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ABSTRACT

Mrima hill in Kwale County is one of the regions in Kenya with the highest levels of
background radiation. Rich deposits of mineral ores such as niobium and manganese
are also known to exist. Small-scale farming is the mainstay of the economy with
cassava as the main cash as well as food crop; raw soil constitutes the primary
building material while hand-dug wells serve as the source of water for the residents.
The main objective of this research was to determine the exposure associated with
radioactivity in indoor air, crops and well water in the region. This involved the
determination of *Rn and ?°Rn concentration in dwellings and measurement of
2%Ra, #2Th, and *“K concentrations in building materials, soil, cassava and well
water. A model on radon and thoron exhalation rates was developed and validated
through exhalation measurements. In addition, physico-chemical parameters of water
that included heavy metals, pH and conductivity were investigated. CR-39 SSNTD
were used for simultaneous measurements of ?2Rn and *°Rn; accumulation chamber
coupled with RAD7 monitor for exhalation measurements; HPGe detectors for
radioactivity measurements in crops and water samples; and the AAS for heavy metal
determination in water samples. Conductivity and pH were measured on site using
standard digital meters. A total annual effective dose of 24.1 mSv/y was obtained with
indoor air, crops and water, and building materials contributing 56 %, 36 % and 8 %
of the dose respectively. All radon concentration values were below 200 Bq m™ while
65 % of thoron measurements were above 300 Bq m™. A mean thoron concentration
of 652.8+397.0 Bq m™ was obtained against that of radon of 35.2+13.9 Bq m™.
Building materials registered average radon and thoron exhalation rates of 0.0043 Bq
m? stand 19.6 Bq m™ s respectively and average concentrations of ?°Ra and **°Th
of 134 Bq kg™ and 431 Bq kg™ respectively. Modelled and measured isotopes
exhalation values showed good agreement which meant that exhalation rate was
dependent on the content of mother radionuclide in the building material. A
correlation coefficient of near unity was observed between ?*°Ra and **Th content in
building materials and in soil. Over 70 % of cassava tubers and leaves had detectable
amounts *®Ra with average concentrations of 60+5 Bq kg™ and 141+11 Bq kg™
respectively. *2Th, with an average concentration of 35.3+61.5 Bq kg™ was detected
in 28 % of the tubers; it was not detected in the leaves. 37 % and 7 % of water
samples detected for °Ra and %**Th with average concentrations of 4.3+0.3 Bq kg™
and 2.0£0.1 Bq kg™ respectively. “°K was present in all samples in averages of
8424539 Bq kg™, 1708+552 Bq kg™ and 91.4 Bq kg™ in cassava tubers, leaves and
water respectively. In terms of heavy metals, over 90% of the water samples were
enriched with at least one metal with Mn and Cd as the main contaminants. The
average electrical conductivity was 862+949 uSv/cm; 17 % of the samples had pH
values lower than 6.5. From the results obtained, the main source of exposure in
Mrima hill region is indoor air with thoron as the main source of the radiation dose.
Exposure through ingestion is mainly due to *Ra and “°K. Groundwater in the region
is generally of poor quality mainly due to heavy metal enrichment.



CHAPTER 1: INTRODUCTION

1.1  Background

The health and well being of the human race is to a certain extent determined by the
environment. What we expose our bodies to whether externally or internally can make
us either productive enough to reach our optimum potential, impact negatively on our
intellect and behavior, or even make us fall sick and probably die. The World Health
Organization estimates that as much as 24% of global disease can be linked directly to
environmental factors (WHO, 2006). Some of the consequences of exposure are
however not easy to detect as they manifest later in adulthood, or their origins are not
well understood. Consequently, they are often blamed on other factors. As an
example, among the Kikuyu community in Kenya, ringworm of the skin is in some
cases misconstrued to be as a result of githemengu (evil eye) while in reality it is
caused by a fungus and may spread through interaction with infected items: sharing of

items is a common practice among rural communities in the country.

The recent past has seen a steady rise in global awareness over environmental
pollution particularly with regard to contaminants such as radionuclides and heavy
metals. This is as a result of the increasing evidence being advanced on their effects
on the health and well being of the human race (Briggs, 2003; WHO, 2007). While
some radionuclides and heavy metals have many positive applications especially in
the industrial, medical and energy sectors, they can become potentially dangerous if
the exposure is not well controlled or in some cases the concentration exceeds certain

threshold values.



1.2 Background radiation

Radionuclides have been in existence since the beginning of time. They are present in
the air we breathe, the water we drink and the food we eat. They are in the soil in
which we grow our crops, in the building materials we use to construct our houses, in
our hospitals and in our industries. These radionuclides give rise to a cloud of

background radiation that eternally engulfs us, never to escape from.

Sources of radionuclides and subsequently background radiation can be categorized as
either artificial/anthropogenic or natural. Anthropogenic radiation results from some
form of human activity such as the use of nuclear medicine, nuclear power generation,
military operation, agricultural, mining and industrial activities as well as use of
consumer products such as smoke detectors. Radiation from these sources is generally
small as its function is regulated. Its application is restricted in such a way that a
balance is struck between the benefits it offers and the risks it imposes on people and
the environment. Nonetheless, uncontrolled exposure can occur for example in the
event of nuclear accidents as happened following the Chernobyl nuclear disaster of

1986 in the former USSR and the 2011 Fukushima disaster in Japan.

Natural sources of radiation consist primarily of cosmic rays and terrestrial radiation.
Cosmic rays are a type of radiation that comes from outer space consisting primarily
of charged particles (85 % protons, 12 % alpha particles and 3 % heavier nuclei). The
earth’s atmosphere absorbs some of this radiation and in the process produces
secondary radiation of reduced intensity consisting of subatomic particles such as

muons and electrons. At higher altitudes where the air is thinner, less cosmic radiation



is absorbed compared to lower altitudes where the air is thicker. For this reason,
people who live on higher elevations or fly on commercial airplanes are exposed to
cosmic radiation of higher intensity than those who, for instance, live at sea level.
Air is thickest at sea level and here cosmic radiation consists mainly of muon at 68 %.

Electrons make up 30 % while protons are reduced to less than 1 %.

Terrestrial radiation on the other hand comes from radionuclides that occur naturally
in rock and soil. U, #**Th, their decay products and the singly occurring K
contribute the greatest fraction of this radiation (UNSCEAR, 2000). Terrestrial
radionuclides are of particular concern with respect to radiation protection due to their
ability to migrate to other compartments of the ecosystem such as indoor air,
groundwater and crops, and eventually to the human body thus adding to the total
radiation dose. Data on this aspect of radiation exposure is limited in Kenya, relative

to that on exposure due to radionuclide concentration in soil.

Table 1.1 shows the contribution of different sources of radiation to the total global
annual radiation dose (UNSCEAR, 2008). From the UNSCEAR data, natural sources
are responsible for over 80 % of the radiation dose contributing an average annual
exposure of 2.4 mSv/y. The largest proportion of this exposure (about 42 %) comes
from inhalation of indoor air (UNSCEAR, 2008). In most parts of the world, rock and
soil serve as the main building materials and as they naturally contain trace amounts
of 28U and Z*?Th, they can be important sources radioisotopes ’Rn (radon) and **Rn
(thoron) in their respective decay chains (Appendix 1 and 2 respectively), which are
considered responsible for the inhaled dose. Being gases, the isotopes can escape from

the building material where they are formed and into indoor air. Their movement and



exhalation from the building materials, and eventual build-up in indoor air is

dependent on the nature of the building material and the level of ventilation of the

building (Al-Sharif, 2001; EI-Taher et al., 2013).

Table 1.1: World average annual radiation exposure to ionising radiation

(UNSCEAR, 2008)

Radiation source Exposure (mSv/y)
Inhalation of air 1.26
Ingestion of food & water 0.29
Terrestrial radiation from ground 0.48
Cosmic radiation from space 0.39
Subtotal (natural) 2.4
Medical 0.6
Consumer items -
Atmospheric nuclear testing 0.005
Occupational exposure 0.005
Chernobyl accident 0.002
Nuclear fuel cycle 0.0002
Other -
Subtotal (artificial) 0.61
Total 3.01

In some developed countries, radiation exposure from artificial sources is as high as

that from natural sources. In the US for instance, almost half the annual dose comes



from artificial sources with diagnostic medical procedures accounting for 48 % of the

dose (NCRP, 2009).

Radiation exposure from natural sources typically ranges from 1.5 mSv/y to 3.5
mSv/y. In parts of the world referred to as high background radiation areas (HBRA),
the exposure can be as high as 50 mSv/y or even more. The highest exposure ever
recorded is 260 mSv/y in the HBRA of Ramsar city in Northern Iran (Ghiasi-nejad et
al., 2002). Other well known HBRA include Yangjiang region in China, Guarapari in
Brazil and Kerala in India. In Kenya, Mrima hill in the south coast of the port city of
Mombasa is one of the regions in the country with the highest level of background
radiation, with documented outdoor gamma exposure of up to 106mSv/y (Patel, 1991)
and absorbed dose rates of between 253 and 733 nGy/h (Kebwaro et al., 2011). The
lower absorbed dose rate is over 4 times higher than the global average of 60 nGy/h
(UNSCEAR, 2000). It is worth noting that the reported exposure and dose rates in the
region do not take into account the contributions of radon and thoron in indoor air and
radionuclides ingested through food and water. The radiation exposure and
consequently the effective dose are therefore likely to be much higher than has been

previously reported.

Because it is impossible to completely do away with radiation exposure, it is
recommended that the exposure be maintained ‘As Low As Reasonably Achievable’
(ALARA principle). The ALARA philosophy is based on the hypothetical ‘Linear
No-Threshold’ (LNT) assumption that the risk from radiation exposure is directly
proportional to the dose. The risk of low radiation doses is based on extrapolation

from the risk assessed at high doses (ICRP, 2006). There exists opponents of the LNT



model who argue that living organisms have the ability to build defenses against toxic
agents at low concentrations and that the defenses are overwhelmed only at high
doses (Tubiana et al., 2009). In contrast, proponents of the model such as UNSCEAR
regard complex DNA damage as difficult to repair correctly and that even at low
radiation doses, there is a non-zero chance of production of mutant DNA that
increase the risk of cancer developing (UNSCEAR, 2010). The committee on
Biological Effects of lonizing Radiation (BEIR) on the other hand considers the
model to offer reasonable description of the relation between low-dose exposure to
ionizing radiation and the incidence of radiation-induced solid cancers and
consequently find it a computationally convenient starting point with respect to

radiation protection (BEIR VII, 2006).

In support of the LNT model, the ICRP came up with recommendations and
guidelines aimed at preventing acute radiation exposure and limiting chronic exposure
to what may be considered an acceptable level. In its publication 60 report (1991), the
ICRP recommended an exposure level for radiation workers of not more than 20
mSv/y averaged over five years with the maximum dose in any one year not
exceeding 50 mSv. For the general public, the report recommended a maximum dose

of 1 mSv/y averaged over five years.

1.3  Heavy metals

Apart from being radioactive, >°Ra and %**Th are heavy metals. A heavy metal is a
metallic chemical element that has a relatively high density, is toxic or poisonous at

relatively low concentrations and cannot be degraded or destroyed (Duruibe et al.,



2007). Radionuclides usually co-exist with other types of non-radiative elements. This
is evident in Mrima hill where in addition to the high background radiation, the region
is documented as having rich deposits of rare earth elements such as manganese, lead,
iron, zircon, phosphate, gypsum, niobium, titanium, molybdenum, monazite,
nepheline and gorceite (Kwale District Environmental Assessment Report, 1985;
Gaciri, 1991; Kariuki, 2002). Copper and zinc ores are also known to exist, according

to the Government of Kenya State of the Coast report (2008).

At trace level, some metals such as copper, manganese and zinc are needed for
metabolic and chemical processes essential for proper functioning of the human body.
All metals radioactive or otherwise are however toxic at high concentrations (Salem et
al., 2000). Thus, to get a fuller picture of the state of the environment vis-a-vis public
health in a given region, it is important to incorporate the study of some common

heavy metals in the environment alongside that of radioactivity.

Groundwater which serves as the main source of drinking water for many people
particularly in Africa is an important source of heavy metals. Heavy metals
principally arise from the dissolution of naturally occurring minerals in rock and soil
the water comes into contact with, or those dislodged by rainfall while penetrating
down. In regions with a rich background of mineral resources such as Mrima hill,

notable enrichment of groundwater may therefore be experienced.

14 Description of the study area

The present study is mainly centered on a rural village nestled on the lower slopes and

the foot of Mrima hill. The region is inhabited by the indigenous Digo sub-tribe of



the Mijikenda community, interspersed by the Kamba and the Kisii communities. The
residents of Mrima hill are typical rural dwellers whose livelihood depends on the
environment. They mainly practice small-scale farming for subsistence, and as the
region is drought prone, cassava is largely grown as both a cash and food crop given
its ability to withstand dry conditions. Both the tubers and the leaves are consumed,
with the tubers being eaten mainly as snacks while the leaves are used as vegetables

(Karuri et al., 2001).

The water table in the region is relatively high. Intriguing though is the fact that the
villagers do not use groundwater to carry out irrigation as would be normally
expected. But then again living organisms to some extent are guided by intuition and
will often instinctively react to situations in such ways so as to evade impending
danger. Nonetheless, for lack of an alternative source of water, the villagers use the
groundwater abstracted from indiscriminately hand-dug wells for drinking and other
domestic purposes, water that they use without any form of prior treatment. The wells
are generally shallow with depth ranging from less than a meter to approximately 50
m. Most of the wells are open (Plate 1.1) while a few are closed and fitted with a hand

pump (Plate 1.2).

Plate 1.3 is a picture of dwellings typically found in the Mrima hill region. The
dwellings are constructed primarily using soil which is dug near the site of
construction. To form the wall, lumps of wet mud are fixed in a shell formed by

joining together pieces of thin wooden poles (Appendix 3).



Plate 1.1: One of sampled shallow wells in the Mrima hill region

Plate 1.2: A group of women and children drawing water from a closed well in
the sampling region
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Plate 1.3: Dwellings in a village on the slopes of Mrima hill which were used in
the current research

The dwellings are thatched using makuti (dry coconut leaves) and usually have no
ceiling; the floor is left as bare earth. The walls are normally not smoothened after
construction and therefore the mud lumps fall off with time and have to be replaced
with fresh ones. The dwellings are small in size but due to the hot climatic condition
that characterizes the coastal region, they are not as airtight as dwellings in parts of

the world where heat needs to be conserved.

In most African traditional cultures, uchawi (witchcraft) which is considered to be
vile and uganga (traditional healing) which is considered to be good exist side by
side. Among the Mijikenda community for instance mganga (traditional healer)
promotes his cures publicly and is usually a respected member of the community;

mchawi (witchdoctor) on the other hand casts his spells in secret and is feared and
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avoided if known or suspected (Sperling, 1988). To some Mijikenda, diseases and
other ailments are believed to be the result of uchawi and as a result villagers often
seek help from waganga instead of trained health professionals (Tinga, 1998).
Consequently, data on prevalent diseases and their probable causes in the community
is limited. Generally, the education standards are relatively low in the region, with the
literacy level in the larger Kwale County being placed at 62.8% in 2000, the lowest in
the country at the time (UNESCO, 2005). In the 2013 national KCPE examination,

the county was ranked 41 out of the 47 counties in the country.

1.5  Statement of the research problem

The geological setting coupled with the close interaction the villagers of Mrima hill
maintain with the environment predisposes them not only to the external exposure
resulting from the presence of elevated concentration of radionuclides in soil
documented by various researchers, but also to internal exposure through pathways
such as food and water given the ability of radionuclides to migrate to other
compartments of the ecosystem. Moreover, the external exposure is not limited to
outdoor settings only; the risk exists indoors as well given the type of building
materials used in the region and the fact that people generally spend most of their time
indoors. Despite the apparent risk, no data exists on internal exposure or external
exposure inside local dwellings with regard to Mrima hill. This research seeks to fill

this knowledge gap.
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Objectives

The main objective of this research was to determine the exposure associated with

radioactivity in building materials, indoor air, crops and well water (groundwater) in

Mrima hill region.

The specific objectives were:

1.7

Determination of radon and thoron concentration inside mud dwellings in the
sampling region.

Measurement of radon and thoron exhalation rates from the building materials.
Measurement of terrestrial radionuclides in crops, well water and soil samples.
Modelling radon and thoron exhalation rate from the building materials.
Analysis of non-radioactive physico-chemical parameters in the well water

samples

Rationale

The data obtained in this research can be used in various ways such as:

Formulation of policies regarding public health and the environment.

Creating public awareness on the possible consequences of radiation exposure
and metal toxicity.

Model results can be used as cost-effective test bench for improved designs of
thoron (and radon) mitigation and preventive measures.

Baseline data for future reference.
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CHAPTER 2: LITERATURE REVIEW

2.1 Radiation exposure

Exposure occurs when human beings are subjected, internally or externally, to
ionising radiation. External exposure is mainly attributed to irradiation by gamma rays
emitted by radionuclides located outside the body. Gamma rays being the most
penetrating of the ionising radiation can easily pass through the human skin and into
the underlying soft tissue. However, their linear energy transfer (LET) is low which to

a certain extent reduces the risk of radiation-inflicted tissue damage.

Internal exposure occurs when radionuclides emit ionising radiation while inside the
human body. Radiation of most concern is alpha radiation (helium nuclei). Helium
particles are relatively massive and barely penetrate more than a fraction of a
millimeter in the tissue. The resulting highly localized LET makes alpha radiation the
most damaging to human cells than any other form of radiation. The energy deposited
by a single alpha particle is sufficient to damage intracellular DNA and trigger

cancerous growth of cells, even allowing for substantial repair (Krewski et al., 1999).

The kind of health effects ionising radiation causes depends on the amount of
radiation received as well as the duration of exposure. On this basis, radiation
exposure effects are grouped into two categories; (1) stochastic effects and (2) non-
stochastic effects. Stochastic effects are mainly associated with chronic exposure to
low level background radiation while non-stochastic effects are associated with

exposure to high levels of radiation over a short period of time (acute exposure).
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2.2.1 Stochastic effects

Lung cancer is one of the well known possible effects of chronic exposure to radon
and in some circumstances thoron. According to WHO report of 2009, radon is
responsible for the largest proportion of lung cancer cases among non-smokers and
the second leading cause of lung cancer after cigarette smoking. While radon has been
considered responsible for nearly the whole radiation dose attributable to inhalation of
air, more recent studies have shown that thoron can significantly add to the inhaled
dose particularly in regions where the main building material is soil (Tschiersch et al.,

2007; Meisenberg and Tschiersch, 2011).

Radon and thoron contribute to the radiation dose through their respective short-lived

daughters shown in Figures 2.1 and 2.2.

Rn-222
3.82 days

o
5.49 MeV

Po-218
3.05 min

Bi-214
19.8 min

a
6.00 MeV

Pb-210 Pb-214
223y 26.8 min

Figure 2.1: Radon decay chain showing the short-lived decay products
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Rn-220
55.6s

o
5.49 MeV

Po-216
0.15s

Bi-212
60.6 min

o
6.78 MeV

Pb-208
stable

TI-208
3min

Figure 2.2: Thoron decay chain showing the short-lived decay products

The radon and thoron daughters are charged particles and upon formation
agglomerate into small molecular clusters or attach to aerosols in indoor air; only a
small fraction of the progeny remain free, and this depends on the concentration and
size of the aerosols together with the ventilation level of the dwelling under
consideration (Bochicchio et al., 1995; Vaupoti and Kobal, 2007). Upon inhalation,
the particles have the potential to lodge in various parts of the lungs depending on

their state (free or attached) and gradually build-up with time with every breath taken.

In the radon decay chain, 2®Po and ?*Po are the most significant in relation to inhaled
dose since their subsequent decays are accompanied by the release of alpha energies
of 6 MeV and 7.69 MeV respectively. In the case of thoron, #*?Pb is considered of

most concern despite being a beta emitter. 2*?Pb has a relatively long half-life of 10.6
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hours and therefore has ample time to accumulate to significant levels in breathable
air. It subsequently decays to #*?Bi, another relatively long lived progeny with a half-
life of 60.6 minutes. *?Bi undergoes a double split with 36 % decaying by emitting
alpha particles of energy 6.05 MeV while the remaining fraction (64 %) decay by beta
emission to #*?Po which almost instantly undergoes alpha decay whereby 8.78 MeV
of energy is released. Thus, it is not the radon isotopes per se that deliver the critical
dose of radioactivity said to cause lung cancer but rather the short-lived progeny

(Bailey, 1994; European Commission, 1998).

In some households in Mrima hill, children especially sleep on mats laid out on the
floor. This puts them in very close proximity to the thoron exhaling surface thereby
increasing their chances of inhaling the thoron progeny, including the relatively short-

lived #°Po. ?'°Po decays by emitting alpha radiation of energy 5.49 MeV.

Radionuclides can be inadvertently ingested with food and water. Some radionuclides
are heavy metals and constant ingestion can result in their accumulation in different
organs of the body. **°Ra in the decay chain of 2®U for instance is deposited in the
bone tissue as it is chemically similar to calcium. As its level builds up, the increased
radiation from its subsequent alpha decays increases the risk of certain types of cancer

such as bone and sinus cancer (Kurttio et al., 2005).

2.2.2 Non-stochastic effects

Non-stochastic effects are mainly associated with artificial sources such as medical
procedures, nuclear accidents, criminal activities or acts of war. During radiotherapy

for instance where patients are subjected to high burst of ionising radiation, side
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effects such as radiation burns, vomiting, weakness and hair loss often occur.
Moreover, radiotherapy can induce thyroid abnormalities (Jereczek-Fossa et al., 2004)
and ototoxicity (Bhandare et al., 2007) in patients receiving radiation treatment of

head and neck cancer.

lonising radiation can effect changes in DNA blueprints such that damaged cells fail
to reconstitute fully thus leading to the creation of mutant cells (Han and Yu, 2010).
Such mutant genes when formed in foetus or growing children can result in
developmental abnormalities such as mental retardation (Strom, 2003). If the
mutations involve the genetic code, the defects can be passed on to future generations,

even years after the initial exposure.

2.3 Heavy metal exposure

Majority of people particularly in rural Kenya do not have access to clean piped water
and normally use alternative sources such as groundwater abstracted through hand-
dug wells or boreholes. The sinking of the wells in most cases is unregulated and no

prior assessment is carried out to determine the suitability of the water for human use.

The quality of groundwater evolves with time as a consequence of human activity or
due to natural settings. Compounds resulting from anthropogenic sources such as
chemicals and fertilizers, landfills and pit latrines can find their way into the
groundwater leading to its degradation. Even in the absence of the human influence,
groundwater is never in a pure state as it will always contain elements picked from the

geological material it comes into contact with, or those added by the recharge water
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while penetrating down. Depending on their type and concentration, the elements can

be toxic and therefore harmful to human beings.

The elements in groundwater may be organic or chemical in nature. Most concern is
centered on organic pollution particularly that arising from human activity while
chemical compounds such as heavy metals arising from natural sources are relegated
to the background. This is despite the fact that all heavy metals irrespective of their
origin are chemical toxins at high concentrations and when ingested can adversely

affect the health and general well being of humans.

The first target organ of metal toxicity is the kidney due to its ability to reabsorb and
accumulate divalent metals. The extent of damage inflicted depends on the type of
metal involved and the dose received. Cd, Pb and radioactive heavy metals such as
?°Ra have been associated with renal damage at relatively low concentrations while
Mn and Cu are associated with renal damage at higher concentrations (Zamora et al.,
1998; Kurttio et al., 2002; Barbier et al., 2005; Sabath and Robles, 2012). Besides,
Cd is carcinogenic and can lead to cancer; it can also cause osteoporosis and hearing
impairment (Nawrot et al., 2006; Prasher, 2009; WHO, 2011). Pb exposure can result
in delays in physical and mental development in newborns and growing children,
irreversible damage of the nervous and reproductive systems, high blood pressure and

chronic anemia (Smith et al., 1989).

Chronic exposure to high doses of Mn can lead to intellectual impairment in school
going children leading to reduced 1Q scores (Momodu et al.,, 2009). It is a

neurotoxicant and has been linked to conditions such as loss of libido and in some
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cases impotence, and to manganism which is a Parkinson-like condition characterized
by muscle stiffness, weakness and tremors (USEPA, 2004). High intakes of Cu can
cause gastro-intestinal distress and liver damage (USEPA, 2003); Zn toxicity can
result in stomach cramps, skin irritations, vomiting, nausea and anemia (WHO, 2003)
and intake of very high levels of Mg (50mg/l) may result in undesired laxative effects

(WHO, 2011).

Chronic exposure to most heavy metals leads to neurological damage and
neurobehavioral disorders that may be similar to the effects experienced by narcotic
addicts (USEPA, 2004; Pabello and Bolivar, 2005; Patrick, 2006). Drugs temporarily
restore neurotransmitter functions that are abnormal, and therefore in some cases,
substance abuse is often used as a crude self-medication in response to the effects of

metal toxicity (Masters, 1999).

2.4  Radionuclides and heavy metals in the ecosystem

The environment contains an abundance of radionuclides and heavy metals, and their
accumulation and subsequent health effects are a matter of serious concern globally. It
is in cognizance with this that researchers the world over have embarked on intensive
research aimed at establishing the concentration of radionuclides and heavy metals in

different compartments of the ecosystem.

2.4.1 Radioactivity in soil

All soils naturally contain trace amounts of radionuclides and therefore their presence

is not necessarily indicative of contamination. In the absence of human influence,
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their concentration in soil depends on the geology of the parent material from which
they were formed and since geological formations differ spatially, it is not unusual for

different areas in the world to report different concentrations of given radionuclides.

The presence of particular geological formations augments the occurrence of certain
radionuclides. Radionuclides in the decay chain of ?*®U for instance are mainly
associated with igneous rock formations and phosphates ores. In the HBRA of
Ramsar, Iran, where extremely high concentration of ?°Ra (in ?*®U decay chain) in
soil samples with a mean of up to 59,100 Bq kg™ has been reported, the local geology
is characterized by igneous rock formation (Ghiassi-nejad et al., 2001; Saghirzadeh et
al., 2008). In Sudan on the other hand, %**U concentration up to 3960 Bqg/kg has been
measured in Uro phosphates ores of Eastern Nuba Mountains of the country (Adam

and Eltayeb, 2009).

Presence of 2*2Th is mainly associated with carbonatite rock formations and monazite
deposits. In India, elevated concentration of #*°Th was observed in regions
characterized with monazite deposits. Such regions were Kollam region of Kerala,
where ?*2Th concentration as high as 1342 Bq kg™ was measured in soil (D’Cunha
and Narayan, 2012) and Erasama Beach where mean concentration of 2°Th of 2828
Bq kg™ was obtained in the beach sand (Mohanty et al., 2004). The HBRA of Kenya
such as Mrima hill, Lambwe East on the western shores of Lake Victoria and Mt.
Homa on the eastern shores of the same lake are mainly by characterized by
carbonatite formations. Soil samples collected from villages around Mrima hill
reported **Th concentrations with a mean of 500 Bq kg™ and a high of 869 Bq kg™

(Kebwaro et al., 2011). Similar samples from Lambwe East were found to contain
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2%2Th concentration with a mean of 1215 Bq kg™ (Mustapha et al., 2012) while those
from Mt. Homa reported ?*Th concentration with a mean of 409.5 Bq kg™ (Otwoma
et al., 2012). The migratory effect of the radionuclides to other compartments of the
ecosystem such as indoor air, crops and groundwater is not documented in the fore

mentioned research on HBRA in Kenya.
2.4.2 Radionuclides and other heavy metals in groundwater

Radionuclides and nonradioactive heavy metals in groundwater are mainly mobilized
from soil and rock, their concentration to a large extent reflecting their presence and
abundance in these materials. The elemental concentration is also dependent to some
extent on the geochemical characteristics of water such as the pH, oxidation reduction
potential and presence of complexing ions as well as attenuation processes such as

adsorption of the metals on soil particles and organic matter.

In Egypt, groundwater abstracted through wells was analysed for ?*°Ra and ***Th and
the results compared with that of tap water. Although the content of the radionuclides
was found to be within the acceptable limits, higher values were reported in
groundwater than in tap water (Ahmed, 2004). In Tanke-llorin, Nigeria, the effective
dose resulting from radionuclides in groundwater was found to be much higher at 1.30
mSv/y than the WHO recommended level of 0.1 mSv/y (Nwankwo, 2013). According
to the research, the high radiation dose was due to the radium isotopes °Ra and *®Ra
whose concentrations in groundwater ranged from 0.81 to 7.4 Bq 1™ and 1.8 to 5.6 Bq

I"* respectively.
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Babu et al. (2008) reported %**U concentration of up to 1.44 Bq I in groundwater
from Kolar Distric in India, with 21 % of groundwater sampled exceeding WHO
prescribed limits. A study carried out on the Disi acquifer in Southern region of
Jordan said to be the future source of water for the local residents reported extremely
high concentrations of radium isotopes that exceeded the recommended level in

drinking water by about 2000 % (Vengosh et al., 2009).

Further afield in Northwestern Connecticut, USA, elevated total uranium
concentration with a high of 7.780 Bq I and an average of 0.620 Bq I™ was observed
in some domestic wells (Orloff et al., 2004). According to the study, nearly 80 % of

the wells had uranium content beyond the USEPA recommended limit of 0.02 Bq I™.

In Kenya, data on radioactive heavy metals in groundwater is scarce although
concentration of radon (*?Rn) is documented. A screening survey by Mustapha et al.,
(2002) on radon concentration in drinking water obtained from different parts of the
country reported a mean concentration of 100 Bq I™* and maximum 1160 Bq ™. The
highest radon concentration according to the study was in water samples obtained
from groundwater sources and in the basements of buildings. Some of the samples
had radon concentration that exceeded the internationally recommended reference

levels.

Non-radioactive heavy metal contamination of groundwater is generally viewed as an
anthropogenic problem and as a result, most researchers tend to focus more on metal
concentration in groundwater in industrial settings, dumpsites, urban centers and

agricultural zones where fertilizers and pesticides are extensively used (Shakeri et. al.,
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2009; Oyeku and Fludoyn, 2010; Mandour et al., 2011); naturally, elevated levels of
heavy metals were observed in these studies. Nonetheless, enrichment of groundwater
can occur due to natural sources particularly in regions with a rich background of
minerals in the geology. In some parts of rural Nigeria for instance, elevated levels of
Fe, Mn and Pb was observed in groundwater and attributed to dissolution of the
elements in the natural ecosystem (Ocheri and Ogwuche, 2012). Mrima hill is
documented as being rich in mineral resources and it will be interesting to see the

effect if any this has on the groundwater quality.

2.4.3 Radioactivity in crops

Radionuclides such as **Cs released following nuclear disasters and those occurring
naturally in groundwater and soil can be taken up by food crops thereby adding their
quota of radiation dose when ingested. Radionuclides released during nuclear fallout
affect crops and vegetation located far and wide from the initial fallout zone as was
witnessed in mushrooms following the Fukushima Daiichi accident (Yamada, 2013).
On the other hand, transfer of naturally occurring radionuclides to crops and
vegetation is localized and affects mainly a small radius around the zone of origin. In
Tanzania for instance, wild and edible leaf vegetation in areas around Minjingu
phosphate mine reported high concentrations of 2?°Ra with average activities of 650
Bq kg™ and 393 Bq kg™ respectively relative to selected control sites (Banzi et al.,

2000).

Farm inputs such as fertilizer while increasing the crop yield can also enhance the

radioactivity level in the same crop. In Tanzania, maize and rice crops analysed for
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281 content registered concentration levels of 13.23 Bq kg™ and 5.02 Bq kg™
respectively (Mlwilo et al., 2007). Although the calculated dose resulting from
consumption of the crops was lower than the guideline values, the study attributed the

higher concentration of >®U in maize to the use of phosphate fertilizer.
2.3.4 Radioactivity in indoor air

Radioactivity in indoor air is mainly attributed to radon isotopes. Radon occurs as
three different isotopes namely radon, thoron and actinon (***Rn), one from each of
the three natural radioactive decay series of U, **Th and *°U (Table 2.1). The
radon isotopes are gases unlike their predecessors and once they are formed, and
subject to the nature of the building material, they can diffuse out of the solid matrix
and into indoor air. Actinon however is not considered much of a risk due to its
scarcity as well as its relatively short half-life of 4 s. Radon on the other hand is

almost always present in air while thoron is encountered in some instances.

Table 2.1: Summary series of radon, thoron and actinon

Mother Stable Final
Radon isotope Half-life Half-life

Nucleus nuclide
““Rn 55.6 s ““Th 1.4 x10"y “®pp
*’Rn 3.82d V| 4.5x10°y *®pp

“®Rn 4s U 7.1x10°%y ?’pp
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For more compact building materials such as those used in most western countries,
the likelihood of any thoron generated decaying before being exhaled is higher given
its short half-life. It is probably for this reason that thoron was not viewed as a
significant contributor to indoor radioactivity and consequently the radiation dose. In
most parts of rural Africa and Asia on the other hand, raw soil constitutes the main
component of building materials. As it is highly porous, thoron atoms have substantial
ease of movement and therefore increased probability of being exhaled before
decaying. Once in the air, decay of the thoron atoms no longer acts as a sink but rather

as an important source of inhalation dose through the daughters formed.

Numerous studies on radon and more recently thoron have been carried out the world
over. In Kenya and prior to the current work, indoor radioactivity measurements did
not discriminate between radon and thoron concentrations and therefore the
measurements taken were reported as belonging to radon. Radon concentration in the
country was found to vary widely between locations. Chege et al. (2009) found
notable radon concentration of up to 315 Bq m™ in some otherwise well ventilated
model traditional mud huts that were situated in Kenyatta University, Nairobi, while
Maina et al. (2004) obtained indoor radon concentration in the coastal region of up to
704 Bq m™. Mustapha et al. (1999) reported indoor radon concentration for different

parts of the country of up 200 Bq m™.

Further afield in Europe, indoor radon concentration with an average of less 25
Bqm™ was observed in the Netherlands, the UK and Cyprus and over 100 Bq m?in

Estonia, Finland, Sweden, Luxembourg, the Czech Republic, Hungary and Albania

(UNSCEAR, 2000). Some dwellings in Finland, Norway, Sweden, Belgium,
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Germany, Switzerland, the UK, the Czech Republic and Spain were reported to have
extremely high indoor radon concentration of over 10 000 Bq m™. The variation in
radon concentration was attributed to differences in geology and climate, in building

materials and construction techniques, and in the domestic customs of the inhabitants.

Some materials naturally contain high concentrations of radium and thorium.
Examples of such materials include fly ash bricks, gypsum, alum shale, volcanic tuffs
and pozzolana, some of which may contain radium and thorium content of several
hundred Bq kg™ (UNSCEAR, 1982; Battaglia et al., 1990; European commission,
2000). Such materials when used for construction can therefore enhance indoor radon
concentration, as is the case for phosphogypsum which essentially is waste gypsum

from fertilizer production (Maged and Ashraf, 2005).

The development of measuring devices capable of discriminating between thoron and
radon has made it possible to simultaneously measure radon and thoron in dwellings.
In Ireland, such measurements resulted in indoor radon concentration with a mean of
75 Bg m™ against that of thoron of 22 Bq m™ (McLaughlin et al., 2011). Similar
measurements were carried out in Winnipeg City in Canada, one of the cities
previously reported to have dwellings with elevated levels of radon (Chen et al.,
2009). In this study, thoron was detected in about half the homes sampled and ranged
from 5 to 297 Bq m™. Radon however was still the major source of exposure with

concentration ranging from 20 to 483 Bq m™.

Buildings constructed using raw soil often exhibit high concentration of thoron. In

Hyderabad city, India, where dwellings of different construction types were sampled
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for thoron, dwellings with mud flooring registered the highest thoron concentration
with a maximum of 330 Bq m™ (Sreenath et al., 2004). In a study by Shang et al.
(2005) in China, residential dwellings constructed using loam bricks or soil wall were
found to contain significantly higher thoron levels as compared to radon. The average
thoron concentration was 318 Bq m™ while that of radon was 72.4 Bq m™. Some
dwellings had thoron concentration as high as 1860 Bq m™. In the same country, cave
dwellings of the Chinese Loess Plateau were found with thoron and radon
concentrations of up to 865 Bq m™ and 195 Bq m™ respectively (Tokonami et al.,
2004). Dwellings constructed using soil dominate in Mrima hill and rural Kenya in
general and therefore for such reason as mitigation purposes, there is need to establish

the concentration of both radon and thoron in the dwellings.
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CHAPTER 3: THEORETICAL CONSIDERATIONS

3.1 Natural radioactivity

3.1.1 Origin of radioactivity

Radioactive decay or radioactivity is the disintegration of unstable nuclei
(radionuclides) with the release of ionising radiation. Nuclear instability occurs when
the forces within the nucleus can no longer hold it together. This causes the
radionuclide to break down and in so doing releases nuclear energy in form of (or

combination of) alpha (a), beta () and gamma (y) radiation.

Alpha radiation is equivalent to a helium nucleus while beta particles are electrons or
positrons. A nucleus is theoretically unstable with respect to alpha and beta decay if
its atomic mass is greater than the sum of the masses of its nucleons. Gamma
radiation is a form of electromagnet radiation similar to but more energetic by several
orders of magnitude than atomic radiation. Following alpha or beta decays, a nucleus
may be left in one of the excited states. The nucleus de-excites by releasing nuclear

energy in the form of gamma radiation.

3.1.2 Activity of radionuclides

The activity ( A) of a radionuclide is the measure of the intensity of radiation emitted
during radioactive decay. The intensity of radiation depends on the number of
radionuclides present and as this number reduces with time, so does the activity. If N

be the number of atoms of a radionuclide, say, X present at some time t, then,
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dN

=N (1)

A is the constant of proportionality referred to as the decay constant and is usually
characteristic of the radionuclide involved. The negative sign signifies the diminution

of the number of radionuclides with time.

Equation (1) represents what is termed as the decay law and its solution gives the
number of radioactive atoms present at any time t. For the boundary

conditions N = N, at t =0, equation (1) solves to

N =Ne™ 2

The activity A of a radionuclide is defined as the absolute change in the number of

dN

nuclides with time, i.e. A= v =AN. Thus if A, be the activity at time t=0,
equation (2) becomes
A=A (3)

The half-life T,,,of a radionuclide is the time taken for the activity of the radionuclide

A

to reduce to half its original value i.e. at t=T,,,, A:? . Substituting these in

equation (3) gives the half-life of a radionuclide as

0.693
Ty, = _ﬂ, (4)
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A simulation of equation (3) for three radionuclides with different half-lives (hence
decay constants) but the same initial activity is shown in Figure 3.1. Clearly, the
activity of the longer-lived nuclides reduces with time more slowly than that of the

shorter-lived ones.
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Figure 3.1: Variation of activity with time for radionuclides with different
decay constants

The activity of a radionuclide falls by a factor of on after nhalf-lives and reduces to

practically zero after about 10 half-lives. A long-lived radionuclide such as #*2Th
would therefore require over 140 billion years for its activity to become negligible.
Assuming that ***Th atoms came into existence at the time the earth came into being
and bearing in mind that the earth is approximately 4.5 billion years old, then time has
barely dented the activity of ?*Th atoms. The activity of isolated ?°Rn atoms on the

other hand will be practically gone in less than 10 minutes.
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3.1.3 Decay series

Most radioactive decays do not occur in isolation but rather are a part of a series
decay chain) whereby the existence of one radionuclide is dependent on the existence
of another. *°Rn for instance cannot cease to exist unless *Th becomes extinct first.
Radionuclide at the top of a decay chain is referred to as the parent while its decay

products are called progeny or daughter radionuclides.

We consider a parent radionuclide, say X , with decay constant A,. If N, be the

number of X atoms at some time t, then by decay law,

% =-4N,; ©)

The  solution of equation (5) given the boundary  condition

N, = N,, at t =0becomes,
N, = N, e ™ (6)

Suppose X decays and transmutes to another radionuclide, Y . It follows that the rate
of production of Y must be equal to the rate of decay of X (=A4,N,). Y also decays
with time at the rate of 4,N, where 4,is its decay constant and N, the number of

atoms at some time t. The rate of change of Y atoms with time therefore is the

difference between the production rate and the decay rate, i.e.

dN,
dt

=A4N; - 4,N, (7)
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Equation (7) is solved by first assuming its solution to be

N, = f(t)e ™ (8)

where f(t) is the number of Y atoms that were present at time t =0. The differential

form of equation (8) with respect to time gives the rate of change of Y atoms with

time, i.e.
dN df _
dt2 :(E_ f/lzje ﬂ?‘ 9)

A comparison of equations (7) and (9) indicates that the LHS of the equations are

equal which means that the RHS of the equations must also be equal. Therefore

(S 2 e =AM 2, (19)

Using the values of N; and N given in equations (6) and (8) respectively in equation

(10) results in the expression

(% —f (t)ﬂzje‘“ =N, e % =2, f (t)e ™

which simplifies to

df -
E:%Nloe (u=2)t (11)

On integration, equation (11) becomes
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f(t) = —2Nao. Nj e | (12)

2
where C is the integrating constant.

The constant C is obtained by applying boundary conditions. If f(t)=0att =0, then

C — ﬂ"lNlO

1~ "2

. Substituting this in Equation (12) yields

ft) = 22N (g gaon) (13)

1~ "

Using equation (13) in equation (8) gives the number of Y atoms present at some

time t as

[ B
/11_/12

which simplifies to

N, = 4Ny (e —e™) (14)

Figure 3.2 shows a simulation of equations (6) and (14) when the parent X is short-
lived (half-life T1) and daughter Y (half-life T2) is long-lived (T1 < T2). Figure 3.3 is
a simulation of equations (6) and (14) for a longer-lived parent X and shorter-lived

daughter Y (T1>T2).
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Figure 3.2: Variation of number of atoms with time when T1<T2
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In both cases, the atoms of the daughter nuclide increases with time up to a maximum
value before starting to decrease. After a long time, the number of atoms of daughter
nuclide decreases exponentially with its own half-life in the first case, while in the
second case, the daughter atoms decreases exponentially with the half-life of the

parent.
3.1.4 Radioactive equilibrium

When the parent is more long-lived than the daughter as illustrated in Figure 3.3, two

types of equilibrium can occur: transient equilibrium or secular equilibrium.
3.1.4.1 Transient equilibrium

This is established between the numbers of the parent and the daughter atoms after a
long time compared to the half-life of the daughter. In this case, and with reference to

712

equation (14), At >>1 hence e* becomes negligibly small compared to e*' such

that it can be assumed to be zero. Equation (14) therefore reduces to

N, = A Nloeilﬁt (15)

—== = constant (16)



36

Equation (16) shows that after a long time, the ratio of the number of daughter atoms
to that of the parent atoms remains constant. When this happens, the two nuclides are

said to be in transient equilibrium.
3.1.4.2 Secular equilibrium

This is obtained when the half-life of the parent is very long compared to that of the

daughter such that A, << A,and therefore 4, — 4 = A,. In addition, for observation
time that is much less than the half-life of the parent, At<<1such that e™ ~1.

Taking these into consideration, equation (14) takes the form

N, :%(1—@‘2‘)
2

N,4, =/11N10(1_e42t) (17)

By definition, N,A, represents the activity of the daughter (A,)and A4 N,, that of the

parent (A,). Thus,

A =A,(1-e) (18)

If the observation time is much longer than the half-life of the daughter, then e ~ 0

and equation (18) reduces to;

A=Ay (19)

Equation (19) indicates that the rate of production of daughter atoms equals the rate of

decay of parent atoms. When this happens, the parent and the daughter are said to be
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in secular equilibrium. It is this property that is employed in the evaluation of activity
concentration of long-lived radionuclides. Simulation of secular equilibrium

(equations (18) and (19)) is shown in Figure 3.4

7 -
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Figure 3.4: Secular equilibrium between long-lived parent and
short-lived daughter nuclide

Secular equilibrium is maintained as long as the parent element and the daughter
product remain together. If separation occurs, then the equilibrium is disturbed.
Nonetheless, the number of daughter atoms starts to grow again and with time, secular

equilibrium is re-established.
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3.2  Heavy metals

Many different definitions of the term heavy metal have been proposed; some based
on density, others on atomic weight, and yet others on the chemical properties or
toxicity. In this thesis, a heavy metal will be considered to be a metallic element

which is toxic at relatively low concentration.

3.3 Identification and quantification of elements

3.3.1 Alpha detectors

By virtual of the fact that radon and thoron are gases, their measurements are usually
carried out in situ. For this reason, most measuring devices are alpha-detection based
since it is possible to design alpha detectors which are easy to transport to sampling
sites and at the same time of high sensitivity. Radiation detection and quantification
mechanism of these detectors employ the ability of alpha radiation to form damage
tracks on some types of materials on interaction. Some alpha-based detectors use
alpha energy spetra emitted by the radon isotopes and their progeny for identification
and the ionising power of the alpha particles for quantification of the isotope of

interest.

3.3.1.1 Solid State Nuclear Track Detection (SSNTD)

When alpha particles interact with some solids such as the poly allyl diglycol
carbonate used as the CR-39 alpha detector, they leave behind damage tracks at the
point of impact. If such a detector is exposed to air containing radon and thoron, the

alpha particles emitted by the isotopes when they decay leave damage tracks on the
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detector examples of which are shown in Plate 3.1. The detector however cannot
discriminate between tracks from radon and those from thoron. Since thoron has a
relatively short half-life and diffusion length through solids much less than that of
radon, discrimination is achieved by enclosing the alpha detector inside a container
that retards the entry of air to an extent that thoron atoms decay before gaining access
in to the container. Any resulting damage tracks on the detector will consequently be

as a result of alpha particles emanating from the decay of radon and progeny.

@Q % Q

®

1

°
oe 8

Plate 3.1: Alpha track damages in CR-39 made visible by etching

3.3.1.2 RAD7 alpha detector

The Rad7 comprises of a hemisphere chamber coated on the inside with a conducting
material with silicon alpha detector implanted at the centre. A high voltage in the

range of 2000-2500 V is applied to the conductor relative to the detector hence
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creating an electric field throughout the volume of the cell. The cell is equipped with a
built-in pump with adjustable flow rate which draws in sample air through a hose. The
hose is fitted with a filter which allows the gas to pass through while blocking the

entry of the particulate progeny.

When the isotopes decay within the cell, the transformed nuclei are accelerated by the
electric field towards the detector where they stick on the detector surface.
Subsequent decays of the progeny lead to the emission of characteristic alpha
radiation directly into the silicon detector. Alpha particles are highly ionising and
interaction of the radiation with the silicon chip leads to the production of an electric
current characteristic of the alpha radiation. This is then used to identify and quantify
the isotope. The charged particles tend to accumulate on the detector surface with

time and the detector must be purged every few hours by flushing dry isotope-free air.

3.3.2 Gamma ray detectors

The gamma-ray energies emitted by various radionuclides are unique for each species
and can therefore be used to generate information about the emitting radionuclide.
Gamma rays interact with matter through three processes namely photoelectric effect,
Compton scattering and pair production in which they transfer all or part of their
energy to an electron. When an electron absorbs an entire gamma photon, it is emitted
from the atom leaving behind a vacancy (hole) which behaves like a positive charge.
It is the electron-hole pairs created that provide information regarding the incident

gamma ray and the emitting radionuclide.
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The Photoelectric effect is significant for detection of low gamma energies of up to
150 keV while Compton scattering dominates at photon energies between 150 keV
and 8.5 MeV. In Compton scattering however, the entire gamma photon is not
absorbed and therefore the last interaction must be a photoelectric one for electron-
hole pairs to be generated. If this does not happen, or if multiple Compton interactions
occur outside the detector volume, the pulse generated forms part of the Compton
continuum. Pair-production can lead to the total absorption of the incident gamma

photon as long as the gamma photon has energy of at least 1.02 MeV.

Solids usually have sufficient density to absorb gamma photon in their entirety and
are used in the construction of gamma detectors. As radionuclides usually emit a
cascade of gamma rays of different energies, a good gamma detector must come
equipped with a high energy resolution capability. This is achieved by using
semiconductor materials such as germanium (Ge) which have a narrow band gap
between the valence and the conduction band. However, the narrow band gap means
that such a detector cannot be operated at room temperature as this would result in the
production of large quantities of leakage current. The detector must therefore be
cooled when in use, done using liquid nitrogen. In addition, the detector must be
placed in a vacuum tight cryostat to inhibit thermal conductivity between the crystal

and the surrounding air.

Semiconductors generally contain inherent impurities which may lower the energy
required to create an electron-hole pair thus creating too much noise. This is corrected

by using a reverse biased p-n junction diode (Figure 3.5).
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Figure 3.5: A reverse biased Ge semiconductor crystal

The resulting depletion region created allows almost nil current to flow in the absence
of gamma radiation, thus improving on the noise properties of the detector and

consequently its performance.

The performance of the detector increases with the depletion depth. The depth of the
depletion region, d is related to the applied voltage and the impurities in the

semiconductor material according to the expression;

d — (zﬂ\/bias J (20)

eNimp

where B is the dielectric constant of the medium, V, . is the reverse bias voltage and

bias

N. is the net impurity concentration in semiconductor material. Impurities reduce

imp
the depletion depth and therefore the Ge crystal must be processed further to improve
the efficiency of the detector. This is achieved through a process referred to as zone
refining which involves locally heating the crystal and slowly passing a melted Ge
zone over it. Impurities are preferentially transferred to the molten Ge leading to the

creation of a high purity germanium (HPGe) detector.
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HPGe detector uses coaxial geometry in which the outer surface serves as one
electrode and a central conducting cylindrical core as the other electrode. A high
voltage is applied across the electrodes. When gamma rays from a sample interact
with the Ge crystal, electron-hole pairs created are collected at the electrodes under
the influence of the electric field. The electric pulse generated is related to the gamma
ray that caused it based on calibration data and subsequently the source radionuclide.
The identification and quantification of long-lived radionuclides are based on the
establishment of secular equilibrium between the parents and their short-lived

daughter products.

3.3.3 Atomic absorption spectrophotometer (AAS)

Atomic absorption spectrophotometry (AAS) is an analytical technique that employs
the absorption of light by free atoms to determine the elemental concentration of
heavy metals contained in a liquid sample. A free atom is most stable when in ground
state. However adding thermal energy may cause the atom to be excited to a higher
energy state. When this takes place in the presence of light, some of the light is
absorbed with elements absorbing characteristic wavelengths. The reduction in the

intensity of light is used to quantify the element of interest.

The main components of the AAS include a nebulizer/burner, a hollow cathode lamp,
monochromator and photomultiplier detector. The working of the nebulizer/burner is
illustrated in Figure 3.6. The liquid sample is sucked into the nebulizer and released as
a fine spray. This is mixed with acetylene and air and flamed at a temperature of

2100-2400 °C. After the disolvation, the dry sample is broken down into neutral
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atoms though a process called volatilization. These neutral atoms are ionized and thus
become excitable and capable of absorbing light. The cathode lamp provides the
source of light and is usually made from the element of interest. As such, each
element is analysed using a specific cathode lamp as a source of light. Light from the
cathode lamp, after passing through the sample, is received by the monochromator
which isolates the photon energy of interest. The photon falls on the photomultiplier
detector and through photoelectric effect, an electric signal is generated. The strength
of the electrical signal is then related to the concentration of the element of interest

via calibration curves.

i ™\
/ i g "‘\J-\ . /!1.'\-
f molecules "1 { “‘l
:" ions
nebulizatipn rdissolvatiou volata].lzatlon G /

Figure 3.6: Nebulization and atomization process
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3.4 Modelling radon/thoron generation, exhalation and accumulation

The processes involved in thoron generation, transport and exhalation and eventual
build-up in confined space is similar to that of radon. While the model discussed in
this thesis is in reference to thoron, it can be equally applied to radon with minimal

adjustments.

The build-up of thoron concentration due to a sample inside a sealed chamber is best

understood by studying three interdependent processes

i.  Thoron generation within the interstitial space (pores) of the sample
ii.  Transport and exhalation

iii.  Accumulation in the chamber

The various assumptions employed in the model development are mentioned in the

body of the discussion.
3.4.1 Thoron generation within the interstitial space of building materials

We consider a piece of building material of volume dV (m®) and bulk density p (kg
m™). We assume that at the start of observation (t =0) the piece of building material
contains N., atoms of “*’Ra, assumed to be in secular equilibrium with the

primordial nuclide #*Th. If N, be the number of “*Ra atoms at a later time t, then

— gt

by decay law N, = N..e " where A, is the decay constant of **’Ra.

22Ra decays directly to thoron and therefore the number of thoron atoms created in

time t (N, ) equals the number of ?’Ra atoms that have decayed in that time, i.e.
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Nic =Ngo(1—e™) (21)

When #*Ra decays, part of the disintegration energy serves as recoil energy for the
generated thoron atoms and is sufficient to move it some distance from the point of
generation. Depending on the nature of the building material and the initial position of
the parent nuclide, the generated thoron atom ends up in one of the scenarios listed

below and depicted in Figure 3.7.

A. The thoron atom is displaced but remains embedded within the grain
B. The atom travels across the interstitial space between the grains and embeds in
another grain

C. The atoms ends up in the interstitial space between the grains

Adjacent soil grains

A

Figure 3.7: lllustration of possible behavior of a thoron atom after
generation in the grain of a solid particle

Only those atoms that end up in the interstitial space are available for transport. The

ratio between the number of thoron atoms available for transport (N;) and the
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number of thoron atoms created ( N, ) is called emanation coefficient () (Sakoda et

al., 2010; Schumann, 1993). Thus n = ST = N; =7N;.. Using this in equation (21)

TC

gives the number of thoron atoms available for transport as

N; =7Nq,(1—e ") (22)

Thoron is radioactive and its activity changes with time according to the equation

dT;
T -2 N 23
G N (23)

where A, is the decay constant of thoron. Using equation (22) in (23) gives

dN, (24)

at = AN Ro(l_e%Rt)

If we consider an observation time that is much longer than the half-life of thoron,

then the last term on the RHS of equation (24) reduces to zero. Hence

dN
dtT = A1Ngo (25)

We consider the situation whereby the N_ atoms of 22%Ra are homogeneously
distributed within the building material. If C, (Bq kg™) be the concentration of *'Ra,

then by definition, N, = pC,dV . Using this in equation (25) yields

T = eV (26)
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We assume that the piece of building material has a solid volume dV, and pore

volume dV, such that dV, +dV, =dV . If the material has uniform porosity ¢, then

V
dvV =—2 and using this in equation (26) and rearranging leads to
&

dN; i:lTanR 27)
dv, ) dt &

The term on the LHS of equation (27) is the change in thoron concentration with time

(Bg m™s™) and represents thoron production/input rate (S ). Thus

S = APCr (28)

&
3.4.2 Transport and exhalation

Transport of the emanated thoron atoms through the interstitial space of building
materials occurs primarily by diffusion (Csige et al., 2013). Figure 3.8 presents the
possible path that may be followed by an emanated thoron atom. Fick’s laws describe
the diffusion of a substance through a homogeneous media (Zapalac, 1981).
Assuming the building material sample to be homogeneous and considering that only
thoron atoms moving towards the surface (taken to be the x-direction) are exhaled,
then the transport equation by Fick’s second law can be expressed as (Griffiths et al.,

2010)

acxt) _ o d*C(x,t)

p e -4 C(x,t)+S (29)
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where D is the effective diffusion coefficient. The term on the LHS of equation (29)
represents the change in emanated thoron concentration with time, the first term on

RHS the change of thoron concentration with distance, second term loss due to decay

and the last term the input rate of thoron given in equation (28).

Exhaled thoron

Solid

. grain

:

Figure 3.8: Possible path through a porous medium that an emanated
thoron atom may follow towards the surface

Interstitial
<——— space

Emanated
thoron

At steady state, equation (29) reduces to a linear differential equation of the second

order;
2
7C b S (30)
OX D D

Equation (30) is solved by breaking it up into two functions, complementary function
(C.F.) and the particular integral (P.1.). These are solved and their solutions added up,
with the resulting equation being taken as the solution of equation (30). The C.F. is

obtained by equating the LHS of equation (30) to zero i.e.



50

2
‘fo —%c =0 (31)

We let the complementary solution of equation (31) be
C(x) = Ae™ (32)

where A is an arbitrary constant and mthe roots of the function. Differentiating

2

equation (32) twice yields (Z C_ m?C , and putting this in equation (31) leads to

X2

2 A\~ _
(m I:)jC_O (33)

The concentration C cannot be zero, which means that the first term on the LHS of

equation (33) must be zero i.e.

m_

=m= i\/% (34)

Equation (32) expressed in terms of the roots thus becomes

2 ﬁzo
D

C(x) = AleJEX + Aze@ (35)

A; and A; are arbitrary constants.
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For the P.I. part, we assume the particular solution of equation (30) is a constant, say

2
Az i.e. C(x) = A,. Differentiating this twice gives Z ¢ =0, which on substituting in
X

> =

equation (30) leads to

S
A =— 36
1 (36)

The sum of equations (35) and (36) gives the complete solution of equation (30) as

Ay — My
C(x) = Ale‘rD + Age \FD +i (37)
Ar
Taking /% =1, where |, is the diffusion length, equation (37) becomes

Wope e S
C(x) = d ¢ 38
(x)=Ae“ +Ae * + pa (38)

To find the values of the constants A; and A,, we consider a piece of building
material with two surfaces (and therefore finite width). We suppose that the piece of
building material has a uniform thickness 2a measured along the x-axis, and define a
coordinate system where the origin is in the middle. This is illustrated in Figure 3.9.

Assuming thatC(x=-a)=C(x=a)=C, =0, then the constants A; and A, are

calculated as

A=A=-—|—F7 (39)
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Inner wall

Figure 3.9: A schematic of a building material sample with
the thickness measured from the center outwards

Using equation (39) in (38) lead to

Lot
c=-| Bt 3
A
e +e
or
5 coshlx
CX)=—1/1- d (40)
T cosh —
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Gas transport in an unsaturated solid zone occurs through molecular diffusion; this

means that thoron exhalation rate E (Bq m™ s™?) at the air-solid boundary can be

calculated from Fick’s first law: E =—-Deg ac0 (Duenas et al., 1997). Thus
X
s d coshl—
E=—Dg—d— 1- ; (41)
Ar OX cosh-—

Given that exhalation of thoron in to indoor air occurs from only one surface (inner
surface) of the building material and is independent of the other (outer) surface, the

exhalation rate is determined by solving equation (41) at x=a, I.e.

S d cosh—
E=-De——|1- d

Aq dx cosh—

d /x=a

5 sinhlx 1 S 1 sinhla D 1
E=Ds>|-— 4.2 | _pg>= 4. |-Ss— =tanh 2

ﬂ'T COShi Id Id COShE AT Id Id

1, 1,

With S _ A (equation (28)) and D = 4,17 (from definition of diffusion length),
&

the exhalation rate becomes

E =1,4 70C, tanhli (42)
d
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Equation (42) shows that the thickness as well as the inherent properties of the
building material such as density and the content of the parent radionuclide to a large

extent affect the rate at which thoron is exhaled. Also to note is that at a >>1,, the

last term of equation (42) reduces to unity in which case the exhalation rate depends

entirely on the intrinsic properties of the building material i.e.
E =134:10Cqg (43)
3.4.3 Accumulation

We consider an accumulation chamber of volume V_. Suppose that the piece of
building material sample with only one side exposed is enclosed in the chamber. Let
A, be the area of the exposed side and E thoron exhalation rate. IfC_ (Bq m™) be the

concentration of thoron atoms released into the chamber and E (Bq m? s?) the

exhalation rate, then by dimensional analysis, the build-up of concentration with time

is given by
dc,, _EA @)
dt V

c

There are two sinks for thoron atoms released into the chamber: loss through decay

dC,,

and loss through ventilation, given respectively as (f—t"“ =-1,C, and -A,Cq,

v

where Ay is the leakage or the ventilation rate. Putting this into consideration, the rate

of change of concentration becomes
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dC,, _%_
TR, (4 +A,)Cy

C

(45)

The integral of equation (45) gives the concentration C_, of thoron in the chamber at

any time t. To solve for C,, equation (45) is first expressed in terms of an integrating

factor and rearranged i.e.

dC
e(lTJrlv)t dtch +(ﬂq +AV)CChe(AT+iV)t — E/As e(iTJr/lv)t

c

q (e(zT o ): V% NGEED
c

Integrating both sides of equation (46) and rearranging;

evering = EA rotrngy
VC

Cylt) = Vﬂ_/% L LB
c +

B is an arbitrary constant.

(46)

(47)

To find the constant B, we apply boundary condition C, (t =0) =0which leads to

EA,

B=—-—————_Using this in equation (47) gives the concentration of thoron as a

V(A +4,)

function of time as
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Colt) = (e )

V.0 +2,)
or
_EA [t
Cal0=y5" fL-e ) (48)

where A; + A4, = A -

Steady state is achieved after a long observation time compared to the half-life of

thoron (t—o0) wherebye ™' ~0. At steady state, equation (48) consequently

reduces to

C,V. A
Cch:EAs :>E= ch ¥ c”veff

Vc//teff t—so0 As
In general,
C..V.A
Ei _ ch—i ¥ c”eff (49)
A

where E, is the exhalation rate of isotope i and C, ;the steady state concentration

of isotope i in the accumulation chamber.
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CHAPTER 4: MATERIALS AND METHODS

4.1 Geology of the sampling region

The study primarily focused on the region around Mrima hill bounded by the latitudes
—4.469700 and —4.513056 and longitudes 39.237200 and 39.285833. The hill
(Appendix 4) is roughly located at a latitude of —4.488301 and a longitude of
39.262512 and has an approximate circumference of 2.5 km, rising about 250 m
above the sea level. For comparison purposes, Kanana Village located about 12 km
from Mrima hill and bounded by the latitudes —4.523685 and —4.534882 and
longitudes 39.365477 and 39.374800 was studied. Both areas are within Kwale
County in the coastal region of Kenya with Mrima hill located approximately 70 km

south of the Port City of Mombasa. The sampling region is shown Figure 4.1.

The study areas are within the coastal plain that is characterized by coral limestone of
Pleistocene age and Magarini sands derived from the Duruma sandstone series and
deposited during the tertiary ages, and the coarse-grained Taru and fine-grained Maji-
ya-chumvi formations (Horkel et. al., 1984; Osoro et al., 2011). Mrima hill, which
represents the carbonatite phase of the intrusive alkaline formation centered on the
nearby Jombo, is intruded into the Mesozoic sandstones and is covered with igneous

residue deposits except for isolated exposures (Harris, 1965).
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Figure 4.1: Map of the sampling regions indicating the sampling points
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4.2 Radon and thoron concentration measurements

4.2.1 Sampling and sample preparation

CR-39 solid state nuclear track detectors (SSNTD) were used for simultaneous
measurement of radon and thoron concentrations in air (Meisenberg et al., 2013). This
was facilitated by placing 1 cm CR39 plastic polymer platelets at the bottom of 3.6
cm tall plastic canisters. One platelet was used in each canister. Discrimination
between radon and thoron measurements was achieved using pairs of the measuring
devices (Plate 4.1); one for measuring the concentration of both radon and thoron and

the other radon only.

Plate 4.1: A picture of twin canisters fitted with CR-39 used for discriminative
measurements of radon and thoron in this study

The canister used for measurement of both radon and thoron was fitted with a screw

cap that contained several holes (B). Besides, it was covered with a membrane filter
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and conductive foam through which the radon isotopes but not their progenies entered
the canister. The canister used for measurement of radon only had a solid screw cap
(A) with air entering the canister through the cap thread. The measurement devices
were calibrated against a RAD7 active radon and thoron measurement device
(Durridge Inc.) in a 1 m calibration chamber. Pairs of canisters (A and B) were
packed in air-tight casings and only unpacked at the sampling site during deployment.
For control purposes, two pairs of canisters were not deployed and stayed in their

casings throughout the sampling period.

Dwellings were randomly selected in both Mrima hill and Kanana regions. Majority
of the dwellings sampled were constructed in the Digo fashion whereby the dwelling
basically comprised of two sections separated by a narrow corridor (measuring about
1.5 -2 m in width and 3 - 4 m in length). The narrow corridor was used for indoor air
sampling. Before deployment, each pair of canisters was fixed on a paper holder
which was then fixed on the wall of the dwelling (Plate 4.2) at a height of at least 1.5
m from the floor. The paper holders kept the canisters at a constant distant of 10 cm
from each other and their screw caps at a distance of 20 cm from the wall of the
dwelling. One pair of canisters was used per dwelling. A total of 30 pairs of canisters
were deployed in Mrima hill region and an equal number in Kanana village, where
they were left for a period of about three months. At the end of the sampling period,
the canisters were repacked in air-tight casings to avoid the possibility of

contamination.
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Plate 4.2: Twin canisters deployed in a dwelling in Mrima Hill
4.2.2 Analysis

Analysis of the samples was done at the Institute of Radiation Protection in Munich,
Germany. The exposed and control substrates were removed from the canisters and
etched in Na OH solution at 94°C for 4 h. The density of the enhanced tracks was
then determined using an automated Radosys counting system. The concentrations of
radon (Cr) and thoron (C+) were calculated based on track densities, time of exposure
and calibration factors using the equations

c. :% (50)

C, = [(NRT'NB)X(I:FR -Co IR, (51)
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Where Nr is the track density in radon substrate, Ng the track density in blank/control
substrate, Ngr the track density in the radon and thoron substrate, CFg ( 0.52 kBgq m™
h'* per track) and CFr (2.1 kBq m™h* per track) the calibration factors for radon and

thoron respectively, and t the exposure time in hours (2280 h).

The calibration factors were obtained by exposing blank substrates to different known
concentrations of radon/thoron for a given period of time and the track density
obtained in each case. CFr and CFt were then obtained by relating the densities of the
tracks to the respective isotope concentration. To ensure consistency of results, inter-
comparison tests of the detectors were carried out at the National Institute of
Radiological Science (NIRS) in Japan and at the Physikalisch-Technische
Bundesanstalt (PTB) (German Metrology Agency) in Germany. The tests at PTB

made the calibration traceable to a national standard.

4.3 Radon and thoron exhalation measurements

4.3.1 Sampling and sample preparation

10 pieces of the mud lumps were carefully pried off the walls of dwellings randomly
selected from those sampled for radon and thoron concentration measurements. Each
sample was wrapped tightly and firmly with rolls of water-proof polyethylene paper
to keep them from breaking up and also from possible contamination. Analysis of the

samples was done at the Institute of Radiation Protection in Munich, Germany.

The dimensions of the building material samples were evaluated using approximation
method due to their irregular shape. To conform to the exhalation model described in

Chapter 3, all but one side of the building material samples were thickly coated with
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lacquer (10 layers) effectively reducing thoron and radon exhalation to nearly zero. A

picture of one of the samples thus treated is shown in Plate 4.3.

Plate 4.3: A pre-treated building material sample for exhalation measurement

4.3.2 Analysis

The closed chamber (accumulation) method coupled with continuous measurement of
radon and thoron concentrations were employed in the determination of the exhalation
rates (Hassan et al., 2011). The accumulation chamber basically consisted of a 3-litre
stainless steel barrel fitted with an air tight lid with inlet and outlet ports. A small fan
located near the bottom of the chamber kept the air inside well mixed. The two ports
on the top of the barrel connected the accumulation chamber to the RAD7 continuous
detector via silicon hoses. As the RAD7 monitor is designed to measure the
concentration of radon and thoron atoms in air and not that of their decay product, the

hose leading to the detector was fitted with a thin filter to suppress the radon and
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thoron decay products while allowing free movement of air. A saturated salt

(potassium carbonate) provided a stable humidity condition of about 45 %.

The pre-treated building material sample was enclosed in the accumulation chamber
and after allowing a growth time of about 24 h, the RAD7 monitor was connected to
collect and analyse the gas for thoron and radon concentration. A schematic diagram
of the experimental arrangement is shown in Figure 4.2. Radon was quantified based
on the ®Po and #*Po peaks at alpha energies 6 MeV and 7.69 MeV respectively and
thoron from the *®Po peak at alpha energy 6.78 MeV. The concentrations
measurements were regularly recorded for over a period of 300 h. Plots of the
isotopes concentrations as a function of exposure time were obtained and the
exhalation rates of radon and thoron calculated at steady-state concentrations using

equation (49). The data fitting was done using the equation (48).

—Filter

. Desiccant
Accumulation

Chamber ~]

RAD7
Fan

Sample with one
side exposed

Figure 4.2: Schematic of the experimental arrangement used for exhalation
measurements
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4.4  Spectral analysis of building materials, soil, crops and water samples

4.4.1 Sampling and sample preparation

The earthen building material samples used for exhalation measurements were
investigated for their content of °Ra and 2**Th as well as “°K. After cutting off the
resin coat, each sample was crushed so as to pass through a 2-mm mesh-sieve for
homogenization and packed in a standard 250 ml air-tight polyethylene containers
having the same geometry as that for the reference material (Callegari et al., 2013).
The containers were hermetically sealed and stored for at least 21 days to allow “*Ra
and %**Th atoms to attain secular equilibrium with their respective short-lived progeny

(Hafez et al., 2005; Xhixha et al., 2013; Mauring and Gafvert, 2013).

Samples of soil were obtained from the site of randomly selected dwellings among
those sampled for exhalation measurements. The soil was dug after removing the top
debris much in the same way that the local residents do it. About 2 kg of soil sample
was obtained per location. The samples were homogenised by crushing and sieving
through 2-mm mesh-sieve. They were then dried to a constant weight in an oven at an
approximate temperature of 100 °C for about 24 hours (Garzia et al., 2013): drying of
samples enables a straightforward calculation of the specific activity of radionuclides
(Benke and Kearfott, 1999). A portion of each sample was filled in standard 250 ml
polyethylene containers in a manner similar to that of the building material samples.

They too were stored for at least 21 days before measurements.

Cassava tubers and their leaves were randomly collected from farms in the Mrima hill

region only. To form a representative, three samples were obtained from different
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parts of each farm and combined together to form a single sample. The outer skin of
the cassava tubers was peeled off and the tubers cut into small cubes. These together
with the leaves were sun dried to a constant weight after which each sample was
ground so as to pass through a 2-mm mesh-sieve. The samples were dry-weighed,
sealed in 250 ml polyethylene containers and likewise allowed to sit for 21 days

before analysis.

Groundwater sampling was carried out during the dry season. The samples were
collected from both open and closed wells using 500 ml recycled PVC bottles. Before
use, the bottles were cleaned with detergent and water, rinsed off with 10% nitric acid
to remove any metals that may have adsorbed on to the bottle surfaces, then by
distilled water and finally with the sample water before collection. Water samples
were obtained from the open wells in a manner similar to that used by the local
residents —using a tin tied to a rope as shown in Appendix 5. The samples were taken
to the laboratory where they were acidified using concentrated nitric acid to a pH of
less than two as a preservation measure (USEPA, 2005; Hamzah et al., 2011). A
portion of each sample was filled in 250 ml PVC containers and stored for at least 21

days before analysis.

Spectral analysis of the building material and soil samples was carried out at the
Institute of Radiation Protection in Munich, Germany while that of cassava and
groundwater samples was done at the Institute of Nuclear Science and Technology,

University of Nairobi, Kenya.
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4.4.2 Analysis

The spectral data acquisition and analysis for all the samples were done using high
purity germanium (HPGe) detectors interfaced with multichannel analysers. The
detectors were calibrated using internationally accepted standards with the same
geometry as the samples. Reproducible positioning of samples was ensured with a
platform that held the sample container coaxial with the detector during counting. A

schematic diagram of the sample counting geometry is shown in Figure 4.3.

— Sample

Platform for reproducible
Lead shield — _ positioning of sample

Casing housing
To electronics, <— T 1 HPGe detector
liquid nitrogen

Figure 4.3: Schematic of sample counting geometry for radioactivity
analysis of samples

Each sample was counted for at least 12 h with samples having very low
concentration being counted for a couple of days. ?°Ra specific concentration was
determined from gamma energies of 295.22, 351.93, 609.31 and 1764.49 keV; >*Th
from gamma energies 968.97, 911.2, 238.63, 727.33, 1620.5 and 583.19 keV; and “°K
from gamma energy 1460 keV. The specific concentration (Cs) of each nuclide was

determined from the relation (Tzortzis and Haralabos, 2002).
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N
Co=5 ;:r;t (52)

where N, is the average net intensity of the gamma rays of interest, b the emission
probability of the gamma rays of interest, y the detection efficiency of the gamma
lines of interest, m the mass of the sample in kg and t the measurement time in

seconds.

45  Physico-chemical analysis of water samples

45.1 Sampling and sample preparation

Sampling of groundwater is discussed in the preceding section. Analysis of pH and
electrical conductivity of the samples was done in situ. For heavy metal analysis, the
preserved water was left to sit for at least 72 hours before analysis (Lintern et al.,
1984). This was to facilitate the liberation of any metals that may have adsorbed on to

the sampling bottles’ surfaces.

Sample preparation was carried out according to EPA method 200.2: for digestion, 2
ml concentrated nitric acid and 1 ml concentrated hydrochloric acid were added to
100 ml of each sample, and the resulting solution was heated at a solution temperature
of 95 °C until the volume reduced to 20 ml. The digestion process removes organic
materials that may be present in the water samples and also augments the release of
metals adsorbed on particulate matter. The concentrate was allowed to cool, then
topped up to 100 ml using double distilled water and filtered using 0.45um pore size

filters into 100 ml conical flasks. The procedure was repeated for all the samples. To
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correct for the acids used in the digestion process, a blank was prepared in the same

manner as the samples using the double distilled water.

45.2 Analysis

Analysis of pH and electrical conductivity was done using standard digital meters
while that of heavy metals was done using GF-990 flame atomic absorption
spectrophotometer (AAS) at the School of Pure and Applied Sciences, Pwani
University, Kilifi, Kenya. The AAS was calibrated using standard stock solutions of
known concentrations and a calibration curve obtained. Examples of calibration

curves used in this study are shown in Appendix 6.

A portion of each sample and the blank were put in 15 ml vials and the vials fixed in a
rack on a turn table interfaced with the AAS. With cathode lamp corresponding to the
metal of interest as a source of light, the samples (and the blank) were aspirated into
the acetylene — air flame of the AAS one at a time and the absorbance of light
measured in each case. The concentration of the given metal was obtained in
reference to the calibration curve less the concentration of the blank (if any). The

procedure was repeated with cathode lamps corresponding to each metal of interest.
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CHAPTER 5: RESULTS AND DISCUSSION

51 Radon and thoron concentration

Table 5.1 gives the summary statistics of radon and thoron concentrations in mud
dwellings located in Mrima hill region and Kanana village. The dwellings studied had
detectable concentrations of both radon and thoron, although the concentration of
thoron was higher than that of radon. A strong positive correlation (R?=0.814) was

however observed between the two isotopes (Figure 5.1).

The main source of thoron and radon is usually the soil. In most modern houses,
higher radon concentration is normally found in the basement where radon enters by
diffusing through the foundation or through cracks and crevices. The presence of
thoron in such a case is detected mainly near the cracks and crevices, as the solid
foundation inhibits its diffusion into the dwelling. All the dwellings sampled in this
study had earthen walls and floor and consequently both isotopes had nearly equal
chances of being exhaled into the indoor air which explains the positive correlation
between indoor radon and thoron concentration.

Table 5.1: Summary statistics of radon and thoron concentration in the
sampling regions

Concentration (Bq m'3)

Radon Thoron
Average (range) Average (range)
Mrima hill 35.2 £13.9 (16.3 - 55.6) 652.8 £ 397.0 (132.4 - 1295.1)

Kanana 8.9+2.7(3.0-16.1) 34.9 + 18.4 (10.0-70.5)
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Figure 5.1: Variation of thoron concentration with radon
concentration in dwellings

Higher radon and thoron concentrations were observed in dwellings located in Mrima
hill as compared to Kanana. In the Mrima hill region, radon concentration varied from
16.3 - 55.6 Bq m™, with an average of 35.2 + 13.9 Bq m™ while that of thoron varied
from 132 - 1295 Bq m™ with an average of 652.8 + 397.0 Bq m™. Kanana dwellings
on the other hand had radon concentration of 3.0 - 16.1 Bq m™ with an average of 8.9
+ 2.7 Bq m™ and thoron concentration of 10.0 - 70.5 Bq m™ with an average of 34.9 +
18.4 Bq m™. The differences in radon and thoron concentration between the sampling
regions can be attributed to the geology while that between radon and thoron in
dwellings can be attributed to differences in concentrations of mother radionuclides in

the building materials as shown in section 5.3.
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Radon is a recognised carcinogen and as a result, agencies and countries the world
over have come up with reference levels beyond which radon mitigation measures are
recommended. Majority of these reference levels are within the range of 200-600 Bq
m™. All the dwellings sampled registered radon concentration below the lower limit
of 200 Bq m™. In terms of radiation protection therefore, radon does not appear to be

a major source of indoor radioactivity in the sampling regions.

In cognisance of thoron as a potential source of internal exposure, the EU proposed a
thoron reference level in dwellings of 300 Bq m™. All the dwellings sampled in
Kanana and 35 % of those sampled in Mrima hill region had thoron concentration
below the EU proposed guideline value. 40 % of the sampled dwellings in Mrima hill
region had concentration levels between 300-1000 Bgq m® while the remaining 25 %
had thoron concentration of over 1000 Bq m*. Dwellings located on the slopes of
Mrima hill registered among the highest thoron concentration, which is not surprising
since the hill according to literature (Patel and Mangala, 1994) is the source of the
high background radiation that characterise the region. Besides, similar results have
been observed in dwellings constructed mainly using soil in China (Tokonami et al.,
2004; Tschiersch and Miisch, 2005; Shang et. al., 2005; Yamada et. al., 2006) and

India (Reddy et al., 2008).
5.1.1 Internal exposure due to inhalation of indoor air

As discussed in chapters 1 and 2, the health risk associated with exposure to radon
and thoron principally arises due to inhalation of the short-lived decay products and

the consequent alpha particle irradiation of the bronchial airways. This exposure,
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quantified in terms of the annual effective dose (E), depends on the progeny
concentration as well as the exposure time. Where direct measurements of radon and
thoron progeny are difficult, the dose may be calculated on the basis of equilibrium

equivalent concentration (EEC), given by the relation EEC =C,F. (C, is the measured
concentration of isotope i and F, its progeny equivalent factor). The effective dose is

then evaluated from the relation (UNSCEAR, 2000)

E =CFRQt (53)

where Q. is the dose conversion factor for isotope i (9 nSv/Bq m 2 h for radon and

40 nSv/Bq m h for thoron) and t the indoor occupancy (in hours) per year.

Equivalent factors (F,) of 0.4 for radon and 0.1 for thoron were adopted from Yamada

et. al., 2006. The global average time spent indoors is 80 %. In Kenya, the average
indoor occupancy time is about 60 % (Mustapha et al., 1999; Kinyua et al., 2011;
Kebwaro et al., 2011). This occupancy period was adopted in the exposure

assessment.

In the Mrima hill region, effective dose due to radon ranged from 0.32 to 1.04 mSv/y
with an average of 0.67 mSv/y while that due to thoron ranged from 2.78 — 27.23
mSv/y with an average of 13.70 mSvly, resulting in a total inhaled dose of 14.37
mSv/y. The dose in this region was of the same order of magnitude as that reported in
cave dwellings of the Chinese loess plateau (12.13 mSv/y) calculated using the same
UNSCEAR formula (Yamada et. al., 2006). Effective dose in Kanana was much
lower with a total of 0.9 mSv/y. Of this, 0.17 mSv/y was attributed to radon and 0.73

mSv/y to thoron.
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The ICRP recommends effective dose action levels of 3-10 mSv/y (ICRP, 1993). The
effective dose rate due to radon in both sampling regions and that due to thoron in
Kanana was below the ICRP lower limit of 3 mSv/y. The average dose rate in Mrima
hill together with that registered in 65 % of dwellings in the region was above 10
mSvl/y. Clearly, the contribution of thoron to the inhaled dose in Mrima hill is

significant.

5.2 Radon and thoron exhalation rate

Figures 5.2 and 5.3 are examples of radon and thoron growth curves in the

accumulation chamber.

¢ Radon conc. (experimental) = Thoron conc. (experimental)
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Figure 5.2: Growth curves of radon and thoron from building
material sample from Mrima hill
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Figure 5.3: Growth curves of radon and thoron from building material
sample from Kanana

Thoron activity was detected almost instantly due to its short half-life and also took a
much shorter time for the atoms to reach secular equilibrium with short-lived
daughters. This is in comparison with the longer-lived radon whereby it took over 300
hours for secular equilibrium between radon and its short-lived progeny to be
achieved. For both isotopes though, the measured concentration values fitted well
with simulated results obtained from equation (48) in which input parameters
included effective decay constant of 0.00627, volume of the accumulation chamber of

3 litres and surface area of the exposed surfaces of 4 cm?.
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Figure 5.4 shows the radon and thoron exhalation rates while Table 5.2 gives the

summary statistics.
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Figure 5.4: Radon and thoron exhalation rates from building material samples

Table 5.2: Radon and thoron exhalation rates from building materials

Exhalation rate (Bqm?s?)

Thoron Radon
Average/range Average (range)
Mrima hill 19.8+3.2 0.0043 + 0.0008

(25+18-35.7%5.2) (0.0017 £0.0002 - 0.0119 + 0.0018)

Kanana 0.8+0.2 0.0003 + 0.0001
(BD - 1.3+0.3) (BD - 0.0014 + 0.0006)
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The exhalation rate of thoron was generally higher than that of radon by about three
orders of magnitude. However, the decay rate of thoron is usually higher than that of
radon by nearly the same order of magnitude thus reinforcing the earlier observation
that both isotopes had nearly equal chances of being exhaled. Building materials that
exhibited higher exhalation rates coincided with those from Mrima hill region, with
an average of 19.8 + 3.2 Bq m? s and a high of 35.7+5.8 Bq m? s*. Radon
exhalation rate in the region was significantly lower with an average of 0.0043 +
0.0008 Bq m? s*. Samples from Kanana on the other hand registered radon and
thoron exhalation rates with averages of 0.0003 + 0.0001 Bq m™? s*and 0.8 + 0.2 Bq
m s respectively. The highest thoron exhalation rate was 1.3+0.3 Bq m? s, which

is about half the lowest thoron exhalation rate in Mrima hill samples.

One of the factors affecting thoron (and radon) exhalation rate is the emanation

coefficient. Table 5.3 gives the typical radon emanation coefficient for different soil

types.

Table 5.3: Typical radon emanation coefficient for different soil types (Guo et

al., 2004)
Soil Type Emanation coefficient
Sand 0.14
Sandy loam 0.21
Loam 0.24
Silty loam 0.25

Clay 0.28
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The study area is characterized by sandy loam soil and therefore for the model given
by equation (42), the emanation coefficient of 0.21 was used as one of the input
parameters. Other input parameters included thoron diffusion length of 0.011 m
(Meisenberg and Tschiersch, 2011), density of sandy loam of 1440 kg m™, thoron
decay constant of 0.0125 and thickness of the materials of 4 cm. As shown in Figure
5.5., the measured and modelled exhalation values showed good agreement, an
indication that the concentration of the mother radionuclide to a large extent was

responsible for the exhalation rate of the corresponding isotope.

45 ~

40 X Measured exhalation rate

35 - OCalculated/modelled

exhalation rate
2 - i %g

20 -

O

10 -

Exhalation rate (Bg m2s-1)

Sample

Figure 5.5: A graph of measured and modeled thoron exhalation rate in the
different building material samples
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5.3  Specific concentrations of “°Ra, **Th and “°K

5.3.1 Building materials

Figure 5.6 shows the distribution of specific concentration of *°Ra, ?*?Th and “°K in
samples of building materials while Table 5.4 provides the summary statistics.
Conforming to the results on exhalation measurements, higher specific concentrations
of ?°Ra, #**Th and “°K were observed in samples from the Mrima hill region, with
average values of 134+10 Bq kg™, 431+19 Bq kg™ and 249+27 Bq kg™ respectively.
The concentrations ranged from 61+3 - 221+10 Bq kg™ for ?°Ra, 59+3 - 804 +34 Bq
kg™ for 2**Th, and 98+11 - 407+46 Bq kg™ for “°K. Samples from Kanana on the other
hand registered average concentrations of 20+1 Bq kg™, 23+1 Bq kg™ and 92+11 Bq
kg™ with maximum values of 25+1 Bq kg™, 27+2 Bq kg™ and 118+14 Bq kg™ for

22%Ra, ?*Th and “°K respectively.
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Figure 5.6: Distribution of specific concentration of ?°Ra, ?**Th and “°K
in building material samples
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Table 5.4: Summary statistics of specific concentrations of “°Ra, *?Th and “°K
in building material samples

Specific concentration (Bq kg™)

226Ra 232Th 4OK

Average (range) Average (range) Average (range)

Mrima hill 134+10 431+19 249+27
(61£3 - 221+10)  (59+3 - 804 £34) (9811 - 407+49)

Kanana 20+1 23+1 92+11
(16£1 - 25+1) (1741 - 27+2) (60+7 - 118+14)

As shown in Figure 5.7, a positive correlation was observed between radon/thoron
exhalation rates and the specific concentrations of “°Ra/***Th. Similar dependence of
exhalation rate on the concentration of mother radionuclide in soil was observed in
the HBRA of Ramsar where radon exhalation rate of up 15.4 Bq m™ s™ was reported
(Dehghani, et. al., 2013). The main source of background radiation in this region is

226Ra.

The stronger correlation (R?=0.99) between thoron exhalation rate and the content of
2Th in the building material was attributed to the fact that thoron is only able to
escape from the first few layers of soil due to its relatively shorter diffusion length (of
approximately 1.1 cm in soil) and therefore is unlikely to be affected significantly by
temporal variation in meteorological parameters. Radon on the other hand has a much
longer diffusion length in soil (~1 m) and therefore its exhalation rate is more likely to

be affected by factors other than the content of °Ra in building materials.
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Figure 5.7: Radon/thoron exhalation rates against mother radionuclide
concentration

5.3.2 Sail

A plot of specific concentrations of ?°Ra and 2*Th in soil and in building materials is
shown in Figure 5.8 while Table 5.5 gives the summary statistics of °Ra, ***Th and
K concentrations in soil. The concentration of ?°Ra and %**Th in soil is comparable
to that in building materials thus conforming that the building materials originated
from the local soil. In addition, higher concentrations of *°Ra, %?Th and “°K were
measured in samples from Mrima hill region resulting in average concentrations of
142+9 Bq kg, 457+27 Bq kg™ and 247+17 Bq kg™ and maximum concentrations of

250423 Bq kg™, 854+72 Bq kg™ and 324428 Bq kg™ respectively.
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Figure 5.8: 2°Ra/>**Th concentration in building material samples

Table 5.5: Summary statistics of specific concentration of ?°Ra, ***Th and “°K in

soil samples
Specific concentration (Bq kg™)
226Ra 232-|-h 40K
Average (range) Average (range) Average (range)
Mrima hill 142+9 457127 24717
(56+3 - 250+23) (46+3 - 854 £72) (84+3 - 324+28)
Kanana 31+2 35+3 137+13

(15+1 - 5042 20+2 - 50+3) (87+12 - 167+15)
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226Ra and 2**Th concentration values in soil samples from Mrima hill were similar to
those reported by Kebwaro et al., 2011. Although the levels of both *°Ra and ?**Th
were higher than the world average values of 33 and 45 Bq kg™ respectively, **Th
was still the dominant radionuclide in the region. The region appeared depleted of
YK with the maximum concentration of 324+28 Bq kg™ being less that the world

average (420 Bq kg™) by nearly 20 %.

Soil samples from Kanana registered low values of ?°Ra, 2*?Th and “°K with average
specific concentrations of 31+2 Bq kg™, 35+3 Bq kg™' and 137+13 Bq kg™ and
maximum values of 50+2 Bq kg™, 50+3 Bq kg™ and 167+15 Bq kg™ respectively.
This is not unique to Kanana as similarly low concentration values have been reported
in other parts of Kwale County. In the proposed titanium mining areas, Osoro et al.,
(2011) reported concentrations of ?°Ra, ?**Th and “°K in soil samples with average
values of 20.9 Bq kg?, 27.6 Bq kg™ and 69.9 Bq kg™ respectively. Hashim et al.,
(2004) reported average concentrations of °Ra, **Th and “°K in soil from Gazi of

11.9 Bq kg™, 10.8 Bq kg™ and 206 Bq kg™ respectively.
5.3.2.1 External exposure due to soil/building materials

Due to the nature of building materials used in the sampling regions, there exists a
risk of external gamma exposure inside dwellings. The indoor risk (E) due to gamma

irradiation was thus investigated using the relation (UNSCEAR, 2000);

E=14F,t> FC, (54)
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The term > F.C. represents the absorbed gamma dose rates (n Gy h™) with F. (taken

as 462, 0.604 and 0.047 nGyh™/Bq kg™ for ??°Ra, %?Th and “°K respectively) as the

absorbed dose rate conversion factor for radionuclide i and C,the corresponding
specific concentration; F, (=0.7 nGyh*/Svh™) is the outdoor gamma dose conversion

factor. The outdoor dose is converted to indoor dose by the factor 1.4 (UNSCEAR
1993; Colgan et al., 2008), given that the indoor gamma dose is about 1.4 times the

outdoor gamma dose. t (h/y) is the indoor occupancy time which in Kenya is 60 %.

An effective indoor gamma dose rate of 1.8 mSv/y was observed in dwellings located
in Mrima hill. This value is nearly twice the prescribed limit of 1 mSv/y. The lowest
dose rate was 0.30 mS/y and the highest 3.31 mS/y. Kebwaro et al., (2011) reported
an outdoor effective dose of 1.1 mS/y in the same region, which when multiplied by
the conversion factor of 1.4 results in an equally high corresponding indoor gamma

rate of 1.54 msvly.

The gamma dose rate was comparatively lower in Kanana dwellings, with an average
of 0.2 mS/y and a high of 0.3 mS/y. In terms of nGy/h, these values correspond to 41
nGy/h and 58 nGy/h respectively. The values are within the global averages of 18 —
93 nGy/h (UNSCEAR 2000) and also the values reported by Mustapha et al. (1999)

for different parts of Kenya (10-176 nGy/h; average 68 nGy/h).
5.3.3 Groundwater

The results for spectral analysis of groundwater samples are summarized in Table 5.6.

All samples from Kanana did not have detectable concentration (>5 Bq kg™) of ?°Ra.
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In Mrima hill region on the other hand, 37 % of the samples had detectable
concentration of ?°Ra, all of which were above acceptable limit of 1 Bq I"X. The
maximum value measured was 13.2+1.2 Bq I™ while the average concentration was
4.3+0.3 Bq I"!. #Ra is moderately soluble in water and therefore its presence in
groundwater to some extent is a reflection of its abundance in the local geology. The
value of *°Ra concentration in soil reported in this study was 142 Bq kg™, which is
higher than the global average by over a factor of four.

Table 5.6: Summary statistics of specific concentrations of “°Ra, %?Th and “°K
in groundwater samples

Concentration (Bq 1)

226Ra 232-|—h 40K
Mean (Range) Mean (Range) Mean (Range)
Mrima hill 4.3+0.3 2+0.1 91.446.0

(BD-13.2+1.2)  (BD-15.8+0.8) (45.0+2.3-131.0+8.0)

Kanana BD BD 54.5+4.8
(28.1+2.0-82.4+9.1)

BD-below detection limit (=5 Bq kg™)

Only one sample among all the samples from the two regions had detectable
concentration of 22Th. This sample, collected from a well located on the slopes of
Mrima hill, had ?*Th concentration of 15.8 Bq I which is not unusual since *?Th
content in soil from the region was among the highest measured. The absence of >**Th
in groundwater nonetheless is not necessarily indicative of its absence in the geology.
22Th preferentially adheres tightly to solid particles which essentially reduces its

mobility. In sandy soil for instance, 22Th concentration in soil particles is more than
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3000 times higher than in interstitial water while in clay soil, its concentration in the

particles is 5000 times higher.

K was detected in all the samples, with concentrations varying from 45.0+2.3 Bq I™
to 131.0+8.0 Bq It and 28.1+2.0 Bq I to 82.4+9. Bq I in Mrima hill and Kanana
regions respectively. Regardless of the intake, “°K is always maintained at a constant
level within the body and therefore does not accumulate, unlike radionuclides such as
22°Ra. However, it will contribute to the exposure so long as it is within the human

body.
5.3.3.1 Internal exposure due to groundwater consumption

To assess the risk imposed by the radionuclides on an individual’s health, the

concentration of #°Ra, **Th and #*K were related to an effective dose E(mSv/y)

using the WHO (2006) formula;

E=qX(CF) (55)

where C, is the content of radionuclide i in water and F, its corresponding dose
coefficient given as 2.8x10“mSv/Bq for ?°Ra, 2.3x10*mSv/Bq for ***Th and

0.062x10*mSv/ Bq for “°K for adult members of the public; q is the annual ingested

volume of drinking water (=730 I/y). This was based on the assumption that 2 liters of

water are consumed by an individual daily.

The average annual effective dose in Mrima hill region was 1.7 mSv/y with a

maximum of 3.3 mSv/y. The WHO guideline limit for annual effective dose due to
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ingested radionuclides is 0.1mSvly, representing 10 % of the ICRP recommended
total exposure limit of 1 mSv/y for members of the public. In Mrima hill, the effective
dose due to groundwater consumption is not only nearly 20 times higher than the
prescribed limit, but also exceeds the ICRP acceptable limit by 20 %. Similar doses
are reported in literature (Nwankwo et al., 2013, Orloff et al., 2004). In Kanana on the
other hand, the exposure due to drinking water was due to “°K only, resulting in an

effective dose of 0.03 mSvly.

Ingested radionuclides are of particular concern due to their accumulative nature. The
lifetime risk they impose on a population can be approximated based on the nominal
probability coefficient for radiation induced stochastic health effects (which include
fatal cancer, non-fatal cancer and hereditary effects) for the whole population, given
as 7.3x107?/Sv for adults (ICRP 1991). Assuming an average life expectancy of 60
years (in Kenya), the average lifetime risk in Mrima hill region due to ?°Ra and %**Th
approximates to 5x107°. This is significantly higher than the WHO estimated lifetime

risk of 10 calculated on the basis of the exposure reference level of 0.1 mSvl/y.
5.3.4 Cassava crop

Table 5.7 shows the mean and range of *Ra, %*2Th and “°K concentrations in cassava
tubers and leaves from Mrima hill region while Figure 5.9 compares the
concentrations of the radionuclides in the tubers and leaves. ?°Ra was detected in
over 70 % of cassava tubers and 85% of cassava leaves, with higher concentrations

being measured in leaves.
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Table5.7:  Summary statistics of specific concentration of “Ra, %*Th and °K
in cassava tubers and leaves

Average concentration

(range) (Bq kg™)

226Ra 232-|-h 40K
Cassava 60.1+48.2 35.3+61.5 842+539
tubers (BD - 130) (BD - 145) (145 - 1860)
Cassava leaves 141.7£74.6 BD 1708+552
(BD - 235) (983 - 2603)
OTh-232 (tubers) @ Ra-226 (tubers) 0 Ra-226 (leaves)

2800 1 B K-40 (tubers)
2600 -

2400 :
2200 .
2000 .
1800 i
1600 .
1400 .
1200 i

1000 -

Concentration (Bg kg)

800 -
600 -
400 -

200 -

B K-40 (leaves)

Sample1l Sample2 Sample 3 Sample4 Sample5 Sample6 Sample 7

Figure 5.9: Distribution of ?°Ra, #?Th and “°K in cassava tubers and
leaves from Mrima hill
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The concentration in the tubers ranged from BD to 130 Bq kg™ resulting in an average
concentration of 60.1+48.2 Bq kg™. In the leaves, the concentration ranged from BD —
235 Bq kg™ with a mean of 141.7+74.6 Bq kg ™. The *Ra values in tubers were much
higher than those reported by Addo et al. (2013) in cassava tubers (of between 19 —

28 Bq kg™) but lower than the “Ra concentration reported by Banzi et al., (2000) in
edible vegetables of up to 399 Bqkg™. The radionuclides may be expected to be

more concentrated in the outer layers of the tubers. The outer skin of the cassava
tubers used for analysis was peeled off, as is done during preparation of a cassava
meal. This may have contributed to the lower concentration of the radionuclides in the
tubers. The effect of evapotranspiration on the other hand may have led to the high
concentration of the radionuclides in leaves. Similar observations have been made
with regard to cassava (Dobrin et al., 2004) whereby radionuclide uptake (transfer)

factor was found to be higher in carrot leaves compared to the carrot tubers.

2%2Th was not detected in the leaves although it was detected in 28 % of the tubers
resulting in an average concentration of 35.3+6 Bq kg™. The highest concentration
measured was 145+11 Bq kg™. The solubility of %*?Th is relatively low which may
explain the apparent absence in the leaves. Being in contact with the soil, the tubers

however may absorb the radionuclide directly from the soil.

K accounted for the greatest concentration in both the cassava tubers and leaves.
Conforming to the trend, higher “°K values were measured in the leaves resulting in a
mean concentration of 1708+124 Bq kg™. This is in comparison to the tubers which

registered a mean concentration of 842+53 Bq kg™ was calculated. “°K is one of the
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essential elements needed by plants for proper growth and therefore high uptake of

the radionuclide by the cassava crop is not unusual.

5.3.4.1 Internal exposure due to cassava crop consumption

Equation (55) was adopted for the calculation of the effective dose resulting from

consumption of cassava tubers and leaves. q was taken as the crop consumption rate

(kg/y) (90 kg/individual per year for the cassava tubers (Kiome, 2009), and 25
kg/individual per year for cassava leaves as generally less vegetables are eaten in

most households in Kenya), and C, the concentration of radionuclide iin the crop

(Bag/kg). The dose conversion factors F. remained unchanged.

Despite lower consumption rate, the effective dose was higher due to consumption of
cassava leaves with a mean of 3.8 mSv/y compared to tubers which reported an
effective dose of 2.4 mSvl/y, a factor that may be attributed to the presence of high
levels of “°K in the leaves. The highest effective dose reported was 6.2 mSv/y due to

leaf consumption. The highest dose due to tuber consumption was 5.2 mSv/y.

5.4  Physical-chemical properties of groundwater samples

Table 5.8 presents the mean and range values of pH, electrical conductivity (EC) and
selected heavy metal concentration of groundwater samples from Mrima hill and
Kanana regions. The pH of water samples from Mrima hill was mainly standard
bordering on acidity while samples from Kanana were highly alkaline. The USEPA
classifies pH as a secondary water contaminant and recommends an admissible limit

of between 6.5 and 8.5. All the samples from Mrima hill had pH values below 8.5
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with about 17 % having values lower than 6.5. The lowest pH measured in the region
was 5.5. Samples from Kanana on the other hand registered pH values in excess of
8.5, the highest being 10.4. The geological setting coupled with sea water intrusion

may have contributed to the differences in water pH between the two regions.

Electrical conductivity is a measure of water’s ability to conduct electric current and
although it does not give an indication of the specific elements present, it is a good
indicator of the presence contaminants such as sodium, potassium or sulphates
(Adegbola et al., 2012). The electrical conductivity was generally higher in samples
from Mrima hill, with an average of 862+949 uSv/cm compared to that of 460+218

pSv/ in samples from Kanana.

Standard deviation indicates the degree of the spread of data values around the mean.
In Mrima hill, the standard deviation was higher than the mean, a factor attributed to
the wide range of conductivity values in the region. Here, the lowest conductivity
measured was 203 uSv/cm and the highest 3730 uSv/cm. The high water conductivity
in parts of Mrima hill may be due to the presence of deposits of phosphate ores

reported by Gaciri (1991) and relatively high levels of “°K reported in this study.

Figure 5.10 shows the percentage of samples enriched by given heavy metals. In the
Mrima hill region, Mn and Cd were the most prevalent with nearly 60% of the
samples exceeding the USEPA maximum contamination levels (MCL) of 0.05 mg I

for Mn and 0.005 mg I for Cd.
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Table 5.8: Mean values of pH, EC and heavy metal concentration in water samples

Average (Range)

pH EC(us/cm) Mn (mg/l) Cd (mg/l) Pb (mg/l) Cu (mg/l) Zn (mgll)
Mrima 7.2+0.8 862+949 0.41+0.82 0.04+0.04 0.002+0.01 1.05£1.65 0.08+0.27
(5.5-8.4) (203-3730) (BD-1.48) (BD-0.14) (BD-0.03) (BD-5.12) (BD-1.12)
Kanana 9.9+1.2 460+218 0.06+0.11 0.09+0.05 0.09+0.14 0.84+0.79 0.04+0.04
(9.4-10.4) (101-1000) (BD-0.37) (0.042-0.18) (BD-0.46) (BD-2.06) (BD-0.11)
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Over 70 % of the samples had detectable amounts of the metals resulting in average

concentrations of 0.41+0.82 mg I"* and 0.04+0.04 mg 1™ for Mn and Cd respectively.
In the region, Cu concentration in the water samples averaged 1.05+1.65 mg ™ with
29 % of the samples exceeding the USEPA limit of 1.3 mg|™. About 5 % of the

samples had Pb concentrations exceeding USEPA MCL of 0.015 mgl™. Zn

concentration levels were below the MCL. 90 % of groundwater samples from Mrima

hill were enriched beyond MCL by at least one of the metals analysed.
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Kanana Mrima Hill

Figure 5.10: Percentage of water samples enriched by selected heavy
metals

In Kanana, all the samples had detectable amounts of Cd, and all of them exceeded

the USEPA MCL. The Cd concentration ranged from 0.042-0.18 mg I with a mean

of 0.09+0.05mg I"*. Pb, with an average concentration of 0.09+0.14 mg I was present

in levels above USEPA limit in 35 % of the samples; 28 % of the samples and an
equal percentage had Mn and Cu levels above the respective MCL. Zn concentration

in the samples did not exceed the USEPA MCL.
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The existence of rich mineral background of Kwale County in general is documented
in literature. Thus, there exists a possibility that the groundwater in both regions was
naturally enriched through dissolution of heavy metals present in the geology. In
addition, while the region has no major mining or industrial activities, small scale
farming is usually undertaken by the local residents. Use of fertilizers such as those
derived from phosphates may also introduce heavy metals such as Cd in the

groundwater system.

55  Exposure associated with radioactivity in building materials, indoor air,

crops and well water in the sampling region

Table 5.8 summarizes the annual effective dose associated with exposure to
radioactivity in building materials, indoor air, crops and well water in Mrima hill
region and Kanana village while Figure 5.11 compares the contribution of dose
acquired through the different exposure path ways studied. The annual effective dose
was highest in the Mrima hill region with a total of 24.1 mSv/y. 56 % of the dose was
due to inhalation of indoor air. Exposure through ingestion contributed 36 % of the
dose while external gamma exposure contributed 8 %.

Table 5.9: Summary of annual effective dose rates due to the various factors in
the sampling regions

Affective dose (mSvly)

Sampling Indoor air Building Crops
region Materials
Radon Thoron | Indoor y- Cassava Cassava Water Total
dose tubers  leaves
Mrima Hill 0.7 13.7 1.8 2.4 3.8 1.7 24.1
Kanana 0.17 0.7 0.2 NA NA 0.03 1.1
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Figure 5.11: Percentage of contribution of exposure pathways to the total
annual effective dose

For a combine consumption of cassava leaves and tubers in Mrima hill region, the
total effective dose sums up to 6.2 mSv/y. While this is significantly higher than the
acceptable limit of 0.1 mSvly, it is lower than that reported by Banzi et al. (2000) of
over 20 mSv/y due to consumption of crops grown around the Mijingu phosphate
mines in Tanzania. The effective dose due to the studied pathways was within the

prescribe limits in Kanana.
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CHAPTER 6: CONLUSION AND RECOMMENDATION
6.1 Conclusion

There exists significant radiation exposure in Mrima hill region due to inhalation of
indoor air, ingestion of food and water, and external gamma radiation emanating from
building materials. Indoor air was responsible for most of the exposure contributing
56 % of the effective dose. 36 % of the dose was through ingestion while 8 % was due
to external gamma radiation emanating from building materials. In Kanana on the
other hand, the total annual effective was within the acceptable limit and therefore not

a risk as concern radiation protection.

More than 90 % of the inhaled dose in Mrima hill was due to thoron which was

present in indoor air in average concentration more than double the EU proposed
reference level of 300Bqm™®. 65 % of the dwellings had thoron concentration

exceeding the EU proposed limit with 25 % of them exhibiting extremely high
concentrations of over 1000 Bq m™. The positive correlation observed between
measured radon/thoron exhalation rates and the content of ?°Ra/***Th in the building
materials and the fact that modelled exhalation rate fitted well with the measured
exhalation rate implies that the content of mother radionuclide in the building
materials was responsible for the concentration of the corresponding isotope in indoor
air. 22Th content in the earthen building materials was significantly high with an
average concentration nearly 10 times the world average concentration of *Th in soil

which explains the high content of thoron in Mrima hill dwellings.
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Elevated external exposure was observed inside dwellings in Mrima hill region, with
effective dose nearly twice the recommended dose limit of 1 mSv/y for members of
the public. The high external exposure was attributed to the fact that both the walls
and the floor of the dwellings sampled were earthen and contained significantly high

content of 2°Ra and Z*?Th.

Despite the fact that the highest exposure came from inhalation of indoor air, the risk
due to ingestion was more significant in terms of radiation protection in that the dose
rate was higher than the prescribed limit by the largest margin. For a combined
consumption of cassava tubers, cassava leaves and groundwater in Mrima hill region,
the total effective dose sums up to 7.9 mSv/y which significantly higher than the
admissible ingested dose. Cassava leaves contributed the largest amount of the

ingested dose followed by cassava tubers and lastly groundwater.

226Ra and “°K were mainly responsible for the high dose rates attributed to ingestion.
2°Ra was present in over 70 % of the cassava samples and in 37 % of the water
samples in levels exceeding acceptable limits, a factor that may be attributed to the
relative solubility of *°Ra as well as its high concentration in the geology of Mrima
hill region. “°K was present in all samples which was not unusual since it is an
essential element needed by plants for proper growth. ?2Th contributed to the
ingested dose albeit in lesser amounts through the cassava tubers and groundwater as
it was not detected in the leaves. **Th atoms preferentially adhere more to solid
particles which to some extent hinders its mobility hence its apparent absence in the
leaves. On the other hand, direct contact between the cassava tubers and soil may

have heightened #*2Th transfer to the tubers while extremely high concentration of the



98

radionuclide in some parts of the hill may have resulted in its presence in some

groundwater samples.

Groundwater from Kanana was found to be of standard pH of while that of Kanana
was highly alkaline, a factor that may be attributed to sea water intrusion given its
proximity to the Indian Ocean. The electrical conductivity was generally higher in
samples from Mrima hill, although the high standard deviation obtained relative to the
mean implied a wide variability of conductivity values around the mean; pockets of
Mrima hill have rich deposits of mineral elements which may explain the wide

variability of conductivity values.

In terms of heavy metals, groundwater from Kanana was of lower quality compared to
that from Mrima hill as Cd was present in all the samples. In Mrima hill, 90 % of the
groundwater samples were enriched by at least one metal, with Cd and Mn as the
main contaminants. The state of groundwater may be attributed to the geology and to
farming practices such as use of fertilizers given that small scale farming is the

mainstay of the economy in the sampling regions.

6.2 Recommendations

To cut on inhaled dose, residents from Mrima hill region can adopt building
techniques that reduce the exhalation of thoron such as plastering the walls of their
dwellings with soil obtained from a region such as Kanana where the concentration of
22Th is lower in soil. They can also using building materials of reduced porosity such

as fired mud bricks.
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Research should be carried out to determine the effect of fertilizer and natural
compost on the radioactivity levels in crops grown in Mrima hill. This will help the
residents of Mrima hill make informed choices on what to use to increase their crop

yield without necessarily raising the crop’s radioactivity levels.

The groundwater in both sampling regions is of poor quality either in terms of
radionuclides or heavy metals or both. It is recommended that the residents be
provided with alternative source of water, or with water treatment devices for home
use. The groundwater analysed was collected during the dry season and as water
quality evolves with time and climatic conditions, there is need to monitor the
groundwater quality over a period of time for instance in the course of a year in order

to establish the trend of quality with time and season.

The residents of Mrima hill and Kanana regions should also be educated on the

possible consequences of radiation exposure and heavy metal toxicity.
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Appendix 2: Thoron decay chain
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Appendix 3: Wall sample being collected from a typical mud wall of a hut in the
Mrima hill region
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Appendix 4: Picture of Mrima hill
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Appendix 5: A local woman assisting in sample collection from an open well in
Mrima hill region
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Appendix 6: Calibration curves for heavy metal analysis
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