(A« B). In this case Eq. (1-16) reduces to: 

 

NB = ºNA  (1 - e - Bt)…………………(1.7) 

 

For times t »τA, radioactive equilibrium is established and the following relation exists: 

Secular Equilibrium:              =         =                    , and AA= AB, 
 

Where A is the activity defined by N. Hence, in radioactive equilibrium the ratio of the numbers 

and the masses are constant, whereas the activities are equal as shown in Fig (2.4) 

 

 

 

 

 

A 
B- A 

A 
B- A 

A 
B 

 

NB 
NA 

A 
B 

τB 
τA 
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Figure 2.4 Secular equilibrium(Source Mangill and Glay 2005) 

2.5.2 Transient Equilibrium: (τA≥ τB) 

In transient equilibrium the half-life of the daughter is of the same order but smaller than that of 

the parent, i.e. τA>τB (A<B) (Fig 2.5). The general equation for the daughter is from equation 

(1-16) 

NB=  NA (e
-At - e-Bt)…………………………(1.18) 

 

 

 

The second exponential becomes smaller than the first one, with NB decreasing according to 

(e−At) . For this decreasing part of the curve: 

Transient Equilibrium:  NB=  NA………………………..(1.19) 
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Figure 2.5 Transient equilibrium(Source Mangill and Glay 2005) 

 

Where the relation(NA= ºNAe−At)has been used. This is the condition for transient equilibrium as 

can be seen in Fig (2.5). 

2.5.3 No-Equilibrium: (τA<τB) 

In the case of no equilibrium, the half-life of the parent is shorter than that of the daughter. When 

the parent has a shorter half-life than that of the daughter, the daughter activity grows to some 

maximum, and then decays with its own characteristic half-life (Fig 2.6). 
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Figure 2.6 No equilibrium (Source Mangill and Glay 2005) 

2.6 Radioactivity in Phosphate rock 

Rock phosphate is terrestrial source of natural occurring radioactivity material (NORM), and the 

concentration of phosphate rocks varies from one place to another on the earth. Efforts have 

being undertaken to determine radioactivity associated with rocks phosphate through the world11, 

12. Rocks are of many types, such as sedimentary and igneous rocks. Sedimentary rock deposits 

supplied of about 80 – 85 % of rock phosphate as row material for manufacturing fertilizer 

through the world. Igneous type rock phosphate deposits supplied the remaining from 15 – 20 % 

from rock phosphate for fertilizer industries12. 

2.6.1Concentration of uranium in phosphate rock 

The mechanism of uranium  primary concentration in phosphate rocks is explained by  its  

adsorption on apatite from  the  sea  water,  where is  found as [UO2(CO3)3]
4-.  The organic matter 

existing on the sea bed may also play an important role in further concentration of(UO2)
+2. 

While(UO2)
+2is retained on the organic matter, a reduction process may takes place in time being 

transformed to U4+. During mineralization, U4+ will enter the fluorapatite, while some 

of(UO2)
+2might be adsorbed on mineral surface. Organic matter will act and reduce the size of 

Time (m) 

20 40 60 80 
0 

1×10
18 

Total Activity 

parent Activity 

daughter Activity 

100 120 140 
0 

×2 10
18 

3×10
18 

4×10
18 



16 
 

apatite crystals, Therefore (UO2)
+2adsorption will increase13. This mechanism does not explain 

concentrations higher than 300 mg/kg U. Uranium radioactivity and its decay products may also 

exert an influence on reduction of(UO2)
+2to U4+. Many studies have led to the conclusion that 

uranium replaces calcium in the apatite due to their close ionic radii. The(UO2)
+2ion has a 

different configuration and the distance U-O is  1.9 Aº. Therefore a replacement process of Ca+2 

with (UO2)+2is difficult to occur. Habashi concluded that U4+ replaces Ca+2 by an isomorphous14. 

The secondary uranium concentration is a result of an alteration process, when rain water 

dissolves the calcite and phosphate deposits are concentrated the same time with uranium. Later 

partial dissolution of the apatite takes place at the same time with uranium. In this way, 

aluminous phosphates were built up and all these processes explain higher uranium concentration 

in phosphates. 

2.6.2Phosphate industries 

The phosphate industry is an important contributor to national economies in many developing 

countries. The mineralogical composition of phosphate ore, as described by various researchers, 

is dominated by fluorapatite, goethite and quartz, with minor amounts of Al-phosphates, 

magnetite, monazite and barite16. The phosphate rock (PR) is well known as Naturally Occurring 

Radioactive Material (NORM). The phosphate rock is used as a raw material to produce the 

phosphoric acid (PA), that using for production of the phosphate fertilizer (PF). The 

phosphogypsum (PG) generated, as a by-product in these manufacturing process, is well known 

as Technically Enhanced Naturally Occurring Radioactive Material (TENORM). Typically, 226Ra 

(80%), 232Th (30%) and 238U (14%) of radioactive material are remained in the PG and the rest of 

the natural radio nuclides are transferred in the PA 16. 

2.6.3 Environmental impact 

PG management is one of the most serious problems currently faced by the phosphate industry 

worldwide. Only 15% of worldwide production is recycled, while 85% is stored in the vicinity of 

factories in coastal regions. The storage of PG without any prior treatment requires large land 

areas and can cause serious environmental contamination of soils, water and the atmosphere. 

Environmental impacts can be caused by the erosion of PG piles and the release of highly 

polluting substances. The associated hazard is due to the presence of hazardous vapors containing 
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heavy metals, sulphates, fluorosilicates, hydrogen fluorides and phosphorus, cadmium and226 Ra, 

which can transport the contamination to neighboring areas 15 

2.7 Previous Studies 

Significant phosphate mining (in phosphate rocks) operations take place in many countries, with 

large outputs from the USA, Morocco and China (world stock total being 156 Mt in 2007) as 

shown in Table (1.2).Phosphate is principally mined from apatite and phosphate rocks 

(phosphorite) in which the concentration of phosphate has been enhanced by sedimentary, 

igneous, weathering and biological processes. Uranium can also be concentrated in these 

processes so that high phosphate content generally coincides with high uranium content (up to 50 

– 300 ppm). The radioactivity of these ores (due to uranium, thorium and radium) can be as high 

as 10,000 Bq/Kg17. 

Table 1.2 Uranium concentrations in phosphate rocks worldwide 

Country  

 

USA Florida 

 

Brazil Chile Algeria Morocco Senegal Tunisia Egypt Jordan Australia 

Uranium 

(Bq/kg) 

259 

to 

3700 

1500 

 to 

1900 

114  

to 

880 

40 1295 1500 

to 

1700 

1332 590 1520 1300  

to 

1850 

15 

To 

900 

 

A study in the same area was conducted to assess the natural radionuclide  content  of phosphate  

deposits  at Uro and  Kurun in  Eastern  Nuba  mountains  in  the  state of  Kordofan (Western 

Sudan) by means of radiochemical and gamma spectrometric. The analyses were performed for 

natural uranium and thorium, 210Po, 226Ra and 40K. The data indicated  that  238U  and  its  decay 

products  contribute primarily to the  high  natural  radioactivity  of  phosphate  ores. The 

maximum activity concentration of uranium found to be 2600 Bq/kg natural U.21 

2.8Nuclear and nuclear related technique 

2.8.1 Gamma-ray Spectroscopy 

Gamma radiation is part of the electromagnetic spectrum are  travelled  at the speed of light (c), 

and have a discreet energy (E), frequency (f), and wave length (λ). Electromagnetic radiation of 

energy E<40 keV is denoted as X-rays and Gamma rays comprise that part of the electromagnetic 

spectrum where E>40 keV. 
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Gamma rays are the most penetrating radiation from natural and man-made sources, and interact 

with atoms of matter by three principal processes. These interactions are the photoelectric effect, 

Compton scattering and pair production. The photoelectric effect is the predominant absorption 

process at low energies (> 146 kev)and results in all the energy of a gamma quantum being 

absorbed in a collision with an electron of an atom. Compton scattering predominates at moderate 

energies (>146 kev<1.02 Mev) .and corresponds to a collision of an incident photon with an 

electron. The incident photon loses part of its energy to the electron and is “scattered” at an angle 

to its original direction. Pair production occurs at energies greater than 1.02 MeV. The 

photoelectric interaction is the process whereby an incident photon is completely absorbed and 

results in the creation of an electron-positron pair in the electrostatic field of a nucleus. The 

probability that a photon will interact with matter, expressed by the cross-section σ(m2),depends 

on the photon energy, E, and the composition of the matter 8. 

Gamma ray spectrometry is a powerful tool for the monitoring and assessment of the emitted 

gamma radiation from radioactive materials in the environment. In gamma ray spectrometry, the 

most common used detectors are sodium iodide (NaI) scintillation counters and high-purity 

germanium detectors. A Geiger-Muller counter has also been used but it has several problems, 

the important one is the output pulse is not proportional to the absorbed gamma ray energy. 

Independent of the type of detector, radiometric instruments used for the detection of gamma rays 

differ in their response to gamma radiation and in their ability to distinguish gamma rays of 

different energy. Count rate meters produce a voltage or electric current at the output that is 

proportional to the count rate. The produced voltage or current is usually displayed on a dial 

gauge. The precision of measurement is proportional to the value of the instrument time constant.  

Scalars give the number of detected particles and the time of measurement Gamma ray 

spectrometers use the direct proportionality between the energy of an incoming gamma ray and 

the pulse amplitude at the output of the detector. 
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Figure2.7 Block diagram of a gamma ray spectrometer (Source Joseph and Nasiru 2013) 

Gamma ray spectrometers are either “integral” or “differential”. Integral spectrometers record 

only those pulses with amplitudes exceeding a discrimination threshold. This threshold can be 

changed to allow the discrimination of individual radionuclides. Differential gamma ray 

spectrometers record pulses whose amplitudes fall within a given amplitude interval (or channel), 

corresponding to a discrete range of gamma ray energy. Wider energy intervals (comprising 

several channels) are called energy windows. Modern analyzers use as many as 256 or 512 

channels, with a width of several keV per channel. Older systems are limited to recording several 

distinct energy windows. Gamma ray spectrometers should have amplitude gain stabilization to 

avoid the effect of energy spectrum drift. Gain stabilization can be accomplished by controlling 

the temperature of the detector, or by spectrum energy stabilization using either a reference 

radioactive source or the measured spectrum 19 

2.8.2 Sodium iodide detector NaI(Tl) 

This consists of a thallium activated sodium iodide NaI(Tl) crystal called scintillator and an  

electronic device  called photo-multiplier  tube (Fig. 2.7).  Whenever gamma (γ) rays pass 

through this crystal, a part of the energy of the ray is absorbed in the crystal. The intensity of 

scintillation is proportional to the energy of the incoming radiation.  The  absorbed  energy  

produces  excitation  in  the  crystal  resulting  in  small specks of light called scintillations. These 

are picked up by photo-cathode of the photo multiplier tube. In the tube, there are several 
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dynodes between cathode and anode and these are maintained at  progressively high voltage .The 

scintillations on photocathode emit  more  scintillations  towards  the  dynode  and  the process  is  

accelerated  with successive dynodes, thus sufficiently amplifying the signals. The amplified 

signals are shaped to equal amplitude pulsesby means of electronic circuits.  These signals are 

counted by scalar or are converted to current for measurement by a counting rate meter8.

 

Figure 2.8Scintillation counter (Source Joseph and Nasiru 2013) 

Thallium-activated sodium iodide NaI(Tl) crystals are mainly used as detectors in field gamma 

ray surveys. They are transparent, with a high density (3.66 g/cm), and can be manufactured in 

large volumes. They have a detection efficiency (probability of an incident photon will be 

absorbed in the detector) of up to 100% for low-energy gamma rays but somewhat less for high-

energy gamma rays. The dead time is of the order 10-7 s and the energy resolution (ability of the 

detectors to distinguish between two gamma rays of only slightly different energies) for 137Cs at 

662 keV is in the range ranges 7-10%, depending on the volume and quality of the detector19. 

Sodium iodide system is composed of detector, pre-amplifier, amplifier, multichannel analyzer, 

display screen and printer as it shown in Fig. (2.9) 



 

Figure 2.9 Sodium iodide 

Pulses has been made inside the detector are very week so pre

to be more cleared. After amplification and digit

the output of the spectrometer is an energy spectrum of detected radiation. Since individual 

radionuclides emit specific gamma ray energies, gamma ray spectra can be used to diagnose the 

source of the radiation 

2.8.3 Efficiency calibration 

 In general, the analysis of a sample by gamma spectroscopy is considered to be non

certain sample/source preparation steps are essential for precise measurements. For example, it is 

necessary that the sample to be completely homogenized and m

same geometry on used in the efficiency calibration. Ideally, the calibration source and the 

samples to be measured should have the same chemical composition and density. If this is not the 

case, correction must be made fo

also have to be made for coincidence summing, which occurs with radionuclide which remit 

gamma ray cascade and which is particularly important for low source

suppress background radiation and this improve sensitivity, a passive shield made from ‘aged’ 

lead must surround all gamma detectors 

In this the detector efficiency was calibrated using a mixed radionuclide sources (MW625) in 50

ml Marinelli beaker geometry. 

spectrum was stored in the computer, and analyzed using the software “winTMCA32”.  The 

following equation was used to obtain the efficiency curve of the detector for different energies:
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odium iodide system (Source Joseph and Nasiru 2013)

Pulses has been made inside the detector are very week so pre- amplifier and amplifier are used 

to be more cleared. After amplification and digitization, the pulse amplitudes are analyzed, and 

the output of the spectrometer is an energy spectrum of detected radiation. Since individual 

radionuclides emit specific gamma ray energies, gamma ray spectra can be used to diagnose the 

 

In general, the analysis of a sample by gamma spectroscopy is considered to be non

certain sample/source preparation steps are essential for precise measurements. For example, it is 

necessary that the sample to be completely homogenized and measurement are carried out in the 

same geometry on used in the efficiency calibration. Ideally, the calibration source and the 

samples to be measured should have the same chemical composition and density. If this is not the 

case, correction must be made for differences in the degree of self- attenuation. Corrections may 

also have to be made for coincidence summing, which occurs with radionuclide which remit 

gamma ray cascade and which is particularly important for low source-detector distances.to 

ackground radiation and this improve sensitivity, a passive shield made from ‘aged’ 

lead must surround all gamma detectors 20. 

the detector efficiency was calibrated using a mixed radionuclide sources (MW625) in 50

ml Marinelli beaker geometry. The container was placed on the detector and counted. The 

spectrum was stored in the computer, and analyzed using the software “winTMCA32”.  The 

following equation was used to obtain the efficiency curve of the detector for different energies:

 

(Source Joseph and Nasiru 2013) 

amplifier and amplifier are used 

ization, the pulse amplitudes are analyzed, and 

the output of the spectrometer is an energy spectrum of detected radiation. Since individual 

radionuclides emit specific gamma ray energies, gamma ray spectra can be used to diagnose the 

In general, the analysis of a sample by gamma spectroscopy is considered to be non-destructive, 

certain sample/source preparation steps are essential for precise measurements. For example, it is 

easurement are carried out in the 

same geometry on used in the efficiency calibration. Ideally, the calibration source and the 

samples to be measured should have the same chemical composition and density. If this is not the 

attenuation. Corrections may 

also have to be made for coincidence summing, which occurs with radionuclide which remit 

detector distances.to 

ackground radiation and this improve sensitivity, a passive shield made from ‘aged’ 

the detector efficiency was calibrated using a mixed radionuclide sources (MW625) in 500 

The container was placed on the detector and counted. The 

spectrum was stored in the computer, and analyzed using the software “winTMCA32”.  The 

following equation was used to obtain the efficiency curve of the detector for different energies: 



 

Where,   is the efficiency of the detector at specific energy;  

activity of the standard. The energies, their respective branching ratios and the corresponding 

efficiency of the radionuclides in the standard are g

Table1.3 The energies, their respective branching ratios and the corresponding 

efficiency of the radionuclides in the standard
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is the efficiency of the detector at specific energy;   is gamma intensity, and A is the 

activity of the standard. The energies, their respective branching ratios and the corresponding 

efficiency of the radionuclides in the standard are given in Table (1.3). 

 

The energies, their respective branching ratios and the corresponding 

efficiency of the radionuclides in the standard 

 

is gamma intensity, and A is the 

activity of the standard. The energies, their respective branching ratios and the corresponding 

The energies, their respective branching ratios and the corresponding 
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Figure 2.10The efficiency curve 
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Chapter Three 

Material and method 

3.1Sample Collection 

Depending of shape and physical properties of rock (phosphate rock) samples were taken from 

Kurun Mountain in Eastern Nuba Mountains in the state of Kordofan (Western Sudan) which is 

showing high content of apatite phosphate rock. Twenty samples were taken in different levels 

with regarded to the site coordinates for each one. Some tools were used to take samples like 

chisel and Hammer to destroy phosphate rocks. Each sample was placed in plastic bag and saved 

in the laboratory to be prepared for measurement. 

3.2Sample preparation and measurements 

The samples crushing and grinding were performed in the laboratories of the Ministry of 

Minerals and weighed in a digital weighing balance with a precision of ± 0.01g. After 

pretreatment, the samples were sealed in 500 ml Marinelli beakers and stored for more than six 

weeks before counting, in order to allow of secular equilibrium of uranium with its short-lived 

progeny to take place. Each sample was placed onto NaI detector and measured for at least three 

hours. The 238U concentration was determined from the average concentrations of the 214Pb (352 

keV) and 214Bi (609 keV) decay products. 

 

 

Fig 3.1Photo of samples in Marinelli beakers 



 

3.3Marinelli Beaker 

Environmental samples of low

in Figure 3.1 and 3.2). They made 

gamma spectral analysis of a variety of liquid solutions or solid samples. These Marinelli beakers 

are advantageous for the following reasons:

1. Higher counting efficiencies

Seamless, thin-wall co

attenuation; and 5. Cost effective.
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Environmental samples of low-level radioactivity are often measured in Marinelli beakers (shown 

). They made from chemically resistant polypropylene and are available 

gamma spectral analysis of a variety of liquid solutions or solid samples. These Marinelli beakers 

are advantageous for the following reasons: 

counting efficiencies; 2. Lighter weight; 3. It requires mini storage space

wall construction eliminates leakage and minimizes gamma ray 

5. Cost effective. 

Fig 3.2Photo of Marinelli beakers 

in Marinelli beakers (shown 

chemically resistant polypropylene and are available for 

gamma spectral analysis of a variety of liquid solutions or solid samples. These Marinelli beakers 

requires mini storage space; 4. 

nstruction eliminates leakage and minimizes gamma ray 
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ChapterFour 

Results and Discussion 
 

The specific activity concentration (in Bq.kg-1as) of 238U were obtained from the measurement of 

the collected samples from Kurun Mountain in Eastern Nuba Mountains in the state of Kordofan 

(Western Sudan) isshown in supplementary dataTable (S1). Calculations were based on 

establishment of secular equilibrium of the samples, due to the much smaller lifetime of daughter 

radionuclides in the decay series of 238U. Importantly,238U concentration were obtained as an 

average of the concentrations of the 214Pb and 214Bi (decay products). 

Table 4.1Statistical summary of uranium (Bq. kg-1) in the phosphate rock samples 

 

Parameters  214Bi (Bq/kg) 214Pb (Bq/ kg) 238U(Bq/ kg) 

 

Std 224.8927 274.1828 249.495 
Max 1198.98 1466.171 1332.576 
Average  727.2962 903.637 815.4666 
Min 331.328 424.724 378.026 

Table (4.1) presents the statistical summary of 238U concentration calculated from the average of 

the daughter 214Bi and 214Pb. The result shows some locations with high concentration of uranium 

in phosphate rock.  This may lead to radiation hazard from 222Rn (half-life 3.8 days) that result 

from the decaying of 226Ra through progressing of the uranium decay series. The hazard is 

exceeded in mining and fertilizer processes in the phosphate rock due to alpha particle emanating 

from radon, since radon is known to associate with lung cancer. Furthermore, 226Ra as a main 

component of the gypsum in the form of fine powder may result in dust blowing when stockpiled 

in the exterior to cause other radiological hazard. 
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Figure 4.1Distribution of samples in Kurun Mountain 

The uranium concentration in the sampling region seems to depend on the weathering effect and 

the rainfall. Both the phenomenon could increase the mobility and solubility of uranium. 
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Increased rainfall may result in more effective leaching and /or transport of uranium and result in 

enrichment of uranium concentration toward the bottom of the mountain. 

The spatial distribution of uranium within the height of the mountain has been examined using 

geological information system (GIS), and the result can be seen in Fig (4.1). In one side of the 

mountain, more uranium has been found to be in the middle, while in the other side lower 

uranium has been noticed. This trend may indicate that uranium movement toward the bottom, 

due to the weathering effect, is in the intermediate stage and the expectation is that this uranium 

will accumulate in the bottom by time. 

 

Figure 4.2 Distribution of uranium content within Kurun Mountain 

 

In Fig. (4.2) all sample were presented except samples number K1, K2 and K10 which has been 

removed as outliers.  

Significant phosphate mining operations take place in many countries, with large outputs from 

the USA, Morocco and China, the world total being 156 Mt in 2007(19)showing in Table (4.2) 

and Table4.3).  
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Table 4.2Average concentration of uranium (Bq/kg) 

 

Location Range of uranium (Bq/kg) 
Kurn Mountain (Sudan ) 378.026-1332.576 

USA 259-3700 
USA: Florida 1500-1900 

Brazil 114-880 
Morocco 1500-1700 
Jordan 1300-1850 

 

Table 4.3Comparison of uranium from different countries with Kurun (mean value) 

 
 
 
 
 
 
 
 
 
 

The range of uranium in kurun was higher than that of Brazil, while it was in the same range of 

USA, USA: Florida, Morocco and Jordan.Comparing the uranium on phosphate rocks of Kurun 

with the global data indicated that the average uranium content of Kurn was higher than that of 

Tunisia, while it was lower than that of Algeria, Senegal and Egypt 14.The comparison of the 

uranium concentrationsin this study with uranium determined in other countries indicated that 

Kurun level of uranium may be considered for economic uses, although further studies are 

needed to support this argument. 

 

 

 

 

Location 
 

Mean uranium (Bq/kg) 

Kurun  Mountain (Sudan) 815.46 
Algeria 1295 

Senegal 1332 
Tunisia 590 
Egypt 1520 
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5 Conclusions 

The  results  showed  that 238Uand  its  decay products  primarily  contribute  to  high  natural  

radioactivity  of  phosphate  deposits  at  Kurun  mountain. This may lead to external  exposure  

formradon in mining processing or for members  of  the population  when  using  the  phosphates  

as  fertilizers.  Hence higher  specific  activities  of  uranium,  may  occur  in  the  soil  after  

intensive fertilizing,  leading  to  increase the  concentrations  of  uranium in food  products  by  

plant uptake  via  roots. Additionally, the distribution of samples depending on uranium 

concentration showed that the effect of weather may contribute on its solubility and mobility.  
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6 Recommendations 

 

The following are recommended to improve the current research: 

 Radiochemical separation of uranium in the samplse to measure uranium 

content. 

 Metal measurements in the samples to explore the association between 

uranium and heavy metals. 
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8 Supplementary 
Table (S1) Concentration of uranium in Bq\Kq in samples 

Samples code Samples height (m) 214Bi (Bq/kg) 214Pb (Bq/ kg) 238U(Bq/ kg) 

 

K1 577 939.161 1064.720 1001.941 

K2 581 970.149 1202.416 1086.282 

K3 585 946.312 1186.901 1066.606 

K4 588 972.533 1198.537 1085.535 

K5 592 1198.980 1466.171 1332.576 

K6 598 331.328 424.724 378.026 

K7 596 896.255 1130.659 1013.457 

K8 577 727.016 897.933 812.474 

K9 589 691.261 874.660 782.961 

K10 583 731.783 936.721 834.252 

K11 584 984.451 1215.991 1100.221 

K12 585 710.330 882.418 796.374 

K13 587 779.456 952.236 865.846 

K14 594 569.694 703.995 636.845 

K15 595 719.865 903.751 811.808 

K16 595 340.863 434.421 387.642 

K17 597 567.311 705.934 636.623 

K18 575 662.657 814.540 738.598 

K19 578 655.506 812.600 734.053 

K20 585 610.217 756.358 683.287 
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