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ABSTRACT 
 

This study is primarily conducted at the request of Northern State government to 

investigate the presence of abnormal radioactivity in the Northern State as claimed 

publicly. Activity concentration of  238U, 232Th , 40K and 137Cs in soil samples collected 

from different locations have been measured using high resolution γ-spectrometry. The 

average concentrations were 19±4 Bq/kg for 238U, 47±11 Bq/kg for 232Th, 317±65 Bq/kg 

for 40K and 2.26 Bq/kg for 137Cs which means a very little contribution to the total 

exposure. The obtained results were found to be lower than the corresponding global 

values reported in the UNSCEAR publications for normal background areas.  

Absorbed dose rate in air at a height of 1m from the ground was calculated using six sets 

of dose rate conversion factors and the corresponding annual effective dose was estimated. 

On the average, the values obtained were 52.90, 50.43, 50.41, 43.54, 44.07 and 45.85 

nGy.h-1 with corresponding annual effective doses of 64.93, 61.89, 61.87, 53.43, 54.08 and 

56.27 µSv/y respectively. These values lie within the worldwide range for normal radiation 

areas. 

 The results obtained using these different DRCFs, although the approach used for their 

estimation was different, revealed no remarkable variation.  

Using Geographical Information System (GIS), prediction maps for concentration of  238U, 
232Th , 40K and 137Cs was produced.Also a map for  absorbed dose rate in air at a height of 

one �meter above ground level was produced, which showed a trend of increase from the 

west towards south-east of the State. 
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 الخالصة

 للتحقق من مستوي      بناء علي طلب من حكومة الوالية الشمالية    جاءت هذه الدراسة 
ارتفاع مستوي     عن  الشائعات التي تحدثتالنشاط اإلشعاعي بالوالية و ذلك عقب

يز    تم جمع عينات من التربة من مختلف المواقع و قيس الترك          . اإلشعاع بالوالية 
  137- و السيزيوم   40 - ، البوتاسيوم   232- ، الثوريوم   238-اإلشعاعي لكل من اليورانيوم   

 و   11±47،  4±19وجد أن متوسط التراكيز هو      .  باستخدام مطيافية جاما عالية التفريق  
 علي التوالي كما وجد أن     40K و   238U ,232Thكجم وذلك لكل من   /  بيكيريل317±65

كجم مما يعني أن مساهمته في الجرعة       / بيكيريل   2.26 هو فقط  137Csتركيز أل    
من تلك النتائج وجد أن التركيز اإلشعاعي لتلك العناصر هو اقل من            .  الكلية ضئيلة جدا 

المتوسط العالمي كما ورد في أدبيات لجنة األمم المتحدة العلمية للوقاية من أثار             
 . اإلشعاعات الذرية

 م من سطح األرض    1تم حساب الجرعة اإلشعاعية الممتصة في الهواء علي ارتفاع      
كما تم حساب    ) (DRCFsوذلك باستخدام ستة أطقم من ثوابت تحويل معدل الجرعة      

،   50.43، 52.90: وجد أن المتوسط للنتائج المتحصل عليها هو     . الجرعة الفعالة السنوية
،  64.93:   و الجرعة الفعالة السنوية هي     nGy.h-1  45.85 و  44.07، 43.54، 50.41
وجد أن هذه     .  للثوابت  علي التوالي  µSv/y  56.27 و  54.08،  53.43،  61.87، 61.89

 . القيم تقع في نطاق ألمدي العالمي للمناطق ذات الخلفية اإلشعاعية العادية     
 علي الرغم من االختالف في طرق     –النتائج المتحصل عليها باستخدام تلك الثوابت     

 .  لم يكن بينها اختالف يذكر    -سابها ح
 توزيع تراكيز        توضح  تم إعداد خرائط    ) GIS( باستخدام نظام المعلومات الجغرافية     

لجرعة اإلشعاعية    اليورانيوم، الثوريوم، البوتاسيوم و السيزيوم كما تم اعداد خريطة ل      
 في     ازدياد م من سطح األرض و التي أظهرت   1الممتصة في الهواء علي ارتفاع   

 .  للواليةتجاه الشرق الجنوبي  ا
 
 
 
 
 
 
 
 

PREFACE 
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This study has been initiated by the request of the Northern State government in order to 

address in a scientific manner the public outrage provoked by rumors appearing now and 

then in daily newspapers claiming disposal of radioactive wastes in the Northern State to 

which they claim to be the major underlying cause of relatively high cancer prevalence in 

this part of the country. The call was well received by Sudan Atomic Energy Commission 

and dispatched a highly specialized team to carry out radiological survey in the areas that 

are reported as being suspected by local authorities. The soil samples collected during this 

field expedition with the aid of hand-held in-situ survey meters and global positioning 

system (GPS) were analyzed using high resolution gamma-spectrometry with the aim of: 

a. building a base-line data on activity concentration levels of natural and man-made 

radionuclides through extensive measurement of soil samples, 

b. evaluating absorbed gamma-dose rate in air at a height of one meter above ground-

level from soil measurements to make a judgment about the classification of the 

study area radiation-wise based on available international criteria, 

c. providing a useful reference data for sound regulatory control action on radiation 

protection, 

d. contributing towards producing a radiation map of the country, the ultimate goal of 

the ongoing national programme on environmental radioactivity monitoring.  
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CHAPTER 1 

INTRODUCTION 
 

  

1. Environmental Radioactivity 

1.1 Sources 

1.1.1 Natural Sources 
Radioactivity on the earth can be categorized according to three different types, namely 

those of cosmogenic, anthropogenic (man made sources) and primordial nature. 

There are two main sources of cosmic radiation: galactic and solar.  Outside the Earth's 

atmosphere both types of cosmic radiation consist mainly of protons, together with 

some helium ions and ions of heavier atoms.  Galactic cosmic rays originate outside our 

solar system and are possibly produced during stellar flares and supernova explosions, 

etc.  The other source of cosmic radiation is the Sun.  Low energy particles are emitted 

continuously by the Sun but, during solar flares and magnetic disturbances, particles of 

higher energy are also emitted. 

Cosmic radiation of galactic origin is generally more energetic than that of solar origin.  

Energies of galactic cosmic rays usually lie in the range up to 1014 MeV.  Solar cosmic 

radiation is usually of lower energy and unlike that of galactic origin, often has 

insufficient energy to penetrate the Earth's magnetic field to any significant extent. 

Primordial radionuclides have been present since the Earth's origin and were produced 

in the process that occurred when the solar system was formed.  The principal 

primordial radionuclides are potassium-40 (half-life 1.28 109 years), thorium-232 (half-

life 1.41 1010 years) and uranium-238 (half-life 4.51 109 years).  There are two others 

of lesser importance for human exposure: rubidium-87 (half-life 4.7 1010 years) and 

uranium-235 (half-life 7.04 108 years). 

The two isotopes of uranium and the isotope of thorium are at the start of decay chains 

of several radionuclides; one radioisotope decays to another and that to another until a 

stable isotope is reached.  (Fig 1.1, Fig 1.2). 

In this study the focus is on gamma-ray emitting daughter nuclei in the decay series of 
238

U, 
232

Th and 
40

K. The decay series of 
238

U and 
232

Th are characterized more or less 



 2

by the initial part dominated by alpha decay and a part dominated by gamma-ray 

emission. During a series of radioactive decays, the original radioactive (parent) 

nucleus N1 decays to another radioactive (daughter) nucleus until the end of the series, 

where a stable nucleus is formed (
206

Pb in the case of 
238

U series and 
208

Pb for 
232

Th), 

see Figures 1.1 and 1.2. The number of parent nuclei N1 decreases according to the 

form  

dN1 = -λ1N1dt                             (1.1) 

The number of daughter nuclei increases as a result of the decay of the parent nuclei 

and decreases as a result of the decay of its own, which leads to  

dN2 = (λ1N1 -λ2N2)dt                   (1.2) 

After a long time, equilibrium is reached where the production and the decay rates in 

the series are the same so that dN2 = 0. Therefore the activities of all the radionuclides 

in the chain must be equal  

λ1N1=λ2N2=λ3N3                             (1.3) 

and this phenomenon is referred to as secular equilibrium. This is usually a very 

accurate assumption except when daughter nuclei escape, for example when the 

radioactive gas 
222

Rn escapes in the decay series of 
238

U.  

Sir Humphry Davy discovered the potassium element in 1807. The element is the 

seventh most abundant and makes up about 2.4% by weight of the earth�s crust. 

Ordinary potassium is composed of three isotopes, one of which is 
40

K (0.0118%); a 

radioactive isotope with a half-life of 1.28 x 10
9 
years. 

Most of the radioactivity associated with uranium in nature is due to its progeny that 

are left behind in mining and milling. The gamma radiation detected by exploration 

geologists looking for uranium actually comes from associated elements such as radium 

(226Ra) and bismuth (214Bi), which over time have resulted from the radioactive decay 

of uranium. Uranium constitutes about 2 parts per million (ppm) of the Earth�s crust for 

the decay process associated with this nuclide. In the decay series of, for example, 238U, 
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the parent nucleus 226Ra decays to the daughter 222Rn by an α decay, and 222Rn decays 

further to 218Po and consequently to 214Pb. Since 222Rn is a gas, it might escape the 

matrix and thus disturbing the secular equilibrium. In this event the activities of the 
222Rn progeny will not be the same as their parents, and this is an indication of a 

disturbance of the secular equilibrium. Therefore to obtain secular equilibrium samples 

are generally sealed for the radon not to escape. This implies that the activity 

concentrations are the same for all members of the decay chain. When secular 

equilibrium is reached in the decay of 238U or 232Th it means that the activity 

concentrations of these nuclei can be determined by measuring activity concentration of 

their γ-emitting progeny. The disturbance of secular equilibrium due to 220Rn (thoron) 

is less significant due to its short half-life that is 55.6 seconds, implying that the thoron 

build up will be negligible. 232Th is a naturally occurring, radioactive element 

discovered in 1828 by the Swedish chemist Jons Jakob Berzelius. It is found in small 

amounts in most rocks and soils, where it is about three times more abundant than 

uranium. Soil commonly contains an average of around 6 parts per million (ppm) of 

this nuclide (Maphoto, 2004). 
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Fig1.1: 238U Decay Series 
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Fig 1.2: 232Th Decay Series 
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1.1.2 Man made sources (anthropogenic radionuclides) 
Over the years, a number of man's activities have contributed to the type and quantities 

of radionuclides in the environment.  Quantities of naturally occurring radionuclides 

can be released from industries processing naturally radioactive ores, eg, the production 

of phosphoric acid from phosphate rock.  

For a range of purposes, radionuclides are used in medicine and general industry. 

 The production of power by nuclear fission produces, as by-products, novel 

radionuclides; very low quantities of these radionuclides may be discharged to the 

environment during the normal operation of nuclear installations. The most important 

radionuclide to be assessed following a release of radionuclides from a uranium-fuelled 

reactor to the environment is 137Cs. 

Nonradioactive cesium occurs naturally in various minerals. Radioactive cesium-137 is 

produced when uranium and plutonium absorb neutrons and undergo fission. Examples 

of the uses of this process are nuclear reactors and nuclear weapons.  
137Cs could be found in the environment mainly as a soil contaminant, from two main 

sources. The first source is the worldwide deposition from nuclear accidents and fallout 

from weapons testing programs. The second source is deposition from spills or releases 

from nuclear reactor operations which produce 137Cs as a byproduct. 

Cesium-137 undergoes radioactive decay with the emission of beta particles and 

relatively strong gamma radiation. Cesium-137 decays to barium-137m, a short-lived 

decay product, which in turn decays to a nonradioactive form of barium. The major 

dose from cesium-137 is from the barium-137m. The half-life of cesium-137 is 30.17 

years. Because of the chemical nature of cesium, it moves easily through the 

environment. This makes the cleanup of cesium-137 difficult. 

 

1.2 Variation in Background Radiation Levels  
Background radiation varies over a range of concentrations and exposure rates from a 

variety of causes. The magnitude of variation can be significant over a short distance 

and also can vary in the same place from time to time. The most significant changes 

with time are associated with variations in the amount of snow cover and soil moisture 

and in the atmospheric concentration of 222Rn decay products (UNSCEAR, 1977). The 

background variance can be from natural as well as human activities  
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1.2.1 Rocks  
Terrestrial radionuclides are distributed throughout the crust of the earth. Outdoor 

exposures from sources of terrestrial radiation originate predominantly from 

approximately the top 1 ft layer of the soil.24 Formations such as limestone and 

sandstone have the lowest radionuclide concentrations. Some shale formations, 

particularly those containing a significant fraction of organic matter, can possess higher 

concentrations of radionuclides. Overall, igneous and metamorphic rock comprises 

approximately 90% of the planetary crust. Sedimentary rocks, however, tend to 

accumulate at the top of the crust. Approximately 75% of the surface of the earth is 

covered by sedimentary rock. 

The cooling and differentiation of molten magma result in the formation of silicate 

minerals. Igneous rocks are formed in the latter stages of this magmatic cooling and 

differentiation. These rocks contain mostly silicon and aluminum. When magma cools 

down, minerals that are rich in elements such as uranium, thorium, and potassium are 

formed. The concentrations of these radionuclides are related to the amounts of silicates 

present during the formation of igneous rock. Acidic rock will contain the highest 

concentrations of radionuclides, while ultrabasic rock will contain the lowest 

concentrations of radionuclides. Typical activity concentration of 40K,238U and 232Th in 

common rocks and estimated absorbed dose in air 1 m above the surface is shown in 

Table 1.1. 

Several types of processes will erode rock. If mechanical processes break down igneous 

rock, then a separation will occur to divide major and minor silicates. The minor 

silicates are rich in terrestrial radionuclides. Such minor silicates include zircon and 

monazite. These minerals are stable and resistant to chemical degradation. If chemical 

or biological processes break down igneous rock, then the minor silicates usually 

release the radionuclides into layers of clay minerals. When the igneous rocks 

completely erode, the radionuclides remain, trapped in the layers of clay. 

Sedimentation processes naturally sort radionuclide inventories, subsequently forming 

rock types of differing radionuclide concentrations.  

Shale and phosphate rock usually have the highest concentrations of radionuclides. In 

addition, uranium and thorium can become mobile in sedimentary rock through the 

migration of water or of soil. 
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Shale is comprised of at least 35% clay. A significant fraction of shale contains 

potassium. Shale also can adsorb uranium and thorium. These radionuclides typically 

are bound to organic matter in minerals in the rock. The uranium and thorium also can 

be found as precipitates in the material that binds the rock. Quartz is the major mineral 

that comprises the stone. Some sandstone contains feldspar in fractions as high as 25%. 

Feldspar is usually enriched with potassium. Concentrations of uranium and thorium 

are low in sandstone. 

Deposits of these radionuclides have been found at the boundaries of different layers of 

sandstone. Carbonate rock is found as limestone or as dolomite, which is formed as a 

result of the precipitation of materials such as bones and shells from water. Generally, 

carbonate itself is almost free of radionuclides. The spaces between carbonate grains, 

however, can contain some radionuclides. Potassium is very soluble in sea water, and it 

can remain in these interstitial spaces as the sea water is removed. Thorium also can be 

present, as it is found in depleted concentrations in sea water. Uranium can be found in 

limestone as a result of the decay of organic matter deposited where the limestone is 

located (Borrelli, 1999). 

 

Table 1.1: Typical activity concentration of 40K,238U and 232Th in common rocks and 

estimated absorbed dose in air 1 m above the surface 

 (UNSCEAR 1977) 

Typical activity concentration (pCi g-1) Type of rock 
40K 238U 232Th 

Absorbed dose rate in 
air (µrad h-1) 

Igneous     
Acidic 
(e.g.granite) 

27 1.6 2.2 12 

Intermediate 
(e.g.diorite) 

19 0.62 0.88 6.2 

Mafic(e.g.basalt) 6.5 0.31 0.30 2.3 
Ultrabasic (e.g. 
durite) 

4.0 0.01 0.66  

Sedimentary     
Limestone 2.4 0.75 0.19 2.0 
Carbonate - 0.72 0.21 1.7 
Sandstone 10 0.5 0.3 3.2 
Shale 19 1.2 1.2 7.9 
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1.2.2 Soils 
Sources of ionizing radiation found in soil result from the rock from which the soil is 

derived. Levels of ionizing radiation will vary as a result of diminution by leaching of 

water, dilution by increased porosity, and by augmentation from water and organic 

matter by sorption and precipitation of radionuclides (Borrelli, 1999). Average activity 

concentrations of 40K,238U and 232Th in various types of soil and estimated absorbed 

dose in air 1 m above the surface is shown in Table 1.2. 

It should be noted, however, that the main factor influencing the concentration of the 

natural radionuclides in soil is not the soil forming process but the corresponding 

concentration in the soil forming rocks (UNSCEAR,1977). 

 

Table 1.2: Average activity concentrations of 40K,238U and 232Th in various types of soil 

and estimated absorbed dose in air 1 m above the surface 

Average Activity Concentration (pCi g-1) Type of soil 40K 238U 232Th 
Absorbed dose rate 

in air (µrad h-1) 
Serozem 18 0.85 1.3 7.4 
Gray � brown 19 0.75 1.1 6.9 
Chestnut 15 0.72 1.0 6.0 
Chernozem 11 0.58 0.97 5.1 
Gray forest 10 0.48 0.72 4.1 
Sodpozolic 8.1 0.41 0.60 3.4 
Podzlic 4.0 0.24 0.33 1.8 
Boggy 2.4 0.17 0.17 1.1 
World average 10 0.7 0.7 4.6 
Typical range 3-20 0.3-1.4 0.2-1.3 1.4-9 

 

1.3 Modalities of Human Radiation Exposure 

By far the greatest part of radiation received by the world�s population comes from 

natural sources�primarily cosmic rays and radionuclides naturally present in our 

environment, such as radioactive materials in soil and rocks.  

The average yearly dose of ionizing radiation is approximately 2.7 millisieverts, the 

percentages received from the various sources is shown in Fig 1.3  

The source of human exposure to natural radiation can be external or internal. 

External exposure is from substances staying outside the body, the radiation energy is 

absorbed through the body surface to the underlying tissue volume in the field of 

exposure. In this case, there is a uniform process of energy distribution which is 
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governed by the factors controlling the mechanisms of radiation energy absorption of 

the various types of radiation.  

 Internal exposure is from substances inhaled in air or ingested in food and water. In 

this exposure modality, there is a non-uniform radiation distribution within the cellular 

component of tissues and organs.  Individual doses vary with location.  

The level of cosmic radiation increases with altitude, because there is less air overhead 

to act as a shield, and the earth�s poles receive more cosmic radiation than the 

equatorial regions, because the earth�s magnetic field diverts the radiation. The levels 

of terrestrial radiation differ from place to place around the world, mainly owing to 

variations in soil and rock composition. Adding to this pervasive natural or background 

radiation is man-made radiation from radionuclides used in medicine, consumer 

products, the production of energy, and the production of nuclear weapons. Exposure to 

man-made sources can be controlled more readily than exposure to most natural 

sources. However, nuclear explosives tested in the atmosphere in the 1950s and 1960s 

spread radioactivity across the surface of the globe, and the nuclear reactor accident at 

Chernobyl in 1986 affected a large area. At present, medical treatment is the largest 

common source of public exposure to manmade radiation. Individual medical doses 

vary enormously�someone who has never had an x-ray examination may receive zero 

medical dose while patients undergoing treatment for cancer may receive many 

thousands of times the annual average dose they would receive from natural radiation. 

Another source of public exposure to man-made radiation is consumer products, 

including luminous-dial watches, smoke detectors, airport x-ray baggage inspection 

systems, and tobacco products. 

 

1.3.1 Exposure to cosmic radiation 
Cosmic radiation can cause exposures by two broad processes.  Firstly, there is a direct 

effect where the protons interact with constituents of the atmosphere to produce a 

variety of sub-atomic particles including neutrons, protons, muons, pions and kaons.  

These secondary particles may be sufficiently energetic to cause further reactions, 

leading to a cascade.  The doses from cosmic radiation at the Earth's surface are caused 

mainly by the ionizing of secondary particles together with the neutrons.  The second 

effect of cosmic radiation is indirect exposure by production of radioisotopes in the 

Earth's atmosphere.  Such radionuclides are called cosmogenic radionuclides. 
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A wide range of cosmogenic radionuclides is produced.  The most important from the 

point of view of human exposure are tritium, beryllium-7, carbon-14 and sodium-22.  

The most significant of these radionuclides by far is carbon-14. This is produced by 
14N(n,p)14C reaction in the atmosphere by neutrons produced by cosmic rays.  Most of 

the other cosmogenic radionuclides are produced by spallation: the splitting of nuclei 

by collision with high energy particles. 

Dose rates increase with altitude � doubling approximately every 1500 meters.  Thus, 

individuals living at elevated altitudes experience increased exposure to cosmic 

radiation (UNSCEAR, 1988). 

Due to the influence of the Earth's magnetic field, dose rates increase with increasing 

latitude.  The effect, however, is not particularly significant in areas with large human 

populations. 

Although cosmic radiation of galactic origin is usually the dominant contributor to 

these doses, solar events can inject large quantities of high energy protons into space 

causing a short elevation in doses from cosmic radiation; dose rates of up to 1 mSv h-1 

have been reported to exist briefly at altitudes as low as 35,000 ft.  Solar events giving 

rise to dose rates as high as this are, however, rare. 

Aircraft passengers and crew are subject to cosmic radiation exposure rates much 

higher than the rates at ground level. Total exposure on a given flight depends on the 

particular path taken through the atmosphere in terms of altitude (pressure rather than 

radar altitude) and geomagnetic latitude, as well as on the speed of the aircraft; that is, 

it depends on the duration of exposure at various altitudes and latitudes. Complicating 

the situation is the fact that the exposure associated with any flight path may vary with 

time. 

 

1.3.2 Exposure to Primordial Radionuclides 
This group of radionuclides is responsible for the majority of radiation exposure of the 

vast majority of people. 

Radium-226 is a member of the uranium-238 decay chain.  It, in turn, decays by alpha 

emission to the radioactive gas, radon-222 (commonly referred to as radon).  In many 

areas of the world, exposure to radon is the most important single contributor to 

radiation dose.  Uranium-238 is ubiquitous in terrestrial materials and may be 

concentrated in some geological materials.  Radon seeps from the ground into the 



 12

atmosphere.  The radionuclide disperses out of doors but it can build up in indoors air.  

Houses are often under negative pressure and this can exacerbate the problem by 

'sucking' radon out of the ground.  The levels of radon in houses will depend upon the 

underlying geology.  It is not the radon itself that is important for human exposure but 

rather some of the short-lived daughter radionuclides.  Epidemiological studies of 

uranium miners, a class of individuals that have a defined and generally elevated 

exposure to radon, have shown that radon exposure is a cause of lung cancer. Natural 

radionuclides in soil can be taken up by plants and airborne natural radionuclides can 

deposit on plant surfaces.  These radionuclides can be ingested directly if the plants are 

consumed or indirectly through other agricultural produce such as dairy products or 

meat from farm animals.  Drinking water also contains natural radionuclides, although 

usually at very low levels. The longer-lived members of the uranium and thorium decay 

chains are present in very low concentrations in most foodstuffs.  The main 

contributors to dose from all of these radionuclides are usually lead-210 and 

polonium-210. Deposition from radon-222 decay in the atmosphere is often the main 

source of these radionuclides in terrestrial foodstuffs. Inhalation of radon, together with 

daughter products and the subsequent exposure of internal tissues to radiation is a type 

of internal exposure. 

Other naturally occurring primordial radionuclides also cause internal exposure.  The 

most widespread and also inescapable internal exposure is caused by the beta/gamma 

emitting radionuclide potassium-40.  This is naturally present in potassium at a fixed 

proportion of 0.012%.  Potassium is essential for human life and its concentration in 

body tissues under homeostatic control.  Therefore, exposure from potassium-40 is 

unavoidable but, as potassium concentrations vary somewhat with age and the sex of 

the individual, doses vary accordingly (UNSCEAR, 1977). 

Some radionuclides in the uranium-238 and thorium-232 decay chains emit penetrating 

gamma rays and are thus a source of exposure when outside the body.  This is termed 

external exposure. 
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1.3.3 Technologically Enhanced Exposures to Natural Radiation 
The exposures to natural sources of radiation are those to which man has always been 

subjected, namely exposures to cosmic rays at ground level and to naturally occurring 

radionuclides in soil, air, water and food. The present habits of human societies have 

also been taken into account. 

 The industrial activities enhancing exposure from natural sources involve large 

volumes of raw materials containing natural radionuclides. Discharges from industrial 

plants to air and water and the use of by-products 

and waste materials may be the main contributors to enhanced exposure of the general 

public. For typical industries and releases, exposures occur primarily in close proximity 

to the plants. A complete review is made difficult by the diversity of industries 

involved and the local circumstances associated with the exposures. Estimated 

maximum exposures are greatest for phosphoric acid production and the minerals 

sands-processing industries. Although exposure rates of the order of 100 µSv y-1 could 

be received by a few local residents, levels of 1-10 µSv y-1 would be more common. 

These exposure rates constitute a negligible component of the total annual effective 

dose from all natural sources of radiation (UNSCEAR, 2000). 

 

1.3.4 Enhanced Exposures from Industrial Activities 
Industries processing ores and other natural materials that are naturally radioactive 

often release radioactive wastes to the environment leading to enhancement of natural 

radiation exposures.  The radioactivity is usually due to the presence of radionuclides 

of the thorium and uranium series.  Minerals and ores can have concentrations of 

radionuclides many times the average for soils and rocks.  The minerals are usually 

phosphates, oxides or silicates of transition metals or rare earths.  Due to the long 

timescales since the ores and minerals were laid down in the Earth's crust, the decay 

chains are usually in equilibrium.  The industrial processing to separate metals, etc, 

often disturbs the equilibrium.  The activity in separated materials containing 

unsupported short-lived radionuclides will initially be high but will rapidly decay 

whereas separated uranium-238 or thorium-232 will take millennia to come into 

equilibrium with the decay products. 

The industries range from the production of phosphate for fertilizers to the production 

of paint pigments. 
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1.3.4.1 Phosphate industry   
Phosphate is produced from phosphate rock at several locations. Phosphate products 

contain high concentrations of the nuclides products from 238U decay series. About 1/2 

of the phosphate rock that is mined is converted into fertilizer, the rest goes into 

commodities such as phosphoric acid, gypsum, and land fills. Thus, the use of 

phosphate fertilizer causes an additional radiation exposure to the members of the 

public through: uptake of radionuclides by food crops, external radiation from fertilizer 

storehouses and production plants, and airborne radon decay products over land 

reclaimed after phosphate mining. 

The use of phosphate fertilizers in agriculture, resulting in uptake by the food crops of 

natural radionuclides from soil, and of chemical gypsum as a building material are 

possible sources of exposure to public. Other pathways of exposure include external 

irradiation over fertilized fields, in fertilizer storehouses built over land reclaimed after 

phosphate mining. 

The phosphogypsum can replace natural gypsum in the building industry and thus be 

used to make blocks and plasterboard, partition systems and also cement. The practice 

of using this waste product has been considered attractive, since overall building costs 

are reduced, natural resources are preserved, and environmental pollution is decreased. 

On the other hand, since phosphogypsum contains a much higher concentration of 
226Ra than its natural counterpart, its use increases the radiation doses to the public.   

The world production of phosphate rock was about 130 million tones in 1982, the main 

producers being China, Morocco, the former Soviet Union and the United States. 

Concentrations of 232Th and 40K in phosphate rocks of all types are similar to those 

observed normally in soil, whereas concentrations of 238U and its decay products tend 

to be elevated in phosphate deposits of sedimentary origin. A typical concentration of 
238U in sedimentary phosphate deposits is 1500 Bq kg-1 (UNSCEAR, 1993). 

Uranium-238 and its decay products are generally found in close radioactive 

equilibrium in phosphate ore. 

Doses also occur from the ingestion of foodstuffs grown on fertilized agricultural land. 

Waste products include phosphogypsum sludge containing the radium-226 and, from 

some facilities, liquid effluents containing polonium-210.This radionuclide can 

concentrate in mollusks and crustaceans. 
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The collective effective dose resulting from the worldwide use of phosphate fertilizers 

during one year was rough1y estimated to be 10,000 man Sv. Given the long duration 

of the practice at approximately the same rate, the numerical value of the annual 

collective dose is taken to be the same; the annual per caput effective dose would be 

about 2 µSv (UNSCEAR, 1993). 

 

1.3.4.2 Oil and gas extraction. 
 The large volumes of production water needed for the extraction of oil and gas may 

contain natural radionuclides, mainly 226Ra and its decay products. Scaling may form as 

a result of precipitation at the oil/water interface, or radon decay products (especially 
210Pb and 210Po) may be deposited in the installations (UNSCEAR, 2000). 

 

1.3.4.3 Production of metals  
Several metals are produced from ores or from by-products or other industrial 

processes that are enriched in natural radionuclides.  During processing, the natural 

radionuclides appear in by-products or wastes including slags, off-gas filter dusts and 

liquid or gaseous effluents.  The main industries concerned are the production of tin (tin 

ores typically contain around 1000 Bq kg-1 of uranium-238 and 300 Bq kg-1 of 

thorium-232); niobium (ores may contain several thousand of Bq kg-1 of uranium-238 

and thorium-232); rare earths (the main ore monazite is present in mineral sands and 

can contain several thousands of Bq kg-1 of thorium-232); thorium (from monazite); 

and titanium (titanium ores can contain uranium-238 and thorium-232 series 

radionuclides at concentrations between 70 Bq kg-1 and 9000 Bq kg-1). 

The production of other metals such as iron, steel, aluminum, etc, can also release 

natural radionuclides to the environment due to the presence of natural radionuclides in 

feedstocks (Guy, 2000). 

 

1.3.4.4 Building materials  
Materials used by the building industry that may be of radiological significance include 

marl, blast furnace slag, fly ash, Portland clinker, and anhydrate (in the cement 

industry) and clay (in the ceramics industry). In the cement industry, some silex is 

produced as a waste product (UNSCEAR, 2000). 
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1.3.4.5 Refractory materials   
Silicates and oxides of the element zirconium have refractory properties.  The silicate 

exists in mineral sands; the oxide occurs in the ore Baddelyite.  Both contain natural 

radionuclides in the thorium and uranium series of up to 10,000 Bq kg-1 (Guy, 2000).  

 

 

 

1.3.4.6 Energy production  
Coals contain potassium-40, uranium-238 and thorium-232 at concentrations similar to 

those in soils.  Some coals may contain significantly higher levels depending upon the 

prevailing geology.   

The average concentrations of 40K, 238U and 232Th in coal was estimated to be 50, 20, 

20 Bq kg-1, respectively and the concentrations varied by more than two orders of 

magnitude (UNSCEAR, 1993). 

The natural radionuclides go to the fly ash, a small proportion of which is discharged to 

atmosphere.  In the oil and natural gas industries, radium-226 bearing scales develop in 

pipe work at the well heads.  Radon concentrations in natural gas at the well may vary 

widely around a typical value of 1 kBq m-3 (UNSCEAR, 1993). 

 

1.3.4.7 Mining industries   
The mining of uranium and of other materials such as gold can produce wastes, called 

tailings, that contain relatively high concentrations of uranium-238 and daughters.  

These wastes present a long-term hazard largely from radon emissions (Guy, 2000). 
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Fig 1.3: The percentages received from the various sources 
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1.3.5 Nuclear weapons testing 
Detonation of a nuclear weapon will produce fission products and activation products.  
If this occurs on or above the Earth's surface, radionuclides will be injected into the 
atmosphere.  Most atmospheric weapons tests have been conducted at two sites: the 
Arctic island of Novaya Zemlya, by the Soviet Union; and Bikini and Eniwetok Islands 
in the Pacific Ocean, by the United States.  There are also several other sites where a 
limited number of tests have been undertaken.  In terms of explosive yield, 1962 was 
the peak year for atmospheric weapons testing accounting for about 62% of the total 
explosive yield from all atmospheric tests (545 MT of TNT equivalents). 
The collective dose over all time to the world's population from the weapons testing is 
estimated at 30 million manSv; the main contributor is carbon-14 which accounts for 
26 million manSv. Nuclear weapons testing have left a legacy of contamination at a 
number of locations including Semipalatinsk in Kazakhstan, Bikini Atoll and 
Maralinga in Australia.  In addition, nuclear weapons production facilities in the former 
Soviet Union have led to contamination of the environment.  In particular, the 'Mayak' 
facility in the Southern Urals discharged about 100 PBq in liquid waste into the Techa 
River in the early 1950s leading to significant contamination of downstream areas. 

1.3.6 Nuclear accidents 
There has been one reactor accident with significant regional effects:  the Chernobyl 

reactor accident on 26 April 1986. 

Deterministic effects of varying clinical severity were diagnosed in 237 individuals 
who were brought in to fight the fire or undertake the immediate cleanup; 31 died of 
the immediate effects.  Skin burns from β/γ emitters deposited on skin and clothing 
were a significant problem. 
Doses to individuals outside the former Soviet Union have been estimated.  The highest 
doses in the year following the accident (subsequent doses will be lower due to 
dispersion and radioactive decay) of up to several hundreds of microSieverts generally 
occurred in areas where it rained during passage of the plume.  Rain washes 
radionuclides out of the plume onto the ground where they can give rise to external 
exposure and can also contaminate foodstuffs. 
 
1.4 Environmental Exposure Pathways 
when a particular radionuclide is released to the environment it will cause exposure of 

members of the public by characteristic routes that are determined both by the chemical 

properties of the parent element and by the physical properties of the emitted radiation.  

These characteristic routes are termed exposure pathways. 
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An environmental pathways assessment models the dispersion and transport of the 

materials released (called the source term) to estimate the concentration of 

radionuclides in different parts of the environment over time. Airborne or aquatic 

releases follow different environmental pathways as they move through the air, 

surface water, groundwater, and soil .A pathway�s significance depends on the material 

released; type of release (airborne, liquid, or solid); physical and chemical form of the 

release; and environmental conditions (for example, meteorology, soil moisture, type of 

vegetation).  

A number of interrelated pathways that link the source term to the food consumed by 

the people living around the site are grouped together and referred to as the food chain. 

The main source terms affecting the food chain are: 

(1) the airborne effluents that are deposited on the ground or directly on crops and 

animal fodder, 

(2) liquid effluents that are in the water used for consumption or irrigation of crops.  

The time and season in which the release occurs influence the type and quantity of food 

crops exposed. For example, the amount of leafy material available to catch and hold 

airborne releases varies during the growing season. The changes in diet of domestic and 

wild animals will influence how the food produced from these animals contributes to 

human exposure. The timing of releases relative to harvest can also be important, 

especially if the chemical or radionuclide has a short environmental or physical half-

life. For example, the short-lived radioactive iodine-131 (8-day radioactive half-life) 

moves very quickly through the food chain to milk; however, within weeks after an 

isolated release, the amount of iodine-131 found in milk would be negligible. 

The direct transfer of a chemical or radionuclide to plants through their roots is specific 

to each plant, but is also dependent on the physical and chemical characteristics of the 

soil. In some cases, a material collects in specific parts of animals or plants, so it is 

important to know which part will be used as food. The physical process of weathering 

can reduce the amount of material that stays on the surface of vegetation. Routine 

processing of food products can also reduce the amounts of chemicals or radionuclides 

consumed by people. In addition to determining the environmental transport of 

releases, it is important to consider how people interact with the environment 

containing the material released. If there is no contact, there will be no risk to human 

health. People interact with the environment by breathing the air, ingesting agricultural 
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products or wild foods, and swimming, as examples. Exposure pathways for 

radionuclides released in the environment are summarized in Table 1.3. 

 
Table 1.3: Exposure pathways for radionuclides released in the environment 

 

Atmospheric discharges 
Inhalation Air Resuspended deposits 

 
Ingestion Beef 

Cow liver 
Milk 
Sheep liver 
Sheep meat 
Grain 
Green vegetables 
Root vegetables 
Milk products 
 

External The plume 
Deposited radionuclides 

Liquid discharges 
Inhalation Resuspended soil following deposition of radionuclides in seaspray 

Resuspended beach material 
Seaspray 
 

Ingestion Drinking water 
Freshwater fish 
Beef 
Cow liver 
Milk  } 
Sheep liver  } 
Sheep meat } following deposition of radionuclides 
Grain } in seaspray or irrigation water 
Green vegetables  } 
Root vegetables  } 
Fish 
Crustaceans 
Molluscs 
Seaweed 
 

Inadvertent ingestion Soil following deposition of radionuclides in seaspray 
Beach material 
 

External Land following deposition of radionuclides in seaspray 
Beaches 
Fishing gear 
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1.5 Exposure Assessment 
Exposure routes are evaluated as external or internal pathways. Possible external 

exposure pathways are air submersion, exposure to materials deposited on the ground, 

Shoreline exposures and water immersion while swimming. Internal exposures occur 

when a substance is taken into the body, via inhalation, drinking water, or ingesting 

foods (crops, meat, wildlife, and fish).  

 

1.6 Radiation Quantities and Units 
Exposure to radiation at high doses can cause acute syndromes that are clinically 

expressed in exposed individuals within a short period of time after exposure. Such 

effects are called deterministic effects because they are certain to occur if the dose 

exceeds a threshold level and their severity increases with the dose. At lower doses, 

defined by the ICRP as absorbed doses less than 0.2 Gy, radiation exposure can induce 

malignancies in exposed individuals and could also have detrimental hereditary effects 

in their offspring.  These effects are called stochastic effects because of their random 

nature.  They are characterized by their probability of occurrence being a function of 

dose, over a large range of doses, without a dose threshold, while their severity is 

independent of dose. 

For radiation protection purposes it is assumed that there is proportionality between 

dose and the probability of a stochastic effect within the range of doses encountered in 

radiation protection. A consequence of this assumption is that doses are additive in the 

sense that equal dose increments give rise to equal increments of the probability of a 

deleterious effect which are independent of the previously accumulated dose. Risk is 

defined by the ICRP and the Basic Safety Standards as a multiattribute quantity 

expressing a chance of harmful consequences associated with a radiation exposure.  

The parameters which define the risk include such quantities as the probability that 

specific deleterious consequences may arise and the magnitude and character of such 

consequences.  The word risk is used to mean the probability that a given individual 

will incur a severe stochastic effect as a result of a radiation dose, taking account of the 

likelihood of incurring that dose. 
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1.6.1 Absorbed Dose 
As radiation passes through air, it can be measured by counting the number of ionized 

particles it produces. The quantity 'exposure' has been historically defined as the 

number of electrical charges produced in a unit mass of air and measured in units of 

roentgens (R). (The international SI unit of exposure is the coulomb per kilogram of 

air, but this is rarely used in practice.) As radiation penetrates any material, its energy is 

absorbed and released by the constituent atoms. The absorbed energy per unit mass of 

material is termed the absorbed dose. The old unit of absorbed dose was the rad, 

defined as 100 ergs of energy per gram of material. Th SI unit is the gray (Gy), one 

gray being equal to one joule of energy absorbed per kilogram of matter, and equivalent 

to 100 rads. The effects of radiation on any material, including biological materials, 

such as tissue, depend on the magnitude of the absorbed dose. 

 

1.6.2 Radiation weighting factors 
Radiation effects, including harm to tissue, are found to depend not only on the 

absorbed dose, but also on the type and energy of the radiation causing the dose. For 

radiation protection purposes, these factors are taken into account by weighting the 

absorbed dose in tissue by a factor related to the effectiveness of radiation. The 

weighting factor for this purpose is termed the radiation weighting factor ,WR , and it 

reflect the type and energy of the radiation incident on the body or, in the case of 

radiation sources within the body, the radiation emitted by the source. 

 

1.6.3 Equivalent dose 
The absorbed dose weighted by the radiation weighting factors is strictly a dose that is 

termed equivalent dose in a tissue or organ T, by HT, is given by the expression: 

HT = ∑
R

WR.DT,R                                (1.4) 

Where DT,R is the mean absorbed  dose in the tissue or organ T due to radiation R. the 

unit  of equivalent dose is the joule per kilogram and is termed the Sivert (Sv). 

 

1.6.4 Tissue weighting factors and effective dose 
For a given equivalent dose, the likelihood of radiation effects is found also to depend 

on the tissue or organ irradiated. It is therefore appropriate to define a further quantity, 
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derived from the equivalent dose, to indicate the combined effect of different doses to 

several different tissues. The factor by which the equivalent dose in a tissue or organ T 

is multiplied is termed the tissue weighting factor WT, which represents the relative 

contribution of that tissue or organ to the total harm (or detriment) resulting from 

uniform irradiation of the whole body.  

The weighted equivalent dose (a doubly weighted absorbed dose ) is termed the 

effective dose E. The effective dose is thus a measure of the total risk due to any 

combination of radiations affecting any organs of the body. Generally, effective dose is 

what is meant when the term dose is used and it is based on the concept that, at a given 

level of protection, the risk should be equal whether the whole body is irradiated 

uniformly or whether there is non-uniform or partial irradiation. 

The effective dose is thus the weighted sum of the equivalent doses in all the tissues 

and organs of the body.  

 

It is given by the expression: 

 

E =∑
T

WT ∑
R

WR. DT,R                                        (1.5) 

Where DT,R is the mean absorbed dose in tissue or organ T delivered by radiation R. 

The radiation is either that incident on the body or that emitted by a source within the 

body. The effective dose can also be expressed as the doubly weighted sum of the 

absorbed dose in all the tissues and organs of the body. 

 

1.6.5 Committed equivalent dose and committed effective dose 
The ICRP has introduced the concept of committed dose, which is defined as the sum 

of doses that would be received by an individual during a given time period following 

the intake of a radioactive substance. This concept is needed in order to implement the 

current basis for radiation protection, which is to limit the lifetime risk committed in a 

year of operation of a practice, rather than the dose delivered in that year.  

Following an intake to the body of radioactive material, there is a period in which the 

material gives rise to equivalent doses in the tissues of the body at varying rates. The 

time integral of the equivalent dose rate is termed the committed equivalent dose, 

HT(τ ) , where τ  is the integration time (in years) following the intake. If t is not 

specified, it is assumed that the value is 50 years for adults and for children the number 
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of years from age at intake to age 70 years. By extension, the committed effective dose 

E(t) to the whole body is similarly defined from the effective dose. The committed 

equivalent dose is defined by: 

HT(τ ) = ∫
+τo

o

t

t
HT (t)dt                                (1.6) 

For a single intake of activity at time t° where HT(τ ) is the relevant equivalent dose 

rate in an organ or tissue T at time t and  is the time period over which the integration is 

performed. 

 

1.6.6 Collective Equivalent Dose and Collective Effective Dose 
All the dosimetric quantities already referred to relate to the exposure of an individual. 

Further quantities in use relate to exposed groups or populations. These quantities take 

account of the number of people exposed to a source by multiplying the average dose to 

the exposed group due to the source by the number of individuals in the group. It gives 

the measure of total health detriment from a given radiation source, and defined as  

S = ∑
i

Ei Ni                                                           (1.7) 

Where Ei is the average effective dose in the population subgroup i and Ni is the 

number of individuals in the subgroup.  

The various groups of exposed people and the numbers Ni of individuals in each group 

i, may be used to characterize the total radiation impact of the practice or source. The 

unit of S is man-Sivert (man-Sv).  

 

1.6.7 Dose Commitment 
An important concept to be used in the limitation of radioactive discharges, is the 

concept of dose commitment.  If a practice continues over a long period of time, long-

lived radionuclides released to the environment cause annual exposures which initially 

increase with time and generally reach a maximum after a certain number of years.  The 

dose commitment is the infinite time integral of the average (per-person) dose rate 

E
•

(t) caused by the practice 

E E t dtc = ⋅
•∞

∫ ( )
0

                            (1.8) 
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It can be demonstrated that, if the integration period is chosen to be equal to the 

expected duration of the practice, T, and if the practice can be assumed to continue at a 

constant rate, then the incomplete dose commitment per unit of practice (eg, one year 

of operation) is equal to the maximum per caput annual dose in the future 

E E t dt
T

max ( )= ⋅
•

∫
0

                       (1.9) 

Similarly, the incomplete (or truncated) collective dose per unit of practice (eg, one 

year of operation) integrated over the expected duration of the practice, T, is equal to 

the maximum annual collective dose in the future from that practice: 

S S t dt
T

max ( )= ⋅
•

∫
0

                               (1.10) 

These concepts of dose commitment and incomplete dose commitment are particularly 

important for the limitation of radioactive discharges from practices or sources 

continuing over extended periods and releasing long-lived radionuclides which remain 

in the environment for long time.  In these cases, the discharge limits should be aimed 

at limiting the annual dose commitment per year of practice operation � which 

coincides with the value of the maximum annual dose in the future � rather than the 

dose delivered in any particular year (ICRP, 1990&IAEA, 1991). 

 

1.7 Biological Effects of Ionizing Radiation                                                                     
Naturally occurring radioactive materials are common in the environment and in the 

human body. These materials are continuously emitting ionizing radiation. Ionizing 

radiation from outer space (cosmic radiation) bombards the earth constantly. 

Collectively, the ionizing radiation from these and similar sources is called background 

radiation. Human activities, such as making medical x-rays, generating nuclear power, 

testing nuclear weapons, and producing smoke detectors which contain radioactive 

materials, cause additional exposure to ionizing radiation.  

 Radiation is a form of energy, and when any radiation passes through matter, including 

the human body, some of this energy may be absorbed by the body.  The radiation 

energy absorbed will cause ionization of atoms or molecules.  Ionized molecules 
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produce free radicals which are chemically highly reactive.  The resulting chemical 

changes could cause harmful biological effects. Within certain limits, the damage thus 

caused, may be repaired by the body so that there is no apparent effect, but if excessive 

amounts of radiation are received, then some harm may result.   

Ionizing Radiation can cause two main types of biological effects: 

(a) Somatic effects 

In this type the damage appears in the irradiated person himself and      

may be further divided into acute effects and chronic effects. 

i. Acute effects                                                                                                                                  

Acute effects occur if an individual receives a high dose of radiation within a short 

time.  The severity of the symptoms increases with dose above some clinical threshold. 

This kind of effects is called non-stochastic or deterministic effects. Acute effects of 

irradiation at different doses are shown in Table 1.4. 

          

Table 1.4: Acute effects of irradiation at different doses 

Dose (Sv) Effect 
 

1,000 Spastic seizures; death in minutes 
 

100 Damage to the central nervous system; death in hours 
 

10 Circulating changes; death in days 
 

1 Radiation sickness (nausea, vomiting, fatigue; following a short latent 
period epilation, loss of appetite, fever, diarrhoea, rapid emaciation, and 
possible death); decrease in life expectancy and disease resistance; 
sterility, erythema � reddening of the skin) 
 

0.1 No obvious injury 
 

 
 
ii. Chronic effects 
 
The human body can repair itself and recover from radiation damage.  
E.g. receiving 10 Sv in a few days may be fatal, but if it were to be received over a 

period of many years, no symptoms may be apparent. However, chronic effects of 

radiation might result.  These chronic effects (mainly induction of various forms of 

cancer) often take many years to show themselves after the radiation doses have been 

received. 
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From available data, it appears that the chances of chronic effects occurring, increase 

with the dose received, without a threshold value. These are called �stochastic� effects.  

If an effect does occur, the gravity of the effect does not depend on the dose received. 

Table 1.5 shows some chronic effects of radiation. 

 

Table 1.5: Some chronic effects of radiation 
 
Effect Mean latent period Evidence for effect 

 
Leukaemia 8 � 10 years Atomic bomb casualties, Medical X-ray treatment 

 

Bone Cancer 15 years 
 

Radium luminous dial painters 

Thyroid 
Cancer 

15 � 30 years 
 

Atomic bomb casualties, Medical treatment 

Lung Cancer 10 � 20 years Mine workers 
 

Life shortening - Experiments with mice 
 

Cataract 5 � 10 years Atomic bomb casualties 
 

 
 

b. Genetic Effects                                        
  
Besides causing effects on the person exposed to radiation, damage can occur in future 

generations through the appearance of mutations in the offspring of the exposed person.  

The genetic effects of radiation result from damage to the reproductive cells.  This 

damage takes the form of genetic mutation in the hereditary material of the cell, called 

the gene.  Reproduction occurs when an ovum is fertilized by a sperm.  The offspring 

receives one set of genes from each parent.   These genes reproduce periodically by cell 

division, and the newly produced cells carry essentially the same characteristics as the 

original one.  

Occasionally, a mutation will occur, generally by some external influence such as heat, 

certain chemicals or radiation.  It will often repair itself but in doing so, the repaired 

gene will often, not be in the original pattern.  Such damaged gene will produce, by cell 

division, similar damaged genes.  In reproduction, it will be passed on to the offspring 

of the parent bearing the damaged material. Normally, if one parent has the mutated 

gene and the other does not, the damage will not be evident in the offspring because 
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mutated genes are recessive.  The offspring, while not showing evidence of damage, 

will have inherited the defective gene.  If, by chance, both parents have the same 

defective gene the damage will affect the offspring.  This often results in an abortion or 

stillbirth (lethal mutation), but it can also result in congenital malformation.  

Since ionizing radiation can cause an increase in the mutation rate and hence the 

number of inherited abnormalities, population radiation exposure must be carefully 

controlled and minimized.  Genetic effects are stochastic effects i.e. there is no known 

threshold dose, and every radiation exposure, no matter how small, will help to 

contribute to the pool of mutations present in the population�s genes.  Of course, 

mutations are produced by other means such as chemicals or heat, but this provides 

another reason for keeping radiation doses down to a reasonable minimum.  

Biological damage is mainly affected by: (a) Total dose, (b) Dose rate, (c) Duration of 

exposure, (d) Types of radiation, (e) Area of the body irradiated, (f) Cell sensitivity and 

(g) Individual sensitivity. 

 

1.8 Principle of Radiation Safety 
The radiation safety principally aimed at preventing deterministic effects in handling 

and operating the radioactive material and irradiating apparatus as well as limiting the 

risks of stochastic effects in relation to radiation work. 

 

1.8.1 Protection methods 
Although living organisms accommodated to harmful effects of radiation by having 

developed certain protection mechanisms the avoiding unnecessary exposure is a 

principal rule. Radiation exposure can be decreased basically in three ways: by 

decreasing exposure time, by increasing distance from the radiation source, and by 

applying absorbing layers. These possibilities are generally applied in combination. 

1.8.2 Dose limits for population 

 The annual effective dose equivalent originating from background radiation is 

estimated to approximately 1 mSv. This value has no deleterious effect. The human 

organism accommodated to such radiation exposure. 

The two main aspects in determining dose limits are to avoid unnecessary risk and 

unnecessary restrictions. Different limits relate to people working with radioisotopes 
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professionally and other (lower) limits to the population. Every limit is determined to 

be lower than that of relating to non-stochastic effects and not increasing significantly 

the frequency of stochastic effects. 

The International Commission on Radiological Protection recommends an annual 

individual limit of 5 mSv (that is 5000 µSv) for population and 1 mSv for prolonged 

exposure of a large group (ICRP 60). 

 

1.8.3 System of protection 
In applying ICRP's System of Protection for Practices, the dose due to the practice over 

and above that received from other sources is taken into account. Similarly, the System 

of Protection for Intervention is concerned with the reduction in dose from the source 

that is being intervened against. Thus the system of protection deals in increments and 

decrements in dose; not in the total dose received by an individual from all sources. It 

was found that in many cases it was not difficult to consider a particular situation 

whether it was a practice or an intervention. In some few cases difficulty was 

encountered and such problematic areas were: former weapons testing sites, Land 

contaminated with long-lived radionuclides following an accident, and high levels of 

natural background radiation. This type of situation would usually be treated under the 

system of protection of intervention but there is the question of when should action be 

taken to reduce doses? ICRP and IAEA have both specified action levels for 

intervention against radon exposure but not for other exposures to natural radiation. 

Such problem areas all involve long-term exposure, or the potential for long-term 

exposure, of members of the public. IAEA refers to them as chronic exposures: ICRP 

as prolonged exposures. ICRP is developing recommendations for protection of the 

public in prolonged exposure situations. This is a summary of the current draft. 

1.8.4 Prolonged exposures 

Prolonged exposures are defined by ICRP as exposures that are adventitiously and 

continuously incurred by members of the public over long-time periods. The distinctive 

characteristics of prolonged exposure situations are that the exposure is incidental to 

situations in which members of the public find themselves, and that its annual average 

rate is usually constant or decreases slowly over the years. ICRP also defines an extant 

annual dose as the sum of all the existing and persisting annual doses incurred by 
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individuals at a given location. Extant annual dose is used, as will be seen below, in the 

application of the system of protection for intervention to prolonged exposure 

situations.  

The draft report makes recommendations on the application of the system of protection 

to practices that are sources of prolonged exposure by discharging long-lived 

radionuclides to the environment on the application of the system of protection for 

intervention to prolonged exposure situations, and gives guidance on when each of 

these two situations should be applied.  

 

1.8.5 Application to interventions 
The principal recommendations for these situations concern establishing generic 

reference levels for intervention for protection against prolonged exposures. These 

reference levels are intended to facilitate the identification of situations where: 

The annual dose from prolonged exposure is so high that intervention to reduce doses is 

almost certainly required; and the annual doses from the prolonged exposures are low 

enough that intervention to reduce doses will usually be unnecessary. 

It is suggested that the generic reference levels are expressed in terms of extant annual 

dose. They could be applied, for example, in situations where there is an elevated 

exposure to natural gamma radiation emitters in the ground to establish whether 

intervention is necessary. Such situations usually occur in areas where the soil is rich in 

thorium bearing and uranium bearing minerals such as monazite sands.  
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2. Literature Review 
A great deal of attention has been directed to the natural radiation background, and 

measurements have been made in Sudan and worldwide. 

In Sudan, calculations of the external exposure due to gamma radiation from the ground 

have been made from the results of the measurements of radionuclide activity 

concentrations in the soil at various locations (Sam et al., 1997). The average exposure 

was found to be 45 nGy.h-1, corresponding to the annual dose equivalent of 278 µSv.y-1. 

With the exception of the Arkuri and Dumper areas in the western part of the country, the 

calculated exposure falls within the global wide range of outdoor radiation exposure 

given in the UNSCEAR publications. The nationwide average concentrations of 226Ra, 
238U, 232Th, 40K and 137Cs determined were 31.62, 20.11, 19.10, 280.29 and 4.12 Bq.kg-1, 

respectively. This shows that there is little contamination due to fallout radioactivity at 

survey sites. 

Study was conducted at the request of authorities in western Darfur State (Sam et al., 

2002), to address the public concern about the levels of radioactivity in the area of 

Jebel Mun situated at Sudan-Chad international boundaries. It has been identified as a 

high background radiation area through aerial geological surveys conducted in late 

1970s. The ambient gamma dose in the area was measured with the aid of a hand-held 

dose rate meter (Mini-Rad, Series 1000) and the surface rock samples were collected 

and analyzed for their radioactivity content using a high-resolution gamma 

spectrometry equipped with HPGe detector, with relative efficiency of 18%. The 

activity concentrations of 238U, 232Th and 40K were found to range from 39-253 Bq.kg-1, 

41-527 Bq.kg-1 and 77-3027 Bq.kg-1, respectively. From the values of the standard 

deviation, it was concluded that the activity concentration of the considered primordial 

radionuclides was highly scattered (localized) which in turn indicates non-uniformity in 

the geological features and/or formations. 238U activity concentration corresponds to 

equivalent mass concentration of 7.77±6.12 ppm (3.19-20.73 ppm), which is of no 

economic importance. Samples are enriched in thorium relative to uranium as reflected 

by the Th:U mass ratio which ranged from 3 to 17. The absorbed dose rate in air as 

estimated from the measured activity concentrations of the primordial radionuclides 

using the DRCFs (dose rate conversion factors) fall within the range of 70-522 nGy.h-1  

with an average of 221±130 nGy.h-1. It corresponds to an annual effective dose 

equivalent average of 0.27 mSv. The regression analysis has shown that the correlation 
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between calculated and the measured ambient dose rate is marginally significant (r2 = 

0.59). The 232Th series was the major producer of the surface radioactivity followed by 
40K as they contribute 48% and 32% of the total absorbed dose, respectively. 

In uranium mineralization areas at Jebel Uro, Jebel Kurun and Jebel Mun in Western 

Sudan, absorbed dose rate received from natural external irradiation was evaluated 

from the measured activity concentrations of 238U, 232Th and 40K in rock samples (Sam 

et al., 2003). The analyses were performed using alpha-spectrometry and high-

resolution gamma-ray spectrometry. A great spatial variability was observed in activity 

concentration of the primordial radionuclides indicating complexity in geological 

features. Compared Jebel Mun, Uro and Kurun deposits exhibit very high U:Th mass 

ratio, the feature that characterized vein deposits. The resulting absorbed dose rate at 

1m above bedrock level as estimated using dose rate conversion factors (DRCF) fall 

within the range of 70-500 nGy/h (Mun), 600-6000 nGy/h (Uro) and 80-300 nGy/h 

(Kurun). At maximum, it corresponds to annual effective dose rate of 0.6, 8 and 0.4 

mSv, respectively. Uranium was the principal producer of the surface radioactivity at 

Uro and Kurun as it contributed 99.6% and 95% of the total absorbed dose whereas, in 

Jebel Mun the cause of radioactive anomaly was due to 40K and 232Th. Regression 

analysis showed no correlation between uranium concentration and other radionuclides. 

Although, radioactive equilibrium was not likely to occur in surface and near-surface 

geological environments, however, daughter/parent activity concentration ratios along 

uranium series, viz. 234U:238U, Ra:U, 230Th:U, 210Po:U do not differ from unity in both 

Uro and Kurun deposits. 

In Ariab (Eastern Sudan) calculations of individual effective dose per annum have been 

made from the activity concentrations of dominant gamma-emitting radionuclides from 

uranium and thorium decay chains in ore, solid waste (heap) and soil samples collected 

from Adassedakh and Hadal Auatib gold mines (Sam et al., 2000). Measurements were 

performed using a high-resolution gamma spectrometer. Independent of location, the 

data showed that the activity concentration for 226Ra and 232Th increased in the order: 

soil>spoil heap>ore. This order basically confirms that the activity levels in the heap 

were low relative to natural background (i.e. soil samples), and thus the expected 

contribution in enhancement of natural background radiation was correspondingly low. 

The concept of concentration ratio (CR) has been applied to quantify the degree of 

accumulation of radionuclides in the solid waste (heap). The calculated CR values 

revealed that 232Th was most accumulated while there was no accumulation of 40K. The 
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absorbed dose rates in air at a height of 1 m as estimated using DRCF from activities of 
214Pb, 214Bi, 212Pb, 228Ac, 208Tl and 40K ranged from 6.6 to 32.3 nGyh-1 (Adassedakh), 

and 2.2 to 26.1 nGyh-1 (Hadal Auatib). The principal contributors to the total dose rate 

were 40K, 214Bi and 228Ac which generate almost 90%. The corresponding annual 

effective doses fall within the range: 0.04-0.20 mSv.y-1 for Adassedakh and 0.01-0.16 

mSv.y-1 for Hadal Auatib. Although, these estimates do not include the internal 

radiation burden due to inhalation of radon and its decay products, the values obtained 

were insignificant relative to the dose limit specified for occupational exposure of any 

worker. 

In Elgash area-eastern Sudan an evaluation of nutrients and other trace elements 

content in soil, plants and water samples in addition to radionuclides levels were 

conducted (Babikir et al., 2000) in an area which was located between latitude 15.3-

16.5 degree and longitude 36-37 degree. The sampling sites were surveyed using a 

portable scintillometer held at one meter above the ground level. Rock samples 

collected from Jebel Glusi and Alttaka, and soil samples from the river banks were 

analyzed using gamma-ray spectrometry for their radioactivity content. It was found 

that the activity concentration of 226Ra, 228Ra and 40K in soil samples ranged from 13.0-

30.7 Bq/kg, 12.5-59.9 Bq/kg and 283.0-461.4 Bq/kg, respectively. The calculated dose 

rate due to gamma radiation from the ground at one meter height ranged between 23.5 

and 37.5 nGy/h with an average value of 37.5 nGy/h (229.9 µSv/y). This showed that 

the level of radioactivity in the surveyed area lies within the worldwide range of normal 

background radiation.  

In Western Sudan, Mukhtar (1991) has carried out an environmental monitoring study 

at Miri Lake which is identified as high level background natural radiation areas in 

Nuba Mountains. The study was conducted in and around a lake situated at south-west 

of Kadogili town. The lake is an artificial one, formed when a dam was built between 

two mountains to harvest rain water draining along Khor Berdab in the rainy season. 

The lake is formed on a Uranium-Thorium mineralization zone. Miri area is a 

populated area in which people live on what is grown in the area. They used lake and 

well water for drinking and irrigation. Food, water and soil samples were collected and 

measured for their radioactivity using high resolution gamma-spectrometry, laser 

flourimetry, X-ray flourecence, gross alpha-beta measurement and alpha spectrometry. 

Exposure of population to the external and internal radiation was estimated. A sodium 

iodide scintillation detector was used for measurement of the external exposure. 
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Environmental samples were collected, processed and measured. Samples from places 

of normal background radioactivity were measured to serve as reference level for 

comparison. From these results the author concluded that Miri lake area was an 

elevated natural radioactivity level. The level of elevation is in the range of 2.5-11 

times greater than in places with normal background natural radioactivity. The upper 

limit of the average annual effective dose to the population was estimated at 39.5 mSv 

due to the external and ingested food and due to radon inhalation in the area. In 

UNSCEAR 1982 and 1988 a value of 2.4 mSv was quoted for the population living at 

places of normal background radioactivity. The maximum annual committed effective 

dose equivalent of 5 mSv was recommended by the ICRP. This recommendation was 

justified by comparison with normal natural background radiation which has a value of 

2 mSv. The value presently recommended by the ICRP for the principal limit for 

members of the public is 1 mSv. 

Worldwide, a study of natural gamma radioactivity was made in Mexico to determine 

the concentrations of natural radionuclides in soil (Davila et al., 2003). Twenty soil 

samples collected in the cities of Zacatecas and Guadalupe and their suburban areas in 

the Mexican state of Zacatecas were analyzed by gamma-ray spectrometry to determine 

the activity concentrations of 226Ra, 232Th, and 40K. Conversion factors were used to 

calculate the dose to the population from outdoor exposure to terrestrial gamma rays. 

The measured activity concentration of 226Ra varied from 11 to 38 Bq kg-1, the activity 

concentration of 232Th varied from 8 to 38 Bq kg-1. The activity concentration of 40K 

was in the range of 309-1,049 Bq kg-1. The overall populations mean outdoor terrestrial 

gamma dose rate was 44.94 nGy h-1. 

In Pakistan gamma activity from the naturally occurring radionuclides namely 226Ra, 

232Th, 40K and the artificial radionuclide 137Cs was measured in the soil of the 

Bahawalpur using gamma spectrometry technique (Matiullah et al.,2004). The mean 

activity of 226Ra, 232Th, 40K and 137Cs were found to be 32.9 ± 0.9, 53.6 ± 1.4, 647.4 ± 

14.1 and 1.5 ± 0.2 Bq kg�1, respectively. The mean radium equivalent activity Raeq, 

external hazard index, internal hazard index and terrestrial absorbed dose rate for the 

area under study were 158.5 ± 4.1 Bq kg�1, 0.4, 0.5 and 77.32 nGy h�1, respectively. 

The annual effective dose equivalent to the public was found to be 0.5 mSv. 

 In Cyprus a survey was carried out to determine activity concentration levels and 

associated dose rates from the naturally occurring radionuclides Th-232, U-238, and K-

40, in the various geological formations appearing throughout the geographically 
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accessible area of Cyprus (Tzortzis et al., 2004), by means of high-resolution gamma-

ray spectrometry. From the measured spectra, activity concentrations were determined 

for 232Th (range from1.0x10-2 to 39.8 Bq/kg), 238U (from 1.0x10-2 to 39.3 Bq/kg) and 
40K (from 4.0x10-2 to 565.8 Bq/kg). Gamma absorbed dose rates in air outdoors were 

calculated to be in the range of 1.1x10-2 - 51.3 nGy/h, depending on the geological 

features, with an overall mean value of 8.7 nGy/h and a standard deviation of 8.4 

nGy/h. This value was by a factor of about 7 below the corresponding population-

weighted world-averaged value of 60 nGy/h reported by UNSCEAR (2000), and one of 

the lowest that has been reported from similar investigations worldwide. Assuming a 

20% occupancy factor, the corresponding effective dose rates outdoors equivalent to 

the population were calculated to be between 1.3x10-2 and 62.9 µSv/y, with an 

arithmetic mean value of 10.7 µSv/y and a standard deviation of 10.3 µSv/y.  

In Algeria a national environmental sampling program was carried out during 1993 to 

determine natural and artificial radionuclides contents in the (0-15 cm) upper layer of 

the soil. Soil samples were analysed by direct counting by gamma-ray spectrometry 

(Baggoura et al.1998) Radioactivity concentrations in Bq kg-1 dry mass in soil samples 

of 226Ra, 214Pb, 214Bi, 212Pb, 228Ac, 40K and 137Cs ranged between (5-176), (2-107), (3-

65), (2-97), (3-144), (36-1405) and (0.3-41), respectively. The dose rates in air 

measured over the whole country were found to range between 20 and 133 nGy h-1. 

Presence of 137Cs has been clearly observed. An approach has been made to determine 

its origin, considering the global fallout, the Chernobyl accident and the French nuclear 

bomb tests in the 60s as the main potential sources. It is concluded that Algeria has 

indeed been affected by the Chernobyl accident. 

In Malasyia environmental terrestrial gamma radiation dose rates were measured 

throughout Melaka (Ahmad et al., 2005). The values of terrestrial gamma radiation 

dose rate vary significantly over different soil types and for different underlying 

geological characteristics present in the study area. The values ranged from 54 ± 5 to 

378 ± 38 nGy h-1. The highest terrestrial gamma dose rates were measured over soil 

types of granitic origin and in areas with underlying geological characteristics of an 

acid intrusive (undifferentiated) type. An isodose map of terrestrial gamma dose rate in 

Melaka was drawn by using the GIS application 'Arc View'. This was based on data 

collected using a NaI(Tl) scintillation detector survey meter. The measurements were 

taken at 542 locations. Three small 'hot spots' were found where the dose rates were 
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more than 350 nGy h-1. The mean dose rates in the main population areas in the mukims 

(parishes) of Bukit Katil, Sungai Udang, Batu Berendam, Bukit Baru and Bandar 

Melaka were 154 ± 15, 161 ± 16, 160 ± 16, 175 ± 18 and 176 ± 18 nGy h-1, 

respectively. The population-weighted mean dose rate throughout Melaka state was 172 

± 17 nGy h-1. This was lower than the geographical mean dose rate of 183 ± 54 nGy h-1. 

The lower value arises from the fact that most of the population lives in the central area 

of the state where the lithology was dominated by sedimentary rocks consisting of 

shale, mudstone, phyllite, slate, hornfels, sandstone and schist of Devonian origin 

which have lower associated dose rates. The mean annual effective dose to the 

population from outdoor terrestrial gamma radiation was estimated to be 0.21 mSv. 

This value was higher than the world average of 0.07 mSv. 

In Spain a programme of studies and surveys of natural radiation and radioactivity was 

organized to determine the concentrations of natural radionuclides in soil (Quindos et 

al. 1994). The results showed that the averages and ranges of concentrations of 
226Ra,232Th, and 40K in soil in most autonomous regions and nationally were higher 

than the world figures reported by UNSCEAR (1988 ) (world average concentrations of 

30, 25, and 370 Bq kg-1 for 226Ra,232Th, and 40K respectively and typical ranges were 

15-70 Bq kg-1 For 226Ra, 7-50  Bq kg-1  for 232Th, and 100-700  Bq kg-1  for  40K ). Only 

the regions of Andalucia, Baleares,Murcia, Navarra, and Pais Valenciano showed 

results comparable to the typical UNSCEAR values for the entire world, except for the 

range of the  40K concentrations measured in the region of Andalucia, whose upper 

limit was more than double that given by UNSCEAR. In relation to the geological 

structure of the country, the region of lower average concentrations of  226Ra,232Th, and 
40K in soil match those areas that essentially consist of recent marine sediments (mainly 

limestones, marbles, and clays) ranging in age from the Late Oligocene to the present. 

It was observed that except for the autonomous region of Canarias, which was 

geologically volcanic in origin, the higher activity  concentrations of  226Ra,232Th, and 
40K  in soil generally correspond with those areas where granitic and shale formations 

are prevalent. 

Correlations between absorbed dose rates in air calculated from natural radionuclide 

concentrations in soil and terrestrial gamma dose rates measured experimentally 

outdoors were shown for different autonomous regions of Spain. Assessment was also 

made of the dose to the Spanish population from outdoor exposure to terrestrial gamma 

rays. 
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In the central and eastern region of the Brazilian state of Rio Grande do Norte, 51 soil 

samples were collected to a depth of 30 cm (Malanco et al., 1993). Concentrations of 

background radionuclides in soil samples were determined by gamma ray spectrometry 

with an HPGe detector. The average concentrations of 226Ra,232Th, and 40K in the 

surveyed soils were 29.0 ± 19.4 Bq kg-1 , 46.6 ± 36.2 Bq kg-1 ,and 677.8 ± 434.9 Bq kg-1 

respectively. The bedrock of Sanata do Matos ( Rio Grando do Norte) showed fairly high 

radioactivity (90 Bq kg-1 of 226Ra, 285.6 Bq kg-1of 232Th, and 1.414 Bq.kg-1 of 40K ). 

Radiological measurements carried out in Santana do Matos with a hand held 

scintillometer revealed external gamma radiation ranging from 200-300 nGy h-1 in the 

down town area . Higher values were recorded in the surroundings of that town.   

The external doses received by the Greek population due to terrestrial natural 

radioactivity was evaluated, soil samples from Greek  provinces have been collected 

and analyzed using two high resolution gamma  spectroscopy devices with germanium 

detectors of high purity (HPGe detector). The concentrations of 238U, 226Ra, 
228Ra,228Th, and 40K showed significant variations, which correlate with the chemical 

consistence of soils from region to region. A theoretical evaluation of the dose 

equivalent rates due to the external natural gamma radiation of terrestrial origin has 

been made. The mean value does not differ greatly from the average dose rates in other 

countries of the world (Probonas and Kritidis, 1993). 

In Accra Region of Ghana, natural radioactivity in soil and rock samples from different 

geological structures in selected locations has been studied using gamma-spectrometry 

(Darko, 2001). Results indicated that the major contribution to terrestrial background 

radiation was the natural radioactive series notably 40K, 238U and 232Th. Estimated 

exposure rate at 1 m above the soil surface ranged from 0.9 to 20.6 µR/h in soils and 

0.6 to 17.8 µR/h in rocks. Granitic rocks at Dodowa contain higher levels of the 

naturally occurring radioactive elements. The relatively low concentration around the 

Shai Hills was attributed to the predominance of sand. 

In Mongolia, the outdoor terrestrial gamma-ray background in the urban environment 

of provincial centers and several cities was studied in order to assess the absorbed 

gamma dose rates in the open air and determine the activity concentrations of 238U, 
232Th , 40K and 137Cs in soil samples, collected from the selected locations (Shagjjamba   

et.al. 2004 ). 

 The radioactivity of the sample was measured by low-background gamma 

spectrometry based on high-purity Ge detector of about 15% efficiency. The activity 
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concentration of the natural radioactive elements in soil samples was calculated. It was 

found that the outdoor absorbed dose rate in the air ranged from 60 to 119.4 nGy · h−1. 

The obtained average value was 1.7 times higher than the average world value 50 nGy · 

h−1. 

Inhabited areas with high levels of natural radiation were found in different areas 

around the world including Yangjiang, China; Kerala, India; Guarapari, Brazil and 

Ramsar, Iran. 

Epidemiological evidence has indicated that the natural radiation in these High Level 

Natural Radiation Areas (HLNRAs) was not harmful to residents. Furthermore, cancer 

mortality rate was significantly lower in the high background areas than in the control 

areas (Mortazavi and Karam, 2002). 

 Ramsar in northern Iran is among the world�s well-known areas with highest levels of 

natural radiation. Annual exposure levels in areas with elevated levels of natural 

radiation in Ramsar was upto 260 mGy y-1 and average exposure rate was about 10 

mGy y-1 for a population of about 2000 residents.  Due to the local geology, which 

includes high levels of radium in rocks, soils, and groundwater, Ramsar residents are 

also exposed to high levels of alpha activity in the form of ingested radium and radium 

decay progeny as well as very high radon levels (over 1000 MBq m-3) in their 

dwellings. 

Some areas in India have high levels of natural radiation due to presence of monazite 

along with other heavy minerals such as ilmenite, rutile, zircun, garnet, etc. The 

monazite contains approximately 9% thorium and 0.3% uranium. Over 140,000 

inhabitants in Kerala, on the southwest coast of India, receive an annual average dose 

of 15-25 mGy). The average life span of the inhabitants of Kerala is 72 years while for 

all India it was only 54 years. A comprehensive study on the residents of HLNRAs of 

Kerala showed no evidence that cancer incidence is consistently higher because of the 

levels of external gamma radiation exposure in the area . In another study the incidence 

of congenital malformations in the densely populated monazite bearing sands of 

Kerala, the stratification of newborns with malformations, stillbirths or twinning 

showed no correlation with the natural radiation levels in different areas. No significant 

differences were observed in any of the reproductive parameters between 26,151 

newborns from HLNRAs and 10,654 from a NLNRA (Mortazavi and Karam, 2002). 

A health survey study on the inhabitants of HLNRAs of Yangjiang, China was started 

in 1972. In HLNRAs of Yangjiang county in China (annual doses were about 330 mR) 
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it has been indicated that mortality from all cancers and those from leukemia, breast 

and lung were not higher than that of the control area (110 mR/y). Furthermore, it was 

shown that when samples of circulating lymphocytes taken from the inhabitants were 

tested in vitro for mitotic response to phytohemagglutinin (PHA) and the degree of 

unscheduled DNA synthesis (UDS), there were higher responsiveness and UDS rates 

in the HLNRA samples than in those from the control area. It was found that in a 

HLNRA in China the cancer (non-leukemia) mortality was 14.6% lower than in 

Normal Background Radiation Areas (NBRA), and the leukemia mortality among men 

was 15% lower and among women 60% lower. No difference in the frequency of 

various genetical diseases was observed between Chinese HLNRA and NBRA. To 

date, based on the data as: cancer mortality from 1,008,769 person-years in HBRA and 

995,070 person-years in CA; hereditary diseases and congenial malformations from 

13,425 subjects in HBRA and 13,087 subjects in CA; human chromosome aberrations, 

and immune function of the inhabitants, no detrimental effect associated with the high 

levels of natural radiation detected. On the contrary the mortality due to all cancers in 

HLNRAs was generally lower than that in the control NBRA. However, the difference 

was not statistically significant (Mortazavi and Karam, 2002). 
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CHAPTER 2 

EXPERIMENTAL METHOD 
 

2.1 Introduction 
Gamma-spectroscopy offers two major advantages: individual isotopes can be clearly 

identified within the energy spectrum and the analysis is non-destructive.  

In order for absorption of the gamma-ray to take place, the material must have a high 

enough absorption coefficient, which can be provided by a material of high atomic 

number. It must also have a low band-gap for conduction to occur, and must also have 

low levels of impurities in order to satisfy the conduction requirements. This leaves 

only a few possible options. The two main candidates are silicon and germanium. 

Although germanium requires cooling to 77K in order to limit thermal excitations, it 

was used for this work. The germanium detector is a semiconductor detector based on a 

reverse biased p-n junction. 

The germanium detector is of high efficiency and superior energy resolution which 

help separate closely spaced peaks and also aids in the detection of weak sources of 

discrete energies when superimposed on a broad continuum (Knoll, 2000).  

Quantitative spectrometry depends on careful calibration of detector efficiency over the 

energy range of interest and in the same geometry as the sample precision and accuracy 

is limited by the availability of material (up to 100 g) and counting time and by 

uncertainties in the calibration standards and detector background. Counting efficiency 

increases with detector size and with use of well-type detector crystals or Marinelli 

beakers (Nada, 2001). A variation in self-absorption between samples and calibration 

standards arise from both variations in bulk density and in mass attenuation 

coefficients, and is usually a problem below 100 keV. Bulk density variations can be 

minimized by mixing with resin and casting in one of several geometries.  

 

2.2 Instrumentation  
Various types of detectors differ in their operating characteristics, but all are based on 

the same fundamental principle: the transfer of part or all the radiation energy to the 

detector mass where it is converted into an electrical pulse. The form in which the 

converted energy appears depends on the detector and its design.  In this study a high 
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purity germanium (HPGe) detector with 20% relative efficiency is used. The operation 

of this detector involves the following: first, the photon energy is completely or partly 

converted into kinetic energy of electrons by photoelectric absorption, Compton 

scattering or pair production; second, the production of electron-hole pairs; third, the 

collection and measurement of charge carriers. The electronic system for this 

semiconductor detector (HPGe) is shown in Fig. 2.1.  
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Fig. 2.1: Schematic diagram illustrating the electronic setup used to acquire the HPGe 

data 

The data acquisition card consists of three circuit blocks: 

  
Both Block (1) and Block (2) are directly programmed by the microprocessor available 

in Block (3). 
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2.2.1 Detector 
The detector is a large Germanium diode operating at a reverse bias. It is a planner, P-

type coaxial detector (SILENA model PC2018)  with a relative efficiency of 20% . 

Because of the small band-gap for pure Germanium ( 0.66 eV), room temperature 

operation is impossible because of the large thermally- induced leakage current that 

would result, thus the detector must be cooled down to liquid nitrogen temperature in 

order to reduce the leakage current to the point that the associated noise does not spoil 

its excellent energy resolution.   

 For this and other reasons the detector is mounted in a vacuum enclosure (cryostat) at 

the end of a cooper cooling finger, which brings the LN2 temperature (77 K) from the 

liquid nitrogen Dewar (capacity of 30 liters) to the HPGe crystal (see Fig. 2.2). The 

preamplifier/electronic package fit directly behind the cryostat end-cap in order to take 

the advantage which is necessary for the operation of the detector and which aids the 

preamplifier to operate with low noise (IAEA 1989). The liquid nitrogen Dewar, 

cryostat and preamplifier package fit inside a cylindrical lead shield, with wall 

thickness of 5 cm. The shield is on a table, and it consists of a base and four rings with 

platform and lead cover. The internal diameter of the rings is 20 cm; the height is 12 

cm. The inside of the cylindrical shield is lined with copper, dural-aluminum to reduce 

the scatter radiation. 

The radiation energy is transferred to the detector crystal by an interaction process 

which then creates electron-hole pairs. The mobile electrons in the conduction band are 

promoted under an influence of an electric field from the valence band, the holes in the 

valence band are also mobile, but the mobility of the latter is in the opposite direction 

to the former. This movement of electron hole pairs (e-/h+) in a semiconductor 

constitutes a current. If these arrive at their respective electrodes, the result is a current 

proportional to the energy deposited in the crystal or a pulse. This is a small signal 

requiring amplification. Because of the band gap of the Ge, an incident gamma ray, 

with energy of several hundred keV, produces a large number of such pairs, leading to 

good resolution and low statistical fluctuations (Knoll, 2000). 
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Fig. 2.2: A cross sectional diagram of a germanium detector with a Dewar 
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2.2.2 Electronic package 
It consists of: 

- Amplifier: fully software programmable, patented pole zero advisor, Gaussian 

shaping, fully automatic gated baseline restorer, pile up rejector and live time 

corrector. 

- ADC: Wilkinson 100 MHz, automatic low level discriminator, high stability 

and fully soft-ware programmer. 

- H.V. power supply model 9300/7: on/off under computer control, short circuit 

and arcing protection, power failure protection and LN2 monitor. 

- Memory buffer printed card mod. 9308/A: 8192 data channels, 232-1 count 

capacity per channel and sample changer control. 

  

2.2.2.1 Preamplifier 
The main function of the preamplifier is to amplify the weak signals and send it 

through to the cable that connects the preamp with the rest of the equipment. The 

preamp is mounted as close as possible to the detector to minimize the length of the 

cable, since the input signal is very small. The longer the length of the cable the more 

the capacitance and that reduces the signal-to-noise ratio. Therefore, the manufacturing 

of the built-in preamplifiers minimizes this effect. Furthermore, when the detector 

system is cooled the preamplifier also indirectly gets cooled, thus reducing the chances 

for thermal excitation of charge, which could bring about leakage current. A charge 

sensitive preamplifier will convert the charge into a voltage pulse proportional to the 

energy deposited in the detector crystal.  

 
2.2.2.2 Amplifier  
The amplifier then further amplifies the pulse from the preamplifier to a larger size. 

The pulse needs to be shaped to a more convenient form; therefore the amplifier's 

frequency response is set by a shaping time constant τ, which is 6 µs for the amplifier. 

Should a second signal arrive within the given period τ, it will ride on the tail of the 

first and its amplitude will be increased. The energy information will therefore be 

distorted, resulting in a phenomenon called pile-up, which is when pulses are too close 

together to be separated. This is not a problem in this study, since the detector system 
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dead-time was always less 1%. Pulse shaping can also be used to optimize the signal to 

noise ratio. 

  

2.2.2.3 Detector Bias  
Radiation detectors require the application of an external high voltage for their proper 

operation. This voltage is normally referred to as detector bias, and the high voltage 

supply used for this task is often called detector-bias supply. The SILENA model 

9300/7 detector bias supply was used in this study. A bias voltage of approximately 3 

kV was supplied and as photon interaction takes place within the depleted region; 

charge carriers are swept by the electric field to their collecting electrodes. 

 

2.2.3 Lead Castle  
Because of its high density and large atomic number, lead is the most widely used 

material for the construction of detector shields. The photoelectric absorption cross-

section predominates up to gamma-ray energies as high as 0.5 MeV, and therefore even 

relatively hard gamma rays from external background sources (such as 1.46 MeV 

gamma-line from 40K) can be absorbed efficiently. Because of its high density, 

thickness of just a few centimeters of lead will provide a large reduction in the 

background of typical gamma-ray detectors. Lead is reasonably effective at removing 

many of the cosmic-ray components of the background, although thickness beyond 

about 10 cm don�t result in an appreciable decrease in the resulting counting rate 

because of the build-up of secondary radiations, which are due to cosmic interactions 

within the lead itself (Knoll, 2000). 

 
2.2.4 Multi-Channel Analyzer (MCA)  
The operation of the multi-channel analyzer is based on the principle of converting an 

analog signal, which is basically the pulse amplitude into an equivalent digital number 

usually referred to as a channel. After this is done the digital information will be stored 

in the memory to be displayed on the monitor. This activity is in principle carried out 

by the Analog-to- Digital Converter (ADC). The pulses are collected, sorted according 

to pulse height in the ADC and a γ-ray spectrum is generated. Therefore, the 

performance of the MCA is primarily dependent on the ADC. The results discussed in 
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this thesis were measured using an MCA card in a PC using the Gamma 2000 software 

program. 

 
2.2.5 The pulse shape 
A gamma-ray incident on the detector generates a liner charge pulse, which is delivered 

to the preamplifier. The detector is directly connected to the preamplifier by pulse 

mode of connection. The pulse carries the energy and time information. The time 

constant of the preamplifier is greater than the detector collection time and the charge is 

accumulated in the capacitor. The rise time of the pulse is determined by detector 

characteristics, while the decay time is determined by the external electronics 

associated with the detector. The preamplifier matches the detector with the linear 

amplifier, converts the charge into voltage pulse. The linear amplifier, besides 

amplification, it is really a signal processor: it converts the signal form received from 

the preamplifier into a form suitable for measurements; it cuts the signal tail to prevent 

pile up, and restore the baseline. The amplifier generates a semi-Gaussian shaped 

unipolar pulse with different peaking times. The amplification linearity must maintain 

proportionality of voltage pulsing time of 3 µs .This pulsing time is a function of 

detector size. This input voltage in the mV range, and the output voltage is in the range 

of 0-10 V. From the amplifier the signal goes to the MCA, which is a HCS 

microprocessor adapted by clipping an ADC (Analogue to Digital Converter) board. 

The ADC converts the analog Voltage into a digital number. In the MCA these 

numbers (proportional to pulse heights) are sorted in appropriate memory channels. 

After a prescribed time, and after a sufficiently large number of events are collected, 

the events are plotted as a histogram of: the number of pulses versus pulse heights 

(channel number, or pulse energy if an energy calibration was performed). This 

spectrum is then analyzed by the suitable software. 

 

2.3 System Calibration  
The essential requirements of a calibration are to establish an energy, efficiency, and 

resolution relationships. The resolution measurement is required for identification of 

peaks in the peak search routine. Energy calibration is necessary for sample qualitative 

analysis. The primary objectives of calibration are to: 

- ensure that an instrument is working properly and hence will be suitable for its 

intended monitoring purpose, 
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- determine, under a controlled set of standard conditions, the indication of an 

instrument as a function of the value measured (the quantity intended to be 

measured). This should be done over the complete range of indication of the 

instrument, 

- adjust the instrument calibration, if possible, so that the over all measurement 

accuracy of the instrument is optimized.  

 

2.3.1 Energy Calibration 
An essential requirement for the measurement of gamma emitters is the exact 

identity of photopeaks present in a spectrum produced by the detector system. The 

procedure for identifying the radionuclides within the spectrum relies upon methods 

which match the energies of the principle gamma rays observed in the spectrum to 

the energies of gamma rays emitted by known radionuclides. 

The energy calibration of a germanium detector system (i.e establishing the channel 

number of the MCA in relation to gamma-ray energy) is made by measuring mixed 

standard sources of known radionuclides with well defined energies provided by the 

AEA Technology. A standard material with serial number MW 651 & MW 652  

from AEA Technology within the energy range 60 keV to 1836 keV is used for this 

study. The type and the corresponding energy of the radionuclides that constitute 

the aforementioned standards and the energy calibration curve are shown in Table 

2.1 and Fig. 2.3, respectively. 

In some MCAs, a simple two-point energy calibration is used to determine both the 

offset and slope by the equation  

E = A(ch) + B                              (2.1) 
                                          

Where E is the energy, ch is the channel number and A and B are constants; thus the 

energy as a function of channel number can be directly read out. The MCA systems 

in use allows the user to choose between first-order (linear) or second order 

(quadratic) equations that use a least square fit to data points. 
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Table 2.1: Types of radionuclides used for system calibration and their 

corresponding gamma-energies 

Nuclide Gamma-ray energy [Kev] 
Americium-241 60 
Cadmium-109 88 
Cobalt-57 122 
Cerium-139 166 
Mercury-203   279 
Tin-113 392 
Strontium-85 514 
Caesium-137 662 
Yttrium-88 898 
Cobalt-60 1173 
Cobalt-60 1333 
Yttrium-88 1836 
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Fig. 2.3: Energy calibration curve 
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2.3.2 Energy resolution  

 The energy resolution of the detector (at a particular γ-ray energy) is conventionally 

defined as the full width of the peak at half maximum (FWHM) divided by the location 

of the peak centroid (H0). Therefore, the energy resolution, which is a dimensionless 

fraction, is conventionally expressed in percentages. The smaller the figure for the 

energy resolution, the better the detector will be able to distinguish between two 

radiations whose energies lie near each other. 

R = 
oH

FWHM                                                                      (2.2) 

There are a number of potential sources of fluctuation in the response of a given 

detector that result in imperfect energy resolution. These include any drift of the 

operating characteristics of the detector during the course of the measurements, sources 

of random noise within the detector and instrumentation system, and statistical noise 

arising from the discrete nature of the measured signal itself (Knoll, 2000).  

 

2.3.3 Efficiency calibration  
An accurate efficiency calibration of the system is necessary to quantify radionuclides 

present in a sample because the accuracy of all quantitative results will depend on it. 

It is convenient to subdivide counting efficiencies into two classes: absolute and 

intrinsic. Absolute efficiency is defined as  

   

sourceby  emitted quantaradion  ofnumber 
recorded pulses ofnumber =absε              (2.3) 

 

and is dependent not only on detector properties but also on the details of the counting 

geometry (primarily the distance from the source to the detector). The intrinsic 

efficiency is defined as 

 

detector on incident  quantaradiation  ofnumber 
recorded pulses ofnumber 

int =ε         (2.4) 

The two efficiencies are simply related for isotropic sources by 

εint = εabs . (4π / Ω)                                                                     (2.5) 



 52

Where, Ω is the solid angle of the detector as seen from the actual source position. 

Counting efficiencies are also categorized by the nature of the event recorded. If all 

pulses from the detector were accepted, then it is appropriate to use total efficiencies. In 

this case all interactions, no matter how low in energy, are assumed to be counted. The 

entire area under the spectrum is a measure of the number of all pulses that are 

recorded, regardless of amplitude ,and would be counted in defining the total 

efficiency. The peak efficiency assumes that only those interactions that deposit the full 

energy of the incident radiation are counted. The number of full energy events can be 

obtained by simply integrating the total area under the peak. The total and peak 

efficiencies are related by the peak-to-total ratio r 

                                                             
total

peakr
ε
ε

=                                          (2.6) 

It is often preferable from an experimental stand point to use only peak efficiencies, 

because the number of full energy events is not sensitive to some perturbing effects 

such as scattering from surrounding objects or spurious noise (Knoll, 2000) 

A generally accepted and simple expression for efficiency determination is as follow: 

Lnε = a1 + a2 lnE                                                                        (2.7) 

Where:  ln is the natural log 

             ε is the absolute full energy peak (FEP) efficiency 

              a1 and a2 are fit parameters 

              E is the energy (keV) of the corresponding gamma line 

This expression is adequate for determining efficiency of gamma energies from 200 

keV to 2000 keV (IAEA, 1989). The efficiency calibration curve is illustrated in  

Fig. 2.4. 
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Fig. 2.4: Efficiency (%) calibration curve 
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2.3.4 Background 
Background is caused primarily by cosmic rays and radioactive decay in the ground or 

construction material. The latter depends very much on local conditions. In the counter 

construction, background is determined by the detector crystal volume, lead shield 

geometry and thickness. The effect of background as caused by the sources mentioned 

can be eliminated by simple subtraction. The only aspect which must be taken into 

consideration is the fact that the background value should not be large with respect to 

the measured activity because the statistical inaccuracy would increase. 

Compensating for this may lead to very long counting times. The relatively compact 

lead-shield is suitable for the counting of low activity samples. This gives superior 

lower limit of detection. 

Background depends on the counting window. The best efficiency/background ratio is 

normally obtained if the counting window is set to cover photopeak only. 

 

2.3.5 Detection limits 
Detection limit is a term used to express the detection capability of a measurement 

system under certain conditions. An estimate for the lowest amount of activity of a 

specific gamma emitting radionuclide that can be detected at the time of measurement 

can be calculated from several different expressions. A generally accepted expression 

for the estimation of the detection limit, which is frequently referred to as the lower 

limit of detection (LLD) and which contains a preselected risk of 5% of concluding 

falsely that activity is present and a 95% degree of confidence for detecting the 

presence of activity, is as follows : 

LLD = 
γεP
S 66.4 b                                        (2.8) 

Where Sb is the estimated standard error of the net count rate; ε is the counting 

efficiency of the specific nuclide's energy; number ≤1; Pγ is the absolute transition 

probability by gamma decay through the selected energy as for ε; number ≤1. 

The equation of the LLD provides a means of determining the operating capability of a 

gamma measuring system without the influence of a sample and is applicable on the 

assumption that the count rate in the energy area taken for the specific nuclide and the 

count rate in the energy area in the region(s) taken for background are essentially equal. 
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When a sample is introduced into the gamma measurement(s), the term usually 

associated with detection limits is the minimum detection concentration (MDC) which 

is expressed by: 

MDC = 
WγεP
S 66.4 b                                                (2.9) 

 

Where W is the mass of the sample (kg). 

As can be seen from the above equation, the factors that tend to influence the detection 

limits are the counting efficiency, the quantity of the sample (mass or volume), and the 

counting time associated with Sb, and the background. To obtain low detection limits 

the efficiency should be high, the sample should be as large as practicable, the counting 

time should be as long as practicable, and the background should be as low as 

attainable. The efficiency is strongly influenced by the sample geometry and tends to 

decrease as the sample height (distance away from the detector) increases. Therefore, 

an optimum sample size and geometry may be used to obtain low detection limits. The 

background of the measurement system is usually kept as low as possible. However, 

the number and type of radionuclides in a gamma spectrum can influence the level of 

background in the Compton continuum region. Consequently, the detection limits for 

radionuclides with lower energies (i.e. energies in the Compton continuum region) will 

be higher. The concentration of potassium in samples has a direct influence on the 

detection limits for many radionuclides because of the Compton scattering caused by 
40K (IAEA, 1989). Because of this dependence of both the continuum and interfering 

photopeaks on other radionuclide activities present in the sample, minimum detection 

limits for particular radionuclides are difficult to define from first principles in natural 

series gamma spectrometry. 

 

2.4 Materials and Methods 

2.4.1 The study area 
The area under consideration lies between latitudes 18û01΄ and 20û06΄ N, and 

longitudes 30û12΄ and 31û49΄ E. 

Climatically the study area lies within a transition zone between true desert north of 

latitude 18û N and semi-desert tropical continental climate south of it. Dry northerly 

winds prevail throughout the year. Temperatures are high with large diurnal and annual 
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variations. Dust storms, locally known as "Haboub", are frequent during March and 

April. Rainfall is insignificant and falls in the form of heavy showers every few years. 

The majority of the inhabitants are confined to the Nile Valley though a few are found 

away from the river in small villages scattered along the dry water courses and in El 

Qaab Oases. According to the latest census (1993) the total number of inhabitants of 

Northern State is 511.693.         

Geological-wise studies have shown that the deposition of Nubian-type sedimentary 

rocks has taken place across the northern Sudan for a long time, and that the type of 

sedimentation, although dominantly continental to near shore marine, has fluctuated 

with changing environments. As a result of these investigations a number of new 

lithostratigraphic formations have been named, with bases of fossil content and 

superposition. Map showing geological features of the study area is depicted in Fig.2.5. 

The palaeozoic strata recently located in North Darfur and Northern States have been 

studied and half a dozen stratigraphic units have been identified. 

A number of stratigraphic units within the Nubian Sandstone Formation (Nubian 

Subgroup) have been recognized. The upper Gebel Abyad Formation became a 

limestone marl facies during the early Tertiary, and represents the last of the 

depositional units in this area; further north, in southern Egypt, sedimentation 

continued, but regressed progressively northwards towards the Mediterranean coast 

(Vail,1988).  

 

2.4.2 Sample Collection and Preparation 
A total of 122 soil samples were collected from various sites along the Nile in Northern 

State using soil-sampler at a depth of about 15 cm and the co-ordinates were recorded 

using GPS. The exact locations are shown in Fig. 2.6 and Table 2.2 shows the location 

names with their coordinates. The samples were sun-dried on aluminum trays, sieved 

through 2 mm sieve and stored in plastic bottles for analysis. 
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Fig 2.5: Geological map showing the features for the study Area 
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Table 2.2: Location names with their coordinates 

Location GPS Reading 
English Arabic Long.   E Latt.  N 

Kabtood-Dongola  30  دنقال-آابتودû 27   19û 13  
Algarada  جرادةال  30û 27  19û 15  
Alzorat 30 الزوراتû 26΄  19û 18΄ 
Alzorat- North 30 الزورات شمالû 26΄ 19û 21΄ 
Alagaba 30 العقبةû 25΄ 19û 24΄ 
Gaa�b Abunamel 30 قعب ابونملû 14΄ 19û 23΄ 
Gaa�b Kogel 30 قعب آوقيلû 12΄ 19û 27΄ 
Gaa�b Allegia عب اللقيةق  30û 15΄ 19û 27΄ 
Alkantash 30 الكنتشû 14΄ 19û 30΄ 
Masho 30 مشوû 21΄ 19û 33΄ 
Alhafeer 30 الحفيرû 22΄ 19û 35΄ 
Koya 30 آوياû 23΄ 19û 30΄ 
Argo 30 ارقوû 24΄ 19û 31΄ 
Dalgo 30 دلقوû 33΄ 20û 06΄ 
Kadamos 30 آدموسû 35΄ 20û 03΄ 
Kaden 30 آدينû 33΄ 19û 58΄ 
Sabo بوا س  30û 32΄ 19û 56΄ 
Gadi 30 جديû 31΄ 19û 55΄ 
Firaig   30 فريقû 29΄ 19û 55΄ 
Abu Fatima 30 ابوفاطمةû 24΄ 19û 41΄ 
Kerma Alnuzul 30 آرمة النزلû 24΄ 19û 38΄ 
Kerma Albalad 30 آرمة البلدû 24΄ 19û 36΄ 
Kerma Albalad  30 آرمة البلدû 25΄ 19û 33΄ 
Alburgage project مشروع البرقيق   
Hoad Alselaim 30 حوض السليمû 33΄ 19û 05΄ 
Jebel Albarkel  البرآل   
Alkaro 31 الكروû 46΄ 18û 24΄ 
Marawi-East  مروي شرق   
Tangasy Alsouq 31 تنقاسي السوقû 47΄ 18û 23΄ 
Algurer 31 القريرû 44΄ 18û 19΄ 
Maganarty (kourti) آورتي(ارتي مقن(  31û 33΄ 18û 05΄ 
Hesseinarty 31 حسينارتيû 24΄ 18û 01΄ 
Murraga 31 مراغةû 28΄ 19û 13΄ 
Bina project ( خارج المشروع(مشروع بنا  30û 23 19û 25 
Bina project   داخل المشروع(مشروع بنا(  30û 23΄ 19û 26΄ 
Jabel Bina  30 تحت حبل بناû 21΄ 19û 26΄ 
Tenco Project 30 مشروع تنكو الصحاريû 24΄ 19û 26΄ 
Alagaba 30 العقبة الحشû 14΄ 19û 31΄ 
Albanton  30  البنطون-منطقة زراعيةû 24΄ 19û 30΄ 
Karema  آريمة قرب حبل البرآل   
Marawi 31 مروىû 49΄ 18û 29΄ 
Amdom-Marawi 31  مروي-امدومû 48΄ 18û 28΄ 
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Fig 2.6: Sampling Locations 
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2.4.3 Sample measurements 
Measured samples were sealed in Marinelli beakers and stored for four weeks before 

counting in order to allow the in-growth of uranium and thorium decay products and 

achievement of equilibrium for 238U and 232Th with their respective progeny. 

Each sample was put into the shielded HPGe detector and measured for five hours (a 

typical spectrum is shown in Fig.2.7. Prior to the samples measurement, the 

environmental gamma background at the laboratory site has been determined with an 

empty Marinelli beaker under identical measurement conditions. It has later been 

subtracted from the measured γ-ray spectra of each sample. 

Each measured γ - ray spectrum has been analyzed by the software program (Gamma 

2000), which performs a simultaneous fit to all the significant photopeaks appearing in 

the spectrum. 

The 232Th concentration was determined from the average concentrations of 208Tl  (583 

keV) and 228Ac (911 keV) in the samples, and that of 238U was determined from the 

average concentrations of the 214Pb (352 keV) and 214Bi (609 keV) decay products, 

Whereas 40K concentration was measured directly using its 1460 keV gamma-line. 

For the purpose of quality control, the IAEA intercomparison sample  (Whey powder) 

was used to check the consistency of the system throughout the measurement period. 

Comparison of results with their uncertainties is shown in Table 2.3. 

 

Table 2.3: Comparison between measured and certified activity concentration (Bq/kg) of 
134Cs, 137Cs and 40K in Whey sample 

Nuclide Measured Value Half-life corrected certified 
value 

Absolute error % 

137Cs 2557.31 2427.32 5.35 
134Cs 2.66 2.38 11.76 

40K 1825.38 1575 15.89 
 

 

 

 

 

 

 

 



 61

 

 
 

 

 

 

Fig. 2.7: Typical gamma-ray spectrum obtained for soil sample 
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2.5 Derivation of the Gamma Dose Rates in Air Outdoors 
The radiation effects in the air can be expressed in terms of the exposure rate or the 

absorbed dose rate in air at I m height.  In this study the absorbed dose rate in air at a 

height of 1 m above ground surface was calculated from the measured activity 

concentrations of gamma-emitters using different dose-rate conversion factors (see 

Table 2.5).  

In principle, if natural radioactive nuclides are uniformly distributed in the ground, 

dose rates D (nGy h -1) at 1 m above the ground surface are calculated by the following 

formula (Tzortzis et al., 2002):  

D = Concentration (Bq kg -1) x Conversion factor (nGy h -1/ Bq kg -1)                 (2.10) 

 

2.5.1 Dose rate conversion factors (DRCFs) 
Conversion factors from radionuclide activity in soil or bedrock into the ground 

component of absorbed dose rates in air have been estimated from photon transport 

calculation applied to infinite soil or bedrock and air media. Dose rate at a reference 

point for discrete photon energy strongly depends on attenuation effects in material 

between the source and the reference point. The gamma ray attenuation depends 

primarily on emitted photon energy. The numerical solution of this complex 

mathematical problem evaluates the effect of primary and scattered gamma rays in the 

ground and in the air. 

The ground component of dose rate to air in free air is the product of radionuclide 

specific activities in soil and/or bedrock with the sum of respective products between 

unit dose rates for each emitted photon energy and their emission intensity . 

DRCFs were derived through different approaches, the details of which will be given 

below. 

 

2.5.1.1 Beck and De Planque 1968 and Beck et al.1972  
The methodology used for the derivation of the gamma dose rates was originally 

introduced by Beck and De Planque (1968) and Beck et al. (1972). They used the 

polynomial expansion matrix equation method for solving the soil/air transport problem 

in order to calculate the exposure rates 1 m above ground level for distributed sources 

of gamma emitters in soil. Beck formula for the external gamma radiation (kerma rate 

in air) I, in nGyh-1, 1 m above the ground is given by:  



 63

I = 0.051 C (226Ra) + 0.076 C (232Th) + 0.0048 C (40K)                          (2.11) 

Where C are concentrations (Bq kg-1) ( Malanco et al., 1992) 

 

2.5.1.2 Dickson and Kerr (1975) 
Considering that primordial radionuclides can be uniformly distributed in surface soil, 

the dose rate, Gy y-1 , at a point on the surface of the ground from a monoenergetic γ 

source is found by integrating the plane source expression given by Dickson and 

Kerr(1975) over the depth of soil. Hence  
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where   

 K   = Constant converting the energy flux to dose rate in air which is the   

          product of 1.6 x 10-13   kg Gy MeV-1 and 3.15 x 107 sy-1 

 E    = Energy of γ  photon emitted in MeV 

 µe n = Energy absorption coefficient of soil at γ energy E in m-1   

  µ   = Linear attenuation coefficient of soil at γ energy E in m-1   

  ρ   = Density of soil in kg m-3 

  S   = Activity of γ source per unit volume of soil in Bq m-3    

C,D = Coefficients in the berger form of dose build up factor in soil,   

           which is given by B = 1+C(µr)exp(D µr), with r being the distance    

           in m from any point in the source region to the receptor location    

E1(µx)= First-order exponential integral given by    
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x1,x2 = Upper and lower bounds of the source region respectively in m. 

After integration equation (2.12) becomes   
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Where E2 is the second-order exponential integral given by 

 exp(-z) - zE1(z) (Leung et al, 1990). 
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2.5.1.3 Kocher and Sjoreen (1985) 
Kocher and Sjoreen (1985) have evaluated eqn(2.3) to give the dose rate conversion 

factors at different γ-energies E and source depths x2. Accordingly, the dose rate 

conversion factors (µGy h-1 per Bq kg-1) for local soil of a uniform, semi-infinite source 

region are tabulated in Table 2.4 using a dry soil density of 1.4 x 103 kg m-3. This 

density was obtained by dividing the mass of the dried soil by the original sample 

volume, which in effect maintained the same packing density as the actual ground soil. 

The first column of dose rate factors in Table 2.4 refers to the respective photon 

energies. Only the sum of the product of these factors and the respective branching 

ratio of the photon will give the dose-rate factor for the particular nuclide as shown in 

the last column. The photon energies listed in Table 2.4 are the representative ones 

only. The less intense photons are not listed but their contributions have been included 

in deriving the last column of the table. 

 

Table 2.4: Dose-Rate conversion factors for locations at one meter above ground (soil 

density =   1.4 x 103 kg m-3) (Leung et al, 1990) 

Dose-rate conversion factors Nuclide Energy(keV) 
(10-5 µGy h-1per γ s-1kg-1) (10-5 µGy h-1per Bq kg-1) 

214Pb 295 6.71 4.84 
 352 8.63  

214Bi 609 16.5 37.3 
 1120 32.0  
 1765 47.9  
 2204 60.7  

228Ac 338 7.99 21.2 
 911 25.6  
 969 27.2  

212Pb 239 4.79 2.47 
212Bi 727 19.9 2.43 
208Tl 511 13.4 32.6 

 583 15.3  
 2615 70.3  

40K 1461 39.9 4.31 
 

2.5.1.4 K. Saito and P. Jacob (1995) 
All dose conversion factors were calculated as usual for a point receptor located 1 m 

above the ground. In the present decade Monte Carlo techniques have been used almost 

exclusively in order to calculate absorbed dose rate in air. Chen (1991) developed a 
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Monte Carlo algorithm to track the photon transport equation in the soil/air medium. 

One of the most complete studies of air kerma rate per unit of soil mass for natural 

sources uniformly distributed in the ground is performed by Saito and Jacob (1995). 

The photon transport calculations were carried out using the Monte Carlo program 

YURI (Saito and Moriuchi, 1985) which has been verified through comparison with 

various experimental and theoretical data (Clouvas et al. ,2ooo )  

 

2.5.1.5 UNSCEAR  
UNSCEAR also has adopted DRCFs assuming a radioactive equilibrium between 

radionuclides in thorium and uranium decay series, homogeneous dry soil density of 1.4 

g/cm3 and the distribution of radionuclide concentration in the first meter of the soil is 

homogeneous. 

 

2.5.1.6 Monte Carlo codes  
Clouvas et al. (2000) used different Monte Carlo codes, such as the MCNP code of Los 

Alamos (1986), the GEANT code of CERN (1993) and a Monte Carlo code (called MC) 

developed in the Nuclear Technology Laboratory of the Aristotle University of 

Thessaloniki, Greece. 

A short description of the Monte Carlo codes and the implementations of the 

simulations used are given below. 

 

2.5.1.6.1 The MCNP code 
The Los Alamos National Laboratory MCNP code is a general purpose Monte Carlo 

radiation transport code that can numerically simulate neutron, photon and electron 

transport. For photons, the code takes account of incoherent and coherent scattering, the 

possibility of fluorescent emission after photoelectric absorption, absorption in pair 

production with local emission of annihilation radiation and bremsstrahlung. The user 

supplied information required by MCNP contains information about specific items such 

as the geometry and the materials characterizing the environment which will be 

simulated, the source distribution of the radiation and finally the type of the answers 

desired (e.g. energy distribution of photon flux in a given position). 

The geometry of the calculation using the MCNP code is simple. The different 

components incorporated in the simulation are: 
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     Air: Simulated as a cylinder of 40 m radius and 1.5 m height with atomic composition of 

79% N and 21% O and a density of 0.00129 g cm-3 

      Soil: Simulated as a cylinder of 40 m radius and 1 m depth with atomic composition of 

7.3% Al, 2.1% C, 1.4% Ca, 3.9% Fe, 0.9% K, 0.5% Mg, 0.1% N, 0.6% Na, 50.1% O, 32.7% 

Si, 0.4% Ti and a density of 1.3 g cm-3. The radius of 40 m and the soil depth of 1 m are 

sufficient in order to consider the emission photon geometry as half space geometry.  

The source distribution of radiation incorporated in the MCNP code is photon emitters 

uniformly distributed in the soil with 8 different photon energies between 200 and 3000 keV. 

The number of photons emitted in each of these 8 simulations was fifty million. 

For the determination of the photon flux energy distribution at one meter above soil 

two virtual detectors were used: a) The point detector which is a standard tally of the 

MCNP code, gives the energy distribution of the photon flux directly, normalized per 

starting photon b) A sphere of radius of 40 cm with its center located at 1 m above soil. 

The MCNP code counts the number of photons as a function of their energy crossing 

the surface of the sphere and calculates the photon fluence energy distribution, 

normalized per starting photon, which can be easily transformed into flux per unit 

activity per unit of soil mass (g cm-2 s-1 per Bq/kg). Both virtual detectors are located 

on the Z axis of the cylinder of radius of 40 m. Special detectors were also used in 

some cases where the deposited energy of photons per unit mass of air is directly 

computed (Clouvas et al., 2000). 

 

2.5.1.6.2 The GEANT code 
The GEANT code was developed by the Application Software Group at CERN. The 

GEANT program describes the passage of elementary particles through matter. The 

principal applications of the code are a) the tracking of particles through an 

experimental setup for simulation of detector response and b) the graphical 

representation of the setup and of the particle trajectories. The code is used primarily 

for the simulation �runs� of complex experiments in order to obtain an optimal 

placement of different detectors and to calculate various efficiencies for the detection of 

different particles. The code has been used recently for simulation of Ge detectors 

(Clouvas et al. 1998; Korun et al. 1997). For photons, the code takes into account the 

photoelectric effect, Compton scattering and pair production. It also includes electron-

positron processes of multiple scattering, ionization, bremsstrahlung, and annihilation. 
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X-rays and Auger electrons following the photoelectric effect are also considered. The 

simulation consists of tracking all particles created initially by the user and all 

secondary ones that are created along their path as a result of the physical processes 

taken into account. Each particle history, from its generation to full dissipation of its 

energy, is stored.  

The geometry of the calculation using the GEANT system is simple and is the same as 

used for the MCNP code. The atomic composition of the soil and air is the same as 

used for the MCNP code. The virtual detector is a surface detector (circle of radius 2 

m) located 1 m above soil on the Z axis of the cylinder of radius 40 m. As in the MCNP 

code the source distribution of radiation are photon emitters uniformly distributed in 

the soil with eight different photon energies between 200 and 3000 keV. The number of 

photons emitted in each of these 8 simulations was fifty million. The tracing of gamma 

rays starts at a certain point in the soil and then carried on until the photon disappears 

or leaves the space considered. The surface detector counts the number of photons 

crossing the surface as a function of their energy and their angle of incidence. Knowing 

the number of photons emitted, the area of the surface detector, the number of photons 

crossing the surface, their corresponding energy and angle of incidence, the photon flux 

energy distribution per unit activity per unit of soil mass (g cm-2 s-1 per Bq/kg) can be 

calculated ( Clouvas et al.). 

 

2.5.1.6.3 The MC code 
The MC code is a Monte Carlo code that was originally developed for �indoor� 

environment (4p geometry). However, it can be also used for �outdoor� environment 

(2p geometry) with minor changes and assumptions. Its main advantage is the reduction 

in computational time when compared to the other two codes using the same statistics. 

 The simulated 2p geometry is simple. The soil is simulated as a square slab with a side 

of 80 m and height of 1 m. The soil material is concrete with the same density 1.3 g cm-

3 as assumed for the soil in the MCNP and GEANT codes. The atomic composition of 

concrete is almost the same as the soil�s. Above the soil there is air, simulated by a 

square slab with the same side as the soil (80 m) and a height of 1.5 m. The �detector� 

is 1 m above the soil and is simulated by a square surface with side of 2 m, located in 

the center of the square slab which represents the soil. 
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 The mechanisms of interaction of photons with matter taken into account, were the 

photoelectric effect, Compton scattering and pair production. As far as a photon 

undergoes a photoelectric effect or a pair production then the photon is considered as 

lost. For a Compton scattering process the photon is tracked until its energy drops 

below 10 keV. Cross sections were taken from the Storm and Israel (1970) tables, in 

the region from 1 keV until 3 MeV. These are a reasonable cut off, as the highest 

important gamma energy of natural radionuclide is 2614 keV and because photons even 

below 50 keV contribute a negligible amount to the dose rate. For photons with energy 

above 1.4 MeV the Koblinger�s method was adopted (Clouvas et al., 2000), for the 

estimation of the scattered photon�s energy. Knowing this energy the scattering angle 

cosine (m) is then simply estimated by the formula 

αα
µ x−+= 11                                 (2.15) 

Where                    x = a/a'  

a and a' are the photon energies, (in m0c2 = 0.511 MeV units) before and after collision 

respectively. For photons with energies less than 1.4 MeV a rejection technique was 

used so as to sample the secondary energy (after scattering) from Klein - Nishina�s 

formula ( Clouvas et al., 2000). The scattering angle cosine (m) is calculated afterwards 

by the same way as above.  

In order to calculate the fluence, the inverse cosine of the angle of the photons entering 

the surface detector with respect to the normal axis is summed for photons of the same 

energy (within the energy bin). The division of this sum by the detector�s area gives the 

fluence in units of g/cm2. The fluence of photons of energy E arriving at the detector is 

calculated by the equation 
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Where µi = cos(θi) is the angle between the surface normal and the particle�s trajectory. 

Ν is the number of particles of energy around E. 

Α the area of the surface used as a detector. 
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Calculating by eqn. (3.5) the fluence for all energies between 1 keV and E0 (where E0 is 

the energy of the photons emitted from the soil), the fluence energy distribution can be 

deduced which is easily converted to photon flux energy distribution per unit activity 

per unit of soil mass. Knowing the photon flux energy distribution the dose rate 

conversion factor 
.

CFD (absorbed dose rate in air per unit activity per unit of soil mass, 

nGy/h per Bq/kg) for a photon emitter of energy E0 uniformly distributed in the ground 

can be calculated easily by  
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where Ei is the average energy of band i, fi(Εi) the photon flux per unit activity per unit 

of soil mass in energy band i, )( i
a E

ρ
µ  the mass absorption coefficient for air at energy 

band i. The summation starts at the energy band i = 1 (10-20 keV) proceeds with a step 

of 10 keV and ends at the energy band i = n containing the photon energy of E0. 

(Clouvas et al., 2000) 

In our study different Dose rate conversion factors (DRCFs) for different radionuclides 

are used  as deduced by Kocher and Sjoreen, Beck et al., Saito and Jacob , Clouvas et a.l 

and by UNSCEAR 2000 report (see Table 2.5). 
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Table 2.5: Conversion factors for different Radionuclides as deduced by Kocher and 

Sjoreen, Beck et al., Saito and Jacob, recent results from various Monte Carlo techniques 

obtained by Clouvas et al. and UNSCEAR values in units of nGy h-1 Bq-1  kg (Tzortzis 

et.al ,2002) 

 

 

2.6 Annual Effective Dose 
Total Radiation risk to an individual organism is measured by annual effective dose (H), thus the 

estimated absorbed dose rates in air at 1 m height were converted into annual effective dose 

using the following formula:   

         H (µSv/y) = D (nGy h-1) x  24 h x  365.25 d  x 0.2 x  0.7 Sv Gy-1 x 10-3                      (2.18)  

0.7 SvGy-1 is the conversion coefficient from absorbed dose in air to effective dose received by 

an individual, and 

0.2 for the outdoor occupancy factor (UNSCEAR, 1993-2000) 

 

 

 

Nuclide KOCHER& 
SJOREEN 

BECK SAITO MCNP MC GEANT UNSCEAR 

232Th series 

228Ac 0.212 0.27800 0.22100 0.18526 0.19120 0.19594  
212Bi 0.0243 0.02120 0.02720 0.02256 0.02305 0.02383  
224Ra - - 0.00214 0.00156 0.00167 0.00167  
208Tl 0.326 0.32100 0.32600 0.28944 0.28871 0.30312  
212Pb 0.0247 0.02120 0.02770 0.01796 0.01926 0.01917  
Total  0.66600 0.60400 0.51678 0.52389 0.5437 0.604 

 
238U series  
214Pb 0.0484 0.04720 0.05460 0.04150 0.04413 0.04342  
226Ra - - 0.00125 0.00092 0.00099 0.00100  
214Bi 0.373 0.37800 0.40100 0.33849 0.34156 0.35554  
Total  0.43000 0.46300 0.38092 0.38668 0.39996 0.462 

 
40K 0.0431 0.04220 0.04170 0.03780 0.03808 0.03995 0.0417 
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CHAPTER 3 

RESULTS AND DISCUSSION 

Activity concentration of gamma-emitting radionuclides in soil samples from different 

locations in Northern state were measured (Table 3.2), and based on secular 

equilibrium assumption, 238U and 232Th concentrations were estimated (Table 3.1). 

Statistical summary of the values obtained were 19±4 (13 � 31) Bq/kg for 238U, 47±11 

(33 � 86) Bq/kg for 232Th and 317±65 (172 � 535) Bq/kg for 40K which means a 

predominant concentration of this nuclide (Fig 3.2). A little contamination due to the 

fallout nuclide 137Cs was encountered, the concentration found was 2.26±2 (0.14 � 

6.72) Bq.kg-1 which implies negligible contribution to the total exposure from the 

environmental background radiation (Fig. 3.1). 

Figure 3.8 is a box plot comparing sampling sites with respect to their 238U, 232Th and 40K 

concentration and accordingly identifying the outliers, and comparing the median of each 

set with its corresponding worldwide median. It showed that Gaa�b Allegia has the 

highest concentration of 238U, Marawi has the highest concentration of 232Th and 

Amdom-Marawi has the highest concentration of 40K. It also showed that 238U and 40K 

median is lower than the worldwide median while 232Th median is slightly higher than its 

corresponding worldwide median. It is estimated that in areas of normal radiation 

background, the world average values for 238U , 232Th and 40K activity concentrations in 

soil are 35 (range: 16 � 110), 30 (range: 11 � 64), and 400 (range: 140 � 850) Bq.kg-1 

respectively (UNSCEAR 2000), which implies that Northern state values fall within the 

range of normal background radiation. 

A common feature in any environmental radiation measurements is the considerable 

variation in soil radioactivity with location. The main factor influencing the 

concentration of the natural radionuclides in soil is the corresponding concentration in 

the soil forming rocks. In these measurements, standard deviation values indicate that 

the activity concentration of primordial radionuclides are slightly scattered which 

indicates that the geological features in the study areas are not much differ. 
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Although, the highest concentration for uranium was observed in Gaa�b Allegia area 

but an increment East-ward can be seen and that trend is apparent on having close 

observation at the data where the highest peaking in concentration of primordial 

radionuclides were met at Marawi (jebel barkel) (Fig 3.3). According to the geological 

map in Fig 2.4, most of the study area is covered by sedimentary rocks [sandstone, 

shale and limestone] in which, concentration of 40K and 238U is higher than 232Th and 

further to the east of the state where Marawi is located, a basement complex (granites) 

structure is appeared which give rise to soils with relatively high 40K, 232Th and then 
238U content (Table 1.1). Granite rocks generally exhibit higher radioactivity than 

sedimentary rocks and therefore account for higher specific activities as shown in our 

results. This seems consistent with activity concentration prediction maps for 238U, 
232Th, and 40K respectively, as obtained using geographical information system (Fig. 

3.4, 3.5, 3.6). A prediction map illustrating distribution of 137Cs is also shown in Fig. 

3.7.  

The absorbed gamma dose rate in air at a height of 1m from the ground surface was 

evaluated from the measured activity concentration using seven sets of currently 

available Dose Rate Conversion Factors (DRCFs), viz. Kocher and Sjoreen, Beck, 

Saito, MCNP, MC, GAINT, and UNSCEAR. The calculation of these DRCFs is based 

on different approaches. One approach is based on gamma-lines of individual gamma 

emitting radionuclide such as Kocher and Sjoreen, Beck, Saito, MCNP, MC, GAINT 

which we have used for estimating absorbed dose from the gamma-lines of 212Pb (238 

keV), 208Tl (583 keV), 212Bi (727 keV) and 228Ac (911 keV) for the 232Th series, and 

from 214Pb (352 keV) and 214Bi (609 keV) for the 238U series; and 40K (1460 keV). 

Another approach is based on prevalent of secular equilibrium 238U and 232Th series and 

that the activity is homogeneously distributed at one meter depth. This is the DRCF 

adopted by UNSCEAR publications. By applying equation (2.10) and the values of 

DRCFs as illustrated in Table (2.5 ), the measured specific activities of 238U, 232Th , 40K 

and for each gamma-emitter in both series ( 214Pb , 214Bi, 212Pb , 208Tl, 212Bi  and 228Ac ) 

were converted into absorbed dose rates in air (see the annex, Tables 1�12 ). On the 

other hand, the corresponding annual effective dose was estimated using eq. (2.18). 

Tables 3.3 - 3.4 show a statistical summary of absorbed dose rates in air (nGy/h) in 

Northern State as calculated using different DRCFs with relative contributions of 
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different nuclides to the total absorbed dose rate and the annual effective dose rate 

(µSv/y). Upon comparing the values obtained, it is obvious that all the currently 

available DRCFs which have been used here give values with unremarkable 

differences. However, the all sets of DRCFs seem as if they are two families (see Fig. 

3.12): Beck , Saito & UNSCEAR formulas on one hand as they display closet values, 

respectively 52.90, 50.43 & 50.41 nGy/h  with corresponding annual effective doses of 

64.93, 61.89 & 61.87 µSv/y; whereas Monte Carlo based formulas namely MCNP, MC 

and GAINT constitute one family as it is seen from the average values 43.54, 44.07 and 

45.85 nGy.h-1 with corresponding annual effective dose of 53.43, 54.08 and 56.27 

µSv/y respectively. It should be noted that in the UNSCEAR reports, dose rate 

conversion factors are taken from Saito and Jacob (1995), which are 10 - 20 % higher 

than the more accurate values obtained recently by various Monte Carlo techniques 

(Tzortzis et.al 2002 ) and that is apparent from these results.  

The relative contribution of the gamma-emitting radionuclides to the total absorbed 

dose rate in air at a height one meter was calculated. From these calculations it was 

observed the highest contribution to the total dose rate is attributed to the 232Th series as 

depicted in Fig. 3.9 and from Fig. 3.10 we can deduce that 208Tl is the major contributor 

to the absorbed dose rate in air from among gamma-emitting nuclides descended from 

the 232Th series (212Pb , 208Tl, 212Bi  and 228Ac). From a single gamma emitter's point of 

view, 40K has the highest contribution to total absorbed dose rate (see Fig. 3.10).  

It might be useful to recall that changes in soil moisture content affect soil bulk density, 

so that the absorbed dose rate in air above the ground decreases with increasing soil 

moisture content. For 238U series, however, this effect is superimposed on a change of 
222Rn emanation, which generally decreases with increasing soil moisture content. The 

absorbed dose rate in air from this decay chain is therefore essentially independent of 

soil moisture. As the shielding effect and the increased source effect roughly 

compensate. For 40K and the 232Th series, the absorbed dose rate in air is significantly 

reduced by soil moisture. Data reported by Beck et al.( UNSCEAR, 1977) show that 

the total external terrestrial annual doses in a given area during dry years generally 

averaged about 20 percent more than those for wet years (UNSCEAR, 1977). 

Fig 3.11 is a prediction map for absorbed dose rate in air (nGy.h-1) in Northern State as 

calculated using UNSCEAR DRCFs from the measured activity concentrations of 238U, 
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232Th and 40K which also reflects the trend of increasing from the west towards east 

direction as shown by the prediction maps on activity concentration. According to the 

recent UNSCEAR reports (1993, 2000), the corresponding worldwide average values 

for absorbed dose rate in air is in the range from 18 to 93 nGy.h-1 with an average of 57 

nGy.h-1 which means that the absorbed dose rate in Northern State lies within the 

worldwide average (see Fig. 3.12), and the annual effective dose is ranging from 300-

600 µSv/y with an average of 480 µSv/y which means that the effective dose rate in 

Northern State is below the minimum worldwide data. There are small areas of 

markedly high absorbed dose rates in air throughout the world that are associated with 

thorium-bearing and uranium-bearing minerals in the soil (Table 3-6).  

Comparative study of absorbed dose rate in air obtained in this study - calculated on the 

basis of UNSCEAR DRCFs- is presented in Table 3-5 with similar data from Sudan 

(Babikir et al. (2000), Sam A.K. et al. (1997), Sam A.K. et al. (2000), Sam A.K. et al. 

(2002), Sam A.K. et al. (2003), Moawia,(2006)) and from different geographical 

regions (UNSCEAR, 2000). It is apparent that absorbed dose in air in Northern State is 

below world-wide average characteristics for normal background areas and very far 

from the values of high natural radiation background areas.
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Table 3.1: Activity concentration (Bq/kg) of 238U , 232Th , 40K  and 137Cs in soil samples 

Locations 238U 232Th 137Cs 40K 
Kabtood-Dongola 18.30 48.18 1.44 316.07 
Algarada  17.75 50.88 0.43 352.96 
Alzorat 18.59 39.55 2.42 336.60 
Alzorat- North 16.58 37.35 1.77 267.27 
Alagaba 16.77 38.31 4.13 333.58 
Gaa�b Abunamel 16.25 43.43 0.92 188.68 
Gaa�b Kogel 13.38 33.25 0.29 172.20 
Gaa�b Allegia 31.19 56.44 0.75 238.07 
Alkantash 21.08 47.88 0.60 315.62 
Masho 21.99 55.46 0.14 286.93 
Alhafeer 24.85 47.97 2.17 405.07 
Koya 20.57 49.53 1.25 289.90 
Argo 16.69 37.08 3.20 339.16 
Dalgo 16.43 41.38 1.34 313.44 
Kadamos 16.48 38.32 0.41 271.76 
Kaden 18.76 48.17 0.29 343.09 
Sabo 24.03 56.01 1.69 341.79 
Gadi 16.51 39.10 3.11 326.09 
Firaig   17.22 44.96 2.42 344.22 
Abu Fatima 18.29 45.81 1.71 353.76 
Kerma Alnuzul 15.53 38.63 4.32 347.18 
Kerma Albalad 17.70 47.97 4.64 373.35 
Kerma Albalad 15.91 37.22 0.94 338.87 
Alburgage project 14.77 35.18 2.16 269.47 
Hoad Alselaim 16.77 39.17 1.17 276.62 
Jebel Albarkel  14.05 38.54 4.76 302.30 
Alkaro 18.02 46.65 6.72 343.45 
Marawi-East  17.68 39.87 3.87 323.83 
Tangasy Alsouq 14.98 37.67 0.58 298.99 
Algurer 16.29 40.78 4.45 326.65 
Maganarty (kourti) 19.75 51.65 4.48 331.31 
Hesseinarty 20.19 51.30 5.17 341.33 
Murraga 19.44 43.62 1.51 262.46 
Bina project 21.64 64.29 0.52 285.06 
Bina project  27.73 67.62 1.11 374.17 
Jabel Bina 20.56 63.72 0.78 221.20 
Tenco Project 20.76 61.08 0.95 308.76 
Alagaba 19.58 53.80  217.87 
Albanton 16.38 40.25 3.67 353.93 
Karema  12.71 37.47 3.60 283.13 
Marawi 20.74 86.47 1.22 458.51 
Amdom-Marawi 23.01 63.50 5.51 535.41 
Average 18.71 47.27 2.26 316.91 
STD. 3.68 10.87 1.74 64.53 
MIN 12.71 33.25 0.14 172.20 
MAX 31.19 86.47 6.72 535.41 
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Table 3.2: Activity concentrations (Bq/kg) of gamma emitters from 238U , 232Th series , 40K  and 
137Cs  in soil samples  

Locations 214Pb 214Bi 228AC 212Bi 212Pb 208Tl 40K 137Cs 
Kabtood-Dongola 18.36 17.82 38.95 64.94 59.05 32.99 316.07 1.44 
Algarada  18.19 12.05 38.00 58.14 66.52 34.64 352.96 0.43 
Alzorat 18.91 12.86 32.15 59.25 53.11 28.11 336.60 2.42 
Alzorat- North 17.82 16.81 28.66 50.63 23.94 26.32 267.27 1.77 
Alagaba 16.74 16.71 31.40 59.89 0.00 28.84 333.58 4.13 
Gaa�b Abunamel 16.38 15.82 27.89 48.14 41.00 24.18 188.68 0.92 
Gaa�b Kogel 14.06 13.36 25.71 45.06 31.68 23.41 172.20 0.29 
Gaa�b Allegia 34.16 30.21 45.19 80.21 0.00 43.22 238.07 0.75 
Alkantash 21.82 20.51 36.76 65.49 0.00 32.15 315.62 0.60 
Masho 22.54 20.89 42.16 66.19 74.78 37.08 286.93 0.14 
Alhafeer 26.03 24.06 38.48 65.73 0.00 36.02 405.07 2.17 
Koya 21.24 20.49 38.82 64.08 99.35 35.01 289.90 1.25 
Argo 16.99 16.85 28.23 49.58 52.38 23.58 339.16 3.20 
Dalgo 37.44 16.84 29.53 53.34 131.65 26.38 313.44 1.34 
Kadamos 16.89 12.66 28.69 42.57 61.56 26.27 271.76 0.41 
Kaden 19.92 18.53 37.22 51.09 88.53 30.10 343.09 0.29 
Sabo 24.20 24.14 45.88 74.17 102.40 34.55 341.79 1.69 
Gadi 16.64 16.58 31.55 63.65 25.80 28.25 326.09 3.11 
Firaig   18.00 16.51 32.42 59.91 84.95 29.58 344.22 2.42 
Abu Fatima 19.00 17.70 33.97 54.50 85.94 29.31 353.76 1.71 
Kerma Alnuzul 15.58 14.70 29.14 44.12 71.77 23.20 347.18 4.32 
Kerma Albalad 18.96 16.91 36.87 62.88 89.78 31.21 373.35 4.64 
Kerma Albalad 16.88 15.65 25.83 46.88 71.24 25.23 338.87 0.94 
Alburgage project 15.32 14.52 26.75 44.17 66.47 22.49 269.47 2.16 
Hoad Alselaim 16.90 16.31 29.91 56.17 73.32 25.04 276.62 1.17 
Jebel Albarkel  15.04 14.50 29.79 50.79 78.49 27.58 302.30 4.76 
Alkaro 18.69 17.80 33.11 62.59 88.94 30.20 343.45 6.72 
Marawi-East  18.71 17.08 30.23 53.70 81.83 25.43 323.83 3.87 
Tangasy Alsouq 15.50 14.61 28.31 54.10 77.04 25.42 298.99 0.58 
Algurer 16.83 15.82 30.85 53.84 55.70 29.09 326.65 4.45 
Maganarty (kourti) 20.40 19.02 36.70 63.60 96.33 31.62 331.31 4.48 
Hesseinarty 20.42 17.96 39.43 72.58 98.75 32.14 341.33 5.17 
Murraga 19.91 19.52 32.35 62.56 88.97 28.99 262.46 1.51 
Bina project 23.02 21.99 45.53 75.06 120.89 42.30 285.06 0.52 
Bina project  29.06 25.73 51.63 90.55 147.99 46.02 374.17 1.11 
Jabel Bina 22.48 21.20 53.43 87.31 160.21 48.50 285.98 2.60 
Tenco Project 22.08 20.67 46.40 76.95 119.44 40.15 308.76 0.95 
Alagaba 19.68 19.73 45.56 83.28 115.53 39.00 217.87  
Albanton 16.28 - 32.47 54.10 - 30.19 353.93 3.67 
Karema  12.96 12.44 30.19 52.38 69.90 27.06 283.13 3.60 
Marawi 22.13 22.64 68.36 125.75  60.74 458.51 1.22 
Amdom-Marawi 25.66 24.22 44.90 82.60  41.63 561.05 6.93 

AV 19.95 18.16 36.17 62.68 73.21 31.98 319.06 2.34 
Std. 4.93 3.95 8.80 15.79 38.86 7.93 65.18 1.80 
MIN 12.96 12.05 25.71 42.57 0.00 22.49 172.20 0.14 
MAX 37.44 30.21 68.36 125.75 160.21 60.74 561.05 6.93 
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Table 3.4: Statistical summary of absorbed dose rate in air at 1 m height(nGy/h ) (mean 
and range) due to γ-emitters from 238U ,232Th series and 40K with their  relative 
contribution to the total absorbed dose rate and the annual effective dose (µSv/y) in 
Northern State using different DRCFs� 
 
 

DRCF 238U 232Th 40K Abs. Dose Rate Ann. Eff. Dose 
Beck 

Mean ±Std 
     Range 
     Contribution % 

 
8.05±1.58 
5.47-13.41 

15.21 

 
31.48±7.24 

22.14 -57.59 
59.51 

 
13.37±2.72 
7.27 � 22.59 

25.28 

 
52.90±9.74 

35.16 � 85.86 

 
64.93±11.95 

43.16 � 105.37 

Saito 
    Mean ±Std 
    Range 
    Contribution % 

 
8.66±1.70 

5.89 � 14.44 
17.18 

 
28.55±6.57 

20.08 � 52.23 
56.62 

 
13.22±2.69 
7.18 � 22.33 

26.20 

 
50.43±9.16 

33.46 � 80.95 
 

 
61.89±11.25 
41.06 � 99.35 

MCNP 
Mean ±Std 

     Range 
     Contribution % 

 
7.13±1.40 

4.84 � 11.88 
16.37 

 
24.43±5.62 

17.18 � 44.69 
56.11 

 
11.98±2.44 
6.51 � 20.24 

27.51 

 
43.54±7.88 

28.79 � 69.92 
 

 
53.43±9.67 

35.33 � 85.81 

MC 
Mean ±Std 

     Range 
     Contribution % 

 
7.24±1.42 

4.92 � 12.06 
16.42 

 
24.77±5.70 

17.42 � 45.30 
56.20 

 
12.07±2.46 
6.56 � 20.39 

27.38 

 
44.07±7.98 

29.15 � 70.78 

 
54.08±9.80 

35.77 � 86.87 

GAINT 
Mean ±Std 

    Range 
    Contribution % 

 
7.48±1.47 

5.09 � 12.47 
16.32 

 
25.70±5.91 

18.08 � 47.02 
56.06 

 
12.66±2.58 
6.88 � 21.39 

27.61 

 
45.85±8.30 

30.31 � 73.63 

 
56.27±10.18 
37.20 � 90.36 

UNSCEAR 
Mean ±Std 

     Range 
     Contribution % 

 
8.65±1.70 

5.87 -14.41 
17.15 

 
28.55±6.57 

20.08 � 52.23 
56.64 

 
13.22±2.69 
7.18 � 22.33 

26.21 

 
50.41±9.16 

33.45 � 80.93 

 
61.87±11.24 
41.05 � 99.32 
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Table 3-5: Comparison of absorbed dose rate in air at 1 m height (derived using 
UNSCEAR DRCFs) with similar data from Sudan and different Countries 

 
Location Absorbed dose 

rate (nGy/h) 
 

Current Study 50.41 
 

   Sudan 
 

Elgash area 
Sinnar 
Adassedakh 
Hadal Auatib 
From various locations 
Jabel Mun 
Uro 
Kurun 

 

 
 

37.5 
38.80 

6.6 � 32.3 
2.2 � 26.1 

45 
200 

1900 
190 

 
  Other Countries ( UNSCEAR 2000 ) 

 
Egypt  
Algeria  
Syrian Arab Repuplic 
United States 
Canada  
Mexico 
Indonisia 
Hong Kong 
Malaysia 
Norway 
France  
Bulgaria 
Greece     
Portugal  
Italy  
Spain  

 

 
 

32 
70 
59 
47 
63 
78 
55 
87 
92 
73 
68 
70 
56 
84 
74 
76 
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Table 3-6: Areas of high natural radiation background (UNSCEAR 2000)  
 

Country Area Absorbed dose rate in air (nGy. h-1) 
 

 
Brazil 

Guarapari 
 
 
 
Mineas Gerais and 
Goias 
Pocos de Caldas Araxá 

90 - 170 (streets) 
90 - 90 000 (beaches) 
110 - 1 300 
 
340 average 
 
2 800 average 
 

China Yangjiang 
Quangdong 
 

370 average 
 

Egypt Nile delta 
 

20 - 400 
 

France Central region 
Southwest 
 

20 - 400 
10 - 10 000 

India Kerala and Madras 
 
 
Ganges delta 
 

200-4 000 
1 800 average 
 
260 � 440 
 

Iran Ramsar 
Mahallat 
 

70 - 17 000 
800 - 4 000 
 

Italy Lazio 
Campania 
Orvieto town 
South Toscana 
 

180 average 
200 average 
560 average 
150 - 200 
 

Niue Island  Pacific 1 100 maximum

Switzerland   Tessin, Alps, Jura 
 

100 - 200 
 

a Includes cosmic and terrestrial radiation. 
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Fig 3.1: Average activity concentrations of 238U, 232Th ,40K and 137Cs in soil samples from 
 Northern State 
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Fig 3.2: Average activity concentration of gamma emitters in soil samples from 
 Northern State 
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                Fig 3.3: Concentrations' trend of 238U,232Th,40Kand 137Cs in Northern State 
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       Fig 3.4: Prediction map for 238U activity concentration (Bq/kg) in Northern State 
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Fig 3.5: Prediction map for 232Th activity concentration (Bq/kg) in Northern State 
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Fig 3.6: Prediction map for 40 K activity concentration (Bq/kg) in Northern State 



 87

           Fig 3.7: Prediction map for 137Cs Activity concentration (Bq/kg) in Northern State 
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Fig 3.9: Relative contribution of 238U, 232Th and 40K to the total absorbed dose rate in air as calculated using   
             different DRCFs�  
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Fig 3.10: Relative contribution of terrestrial gamma emitters to the total absorbed dose rate in        
                 air as calculated using different DRCFs� 
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Fig 3.11: Prediction map for absorbed dose rate in air (nGy/h) in Northern State as   
                Calculated Using UNSCEAR DRCFs  
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CHAPTER (4) 

CONCLUSION 
 

Based on calculations of absorbed dose rate in air at one meter above ground surface attributable 

to gamma-emitters from uranium-238 and thorium-232 series, and K-40 using different sets of 

dose rate conversion factors (DRCFs) and the annual effective dose, one can conclude the 

following: 

a. There is no abnormal elevation seen in the level of radioactivity in the soil of Northern 

State. The values are typical of normal background level. 

b. Activity mapping using sampling coordinates with the aid of geographical information 

system (GIS) revealed that the radioactivity in the Northern state increase from west 

towards east reaching maximum at Marawi area indicating the presence of uranium and 

thorium bearing geological formations. 

c. Upon comparing the calculated absorbed dose rate in air and the corresponding annual 

effective dose with similar data from different regions in Sudan, world-wide and from 

well recognized high natural radiation background areas, Northern State falls within the 

category of normal radiation background areas in the world. 

d. The six sets of DRCFs used for estimation of absorbed dose rate have shown 

unremarkable variation. 

e. Further studies are needed to achieve the goal of establishing a radiation map for 

Northern State. 
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Table 1: Absorbed dose rates in air at 1 m height (nGy/h) due to gamma emitting nuclides from 238U, 

232Th series and 40K as derived using BECK DRCFs and Annual effective dose (µSv/y) 
 

Locations 238U 232Th 40K Abs.Dose rate Ann. Eff. Dose 
Kabtood-Dongola 7.87 32.08 13.34 53.29 65.40 
Algarada  7.63 33.88 14.89 56.41 69.23 
Alzorat 7.99 26.34 14.20 48.54 59.56 
Alzorat- North 7.13 24.87 11.28 43.28 53.12 
Alagaba 7.21 25.52 14.08 46.80 57.44 
Gaa�b Abunamel 6.99 28.93 7.96 43.88 53.85 
Gaa�b Kogel 5.75 22.14 7.27 35.16 43.16 
Gaa�b Allegia 13.41 37.59 10.05 61.04 74.91 
Alkantash 9.06 31.89 13.32 54.27 66.60 
Masho 9.46 36.94 12.11 58.50 71.80 
Alhafeer 10.68 31.95 17.09 59.73 73.30 
Koya 8.84 32.99 12.23 54.06 66.35 
Argo 7.18 24.70 14.31 46.19 56.68 
Dalgo 7.06 27.56 13.23 47.85 58.73 
Kadamos 7.09 25.52 11.47 44.07 54.09 
Kaden 8.07 32.08 14.48 54.63 67.04 
Sabo 10.33 37.30 14.42 62.06 76.17 
Gadi 7.10 26.04 13.76 46.90 57.56 
Firaig   7.41 29.95 14.53 51.88 63.67 
Abu Fatima 7.87 30.51 14.93 53.31 65.42 
Kerma Alnuzul 6.68 25.72 14.65 47.05 57.75 
Kerma Albalad 7.61 31.95 15.76 55.31 67.88 
Kerma Albalad 6.84 24.79 14.30 45.93 56.36 
Alburgage project 6.35 23.43 11.37 41.15 50.50 
Hoad Alselaim 7.21 26.09 11.67 44.97 55.19 
Jebel Albarkel  6.04 25.67 12.76 44.47 54.57 
Alkaro 7.75 31.07 14.49 53.31 65.43 
Marawi-East  7.60 26.55 13.67 47.82 58.69 
Tangasy Alsouq 6.44 25.09 12.62 44.15 54.18 
Algurer 7.01 27.16 13.78 47.95 58.85 
Maganarty (kourti) 8.49 34.40 13.98 56.87 69.80 
Hesseinarty 8.68 34.17 14.40 57.25 70.26 
Murraga 8.36 29.05 11.08 48.48 59.50 
Bina project 9.31 42.82 12.03 64.15 78.73 
Bina project  11.92 45.03 15.79 72.75 89.28 
Jabel Bina 8.84 42.44 9.33 60.61 74.39 
Tenco Project 8.93 40.68 13.03 62.64 76.87 
Alagaba 8.42 35.83 9.19 53.44 65.59 
Albanton 7.05 26.80 14.94 48.79 59.87 
Karema  5.47 24.96 11.95 42.37 52.00 
Marawi 8.92 57.59 19.35 85.86 105.37 
Amdom-Marawi 9.89 42.29 22.59 74.78 91.77 

Av. 8.05 31.48 13.37 52.90 64.93 
Std. 1.58 7.24 2.72 9.74 11.95 
Min. 5.47 22.14 7.27 35.16 43.16 
Max. 13.41 57.59 22.59 85.86 105.37 
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Table 2: Absorbed dose rates in air at 1 m height (nGy/h) due to gamma emitting nuclides from 238U, 232Th 

series and 40K as derived using SAITO DRCFs and Annual effective dose (µSv/y) 
 

Locations 238U 232Th 40K Abs.Dose rate Ann. Eff. Dose  
Kabtood-Dongola 8.47 29.10 13.18 50.75 62.28 
Algarada  8.22 30.73 14.72 53.67 65.86 
Alzorat 8.61 23.89 14.04 46.53 57.10 
Alzorat- North 7.68 22.56 11.15 41.38 50.78 
Alagaba 7.76 23.14 13.91 44.81 55.00 
Gaa�b Abunamel 7.52 26.23 7.87 41.63 51.09 
Gaa�b Kogel 6.20 20.08 7.18 33.46 41.06 
Gaa�b Allegia 14.44 34.09 9.93 58.45 71.74 
Alkantash 9.76 28.92 13.16 51.84 63.62 
Masho 10.18 33.50 11.96 55.65 68.29 
Alhafeer 11.50 28.98 16.89 57.37 70.41 
Koya 9.52 29.92 12.09 51.53 63.24 
Argo 7.73 22.40 14.14 44.27 54.33 
Dalgo 7.61 24.99 13.07 45.67 56.05 
Kadamos 7.63 23.14 11.33 42.11 51.67 
Kaden 8.68 29.09 14.31 52.09 63.92 
Sabo 11.13 33.83 14.25 59.21 72.67 
Gadi 7.65 23.62 13.60 44.86 55.05 
Firaig   7.97 27.16 14.35 49.49 60.73 
Abu Fatima 8.47 27.67 14.75 50.89 62.46 
Kerma Alnuzul 7.19 23.33 14.48 45.00 55.22 
Kerma Albalad 8.20 28.97 15.57 52.74 64.72 
Kerma Albalad 7.36 22.48 14.13 43.97 53.97 
Alburgage project 6.84 21.25 11.24 39.32 48.26 
Hoad Alselaim 7.76 23.66 11.54 42.96 52.72 
Jebel Albarkel  6.51 23.28 12.61 42.39 52.02 
Alkaro 8.34 28.18 14.32 50.84 62.40 
Marawi-East  8.18 24.08 13.50 45.77 56.17 
Tangasy Alsouq 6.94 22.75 12.47 42.15 51.73 
Algurer 7.54 24.63 13.62 45.80 56.20 
Maganarty (kourti) 9.14 31.20 13.82 54.16 66.46 
Hesseinarty 9.35 30.99 14.23 54.56 66.96 
Murraga 9.00 26.34 10.94 46.29 56.81 
Bina project 10.02 38.83 11.89 60.74 74.54 
Bina project  12.84 40.84 15.60 69.28 85.03 
Jabel Bina 9.52 38.49 9.22 57.23 70.24 
Tenco Project 9.61 36.89 12.88 59.38 72.87 
Alagaba 9.07 32.49 9.09 50.65 62.16 
Albanton 7.59 24.31 14.76 46.65 57.26 
Karema  5.89 22.63 11.81 40.33 49.49 
Marawi 9.60 52.23 19.12 80.95 99.35 
Amdom-Marawi 10.65 38.36 22.33 71.33 87.54 

Av. 8.66 28.55 13.22 50.43 61.89 
Std. 1.70 6.57 2.69 9.16 11.25 
Min. 5.89 20.08 7.18 33.46 41.06 
Max. 14.44 52.23 22.33 80.95 99.35 
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Table 3: Absorbed dose rates in air at 1 m height (nGy/h) due to gamma emitting nuclides from 238U, 
232Th series and 40K as derived using MCNP DRCFs and Annual effective dose (µSv/y) 

 
 
 

Locations 238U 232Th 40K Abs. Dose rate Ann. Eff. Dose  
Kabtood-Dongola 6.97 24.90 11.95 43.81 53.77 
Algarada  6.76 26.29 13.34 46.40 56.94 
Alzorat 7.08 20.44 12.72 40.24 49.39 
Alzorat- North 6.32 19.30 10.10 35.72 43.83 
Alagaba 6.39 19.80 12.61 38.80 47.61 
Gaa�b Abunamel 6.19 22.45 7.13 35.77 43.90 
Gaa�b Kogel 5.10 17.18 6.51 28.79 35.33 
Gaa�b Allegia 11.88 29.16 9.00 50.04 61.41 
Alkantash 8.03 24.75 11.93 44.70 54.86 
Masho 8.38 28.66 10.85 47.89 58.77 
Alhafeer 9.46 24.79 15.31 49.57 60.83 
Koya 7.83 25.60 10.96 44.39 54.47 
Argo 6.36 19.16 12.82 38.34 47.06 
Dalgo 6.26 21.39 11.85 39.49 48.47 
Kadamos 6.28 19.80 10.27 36.35 44.61 
Kaden 7.15 24.89 12.97 45.01 55.23 
Sabo 9.16 28.95 12.92 51.02 62.61 
Gadi 6.29 20.21 12.33 38.82 47.64 
Firaig   6.56 23.24 13.01 42.81 52.54 
Abu Fatima 6.97 23.68 13.37 44.02 54.02 
Kerma Alnuzul 5.92 19.96 13.12 39.00 47.86 
Kerma Albalad 6.74 24.79 14.11 45.65 56.02 
Kerma Albalad 6.06 19.23 12.81 38.10 46.76 
Alburgage project 5.63 18.18 10.19 33.99 41.72 
Hoad Alselaim 6.39 20.24 10.46 37.08 45.51 
Jebel Albarkel  5.35 19.92 11.43 36.70 45.04 
Alkaro 6.87 24.11 12.98 43.96 53.95 
Marawi-East  6.73 20.60 12.24 39.58 48.57 
Tangasy Alsouq 5.71 19.47 11.30 36.47 44.76 
Algurer 6.21 21.08 12.35 39.63 48.63 
Maganarty (kourti) 7.52 26.69 12.52 46.74 57.36 
Hesseinarty 7.69 26.51 12.90 47.10 57.81 
Murraga 7.40 22.54 9.92 39.87 48.92 
Bina project 8.24 33.22 10.78 52.24 64.11 
Bina project  10.56 34.94 14.14 59.65 73.20 
Jabel Bina 7.83 32.93 8.36 49.12 60.29 
Tenco Project 7.91 31.56 11.67 51.14 62.77 
Alagaba 7.46 27.80 8.24 43.50 53.38 
Albanton 6.24 20.80 13.38 40.42 49.60 
Karema  4.84 19.36 10.70 34.91 42.84 
Marawi 7.90 44.69 17.33 69.92 85.81 
Amdom-Marawi 8.76 32.82 20.24 61.82 75.87 

Av. 7.13 24.43 11.98 43.54 53.43 
Std. 1.40 5.62 2.44 7.88 9.67 
Min. 4.84 17.18 6.51 28.79 35.33 
Max. 11.88 44.69 20.24 69.92 85.81 
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Table 4: Absorbed dose rates in air at 1 m height (nGy/h) due to gamma emitting nuclides from 238U, 
232Th series and 40K as derived using MC DRCFs and Annual effective dose (µSv/y) 

 
Locations 238U 232Th 40K Abs. Dose rate Ann. Eff. Dose  

Kabtood-Dongola 7.08 25.24 12.04 44.35 54.43 
Algarada  6.86 26.65 13.44 46.96 57.63 
Alzorat 7.19 20.72 12.82 40.72 49.98 
Alzorat- North 6.41 19.56 10.18 36.15 44.37 
Alagaba 6.48 20.07 12.70 39.26 48.18 
Gaa�b Abunamel 6.28 22.75 7.19 36.22 44.46 
Gaa�b Kogel 5.17 17.42 6.56 29.15 35.77 
Gaa�b Allegia 12.06 29.57 9.07 50.69 62.21 
Alkantash 8.15 25.09 12.02 45.25 55.54 
Masho 8.50 29.06 10.93 48.49 59.50 
Alhafeer 9.61 25.13 15.42 50.16 61.56 
Koya 7.95 25.95 11.04 44.94 55.15 
Argo 6.45 19.43 12.92 38.80 47.61 
Dalgo 6.35 21.68 11.94 39.97 49.05 
Kadamos 6.37 20.07 10.35 36.80 45.16 
Kaden 7.25 25.24 13.06 45.55 55.91 
Sabo 9.29 29.34 13.02 51.65 63.39 
Gadi 6.39 20.48 12.42 39.29 48.21 
Firaig   6.66 23.56 13.11 43.33 53.17 
Abu Fatima 7.07 24.00 13.47 44.55 54.67 
Kerma Alnuzul 6.01 20.24 13.22 39.46 48.43 
Kerma Albalad 6.85 25.13 14.22 46.19 56.69 
Kerma Albalad 6.15 19.50 12.90 38.55 47.31 
Alburgage project 5.71 18.43 10.26 34.40 42.22 
Hoad Alselaim 6.48 20.52 10.53 37.54 46.07 
Jebel Albarkel  5.43 20.19 11.51 37.14 45.57 
Alkaro 6.97 24.44 13.08 44.49 54.60 
Marawi-East  6.84 20.89 12.33 40.06 49.16 
Tangasy Alsouq 5.79 19.73 11.39 36.91 45.30 
Algurer 6.30 21.37 12.44 40.10 49.22 
Maganarty (kourti) 7.64 27.06 12.62 47.31 58.06 
Hesseinarty 7.81 26.88 13.00 47.68 58.51 
Murraga 7.52 22.85 9.99 40.36 49.53 
Bina project 8.37 33.68 10.86 52.90 64.93 
Bina project  10.72 35.42 14.25 60.39 74.12 
Jabel Bina 7.95 33.38 8.42 49.76 61.06 
Tenco Project 8.03 32.00 11.76 51.78 63.55 
Alagaba 7.57 28.18 8.30 44.05 54.06 
Albanton 6.34 21.08 13.48 40.90 50.19 
Karema  4.92 19.63 10.78 35.33 43.36 
Marawi 8.02 45.30 17.46 70.78 86.87 
Amdom-Marawi 8.90 33.27 20.39 62.55 76.77 

Av. 7.24 24.77 12.07 44.07 54.08 
Std. 1.42 5.70 2.46 7.98 9.80 
Min. 4.92 17.42 6.56 29.15 35.77 
Max. 12.06 45.30 20.39 70.78 86.87 
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Table 5: Absorbed dose rates in air at 1 m height (nGy/h) due to gamma emitting nuclides from 238U, 
232Th series and 40K as derived using GEANT DRCFs and Annual effective dose  

 
Locations 238U 232Th 40K Abs. Dose 

rate 
Ann. Eff. Dose (µSv/y) 

Kabtood-Dongola 7.32 26.19 12.63 46.14 56.62 
Algarada  7.10 27.66 14.10 48.86 59.97 
Alzorat 7.43 21.50 13.45 42.38 52.02 
Alzorat- North 6.63 20.31 10.68 37.62 46.16 
Alagaba 6.71 20.83 13.33 40.86 50.15 
Gaa�b Abunamel 6.50 23.62 7.54 37.65 46.21 
Gaa�b Kogel 5.35 18.08 6.88 30.31 37.20 
Gaa�b Allegia 12.47 30.69 9.51 52.67 64.64 
Alkantash 8.43 26.04 12.61 47.07 57.77 
Masho 8.80 30.16 11.46 50.42 61.87 
Alhafeer 9.94 26.08 16.18 52.20 64.07 
Koya 8.23 26.93 11.58 46.74 57.36 
Argo 6.68 20.16 13.55 40.39 49.57 
Dalgo 6.57 22.50 12.52 41.59 51.05 
Kadamos 6.59 20.83 10.86 38.28 46.98 
Kaden 7.50 26.19 13.71 47.40 58.17 
Sabo 9.61 30.46 13.65 53.72 65.93 
Gadi 6.60 21.26 13.03 40.89 50.18 
Firaig   6.89 24.45 13.75 45.09 55.34 
Abu Fatima 7.32 24.91 14.13 46.36 56.89 
Kerma Alnuzul 6.21 21.00 13.87 41.08 50.42 
Kerma Albalad 7.08 26.08 14.92 48.08 59.00 
Kerma Albalad 6.36 20.24 13.54 40.13 49.25 
Alburgage project 5.91 19.13 10.77 35.80 43.94 
Hoad Alselaim 6.71 21.30 11.05 39.05 47.93 
Jebel Albarkel  5.62 20.96 12.08 38.65 47.44 
Alkaro 7.21 25.37 13.72 46.30 56.82 
Marawi-East  7.07 21.68 12.94 41.69 51.16 
Tangasy Alsouq 5.99 20.48 11.94 38.42 47.15 
Algurer 6.52 22.18 13.05 41.74 51.23 
Maganarty (kourti) 7.90 28.09 13.24 49.22 60.40 
Hesseinarty 8.07 27.89 13.64 49.60 60.87 
Murraga 7.77 23.72 10.49 41.98 51.51 
Bina project 8.66 34.96 11.39 55.00 67.50 
Bina project  11.09 36.77 14.95 62.80 77.08 
Jabel Bina 8.22 34.65 8.84 51.71 63.46 
Tenco Project 8.30 33.21 12.34 53.85 66.09 
Alagaba 7.83 29.25 8.70 45.79 56.19 
Albanton 6.55 21.88 14.14 42.58 52.25 
Karema  5.09 20.37 11.31 36.77 45.13 
Marawi 8.29 47.02 18.32 73.63 90.36 
Amdom-Marawi 9.20 34.53 21.39 65.12 79.92 

Av. 7.48 25.70 12.66 45.85 56.27 
Std. 1.47 5.91 2.58 8.30 10.18 
Min. 5.09 18.08 6.88 30.31 37.20 
Max. 12.47 47.02 21.39 73.63 90.36 
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Table 6: Absorbed dose rates in air at 1 m height (nGy/h) due to gamma emitting nuclides from 
238U, 232Th series and 40K as derived using UNSCEAR DRCFs and Annual effective dose  

 
Locations 238U 232Th 40K Abs. Dose Rate Ann. Eff. Dose (µSv/y) 

Kabtood-Dongola 8.45 29.10 13.18 50.73 62.26 
Algarada  8.20 30.73 14.72 53.65 65.84 
Alzorat 8.59 23.89 14.04 46.51 57.08 
Alzorat- North 7.66 22.56 11.15 41.36 50.76 
Alagaba 7.75 23.14 13.91 44.80 54.98 
Gaa�b Abunamel 7.51 26.23 7.87 41.61 51.07 
Gaa�b Kogel 6.18 20.08 7.18 33.45 41.05 
Gaa�b Allegia 14.41 34.09 9.93 58.42 71.70 
Alkantash 9.74 28.92 13.16 51.82 63.60 
Masho 10.16 33.50 11.96 55.62 68.26 
Alhafeer 11.48 28.98 16.89 57.35 70.38 
Koya 9.50 29.92 12.09 51.51 63.21 
Argo 7.71 22.40 14.14 44.25 54.31 
Dalgo 7.59 24.99 13.07 45.66 56.03 
Kadamos 7.61 23.14 11.33 42.09 51.65 
Kaden 8.67 29.09 14.31 52.07 63.90 
Sabo 11.10 33.83 14.25 59.19 72.64 
Gadi 7.63 23.62 13.60 44.84 55.03 
Firaig   7.96 27.16 14.35 49.47 60.71 
Abu Fatima 8.45 27.67 14.75 50.87 62.44 
Kerma Alnuzul 7.17 23.33 14.48 44.98 55.20 
Kerma Albalad 8.18 28.97 15.57 52.72 64.70 
Kerma Albalad 7.35 22.48 14.13 43.96 53.95 
Alburgage project 6.83 21.25 11.24 39.31 48.24 
Hoad Alselaim 7.75 23.66 11.54 42.94 52.70 
Jebel Albarkel  6.49 23.28 12.61 42.38 52.01 
Alkaro 8.33 28.18 14.32 50.83 62.38 
Marawi-East  8.17 24.08 13.50 45.75 56.15 
Tangasy Alsouq 6.92 22.75 12.47 42.14 51.72 
Algurer 7.53 24.63 13.62 45.78 56.18 
Maganarty (kourti) 9.12 31.20 13.82 54.14 66.44 
Hesseinarty 9.33 30.99 14.23 54.54 66.94 
Murraga 8.98 26.34 10.94 46.27 56.78 
Bina project 10.00 38.83 11.89 60.72 74.51 
Bina project  12.81 40.84 15.60 69.25 84.99 
Jabel Bina 9.50 38.49 9.22 57.21 70.21 
Tenco Project 9.59 36.89 12.88 59.36 72.85 
Alagaba 9.05 32.49 9.09 50.63 62.13 
Albanton 7.57 24.31 14.76 46.64 57.24 
Karema  5.87 22.63 11.81 40.31 49.47 
Marawi 9.58 52.23 19.12 80.93 99.32 
Amdom-Marawi 10.63 38.36 22.33 71.31 87.52 

Av. 8.65 28.55 13.22       50.41 61.87 
Std. 1.70 6.57 2.69 9.16 11.24 
Min. 5.87 20.08 7.18 33.45 41.05 
Max. 14.41 52.23 22.33 80.93 99.32 
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Table 7: Absorbed dose rates in air at 1 m height (nGy/h) due to gamma emitting nuclides from 238U, 
232Th series and 40K as derived using kocher & Sjoreen DRCF and Annual effective dose  

 
Locations 228Ac 212Bi 214Bi 40K 212Pb 214Pb 208Tl Abs. 

Dose rate  
Ann. Eff. Dose 

(µSv/y) 
Kabtood-Dongola 8.26 1.60 6.65 13.62 1.46 0.89 10.75 43.23 53.06 
Algarada  8.06 1.44 4.49 15.21 1.64 0.88 11.29 43.01 52.79 
Alzorat 6.82 1.46 4.80 14.51 1.31 0.92 9.17 38.98 47.83 
Alzorat- North 6.08 1.25 6.27 11.52 0.59 0.86 8.58 35.15 43.13 
Alagaba 6.66 1.48 6.23 14.38 0.00 0.81 9.40 38.96 47.81 
Gaa�b Abunamel 5.91 1.19 5.90 8.13 1.01 0.79 7.88 30.82 37.83 
Gaa�b Kogel 5.45 1.11 4.98 7.42 0.78 0.68 7.63 28.06 34.44 
Gaa�b Allegia 9.58 1.98 11.27 10.26 0.00 1.65 14.09 48.83 59.93 
Alkantash 7.79 1.62 7.65 13.60 0.00 1.06 10.48 42.20 51.79 
Masho 8.94 1.64 7.79 12.37 1.85 1.09 12.09 45.76 56.15 
Alhafeer 8.16 1.62 8.97 17.46 0.00 1.26 11.74 49.22 60.40 
Koya 8.23 1.58 7.64 12.49 2.45 1.03 11.41 44.84 55.04 
Argo 5.99 1.22 6.29 14.62 1.29 0.82 7.69 37.92 46.53 
Dalgo 6.26 1.32 6.28 13.51 3.25 1.81 8.60 41.03 50.36 
Kadamos 6.08 1.05 4.72 11.71 1.52 0.82 8.56 34.47 42.31 
Kaden 7.89 1.26 6.91 14.79 2.19 0.96 9.81 43.81 53.77 
Sabo 9.73 1.83 9.00 14.73 2.53 1.17 11.26 50.26 61.68 
Gadi 6.69 1.57 6.18 14.05 0.64 0.81 9.21 39.15 48.05 
Firaig   6.87 1.48 6.16 14.84 2.10 0.87 9.64 41.96 51.50 
Abu Fatima 7.20 1.35 6.60 15.25 2.12 0.92 9.55 43.00 52.77 
Kerma Alnuzul 6.18 1.09 5.48 14.96 1.77 0.75 7.56 37.81 46.40 
Kerma Albalad 7.82 1.55 6.31 16.09 2.22 0.92 10.17 45.08 55.32 
Kerma Albalad 5.47 1.16 5.84 14.61 1.76 0.82 8.22 37.88 46.48 
Alburgage project 5.67 1.09 5.41 11.61 1.64 0.74 7.33 33.51 41.12 
Hoad Alselaim 6.34 1.39 6.08 11.92 1.81 0.82 8.16 36.52 44.82 
Jebel Albarkel  6.32 1.25 5.41 13.03 1.94 0.73 8.99 37.67 46.23 
Alkaro 7.02 1.55 6.64 14.80 2.20 0.90 9.85 42.96 52.72 
Marawi-East  6.41 1.33 6.37 13.96 2.02 0.91 8.29 39.28 48.21 
Tangasy Alsouq 6.00 1.34 5.45 12.89 1.90 0.75 8.29 36.62 44.94 
Algurer 6.54 1.33 5.90 14.08 1.38 0.81 9.48 39.52 48.50 
Maganarty (kourti) 7.78 1.57 7.09 14.28 2.38 0.99 10.31 44.40 54.49 
Hesseinarty 8.36 1.79 6.70 14.71 2.44 0.99 10.48 45.47 55.80 
Murraga 6.86 1.55 7.28 11.31 2.20 0.96 9.45 39.61 48.61 
Bina project 9.65 1.85 8.20 12.29 2.99 1.11 13.79 49.88 61.22 
Bina project  10.94 2.24 9.60 16.13 3.66 1.41 15.00 58.97 72.37 
Jabel Bina 11.33 2.16 7.91 12.33 3.96 1.09 15.81 54.57 66.98 
Tenco Project 9.84 1.90 7.71 13.31 2.95 1.07 13.09 49.86 61.19 
Alagaba 9.66 2.06 7.36 9.39 2.85 0.95 12.71 44.98 55.21 
Albanton 6.88 1.34 0.00 15.25 0.00 0.79 9.84 34.10 41.85 
Karema  6.40 1.29 4.64 12.20 1.73 0.63 8.82 35.71 43.83 
Marawi 14.49 3.11 8.44 19.76 0.00 1.07 19.80 66.68 81.83 
Amdom-Marawi 9.52 2.04 9.03 24.18 0.00 1.24 13.57 59.59 73.13 

Av. 7.67 1.55 6.61 13.75 1.68 0.97 10.43 42.65 52.34 
Std. 1.87 0.39 1.79 2.81 1.04 0.24 2.58 7.77 9.54 
Min. 5.45 1.05 0.00 7.42 0.00 0.63 7.33 28.06 34.44 
Max. 14.49 3.11 11.27 24.18 3.96 1.81 19.80 66.68 81.83 
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Table 8: Absorbed dose rates in air at 1 m height (nGy/h) due to gamma emitting nuclides from 238U, 232Th 
series and 40K as derived using Beck DRCFs and Annual effective dose (µSv/y) 

Locations 228Ac 212Bi 214Bi 40K 212Pb 214Pb 208Tl Abs. 
dose rate  

Ann. Eff. Dose 

Kabtood-Dongola 10.83 1.38 6.74 13.34 1.25 0.87 10.59 44.99 55.21 
Algarada  10.56 1.23 4.55 14.89 1.41 0.86 11.12 44.63 54.78 
Alzorat 8.94 1.26 4.86 14.20 1.13 0.89 9.02 40.30 49.46 
Alzorat- North 7.97 1.07 6.35 11.28 0.51 0.84 8.45 36.47 44.75 
Alagaba 8.73 1.27 6.32 14.08   0.79 9.26 40.44 49.63 
Gaa�b Abunamel 7.75 1.02 5.98 7.96 0.87 0.77 7.76 32.12 39.42 
Gaa�b Kogel 7.15 0.96 5.05 7.27 0.67 0.66 7.52 29.27 35.92 
Gaa�b Allegia 12.56 1.70 11.42 10.05   1.61 13.87 51.21 62.85 
Alkantash 10.22 1.39 7.75 13.32   1.03 10.32 44.03 54.03 
Masho 11.72 1.40 7.89 12.11 1.59 1.06 11.90 47.68 58.51 
Alhafeer 10.70 1.39 9.09 17.09   1.23 11.56 51.07 62.68 
Koya 10.79 1.36 7.75 12.23 2.11 1.00 11.24 46.48 57.04 
Argo 7.85 1.05 6.37 14.31 1.11 0.80 7.57 39.06 47.94 
Dalgo 8.21 1.13 6.37 13.23 2.79 1.77 8.47 41.96 51.50 
Kadamos 7.98 0.90 4.78 11.47 1.31 0.80 8.43 35.67 43.77 
Kaden 10.35 1.08 7.00 14.48 1.88 0.94 9.66 45.39 55.70 
Sabo 12.75 1.57 9.12 14.42 2.17 1.14 11.09 52.28 64.16 
Gadi 8.77 1.35 6.27 13.76 0.55 0.79 9.07 40.55 49.76 
Firaig   9.01 1.27 6.24 14.53 1.80 0.85 9.50 43.20 53.01 
Abu Fatima 9.44 1.16 6.69 14.93 1.82 0.90 9.41 44.35 54.42 
Kerma Alnuzul 8.10 0.94 5.56 14.65 1.52 0.74 7.45 38.95 47.80 
Kerma Albalad 10.25 1.33 6.39 15.76 1.90 0.89 10.02 46.55 57.12 
Kerma Albalad 7.18 0.99 5.92 14.30 1.51 0.80 8.10 38.80 47.61 
Alburgage project 7.44 0.94 5.49 11.37 1.41 0.72 7.22 34.58 42.44 
Hoad Alselaim 8.31 1.19 6.16 11.67 1.55 0.80 8.04 37.73 46.31 
Jebel Albarkel  8.28 1.08 5.48 12.76 1.66 0.71 8.85 38.82 47.65 
Alkaro 9.21 1.33 6.73 14.49 1.89 0.88 9.69 44.22 54.27 
Marawi-East  8.40 1.14 6.46 13.67 1.73 0.88 8.16 40.45 49.64 
Tangasy Alsouq 7.87 1.15 5.52 12.62 1.63 0.73 8.16 37.68 46.25 
Algurer 8.58 1.14 5.98 13.78 1.18 0.79 9.34 40.79 50.07 
Maganarty (kourti) 10.20 1.35 7.19 13.98 2.04 0.96 10.15 45.88 56.30 
Hesseinarty 10.96 1.54 6.79 14.40 2.09 0.96 10.32 47.07 57.76 
Murraga 8.99 1.33 7.38 11.08 1.89 0.94 9.31 40.91 50.20 
Bina project 12.66 1.59 8.31 12.03 2.56 1.09 13.58 51.82 63.59 
Bina project  14.35 1.92 9.73 15.79 3.14 1.37 14.77 61.07 74.95 
Jabel Bina 14.85 1.85 8.01 12.07 3.40 1.06 15.57 56.81 69.72 
Tenco Project 12.90 1.63 7.81 13.03 2.53 1.04 12.89 51.84 63.61 
Alagaba 12.66 1.77 7.46 9.19 2.45 0.93 12.52 46.98 57.65 
Albanton 9.03 1.15   14.94   0.77 9.69 35.57 43.65 
Karema  8.39 1.11 4.70 11.95 1.48 0.61 8.69 36.93 45.32 
Marawi 19.00 2.67 8.56 19.35   1.04 19.50 70.12 86.05 
Amdom-Marawi 12.48 1.75 9.16 23.68   1.21 13.36 61.64 75.64 

Av. 10.06 1.33 6.86 13.46 1.73 0.94 10.27 44.20 54.24 
Std. 2.45 0.33 1.49 2.75 0.67 0.23 2.54 8.18 10.04 
Min. 7.15 0.90 4.55 7.27 0.51 0.61 7.22 29.27 35.92 
Max. 19.00 2.67 11.42 23.68 3.40 1.77 19.50 70.12 86.05 
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Table 9: Absorbed Dose rates in air at 1 m height (nGy/h ) due to gamma emitting nuclides from 238U, 232Th 
series and 40K as derived using Saito DRCFs and Annual effective dose (µSv/y) 

Locations 228Ac 212Bi 214Bi 40K 212Pb 214Pb 208Tl Abs.Dose Rate Ann. Eff. Dose) 
Kabtood-Dongola 8.61 1.77 7.15 13.18 1.64 1.00 10.75 44.09 54.11 
Algarada  8.40 1.58 4.83 14.72 1.84 0.99 11.29 43.66 53.58 
Alzorat 7.10 1.61 5.16 14.04 1.47 1.03 9.17 39.58 48.57 
Alzorat- North 6.33 1.38 6.74 11.15 0.66 0.97 8.58 35.81 43.95 
Alagaba 6.94 1.63 6.70 13.91  0.91 9.40 39.49 48.47 
Gaa�b Abunamel 6.16 1.31 6.34 7.87 1.14 0.89 7.88 31.60 38.78 
Gaa�b Kogel 5.68 1.23 5.36 7.18 0.88 0.77 7.63 28.72 35.25 
Gaa�b Allegia 9.99 2.18 12.11 9.93  1.87 14.09 50.16 61.56 
Alkantash 8.12 1.78 8.22 13.16  1.19 10.48 42.96 52.73 
Masho 9.32 1.80 8.38 11.96 2.07 1.23 12.09 46.85 57.49 
Alhafeer 8.51 1.79 9.65 16.89  1.42 11.74 50.00 61.36 
Koya 8.58 1.74 8.22 12.09 2.75 1.16 11.41 45.95 56.39 
Argo 6.24 1.35 6.76 14.14 1.45 0.93 7.69 38.55 47.32 
Dalgo 6.53 1.45 6.75 13.07 3.65 2.04 8.60 42.09 51.66 
Kadamos 6.34 1.16 5.08 11.33 1.71 0.92 8.56 35.10 43.08 
Kaden 8.22 1.39 7.43 14.31 2.45 1.09 9.81 44.70 54.86 
Sabo 10.14 2.02 9.68 14.25 2.84 1.32 11.26 51.51 63.21 
Gadi 6.97 1.73 6.65 13.60 0.71 0.91 9.21 39.78 48.82 
Firaig   7.16 1.63 6.62 14.35 2.35 0.98 9.64 42.75 52.46 
Abu Fatima 7.51 1.48 7.10 14.75 2.38 1.04 9.55 43.81 53.77 
Kerma Alnuzul 6.44 1.20 5.90 14.48 1.99 0.85 7.56 38.42 47.15 
Kerma Albalad 8.15 1.71 6.78 15.57 2.49 1.04 10.17 45.90 56.34 
Kerma Albalad 5.71 1.28 6.28 14.13 1.97 0.92 8.22 38.51 47.26 
Alburgage project 5.91 1.20 5.82 11.24 1.84 0.84 7.33 34.18 41.95 
Hoad Alselaim 6.61 1.53 6.54 11.54 2.03 0.92 8.16 37.33 45.81 
Jebel Albarkel  6.58 1.38 5.82 12.61 2.17 0.82 8.99 38.37 47.09 
Alkaro 7.32 1.70 7.14 14.32 2.46 1.02 9.85 43.81 53.77 
Marawi-East  6.68 1.46 6.85 13.50 2.27 1.02 8.29 40.07 49.18 
Tangasy Alsouq 6.26 1.47 5.86 12.47 2.13 0.85 8.29 37.32 45.80 
Algurer 6.82 1.46 6.34 13.62 1.54 0.92 9.48 40.19 49.33 
Maganarty (kourti) 8.11 1.73 7.63 13.82 2.67 1.11 10.31 45.37 55.68 
Hesseinarty 8.71 1.97 7.20 14.23 2.74 1.11 10.48 46.45 57.00 
Murraga 7.15 1.70 7.83 10.94 2.46 1.09 9.45 40.63 49.86 
Bina project 10.06 2.04 8.82 11.89 3.35 1.26 13.79 51.20 62.84 
Bina project  11.41 2.46 10.32 15.60 4.10 1.59 15.00 60.48 74.23 
Jabel Bina 11.81 2.37 8.50 11.93 4.44 1.23 15.81 56.09 68.83 
Tenco Project 10.25 2.09 8.29 12.88 3.31 1.21 13.09 51.11 62.73 
Alagaba 10.07 2.27 7.91 9.09 3.20 1.07 12.71 46.32 56.84 
Albanton 7.18 1.47  14.76  0.89 9.84 34.14 41.89 
Karema  6.67 1.42 4.99 11.81 1.94 0.71 8.82 36.36 44.62 
Marawi 15.11 3.42 9.08 19.12  1.21 19.80 67.74 83.13 
Amdom-Marawi 9.92 2.25 9.71 23.40  1.40 13.57 60.25 73.94 

Av. 7.99 1.70 7.28 13.30 2.26 1.09 10.43 43.51 53.40 
Std. 1.95 0.43 1.58 2.72 0.87 0.27 2.58 7.96 9.77 
Min. 5.68 1.16 4.83 7.18 0.66 0.71 7.33 28.72 35.25 
Max. 15.11 3.42 12.11 23.40 4.44 2.04 19.80 67.74 83.13 
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Table 10: Absorbed Dose rates in air at 1 m height (nGy/h ) due to gamma emitting nuclides from 238U, 
232Th series and 40K as derived using MCNP DRCFs and Annual effective dose 

Locations 228Ac 212Bi 214Bi 40K 212Pb 214Pb 208Tl Abs.Dose 
rate 

Ann. Eff. 
Dose (µSv/y) 

Kabtood-Dongola 7.22 1.47 6.03 11.95 1.06 0.76 9.55 38.03 46.67 
Algarada  7.04 1.31 4.08 13.34 1.19 0.76 10.03 37.75 46.32 
Alzorat 5.96 1.34 4.35 12.72 0.95 0.78 8.14 34.25 42.03 
Alzorat- North 5.31 1.14 5.69 10.10 0.43 0.74 7.62 31.03 38.08 
Alagaba 5.82 1.35 5.66 12.61  0.69 8.35 34.48 42.31 
Gaa�b Abunamel 5.17 1.09 5.36 7.13 0.74 0.68 7.00 27.15 33.32 
Gaa�b Kogel 4.76 1.02 4.52 6.51 0.57 0.58 6.78 24.74 30.36 
Gaa�b Allegia 8.37 1.81 10.23 9.00  1.42 12.51 43.33 53.18 
Alkantash 6.81 1.48 6.94 11.93  0.91 9.31 37.37 45.86 
Masho 7.81 1.49 7.07 10.85 1.34 0.94 10.73 40.23 49.37 
Alhafeer 7.13 1.48 8.14 15.31  1.08 10.43 43.57 53.48 
Koya 7.19 1.45 6.94 10.96 1.78 0.88 10.13 39.33 48.27 
Argo 5.23 1.12 5.70 12.82 0.94 0.71 6.83 33.34 40.92 
Dalgo 5.47 1.20 5.70 11.85 2.36 1.55 7.64 35.78 43.91 
Kadamos 5.32 0.96 4.28 10.27 1.11 0.70 7.60 30.24 37.12 
Kaden 6.89 1.15 6.27 12.97 1.59 0.83 8.71 38.42 47.15 
Sabo 8.50 1.67 8.17 12.92 1.84 1.00 10.00 44.11 54.13 
Gadi 5.85 1.44 5.61 12.33 0.46 0.69 8.18 34.55 42.40 
Firaig   6.01 1.35 5.59 13.01 1.53 0.75 8.56 36.79 45.15 
Abu Fatima 6.29 1.23 5.99 13.37 1.54 0.79 8.48 37.70 46.27 
Kerma Alnuzul 5.40 1.00 4.98 13.12 1.29 0.65 6.72 33.15 40.68 
Kerma Albalad 6.83 1.42 5.73 14.11 1.61 0.79 9.03 39.52 48.50 

Kerma Albalad 4.78 1.06 5.30 12.81 1.28 0.70 7.30 33.23 40.78 

Alburgage project 4.95 1.00 4.91 10.19 1.19 0.64 6.51 29.39 36.07 
Hoad Alselaim 5.54 1.27 5.52 10.46 1.32 0.70 7.25 32.05 39.33 
Jebel Albarkel  5.52 1.15 4.91 11.43 1.41 0.62 7.98 33.02 40.52 
Alkaro 6.13 1.41 6.03 12.98 1.60 0.78 8.74 37.67 46.23 
Marawi-East  5.60 1.21 5.78 12.24 1.47 0.78 7.36 34.44 42.27 
Tangasy Alsouq 5.24 1.22 4.95 11.30 1.38 0.64 7.36 32.10 39.39 
Algurer 5.71 1.21 5.35 12.35 1.00 0.70 8.42 34.75 42.65 
Maganarty (kourti) 6.80 1.43 6.44 12.52 1.73 0.85 9.15 38.92 47.77 
Hesseinarty 7.30 1.64 6.08 12.90 1.77 0.85 9.30 39.85 48.90 
Murraga 5.99 1.41 6.61 9.92 1.60 0.83 8.39 34.75 42.65 
Bina project 8.43 1.69 7.44 10.78 2.17 0.96 12.24 43.72 53.65 
Bina project  9.56 2.04 8.71 14.14 2.66 1.21 13.32 51.65 63.38 
Jabel Bina 9.90 1.97 7.18 10.81 2.88 0.93 14.04 47.70 58.54 
Tenco Project 8.60 1.74 7.00 11.67 2.15 0.92 11.62 43.68 53.61 
Alagaba 8.44 1.88 6.68 8.24 2.07 0.82 11.29 39.41 48.37 
Albanton 6.01 1.22  13.38  0.68 8.74 30.03 36.85 
Karema  5.59 1.18 4.21 10.70 1.26 0.54 7.83 31.31 38.43 
Marawi 12.66 2.84 7.66 17.33  0.92 17.58 59.00 72.40 
Amdom-Marawi 8.32 1.86 8.20 21.21  1.06 12.05 52.70 64.68 

Av. 6.70 1.41 6.15 12.06 1.47 0.83 9.26 37.48 46.00 
Std. 1.63 0.36 1.34 2.46 0.56 0.20 2.29 6.86 8.42 
Min. 4.76 0.96 4.08 6.51 0.43 0.54 6.51 24.74 30.36 
Max. 12.66 2.84 10.23 21.21 2.88 1.55 17.58 59.00 72.40 
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Table 11: Absorbed Dose rates in air at 1 m height (nGy/h ) due to gamma emitting nuclides from 238U, 
232Th series and 40K as derived using MC DRCFs and Annual effective dose (µSv/y) 

 Locations 228Ac 212Bi 214Bi 40K 212Pb 214Pb 208Tl Abs.Dose rate Ann. Eff. Dose 
Kabtood-Dongola 7.45 1.50 6.09 12.04 1.14 0.81 9.52 38.54 47.29 
Algarada  7.27 1.34 4.11 13.44 1.28 0.80 10.00 38.25 46.94 
Alzorat 6.15 1.37 4.39 12.82 1.02 0.83 8.12 34.70 42.58 
Alzorat- North 5.48 1.17 5.74 10.18 0.46 0.79 7.60 31.41 38.55 
Alagaba 6.00 1.38 5.71 12.70  0.74 8.33 34.86 42.78 
Gaa�b Abunamel 5.33 1.11 5.40 7.19 0.79 0.72 6.98 27.52 33.78 
Gaa�b Kogel 4.92 1.04 4.56 6.56 0.61 0.62 6.76 25.07 30.76 
Gaa�b Allegia 8.64 1.85 10.32 9.07  1.51 12.48 43.86 53.82 
Alkantash 7.03 1.51 7.01 12.02  0.96 9.28 37.81 46.40 
Masho 8.06 1.53 7.13 10.93 1.44 0.99 10.70 40.79 50.06 
Alhafeer 7.36 1.52 8.22 15.42  1.15 10.40 44.06 54.08 
Koya 7.42 1.48 7.00 11.04 1.91 0.94 10.11 39.90 48.96 
Argo 5.40 1.14 5.76 12.92 1.01 0.75 6.81 33.78 41.45 
Dalgo 5.65 1.23 5.75 11.94 2.54 1.65 7.62 36.37 44.63 
Kadamos 5.49 0.98 4.32 10.35 1.19 0.75 7.59 30.66 37.62 
Kaden 7.12 1.18 6.33 13.06 1.71 0.88 8.69 38.96 47.81 
Sabo 8.77 1.71 8.25 13.02 1.97 1.07 9.97 44.76 54.93 
Gadi 6.03 1.47 5.66 12.42 0.50 0.73 8.16 34.97 42.91 
Firaig   6.20 1.38 5.64 13.11 1.64 0.79 8.54 37.30 45.77 
Abu Fatima 6.50 1.26 6.05 13.47 1.66 0.84 8.46 38.22 46.91 
Kerma Alnuzul 5.57 1.02 5.02 13.22 1.38 0.69 6.70 33.60 41.24 
Kerma Albalad 7.05 1.45 5.78 14.22 1.73 0.84 9.01 40.07 49.17 
Kerma Albalad 4.94 1.08 5.35 12.90 1.37 0.74 7.28 33.67 41.32 
Alburgage project 5.11 1.02 4.96 10.26 1.28 0.68 6.49 29.80 36.57 
Hoad Alselaim 5.72 1.29 5.57 10.53 1.41 0.75 7.23 32.50 39.89 
Jebel Albarkel  5.70 1.17 4.95 11.51 1.51 0.66 7.96 33.47 41.08 
Alkaro 6.33 1.44 6.08 13.08 1.71 0.82 8.72 38.19 46.87 
Marawi-East  5.78 1.24 5.84 12.33 1.58 0.83 7.34 34.93 42.86 
Tangasy Alsouq 5.41 1.25 4.99 11.39 1.48 0.68 7.34 32.54 39.94 
Algurer 5.90 1.24 5.40 12.44 1.07 0.74 8.40 35.20 43.19 
Maganarty (kourti) 7.02 1.47 6.50 12.62 1.86 0.90 9.13 39.48 48.45 
Hesseinarty 7.54 1.67 6.13 13.00 1.90 0.90 9.28 40.42 49.61 
Murraga 6.19 1.44 6.67 9.99 1.71 0.88 8.37 35.25 43.26 
Bina project 8.70 1.73 7.51 10.86 2.33 1.02 12.21 44.36 54.44 
Bina project  9.87 2.09 8.79 14.25 2.85 1.28 13.29 52.42 64.33 
Jabel Bina 10.22 2.01 7.24 10.89 3.09 0.99 14.00 48.44 59.45 
Tenco Project 8.87 1.77 7.06 11.76 2.30 0.97 11.59 44.33 54.40 
Alagaba 8.71 1.92 6.74 8.30 2.23 0.87 11.26 40.02 49.11 
Albanton 6.21 1.25  13.48  0.72 8.72 30.37 37.27 
Karema  5.77 1.21 4.25 10.78 1.35 0.57 7.81 31.74 38.95 
Marawi 13.07 2.90 7.73 17.46  0.98 17.54 59.67 73.24 
Amdom-Marawi 8.58 1.90 8.27 21.36  1.13 12.02 53.28 65.38 

Av. 6.92 1.44 6.20 12.15 1.57 0.88 9.23 37.99 46.62 
Std. 1.68 0.36 1.35 2.48 0.60 0.22 2.29 6.95 8.53 
Min. 4.92 0.98 4.11 6.56 0.46 0.57 6.49 25.07 30.76 
Max. 13.07 2.90 10.32 21.36 3.09 1.65 17.54 59.67 73.24 
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        Table 12: Absorbed Dose rates in air at 1 m height (nGy/h ) due to gamma emitting nuclides from    
            238U, 232Th series and 40K as derived using GEANT DRCFs and Annual effective dose (µSv/y) 

 Locations 228Ac 212Bi 214Bi 40K 212Pb 214Pb 208Tl Abs. Dose rate Ann. Eff. Dose 
Kabtood-Dongola 7.63 1.55 6.34 12.63 1.13 0.80 10.00 40.07 49.18 
Algarada  7.45 1.39 4.28 14.10 1.28 0.79 10.50 39.78 48.82 
Alzorat 6.30 1.41 4.57 13.45 1.02 0.82 8.52 36.09 44.29 
Alzorat- North 5.62 1.21 5.97 10.68 0.46 0.77 7.98 32.68 40.11 
Alagaba 6.15 1.43 5.94 13.33 0.00 0.73 8.74 36.32 44.57 
Gaa�b Abunamel 5.46 1.15 5.63 7.54 0.79 0.71 7.33 28.60 35.10 
Gaa�b Kogel 5.04 1.07 4.75 6.88 0.61 0.61 7.10 26.06 31.98 
Gaa�b Allegia 8.85 1.91 10.74 9.51 0.00 1.48 13.10 45.60 55.96 
Alkantash 7.20 1.56 7.29 12.61 0.00 0.95 9.75 39.36 48.30 
Masho 8.26 1.58 7.43 11.46 1.43 0.98 11.24 42.38 52.01 
Alhafeer 7.54 1.57 8.55 16.18 0.00 1.13 10.92 45.89 56.32 
Koya 7.61 1.53 7.28 11.58 1.90 0.92 10.61 41.44 50.85 
Argo 5.53 1.18 5.99 13.55 1.00 0.74 7.15 35.14 43.13 
Dalgo 5.79 1.27 5.99 12.52 2.52 1.63 8.00 37.71 46.28 
Kadamos 5.62 1.01 4.50 10.86 1.18 0.73 7.96 31.87 39.11 
Kaden 7.29 1.22 6.59 13.71 1.70 0.86 9.12 40.49 49.69 
Sabo 8.99 1.77 8.58 13.65 1.96 1.05 10.47 46.48 57.04 
Gadi 6.18 1.52 5.89 13.03 0.49 0.72 8.56 36.40 44.67 
Firaig   6.35 1.43 5.87 13.75 1.63 0.78 8.97 38.78 47.59 
Abu Fatima 6.66 1.30 6.29 14.13 1.65 0.83 8.88 39.74 48.77 
Kerma Alnuzul 5.71 1.05 5.23 13.87 1.38 0.68 7.03 34.94 42.88 
Kerma Albalad 7.22 1.50 6.01 14.92 1.72 0.82 9.46 41.65 51.12 

Kerma Albalad 5.06 1.12 5.57 13.54 1.37 0.73 7.65 35.03 42.99 

Alburgage project 5.24 1.05 5.16 10.77 1.27 0.67 6.82 30.98 38.02 
Hoad Alselaim 5.86 1.34 5.80 11.05 1.41 0.73 7.59 33.78 41.45 
Jebel Albarkel  5.84 1.21 5.16 12.08 1.50 0.65 8.36 34.80 42.71 
Alkaro 6.49 1.49 6.33 13.72 1.70 0.81 9.15 39.70 48.72 
Marawi-East  5.92 1.28 6.07 12.94 1.57 0.81 7.71 36.30 44.55 
Tangasy Alsouq 5.55 1.29 5.19 11.94 1.48 0.67 7.71 33.83 41.52 
Algurer 6.04 1.28 5.62 13.05 1.07 0.73 8.82 36.62 44.94 
Maganarty (kourti) 7.19 1.52 6.76 13.24 1.85 0.89 9.58 41.02 50.34 
Hesseinarty 7.73 1.73 6.38 13.64 1.89 0.89 9.74 42.00 51.54 
Murraga 6.34 1.49 6.94 10.49 1.71 0.86 8.79 36.61 44.93 
Bina project 8.92 1.79 7.82 11.39 2.32 1.00 12.82 46.06 56.52 
Bina project  10.12 2.16 9.15 14.95 2.84 1.26 13.95 54.42 66.79 
Jabel Bina 10.47 2.08 7.54 11.42 3.07 0.98 14.70 50.26 61.68 
Tenco Project 9.09 1.83 7.35 12.34 2.29 0.96 12.17 46.03 56.49 
Alagaba 8.93 1.98 7.01 8.70 2.21 0.85 11.82 41.52 50.95 
Albanton 6.36 1.29  14.14  0.71 9.15 31.65 38.84 
Karema  5.92 1.25 4.42 11.31 1.34 0.56 8.20 33.00 40.50 
Marawi 13.39 3.00 8.05 18.32 0.00 0.96 18.41 62.13 76.25 
Amdom-Marawi 8.80 1.97 8.61 22.41 0.00 1.11 12.62 55.52 68.14 

Av. 7.09 1.49 6.46 12.75 1.33 0.87 9.69 39.49 48.47 
Std. 1.73 0.38 1.40 2.60 0.79 0.21 2.40 7.22 8.87 
Min. 5.04 1.01 4.28 6.88 0.00 0.56 6.82 26.06 31.98 
Max. 13.39 3.00 10.74 22.41 3.07 1.63 18.41 62.13 76.25 
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