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ABSTRACT

This study presents the results of radiometric investigation of soil and beach sand in
Zanzibar. The activity concentration of natural radionuclides (*°K, and **Th and #®U
decay products) in beach sand and soil samples was measured in-situ using the Nal(Tl)
and the MEDUSA gamma ray detectors and ex-situ using the low background HPGe

detector system,

The activity concentrations of 2*2Th, *®U and *° K in beach sand are much lower than in
soil samples, with one major exception at Kukuu. Two beach sand samples from Kukuu
beach were found to have enhanced radioactivity levels due to the presence of heavy

minerals.

The spatial distributions maps for “°K, ?*®U and %**Th show large variation in soil
samples for two relatively small islands. These strong variations are unexpected, that

could have implications for agriculture, is one of the major outcomes of this study.

The outdoor gamma dose rates obtained in beach sand and soil samples ranged from 3 to
2156 nGy h™ and 50 to 294 nGy h™*, respectively. The highest absorbed dose rates in soil
samples and beach sand are respectively 5 and 38 times higher than the average world
level of 57 nGyh™ for terrestrial doses (UNSCEAR, 2008). Apart from the Kukuu black
sand samples that contain the high U and #*2Th levels, the beach sands and soil in this
study do not pose any radiological threat to the public using beaches for various
activities.

Based on elemental concentrations, the beach samples in the study area have been

classified into four groups; silicate sand (rich in SiO;), carbonate sand (dominated with



Ca0), mixed sand (with high amount of CaO and SiO,) and heavy mineral sand (with
high contents of Fe,Ozand TiO..

A strong correlation between SiO,, Fe,O3, TiOy, Zr, V, Ce, Nb, Hf, Y, La, and Nd show
these elements are linked with high activity concentration of 2**Th in the studied samples.
Moreover, the high concentrations of Y, V, P,Os and Fe,O3 in the beach sand samples

may relate to high 2*®U activity concentration.

This study set out to investigate how radiometric studies can quickly and easily provide
an idea of the variation of soil type found over a large area as well as provide detailed
information on a small scale such as the beach where heavy minerals were found. The
in-situ laboratory measurements were supplemented by XRF and ICP-MS measurements

of samples to investigate the distribution of heavy mineral sands.
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CHAPTER 1
Introduction

1.1 Background

Since time immemorial, human beings have always been exposed to radiation. This
radiation originates from cosmic rays and from radioactive nuclides in the earth’s crust
(Mohanty et al., 2004; UNSCEAR, 2008; Suresh et al., 2011b). Cosmic radiation consists
mainly of high-energy particles from the sun and outer space. It interacts with the earth’s
atmosphere to give rise to a secondary radiation of particles and gamma-rays, which
prevail at the earth’s surface. Natural radionuclides arising from the earth’s crust are not
uniformly distributed, their levels and distribution pattern depends upon the local geology
of each region of the world, geographical conditions, transport processes as well as
sediment formations (Alam et al., 1999a; UNSCEAR, 2008). The most significant natural
radionuclides in soils, beach sands and rocks are potassium (“°K), thorium (*2Th) and
uranium (**®U) and their decay products (also called terrestrial radionuclides). Since these
natural radioactive nuclides have very long half-lives, their presence in soils, beach sands

and rocks can simply be considered as permanent (Yasir et al., 2007).

Studies on natural background radiation performed worldwide have resulted in the
discovery of areas with high natural background. For instance, in the coastal areas of
Guarapari and Rio de Janeiro in Brazil (Carvalho et al., 2007); Kerala and Orissa on the
southwest coast of India (Jibiri et al., 2007); and Yangjiang in China (Wei et al., 1990;
Tao et al., 2012). In those areas, the high background radiation is due to the presence of
monazite sands which are rich in thorium (Jibiri et al., 2007). In some areas in the United
States of America such as Denverand Reading Prong, the radiation level is 10 times more
than the usual concentration. The soil in these areas were found to be rich in uranium
series radionuclides (Saueia and Mazilli, 2006). Additionally, water rich in *°Ra and its
decay products from hot springs which flow in Badgastein in Austria (UNESCO, 2003),
and Mabhallat and Ramsar in Iran (Sohrabi, 1993; L’ Annunziata, 2007), have been found
to cause elevation of exposure for people working in the spa centres using the hot spring
water for therapeutic purposes (Bolca et al., 2007).
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As a consequence of being exposed to natural and artificial radiation, mankind receive
radiation doses externally due to the gamma ray exposure of the body and irradiation of
lung tissue from inhalation of radon and its daughters. Although dose received from
natural radiation is small, over exposure may produce damaging biological effects and
ingested and inhaled radiation can be a serious health risk (Rowland, 1978). In Kerala,
on the west coast of India, residents receive 0.05 — 26 mSv annually, due to the presence

of monazite sand (Ramasamy et al., 2013).

Apart from radiation exposures due to living in close proximity to the earth’s crust,
human beings are also exposed to additional radiation when the earth crust products (oil,
gas, coal, coal ash, minerals) are extracted, refined, and used. The NORM (Naturally
Occurring Radioactive Materials) in these products is concentrated into what is called
TENORM (Technologically Enhanced Naturally Occurring Radioactive Materials). In
general, the hazards of exposure to TENORM during the extraction and processing of
earth materials are relatively small compared to the hazards of exposure to other
chemicals. The doses received for instance by those intentionally spending time in these
environments with high background radiation (e.g., tourists, workers, and miners) are
much greater (Eisenbud 1997; UNSCEAR 2008).

Exposure to naturally occurring radiation dose received by the world population accounts
for up to 85%, while artificial sources accounts for the remaining 15% as shown in
Figure 1.1 (Al Azmi et al., 2013). The inhalation of radon alone contributes about 50% of
the total radiation exposure received by the population from natural sources internally,
followed by external exposure due to gamma-rays from terrestrial radionuclides and

cosmic rays.

The dose from natural radiation varies from one country to another. In general, there is no
regulation for limiting the exposure dose received by populations from the natural
background radiation because the NORM concentration is generally rather low.
Nonetheless, NORM concentrations can be increased above average natural background

levels through human activities such as agriculture, use of radioisotopes for medical



purposes, educational activities and electric power generation (Bernard, Z., 1995; Singh
et al., 2005). An accidental discharge from these radioisotopes can cause radioactive
contamination into the natural environment. Hence, NORM can also be found at elevated

levels.

® Medicine 14%
m Nuclear Industry 1%
» Soil/Buildings 18% |
B Cosmic 14% _Natural

= Radon 4204 Radiation
n Food/water 11%

Figure 1.1: Average annual doses to the world population from various sources (Al Azmi
etal., 2013)

The IAEA (International Atomic Energy Agency) reports that the exposure from natural
radiation to public is of little or no concern in most cases, except those working with
mineral ores (Ramli, 1997). However, the WNA (World Nuclear Association) states that
any dose of radiation involves a possible risk to human health (Kannan et al., 2002). The
UNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radiation)
established that the world mean dose from natural radiation sources of normal area is
estimated to be 2.4 mSvy™ while for all artificial sources including exposure, is about
0.8 mSvy ! (UNSCEAR, 1993).

Studies on the natural radioactivity on beach sands have shown that heavy minerals such
as monazite and zircon are among the constituents of minerals available in various
beaches around the world. For instance, the studies by the NGD (Nuclear Geophysics
Division) of the University of Groningen to determine whether heavy minerals are found
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along the Dutch coast (De Meijer et al., 1990) revealed that in the presence of heavy
minerals the exposure rates are higher. The research study included other locations as
well e.g. beaches of the island of Texel, Ameland and Baltic coast. In those studies,
differences in the radioactivity level were again observed (Greenfield et al., 1989), which
showed that the heavy mineral composition of the sands had differences (De Meijer et al.,
1990). In all these studies the locations were mapped by collecting samples and
measuring them individually on a high purity germanium detector in a laboratory set-up.
To map large areas more efficiently the MEDUSA (Multi Element Detector system for
Underwater Sediment Activity detection) detector was used (De Meijer and Donoghue,
1995).

In various parts of the world where the study of background radiation and NORM were
carried out, the results show the variation in the radionuclides distribution as well as the
dose received by general public and NORM workers. However, no work has been carried
out so far in Zanzibar to investigate the natural radiation background which in turn allows
the assessment of the potential hazards associated with natural background radiation.
Thus, it is necessary to understand the distributions and levels of radioactive nuclides
present in beach and soil since they provide useful information on the monitoring of
environmental contamination by radioactive materials in the natural environment. This
research study explores the distribution of natural radionuclides by estimating their
activity concentrations. Radiological hazards parameters such as the absorbed dose rate,
the radium equivalent activity, radiation hazard indices and the annual effective dose of
soil and beach sands from the Zanzibar coastline were also investigated. Furthermore,
very few geological studies have been carried out in Zanzibar. This study initially
measured the radioactivity in the soil and various beaches in-situ. This provided a very
useful indication of from which part of the islands samples should to be taken for

laboratory analysis.

In this regard, gamma spectrometric techniques which are key analytical tools for the
characterization and determination of the isotopic signatures of several environmental

samples were utilised together with complimentary chemical analytical tools. The



influence of heavy minerals composition to beach sand natural radioactivity in a selected

beach has been carried out in this study.

1.2 Aims of the study

This study aims to examine the distribution of *®U, ?*?Th and “°K concentration in
Zanzibar’s coastal and some inland sediments. The exposure associated with natural
radioactivity emitted from soil and beach sand will also be investigated. (In this thesis
“soil” will usually refer to samples collected inland and “sand” for the samples from the

beaches)

The specific objectives of this study are:

e To evaluate the level of natural radionuclides (*’K, U and ***Th) in soils and
beach sands from Zanzibar coastline

e To evaluate the use of the in-situ natural nuclide measurements to guide
sampling

e To study spatial distribution of “°K, *®U and ***Th in soils and beaches,
thereafter construct radiation maps of the area

e To assess external exposure levels and radiological risks associated with the
use of the Zanzibar coasts for various activities for instance tourism and
seaweed farming

e To assess the link between major and trace elements composition on level of
the natural radiation in beach sand using multivariate data analysis techniques

e To investigate the distribution of heavy mineral sands

1.3 Justification of the study

Various developed countries (e.g Australia, Canada, Switzerland, Slovenia, UK and
USA) have performed studies to monitor the distribution of natural radionuclides and
have generated their country wide baseline data of natural radioactivity levels on a
reasonably small grid size (Darko, 2004). They have also generated radiometric maps of

their territories. Some developing countries are also working hard to ensure that the



information regarding natural radioactivity are available. Such projects have been
completed through collaborative efforts of research students, scientific institutes and
universities. These developments have been possible using gamma (y) and alpha (o)

spectroscopic techniques.

The gamma (y) radiometry technique is a well developed and consolidated method for
radioactive investigation (Chiozzi, 2002; Tyler, 2008). It has a wide range of applications
such as mineral exploration (IAEA, 2003), geological mapping (IAEA, 1976a) and study
of provenance and transport processes of sediments along the coast (De Meijer, 2001;
Anjos et al., 2005, 2011). The method is used to monitor environmental radiation by
assessing levels of NORM in soil (Mlwilo, 2010; Santawamaitre et al., 2011; Darko et
al., 2015), beach sand (Freitas and Alencar, 2004; Lu, X. and Zhang, X. 2006; Veiga et
al., 2006; Malain et al., 2010), building materials (Ahmad et al., 1998; Matiullah et al.,
1998) food (Adeniji et al., 2013; Chen et al., 2016) and mine dumps (Lindsay et al., 2004;
Ongori et al., 2013).

Despite the interest of the scientific world to study the distribution of natural radiation, its
radiological impact on human beings and its application for decades, no published
information is available regarding the distribution of natural radiation in Zanzibar. Hence
background radiation levels in Zanzibar are not known. This information is required by:
(1) the manufacturing and construction industries to determine the radiation they
generate, (2) the environmentalists for environmental monitoring and (3) radiation

protection experts.

Human activities such as the use of fertilizers, mining, oil and gas explorations may result
in changes in the coastal zones as well as the levels of NORM. Recently 2016, the
Zanzibar House of Representative has passed a bill to establish ZPUDA (Zanzibar
Petroleum Upstream Development Authority) which will pave a way for oil and gas
exploration in the Zanzibar archipelago. Hence the findings of this study could be used
as a baseline in future long term monitoring studies of NORM. The baseline

measurement of the activity concentration level in the natural environment will also offer



the opportunity to document present conditions in order to scientifically assess possible
future changes due to other external factors.

The coastline of Zanzibar is used for maritime commerce, fishing and seaweed farming.
Its beaches are highly popular touristic destinations and are among the famous summer
destinations in the Eastern Africa region. The frequently visited beaches include Nungwi
(North of Unguja Island), Mchanga Mle, Michamvi and Kizimkazi (South of Unguja
Island), Kiwengwa, Matemwe, Pwani Mchangani and Pongwe (East Coast of Unguja
Island) and Shangani and Forodhani (in the Stone Town, West of Unguja). In Pemba,
Vumawimbi which is situated in the northern part of the island is the only famous tourist
site until now. Beach sands are used as building materials in some parts of Zanzibar while
soil is used in construction of traditional mud dwellings (Figure 1.2). Hence, it is
essential to investigate the potential radiological hazard associated with ionising radiation
from the soil and beach sand for people using the Zanzibar coast, its sand and soil for
various activities. This will help in creating public awareness on the possible
consequences of over exposure to ionising radiation. The information on the radioactive
dose received by the people using the Zanzibar coastline will help regulatory bodies in
formulation of policies regulating public health and environment. Apart from the above
mentioned importance of this project, in case relatively high levels of radiation were

found, the possible origin of such an anomaly will be investigated further.

Figure 1.2: Traditional houses built with beach sand (left) and soil (right).



1.4 A review of NORM studies

There is an enormous literature concerning the levels of natural radiation from beach
sand, marine environment and soil samples worldwide. However, the number of studies
carried out in Tanzania and neghbouring countries (East African region) remains
somewhat limited by comparison, and currently no study has been reported on the
radioactivity levels of Zanzibar. Most of these studies show that most soils contain
nuclides of the *®U and ***Th series and “°K, with a range of concentrations which varies
broadly.

1.4.1 Worldwide NORM studies

Chowdhury et al. (1999) conducted a study to determine the activity concentrations of
naturally occurring radioactive materials in river sediments and coastal soils in
Chittagong, Bangladesh with an aim of evaluating the environmental radioactivity and
the radiation hazard. The mean activity of ?°Ra, %*?Th and *°K observed in Chowdhury’s
work was approximately 1.6, 3 and 2 times higher than the world average which are 35
Bqg.kg™, 30 Bg.kg™® and 400 Bq.kg™ respectively (UNSCEAR, 2000). The previous
background radiation survey by the Bangladesh Atomic Energy Commission showed that
the external background radiation level of this region is approximately two times higher
than the world average value reported by UNSCEAR 1988 Report.

Firyal Bou-Rabee from the University of Kuwait conducted a study in the Arabian Gulf
on the levels of activity concentration of *®U, 2?Th, K, and **’Cs. The soil samples
were collected from 83 different locations across Kuwait at a depth of 5 cm to 100 cm.
The average activity concentrations were found to be 13 Bg.kg™, 10 Bg.kg™, 370 Bg.kg™,
and 3 Bg.kg™ respectively (Bou-Rabee, F., 1997).

In Southern Italy, Bellia et al. (1997) performed gamma ray measurements for 238U, **Th

and “°K on rocks and soils of the island of Ustica. The concentrations obtained ranged



from 15 to 164 Bqg.kg™, 16 to 174 Bq.kg™ and 201 to 1350 Bq.kg™, respectively. The
gamma activity levels were compared to the mineralogical and chemical data obtained by
XRD and XRF analyses. The observed levels of the primordial radionuclides
corresponded to the magmatological features of the rocks.

The barren and cultivated soils of Bio-saline Research Station in Pakka Anna, Pakistan
were collected by Akhtar et al (2005) for determination of radioactivity levels. In the
barren soils radioactivity levels due to %**U, ***Th and “°K were found to be in the range
of 26 to 32 Bq.kg, 51 to 55 Bq.kg™, and 500 to 610 Bqg.kg™, respectively. Similar results
were found in fertilised soils; 30 to 39 Bq.kg™, 51 to 64 Bg.kg™, and 560 to 636 Bg.kg™,
respectively. The results from the two soils segments were found to be within the world
median ranges of 17 to 60 Bq.kg™, 11 to 64 Bg.kg™ and 140 to 850 Bq.kg™ respectively
(UNSCEAR, 2008).

In 2001, Goddard et al., (2001) measured the levels of activity concentration in soil from
112 locations of the Sultanate of Oman. The soil samples were collected from areas with
greater population and geological interest. Goddard found that the capital area, Muscat,
had the highest background dose rate and explained that higher levels of dose are due to
the presence of shale and quartzite rocks in the geology formation of the area, both of
which are rich in ?°Ra and %**Th.

Akram et al., (2006) determined the concentration of natural radionuclides in the bottom
sediments of Karachi Harbour/Manora channel area. Samples from Layari River were
also analyzed to account for background contribution from terrestrial sources. The
activity in sea sediment samples from these areas was found to be lower than the world
average for ?°Ra, ?*°Th and “°K. The mean values of radium equivalent activity,
absorbed dose rate and annual effective dose were 89 Bq.kg™, 44 nGyh™ and 0.06 mSvy™
respectively. The value of effective dose was much less than the level of 1 mSvy™,

recommended by ICRP (International Commission on Radiological Protection).



Veiga et al. (2006) determined the distribution of natural activities produced by “°K,
?Ra and 2*2Th, for sand samples collected along the coast of four Brazilian States. For
some specific beaches, the values of the gamma ray radiation hazard indices exceeded
both the mean worldwide exposure (2.4 mSvy ') due to natural sources and the limits
proposed by OECD (Organization for Economic Cooperation and Development for
building materials). The mean values of the radium equivalent activities were evaluated
and found to be 696 Bg.kg™' in Mambucaba, 1621 Bg.kg™ in Buena, 2289 Bg.kg™ in
Anchieta, 10 205 Bqg.kg™" in Meaipe, 83 425 Bq.kg™' in Guarapari, 531 Bg.kg™ in
Vitéria, 2026 Bq.kg ™" in Serra, 3240 Bq.kg* in Sd0 Mateus, 3075 Bq.kg* in Porto
Seguro and 1841 Bg.kg™* in ltacaré. These values are above the limit (370 Bg.kg™)
recommended for the safe use of building materials for dwelling by OECD.

Radenkovi¢ et al. (2009) determined the activity concentrations for the radionuclides
2%Ra, **Th, and “°K in the sand samples from Manhattan Beach (USA), Patara Beach
(Turkey), Copacabana Beach (Brazil) and Great Beach of Ulcinj (Montenegro). Results
of the sand samples randomly taken from both sea and river beach areas of the tourist
zone, showed low activity concentration of naturally occurring “°K, as well as natural

radioactive series originating from #°Ra and ***Th.

Santawamaitre (2011) investigated the levels of naturally occurring radioactivity in
surface soils along the Chao Phraya River, Thailand. Activity concentrations of ?*°Ra,
22Th, and “°K were found to be 55 to 65 Bg.kg™, 61 to 69 Bq.kg™ and 393 to 478 Ba.kg"
! respectively. From the study, Santawamaitre concluded that the radiation hazard from
primordial radionuclides in all soil samples from the area studied in his study is not

significant.

Ashnani et al. (2010) measured the average activity concentration of ?°Ra, “°K and **Th
in water, soil and sediment samples from the Aras River, south west of the Caspian Sea.
In water, soil and sediment samples the mean activity concentrations of “°K and **Ra
were 264 Ba.kg™ and 4 Bq.kg™ respectively and in soil and sediment samples the mean

concentrations of activity of 2*Th was 20 Bg.kg™. From the results obtained, in one third
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of the samples, the activity of “°K is very high and other natural activities are in the range

of the background radiation.

Ramasamy et al. (2011) studied the contents and mineral characteristics of the natural
radionuclides 2**U, #**Th and “°K of Ponnaiyar river sediment samples using gamma ray
spectroscopy and FTIR (Fourier Transform Infra Red) technique respectively. The
findings of their study showed kaolinite is the major mineral to increase the level of

radioactivity in the river sediments.

Hamidalddin, (2013) measured the concentrations of ***2**U, 2*Th series, and “°K in the
sediments along the Red Sea Coast (South Beach of Jeddah Saudi Arabia) by HPGe
gamma spectrometer. They showed that activity concentration values and calculated
parameters are within the international limits. They finally concluded that the results can

be considered as base values for distribution of natural radionuclides.

Mohery et al., (2014) investigated the natural radiation levels in soil and sediments
collected from Jeddah, Saudi Arabia. The activity concentration for 22U, %*Th and “°K
were found to be 9 to 17 Bg.kg™, 3 to 8 Bg.kg and 349 to 486 Bq.kg™, respectively. In
all analysed samples, the natural radiation levels are within the acceptable levels.

In some areas around the world, the levels of NORM is very high. Sohrabi (1998),
conducted a review study on areas with elevated levels of NORM. This study concluded
that elevations of NORM in different regions are attributed to geological structure and
geochemical movements of the radioactive materials in the soil. Among the areas
mentioned in Sohrabi’s work are Morro de Ferro and Meaipe in Brazil (Carvalho et al.,
2007), Kerala coast in India (Jibiri et al., 2007) and Yangjiang in China (Tao et al., 2012).

According to Sohrabi, the elevated levels in those areas are due to the presence of
monazite sand, phosphate deposits, uniferous granite rocks, alum shale and water rich in
22Ra (Sohrabi, 1997). Other causes of elevated levels of natural radioactivity include use

of phosphate fertlizers (Khater and Al-Sewaidan, 2008). Areas such as Joachimstal in

11



Czech Republic and Schlema, Schneeberg, and Saxony in Germany are well known for
higher levels of indoor exposure. The main reason for indoor exposure is due to the use
of construction materials rich in *Ra content such as tailings from uranium mining
(Wikimedia Commons, 2009). Kerala and Tamil Nadu in India, Saxony in Germany,
Guarapari in in Brazil and Ramsar City in Iran have been classified as areas with very
high level of natural radiation with an average dose rate exceeding 10 mGyy*
(UNSCEAR, 1993).

1.4.2 NORM studies in Tanzania and other African countries

In Tanzania, few studies have been conducted to establish baseline data for radiological
surveillance. These studies have been conducted in the areas with uranium deposits or in
the selected villages in the neighbourhood of the deposit, in phosphate rocks, soil and

water samples and staple foods used in Tanzania.

For instance, Lolila (2011) performed dose rate measurement at Mkuju River in Ruvuma,
which is close to a proposed uranium mine. An average dose rate in air from external
irradiation from Lolila’s study was found to be 100 nGyh™ and annual effective dose of
about 0.12 mSv at Mkuju River in Ruvuma. The dose rate in air at the proposed Mkuju
uranium pit was found to range from 647 - 23360 nGyh™ which corresponds to annual
effective dose of 9.6 mSv and 26.4 mSv respectively.

Banzi et al., (2000) measured natural radioactivity at Minjingu phosphate rocks in
Tanzania and found that there was high concentrations of ?°Ra in phosphate rock, waste
rock, wild leaf vegetation and edible leaf vegetation. Banzi et al. (2000) suggested that

there is a radiation health risk at Minjingu particularly when the samples are ingested.

The activity concentration of *U, %*Th and “°K in maize which is one of the staple
foods in various regions in Tanzania were determined using HPGe detector (Mlwilo et
al., 2007). The mean activity concentrations in maize from five studied regions ranged
from 2 to 24 Bq.kg™ for 2U, 2 to 38.9 Ba.kg™ for ?*Th and 42 to 435 Bq.kg™ for “°K.
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Total annual committed effective dose due to total **U and #**Th intakes as a result of
consumption of maize in five regions were as follows; Manyara (1.46 mSvy™), Mbeya
(0.31 mSvy™), Dodoma (0.21 mSvy'), Ruvuma (0.19 mSvy™) and Dar es Salaam
(0.08 mSvy). The dose value from Manyara was almost the same to the annual dose
guideline for the general public which is 1 mSvy™, whereas for other regions the doses
are low. Mlwilo et al. (2007) concluded that the relatively high mean concentrations of
the radionuclides in maize compared to rice may be attributed to the extensive use of
phosphate fertilizers in maize production in Tanzania.

Mohamed and Mazunga (2013) determined the radioactivity levels of 30 soil samples and
20 water samples from Likuyu village (South of Tanzania) which is 54 km east of the
uranium deposit. The mean radioactivity concentrations of the natural radionuclides
28, 22Th, and “°K obtained in the soil samples using an HPGe detector were higher
than the worldwide mean concentrations value of these radionuclides reported by
UNSCEAR (2000). However, the mean activity concentration value of **U (2.35 Bql™)
and ?2Th (1.85 Bgl™) in water samples was similar and comparable to their mean

concentrations in the control sample collected from Nduluma River in Arusha.

In Kenya, Kinyua et al. (2011) studied the levels of radionuclides in quarries in the Kisii
district and reported a range of 39 to 272 Bq.kg™ for %2Th, 43 to 360 Bq.kg™ for **Ra,
and 245 to 1780 Bq.kg™ for “°K. The average absorbed dose rate 1m above the ground
level for the five quarries was found to be 541 nGyh™, while the calculated total absorbed
dose rates were found to average 178 nGyh™ below the surface. This is about 4 times
higher than the world mean of 43 nGyh™. Assuming a 40% occupancy factor, the
corresponding annual effective dose rates due to the radionuclides in the quarries ranged
from 0.22 to 0.86 mSvy*, with a mean of 0.44 mSvy™. The internal and external hazard
indices were 1.03 and 1.27, respectively, hence slightly exceeding the permissible limits
of 1 by ICRP (1990).

Langat et al. (2014) carried out gamma ray spectroscopic analysis of sediment deposits at

the shores of Lake Nakuru. The results obtained showed average activity concentrations
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of 37, 44 and 708 Bq.kg™ for U, **Th and “°K, respectively. Langat et al. 2014
concluded that the radiation hazard from terrestrial naturally occurring radionuclides in
the study area is insignificant. Other studies of natural background radioactivity
concentration in the environment and in the building materials in Kenya include those
done by Patel el al. (1991), Mustapha et al. (1997), Hashim et al. (2004), Chege (2014)
and Kaniu et al. (2018).

Mbatha (2007) carried out radiometric measurements of “°K, *®U and %**Th to study the
textural characteristics, heavy mineral composition, provenance, sediment transport and
depositional environment of the Melkbosstrand and the Ouskip beach placer deposits,
West Coast of South Africa. The measured activity concentrations of 22Th and #**U from
Melkbosstrand beach showed higher levels compared to the Ouskip beach. The higher
level of “°K concentrations observed in the Ouskip group shows more enrichment of
lighter minerals such as potash feldspars and quartz sands. Based on the “°K
concentrations in the two beach zones, Mbatha (2007) concluded that the sand particles
were derived from the Cape Super group and the Table Mountain Group, occurring in

close proximity to the West Coast.

Gamma radiation measurements of sediment samples along the Upper Egypt Nile River
region starting from Aswan in the south to the north of EI-Minia Governorate were
conducted by El-Gamal (2007) using a high resolution HPGe detector. The gamma
measurements of the alluvial sediments revealed the presence of the natural long-lived
radionuclides #*®U, *Th and “°K with concentrations that varied widely. The ranges of
their activity concentrations were 4 to 5 Bg.kg ™', 3 to 30 Bg.kg™' and 112 to 313
Bqg.kg ™', respectively. El-Gamal (2007) concluded that the variation is contributed to the

pertinent environmental situation such as the presence of dams, barrages and sediments

type.

Measurement on the natural radioactivity levels in surface soils of Kitchener in the Nile
delta of Egypt was done by Yousef et al. (2007). It was noted that the activity

concentration of “°K was in the range of 17 to 99 Bg.kg™ while the concentration of >*°Th
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series ranged from 1 to 32 Bg.kg™ and for 28U series ranged from 2 to 51 Bq.kg™. The
absorbed dose ranged from 2 to 47 nGyh™. The variation in concentration of
radionuclides was due to the rate of precipitation by currents in the western and eastern
parts of the delta and presence of potassium salts.

Agbalagba and Onoja (2011) carried out the analysis of naturally occurring radionuclides
in soil samples collected from oil and gas field environment of Delta state, Nigeria. The
mean activity concentration of the “°Ra, ?**Th and “°K in the samples were 41 Bg.kg ™',
30 Ba.kg™' and 413 Bq.kg ™', respectively. The values obtained are in good agreement
with the world range and values reported elsewhere in other countries. The study also

examined some radiation hazard indices and was well below the permissible limit.

The activity concentrations of **U, ?*Th and “°K in soil and rock samples collected from
Ekiti and Ondo States in the South western Nigeria were performed by using a HPGe
detector. The mean activity concentrations of “°K, >®U and ?**Th in the soil were 152, 8
and 17 Baq.kg™?, respectively while those of the rock were 554, 26 and 61 Bg.kg™
respectively. Results showed that the activity concentrations of “°K, ?®U and ?**Th were
higher in the rocks than the soils of the areas studied. In the same study, the radiological
assessments due to exposure of natural radionuclides on the population in the region were
conducted. The mean values obtained for annual effective dose equivalent (AEDE) and
annual gonadal equivalent dose (AGED) for the soil were below ICRP recommended
limits of 1 mSvy™ and 300 mSvy™, respectively. AGED for the rocks was higher than the

maximum permissible limit (Majolagbe et al., 2014)

Agalga (2013) evaluated the activity concentrations of natural radionuclides #*®U, *Th
and “°K in the sediments of the Tono irrigation dam using gamma spectrometry. The
study was carried as part of efforts by the Ghana Atomic Energy Commission to acquire
data needed to set NORM standards for the country. From the study, the concentrations
of natural radionuclides ?*®U, **?Th and *°K ranged from 5 to 9 Bg.kg™ with a mean of
7 Ba.kg? for 28U, 6 to 8 Bg.kg™ with a mean of 7 Bg.kg™ for %?Th and 219 to
453 Bq.kg™? with a mean of 380 Bqg.kg™ for “°K. The assessment of radiological hazard

arising due to the use of dam sediments as a building material for the public was
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evaluated. The results were observed to be lower than limits internationally reported and

recommended for building materials.

CHAPTER 2
Theory

2.1 Introduction

This chapter presents the background theory of radioactivity. It starts by introducing the
origin of natural radioactivity in the environment followed by how a nucleus transform to
another nucleus. Special cases of equilibrium associated with radionuclides are
introduced in this section together with modes of radioactive decays. The chapter ends by

explaining gamma interaction with matter and how gamma rays are detected.

2.2 Origin of Environmental (Natural) Radioactivity

Natural radioactivity originates from both terrestrial and cosmogenic sources within the
earth’s crust and its surrounding. Natural radionuclides are widespread in all geological
formations like soil, sand, rock, air and water (Baeza et al., 1992; UNSCEAR, 2008;
Malain et al., 2010; Tzortzis et al., 2004; Ramasamy et al., 2013, Papadopoulos et al.,
2015; Kaniu et al., 2018). Apart from natural sources of radioactivity, anthropogenic
nuclides have been released in the environment through human activities.

A) Terrestrial (Primordial radionuclides) — these radionuclides have long half-lives
comparable to the age of the earth and therefore are only partially decayed to the
present day. The principal sources of environmental radioactivity monitored are
the 238U, *2Th series and *°K in the earth’s crust.

B) Cosmogenic radionuclides — these radionuclides are continuously formed due to
the interaction of stable nuclides (mainly oxygen and nitrogen) by cosmic rays in
the earth’s atmosphere (Eisenbud and Gesell, 1997). Cosmogenic radionuclides

include tritium (3H), carbon *C), and beryllium “Be/*°Be). These radionuclides
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are pure beta emitters with the exception of ‘Be which emits a characteristic
gamma-ray of 477.6 keV.

C) Anthropogenic (artificial radionuclides) — these radionuclides are found in the
environment due to: (i) nuclear weapons testing (e.g. Alamogordo, New Mexico,
1945); (ii) nuclear power plants (for production of electricity or releases due to
nuclear weapon production programs or nuclear fuel reprocessing installations);
(iii) nuclear bombing (e.g. Nagasaki and Hiroshima) (iv) commercial fuel
reprocessing; (v) nuclear accidents (e.g. Chernobyl accident in 1986, Fukushima
Daichi, 2011); (vi) nuclear medicine. Some of the common list of anthropogenic

radionuclides include *°Sr, **Tc, 21, 311, 3’Cs, 2'Np, %°Pu and ***Am.

2.3 Radioactive decay

Radioactive isotopes (also called radionuclides) undergo a process called radioactive
decay, a spontaneous transformation of an unstable atomic nucleus (of a parent
radionuclide, P) into another nucleus (daughter nuclide, D), accompanied by loss of

energy and emission of one or more particles.

In the simple case of radioactive decay, a parent radioisotope (P, unstable) can transform
from unstable to stable daughter (D, stable) using alpha («), beta () or gamma (y) decay
modes. In o« decay, ana particle (a Helium nucleus, He) is emitted. In this
transformation, the mother nucleus loses two protons and two neutrons. a decay usually
occurs in heavy nuclei with Z > 82 (Gilmore, 2008). In  decay, the atomic number (Z)
and the neutron number (N) of a nucleus each change by one unit, but the total mass
number, A = N+Z, remains constant (Krane, 1988). There are three sub-species of beta
decay, and all involve an electron or positron to achieve the conversion. These are

decay, B* decay and electron capture.

Gamma decay typically occurs after a or f decay in unstable nuclei. For each nuclide, the
rate and energy of y emitted during decay is unique, which is the basis for their

identification and quantification by means of y spectroscopy. The change of energy level
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from an excited to a ground state can proceed via single y emission or multiple emissions.
These emissions are characterized by certain half-life, which is usually very short in
comparison to the half-lives of the parent nuclei. An example of y-ray decay of ?®®Tl to
2%8py s depicted in Figure 2.1.

s+ 2081y . Half life = 3.1 min

A8 . 7T% N\ 21.8% N\ 24.5%

511 keV
2?]§ke\f
5-
860 ke¥ ; 583 keV
5-
2614 keV

+
0 —

208p), _stable

Figure 2.1: Decay scheme of 2Tl to ?®®Pb, data from: NNDC (2011).

Given a sample of particular radioactive isotope with a decay constant A, the number of
decay events, dN expected to occur in time interval, dt, is proportional to the number of

atoms present.

—dN
=== AN (2.1)

Rearranging and integrating with respect to N and t, and with initial conditions that the
number of atoms at t = 0 equals N, equation 2.1 becomes:

N = Nje (2.2)
Where N is the number of parent atoms remaining at time t and N is the initial number of

atoms att=0.

The number of daughters produced, D, is simply: D = N, — N
thus,
D=N,(1-—e™) (2.3)
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Equation 2.2 shows that the number of atoms of a given radioactive substance decreases
exponentially with time, provided no new atoms are introduced. At the end of certain
time interval t, the material will have decayed to half its original value. This can be
determined by setting N = No/2 and t; ,,= t in equation 2.2 yielding:

In2

In practice, it is more useful to consider the activity of a nuclide in a decay chain, rather
than the actual number of atoms. The activity, A, is the number of atoms of
disintegrations per second and is measured in Becquerel (Bg). The historic unit of activity
has been the Curie (Ci), 1Ci = 3.7 x 10'° Bqg, defined as exactly 3.7 x 10%
disintegrations/second, which owes its definition as the best available estimate of the
activity of 1 gram of pure ?°Ra.

A(t) = Aje™ (2.5)
sometimes also expressed as:
A(Y) = A, 2702 (2.6)

The use of activities simplifies comparisons between isotopes within the decay chains, as
the activities of all the isotopes in a decay chain should all be the same if they are in
secular equilibrium (see section 2.6.1). Radioactive decay is the process that enables
radioactive dating methods. By determining the decrease of the initial activity, the time
elapsed can be derived. The portion of the activity left after n half-lives can be expressed

as:
A(n.ty,) =A,.27" (2.7)
Radionuclides decay using one or many of these modes; a) « decay, - decay and y-
decay. Each mode of decay for every nucleus has a characteristic decay half-life. These
half-lives depend on the amount of excess energy, the mode of disintegration and the

underlying structure of the nucleus.
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2.4 Radioactive decay chains

Nearly all the naturally occurring radioactive elements do not decay directly to a stable
state, but rather undergo a sequence of several decays until a stable state is reached. They
form radioactive chains (also called radioactive series). These elements have been
grouped into three related series: the 233U series, the ***Th series and the ?*°U series. Each
decay series starts with a long-lived isotope, which decays until a stable isotope of lead is
achieved.

For instance, the *8U series (Figure 2.2) originates with the uranium isotope with a half
life of 4.51 billion years, and goes through a series of transformations that involves the
emission of alpha, beta particles and possible emissions of 458 y-rays before it ends up
with ®®Pb (De Groot, 2009).

The 2*2Th series (Figure 2.3) starts with a long-lived isotope of thorium with a half life of
14.1 billion years and goes through a series of alpha and beta-particle decays with 346
possible y-ray emissions similar in many respects to those of 8 series and terminates
with the isotope of *®Pb (De Groot, 2009). Members of the **®U series and the %**Th
series are important for assessment of natural radionuclides in both soil and beach sand
compartments which are the interest of this study. The details of their distribution in the
study area will be discussed in chapter 4.

The #*°U series was at one time believed to be an independent series, but its origin has
been traced to the rarer isotope of uranium of mass number A = 235. The end product of

the 2*°U series is an odd-numbered isotope 2°"Pb.
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Figure 2.2: A schematic illustration of the 28U decay series. Half-life times are given in
years (y), minutes (m), days (d), hours (h) or seconds (s); the most relevant y-ray emitters
are indicated with a green box (data from Browne and Firestone, 1986).
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Figure 2.3: A schematic illustration of the **Th decay series. The half-life of each
radionuclide in the series is given in years (y), days, hours (h), minutes (m) or seconds
(s); the most relevant y-ray emitters are indicated with a green box (data from Browne
and Firestone, 1986).

In addition to 2**U and ?*Th series radionuclides, a non-series natural radionuclide *°K,
with a half-life of 1.27 x 10° years, is wide spread in all types of rock, healthy animals
and human being with varying concentrations. In a human body of 70 kg mass, nearly
4,400 nuclei of *°K decay per second (Knoll, 2010). Out of 24 known isotopes of
potassium, three of them occur naturally: **K (93.3%), “°K (0.0117%) which is
the radioactive isotope of terrestrial importance and **K (6.7%) (Theodorson,
1996).

Although natural potassium contains only 0.0117% “°K in nature, but with an elemental
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abundance more than 10 times that of uranium and thorium by weight in soil and rock,
K contributes to the dose received by NORM at a level comparable to that from the

238 and **Th decay chains.

Naturally occurring “°K decays to stable “°Ca (88.8%) by B emission and to stable
“OAr (11.2%) by electron capture (EC) and by positron emission. Following the
electron capture decay, a y-ray at energy of 1.461 MeV is emitted as shown in

Figure 2.4.

4K (00119 %)

[B] 1047%

[B{1.314 Mev) |
80.33 %

LY — K-Capture] 0.2 %

¥(1.46 MeV)

4071

0Ca

Figure 2.4: The decay scheme of “°K to the excited state of “°Ar by electron capture,
releasing its characteristic 1460.8 keV y-ray (Pradler, et. al., 2013).

The concentrations of 23U, 22Th and “°K in typical rocks, soils and other media varies
widely. Table 2.1 shows the ranges of 2*U, ??Th and “°K from various countries as
reported by NCRP (1987).
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40
Table 2.1: The activity concentrations in Bg.kg™ of *®U, #*Thand K in soil samples
and coastal sediments from various parts of the world.

Location =5y “Th K Medium Reference
(or **Ra) | (or **Ra)

Algeria 5-27 7-27 93-412 Sand Noureddine et al.,
1997

Egypt 3-101 2-117 16-1379 Coastal | El-Reefy et al., 2006

Nigeria 53 26 505 Soil Ademola et al., 2014

China 18-787 2-225 281-891 Soil Zigiang et al., 1988

India 20-62 14-48 61-317 Coastal Narayana et al., 2001

Syria 1-40 11-25 100-378 Soil Othman and
Yassine, 1995

Albania 8-27 13-40 266-675 Coastal | Tsabaris et al., 2007

Spain 10-45 250-600 142-1489 Coastal | Rubio etal., 2003

Greece 7-310 3-190 30-1440 Coastal | Probonas and
Kritidis, 1993

Italy 57-71 73-87 580-760 Soil Bellia et al, 1997

Norway 43 21 283 Coastal | Dowdall et al, 2002

Brazil 10-137 12-191 56-1972 Coastal Malanca et al, 1996

Ireland 10 - 200 3-60 40 - 800 Soil McAulay and Moran
(1998)

Jordan 22-104 21-103 138-601 Soil Al Jundi et al., 2003

Canada 3-36 2-28 153-817 Sand VandenBygaart and
Protz,1999

Global 10-50 7-50 100-700 Soil UNSCEAR, 2008

average

2.5 Radioactive equilibrium

The relationships between two successive radionuclides, parent (P) and daughter (D) with

half lives ti, (P) and ty, (D), respectively, are described depending on their relative half

lives ratio. In the following cases it is always assumed that A (P) = 100% and A (D) =0

attimet=0.
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2.5.1 Secular equilibrium

There are several successive nuclide pairs in the natural decay chains, where ty;, of the
parent nuclide is much longer than the ty, of its daughter, for example the decay of *°Ra
(ti, = 1600 years) to “?Rn (ty, = 3.8 days) (see Figure 2.2). If we consider 1,<A,, the
relationship between the number of decay events of parent nucleus and its daughter can

be expressed as:

N, A,

N, A or N,A, = NjA; (2.8)

This is called secular equilibrium, and the activities of both successive nuclides in the
chain are the same, i.e A (P) = A (D).

Secular equilibrium between Th-230 and Ra-226 .. Th-230
- Ra-226
L R
Secular equilibrium
0=
: Period of growth
. :

1] 1000 2000 3000 4000 S000 6000 7000 S000 9000 10000 11000 12000 13000

Time (years)

Figure 2.5: An illustration of secular equilibrium (Al Sulaiti, 2011)

Secular equilibrium is a very important phenomenon in the study of environmental
radioactivity and this study in particular. Using the assumption that the secular

equilibrium is attained between #*®U and #*?Th decay chains in soil and beach sand used
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in this study, the activity concentration of the longer lived isotopes will be determined.
This will be possible using the shorter half-lives of their daughters in the decay chains.
For instance; after approximately 10000 years, the “**Th/*°Ra ratio would be
approximately equal to one (see Figure 2.5), which corresponds to approximately 6 times
the half-life of the *°Ra. However sometimes, fractionation can occur during geological

processes which results in disequilibrium between parent and daughter nuclei.

2.5.2 Transient equilibrium and non-equilibrium

The case when the half-life of the parent is longer (t;, (P)), but in the same order of
magnitude as the daughter nuclide is called transient equilibrium. As an example from
28 natural decay series a nuclide pair 28U - ?*°Th can be taken, with respective half-
lives  2.46 x 10° and 7.54 x 10" years. After several daughter half-lives the transient
equilibrium is established. The activity of the daughter nuclide is then higher than the
parent activity due to its shorter ty,. The activity of the daughter isotope in equilibrium

state follows the decay of the parent nuclide and can be expressed as:

_ ty/2(P)
A(D) = AQP) 2 (2.9)

where A(P) is activity of the parent nuclide, A(P) is activity of daughter nuclide, t;,,(P)
is the half life of parent nuclide and t, /, (D) is the half life of daughter nuclide.

When the parent’s half-life is shorter than that of its daughter, no equilibrium is

established, the parent will decay leaving the orphan daughter behind.

2.6 Gamma interaction mechanisms

Gamma rays (photons) can interact with atomic electrons or the nucleus or the electric
field surrounding the nucleus. During interaction a gamma ray’s energy can be absorbed
or the gamma-ray can be scattered elastically or inelastically. There are three major
interaction mechanisms that play an important role in the measurement of photons. These

mechanisms are the photoelectric effect, Compton scattering and pair production.
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2.6.1 Photoelectric effect

In the photoelectric effect, a y-ray collides with electrons from an inner shell of the
absorber material resulting in the ejection of a bound electron. The ejected electron is
subsequently slowed down in the surrounding material and its energy is absorbed. The
photon disappears completely, i.e. all its energy is transferred to the electron. If the y-ray
energy, E, is higher than the binding energy of the electron, Ey, the kinetic energy of the

ejected electron can be calculated using:
E. =E, - Ep (2.10)
The ejected electron leaves a hole in the atom; this can be filled by either capturing a free

electron or via rearrangement of electrons in other shells, resulting in emission of a

characteristic X-ray or Auger electron (see Figure 2.6).

EE
KLA;ctron Gamma Ray

Figure 2.6:An illustration of photoelectric effect (left) followed by emission of
characteristic X-rays (right) (Gilmore, 2008).

The cross-section (interaction probability per absorber mass) for photoelectric effect
varies with energy in a complicated way and depends on atomic number Z of interacting
material. There is also a strong dependence of the photoelectric cross section with photon
energy. The probability for the photoelectric effect to take place can be described by the
atomic cross section expressed by (Lilley, 2001; Turner, 2007):

n
T, = constantEZ—m (2.11)
Y
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where 7, is the atomic cross section and m and n range from 3 — 5 depending on the
gamma energy. The photoelectric effect is the dominant interaction mechanism at low
energies (<~100 keV).

2.6.2 Compton Scattering

Compton scattering or Effect is the process whereby an incident photon collides with an
electron (usually from an outer shell) and part of its energy is transferred to the ejected
electron (Figure 2.7). The y-ray is scattered from its original direction with the rest
energy and a recoil electron is created. A portion of the y-ray energy is transferred to a
recoil electron (Knoll, 2010). The energy of the scattered y-ray and recoil electron depend
upon the angle at which the interaction occurred and is described by the following
equations (Debertin, 1998; Gilmore, 2008; Knoll, 2010):

E.=E, — E|, (2.12)

where E, and Ey are the incident and scattered y-ray energies respectively.

If 0 is the angle formed by the scattered y-ray with respect to incident y-ray, the scattered

y-ray energy can be expressed as:

Ey

El = (2.13)

1+mi‘22 (1-Cos 0)
with moc? being the electron rest mass of 511 keV and 0 is the angle at which the y-ray is
scattered. The dependence of E}, and E, on the scattered angle 0 is represented in the
Figure 2.7. When 6 = 0°, the y-ray is forward scattered from the interaction point, E,
turns out to be zero and no energy is transferred to the detector. When 6 = 180°, the
gamma-ray is completely back scattered and for high energy gamma-rays, equation 2.13
reduces to:
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2
E, = % = 0.256 MeV (2.14)
In this case, the energy of the electron resulting from the Compton interaction reaches a

maximum value which results in a spectral feature called the Compton edge.
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Figure 2.7: Schematic diagram showing Compton Effect: a gamma ray moving to the
right collides with an electron at rest and a new gamma ray is scattered at an angle 6 and
recoil electron at an angle ¢.

Compton scattering is the dominant interaction process for gamma-ray energies ranging
from 0.1 to 10 MeV (Knoll, 2010). The probability of photon Compton Scattering at an
angle 0 is given by the Klein-Nishina formula:

doc 2

an To [1+a(116059)] [1+(;059] [1 (1—Cocsf;1)[_1(:-:);(91)i6059]]

(2.15)

Ey

mc?

), and 1o’ is the

where a is the photon energy in units of electron mass energy (o =

classical electron radius (r, = e*/4re,c* = 2.818 fm).

The strength of each of the three types of gamma ray interactions depends on the initial
gamma ray energy and the atomic number, Z, of the material where the interaction takes
place. The area where each type is most significant is shown in figure 2.8. For low Z
materials and gamma energies less than few hundred keV, the photoelectric effect is the

dominant process. Pair production becomes significant at gamma energies above 5 MeV.
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This leaves the Compton Effect to be most prominent at mid-range energies around
1-2 MeV.
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Figure 2.8: The regions of interest where three gamma interaction processes are
individually dominant [Knoll, 2010].

2.6.3 Pair Production

This interaction mechanism only takes place within the Coulomb field of a nucleus of an
atom. The y-ray photon is absorbed into the vacuum and is converted into an electron-
positron pair (Gilmore, 2008). This is only possible if the incident photon has a minimum
energy equivalent to at least the rest mass energy of the pair, that is, 2m,c? = 1022 keV.
After the interaction the electron-positron pair is produced and any excess energy carried
by the photon above 1022 keV is converted into kinetic energy and shared equally by the

positron and the electron.

After the electron and positron pair is produced, they can go across the medium, losing

their Kkinetic energy by collisions with electrons in the surrounding material through
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ionization, excitation and/or bremsstrahlung. Once, the positron slows down, it can unite
with an atomic electron in the surrounding material and annihilate into two photons of
511 keV each (Gilmore, 2008; Knoll, 2010). These photons are called annihilation
photons. In order to conserve linear momentum, these two photons must be emitted in
opposite directions, i.e., back to back. Due to the energy threshold for pair production,
this process is dominant at higher energies (E, > 5000 keV). The probability of pair

production per atom increases with the energy above the threshold energy.

2.7 Gamma (y)-ray Spectroscopy

For detection of y radiation and its spectroscopy, two types of detectors are widely used;
scintillators and semiconductor detectors. Scintillation detectors generate light in
response to an incident charged particle and emit light pulses, the intensity of which is
proportional to the incident particle energy. The most common scintillation detectors
used for y spectroscopy are those made of Nal(Tl) crystals. Other scintillation detectors

used in gamma radiation measurements include LaBr3 (Ce) and Csl.

The most common semiconductor detector used in y spectroscopy is high-purity
germanium detector (HPGe). Whether scintillators or semiconductor detectors were used
in gamma detection, a spectrum representing the gamma rays from a source as a function
of gamma ray energy is collected. A typical spectrum collected by the HPGe detector is
illustrated in Figure 2.9. In this work three gamma detectors have been used to study the
distribution of natural radionuclides in the Zanzibar coastline. Details of these detectors

are given in Chapter 3.
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Figure 2.9: An example of a gamma energy spectrum from HPGe detector for sample
PBS 9C collected from Kukuu beach.
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CHAPTER 3
Study Area, Experimental Setup and Data Analysis Techniques

3.1 Introduction

This chapter presents the measurement methods used in this study. It starts by describing
the study area followed by the overview of the three gamma ray detectors used in field
(in-situ) and laboratory (ex-situ) radiometric measurements. The sample collection and
preparation as well as data acquisition and analysis methods adopted in this work are also
included. Apart from radiometric techniques, a brief description of non-radiometric
measurements employed in this study is also given. These include XRF (Energy
Dispersive X-Ray Fluorescence) and ICP-MS (Induced Coupled Plasma Mass
Spectrometry).

3.2 Study area

Zanzibar (Figure 3.1) lies in the Indian Ocean off the coast of mainland Tanzania,
between 4° and 6° south of the equator 39° and 40° east. It is a semi-autonomous state
within United Republic of Tanzania comprising of Unguja and Pemba Islands and several
adjacent islands. Unguja Island (informally called Zanzibar) is 40 km off the Tanzania
Mainland and 85 km north-south length and 30 km wide at the widest point. The island is
flat and it covers an area of 1658 km? (Heguye, 1993; Hassan, 2007). To the north of
Unguja, about 50 km is her sister island Pemba, which is approximately 65 km long and
23 km wide. Pemba Island is about 985 km? in size. Both islands are covered by
mangroves, coral reefs, many long white sandy beaches and the pristine expanse of the

Sea.

Zanzibar has an estimated population of 1 579 849 (TNBS, 2018) of which 35% reside
along the Zanzibar coast. Zanzibar's climate is typically tropical with hot and humid
weather most of the year. Zanzibar experiences four main seasons in a year: summer,

known locally as Kiangazi (January-March); the heavy rainy season (also called Masika
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by locals) from March to May; followed by a relatively cool and dry season, known
locally as Kipupwe in Unguja and Mchoo in Pemba (June-August/September), and the

short rainy season (also called Vuli by locals) from October to December.

Zanzibar experiences two main windy seasons. These are: 1) the northeast monsoon
(locally known as Kaskazi) which blows during December to February towards the coast
of both islands and characterised by lower wind speeds and calmer seas and 2) the
southeast monsoon which blows away from the shore; this wind pattern is characterised

by cooler temperatures, higher winds and rougher seas.

Vumanimbi (1)

@® Study areas 8
—— Main roads 5

Kilometers

Figure 3.1: Map of Zanzibar showing study areas

In this study, 38 locations have been surveyed as shown in Figure 3.1. Samples were

collected in selected locations for laboratory measurements. Each sample was assigned a
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code consisting of letters followed with a number (see section 3.4). The number in each
code (see Figure 3.1) refers to the area where in-situ measurements were performed or a

sample was collected for laboratory measurements.

3.3 In-situ Natural Radioactivity Measurements

In-situ gamma ray spectrometry is a widely used technique for monitoring of natural as
well as man-made radionuclides and corresponding gamma fields in the environment.
The technique is used in monitoring accidents of nuclear facilities and their surrounding
environments, radioactive contamination measurements and mapping, geological
prospecting and mapping, and radiation safety studies (De Meijer, 2001; Lindsay et al.,
2004; Mlwilo, 2010; Ongori et al., 2015).

Among the most widely used detector for in-situ y-measurements is the sodium iodide
thallium activated scintillator, Nal(TI) (Senthilkumar et al., 2014; Noncolela, 2011,
Bezuidenhout, 2012). Other detectors used in y-in-situ surveys include MEDUSA (De
Meijer 1996, Limburg, 2009; Venema and De Meijer, 2001; Speelman, 2004; Modisane,
2005; Hlatshwayo, 2007; Mlwilo, 2010; Ongori, 2013) and HPGe (Al Jundi et al., 2003,
2008; Tzortzis et al., 2004; Kurnaz et al., 2007). In this study, Nal(Tl) and MEDUSA,
using a Csl(Na), y-ray detectors have been used for in-situ measurements with the aim of
investigating the levels and distributions of natural radionuclides in the soil surface layer
and along the beaches.

3.3.1 Nal(TI) gamma-ray detector

3.3.1.1 Overview of Nal(TI) and set up

The 7.62 cm x 7.62 cm Nal(TI) scintillator detector used in this study was manufactured
by REXON Components, Inc., Ohio, United States of America. The crystal together with
PMT (Photo Multiplier Tube) are enclosed by aluminium casing. The detector works
through the emission of light due to incident particles making contact with the detector.
The emitted light is subsequently collected and amplified in a PMT where the
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scintillation is converted into electrical pulses. These pulses are later analysed, each
holding important information regarding the interaction of the incident radiation within

the scintillator.

The detector is coupled to a scintiSPEC MCA (Multi Channel Analyser) that is produced
by FLIR (http://gs.flir.com/). The scintiSPEC MCA uses a USB connection that acts as a
power source for operation including the voltage for the PMT and allows data transfer.
The system settings and spectrum acquisition was controlled by the winTMCAS32
software with 1024 channels, that is also produced by FLIR. The winTMCAS32 software
was installed in a laptop and was used for both data collection during in-situ
measurement and analysis. The software is equipped with a hardware set up option to set
the gain and high voltage among other settings. The gain was set to 1.5 and high voltage
at 1050 V.

USB cable

NaI(Tl)

Figure 3.2: An illustration of a Nal(TI) detector placed 1m above the ground during
in-situ measurements.

Using the Nal(TIl) detector, stationary field measurements were carried out at 34 different
locations. The detector was placed 1 m above the ground as illustrated in Figure 3.2 and
subsequently each spectrum was collected for 600 seconds. Before any measurement was
carried out, plant residues were removed from each measurement position. The Nal(Tl)
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detector was used at these locations to get an idea of the variation in radionuclides
present in order to decide where on the islands samples should be collected for laboratory
analysis.
3.3.1.2 Calibration of Nal(TI) detector

Calibration of the detector is an important aspect in radiation detection. The field spectra
from various locations were collected, 34 in total. Peaks were identified using the
standard spectra; the single peak from “°K and multiple peaks from the ***Th and #**U
decay series. The standard spectra were collected from Lanseria Airport calibration pads.
The calibration pads were constructed in early 1981 to cater for the needs of airborne
spectroscopy. Three calibration pads were constructed; each consists of 8 m diameter by
0.35 m thick concrete structures sunk into the asphalt of a disused runway (Larkin, 2013).
The activity concentrations of “°K, ?**Th and ***U of the calibration pads are shown in
Table 3.1.

Table 3.1: Activity concentration of the three calibration pads (Larkin, 2013).

Pad Potassium (%) Thorium (Bg.kg™") | Uranium (Bg.kg™)
1 0.26 = 0.06 158.0+ 7.0 43+0.3
2 0.24 £ 0.05 74%0.1 67.0£4.0
3 6.10 £0.20 19+0.2 0.9+£0.2

When using Nal(TI) in field measurements, one should expect to observe a shift in the
collected spectra (gain shift) as a result of temperature changes, count rate changes and
detector electronics (Modisane, 2005). It is therefore important to calibrate the detector
before in-situ measurements are performed. For practical reasons, the detector was not
routinely calibrated during beach and land mapping but the spectra were re-binned
offline. A typical in-situ spectrum after re-binning exercise that was acquired in Kidoti is
illustrated in Figure 3.3. Various photopeaks were observed in the spectrum and are

associated with 2%U, *2Th and “°K radionuclides.

Note that the 2°®TI peak (2614 keV) from #*Th is among the peak one should expect to
see in Figure 3.3, but this peak is missing since for the used gain the peak is above the

highest channel. This is a result of the peak drift during in-situ measurements. To correct
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the peak shifts on measured spectra during field measurements and to estimate the *?Th,
28 series and “°K content in the locations surveyed, standard spectra obtained from
Lanseria airport were used. The spectral windows were not used to estimate the activity
concentration in this work. Instead, full spectrum analysis (see section 3.3.2.3., Hendriks

et al., 2001) which utilises the whole spectrum was used.
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Figure 3.3: The spectrum of the stationary measurement at Kidoti after re-binning.

The field spectra and the standard spectra data were exported to an Excel spreadsheet and
a Microsoft Excel VBA program was written to arrange the data to two columns; one for
the counts and the other for channels. The spectra were also re-binned such that each
channel corresponds to 3 keV. The re-binning was necessary to correct the energy
variations between the field spectra and the standard spectra which are usually witnessed
because of gain shifts mainly due to temperature variations. The estimated activity
concentration obtained during in-situ mapping using Nal(Tl) detector are found in
Chapter 4.
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3.3.2 MEDUSA y-ray detector system

3.3.2.1 Overview of MEDUSA and set up

The MEDUSA system available atthe ERL (Environmental Radioactivity Laboratory)
at iThemba LABS (Laboratory for Accelerator Based Sciences), was purchased from the
NGD (Nuclear Geophysics Division) of the Nuclear Accelerator Institute (KVI -
Kernfysisch Versneller Instituut) of the University of Groningen in the Netherlands). The
NGD team worked in partnership with the BGS (British Geological Survey) to develop
the MEDUSA system. The detector was initially designed to perform underwater natural
gamma ray mapping, but it has been improved to perform the same purpose on land (De
Meijer et al., 1997).

CsI(Na) PMT . AMP | Telemetry - AI[,;:.)I{I\
| board :
HVG PS AD 590 MC COMPUTER

Figure 3.4: Schematic illustration MEDUSA (Csl(Na)) detector crystal and other
components.

The MEDUSA system is divided into two main parts. The first part is encased in a
stainless steel tube (1.3 m length, 10 cm in diameter) comprising of the Csl(Na) (cesium
iodide doped with sodium) y-ray detector crystal (15 cm long, 7 cm in diameter) and
PMT (photomultiplier tube). The first part also include HVG (Cockcroft Walton high-

voltage generator), AMP (spectroscopic amplifier), AD 590 (temperature sensor), MC
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(microphone), PS (pressure sensor) and a detector telemetry board (data transfer cable).
Figure 3.4 shows the schematic diagram of MEDUSA system with the associated
electronics connected to it.

The second part of the ERL MEDUSA system consists of a collection of hardware and
software apparatus that are used to measure, process and translate into sediment
composition the data for natural radioactivity. These include ALADIN (ANTARES Log
Acquisition and Data Interpretation system) box containing data acquisition system, the
laptop computer in which data accumulation, storage and analysis software are installed
and the GPS (Global Positioning System) device. The GPS used to log-in the detector
position (latitude, longitude and altitude) in this study is a Garmin 76 and was placed
above the MEDUSA detector during in-situ measurements. The components of the ERL
MEDUSA detector system are illustrated in Figure 3.5.

Figure 3.5: Components of the MEDUSA y-ray detector system.

In this work, the ERL MEDUSA detector is used for both stationary and dynamic
measurements. In stationary mode, radioactivity measurements were carried out at
discrete points while the detector was placed directly on the ground or was on the vehicle
60 cm above the ground (see Figure 3.6).
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Figure 3.6: The ERL MEDUSA y-ray detector system during in-situ gamma-ray
mapping, mounted on a 4 x 4 vehicle at Kukuu beach in Pemba (left) and placed on the
ground at Msuka (right).

Stationary measurements were performed in the locations that were also observed with
high counts during dynamic measurements. To obtain geographical location of the
surveyed area, the GPS device was placed directly above the detector and connected to
the laptop via a USB port. The laptop and the ALADIN box were placed at the back of
the vehicle. The signals of the sensors are digitized and are sent to the laptop for off-line
analysis. A 12 V battery was used to supply the required voltage to the ALADIN box via
DC/AC inverter.

During dynamic measurements, the detector was mounted on a 4 x 4 vehicle 60 cm off
the ground as shown in Figure 3.6. While the detector is mounted on the vehicle, an area
was surveyed following a particular pattern depending on the accessibility of the area.
The selected areas were traversed while the vehicle was moving at a speed of about 2
ms™. In this work dynamic measurements were performed at Kukuu, Msuka, Mtende,
Kidoti and Tunguu (see Figure 3.1). Where dynamic measurements were not possible,

only stationary measurements were made.
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3.3.2.2 MEDUSA data processing

In-situ measurements using MEDUSA were conducted in June, 2015. During in-situ
measurements, eight different locations were surveyed; five in Unguja and three in
Pemba (refer to Figure 3.1). The MEDUSA data are stored in MDL (MEDUSA Data
Longer) during acquisition. MDL saves files in the form .nn where nn refers to the

number of the file, starting from 01, 02, and 03 and so on.

Apart from MDL, two other programs are used to complete the analysis of acquired data.
These are MDS (MEDUSA Data Synchroniser) and Gamman. MDL files acquire various
data during surveys. These include gamma ray spectrum data (acquired after every two
seconds) and the associated auxillary data (acquired after every one second). Auxillary
data include temperature, pressure, sound and total counts. The data collected (spectrum
and auxillary) are therefore in unsynchronised format. To establish one to one
correspondence between the data, the MDS is used. In order to synchronise the spectrum
and auxillary data, the spectrum data field in action setting within the MDS software was
first changed to synchroniser. Furthermore, the latitude, longitude and altitude was
changed to average and all other parameters like temperature and pressure are not
changed. The digit tab for latitude, longitude and altitude was changed to 4, 4 and 2
respectively. Table 3.2 shows data field, action changed and acquisition time.

Once the field setting was changed, the synchroniser is pressed to run, and the results
were saved in a new file format with an extension (.sdf). The synchronised files are then
analysed using a Gamman software package. This software was purchased from Medusa
Exploration B.V. in Groningen, the Netherlands. The Gamman accesses data from the
MDS to extract activity concentration using the FSA (Full Spectrum Analysis) technique
(De Meijer, 1998; Hendriks, 2001). This software is allowed to identify and delete data
outliers and to process gamma ray spectra for calculation of individual nuclide

concentrations (“°K, 28U, ***Th) in Bq.kg™.
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Table 3.2: Data field used for synchronisation.

Data field Action Digits Acquisition time
Spectrum Synchroniser - Every 2 seconds
Total counts Last known - Every 1 second
Time Last known - Every 2 seconds
Latitude Average 4 Every 2 seconds
Longitude Average 4 Every 2 seconds
Altitude Average 2 Every 2 seconds
Temperature Last known - Every 1 second
Pressure Last known Every 1 second
Cable length Last known - Every 1 second
Cable volts Last known - N/A
Sound Last known - Every 1 second

3.3.2.3 Full Spectrum Analysis (FSA)

FSA is a y-ray spectrum analysis tool for quantitative determination of radionuclides.
Unlike the usual approach which uses spectral windows during analysis, FSA utilises the
whole spectrum. In fact, FSA has been found to be a successful spectrum analysis tool for
the determination of radionuclides (Hendriks, 2001; Caciolli et al., 2012; Tyler, 2008).

The principle of FSA is based on the assumption that the count rate at each channel, S;, is
the sum of the individual radionuclides plus background contribution, B(i). The event
registered in each channel in the measured spectrum (S;) can be expressed as (De Meijer,
2001; Hendriks, 2001; Caciolli, 2012):

Si= XJLiGX; () + BQ) (3.1)
where,
X is the gamma spectrum of radionuclide j for a concentration of 1 Bg.kg™,
I is the channel number and C; is the activity concentration of the specific radionuclide j.
Index j stands for 2°U, *2Th and “°K.

With FSA, the spectra acquired in-situ are fitted to the standard spectra of radionuclides
of interest which is determined either in the laboratory or via Monte Carlo simulations
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(Lindsay et al., 2004). The standard spectra used in analysis of the in-situ MEDUSA data
in this work were generated by simulation with the MCNPX (Monte Carlo N-Particle X)
code (Hendriks, 2001; Maleka, 2010; Ongori, 2013). The code was used to simulate the
flatbed geometry with 30% soil porosity, with 50% water content and 50% air content.

The soil was assumed to consist of SiO,. The simulated standard spectra composed of

238, 232Th and “°K used in gamma analysis are shown in Figure 3.7.

Since background, mainly cosmic, radiation is an important aspect in gamma ray
measurement, the background spectrum was acquired using MEDUSA. The detector was

immersed in 15 m deep Theewaterkloof Dam which is located 60 km from iThemba labs
(Modisane, 2005; Ongori, 2013).
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Figure 3.7: A set of simulated standard spectra for 22U, %*2Th and “°K [MIwilo, 2010].

The activity concentration of the radionuclide, j in the measured sample is deduced

applying the least square algorithm to rectangular matrix and minimizing the chi-squared
as in the following equation:

7 ==X 5= [S0) - I CX () — BOP (3.2)
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where, a2 is the variance associated with channel i in the sample spectrum (with counts
S(i)), m is the number of standard spectra used (which is 3 in this case) and n is the
number of channels used in analysis. The generated FSA are stabilized as discussed in the

next section (section 3.3.2.4).

3.3.2.4 Stabilization process

Although the Gamman software package normally stabilizes the imported files
automatically, manual stabilization is performed in case the position of the energy spectra
of the fit deviate from the standard spectra. For example, the “°K gamma energy peak is
supposed to be at 1460 keV and the highest ?*?Th peak to be at 2614 keV. When this is
not the case, manual stabilization is done by adjusting the stabilization value in the
stabilization editor in such a way that the peaks fit with the stabilization algorithm
(Figure 3.8). There are several factors that may influence the quality of spectra. These

include inaccuracy of MCA, crystal, temperature change etc. (Limburg, 2009).
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Figure 3.8: A flowchart showing procedure for data analysis of gamma spectra using the
MEDUSA and GAMMAN.

The stabilization process is based on a least square method which computes the lowest
possible chi-squared. The fitting is considered to be best when the reduced chi-squared is
close to one. The best chi-squared achieved in analysis of MEDUSA data in this work is
4.08. Apart from stabilization parameters, the window shows activity concentrations of
three principal radionuclides (*°K, **Th and *®*U). Figure 3.9 displays an example of a

stabilized spectrum from Msuka beach.
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Figure 3.9: FSA fitted spectra acquired with MEDUSA in-situ (black) at Msuka beach
with a set of standard spectra for >*U (green), %2Th (blue) and “°K (red).

Once imported files are stabilised, sum and analyse operation is used to extract total
counts, activity concentrations of 22U, #**Th and “°K and their uncertainties. Using the
extracted data, total counts maps of the surveyed area were plotted (see Figure 3.10 —
3.14) as an example of the results of the MEDUSA system. Activity concentrations maps
for 28U, 22Th and “°K were also generated and can be found in Chapter 4 (section 4.3).
The processed data are saved with new file extension (.gsf) and exported to Excel
spreadsheets. The data were used to generate interpolated maps of “°K, *®U and ***Th
using Surfer® 10 Golden software. These interpolated maps are found in Chapter 4

section 4.3.
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Figure 3.10: A map showing the detector’s total counts (left) and an interpolated map
(right) of the total counts corresponding to map on the left for Kukuu beach. Red spots
indicate high count rate areas. The MEDUSA software algorithm provides the latitude
and longitude in the format (m)mnn.nn instead of mm° nn.nn” where mm and nn.nn
match to degrees and minutes, respectively.
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Figure 3.11: A map showing the detector’s total counts (left) and an interpolated map
(right) of the total counts corresponding to map on the left for Msuka beach.
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Figure 3.12: A map showing the detector’s total counts (left) and an interpolated map
(right) of the total counts corresponding to map on the left for Kidoti.
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Figure 3.13: A map showing the detector’s total counts (left) and an interpolated map
(right) of the total counts corresponding to map on the left for Mtende.
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Figure 3.14: A map showing the detector’s total counts (left) and an interpolated map
(right) of the total counts corresponding to map on the left for Tunguu.

During in-situ measurements, soil samples and beach sands were collected in selected
areas for laboratory measurements. The details of the laboratory measurements are

discussed in the next section 3.4.

3.4 Ex-situ (laboratory) Natural Radioactivity Measurements

3.4.1 Soil sampling

In-situ measurements usually have fairly large uncertainties and normalisation of the data
is problematic. Laboratory measurements can do much better but is only possible for a
limited number of samples. Prior to laboratory measurements, the beach sediments and
soil samples were collected from several different locations in Zanzibar. Figure 3.15
shows some sampling locations. Beach sands were collected in most popular beaches

used by both locals and tourists in Unguja and selected beaches in Pemba.
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Figure 3.15: Photographs showing some sampling locations: a) Kiwengwa beach
b) Nungwi beach c) Kukuu beach d) Msuka beach.

Altogether 22 samples were collected for laboratory measurements. The samples were
obtained at a typical depth of up to 10 cm from the top surface layer of either beach or
land. After removing stones and vegetable matter, each soil sample was packed into its
own secure water-tight polythene bag to prevent cross contamination. Each sample was
assigned a code consisting of three letters followed with a number. The first letter refers
to the island where the sample was collected, P for Pemba and U for Unguja while the
second and third letters refer to the type of the sample; BS for beach sand and SS for soil
sample. The number in each code refers to the area where the sample was collected or
surveyed. Where more than one sample was collected in the sample area, the area number
was followed by letters A, B, C and so on. The samples were shipped to the University of
the Western Cape, South Africa for gamma-ray analysis. The details of the collected

samples are presented in Table 3.3.
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Table 3.3: The location of the soil and beach sand samples collected by HPGe

measurement.
Location Code Latitude Longitude Density (g.cm™)
Msuka PBS 2 4.924334 39.763994 1.43
Maziwa Ng'ombe PBS 4 4.979124 39.874572 1.13
Kukuu PSS9 5.441596 39.696035 1.45
Kukuu PBS 9A | 5.441913 39.696070 2.55
Kukuu PBS9B | 5.441913 39.696070 2.68
Kukuu PBS9C | 5.442463 39.697159 1.37
Wambaa PBS 11 | 5.283715 39.663999 1.43
Kidoti USS 16 | 5.798344 39.301315 1.05
Kigunda USS 15 | 5.777182 39.293962 0.87
Muyuni USS 28 | 6.341888 39.453344 1.09
Dunga USS 30 | 6.151539 39.337619 1.10
Tunguu USS 29 | 6.195300 29.043100 1.04
Mtende USS 26 | 6.469886 39.505475 0.91
Tundaua PBS12 | 5.255771 39.697209 1.51
Nungwi UBS 14 | 5.727808 39.291619 1.42
Pwani Mchangani | UBS 19 | 5.921069 39.357482 1.27
Kiwengwa UBS 20 | 5.989350 39.378784 1.22
Uroa UBS 22 | 6.094720 39.425662 1.21
Chwaka beach UBS 23 | 6.160746 39.438385 1.44
Kizimkazi UBS 27 | 6.454623 39.471932 1.28
Bububu UBS 35 | 6.108775 39.214257 1.43
Mazizini UBS 37 | 6.200971 39.206778 1.48

3.4.2 Sample Preparation

At the nuclear physics laboratory of the University of the Western Cape, samples were
air-dried for six days (see Figure 3.16 a). Each sample was then oven dried overnight at a
temperature of 110°C until a constant weight was reached (see Figure 3.16 b). The dried
soil samples were reweighed to determine the gravimetric moisture content, ground into a

fine powder and then homogenised (see Figure 3.16 c).
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Figure 3.16: Soil and beach sand sediments preparations: a) Sample drying at room
temperature b) Oven drying at 110°C c¢) Weighing a dried sample d) A prepared soil
sample in the Marinelli beaker.

The dried samples were transferred to the ERL (Environmental Radioactivity
Laboratory) at iThemba LABS (Laboratory for Accelerator Based Sciences) for gamma
spectroscopic measurements. At the ERL at iThemba LABS, both soil and beach
sediment samples were sieved using a standard 2 mm sieve and weighed. The
homogenised samples were filled into 1 litre Marinelli beakers, which were then sealed
with the aid of glue to prevent the escape of airborne ?Rn (radon) and ?°Rn (thoron)
from the samples (see Figure 3.16 d).
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All samples were weighed and left undisturbed for at least four weeks before
measurement. This process provides enough time to establish secular equilibrium
between #°Ra (radium 226), Rn (radon, with half life 3.83 days) and their decay
products in the?*®U chain. In the case of the **Th chain, it also guarantees equilibrium
between ?**Ra (radium 224), *°Rn (thoron, with half life 55. 6 s) and their short-lived
daughters (Khater et al., 2001; TRACERCO, 2007). The samples were each counted
using a low background HPGe (Hyper Pure Germanium) detector for a period ranging
from 24 000 to 84 600 seconds.

3.4.3 HPGe detector: Overview and set-up

Laboratory y-ray spectroscopy measurements of beach sand and soil samples were
carried out using a low background HPGe detector system at the ERL iThemba LABS.
The detector system consists of a coaxial p-type HPGe detector (Canberra Model
GC4520 with a 700pum Aluminium window) and electronics to collect and process the
signals produced by the detector. Signals from the detector were fed to the computer with
the processing software to generate, display and store the final y-ray spectrum produced.
To minimize the external y-ray background in the measured spectrum, the HPGe detector
capsule was shielded with thick lead castle with a fixed bottom and movable cover. The
passive detector shield was made from 10 cm thick lead. When a gamma ray strikes the
lead surface, characteristic lead X-rays may escape and hit the detector. For this reason
and for structural stability purposes the inner volume of the lead castle is internally lined
with a 2 mm copper sheet oxygen free copper housing. The empty space is only devoted
to host the sample under investigation. The HPGe crystal has a diameter of 62.5mm and a
length of 59.0mm. At 1332.5 keV vy-line of %0Co, it has a relative efficiency of 45% and
2.1 keV FWHM (Full Width at Half Maximum) energy resolution.
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Figure 3.17: A picture showing components of the HPGe detector system used in this
study: a) The lead castle and the liquid nitrogen Dewar, b) the NIM power supply c) the
top of the detector

The HPGe detector was coupled to an ATOMKI Palmtop MCA 8k-01 (Multi-Channel
Analyzer) from the Institute of Nuclear Research of the Hungarian Academy of
Sciences. This includes a successive-approximation type ADC (Analogue to Digital
Converter), an Ortec Model 572 spectroscopy amplifier, a Silena Model 7716 high
voltage supply and a data display terminal. The conversion gain on the ADC was set to
display spectra in 8192 channels. The operating bias voltage and pulse shaping
time were +3500 V and 6 ps respectively. The gamma ray signals were stored
and analysed using the associated MCA software package Palmtop MCA installed on a

desktop computer.
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The HPGe crystal is cooled with liquid nitrogen to decrease thermal conductivity
between the crystal and the surrounding air. The liquid nitrogen dewar of the ERL HPGe
has a capacity of 20 litres and is regularly filled with the liquid once a week. The
detector is operated at 77 K liquid nitrogen temperature to prevent thermally-induced
leakage currents which would result from its small band gap (0.7 eV) [Leo, 1987; Knoll,
2010].

3.4.4 Detector characterisation

Performance of a detector is characterized by its ability to identify various gamma
energies and how efficient it is to detect the energy of the incident photon on a detector
material. A gamma spectrum is interpreted for identifying and quantifying radionuclides.
In order to do that, the HPGe detector was energy and efficiency calibrated prior to

sample measurements as discussed next.

3.4.4.1 Energy Calibration

The ability to identify the photo peaks present in a spectrum produced by the detector
system is among the important requirements in nuclear spectroscopy measurement
(IAEA,1989). This is achieved by carrying out energy calibration of the detection system.
In this study, the energy calibration (y-ray energy as a function of channel number) of the
HPGe detector is established by measuring the position of selected full-energy y-ray
peaks with large peak-height to background ratios, and whose energies are known
precisely. In order to increase the detection efficiency of the detector an accurate energy
calibration of the system and a periodical check is required. The HPGe detector available
at the ERL iThemba LABS is energy calibrated every week. The certified standard
sources IAEA/RGU-1, IAEA/RGTh-1 and IAEA/RGK-1 for uranium, thorium and
potassium respectively are used for energy calibration. These sources emit y-rays that
covers the energy range of interest (100 — 3000 keV). The standard sources are counted
for 84600 seconds. This duration was found sufficient to provide counts in the gamma
peaks of interest with a precision of less than + 0.2 keV. The channel number that
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corresponds to the centroid of each full energy event on the MCA was recorded and
plotted to obtain the fitting function for the energy calibration of the detector. The energy

calibration curve is shown in Figure 3.18.
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Figure 3.18: Energy calibration curve using IAEA/RTh-1 standard source.

3.4.4.2 Efficiency Calibration

The efficiency of the detector refers to the ratio of the actual events registered by the
detector to the total number of events emitted by the source of radiation (Knoll, 2010. An
accurate efficiency calibration of the detector is necessary to quantify radionuclides
present in the sample. In this work, the photopeak detection efficiency of the HPGe
detector was determined using:

A) the IAEA standard reference source approach,

B) relative efficiency approach and

C) Monte Carlo Simulation technique.
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Many workers use only one method (usually (A)) but the variation in sample activity
and density makes it important to test different methods. Method (B) allows unique

efficiency calibrations for each sample as described below.

A) Calibration using IAEA standard reference sources

In the IAEA standard reference source approach, standard sources with known activity
are used to determine the efficiency of the detector. Three standard sources IAEA/RGU-
1, IAEA/RGTh-1 and KCI (from Merck) of known activity (see Table 3.4) were used in
this study.

Table 3.4: The activity concentrations and masses of the IAEA standard sources and KCI
powder.

IAEA Standard source | Activity concentration (Bg.kg™) Mass (kg)
v 4940 1.14
?2Th 3250 1.36
K 16258 1.29

Since the detection efficiency depends not only on the detection system but also on the
sample geometry and matrix, the standard sources were filled in similar Marinelli beakers
as samples. The standards were measured for 3600 seconds and net counts in photopeaks
of interest were extracted. The efficiencies of the detector at various energies (see Table
3.5) were computed using the relation (Cember and Johnson, 2009):

— Cnet
& = A (3.3)

where, Cy¢ is the net gamma ray counts in the full energy peak, A is the activity of the
standard source with its values shown in table 3.4, Iy is the emission probability and t is

the counting time in seconds.

The absolute photopeak efficiency as a function of gamma energy generated using the

standard sources is plotted in Figure 3.19.
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Table 3.5: y-ray energies and their associated emission probability per decay [Faires and
Boswell, 1981; Wahl, 2007].

Nuclide Energy (keV) Emission Probability
“1pp 295.2 0.1842 (4)
214
- Pb 351.9 0.3560 (7)
_ 214Bj 609.3 0.4480 (16)
Series —
Bi 1120.2 0.1480 (3)
214Bj 2204.2 0.04924 (18)
“EAcC 338.3 0.1127 (19)
208
- Tl 583.1 0.3055 (17)
_ 212pp 727.3 0.0674 (12)
Series -
Ac 911.2 0.258 (4)
2087 2614.5 0.3585 (7)
K K 1460.8 0.1066 (13)
0.040 -
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Figure 3.19: The absolute photopeak efficiencies determined using the IAEA standard
material sand the KCI powder.
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(B) Calibration using relative efficiency approach

Relative efficiency is a simple, inexpensive and effective method for the efficiency

calibration of detectors for environmental samples. In this method, the relative efficiency

of each sample is determined using gamma lines from the decay series of *®*U and #?Th

(Croft, 1999). The relative efficiency curves are converted to the measured absolute

photopeak efficiency (€) at 1460 keV obtained by using the KCI (potassium chloride)

source which result in the conversion of relative efficiencies to absolute photopeak

efficiency (€) for each soil sample and beach sediment. Using the relative efficiency

approach, background spectrum and samples spectra were collected and sample counts

were deduced. With the aid of Microsoft Excel the following procedure was followed to

generate the efficiency curve:

a)

b)

The Cpet (net counts) from gamma ray lines of interest were obtained by
subtracting background counts from each sample counts.

Assume that the *®U and *Th decay series are in secular equilibrium and that the
uranium content is determined by the 352 keV line and thorium content by the
338 keV line. The relative efficiency of **U and #’Th decay chains was
determined first by dividing Cnet with 1, emission probability) for each gamma
line. Then (Cnet/I,)e for each gamma line in **U was divided by (Cnet/l,)3s; and
for ?**Th the ratio of (Cnet/I,)e was divided by (Cnet/I,)ss.

Using equation 3.4, the graph of natural logarithms of U relative efficiencies

versus energy was plotted.
E
Ing,eative = Ina + b In (E—) (3.4)

The fit parameters (a and b) were obtained from the graph. These fit parameters
were used to determine the factor that is needed to normalise the *Th to the *®U
relative efficiencies using the equation:

Erelative = AEP (3.5)
All the relative efficiency values for thorium were multiplied by this factor. The

values obtained in this step represent the normalised thorium relative efficiencies.
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d) Again, new fit parameters (a* and b*) were determined based on the new relative
efficiency values for uranium and thorium.

e) These relative efficiencies values for uranium and thorium and the 1461 keV
gamma line from “°K were used to obtain the final relative efficiencies for all
energies.

f) Absolute efficiency calibration — this is found using the KCI sample. First the
activity concentration “°K in KCI was determined.

g) To obtain the activity concentration of “°K from the KCI powder (99.5% purity),
the KCI powder was counted on the HPGe detector for 3600 seconds. Using the
acquired spectrum, net counts in the 1461 keV were extracted and found to be
71 422 counts. The activity of the KCI was then obtained using the equation:

A=2AN (3.6)
where, A is the decay constant of “°K and N is the number of “°K in KCI powder.
But N is calculated as follows,

N =Nu.a.n (3.7)
where, Na is Avogadro’s number which is equal to 6.02 x 10%* atoms/mol (Nir-El
Y, 1998), a is the natural abundance of “°K in KCI which is equal to 1.17 x 10™ +
0.85% (Croft et al., 1999), and n is the number of moles of “°K. The number of
moles can be obtained using equation 3.8.

n= M (38)

where m is the mass of KCI powder in a Marinelli beaker, 1.291 kg, and M is the
molar mass, 74.551 gmol™. Since the half-life (t,,) of “°K is known, that is
4.02 x 10" + 0.63% seconds (Firestone, 1996), A can be calculated using:
_ In2
oty

The “°K activity concentration in KCI powder was calculated to be 16258 Bq.kg™. By re-

(3.9)

arranging equation 3.10, the “°K absolute efficiency is calculated:

A= —Snet_ (3.10)

gylytsm
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h) The ratio of the efficiency of “°K in KCI powder obtained using equation 3.10
above to the relative efficiency of samples calculated using equation 3.7 (step 3)
gives a factor (Ky) used to convert all the relative efficiencies to an absolute
efficiency curve.

Kf — €absolute 40K (311)

€relative 40K

i) The final relative efficiencies are then multiplied by the factor K; to obtain
absolute efficiencies. In fact, thirteen absolute photopeak efficiency curves were
generated using the procedure outlined above. An example of the absolute
photopeak efficiency curve generated using this procedure outlined above is
shown in Figure 3.20. The “a and b” parameters obtained from generated curves

are presented in Table 3.6.
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Figure 3.20: The absolute efficiency curve of 22U, **Th and “°K using KCI.
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Table 3.6: The ‘a’ and ‘b’ parameters deduced from the efficiency calibration curves
using KCI approach.

Location Code Parameter a Parameter b
Msuka PBS 2 1.455 -0.70
Kukuu soil PSS9 0.293 -0.48
Kukuu white PBS 9C 1.565 -0.71
Wambaa PBS 11 0.812 -0.62
Tundaua PBS 12 1.565 -0.71
Nungwi UBS 14 0.189 -0.42
Pwani Mchangani UBS 19 0.524 -0.58
Kiwengwa UBS 20 0.189 -0.42
Uroa UBS 22 0.564 -0.57
Chwaka uUBS 23 1.473 -0.69
Kizimkazi UBS 27 0.702 -0.60
Bububu UBS 35 0.293 -0.48
Mazizini UBS 37 =258 -0.68

(C) Calibration using Monte Carlo technique

MCNPX (Monte Carlo N-Particle eXtended) is a general purpose code internationally
used for analyzing the transport of gamma rays and neutrons. The code is developed and
maintained by Los Alamos National Laboratory [https://mcnp.lanl.gov/]. The technique
has been proved to be a useful tool in gamma spectroscopy to correct sample height
variations, coincidence summing and self-attenuation (Maurotto et al., 2009). The
densities of reference sources used were 1.4 g.cm™, 1.4 g.cm™ and 1.3 g.cm™ for *®U,
22Th and “°K respectively. On the other hand, the densities of the samples varied from
0.87 g.cm™ to 2.7 g.cm™. The variations in densities between standard sources used for
efficiency calibration and some measured samples may cause variations in detector
response due to self-attenuation effects (Croft, 1999; Quindos, 2006; Malain, 2011).
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Figure 3.21: MCNPX results for the variation of detector efficiency with energy for
different material densities

To address the density variations among the measured samples, the MCNPX code is
employed to obtain absolute efficiency values for samples with lower and higher
densities than the reference samples. The calculations were performed for this work in
collaboration with Dr P. Maleka from NRF/iThemba LABS. The variation of detector

efficiency with sample density for different photon energies is presented in Figure 3.21.

It is important to note that the high difference in density and chemical composition of the
samples as compared to standard sources may lead to possible error in computed
efficiency values. The variation of detector efficiency with energy for different sample
densities is depicted in Figure 3.22. The simulated efficiencies obtained from the MCNP

simulation were used to calculate the sample activity concentration using equation 3.10.
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Figure 3.22: MCNPX results of the variation of detector efficiency with sample density
for different gamma energies

The simulated efficiencies were used to generate ‘a’ and ‘b’ parameters (Table 3.7) for

samples with density higher or lower than the standard sources.

Table 3.7: The ‘a’ and ‘b’ parameters deduced from the efficiency calibration curves
using MNCP approach.

Location Code Parameter a Parameter b
Maziwa Ng'ombe PBS 4 1.706 -0.71
Kukuu black PBS 9A, 9B 1.112 -0.66
Tundaua PBS 12 1.473 -0.69
Kigunda USS 15 1.706 -0.71
Kidoti USS 16 1.706 -0.71
Mtende USS 26 1.706 -0.71
Muyuni USS 28 1.706 -0.71
Tunguu USS 29 1.706 -0.71
Dunga USS 30 1.706 -0.71
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3.5 Minimum Detectable Activity

Minimum detectable activity (MDA) is the smallest amount of radioactivity that could be
reliably determined for a particular measurement (Gilmore, 1988; Knoll, 2010; Cember
and Johnson, 2009). The MDA depends on various factors such as sample composition,
the detector efficiency, the energy of the radiation, the source-detector distance, the
background radiation level and the measurement time (Debertin, 1988). In this work the
background spectrum for gamma measurements was collected using tap water placed in
one litre Marinelli beaker counted for 599500 seconds. MDA values were determined
according to equation 3.12 (Currie, 1968).

2.71+ 4.65,/Np
[yeyt

MDA = (3.12)

where; Ng is the background count for the region of interest of each radionuclide, t is the
background measurement time, I, is the gamma emission probability for this line and ¢, is

the photopeak efficiency for the measured y-ray energy.

The MDA of the HPGe system as used was determined for t = 599500 s from the
background measurement using equation 3.12 and ranges from 0.03 Bq for “®*U (using
295.2 keV, **Pb) to a maximum value of 0.47 Bq for “°K. These values show the
smallest amount of radioactivity that can be detected and distinguished from the tap water

at the respective energies.

3.6 Determination of activity concentrations in samples

Once the detector is energy and efficiency calibrated, the background distribution due to
NORM in the environment around the detector was determined. This was achieved by
collecting the spectrum using an empty Marinelli beaker for 230317 seconds. The
spectra for the samples were collected in the same manner as the background spectrum,
with measurement time varying from one sample to another ranging from 24000 to 86400
seconds. A total of 22 samples were measured using the HPGe detector (see Table 3.3).
The uncertainty in the determination of the radionuclides, taking into account the
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statistical uncertainty and the calibration uncertainty, varied between 5% and 10%, at the

95% confidence level.

The identification of individual radionuclides in the measured spectra was carried out
based on their characteristic gamma ray energies. The net counts (Cnet) were extracted
which were corrected for the contribution of the background using the relation (Gilmore,
2008):

ts
Chet = C5 — Ecb (3.13)

where Cy, is the background counts, Cs is the sample counts, ty is the time to collect the

background spectrum and ts is the time used to collect the sample spectrum.

The activity concentrations (activity per unit mass of the sample), A, in Bg.kg™ of 28U
(*°Ra) in soil and beach sands were determined using equation 3.10. The y-lines of **U
daughters: “*Pb (295 keV, 352 keV) and #“Bi (609 keV) were used. On the other hand
the activity concentration of *?Th was determined through gamma emissions of *2Ac
(911 keV) and 2®T1 (583 keV, 2614 keV). The activity concentration of the singly
decaying nucleus, “°K was calculated directly by measurement of its gamma ray
transition at 1460.8 keV. The 186 keV peak from **Ra was not utilised since it will
overlap with the 185.7 keV y-line peak from #**U. The calculated activity concentrations
obtained using the HPGe detector from various locations is presented in chapter 4,

subsection 4.3.

3.6.1 Estimation of “’K in samples with high **Th concentration

From the HPGe measurements, it was observed that the sample PBS 9A and PBS 9B are
rich in thorium. For this reason, the gamma decay of ?®Ac (1459.2 keV) and that of °K
(1460.8 keV) are very close and may interfere (De Meijer et al., 1997b). Subsequently,
the contributions to the composite peak at the 1460.8 keV (due to *®Ac) in the gamma
ray spectrum may be over estimated and therefore need to be corrected (De Meijer at al.,
1997h). Since the decay of ?®Ac also emits other gamma rays at several other discrete

energies and using peak data from the IAEA/RTh-1 standard source used for energy
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calibration, the ratio between the two discrete gamma ray emission lines can be
calculated. The ratio of *Ac from the standard source and from the sample should be the
same. The gamma energy yield at 911 keV can be compared with the 1459.5 keV to
obtain this ratio. The true counts thus can thus be obtained as follows (Bajoga, 2016):

fo PBS 9A,B fo IAEA/RTh-1
[ 1459 kev] — [ 1459 kev] (3 14)
Co11 kev Co11 kev
PBS 9A,B Cis59 kev IAEA/RTh—1 PBS 9A.B
) — —e ’
[C1459 kev] = [c ] X [Co11] (3.15)
911 keV

where Cusg is the net counts in the 1459.5 keVV gamma peak of **Ac obtained from
samples PBS 9A, PBS 9B and IAEA/RTh-1.

Using the IAEA/RTh-1standard source spectrum acquired for energy calibration, net
counts in the 911 keV and 1459 keV were extracted and found to be 52842 and 1113
counts respectively. On the other hand, the net counts in the 911 keV peak from the PBS
9A sample spectrum was found to be 2081648 counts. The contribution of the 1459 keV

gamma-ray to the composite peak was then obtained using the equation 3.15.

Once the contribution of the 1459 keV line in ?®Ac is known, equation 3.15 was used to
get the true number of counts of the “°K recorded at 1460.1 keV. Tthe “°K net counts was

calculated using equation 3.16 and found to be 1793 counts.

[C14601 kev] 2 °2 = Crotal — [Cras0.5kev] oo °2 (3.16)

where Crota IS the counts in the composite peak at 1460.1 keV in the y-ray spectrum.

3.7 Quality control

In this study the HPGe detector used for sample measurements was efficiency calibrated
using three different techniques as mentioned in subsection 3.4.4.2. To examine the

accuracy of the calculated efficiencies obtained using the KCI and MNCP approaches, a

68



comparison is made using activity concentration of three samples as shown in Table 3.8.

The densities of these samples are comparable to the IAEA standard sources used for

efficiency calibration of the detector.

Table 3.8: Comparison of three efficiency calibration techniques

Activity concentration (Bg.kg™)
Samples 28y K
IAEA KCI MNCP IAEA KCI MNCP
PBSOC | 18+1 18+1 | 16+0.9 458 +23 | 439+22 | 403+20
PBS12 | 8+04 | 8+04 | 8+£04 | 428+21 | 428+20 | 428+21
UBS37 | 12+06 |12+0.6 | 1105 | 359+£17 | 341+16 341 £ 16

From Table 3.8, the activity concentrations of U and “°K calculated using absolute
efficiencies derived using three efficiency calibration techniques mentioned in section

3.4.4.2 show good agreement between them.

3.8 Estimation of absorbed dose rates and radiation risk
factors

External exposure due to irradiation from y-rays from natural radionuclides emitted by
the radioactive decay of “°K, *°Ra, and %**Th from beach sand and soils occurs externally
(outdoors) and internally (indoors). The degree of any associated hazard as a result of
radiation exposure arising from natural radioactivity is assessed using the absorbed dose

rate and the annual effective dose equivalent.

3.8.1 Gamma absorbed rate in air (D)

Gamma absorbed dose rate in the air at 1 m above the ground is one of the parameters
with a direct connection between radioactivity concentrations of natural radionuclides
and the exposure they cause. Assuming natural radionuclides are uniformly distributed in
the environment, the outdoor air absorbed dose rates at 1 m above the ground are
determined from the activity concentrations of the relevant radionuclides (i.e “°Ra, %**Th
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and “°K). The expression that follows is mostly utilised to calculate dose rate (Tzortzis et
al., 2003; UNSCEAR, 2008):

D (nGyh™) = CFg X Ag + CFra X Aga + CFp X Aqy,  (3.17)
where; Ak, Ara and A, and are the activity concentration of “°K, **°Ra and ***Th
respectively, and CFx, CFra and CFyy are conversion factors (see Table 3.9) for “°K,
226Ra and %**Th, respectively.

Table 3.9: Conversion factors for various radionuclides as deduced from various studies.

BECK | SAITO GEANT MNCP MC
Nuclide (Beck et | (Saitoet | (Clouvaset | (Clouvaset | (Clouvas et
al., 1968) | al., 1995) | al.,2000) | al., 2000) al., 2000)
238y series
“1%pp 0.04720 | 0.05460 0.04342 0.04413 0.04413
“®Ra - 0.00125 0.00100 0.00092 0.00099
214Bj 0.37800 | 0.40100 0.35554 0.33849 0.38668
Total 0.43000 | 0.46300 0.39996 0.38092 0.38668
“2Th series

“Ac 0.27800 | 0.22100 0.19594 0.18526 0.19120
I°Bj 0.02120 | 0.02720 0.02383 0.02256 0.02305
“Ra - 0.00214 0.00167 0.00156 0.00167
208T] 0.32100 | 0.32600 0.30312 0.28944 0.28871
*12pp 0.02120 | 0.02770 0.01917 0.01796 0.01926
Total 0.66600 | 0.60400 0.54373 0.51678 0.52389
K 0.04220 | 0.04170 0.03995 0.03780 0.03808

In equation 3.17, it can be observed that **Ra is introduced instead of 2®U. This is
because about 98.5% of the radiological effects of the *®U series are produced by **Ra

and its decay products. The dose conversion factors reported by various studies (Beck et
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al., 1968; Saito et al., 1995; Clouvas et al., 2000) are shown in Table 3.9. In this study,

the dose conversion factors derived by Saito et al. (1995) have been used.

3.8.2 Annual Effective Dose Equivalent (AEDE)

The absorbed dose rate in air at 1m above the ground surface discussed in the section
3.8.1, does not directly give the radiological risk to which a human being is exposed
(Jibiri et al., 2007). In order to make an estimate for the radiological risk from external
gamma radiation due to ?°Ra, **Th and “°K, the absorbed dose rate is converted to the
annual effective dose equivalent. The estimation of this radiological parameter is
achieved by taking into account two conversion factors, namely the occupancy factor
(OF) and the absorbed dose rate in air to effective dose conversion factor (CF). The
occupancy factor is the time people spend at a particular location. Since human beings
are expected to spend about 20% of their time outdoors, UNSCEAR (2008) has proposed
1752 h y™* (20%) of the time spent outdoors for the outdoor occupancy factor and 7008 h
y'! (80%) of the time spent indoor as indoor occupancy factor.

For this study, the default occupancy factors of 20% and 80% for outdoor and indoor,
respectively, have been used to calculate ex-situ annual effective dose equivalent for soil
samples. On the other hand, various occupancy factors have been utilised to calculate
outdoor annual effective dose equivalent in beach sands. The reason for using different
occupancy factors in estimating outdoor annual effective absorbed dose equivalent in
beach sands is based on the fact that the time spent on the beach by users differ greatly.
Hence, three categories of people (locals, tourists and hotel workers) have been
considered based on the minimum and maximum time that could be spent by each

category on the beach (Table 3.10).

Table 3.10: Occupancy factors for different categories of peoples residing or visiting
Zanzibar beaches.

Category of people Minimum time Maximum time

Locals 8 hours per day, 1460 hy* | 10 hours per day, 1752 hy™*
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Tourists during holidays 42 hy* 105 hy™

Hotel workers 208 hy™ 700 hy™

The annual effective dose equivalent was estimated using the expression (Tzortzis et al.,
2004):

AEDE (uSvy™!) =D x CF x OF x 1073 (3.18)
where D is the absorbed dose rate in air, CF is the conversion factor from absorbed dose
in air to effective dose received by adults which is 0.7 Sv.Gy™* (UNSCEAR, 2008;

Ramasamy et al., 2011) and OF is the occupancy factor.

3.9 Energy Dispersive X-Ray Fluorescence (XRF)

Beach sand deposits are composed mainly of feldspar, quartz and other minerals
concentrated along the coasts as a result of weathering or erosion processes
(Papadopoulos et al., 2015). Heavy minerals found along coasts in various places
worldwide include; garnet, ilmenite, monazite, rutile, sillimanite and zircon (Alam et al.,
1999; Freitas and Alencar, 2004). These minerals often contain high amounts of Rare
Earth Elements (REE) such as U and Th (Alam et al., 1999; Freitas and Alencar, 2004).

In this study beach sand samples that were identified as important based on the
radiometry were sent to the CAF (Central Analytical Facility) at Stellenbosch University
for further analysis by XRF and ICP-MS. The Varian AA 240 FS X-ray diffractometer
available at CAF was used for major element analysis of selected samples. The system is
coupled with Cu-Ka radiation of 40 kV and a current of 40 mA. The A for Ka was 0.1541
nm, scanning rate was 1.5°min, while a step width of 0.05° was used over the 20 range.
It is also equipped with a 400 W Rh window X-ray tube which has a 75 um Be window,
and a Si(Li) semiconductor detector with a resolution of less than 150 eV coupled to a
sensitive preamplifier (SPECTRO, 2000).

The XRF operation involves the bombarding a sample with X-rays photons. When an X-
ray beam hits a sample, an inner shell electron in the sample is excited by an incident
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photon in the X-ray region. When a given atom fills the gap of the ejected electron, by
the de-excitation from a higher energy level, the energy difference between the two shells
appears as an X-ray. The X-ray spectrum acquired during the excitation and de-excitation
process reveals a number of characteristic peaks. Since each element generates a unique
level in this replacement process, a detector is used to convert produced characteristic
X-rays into electric signals. The signals produced are digitised using the spectrometer’s
electronics and stored in the personal computer for display and analysis. The energy of
the peaks leads to the identification of the elements present in the sample (qualitative
analysis), while the peak intensity provides the relevant or absolute elemental

concentration (semi-quantitative or quantitative analysis).

Loss on ignition (LOI) test was carried out by placing each sample in an oven heated to
1000°C before any measurement was carried out. This allows volatile content in the
sample to escape. The LOI is made of contributions from the volatile compounds such as
water (H20), chlorine (Cl), carbon dioxide (COj), fluorine (F) and sulphur (S) as well as
organic matters. Potassium (K) and sodium (Na) also escape when a sample is heated for
too long. The prepared sample (in powder) on fused glass bead was analysed for major

elements. The diffractograms were recorded and the phase identification was done.

Table 3.11: Locations and number of samples analysed for major element analysis.

Location (s) Number of . Number of
Location (s)

samples samples
Vumawimbi 1 Wambaa 1
Tumbe 1 Kiwengwa 1
Maziwa Ng’ombe 1 Uroa 1
Kukuu 7 Jambiani 1
Makunduchi 1 Bububu 1
Msuka 2 Kizimkazi 1
Ndagoni 1 Tundaua 1
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The major elements and their corresponding concentrations as found in sample PBS 9A
from Kukuu are depicted in Table 3.12 as an example of results obtained. More detailed

discussions on these major elements analysis will follow in Chapter 5.

Table 3.12: The major elements found in sample PBS 9A

Elements Concentration (%0)
Al,O3 0.69
CaO 0.17
Cr03 0.14
MgO 0.57
MnO 0.65
P,0s 0.01
SiO, 3.90
TiO, 41.02
Fe,O3 33.50
K,O 0.02

3.10 Induced Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS is among the most successful techniques in many analytical laboratories for the
accurate and precise elemental determination for different applications. There are a
number of different ICP-MS designs commercially available today. Each design has its
own strengths and weaknesses, but they all share many similar components. These
include nebulizer, spray chamber, plasma torch, interface and detector, but can differ
quite significantly in the design of the mass spectrometer and in particular the mass

separation device (Brogioli, 2012; Evans, 2016).

In this study, trace element analyses were carried out on an ICP-MS (ICP-MS-Perkin
Elmer SCIEX, Model ELAN R DRCII) at the University of Stellenbosch. Generally, the
principle of the ICP-MS technique is based on the assumption that, ions may be
generated in a suitable ionising source such as an ICP for all elements in the sediment.
Once the sample is introduced for plasma spectroscopy, ions are physically extracted by
the plasma into the mass spectrometer and measured using ion detector. Sample

introduction for plasma spectrometry is generally accomplished using solution
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nebulisation. Sample solutions are aspirated by a nebuliser which shatters the liquid into
fine droplets using an Argon stream of approximately 1 litre/minute. These droplets are
directed into a spray chamber which removes the unsuitable larger material, and allows
only the finest spray to pass into the plasma (Gray, 1983; Brogioli, 2012; Evans, 2016).
The ICP-MS offers very low detection levels. The analytical accuracy was checked by
analysing international standards (Marine mud / MAG-1). A total of 20 samples (Table

3.11) from various beaches in Zanzibar were analysed.

In an attempt to assess the role of trace and rare earth elements on activity concentration
of 28U and 2**Th and provenance of beach sand; major and trace elements were analysed.
Table 3.13 provides some trace elements found in sample PBS 9A. Among the trace

elements found with high concentration in sample PBS 9A is zircon.

Zircon (Zr) is one among the most stable trace element commonly found in rocks; beach
and dune sand deposits (Murtty et al., 2007; Laxmi and Rao, 2010). Due to its high
melting point, chemical inertness, low thermal conductivity, thermal shock resistance,
and low expansion, the use zircon in various mineral industries has been increased over
the years. Zircon is used in the ceramic industry, specifically in the manufacture of tiles,
sanitary materials, and porcelain products. Owing to high demand of zircon, the attention
of engineers, scientists and other users to exploit zircons from different deposits are
priority at present. The concentration of zircon along coasts can be attributed to its ability
to defy weathering and high specific gravity (Garnar, 1984). Detailed analysis of major

and trace elements is presented in Chapter 5, section 5.2.

Table 3.13: The trace elements measured in sample PBS 9A

Element | Concentration (ppm) | Element | Concentration (ppm)
Zr 42250.35 Nb 266.06
\% 484.88 Y 147.41
La 602.11 Th 275.43
Nd 463.39 U 42.05
Ce 1132.14 \% 262.74
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Sr 25.34 Ba 40.13
Rb 0.55

CHAPTER 4

Results and Discussions on natural radionuclides

4.1 Introduction

Natural radionuclides are present everywhere in the Earth’s environment and are widely
distributed. The distributions of natural radionuclides are influenced by the local geology
and geographical conditions and as such they vary from place to place (Taskin et al.,
2009). The natural radioactivity in the environment is usually determined from the *®U,
22Th and “°K contents (OECD, 79). Studies on natural radioactivity have been previously
carried out in soil and beach samples in many parts of the world (Patel et al., 1991; Baeza
et al., 1992; 1994, Ramli, 1997; Noureddine, 1997; Kannan et al., 2002; Singh et al.,
2003, 2005; Veiga et al., 2006; Mehra et al., 2006; Al Sulaiti et al., 2010; Santawamaitre
etal., 2011; Arnedo et al., 2013, Kaniu et al., 2018).

This chapter presents the results of in-situ and ex-situ gamma ray measurements of
natural radionuclides in beach sands and soils from different locations in Zanzibar. The
activity concentration results of *®U, 2*?Th and “°K and its associated radiological risks
are presented and discussed in this Chapter. The results show surprisingly large
variations, including the discovery of a deposit of heavy mineral sand on one beach.

4.2 Activity concentrations in beach sand samples

The activities of “°K, and the *®U and ***Th decay series in the beach sand samples
collected from different beach locations of the Zanzibar coastal environment are reported
in Table 4.1 and shown in Figure 4.1. When the activity of >®U and **Th is mentioned in
this thesis, the value given is under the assumption of secular equilibrium and the activity

of the relevant decay series is implied. The lowest (2 Bq.kg™') and highest (1055 Bg.kg™)
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238 activity concentration levels were observed in samples PBS 2 and PBS 9A collected
from Msuka beach and Kukuu beach respectively. The *2Th activity concentration varies
from below detectable limit (BDL) to 2671 Bqg.kg™' with a weighted average of 1.0
Bqg.kg™'. The lowest activity concentration was measured in sample PBS 4 from Msuka
beach and the highest activity concentration was observed from sample PBS 9A from
Kukuu beach.

Table 4.1: Activity concentration of “°K, 28U and %**Th in Bq.kg ' of beach sand
determined using the HPGe detector.

Sample Activity concentration (Bg.kg™)
Code 40K 238U 232Th
PBS 2 381.0+18.9 2.00 £0.09 1.0+ 0.07
PBS 4 BDL 3.0+£0.1 BDL
PBS 9A 205.0 £ 10.0 1055.0 + 48.8 2671.0 £101.8
PBS 9B 109.0+5.0 565.0 + 26.2 803.0 £ 30.9
PBS 9C 439.0 £22.0 18.0+0.9 10.0£05
PBS 11 471.0+234 9.0£05 120+0.6
PBS 12 428.0+20.4 80+04 120+0.6
UBS 14 3.0+£01 20+£0.1 1.0+ 0.04
UBS 19 9.0+£05 3.0£0.1 1.0+£0.11
UBS 20 7.0+£04 3:.05=051 1.0+ 0.04
UBS 22 140+£2.0 50+£0.6 1.0+£0.01
UBS 23 351.0+17.7 120+0.6 18.0+1.0
UBS 27 11.0+£05 50£0.7 20+£0.1
UBS 35 409.00 £ 19.0 20+£0.1 20+£0.1
UBS 37 341.0+15.8 120+0.6 18.0+0.9
Minimum BDL 20+0.1 1.0+0.1
Maximum 471 + 23 1055 + 48 2670 £ 100
Weighted 4 4 1
Average

BDL stands for below detectable level

In general, the activities of 2®U and %**Th in beach sand in the studied area are extremely
low with the exception of samples PBS 9A and PBS 9B. In these two samples the *U

and #*2Th activity concentrations are much higher (see Table 4.1and Figure 4.2). These
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samples are black in colour collected at Kukuu beach, Southern Pemba (see Figure 3.1).
The very high 28U and **Th activity concentrations in samples PBS 9A and PBS 9B can
be attributed to the presence of heavy minerals in the sample composition. The presence
of heavy minerals such as ilmenite, rutile, monazite, zircon, magnetite and garment in
beach sands indicates the presence of significant amount of 22U and **Th (Kannan et al.,
2002; Mohanty et al., 2004; Ramasamy et al., 2014). Other factors that can affect the
radioactivity level in any geologic structure include sand type and formation, ambient
environment and geochemical properties (El-Arbi, 2005, Papadopoulos et al., 2015).
Moreover, transport processes can also be an important factor which can affect the
radioactivity levels of sediments (NCRP 1987; Ebaid, 2010).
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Figure 4.1: Activity concentration of “°K, 28U and #**Th in beach sand
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From the Table 4.1, it can be seen that the “°K activity concentration ranges from below
detectable limit (BDL) to 471 Bg.kg™' with a weighted average of 3.62 Bqg.kg . The
lowest “°K activity concentration recorded below detectable limit was found in sample
PBS 4 collected from Maziwa Ng’ombe beach. The highest “°K activity concentration
(471 Bg.kg™") was recorded in sample PBS 11 from Wambaa beach. In some samples
(UBS 14, UBS 19, UBS 20, UBS 22 and UBS 27), the measured “°K activity
concentration was less than 20 Bq.kg™', much below typical world averages. These
samples were collected at the northern, southern and eastern coast of Unguja Island. The
beaches which yielded low activity concentrations of “°K, 28U and 2**Th are among the
famous tourist sites in Zanzibar; namely; Kiwengwa, Kizimkazi, Pwani Mchangani and

Nungwi.

The very low activity concentration measured in most of the beach samples in this study
may be attributed to the presence of shells and carbonates in these samples. The analysis
of major elements of these samples shows high calcium carbonate content (see Chapter 5,
section 5.2). The findings of this work are consistent with previous findings confirming
that sediments rich in carbonates are poor in “°K concentration (UNSCEAR, 2008). On
the other hand, some beaches from both Pemba and Unguja Islands (see Table 4.1and
Figure 4.1) have intermediate to slightly higher “°K activity concentration values up to
471 Bg.kg™". These moderate and slightly higher values of “°K activity concentration may
be due to the presence of potassium feldspar in the mineral matrix of these samples. The
highest value of “°K activity concentration found in this work (471 Bq.kg™") is slightly
higher than the worldwide average value (412 Bq.kg™) as reported by UNSCEAR,
(2008).

The weighted average activity concentrations of “°K, *®U and *?Th in this work are 4, 4
and 1 Ba.kg™' respectively. According to UNSCEAR (2008) the mean activity
concentrations of “°K, #*U and #**Th in beach sediments are 30, 35 and 412 Bqg.kg™
respectively. This reveals that the average radioactivity concentration levels in beach
sediments in Zanzibar are far lower than the corresponding values obtained worldwide, if

the very high levels found at Kukuu beach are excluded.
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4.3.1 Comparison of activity concentrations of “°K, ?*U and #**Th

The activity concentrations of °K; 22U and #*?Th in beach sand in this study have been
compared with other countries as shown in Table 4.2. The “°K activity concentration in
the Zanzibar beach sand (BDL to 443 Bq.kg ') is higher than the activity concentration
from Balochistan coast (7 to 20 Bg.kg™'), Rizhao coasts (8 to 35 Bg.kg™') and Adaman
coasts (3 to 24 Bg.kg™'). In comparison to the literature values, the weighted average
activity concentration of “°K (4 Bqg.kg™) obtained in this study is lower than the average
values reported by other authors for Montenegrin coasts (7 Bg.kg™'), Egypt coasts (21
Bg.kg™') and Norway coasts (43 Bg.kg™).

Although the range of “°K activity concentration in Zanzibar beaches is higher than some
of the beaches listed in Table 4.2, its values are lower compared to reported values from
Kerala coasts (BDL to 23030 Bg.kg™'), Rio de Janeiro (7 to 963 Bg.kg™') and Espirito
Santo coast (7 to 5553 Bq.kg'). Furthermore, the weighted average activity
concentration of “°K in this study is lower than the values reported by other authors
(Table 4.2).

Although the range of the activity of 38U and 2*?Th in this study is higher due to presence
of heavy mineral in samples PBS 9A and PBS 9B, the average activity concentration is
lower compared to beach sand in other regions of the world (see Table 4.2). The activity
of 2*U in PBS 9A and PBS 9B (black sand samples) are lower than the black sand from
Kerala, Aegean sea and Espiritu Santo coast (see Table 4.2). However, the reported
values of *®U activity of black sand from Norway coast, Bangladesh coast and Red sea

coast were lower than black sand in this study.
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The maximum of the ?*?Th activity concentration values obtained in this study is higher

compared to Kerala beach sand, Rio de Janeiro coast, coasts of Egypt and Espiritu Santo

coast as reported by other authors in Table 4.2.

Table 4.2: Activity concentrations of “°K, *®U and 2**Th of the Zanzibar coasts and other

coastal zones in the world. Number in brackets represents the average value.

Activity concentrations (Bg.kg™)

Location s 738 7T Reference
i 3-443 2 —1067 1-2737 )
Zanzibar coasts @) @) (1) This study
Kerala beaches. India BDL — 23030 | BDL — 15170 BDL — 713 Shetty et al.
’ (2660) (488) (362) (2010)
Balochistan coast, 7-20 16 - 29 43 -39 Akram et al.
Pakistan (14) (23) (38) (2007)
. . 8-25 8-17 883 -1314 | Luetal. (2008)
Rizhao beaches, China (15) (12) (1079)
Adaman coasts , 3-35 3-24 11-654 Malain et al.
Thailand (19) (12) (344) (2010)
Beaches of Aegean 97 — 4360 79 — 1885 687 — 1421 Orgun et al.
sea, Turkey (532) (290) (1160) (2007)
Montenegrin coast 1-12 2-16 16 — 263 Vukaotic et al.
(Yugoslavia) (7) (8) (150) (1998)
Rio de Janeiro coast 7—-963 5-286 32 888 Veiga et al.
(Brazil) (95) (33) (253) (2006)
Red sea. Jordan 9-16 9 -598 72 - 755 Ababneh et al.
’ (12) (128) 477) (2010)
Bangladesh coasts 15-94 200 - 772 28 - 129 Chowdhury et
(37.2) (438) (60) al. (1999)
Norway coasts 12 - 137 31-564 4 -52 Dowdall et al.
(43) (283) (22) (2002)
Coasts of Egypt 10-34 25-63 382419 Eissa et al.
(21) (39) (402) (2010)
Espiritu Santo coast 7 — 5553 5-4043 27 - 412 Veiga et al.
(Brazil) (675) (637) (121) (2006)
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4.4 Activity concentrations of K, *®*U and **Th in soil
samples

The calculated activity concentrations of “°K, *®U and ?*Th in soils measured using the

HPGe detector collected from various inland locations in Zanzibar are listed in Table 4.3

and shown in Figure 4.2.

Table 4.3: Activity concentration of “°K, *U and ***Th of soil samples

Sample Code Activity Concentration (Ba.kg™)
4OK 238U 232-|—h

PSS9 545.0+25.4 27.0+1.2 24011
USS 16 98.0+4.0 2250 + 11,3 120.0+5.9
USS 15 84.0+4.0 292.0+12.7 60.0 £ 2.6
USS 28 654.0 + 28.0 60.0£2.8 49.0+1.9
USS 30 153.0+7.2 158.0+ 7.7 98.0+4.6
USS 29 30.0+1.0 521.0+23.0 87.0+4.0
USS 26 110.0+5.0 256.0 + 11.6 130.0+£5.6
Minimum 30.0+1.0 27.0+1.2 24011
Maximum 654 + 28 521 +24 130+ 6
Weighted Average | 42.0+0.8 41.0+0.9 42.0+0.8
World range 140 — 850 17 -60 11-64
World average 412 35 30

The activity concentrations of “°K ranged from 30 to 654 Bg.kg' with a weighted
average of 42 Bq.kg™. Two samples (PSS 9 and USS 28) had slightly higher “°K activity

concentration than the world average concentration of this radionuclide in the soil, which
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is 412 Bg.kg™ (UNSCEAR, 2008). The “°K activity concentrations in the other samples

were lower by between 2 to 13 times when compared to the worldwide average.

After determining the 2*®U activity concentration sample PSS 9 had the lowest activity
concentration (27 Bq.kg™) whereas sample USS 29 had the highest activity concentration

(520 Bg.kg™). These samples were from Kukuu and Tunguu respectively.

The higher 2*®U activity concentration values were also recorded from samples USS 15
(292 Bg.kg™) and USS 16 (225 Bq.kg™) collected from Kigunda and Kidoti respectively.
In addition, samples USS 26 (256 Bg.kg™) collected from Mtende, USS 30 (158 Bg.kg™)
from Muyuni and USS 28 (60 Bg.kg™) from Dunga were found to have higher 2*®U
activity concentration approximately 1.5 to 7 times higher than the world average
concentration of this radionuclide in the soil. All samples which showed higher activity
concentration of *®U are reddish in colour with an exception of sample USS 28 which is
greyish in colour. The range of U activity concentration obtained in the study area
varied from 28 to 520 Bq.kg™. According to UNSCEAR (2008), the range of %**U in soil
is 17 to 60 Bg.kg™. The range found in this study is surprisingly large and the maximum
values high. The initial measurements with the Nal(Tl) detector on the islands helped in
identifying areas where high values were found, which probably implies a bias to higher

values in the samples.

For 2*2Th, the lowest activity concentration was 24 Bq.kg™ found in sample PSS 9 which
was collected from Kukuu (close to but not on the beach), whereas the highest activity
concentration was 130 Bg.kg™ found in sample USS 26 which was collected from
Mtende. With an exception of sample PSS 9, other soil samples were found to have
higher activity concentration of 2*?Th than the world reported average of 35 Bg.kg™
(UNSCEAR, 2008). The range of #*2Th activity concentration in soil samples is also
higher compared to world ranges of this radionuclide in the soil. The worldwide range of
22Th in soil is 11 to 64 Bg.kg™ (UNSCEAR, 2008).
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Figure 4.2: Activity concentration of “°K, 28U and #**Th in soil samples

The weighted average activity concentration of ***U and **Th in measured soil samples
are 41 and 42 Bq.kg™ respectively. The world average activity concentrations of 22U and
22Th are 35 and 30 Bq.kg™, respectively (UNSCEAR, 2008). The average activity
concentration values of ?**U and *Th obtained in this study are slightly higher than the

world average of these radionuclides in soils.

The higher levels of 28U and ?*Th in some soil samples in the studied area could be
attributed to their geo-chemical properties as well as geological characteristics of the
parent rocks (Myrick et al., 1983; El Taher and Uosif, 2006). The high levels in soils may
also be influenced by the use of fertilizers such as phosphate which increase the activity
concentration (El Taher and S Makhluf, 2010; Santawamaitre et al., 2011). Based on the
findings of this study, it is too early to establish that the higher *®U and ?*Th activity

concentration is a result of the use of fertilizers or not.

The average “°K activity concentration in the studied soil samples is very low compared
to the worldwide average activity concentration of “°K in soils. Only two samples, PSS 9
(545 Ba.kg™) and USS 28 (654 Bqg.kg™) were found to have higher activity concentration

of “°K compared to the world wide reported average. Sample PSS 9 was collected at
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Kukuu close to fish landing site while sample USS 28 was collected at the vicinity of

Muyuni village. The high activity concentration levels in these samples may be due

human activities in these areas (Santawamaitre et al., 2011).

Table 4.4: Activity concentration (Bg.kg™) of “°K, #**U and **Th in soil samples in
various regions in the world. Number in brackets represents the average value.

Activity concentration (Bg.kg™)

Location Reference

40K 238U 232-|-h
Zanzibar soils 30 -654 28 — 493 24 - 130 This stud

(42) (41) (42) y
Greece 12 - 1570 1-238 1-193 Anagnostakis et al.

(355) (25) (21) (1996)
Syria 100 - 378 1-40 11-25 Othman and

(247) (22.2) (18.4) Yasmine (1995)
Ireland 81088 2.7-788 4479 ,

(526) (79) (104) O’Dea et al. (1999)
Thailand 178 - 811 14 -77 13-143 Santawamaitre et al.

(309) (29) (30) (2014)
Turkey 481 — 807 19-30 29 — 47 i

(667) (28) (40) Taskin et al. (2009)
Spain 617 — 689 36.2-40.5 38.9-43.7

(653) (38) (1) Baeza et al. (2011)
Malaysia 170 — 430 49 — 86 63— 110

(310) (66) (82) UNSCEAR (2000)
Portugal 220 -1230 26 — 82 22 -100

(840) (49) (51) UNSCEAR (2000)
China 9-1800 2-690 1-360

(440) (33) (41) UNSCEAR (2000)
Pakistan 525 - 602 25-28 45 -53

(562) (26) (42) Akhtar et al. (2004)
Egypt 29 - 650 6120 2-96

(320) (37) (18) UNSCEAR (2000)
Japan 15-990 2-59 2-88

(310) (29) (28) UNSCEAR (2000)
United States 100 - 700 4140 4-130

(370) (35) (35) UNSCEAR (2000)
World average 412 30 35 UNSCEAR (2008)
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The observed differences in some results could be attributed to differences in
geochemical variations, soil formations and climatic conditions of the study area (Myrick
et al., 1983; Kekelidze et al., 2017). Natural radioactivity of soil could also depend on
transport processes that were involved since soil formation (Rabesiranana et al., 2008).
Gascoyne (1992) pointed out that biochemical and chemical interactions within soil

media influence the distribution patterns of 2*U, ?*Th and their decay products.

In summary, the concentration of radionuclides in beach sands are much lower than in
soil samples as expected, with one major exception at Kukuu which will be investigated
in Chapter 5. There is surprisingly large variation in soil samples for two relatively small

islands.

4.5 Spatial distribution of “°K, ?*®U and **Th in the study area

A more detailed study of the distributions of “°K, *®U and ***Th in beach sand and soils
has been conducted using the MEDUSA detector (see Chapter 3, section 3.33). Two
beaches (Kukuu and Msuka, see Figure 3.1) from Pemba island were mapped. The
spatial distribution maps were generated using the MEDUSA vy-ray detector and the
Golden Software Surfer® 10 (Surfer®10 Manual, 2011). Data from the MEDUSA y-ray
detector were processed using the Gamman software from MEDUSA Exploration B.V.
in Groningen, the Netherlands. The processed data from Gamman were then later
transferred to Golden Software Surfer® 10 to generate interpolated maps. Surfer software
uses numerous techniques for gridding. These include Inverse Distance to a power,
Kriging, Minimum Curvature, Modified Shepard’s Method, Natural Neighbour, Nearest
Neighbour, Polynomial Regression, Radial Basis Function, Triangulation with Linear
interpolation, Moving Average Data Metrics and Local Polynomial (Surfer®10 Manual,
2011; Ongori, 2013). Different gridding techniques provide different interpretations of
the data because each method calculates grid node values using a different algorithm.

In this study, the Surfer images were generated using the Natural Neighbour gridding

technique to interpolate the spatial distribution maps of #®U, #**Th and “°K in two

86



beaches (Kukuu and Msuka). The Natural Neighbour gridding technique uses an
interpolation algorithm which uses a weighted average of the neighbouring observations,
where the weights are proportional to the borrowed area (Surfer®10 Manual, 2011;
Ongori, 2013). In addition to the beaches, three places were surveyed on land; namely
Kidoti, Tunguu and Mtende. The MEDUSA generated plots and their corresponding
interpolated maps using Surfer® 10 software during mobile measurements for “°K, 28U,
22Th and “°K are depicted in Figures 4.4 — 4.18. The colours red, yellow and blue in
interpolated maps indicate areas of high, intermediate and low activity concentrations

respectively.

4.5.1 Distribution of natural radionuclides on beaches

The U activity concentration recorded at Kukuu beach (Figure 4.4) is less than
550 Bg.kg™® on large parts of the beach, while the other part has huge activity
concentrations (up to 5500 Bq.kg™). The interpolated map shows zones of the beach with
low and very high activity concentrations. This distinct pattern reflects the presence of
light and heavy mineral concentrations. The relatively high concentration of ?*®U as seen
in Figure 4.3 was recorded at the section of the beach with the black sand deposits. As
mentioned in section 4.2 above, studies on radioactivity on beach sand have shown that
black sand are rich in heavy minerals which in turn results in elevated levels of ?**U and
2%2Th (Orgun et al., 2007; Shetty et al., 2010; Ramasamy et al., 2013).
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Figure 4.3: A map of Kukuu beach (left) showing #*®U activity concentration measured
using the MEDUSA y-ray detector and an interpolated map (right) corresponding to the
map on the left. The same notation for latitude and longitude as described in the caption
to Figure 3.10 is used in this chapter.

The variation of the activity concentration of **Th at Kukuu beach was found as
illustrated by Figure 4.4. The relatively high ?°Th concentration (1050 Bg.kg™) was
measured at the same area of the beach which is localised with black sand deposit. Other
sections nearby are also found to have alternating light and dark colour bands depicting
different spectroscopic responses during field measurements. This part of the beach

appeared to be the one found with black sand during the field visit.

Close inspection of Figure 4.5 shows the concentration of “°K follows a similar pattern as
81 and #*Th. The high concentration of “°K is measured on the section of the beach
with black sand and sections close to it. It was also found that high values of activity
concentration for “°K were measured close to the land adjacent to the beach. The high
levels of “°K close to the land may be caused by soil eroded from land and deposited on
the beach.
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Figure 4.4: A map of Kukuu beach (left) showing ***Th activity concentration measured
using the MEDUSA v-ray detector and an interpolated map (right) corresponding to the

map on the left.
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Figure 4.5: A map of Kukuu beach (left) showing “°K activity concentration measured
using the MEDUSA y-ray detector and an interpolated map (right) corresponding to the

map on the left.
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Apart from Kukuu beach, the spatial distribution measurements of 23U, ***Th and *°K in
beaches have been performed at Msuka beach found in northern Pemba and displayed in
Figures 4.6 to 4.8.
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Figure 4.6: A map of Msuka beach (left) showing ?*®U activity concentration measured
using the MEDUSA y-ray detector and an interpolated map (right) corresponding to the
map on the left.

The activity concentrations of 22U and ?*Th in Msuka beach are low compared to Kukuu
beach. Two distinct regions are clearly observed in the distribution maps, dominated by
either yellowish or bluish colours. The differences in colours are an indication of
differences in spectroscopic responses during beach mapping. The highest 22U and ?**Th
activity concentration values recorded at Msuka beach were 115 Bq.kg™ and 210 Bg.kg™
respectively, much lower than at Kukuu but relatively large for beaches in general. The
section of the beach which displayed higher values of both 22U and ***Th are the
accessible part of the beach which is used by locals for various activities. The maps show

that the distribution of radionuclides is not uniform.
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Figure 4.7: A map of Msuka beach (left) showing ?**Th activity concentration measured
using the MEDUSA v-ray detector and an interpolated map (right) corresponding to the
map on the left.
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Figure 4.8: A map of Msuka beach (left) showing “°K activity concentration measured
using the MEDUSA v-ray detector and an interpolated map (right) corresponding to the
map on the left.

Unlike Kukuu beach, Msuka beach yielded higher concentration of “°K. Clear zones

differentiated by yellowish and reddish colours are observed (see Figure 4.8). The highest
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values were found when measurements were done close to the land. This section consists
of a mixture of beach sand and soil. Also, this part of the beach is characterised by
erosion. Therefore, the higher values of “°K may be due to the fact that soil is eroded
from land and deposited on the beach.

4.5.2 Spatial distribution of U, **Th and *°K in soils

The spatial distributions of **®U, ?**Th and “°K soils measured in three places on land
namely Tunguu, Kidoti and Mtende using the MEDUSA detector (see Chapter 3, section
3.33) have been presented in Figure 4.9 — 4.17. While Tunguu village is located at central
part of Unguja Island, Kidoti and Mtende are found at the northern and southern part
respectively. These areas were identified by the initial Nal(Tl) measurement as areas with
relatively high radioactivity.
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Figure 4.9: A map of Tunguu land (left) showing **U activity concentration measured
using the MEDUSA y-ray detector and an interpolated map (right) corresponding to the
map on the left.

Visual examination of the MEDUSA maps and Surfer maps of 2®U, **Th and “K

measured at Tunguu (Figure 4.7— 4.9) reveal remarkable variations of these radionuclides
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on the measured section of the land. The 28U activity concentration distribution (Figure
4.7) varies from 5 — 440 Bqg.kg' with clear distinction of sections of low activity
concentration (5 to 120 Bg.kg™), intermediate activity concentration (120 to 280 Bqg.kg™)
and higher activity concentration (280 — 440 Bqg.kg™) levels. The differences in activity
concentration of the same radionuclide within a small section of land mapped shows this
radionuclide is not uniformly distributed in soils. In the same way, **?Th and “°K maps

show similar trends of big radionuclide variations from one section of the land to the

other.
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Figure 4.10: A map of Tunguu land (left) showing #*Th activity concentration measured
using the MEDUSA y-ray detector and an interpolated map (right) corresponding to the
map on the left.

While #*2Th activity concentration ranges from 0 — 270 Bqg.kg™ (see Figure 4.10), “°K
activity concentration ranges from 0 — 850 Bq.kg™' (see Figure 4.11). Most of the

surveyed area of Tunguu has **Th activity concentration ranging from 60 — 150 Bg.kg™.
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The spatial distribution of 22U, ??Th and “°K of the land mapped at Kidoti is presented
in Figure 4.12 to Figure 4.14. The ranges of *®U, %?Th and “°K are 150 — 310 Bq.kg?,
0 — 100 Bg.kg™ and 0 — 800 Bq.kg™ respectively.
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Figure 4.11: A map of Tunguu land (left) showing “°K activity concentration measured
using the MEDUSA y-ray detector and an interpolated map (right) corresponding to the
map on the left.

Similar to Tunguu, the most striking feature of 23U, %?Th and “°K distribution maps is
the recurring trend of great variation in the activity concentrations in clearly demarked
zones. The well-defined boundaries between low, moderate and high activity
concentrations reflect an abrupt change in the magnitude of spectroscopic responses
during land mapping. The changes in spectroscopic responses imply that there are also

mineralogical variations in the surveyed area.
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Figure 4.12: A map of Kidoti land (left) showing ?*®U activity concentration measured
using the MEDUSA v-ray detector and an interpolated map (right) corresponding to the

map on the left.
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Figure 4.14: A map of Kidoti land (left) showing “°K activity concentration measured
using the MEDUSA v-ray detector and an interpolated map (right) corresponding to the
map on the left.

Unlike Kidoti and Tunguu which showed large variations of activity concentrations of
%81, the activity concentration variation at Mtende was small (see Figure 4.15). The
slight variations in colours which reflect changes in spectroscopic responses imply
minimal variations of *®U in the surveyed area. A large part of the surveyed land shows

uniform distribution of 22U with a few spots of low concentration (blue colour).

Figure 4.16, shows the activity concentration variation of 2**Th for the land surveyed.
The colour variations are due to spectroscopic responses during field measurements

which imply the non-uniform distribution of 22Th in the surveyed land.

Close assessment of Figure 4.17 shows the concentration of “°K follows the similar
pattern as 2*?Th. Although the surveyed area is dominated by blue colour implying low
concentration of “°K, the high and moderate concentration zones of “°K are observed on

the surveyed area by alternating red and yellow.
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Figure 4.15: A map of Mtende land (left) showing ***U activity concentration measured
using the MEDUSA y-ray detector and an interpolated map (right) corresponding to the
map on the left.
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Figure 4.16: A map of Mtende land (left) showing ?**Th activity concentration measured
using the MEDUSA y-ray detector and an interpolated map (right) corresponding to the
map on the left.
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Figure 4.17: A map of Mtende land (left) showing “°K activity concentration measured
using the MEDUSA y-ray detector and an interpolated map (right) corresponding to the
map on the left.

4.6 Elemental concentrations of K, Th and U in soil and
beach sand

Natural radionuclides in the environment are primarily associated with the geological and
geographical conditions and therefore appear at different levels in soils, beaches and
rocks across the different regions of the world (Tzortzis and Tsertos, 2004).
Concentrations of an element in soil and sand are typically expressed in units of the mass
of element (milligrams, mg or micrograms, pg) per mass of soil or sand (kilogram, kg).
This is written as mg/kg or pg/kg. Sometimes concentrations in these media are reported
as parts per million (ppm) or parts per billion (ppb). For easy comparison, the activity
concentration values of “°K, ?*Th and ?*®U in beach sediments and soils obtained in this
study (see Table 4.5 and Table 4.6) were converted into % (percentage) for “°K and parts
per million (ppm) for *®U and *Th. Equation 4.1 (Tzortzis and Tsertos, 2004; Malain,

2011) has been used to calculate the elemental concentration in ppm.
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Fp = NAI;IEJSA,E Ap. (“1)
where;
Fe is the elemental concentration of radionuclide E in the sample in ppm,
Mg is the atomic mass of radionuclide in kg mol™,
Nais Avogadro’s number,
Je is the decay constant (s™),
fae is the atomic abundance of *2U, ***Th and “°K in nature,
Ak is the measured activity concentration (in Bg.kg™),
C is a conversion factor with a value of 10% to convert the potassium concentration to a

percentage and 10° to convert the uranium and thorium values to ppm.

Alternatively, elemental concentration was calculated using the activity concentration
measured. The conversion factors used are given in Appendix A. In these conversion
factors, activity concentration containing 1 ppm by weight of 2°Th is equivalent to
4.06 Bg.kg?, 1 ppm by weight of ?*®U equals 12.35 Bq.kg™ and 1 % of “°K is equivalent
to 313 Bg.kg™. The results obtained for the elemental concentrations using equation 4.1
agree with the results obtained using the expressions in Appendix A. In this study, the
elemental concentrations of “°K, ?*®U and #*Th obtained for beach sand is shown in
Table 4.5.
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Table 4.5: Elemental concentrations of “°K, 22U and **Th in beach sand

8 T
= Elemental concentrations &
e e
< —
@ 40 238 232 %
K (%) U (ppm) Th (ppm)
PBS 2 1.22+0.060 | 0.16+0.01 0.24 +0.02 1.50+0.16
PBS 4 0.03+0.002 | 0.57+0.01 0.49+0.00 0.86 +0.02
PBS9A | 0.65+0.030 | 85.46+3.95 | 651.52+24.84 | 2.53+0.15
PBS9B | 0.35+0.020 | 43.48+212 | 190.00+7.55 | 4.37+0.27
PBSO9C | 1.42+0.070 | 1.46+0.07 244 +0.15 1.67£0.13
PBS11 | 1.50+0.070 | 0.81+0.04 0.49 +0.14 0.60 +0.17
PBS 12 1.37+0.070 | 1.38+0.03 244 +0.14 1.77+0.11
UBS14 | 0.01+0.001 | 057+0.01 0.24 +0.01 0.42 +0.02
UBS19 | 0.03+£0.002 | 0.49+0.01 0.24+0.01 0.49 +0.05
UBS20 | 0.03+0.002 | 0.40+0.01 0.24+0.01 0.60 + 0.07
UBS22 | 0.04+0.010 | 0.49+0.05 0.24+0.01 0.49+0.05
UBS23 | 1.12+£0.060 | 0.97 +0.05 4.39+0.25 453 +0.35
UBS27 | 0.03+£0.002 | 0.57+0.06 0.49+0.02 0.86 +0.10
UBS35 | 1.31+0.060 | 0.16+0.01 0.49 +0.02 3.06 +£0.23
UBS37 | 1.10+0.050 | 0.97+0.05 439+0.21 4.53 £0.32
Minimum 0.03 0.16 0.24 0.42
Maximum 1.50 85.46 651.52 4.53
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Weighted

0.38+0.01 3.75+£0.05 1.01 £ 0.00 1.19+£0.15
Average

As seen in Table 4.6, the elemental concentrations for beach sand ranged from 0.03 to
1.50% for “°K, from 0.16 to 85.46 ppm for 2**U and from 0.24 to 651.52 ppm for %*Th.
Considering the elemental concentrations obtained in beach sand, one can note that the
much higher values of 22U and ?**Th were obtained from sample PBS 9A and PBS 9B.
These two samples are likely composed of heavy minerals which exhibit high U and
22Th concentrations. The average elemental concentrations of “°K, U and ?**Th for
beach sediments are 0.71, 6.81 and 6.03 ppm respectively. Excluding sample PBS 9A and
PBS 9B, the average elemental concentrations of K, *®U and #2Th in beach sand is
reduced to 0.71, 0.69 and 1.29 ppm respectively. UNSCEAR (2008) finds that the
elemental concentrations in beach sands range typically from 1.88 to 1.99 ppm for *°K,
2.28 to 2.49 ppm for **U and 9.26 to 10.15 ppm for Z?Th.

The results obtained in this study reveal that the average elemental concentrations of “°K,
28 and #*2Th in Zanzibar beach sediments are lower by a factor of two to eight times the
corresponding values reported worldwide. The elemental concentration for °K, 2**U and
22Th in soils is depicted in Table 4.6. The values obtained varied from 0.09 to 2.09%,
4.45 to 38.30 ppm and 12.68 to 31.71 ppm respectively.

The elemental concentrations in Zanzibar soils range from 0.09 to 2.09% for “°K, from
4.45 to 38.30 ppm for 28U and from 12.68 to 31.71 ppm for >*°Th. The average
concentrations of these elements are 0.76%, 16.80 ppm and 19.86 ppm. The average
elemental concentration of >®U and #**Th in soil obtained in this study are higher than the
values given by UNSCEAR (2008). UNSCEAR, 2008 values for 28U, %?Th and “°K are
2.8 ppm, 7.4 ppm and 1.3% respectively.

Elemental ratio analysis of Th/U, K/U and K/Th can also be useful in studying the

enrichment/depletion processes due to complex metamorphic history, alteration and
weathering processes that affected the rocks under investigation (Chiozzi et al., 2002;
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Tzortzis and Tsertos, 2004). The values presented in this thesis can play an important role

in further investigations of the geology and historical evolution of the soil on the islands.

Table 4.6: Elemental concentrations of “°K, *®U and ?**Th in soil samples

-
= @ Elemental concentrations 8
S X
E O <
g © F
UK (%) | **U(ppm) | **Th(ppm) | &
PSS9 1.74+£0.08 |227+0.10 |585+£0.27 |258+0.16
USS 15 027+0.01 |21.94+091 |1439+1.43 |0.66+0.07
USS 16 0.30+0.01 |17.09+1.03 |29.27+0.63 |1.71+0.11
USS 26 0.33+0.09 |20.73+0.23 |31.71+0.46 |1.53+0.03
USS 28 2.09+0.02 |445+0.62 |12.68+1.12 |2.85+0.47
USS 29 0.09+0.01 |3830+1.85 |21.22+0.98 |0.55+0.04
USS 30 049+0.02 |1279+0.94 |23.90+1.38 |1.87+0.17
Minimum | 0.09+0.01 |445+062 |585+0.27 |0.55%0.04
Maximum | 2.09+0.02 |3830+185 |31.71+0.46 |2.85+0.47
Average |0.38+£0.01 [559+0.09 |1472+0.21 |2.63+0.06

4.6.1 %?Th/*8U Elemental Ratio
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Tables 4.5 and 4.6 provide 2*Th/>*®U elemental concentration ratio for beach sand and
soil samples respectively, which is important in studying enrichment and depletion of
natural radionuclides due to various processes (Tzortzis and Tsertos, 2004; Chiozzi et al.,
2002). Adams and Weaver (1958) prove the feasibility of ***Th/*®U elemental
concentration ratio as an indicator of relatively oxidizing conditions or reduction in soil
and beach sand samples. *®U has an insoluble tetravalent state which is fixed under
reducing conditions, but it turns into a soluble hexavalent state that can be mobilized in
the solution. By contrast, 2?Th has a single insoluble tetravalent state, one which is
geochemically associated with 2*®U. Therefore, it is a useful standard for comparison
purposes (Macfarlane et al., 1989). Adams and Weaver (1958) further suggested that
ratios less than 2 were very suggestive of the relative enrichment of ?*®U and the
involvement of the reducing conditions as contrasted with a ratio greater than 7, which

refer to the removal of preferential enrichment, perhaps by leaching.

In the present study, the calculated ?*Th/?*®U ratio ranges from 0.42 to 4.43 for beach
sand and from 0.55 to 2.85 for soil samples. These elemental ratios may provide an
indication whether enrichment or relative depletion of radionuclides had occurred. The
22Th/*8U ratio in most samples is lower than the average continental crust value of
approximately 3.8 (Clark et al., 1966; Rogers & Adams, 1969). This suggests that the
samples are enriched in ?2U. By contrast, 2*2Th/?*®U ratios of beach sand samples PBS
9B, UBS 23, UBS 27 are 4.37, 4.53 and 4.53 respectively. These values are higher than

the average continental crust value, suggesting that these samples are enriched in Th.

From Table 4.7, it can be seen that the concentration of “°K in Zanzibar soil is within the
range obtained in Egypt, China, India and Kuwait. On the other hand, the *K
concentration is less than the upper value in Algeria, Italy, Turkey and Pakistan while the

9K concentration is less than the concentration in soils from Jordan, Cyprus and Nigeria.
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Table 4.7: The comparison of elemental concentrations of “°K, *®U and ?**Th in soil
samples and beach sand of the present study with other locations around the world.

Region/S et Elements Ref
egion/Sample type eferences
IONEEIPE RS i o5 [ U (opm) | ZTh (ppm)

Zanzibar soil 0.09-2.09 | 4.45-38.30 | 12.68 —31.71 | Present study
Egypt 094-211 | 040-1.94 0.49—-2.44 | Sroor et al. (2001)

. Baggoura et al.
Algeria 0.11-4.49 | 0.16-10.28 | 0.49-35.12 (1998)
Alps-Apennines, Italy 0.14-5.14 0.3-5.6 0.316.7 Chiozzi et al. (2002)
Russaifa, Jordan 01-10 39-424 21-6.7 Al-Jundi (2002)
Turkey 0.34-3.95 | 0.89-15.22 | 2.44-25.61 | Kurnaz etal. (2007)
Spain 0.2-5.2 1.1-134 1.7-50.3 Baeza et al. (1992)
Bangladesh 1.28—-240 | 1.05-348 | 0.73-19.76 | Miahetal. (1998)
Cyprus <1-19 <1-32 <1-98 Tzortzis et al. (2004)
China 1.41-292 | 3.24-35.79 | 8.05-21.46 | Yangetal. (2005)
Jordan 032-121 | 1.21-4.86 0.98-7.07 | Ahmad et al. (1997)
Pakistan 097-3.02 | 1.70-3.89 | 5.37-14.39 | Tahiretal. (2005)
India 0.06-2.73 | 0.40-5.75 | 3.66-18.54 | Kannan et al. (2002)

: Al Azemi et al.
Kuwait 0.24-2.23 | 0.48 -2.62 0.85-6.66 (2015)

Zanzibar beach sand 0.03-150 | 0.16-85.46 | 0.24 -651.52 | Present study
Melkbosstrand, RSA 0.13-0.15 | 1.60-3.94 1.34-3.59 | Mbatha (2007)
Albania 0.85-2.16 0.5-219 3.17-9.76 | Tsabaris et al. (2007)
Florou and Kiritis
Greece 049-5.09 | 235-8.91 | 4.63-21.46 (1992)
Lambrechts et al.
French 0.38-3.28 | 0.73-5.02 | 3.90-1341 (1992)
Akkuyu, Turkey 043-0.92 | 0.32-1.39 3.86-9.3 Kurt et al. (2014)
Miami Bay, Malaysia 0.95-1.58 | 1.94-213.85 | 9.02 -508.78 | Shuaibu et al. 2017
Orissa, India BDL-454 | 1.21-453 9.76 - 1400 | Rao et al. (2009)
. . BDL - Punniyakotti and
Tamilnadu, India BDL -1.82 | BDL —26.48 216,66 Ponnusamy (2017)
Kocaeli, Turkey 0.04-164 | 036-1.14 0.64 —4.04 | Korkulu and Ozkan
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(2013)
Andaman, Thailand 0.03-2.09 | 0.22-1.90 0.73-8.44 | Malain et al. (2011)
Worldwide range 0.3-45 05-4.7 1.6-20 UNSCEAR (2008)
Worldwide Average 1.3 2.8 7.4 UNSCEAR (2008)

The 2*8U elemental concentration obtained in Zanzibar soil is within the range obtained in
China and is less than ?®*U concentration determined in surface soils from Rusaifa,
Jordan. Furthermore, the #®U concentration was found to be higher than the findings
from Egypt, Nigeria, Turkey and Spain. Other countries which reported low 22U

concentration in soil include Bangladesh, Pakistan, Cyprus, India and Kuwait.

The concentration of potassium in Zanzibar beaches is lower than beaches of Greece,
Orisa, Albania and Thailand (see Table 4.7) and greater than Melkbosstrand beach in
South Africa and Akkuyu beach in Turkey. The concentration of uranium in beach
sediments is higher when compared with other beaches (see Table 4.7) except Miami bay
in Malaysia which is 2.5 times higher than Zanzibar. As in the case of 2**U, the
concentration of 2*Th is higher at a majority of the areas except at Orissa, India with

2%2Th concentration more than two times higher than Zanzibar (see Table 4.7).

4.7 Quality assurance

For the purpose of quality assurance, a reference soil material IAEA-375 was filled up to
the 1000 ml mark in the Marinelli beaker and was measured and analysed in the same
way as beach sediments and soil samples. The dry mass of the reference sample was
found to be 1.254 kg. The IAEA certified sample was treated as an unknown sample. The
results obtained from the measurements and the certified values are summarised in Table
4.8.

Table 4.8: Elemental concentrations of reference soil sample IAEA-375 (Ongori, 2013)

. . IAEA-375 soil sample | IAEA-375 soil sample measured
Radionuclides -
certified values values
K (%) 1.33-1.38 1.28 —1.40
28U (ppm) 1.46-1.78 1.38-1.54
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“Th (ppm) | 4.90 - 5.20 4.88-5.37

One may note the recommended values of “°K, 28U and #?Th are given as activity
concentration in Bg.kg®, which are converted into corresponding elemental
concentrations according to equation 4.1. The ERL measured values for “°K, U and
2%2Th were found to deviate from the recommended values by 1%, 10% and 1%
respectively. These differences fall within an error margin which demonstrates the good
performance of the measurement and the analysis technique used.

4.8 Activity Correlations plots (**U and ***Th; **U and “K;
***Th and “K)

In an attempt to study the relationships that may exist between U, *?Th and “K in
beach sediments and soil samples, correlation plots have been plotted. The correlation
plots of 23U versus #*2Th, **U versus “°K and ***Th versus “°K in beach sediments and
soil samples are presented in Figure 4.18 — 4.20 and Figure 4.21 — 4.23 respectively.

As mentioned in section 4.3, two beach sand samples (PBS 9A and PBS 9B) show very
high values of *®U and #*’Th concentrations. For this reason, these two samples were
treated as outliers; hence they were excluded in correlation plots. The plot for 2*2U versus
22Th for beach sediments (Figure 4.18) shows a linear relationship between ?**Th and
28 with a correlation coefficient of 0.634 between the radionuclides. The positive
correlation between *®U and 2*Th for beach sediments may indicate similarity in their
origin. According to Khater (2001), rocks and/or sand from which the sample originates
will have the same chemical behaviour and could be the same for a given pair of nuclei.
On the other hand, a weak correlation of 0.405 is observed between the %2Th and K
(Figure 4.19) and poor correlation between 233U and *°K (Figure 4.20) with coefficient of
0.296. *8U being the most mobile and soluble compared to “°K, the poor correlation
between them in beach sediments may be due to relatively high solubility and thus high
mobility of 28U compared to “°K (Mamoney and Khater, 2004). Furthermore 2*®U is
associated with organic matter, thus it can leach into sand with high organic content
(Valkovic, 2000; Navas et al. 2002).
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Figure 4.18: Activity correlation plot for >*Th and *®U from measured beach samples
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Figure 4.19: Activity correlation plot for 22Th and “°K from measured beach samples
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Figure 4.20: Activity correlation plot for **U and “°K from measured beach samples

The plot for *Th and ?**U (Figure 4.21) in measured soil samples show a weak
correlation with a correlation coefficient of 0.205 between the radionuclides. Whereas
correlation plots for 2°Th and “°K (Figure 4.22) and 2*®U and “°K (Figure 4.23), show

negative correlation coefficients of 0.52 and 0.644 respectively.

The weak positive correlation between 2*U and #**Th in soil samples is an indication that
environmental processes have affected the distribution of 28U and %*2Th in Zanzibar soils

(Fujiyoshi and Sawamura, 2004).

Many researchers have attempted to find some correlations between activity
concentrations of these radionuclides. Moderate to strong correlation between 2*?Th and
K have been reported by many of them (Quindos et al., 1994; Singh et al., 2005; El-
Reefy et al., 2006; Mehra et al., 2010; Bajoga et al., 2016; Kardan et al., 2017). The
findings of these researchers are in disagreement with the results of this study. Negative
correlation between *2Th and “°K as well as “®U and “°K has been found in the inland
soil samples. Among the findings which are in good agreement with this work include

that of Mehra (2010). The disagreement might be due to a very low number of samples
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used in the study of Mehra and this work, or it may indicate that the soil from different
parts of the island have different origins or have evolved differently due to environmental

conditions such as different weathering and leaching.

Apart from the low number of soil samples in this study, the negative correlation between
22Th and “°K as well as ?*®U and “°K indicate that the radionuclide concentrations are
associated with different chemical and geological properties of the elements. Moreover,
the differences in solubility and mobility characteristic of **Th, *®U and “K in the
environment contribute to negative responses between ***Th and “°K and #*®U and “°K.
The solubility of 28U changes with reducing and oxidizing environment. On the other
hand, %*Th is one of the least soluble elements and it is immobile at low temperatures
(Ivanovich and Harmon, 1992; Edsfeldt et al., 2000).
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Figure 4.21: Activity correlation plot for 2?Th and 2*®U from measured soil samples
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Figure 4.22: Activity correlation plot for 2**Th and “°K from measured soil samples
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Figure 4.23: Activity correlation plot for 22U and “°K from measured soil samples
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4.9 In-situ activity concentration measurements using
Nal(TI) detector

As mentioned in section 3.3.1, a Nal(TI) detector was used to perform in-situ outdoors
terrestrial gamma radiation mapping in 33 locations during initial visit to the islands. The
Nal(TI) detector was placed 1metre above the ground and each spectrum was collected
for 600 seconds in each location. Figures 4.24 — 4.26 present maps showing the
distribution of the natural radionuclides (“°K, %**Th and ***U) from soil and beach in all
surveyed areas. The activity concentrations of the “°K, ***Th and **®U were found to vary
considerably from one location to another. These measurements were used to select

places where samples were taken for the HPGe measurements.
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Figure 4.24: The distribution of “°K in Unguja (left) and Pemba (right)

From Figure 4.24, the activity concentration of VK ranges from a few Bg.kg’ to
approximately 900 Bg.kg * with most of the higher values on Pemba. The low and high
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K activity concentration measured in the surveyed area is related to the underlying
geology and type of soil. For instance, the “°K activity concentration of less than
100 Bq.kg™* has been measured along the Zanzibar coastline dominated by corals. The
beach sand in these areas was also found to have high percentage of calcium oxide
(Ca0), suggesting that shells and organic matter are the main constituent of sand in these
areas. On the other hand, high “°K activity concentrations of greater than 300 Bq.kg ™
were also measured, on beaches that had a pure sandy nature as indicated by a high

percentage of silicone dioxide (SiOy).
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Figure 4.25: The distribution of **Th in Unguja (left) and Pemba (right)

In the case of *2Th, the activity concentrations of this radionuclide in the surveyed area
varied considerably from a few Bg.kg™ up to 100 Bg.kg*, even among neighbouring
regions. This variation is associated with the differences in geological structures of the
study area. Rocks and soil always contains some natural radionuclides (uranium and

thorium series) at different concentrations. These radionuclides are spread in the area
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only after long-lasting geological processes. Low activity concentration values of 2°Th
were generally observed in the beach sand overlying the carbonaceous rocks in the entire
coast of the study area. The highest values of ***Th were recorded in the inland areas as

shown in the map.

The distribution of U activity concentrations (Figure 4.26) in the surveyed area
demonstrates similarity to that of %2Th. The high values of %**U correspond well to the
measurements carried out on the land rather than along the coast. The distribution of U
activity concentration values generally varied from very low (< 10 Bqg.kg™) along the
coasts, up to 187 Bg.kg™ reported on land. The high *®U concentration on land is

probably associated with the soil type.
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Figure 4.26: The distribution of 22U in Unguja (left) and Pemba (right)
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4.9.1 Activity concentrations of “°K, ?*®U and **Th measured in-situ
and ex-situ

During Nal(TI) in-situ measurements, soil samples were also collected in selected
locations for ex-situ measurements using the HPGe detector (see Chapter 3, section
3.4.3). The summary of in-situ and ex-situ results measurements on the selected locations

is presented in Table 4.9.

The variations in activity concentration of “°K, ?*®U and ?*Th obtained using the two
detectors (Table 4.9) are as a result of various factors. Most importantly they measure
different things. The HPGe measures the activity in the roughly 1.5 kg sample that was
collected. The Nal detector measures the concentration from a much larger area from
where gamma rays reach the detector. Samples were also not taken from exactly the same
spot. The Nal(TI) detector will obviously have much larger uncertainties associated with
the measurements, but has the major advantage that it can be used in-situ to get a good
indication if the area has a high or a low activity of the *°K, ***Th and ?**U and if it is an
interesting area to investigate further by taking a sample. Other reasons for differences
include environmental factors, standard gamma energy spectra used for calibration of
detectors and data processing techniques (IAEA, 1990). While Nal(Tl) spectra were
analysed using standard spectra collected from calibration pads, HPGe detector was
calibrated using IAEA certified standard sources for uranium, thorium and potassium.
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Table 4.9: Comparison between Nal(Tl) and HPGe measurements

Activity concentration (Bg.kg™)
Location K v %2Th

Nal(Tl) | HPGe | Nal(Tl) | HPGe | Nal(Tl) | HPGe
Kidoti 187 +3 9%5+4 161+5 | 218+ 11 97+ 2 120+ 6
0 Mtende 117 +£2 110+5 | 1876 | 269+ 12 471 1306
.(5_)) Tunguu 103+2 30+1 1675 | 52023 | 1022 874
Kigunda 33+1 84 +4 53+2 | 286+12 49+1 59+3
Msuka 494+8 | 381+19| 2+01 |[2+0.09| 27+06 |1+0.07
Kukuu White 860+14 | 443+23 | 12+0.4 181 5+£0.1 101

§ Maziwa Ng'ombe 29+ 0.5 BDL 6+0.2 3+0.1 11+0.2 BDL
2 Wambaa 5169 | 471+£23 | 2+£0.1 | 10x05 8+£0.2 2+£0.1
§ Tundaua 497 +8 | 42820 | 9x£0.3 8+£04 1904 | 12+0.6
Pwani Mchangani 271+4 | 9+05 | 28+1 | 6+0.1 | 29+0.6 | 1+0.11
Chwaka 78+1 |351x18 | 3+£0.09 12 + 18+04 181

When comparing in-situ and ex-situ measurements, one should expect to see higher
concentrations of “°K, 23U and %**Th from in-situ results since the in-situ measurements
include other sources of background gamma radiation such as cosmic rays. In this work,
high concentration values of “°K were observed in all measured locations except Kigunda

soil and Chwaka beach.

The ?®®U activity concentration values in soils and beaches obtained during in-situ
measurements are lower compared to the results obtained by using the HPGe detector
except for Pwani Mchangani beach. The estimated 2*?Th activity concentration in soil
follows a similar trend as **®U except for Tunguu soil. The low activity of 22U measured
in-situ may be attributed to *’Rn gas escape from the soil or beach since the in-situ
measurements are sensitive to gamma emitting nuclei that are dominated by elements
below radon in the decay chain. ’Rn gas with a half life of 3.82 days is among the
daughters of 28U which escapes easily from drier soils than in moist soils (Ongori et al.,

2015). In moist soils, water tends to block soil pores which results in a lower escape rate

115



of ?’Rn in the soil. As a result the build-up of %*Rn in water close to the surface
increases the apparent 2**U content (Lovborg, 1984; Grasty, 1997). The low activity of
28 in soils measured in-situ could also be caused by vegetation cover (Travassos and
Pires, 1994), non-uniform nature of the area (Tesi 2012) and difference in calibration
procedure of the detectors (Xhixha, 2012).

The primary objective of using Nal(Tl) in this work was to study the levels and spatial
distributions of “°K, ?*®U and ?**Th in the surveyed areas. Despite differences in the
results obtained in-situ and ex-situ, Nal(Tl) detector measurements demonstrate that
reliable information about the distribution of the radionuclides (*°K, 28U and %*2Th) can
be obtained in a relatively short time and can help to decide where further investigations
are needed.

4.10 Gamma absorbed rate in air and associated radiological
risks

The results of an assessment of the outdoor gamma absorbed dose rates from beach sands
and soil samples and its associated radiological dose are presented in the following
sections. The in-situ data are presented as maps and ex-situ results are presented in

tabular form. These reults are calculated as described in section 3.8.

4.10.1 In-situ mapping of gamma absorbed rate in air from beaches

The in-situ mapping was used to generate spatial distribution patterns of gamma dose
rates for the two surveyed beaches as shown in Figure 4.27. The gamma absorbed dose
rates ranged from 30 — 210 nGyh™ with an average of 109 nGyh™. The spatial
distribution maps of gamma dose rates are based on the in-situ mobile measurements.
Although stationary measurements were performed using the MEDUSA y-ray detector

during in-situ measurements, samples were not collected for ex-situ measurements.
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Figure 4.27: Interpolated absorbed dose rate (nGyh™) maps for Msuka beach (left) and
Kukuu beach (right).

As seen in Figure 4.27, dose rates measured in a large section of Msuka beach are below
the world population weighted average (57 nGyh™). The low gamma dose rates are
observed on the sea side of the beach and on the land side part of the beach which is not
accessible due to the bushes surrounding the beach. Thus, low gamma dose rates
observed can be attributed to presence of light minerals and organic matter which
generally contain low level of radioactivity. However, a sharp increase in gamma dose
rate was observed on the same beach as shown in Figure 4.27 (left). The section which
showed high doses is the accessible part of the beach away from the sea. This section of
the beach is used for various human activities such as a landing site where boats offload
fish. The high gamma dose rates observed may be attributed to human activities along the

beach or the more radioactive soil from the land eroding onto the beach.

The discovery of black sand containing heavy minerals on Kukuu beach obviously

needed to be investigated for possible high dose rates. The observed gamma dose rates at

117



Kukuu beach ranged from 180 — 2200 nGyh™ with an average of 122 nGyh™. As seen in
Figure 4.25 (right), the gamma dose rate on nearly the whole of the beach is less than 200
nGyh™. However, an extremely high dose rate (50 times higher) than the world
population weighted average was measured at the section of the beach where the black
sand is located. The high gamma dose rates observed at Kukuu beach is clearly a result of

heavy minerals along the beach.

The spatial variability pattern in measured dose rates (Figure 4.25) was found to
correspond to the type of sand present on the surveyed beach as expected. The lower dose
is associated with white and grey sand whereas higher dose be associated with black sand

which is rich in heavy minerals.

4.10.2 Ex-situ mapping of gamma absorbed rate beach sand samples

During in-situ survey with the Nal(Tl) detector, samples were collected for ex-situ
measurements using the HPGe detector. The estimated ex-situ outdoor absorbed gamma
dose rate in air due to the presence of ?°Ra, ***Th and “°K in the beach sand sediments in
the study area and their percentage contributions are given in Table 4.10. Table 4.10 also
shows the relative contribution of °Ra, ?**Th and “°K radionuclides to the estimated total

dose rates.

It may be noted from Table 4.10 that the *Ra contributed highest in white beach
samples, with an average value of 40% and a maximum of 82%, whereas the average
contribution of “°K to the absorbed dose rate is 35%, with a maximum of 91%. ***Th
contributed an average of 25% to the absorbed dose rate with a maximum of 77%.
However, in samples PBS 9A and PBS 9B, from black sands on Kukuu beach the
contribution of 2*Th to the total absorbed dose rate is the highest, with an average value
of 71%, followed by #°Ra with an average of 28%. “°K contributed the least with an
average of less than one percent. This implies that, 2?Th contributed significantly to the
total dose rate as found in samples PBS 9A and PBS 9B (black sand), whereas “°Ra is
the highest contributor to the total dose rate in white beach sand samples. The relative

118



contributions of “°K, ?°Ra and #**Th to the absorbed dose rate are usually about 35%,
25% and 40% respectively (UNSCEAR, 2008). The high thorium value is an indication
of the mineral content of the heavy mineral sands.

Table 4.10: Ex-situ gamma absorbed dose rates in air and percentage contribution from
?2°Ra, **Th and *°K in beach sand samples

Sample | Dose rate (nGyh™1) Total dose Percentage contribution (%0)

code “*Ra | *Th | “K (nGyh™) “*Ra | ““Th YK

PBS 2 0.92 0.60 15.89 17+2 531 3.47 91.23
PBS 4 2.31 0.60 0.33 3.2+£0.2 18.14 18.60 10.27
PBS9A | 492.95 | 1653.15 | 9.01 2160 + 162 34.31 76.71 0.42
PBS9B | 248.09 | 470.52 4.55 720 = 56 4.82 65.06 0.63
PBS 9C 8.32 6.04 18.47 32+3 71.13 18.40 56.27
PBS 11 4.62 121 19.64 258 23.84 4.74 77.12
PBS 12 7.85 7.25 17.85 32+3 73.89 22.00 54.17
UBS 14 3.23 0.60 0.13 3.9+£0.2 65.99 15.24 3.16
UBS 19 2.77 0.60 0.38 3.7+05 17.85 16.10 10.00
UBS 20 2.31 0.60 0.33 3.2+£0.2 25.33 18.60 10.27
UBS 22 2.77 0.60 0.58 4.0+£0.7 70.00 15.25 14.74
UBS 23 5.54 10.87 14.64 31 +3 22.87 35.10 47.14
UBS 27 3.23 121 0.46 5.0+£0.6 18.00 24.65 9.36
UBS 35 0.92 121 17.06 19+16 81.60 6.30 88.89
UBS 37 5.54 10.87 14.39 31+2 70.00 35.30 46.71

Weighted average 4.0+£0.12

The ex-situ outdoor gamma dose rates obtained in beach sand samples ranged from 3 to
2160 nGyh™. The calculated outdoor gamma dose rates obtained from Zanzibar beach
samples are extremely low, except for samples PBS 9A and PBS 9B. The low dose rates
observed in beach sand sediments may be attributed to the presence of light minerals
(Carvalho et al., 2011). The absorbed dose rates obtained in samples PBS 9A and PBS 9B

are 38 and 12 times higher than the average level. These two samples were excluded in
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calculating the average ex-situ outdoor absorbed gamma dose rate in beach sand samples

in the study area.
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Figure 4.28: Outdoor absorbed dose rates from beach sands.

The obtained average absorbed rate in beach sand sediments is 4.0 + 0.12 nGy h™%. This
value is a factor of sixteen lower than the corresponding population weighted value of
57 nGyh™. The absorbed dose rates obtained in beach sand sediments in the present study
is compared with the other studies from other parts of the world as shown in Table 4.11.
When compared with other beaches, the absorbed dose rate measured from Zanzibar
coastline is lower than the weighted average dose rates measured in other countries
(Table 4.11). This shows that the mineral content of Zanzibar beach sand has very low

radioactive content.
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Table 4.11: Comparison of absorbed dose rates from the Zanzibar beach sand sediments
and other studies from other countries.

Location Dose rate (nGyh™) | Reference

Zanzibar 4+0.12 This study

South coast beaches, Kenya 22 +3 Kaniu et al. (2018)
Red sea coast, Egypt 51+2 Harb (2008)

Red sea coast, Sudan 53+ 19 Sam et al. (1998)
Guarapari, Brazil 985 £ 348 Veiga et al. (2006)
East coast of Orissa, India 1925 + 718 Sengupta et al. (2005)
Cox’s Bazaar, Bangladesh 65 + 20 Ahmed et al. (2014)
South west coast, Australia 23+19 De Meijer et al. (2001)
Andaman coast, Thailand 31+1 Malain et al. (2010)
Canary island beaches, Spain 44 + 3 Arnedo et al., (2013)
Tamilnadu, India 59+6 Punniyakotti et al. (2017)

The much higher absorbed dose rate from Kukuu black sand is still lower than the dose
rate reported from high background radiation areas such as Orissa, Tamilnadu and
Guaraparri. The higher gamma dose rates reported in the other studies has been attributed
among other causes, presence of heavy mineral deposits in beach sands and geological

setting of the surrounding environments (Mohanty et al., 2004; Ramasamy et al., 2009b).

4.10.3 In-situ outdoor gamma absorbed rate from the soil samples from
inland areas

As mentioned in section 3.3.2, the MEDUSA detector was used to map three land sites in
Unguja island, namely Kidoti (North), Tunguu (Central) and Mtende (South). The
activity concentrations generated by the MEDUSA detector (sections 4.5.1 and 4.5.2)
were converted to absorbed dose rate in air using equation 3.2. The dose rates measured
in soil in-situ in Tunguu, Mtende and Kidoti ranged from 90 — 320 nGyh™ with an
average of 192 nGyh™, 75 — 160 nGyh™ with an average of 109 nGyh™ and 120 — 180
nGyh™ with an average of 143 nGyh™, respectively. The world population outdoor
gamma dose rate from soil ranges between 18 — 93 nGyh™ with an average of 57 nGyh™
(UNSCEAR, 2008).
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The spatial distribution of outdoor absorbed dose rates (Figure 4.29) in the surveyed land
were generated using Golden SURFER software. As seen in Figure 4.29, the dose rate in
the surveyed areas is not uniform. While the highest dose rate measured at Tunguu is
310 nGyh™, the highest dose rate measured at Mtende is 155 nGyh™. Although the soil in
these surveyed areas looks the same, the Tunguu soil is composed of sandstones. The
high dose rate at Tunguu area may also be associated with anthropogenic activities such
as land cultivation and human settlement as well as topographical effects such as

vegetation and rock outcrops (Santawamaitre el al., 2011).
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Figure 4.29: Interpolated absorbed dose rate maps for Tunguu (left), Mtende (middle) and Kidoti (right).
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4.10.4 Ex-situ outdoor gamma absorbed dose rate in air from soil from

inland areas

The relative contribution of ?°Ra, 2?Th and “°K to the total absorbed dose rate in soil

samples collected from various parts of Zanzibar is presented in Table 4.12. As it can be

seen, the contribution of #?°Ra to the total absorbed dose ranged from 26% to 81% with

an average value of 55%, followed by **Th with an average of 32% ranging from 19% to

43%. The average contribution of “°K is 13% with a maximum of 45%. From Table 4.12,

it is clear that the highest contributor to the total absorbed dose in soil samples is “°Ra.

Mishira and Sadasiran (2005) have reported these percentage contributions in the order of
17.7%, 33.6% and 48.7% due to °Ra, ?**Th and *°K for Indian environs. UNSCEAR has
reported the worldwide average values for the relative contributions from ?*°Ra, ***Th and

K gamma dose rate in air to be 25%, 40% and 35% respectively for normal background
areas (UNSCEAR, 2008).

Table 4.12: Ex-situ gamma dose rates in air and percentage contribution from *°Ra,

2%2Th and “°K in soil samples.

Sample Dose rate (nGyh™) Total dose | Percentage contribution (%)
Code *’Ra 22Th K (nGyh'l) “®’Ra 22Th K
USS 9 13 15 23 50+4 26 29 45
USS 15 132 36 4 171 +13 77 21 2
USS 16 101 72 4 177 £15 57 41 2
USS 26 124 79 5 207 £ 16 60 38 2
USS 28 28 29 27 84+8 33 35 32
USS 29 228 53 1 294 + 21 81 19 0.4
USS 30 73 59 6 139+ 11 53 43 5
Average 86+3

The calculated ex-situ outdoor absorbed dose rates for soil samples (Table 4.12) are

illustrated in Figure 4.30. The lowest absorbed dose rate (50 nGyh™) calculated was

found in sample PSS 9 from Kukuu village while the highest absorbed dose rate (294

124




nGyh™) calculated was found at the sample UBS 29 collected from Tunguu. The highest
absorbed dose rate calculated and found in sample UBS 29 is approximately five times
higher than the average outdoor absorbed dose rate in air from soil. Other soil samples
which gave higher calculated dose rates are USS 26, USS 16, USS 15, USS 30 and USS
28. The weighted average dose rate for the soil samples was found to be 86 nGyh™ (see
Table 4.12). This is slightly higher than the world average (57 nGyh™) of outdoor dose
rate in air (UNSCEAR, 2008), but this may be due to the bias introduced when choosing

the sample sites.
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Figure 4.30: Distribution of absorbed dose rate in air in measured soil samples. The solid
horizontal line represents the world average (UNSCEAR, 2008).

The absorbed dose rate results obtained from Zanzibar soils were compared with
published values from other areas of the world (see Table 4.13). Results from this study
are higher than reported values from south western Cameroon, Chao Phraya-Thailand,
state of Kuwait, Cyprus, Eastern Canary Islands and Russia. On the other hand, the
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calculated absorbed dose rate in soil samples in the present study is comparable with the
published data from Izmir-Turkey and Hong Kong. Moreover, the dose rate results
obtained in soil samples are lower compared to the published values from Kenya,
Malaysia, Namibia and western Ghats-India.

Table 4.13: Comparison of absorbed dose rates from the Zanzibar soils and other studies
in the world.

Location Dose rate (nGyh™) | Reference

Zanzibar 86 + 3 This study

Lambwe east, Kenya 2300 + 62 Achola et al., (2012)

Mrima Hill, Kenya 967 £ 36 Kaniu et al., (2018)

Izmir, Turkey 86 + 4 Taskin et al. (2009)

South-Western, Cameroon 29+ 2 Kardan et al. (2017)

Chao Phraya, Thailand 65 + 27 Santawamaitre et al. (2011)

State of Kuwait 33+2 Al Azemi et al., (2015)

Cyprus Tt Tzortzis et al. (2004)

Melaka state, Malaysia 12 [T Ramli et al. (2005)

Henties Bay, Namibia 126 + 36 Shimboyo SA & Oyedele J A
(2012)

Western Ghats, India 133+ 18 Manigandan, P.K. & Shekar, B.C.
(2014)

Eastern Canary Islands QL+ 2 Arnedo el al. (2017)

Hong Kong 87+5 Yuetal. (1992)

Perak, Malaysia 222 £191 Lee et al. (2009)

4.10.5 Annual Effective Dose Equivalent (AEDE)

The calculated outdoor AEDE values for three categories of people using the Zanzibar
beaches are presented in Table 4.14 based on the occupancy values given in Section
3.8.2. The values ranged from 4 to 2644 uSvy * for locals working on the beaches for
their daily living. For hotel workers working on beaches, the outdoor AEDE ranged from
0.47 to 1056 pSvy * and for tourists using Zanzibar beaches during holidays, the outdoor
AEDE ranges from 0.1 to 158 pSvy .
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Table 4.14: Ex-situ outdoor Annual Effective Dose Equivalent (AEDE) calculated from
beach sand samples.

AEDE (uSvy ™)
ij(;:ple Locals _ Tourists . ' !—|ote| WOI’kEITS
Minimum | Maximum | Minimum | Maximum

PBS 2 21.36 0.51 1.28 2.54 8.53
PBS 4 3.99 0.10 0.24 0.47 1.59
PBS 9A 2644.33 63.39 158.48 313.94 1056.53
PBS 9B 887.54 21.28 53.19 105.37 354.61
PBS 9C 40.28 0.97 2.41 4.78 16.10
PBS 11 31.25 0.75 1.87 3.71 12.48
PBS 12 40.43 0.97 2.42 4.80 16.15
UBS 14 4.87 0.12 0.29 0.58 1.95
UBS 19 4.61 0.11 0.28 0.55 1.84
UBS 20 3.99 0.10 0.24 0.47 1.59
UBS 22 4.86 0.12 0.29 0.58 1.94
UBS 23 38.10 0.91 2.28 4.52 15.22
UBS 27 6.02 0.14 0.36 0.71 2.40
UBS 35 23.53 0.56 141 2.79 9.40
UBS 37 37.79 0.91 2.26 4.49 15.10

The outdoor AEDE corresponding to ordinary white beach sand samples in this study are
lower than the average value of 70 pSvy * (UNSCEAR, 2008). The low outdoor AEDE
values in most beach sand samples are due to the presence of low activity concentrations
of ?°Ra, ??Th and “°K. Highest outdoor AEDE values are observed at sample PBS 9A
for locals (2644 pSvy ') and hotel workers (1056 pSvy ') which is 38 and 15 times
higher than the average level. For tourists using beaches during holidays, the maximum
outdoor AEDE value is 158 pSvy *. The low outdoor AEDE values obtained from white
beach sand samples is an indication that the surveyed beaches are safe for use from a

radiation safety point of view.

The calculated values of outdoors AEDE for soil samples (Table 4.15) ranges from 61 to
345 pSvy . The values obtained for most soil samples are higher than the world average
value of 70 pSvy * for outdoor AEDE in soil samples due to the presence of high activity
concentration of 22U and **Th (UNSCEAR, 2008).
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Table 4.15: Annual Effective Dose Equivalent (AEDE) in uSvy * for soil samples

Sample code AEDE (uSvy )
USS 9 61.55
USS 15 202.64
USS 16 217.27
USS 26 253.46
USS 28 104.83
USS 29 345.26
USS 30 173.91

From a radiological point of view, the result from this study indicates that most of the
beach sand samples studied are considered to be safe. The radiological hazards to people
being exposed to natural radiation emitted from Zanzibar beaches are at the typical level

of natural background radiation.

4.11 Summary

The activity concentration of natural radionuclides (*°K, ?2Th and #**U) in soil and beach
sand samples measured in-situ (using the Nal(Tl) and the MEDUSA y-ray detectors) and
ex-situ (using the HPGe detector) and their distributions have been presented and
discussed. The MEDUSA detector results were presented as maps showing spatial
distributions of natural radionuclides in land surveyed namely, Kidoti, Tunguu and
Mtende and beaches surveyed namely, Msuka and Kukuu, whereas HPGe and Nal(TI)

detector results were presented using tables.

The activity concentration of ***Th, **U and “° K in beach sand ranges from BDL to 2671
Bqg.kg™, 2 to 1055 Bg.kg™’ and 3 to 471 Baq.kg™, respectively. The obtained weighted
average values of 2**Th, 28U and *° K in beach sand are 1, 4 and 4 Bg.kg™, respectively.
These values are lower than the world average values of 33, 45 and 420 Bg.kg™
(UNSCEAR, 2008). Two black beach sand samples PBS 9A and PBS 9B were found to
have greatly enhanced radioactivity levels due to the presence of heavy minerals.
Moreover, soil samples were found to have much higher activity concentration of 2*2Th

and ?**U compared to white beach sand sediments. “°K activity concentration is lower in
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soil samples compared to most beach sand samples. Furthermore, the activity
concentration of 2*Th, 23U, and “°K radionuclides in this study are lower than the values

reported in similar studies conducted elsewhere around the world.

The outdoor gamma dose rates obtained in beach sand samples ranged from 3 to 2156
nGyh™. The highest absorbed dose rate obtained in sample PBS 9A is 38 times higher
than the average level of 57 nGyh™ (UNSCEAR, 2008). The calculated ex-situ outdoor
absorbed dose rate for soil samples ranged from 50 to 294 nGyh™. The highest dose rate
was measured in sample USS 29 which is approximately five times higher than the

average outdoor absorbed dose rate in air from soil.
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CHAPTER 5

The correlation between major and trace elements and the
22Th, #*®U activity concentrations of beach sand

5.1 Introduction

The natural radionuclides of %**Th and #*®U are among the constituents of beach sand
(Veiga et al., 2006) as also found in this work. The concentration of these radionuclides
in beach sand is also associated with the presence of heavy and light minerals. Heavy
minerals are those minerals with density greater than 2.9 gcm™ whereas light minerals are
minerals with density less than 2.9 gcm™ (De Meijer et al., 2001). The contents of heavy
and light minerals deposited on coastal areas are also linked to the geochemical (major
and trace) composition of beach sand. The variations in major and trace element contents
are therefore a tool for interpreting possible origin of heavy minerals in beach sand and

for discriminating physico-chemical processes affecting the geology of the area.

This chapter focuses on examining the correlation of major and trace elemental
compositions on ?**Th and **®U activity concentrations of the beach sand in the study
area. The natural radioactivity data provided in Chapter 4 will be complemented with
major and trace results to study the influence of the major and trace element variations on
or links between the ?**Th and®*®U activity concentrations. Furthermore, major and trace
elemental compositions data will be used to trace the origin of heavy minerals along the
Kukuu beach.

5.2 Comparison of **Th and ?*®U obtained by HPGe gamma ray
detector and ICP MS spectroscopy

The elemental concentrations of U and Th in beach sand samples were determined ex-situ
using the HPGe y-ray detector (see Chapter 4, section 4.6). The obtained results are
compared with the U and Th elemental concentrations obtained using ICP MS analysis as

shown in Figure 5.1.
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In general, the ex-situ results obtained using the HPGe detector and ICP MS results for
Th and U show a similar pattern (see Figure 5.1). It should be noted that the HPGe results
are in general slightly higher compared to ICP MS results. This variation can be
attributed to the differences in the two analytical techniques. As discussed earlier in
section 3.4.2, with the HPGe detector, samples of approximately 1.5 kg were put in
Marinelli beakers whereas analysis by ICP MS was directly made on a split
approximately 2.5 g. This can lead to differences since much of the sand is not very

uniform.
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Figure 5.1: Comparison of Th and U concentrations in beach sand measured by HPGe
and ICP MS spectroscopic analysis
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5.3 Composition of major and trace elements in studied beach

sands

The concentrations of major elements (expressed as weight percentage) and trace
elements (expressed as ppm) in beach sand representing both low and high levels of
natural radioactivity as determined by XRF and ICP MS analyses (see Chapter 3, sections
3.9 and 3.10), respectively, are considered in this section. The results of major elements
with corresponding LOI (loss on ignition) values for each sample are presented in Table

5.1, whereas trace elements results of the studied samples are presented in Table 5.2.

5.3.1 Major elements

The concentration of SiO, (the most common constituent of sand in inland continental
settings) in the studied samples fluctuates between 0.18 and 93.47%, whereas the content
of CaO (linked to coral) ranges between 0.11 to 55% and LOI varies from -2 to 45%. The
total weight percentage of TiO; is between 0.0land 42.02%, Fe,O3 contents are in the
range of BDL to 33% and Al,O3 content ranges from BDL to 16%. K,O, MgO, MnO,

Na,O and P,Os were found in small amounts in beach sand samples.

Beach sand samples PBS 1, PBS 2, PBS 3, PBS 9C, PBS 11, PBS 12, PBS 13 and
UBS 35 were found to have the highest SiO, contents among the studied beach sand
samples ranging from 69 to 91%. Samples UBS 24, UBS 20, UBS 27, PBS 4, UBS 24
and UBS 22 have surprisingly low SiO, contents ranging from BDL to 0.31%. Beach
sand samples PBS 9A and PBS 9B (black sand samples) have SiO, contents ranging from
only 3.9 to 6.81% while samples PBS 9D and PBS 9E from the same beach as black sand
samples have SiO, contents ranging from 45.19 to 47.68%.

The beach sand samples found with high SiO, contents contained low CaO and LOI
contents ranging from 0.11 to 7.0% and 0.21 to 6.11% respectively, whereas the high
contents of CaO and LOI of 55.92 to 55.34% and 44.08 to 45.13% respectively were
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found in samples with low SiO; contents. In samples PBS 9A and PBS 9B, the contents

of CaO are very low, less than 0.2%.

Table 5.1: Major element concentrations and LOI (Loss on ignition) expressed as weight
percentage for the studied samples from the Zanzibar coasts measured by the Central
Analytical Facility at Stellenbosch University.

Sample code Si0, CaO AlLO; K,O MgO MnO Na,O P,Os Fe,0O; TiO, L.O.
PBS 1 7400 700 783 281 019 001 179 003 028 033 542
PBS 2 88.10 0.82 4.96 173 019 001 126 002 043 041 127
PSS 2 85.70 060 531 1.08 015 002 066 005 064 040 5.09
PBS 3 9347 011 137 040 013 002 035 002 084 142 091
PBS 4 031 5292 003 002 208 BDL 087 007 001 004 4513
PBS 9A 390 017 069 002 057 065 014 0.01 3350 41.02 -2.03
PBS 9B 681 020 095 006 057 066 007 003 3319 4202 -1.99
PBS 9C 87.14 176 4.87 158 019 002 107 002 074 078 149
PSS 9H1 7022 059 1510 18 070 0.01 228 004 249 074 6.11
PSS 9H2 69.02 077 1683 246 028 BDL 233 001 067 022 6.93
PBS 9D 4768 2529 273 098 081 002 1.04 004 019 014 2207
PBS 9E 4519 2734 157 048 067 001 081 013 051 039 2385
PBS 11 8734 130 6.03 169 007 001 152 001 027 033 061
PBS 12 91.61 042 3.92 152 006 001 073 001 042 042 021
PBS 13 85.99 092 6.13 157 014 0.03 154 0.01 112 1.07 048
UBS 20 BDL 5427 000 002 122 000 060 007 001 0.02 44.27
UBS 22 024 5335 001 002 174 BDL 077 0.08 0.05 0.03 4494
UBS 24 022 5534 BDL 001 048 BDL 049 0.05 002 0.03 44.08
UBS 25 0.18 5443 BDL 003 098 BDL 084 007 000 0.03 4463
UBS 27 BDL 5385 006 003 144 000 086 008 006 001 44.39
PBS 35 9099 230 266 081 014 000 070 001 009 003 179

The majority of the studied samples contain low TiO, and Fe,O3 contents ranging from
0.01 to 1.42% and 0.01 to 2.49% respectively, except for samples PBS 9A and PBS 9B
from Kukuu beach. These samples are characterized by much higher TiO, (41.02 —
42.02%) and Fe,O3 (33.19 — 33.50%) contents. The high TiO, and Fe,O3 contents in

samples PBS 9A and PBS 9B from Kukuu beach is an indication of the presence of heavy

minerals deposit along the beach. Heavy minerals such as ilmenite and rutile are rich in

TiO,, hence it is clear that one or both of these minerals are present on Kukuu beach.
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Al,O3 contents are higher in samples PSS H1 and PSS H2 (soil samples) ranging from
15.10 to 16.83% and low in white beach sand samples ranging from BDL — 7.83%. MnO
and P,Os are present in very small amounts in all samples whereas K,O, MgO and Na,O
are in more noticeable amounts ranging from 0.01 to 2.81%, 0.19 to 2.08% and 0.14 to

2.33% respectively.

5.3.2 Trace elements

Trace element results in the studied samples (Table 5.2) are characterised by higher
concentration of zirconium (Zr) in sample PBS 9A. The Zr content measured in this
research study ranges from 1.22 — 42250 ppm. The cerium (Ce) and strontium (Sr)
content ranges from 0.15 — 1176 ppm and 25.34 — 5446 ppm, respectively. The contents
of vanadium (V) and yttrium (Y) ranges from 1.81 — 555 ppm and 0.15 — 147 ppm,
respectively. The Nb, Hf, La and Nd contents range between 0.08 — 322 ppm, 0.04 — 922
ppm, 0.09 — 605 and 0.11 — 474 ppm, respectively whereas the content of Ba ranges from
25.34 — 5446 ppm. The U and Th contents vary between 0.29 — 42 ppm and 0.01 — 275
ppm respectively. It is important to note that with the exceptions of Ba and Sr all other
trace elements were higher in samples PBS 9A and PBS 9B. The contents of Sr that has

similar behaviour as CaO, is high in beach sand samples with high CaO contents.
In summary, although the contents of Fe,O3 and TiO, and Zr in other samples are low,

the high contents of Fe,O3, TiO, and Zr confirms the presence of heavy minerals in
samples PBS 9A and PBS 9B.
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Table 5.2: Trace element concentrations (in ppm) for the studied samples from the Zanzibar coast as measured by the Central
Analytical Facility at Stellenbosch University.

Sgg;p'e Zr Y Nb Sr v Ce Nd Hf  Sc Rb Ba Th u
White sand

PBS 1 196.60 212 562 78300 1534 g8 309 483 552 463 1138 | 091 | 0.76
PSS 2 41479 546 449 12159 2197 1791 538 872 503 2292 694 | 262 | 101
PBS 2 36690 361 1054 18620 1836 13928 711 1001 7.04 2804 46315 | 219 | 0.78
PBS 3 86410 383 1880 3150 3540 2358 902 2105 740 656 1783 | 573 | 1.22
PBS 4 3830 055 127 231000 401 121 o051 126 017 009 307 | 014 | 088
PBS 9C 50320 421 797 32613 2561 1317 565 1273 542 27.97 689.06 | 255 | 1.11
PBS 9D 14046 327 160 334938 1127 1002 388 336 269 1875 38584 | 134 | 228
PBS 9E 537.63 7.1 447 213493 1858 2278 1035 1298 358 92  197.69 | 355 | 237
PBS 11 157.40 202 983 27190 1480 02 246 389 631 2798 670 | 093 | 040
PBS 12 40654 273 445 15192 1673 1476 645 9.87 328 2824 60595 | 320 | 073
PBS 13 82200 628 1334 22060 2880 92953 1166 1944 755 2349 5956 | 657 | 1.13
UBS 20 1387 083 011 544647 519 083 047 029 043 017 806 | 011 | 258
UBS 22 3.18 045 158 226000 335 048 034 013 013 007 326 | 004 | 1.14
UBS 24 8.00 039 345 330000 409 05 031 068 007 018 41 017 | 146
UBS 25 1.22 015 049 123900 181 015 011 004 007  0.06 15 001 | 053
UBS 27 1.78 06 008 231597 314 076 052 006 020 017 456 | 004 | 1.05
UBS 35 3917 069 029 34674 723 9296 o086 107 279 1494 32481 | 035 | 0.29
Soil

PSS 9H1 48728 1066 800 18846 7255 3037 1232 1271 1252 37.06 7024 | 521 | 3.13
PSS 9H2 17430 322 394 23680 21.67 1369 625 421 636 452 965 | 193 | 0.99
Black sand

PBS 9A 4225035 147.41 266.06 2534  484.88 1132 46339 92215 3872 055  40.13 | 27543 | 42.05
PBS 9B 36460.00 1424 32230 3196 55510 1176 47440 87620 4720 1.03 651 | 27140 | 40.65
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5.4 Classification of beach sand samples

Based on the major element results (Table 5.1) and trace element results (Table 5.2), the
studied beach sand samples were classified into their geochemically similar groups using
cluster analysis. All the elements listed in Tables 5.1 and 5.2 were used in classifying the
samples. Due to variations in elemental compositions in the samples, it is impossible to
obtain samples within the same cluster. Instead, more than one cluster is always created.
To display the order in which elemental contents with similar properties are shown

virtually, dendrograms were generated (see Figures 5.2, 5.3 and 5.4).

The most similar parameters are grouped first. These initial groups are combined
according to their similarities. Similarity is a measure of distance between clusters
relative to the largest distance between any two individual parameters. In their sample
measurements, one hundred percent similarity means the clusters are zero distance apart.
Conversely, the similarity of zero percent means the cluster areas are as different as the
least similar region. In this research study, hierarchical agglomerative cluster analysis
using Ward’s method (Ward, 1963) was performed on major and trace elements with
Euclidean distances used as a measure of similarity expressed from 0 to 25 (De Meijer et
al., 2001; Liu et al., 2003; Sivakumar et al., 2014).

5.4.1 Classification of samples using major elements data

In Figure 5.2, samples are classified into four statistically significant groups based on the
similarity of the major elements. Group | consists of PBS 2, UBS 20, UBS 22, UBS 24,
UBS 25 and UBS 27 samples. These samples are characterised by low SiO, contents and
with high percentage of CaO and LOI. The higher values of CaO and LOI in these six
samples suggest the presence of significant biogenic CaCO3; component. The high values

of CaO and LOI reflect high shell contents in the samples.

The black sand samples (PBS 9A and PBS 9B) are classified in group Il. These samples

were from Kukuu beach and are characterised by higher TiO, and Fe,O3 contents. The
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high contents of Fe,O3 and TiO, suggest the presence of heavy mineral such as ilmenite

in these samples.

Group Il include samples PBS 9C and PBS 9E from Kukuu beach which are
characterised by their high percentage of SiO,, CaO and LOI which reflect the presence
of quartz and shells in these samples. These samples can be categorised as mixed sand

samples.

Group IV consists of 11 samples; PBS 1, PBS 2, PSS 2, PBS 3, PBS 9C, PSS 9H1, PSS
9H2, PBS 11, PBS 12, PBS 13 and UBS 35. These samples are dominated with high SiO,
content. The high SiO, concentrations reflect the presence of quartz in these samples.
Groups Il and IV are linked with higher similarity compared to linkage between Groups

I and I1.
Similarity (%)
0 5 10 15 20 25
1 1 1 1 1

Uz I
UBs z2s 12
UBZ 27 4
UBZ 24 2
PES 2 Hj
UBZ 22 19
PES 94 5
PES 9B EJ
PEZ 9D 8

Samples ppeop ol |
PES 2 141
PEZ 11 21}
FEZ9C 7]
Pas 2 15—
PEZ 13 16—
UBZ 35 1H
PEZ 12 18
PEZ3 17
P33 9H1 104
PS8 9HZ 11}
PES1 2l

Figure 5.2: Dendrogram using major elements result consisting of 21 samples
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One of the interesting findings in Figure 5.2 is that samples from Kukuu beach have been
classified into four different groups, namely silicate group (rich in SiO,), group of mixed
sand (with high percent of SiO,, CaO and LOI), carbonates (rich in CaO) and a heavy
mineral sand group (dominated by Fe,O3 and TiO,). The variations in seven Kukuu
beach samples into three mineral groups could be attributed to the difference in the
origin of these sources (see section 5.6) and a real reflection of the large differences

found on the same beach.

5.4.2 Classification of samples using trace elements data

Using trace elements data, a dendrogram comprising of 21 samples was generated as
shown in Figure 5.3. In this dendrogram, samples are classified into two clusters. Cluster
I consisting of 19 samples characterised by low concentrations of zircon. Cluster Il is

comprised of two samples with high contents in zircon, samples PBS 9A and PBS 9B.
Similarity (%0)
0 5 10 15 20 25
UBS 27 4 l ' J '

UB3 22 19—
UBS 25 121

UBS 24 2f—
UBS20  3f—
UBS35 1
UBS4 13

PBS 9D 8
PBS 11 21
Samples pgE 9H1 1
PBS1  20f—
PBS 13 16
PES3 17
PEZ 2 15
PBS 12 18/
PES 2 14—
FBSIC TH
PBS9E 8/
PSS 9HL 10

PES9A 5
PEZ 9B EJ

Figure 5.3: Dendrogram using trace elements result consisting of 21 samples.
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Due to its high zircon content, these two samples were excluded and a new dendrogram
consisting of 19 samples was plotted as shown in Figure 5.4. In this new dendrogram,

four groups have been generated.

Similarity (%)
[u] ] 10 13 20 23
UBS 27 = | 1 | | 1
uBs 22 17
UBS 25 10—
UBS 24 2
UBS 20 3
UBS 35 1
PBS 4 "=
PBS 9D 6
Samples pes11 19
PSS OH1 9
pES1 . 18
PBS 13 14 J
PBS 3 15
PSS 2 13
PBS 12 16
PBS 2 12
PBS 9C 5 —
PBS 9E 7
PS5 OH? gt

Figure 5.4: Dendrogram using trace elements result consisting of 19 samples

5.5: Correlations between “*U, ***Th concentrations and major

and trace element concentrations of beach sand from the
Zanzibar coast

In order to examine the possible link between the major and trace elements and the
activity concentrations of 2?Th and ?*®U in the beach sand in the study area, Pearson’s
correlation analysis has been performed. Earlier studies (Macdonald et al., 1997) have
shown that the U and Th content that are easily measured by gamma spectroscopy in-situ,
can be a valuable indicator of mineral content in soils. The results of the Pearson

correlation analysis for both major and trace elements and the activity concentrations of
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2%, °2Th are presented as a linear correlation matrix in Table 5.3 and Table 5.4
respectively. The natural radioactivity parameters and major and trace elements (Tables
5.1 and Table 5.2) were used.

Among the major elements, SiO,, Fe,O3 and TiO, are significantly correlated with the
activity concentration of #*2Th at 0.05 significance level. A negative but significant
correlation was found between ?**Th and CaO and MgO at 0.01 and 0.05 significance
levels respectively. The correlations of the remaining major elements namely; Al,Os,
Na,O, MgO and P,Os with ?*°Th activity concentration are insignificant. The strong
correlations between SiO,, Fe,Os and TiO, and 2**Th suggest a possible connection of

these major elements to activity concentration of 2**Th in the studied samples.

It can also be noted in Table 5.3 that the U activity concentration correlates
significantly only with Fe,Oz at 0.01 significance level. This suggests that the presence of
Fe,O3 in beach sand samples is linked to the 2*®U activity concentration. The correlation
between other major elements namely; SiO,, Al,O3, Na,O, TiO,, MgO, CaO and P,0s

with the 238U activity concentration in the studied samples are insignificant.

A significant positive correlation at 0.05 significance level was found between Zr, V, Ce,
Nb, Hf, Y, La, and Nd with the activity concentration of *?Th. This suggests a possible
strong link between these trace elements and the 2*?Th activity concentration in studied
beach sand samples. There is also a significant but negative correlation at 0.01
significance level between Sr and #*2Th activity concentration. Moreover, correlation

between Ba and Rb with %**Th activity concentration is insignificant.

A significant correlation at 0.01 significance level was displayed between Y, V and Sr
and the ?*®U activity concentration. The obtained results also show that the 2*®U activity
concentration correlation with Zr, Ce, Hf, La, Rb, Nb, Ba and Nd is insignificant. This
indicates that there is no link between the high *®U activity concentration in studied
beach sand samples and a high concentration of minerals such as Zr. Moreover, a

significant strong positive correlation is present between Zr and Ce, Nb, Hf, Y, La and
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Nd. However, the 2*?Th activity concentration is only weakly correlated with activity
concentration of *®U. These two radionuclides occur together in nature and this weak
correlation among them may be attributed to variations in mobility of the two
radionuclides (Al-Hamarneh and Awadallah, 2009).

Major and trace element compositions and their linkage to natural radioactivity in this
research study have been compared with the findings reported by other researchers. It is
important to mention that many researchers reported the relationship that exists between
heavy minerals and natural radioactivity but not many have compared the major and trace
elements to the natural radioactivity levels. According to Erkul et al. (2016) natural
radioactivity levels of some granitoids in Western Turkey have been closely associated
with high SiO,, Na,O, K;0, Rb and Ba, whereas no correlation exists between natural

radioactivity levels and concentrations of CaO, Sr, Y and Zr.

The ?®®U and #*2Th in plutons of Western Anatolian-Turkey were reported to have no
correlation with Zr, SiO,, Al,03, MgO, CaO, K,0 and TiO,, whereas significant but
weak correlation was found between Hf and #®U and ***Th activity concentration

(Papadopoulos et al., 2017).
The contents of organic matter (CaO), clay and magnetic minerals in Kavala beach sand

are positively correlated with 23U, ***Th and “°K (Ramasamy et al., 2014). In the present

study, CaO neither correlates with 22U nor 22Th.
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Table 5.3: Correlation matrix for major elements and %**Th and 2*®U activity concentrations for selected beach sand samples from the study area.

Bold values in the table indicate significant correlation between the variables

Major elements

Natural radionuclides

Al,O; K,O MgO Na,O P,Os SiO, Fe,0, TiO, CaO Th U
Al,O5 1
K,O 0.835" 1
MgO  -0.442 -0.655" 1
Na,O 09037 0792”7 -0.220 1
P,0s -0.490° -0.645" 0.687°  -0.359 1
Si0O, 0535 0735 -0.8607 0324  -0.725" 1
Fe,O; 0.699°  0470° -0.319 0575  -0.257 0.483" 1
TiO, 0291 0.335  -0.524"  0.143 -0.405 0.6517  0.667" 1
CaO -0.659” -0.800" 0.836 -0450  0.725°  -0.988"  -0.569"  -0.644" 1
Th 0.413 0.365  -0.494"  0.254 -0.298 0.6277 07917 09117  -0.646" 1
U 0.140  -0.125  0.238 0.121 0.418 -0.225  0.475°  0.110 0.165 0.287 1

*Correlation is significant at 0.01 significance level
**Correlation is significant at 0.05 significance level
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Table 5.4: Correlation matrix for trace elements and ?*Th and 2*®U activity concentration for selected beach sand samples from the

study area. Bold values in the table indicatet significant correlation between the variables.

Trace elements Natural radionuclides
Zr Sr Vv Ce Nb Rb Hf Y La Nd Ba Th U
Zr 1
Sr  -550 1
V 06877 -0512 1
Ce 09127 -0530" 0.846" 1
Nb 0.846~ -0579" 0.601" 0.697" 1
Rb 0.330 -0.625" 0541° 0478  0.338 il
Hf 0.999” -0.553° 0.708" 0915~ 0.847"  0.334 1
Y 07397 -0415 0.8907 0.928" 0.498 0496 0.751" 1
La 09017 -0.557" 0.8227 09917 0692 0.532° 0.903" 0.896 1
Nd 0.897" -0521° 0.835" 0.996~ 0.664 0.494" 0.900° 0.934" 0.991" 1
Ba 0345 -0.628" 0.481° 0444 0384 0989  0.346 0.439 0500 0.459 1
Th 0959~ -0530° 0.795 0967 0787 0372 0961 0822 0960 00952~ 0.357 1
U 0167 0485 0465 0.378 -0.043 -0.068 0.182 0554 0326 0.390 -0.141 | 0.287 1

*Correlation is significant at 0.01 significance level
**Correlation is significant at 0.05 significance level
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5.6 Origin of heavy minerals at Kukuu beach

The major and trace element compositions and their ratios have been regularly used by
various researchers to infer the origin of sediments, because they tend to reflect source
rock composition (Singh, P., 2009; 2010). In the current research study, samples (PBS 9A
and PBS 9B) from Kukuu beach portrayed high contents of TiO,, Fe,O3 and Zr which are
associated with heavy minerals. In an attempt to investigate the origin of these heavy
mineral samples, three more sand samples (PBS 9C, PBS 9D, and PBS 9E) were
collected from various locations of the Kukuu beach. In addition, two soil samples
(PSS 9H1 and PSS 9H2) were taken from the cliff adjacent to the beach where black sand
was found. In this research study, four trace elements (Ce, La, Nd and Th) and two major
elements (TiO, and Fi,O3) have been considered to trace the origin of heavy mineral
sands in the Kukuu black sand.

As can be seen in Figure 5.5, the ratios of the trace elements Th/La, Th/Ce and Th/Nd for
three beach sand samples (PBS 9C, PBS 9D and PBS 9E) collected from various parts of
the Kukuu beach are comparable, indicating that the samples are from the same origin.
On the other hand, the ratios of the similar trace elements for samples PBS 9A and
PBS 9B (the black sand) demonstrate no correlation with samples PBS 9C, PBS 9D and
PBS 9E. This suggests that samples (PBS 9A and PBS 9B) and (PBS 9C, PBS 9D and
PBS 9E) have different origins. In addition, the major elements Fe,O3/TiO, ratio for the
samples PBS 9C, PBS 9D and PBS 9E correlate well, showing these samples have
similar origin. Moreover, the Fe,03/TiO, ratio for PSS 9H1 and PSS 9H2 (soil samples)
neither correlate with the samples PBS 9D and PBS 9E nor with the samples PBS 9A and
PBS 9B. The poor correlation between the samples PBS 9A and PBS 9B and the other
samples collected in the Kukuu beach is a strong indication that the samples are likely to
have different origins. The black sand is thus likely to be deposited on the beach from

elsewhere during storms and spring tides.

The variations in major and trace element compositions and distribution patterns in beach

sand in particular and the coastal environment in general, result from various processes
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(Amstrong-Altrin et al. 2014, 2017; Wong et al., 2013). These include wind direction,
waves, period of current and river flow acting on the beach. The diverse properties of
these elements such as size, shape and specific gravity also play a critical role in the
variation of major and trace elemental compositions within a beach deposit (EI-Askary
and Frihy, 1986). Beach and near shore geomorphology also influences the distribution of

these elements (Singh, P. 2010).
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Figure 5.5: Elemental ratios of selected elements from Kukuu beach

Rivers play the main role in transporting sand sediments for most coastal areas (De
Meijer at al. 2001). For instance, the main part of the Egyptian black sands originates
from the River Nile and its main tributaries (Mowafi and ElI Tahawy, 2009). In a case
where there is no supply of sediments by rivers or water channels, as in the case of
Kukuu beach, alternative sources could be either the sediments already available at the
beach or the hinterland immediately adjacent to the beach zone. The near shore waves
and currents as well as seasonal littoral currents become important. The heavy minerals in
the Kavala beach sands in Greece are likely to be derived from granitic rocks of the

Kavala pluton through erosion process (Papadopoulos et al., 2015).
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The observed variation in degree of darkness in black sand samples from the Kukuu
beach that was observed during field visits suggest that weathering conditions influence
the elemental compositions of these samples (Papadopoulos et al. 2015). Kukuu beach
experiences strong waves during the southwest monsoon, hence the onshore and offshore
movements play an important role in sorting the sand and in depositing the heavy
minerals along the coast. During harsh currents, light minerals are washed out and heavy
minerals remain at the beach shore. The beach is in the shallow channel between the
island of Pemba and a smaller island, with normally very calm water that is unlikely to

wash away the heavy minerals deposited in the extreme weather conditions.

Since the heavy mineral concentration in the samples collected from Kukuu beach and
the surrounding area are not correlated, the heavy minerals found in Kukuu beach
samples are likely to be derived from natural erosion process from elsewhere and
deposited at Kukuu beach after being washed by the sea waves and re-deposited along the

beach.

5.7 Summary

The major and trace element contents in the studied samples vary widely. The samples
found with high contents of SiO, exhibit low contents of CaO and vice versa. This
division is clearly seen between mainly sandy (eroded quartz) samples and samples
highly enriched in coral. Only two samples (black sand from Kukuu) were found with
high contents of Fe,O3 and TiO,. Major elements like K,O, MgO, MnO, Na,O and P,0s
were present in small amounts in beach sand samples. Trace element results in all
analysed samples were characterised by low concentration of zirconium (Zr) except for
samples PBS 9A and PBS 9B. These two samples also contained other trace elements at
higher level with the exception of Sr and Ba. The concentrations of Sr and Ba were high

in samples with high CaO content.

The studied beach samples have been classified into four groups based on their major
element contents namely; silicates (rich in SiO,), carbonates (dominated by CaQO), mixed
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sand (with high amounts of CaO, LOI and SiO;) and heavy mineral sands (with high
contents of Fe,Ozand TiO,).

The results obtained from Pearson’s correlation analysis suggest that the major elements
such as SiO,, Fe,03 and TiO, show strong correlation with 2*Th. Moreover, the obtained
result indicates that trace elements namely; Zr, V, Ce, Nb, Hf, Y, La, and Nd are
associated with high activity concentration of *Th in the studied samples. In particular,
the findings show that the high concentration of Zr, Fe,O3 and TiO, may coincide with
high **Th activity concentration. On other hand, the high concentrations of Y, V, P,Os
and Fe,Oj3 in the beach sand samples may be linked to high ***U activity concentration.
Other major and trace elements are insignificantly linked to the level of natural
radioactivity.

The investigation of the origin of heavy minerals along the Kukuu beach revealed no
connection between black sand samples, white sand samples and soil samples from the
cliff adjacent to the beach. The study suggests that the black sands are likely to be derived
from the hinterland due to natural erosion process and deposited at Kukuu beach after
being transported by the sea waves, probably mainly during the monsoon period when

rough seas are present during the southern monsoon.
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CHAPTER 6
Summary, Conclusions and Recommendations

6.1 Introduction

This chapter presents a summary of the work done on radiometric investigation of beach
sand and selected soil samples in Zanzibar, and provides important findings drawn from

the objectives of this study. The chapter also provides recommendations for future work.

6.2 Summary

6.2.1 The activity concentration of natural radionuclides (K, and *’Th
and #**V)

The activity concentration of natural radionuclides (*°K, and #?Th and *®*U decay
products) in beach sand and soil samples from some inland areas was measured in-situ
using the Nal(Tl) and the MEDUSA gamma ray detectors and ex-situ using the low
background HPGe detector system. The Nal(TIl) measurements were done initially to get
an idea of the variation in concentrations on the islands and to identify areas that needed
to be further studied with the MEDUSA detector and where the samples needed to be
collected for laboratory analysis. The MEDUSA detector was used for both stationary
and mobile measurements for detailed study of areas where elevated radioactivity levels
had been seen. During stationary measurements, radioactivity measurements were carried
out at discrete points while the detector was on the vehicle 60 cm above the ground or
was placed directly on the ground. During mobile measurements, the detector was
mounted on a 4 x 4 vehicle 60 cm off the ground. While the detector is mounted on the
vehicle an area was surveyed depending on the accessibility of the area. The mobile
measurements were performed at Kukuu and Msuka beaches, and inland at Mtende,
Kidoti and Tunguu. These areas were traversed while the vehicle was moving at a speed

of about 2 m.s™.

The activity concentrations of 2*?Th, 28U and *° K in beach sand ranges from BDL to
2671 Ba.kg™, 2 to 1055 Bg.kg™ and 3 to 471 Bq.kg™, respectively. The obtained values
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in this study are lower than the world average values of 33, 45 and 420 Bq.kg™
(UNSCEAR, 2008). The very low activity concentration measured in most of the beach
samples in this study may be attributed to the presence of shells and carbonates in these
samples.

The activity concentration of **Th, U, and “°K radionuclides in soil samples in this
study ranges from 24 to 130 Bq.kg®, 28 to 493 Bq.kg® and 30 to 654 Bg.kg™,
respectively. The average values for 22Th, 28U, and “°K radionuclides in soil samples are
42, 38 and 42 Bqg.kg™, respectively. These values are lower than the values reported in
similar studies conducted in other places around the world. In this study, two inland soil
samples were found to have much higher levels of 2®U and #**Th; this could be attributed
to geological characteristics of the parent rocks, their geo-chemical properties as well as

the use of fertilizers which increase the activity concentration.

The calculated %*Th/*®U ratio in this study ranges from 0.42 to 4.43 for beach sand and
from 0.55 to 2.85 for soil samples. The ***Th/?*®U ratio in most samples is lower than the
average continental crust value of approximately 3.8 (Clark, Peterman, & Heier, 1966;
Rogers & Adams, 1969). This suggests that these samples are enriched in 28U. The
282Th/>®U ratios of beach sand samples PBS 9B, UBS 23, UBS 27 are 4.37, 4.53 and
4.53 respectively, which are higher than the average continental crust value, suggesting

that these samples are enriched in ?**Th.

The comparison between the measurements performed in-situ using the Nal(TI) detector
and ex-situ using the HPGe detector show variations in activity concentration of “°K, U
and 2**Th obtained using these two detectors. The variations may be attributed to various
factors. These include the amount of the sample measured, since while the HPGe
measures the activity in the approximately 1.5 kg sample that was collected, the Nal(TI)
detector measures the concentration from a much larger area from where gamma rays
reach the detector. The measured samples were also not taken from exactly the same spot.
Other reasons for differences include environmental factors, standard gamma energy

spectra used for calibration of detectors and data processing techniques (IAEA, 1990).
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While Nal(TI) spectra were analysed using standard spectra collected from calibration
pads with possibly very different densities to the field soils, the HPGe detector was

calibrated using IAEA certified standard sources for uranium, thorium and potassium.

Although the Nal detector will obviously have much larger uncertainties associated with
the measurements compared to the HPGe detector, the major advantage of using a
Nal(TI) detector is that it can be used in-situ to get a good indication whether the area has
a high or a low activity of the “°K, 22Th and ***U for further investigation.

6.2.2 Spatial distributions maps for “°K, #8U and **Th

The spatial distributions maps for “°K, ?**U and #*Th were generated using the
MEDUSA y-ray detector and the Golden Software Surfer® 10. Colour maps have been
used to indicate areas of high, intermediate and low activity concentrations in the
interpolated maps. Two beaches (Kukuu and Msuka) from Pemba Island and three inland
areas (Kidoti, Tunguu and Mtende) from Unguja Island were mapped. The abrupt
changes in activity concentration even among neighbouring regions are associated with
strong mineralogical variations and could have implications for agriculture. These strong

variations are unexpected and one of the major outcomes of this study.

6.2.3 Radiological assessment

The outdoor gamma dose rates obtained in beach sand samples ranged from 3 to
2156 nGyh™. The highest absorbed dose rates obtained in samples PBS 9A is 38 times
higher than the average world level of 57 nGyh™*for terrestrial doses (UNSCEAR, 2008).
The calculated ex-situ outdoor absorbed dose rate for soil samples ranged from 50 to
294 nGyh™. The highest dose rate was measured in sample UBS 29 which is
approximately five times higher than the average outdoor absorbed dose rate in air from
soil. Based on the dose rate values obtained from the Kukuu black sand, the sand should
not be considered safe for local inhabitants for construction of their dwellings. Apart
from the black sands that contain the heavy minerals with high U and Th levels, this
study concludes that the beach sand from the Zanzibar coast do not pose any radiological
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threat to the locals using beaches for various activities and tourists visiting Zanzibar
during holidays.
6.2.4 Major and trace element contents in beach samples

The major and trace element analyses were performed using XRF and ICP-MS
respectively. The elemental compositions in the studied samples vary widely. The
samples found with high contents of SiO, exhibit low contents of CaO and vice versa.
The contents of Fe,O3 and TiO, are small in most samples with the exception of the two
samples from Kukuu beach. Major elements such as K,O, MgO, MnO, Na,O and P,0s
were present in small amounts in beach sand samples. The Zr concentrations in all
analysed samples were low except for the black sand samples. Other trace elements with
the exception of Ba and Sr were high in the Kukuu black sand. The concentrations of Sr

and Ba were high in samples with high CaO content.

The findings of this study show that the major elements such as SiO,, Fe,O3 and TiO,
have strong correlation with 2?Th. Likewise, the trace elements namely; Zr, V, Ce, Nb,
Hf, Y, La, and Nd are linked with high activity concentration of **Th in the studied
samples. In particular, the findings of this study show that the high concentration of Zr,
Fe,O; and TiO; are linked to the “**Th activity concentration. Moreover, the high
concentrations of Y, V, P,Os and Fe,Os in the beach sand samples may relate to high 22U
activity concentration. Other major and trace elements are not linked to the activity

concentration of 22U and %*Th.

6.2.5 Heavy minerals along the Kukuu beach

The investigation of heavy minerals along the Kukuu beach revealed no connection
between black sand samples and other beach samples collected on the same beach, and
soil samples from the cliff adjacent to the beach. The study suggest that the black sands
are likely to be derived from the hinterland due to natural erosion process and deposited
at Kukuu beach after being transported by the action of the waves, especially during high

tides and storm periods.
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6.3 Conclusions
The following are major findings drawn from this study:

e The activity concentration of radionuclides ***Th, 83U and “°K in beach sands are
much lower than in soil samples with an exception at Kukuu. Two beach sand
samples from Kukuu beach were found to have enhanced radioactivity levels due
to the presence of heavy minerals.

e The spatial distribution maps of activity concentrations of “°K, ?®U and #*Th in
the surveyed area show large variation in soil samples for two relatively small
islands. The initial measurements with a portable Nal(TI) detector showed that
this is a powerful method to get an initial idea of variation of activity
concentrations and to indicate which areas need to be further investigated.

e The studied beach samples have been classified into four distinct type — normal
white beach sand very high in SiO,, coral sand enriched in CaO, mixed sand with
high contents of corals and SiO, and black sand high in Fe,Os, Zr and TiO,and
low in SiOs.

e The beach sands and soil in the area do not pose any radiological threat to the
people living in the area and tourists going to the beaches for recreation in the
study area. This is apart from the Kukuu black sand samples that contain the high
238 and %*Th levels.

e A strong correlation between SiO,, Fe,Os, TiO,, Zr, V, Ce, Nb, Hf, Y, La, and Nd
show these elements are linked with high activity concentration of 2°Th in the
studied samples. Moreover, the high concentrations of Y, V, P,Os and Fe;Os3 in
the beach sand samples may relate to high ***U activity concentration.

e The investigation of the heavy minerals along the Kukuu beach revealed that the
heavy minerals are likely to be derived from the hinterland due to natural erosion

process.
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6.4 Recommendations for future work

¢ In the current study, in-situ and ex-situ radiometric measurements were performed
in selected beaches. It is proposed to extend the analyses of “°K, ?*®U and ***Th to
the entire coast of Zanzibar.

e As only 7 soil samples from inland areas were analysed in this study, it is
suggested that a further study is done on the radioactivity concentrations of the
Zanzibar topsoil that may lead to useful insights into the geology of the area and
possible suggestions for agricultural production.

e A study to establish the radiological map of the activity concentration of the*’K,
288 and #**Th is also suggested. Such a project is likely to discover the origin of
the heavy mineral sands assuming that its origin is from Pemba.

e A similar study is proposed to be carried with a view to assess radioactive
character of groundwater and food grown in Zanzibar.

e A comprehensive study to investigate the types of the heavy minerals available

along the Zanzibar coast is suggested.
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Appendix A

The relationship between the units for the activity concentration, Bg/kg and parts per
million (ppm) and percentage (%).
1) Relationship between ppm and Bg/kg
a) 1 ppm of U3z0g corresponds to 1 mg of U3Og/kg
or 1 ppm of U3Og corresponds to 1 g of UsOg/kg = 1x107 of U30g/kg

Recall,
Activity, A= AN and A = in—z where N is number of atoms of 28U per 1 g of uranium
1
/2
o™
M

where m is the mass of **U (0.9927 g), M is the molar mass of **U (238.0507828 g) and
Na (6.02 x 10%) is Avogadro’s number

- 0.9927 x 1073
~ 238.0508
t1/ of 28 = 4.468 x 10° years

X 6.02 x 1023

= 4468 x10° x 365 x 24 x 60 x 60 seconds

= 1.41 x 107 seconds

Activity of 1 g = In 2 x 0.9927 x 6.02 x 10* x 10°/238.0507828 x 1.41 x 10*" 5
=12.35 Bg/kg
Therefore, 1 ppm = 12.35 Bg/kg

b) 1 ppm of ThO, corresponds to 1 mg of ThO,/kg
or 1 g of ThO,/1000kg
let us find N — number of **Th in 1g of ThO,
Activity, A = -Dn/dt =- AN
= - In 2. N/half-life, where N is number of atoms per 1 g of thorium
Half-life of 22Th = 1.405 x 10™° yrs = 1.405 x 1010 x 365 x 24 x 60 x 60 seconds
N = m/M, where m is the mass of thorium, M is the molar mass and Nx is the Avogadro’s

number.
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A=1In2x1x10° x 6.02 x 10%* / 232.0381 x 1.405 x 10" x 365 x 24 x 60 x 60

=4.06 Bg/kg
For the case of potassium, it is expressed as percentage (%). In nature, potassium exists
as K50, half-life of “°K = 1.25x10° yrs, Abundance of “°K in nature = 0.0117 and molar
mass of “°K is 39.9639987
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