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Abstract

Radon is a naturally occurring radioactive gas that is formed from uranium present
throughout the earth crust. It is released into various homes from radon polluted outdoor air
and movement of gases in the soil beneath homes and can become highly concentrated indoors
when it is unable to disperse. Inhaled radon is mostly exhaled by humans, but prior to
exhalation, its progeny, which are electrically charged radioactive elements can deposit into
the lining of the lung, where they also emit alpha radiation. Alpha radiation has the potential
to disrupt the DNA structure of the lung cells thereby initiating a cancerous condition. Radon
has been conclusively shown in epidemiologic studies of underground miners to cause lung
cancer and thisis also supported by evidence from experimental studies of animals. Molecular
and cellular studies also provide an understanding of the mechanisms by which radon causes
lung cancer. In order to provide more understanding of the phenomenon of radon exposure, a
review on the production of radon, its mode of release into the home and environment,
exposure route and potential health effects are presented. Also presented were the various
methods of measuring radon and the need to conduct nationwide radon survey in order to
generate detailed data bank on radon exposure.

Key words: Radioactivity, radon, diffusion, aerosol, alpha radiation, dosimetry, DNA, reactive
oxygen species, lung cancer, epidemiology.

I ntroduction

Radon is an odourless, tasteless and invisibloaatire noble gas produced from radioactive
decay of uranium and radium, that are commonly gmtethroughout the earth crust especialy
in sol, rock and underground water. Some typesooks such as granite, phosphates, shale
and pitchblende are characterized with relativagh huranium concentraton and so store
natural deposits of radon. Consequently, therelasated radon concentration in soils and
weathered bedrock where they are located @all., 1995; Otton, 1989). Areas which receive
sediments, surface or ground water from rock umith high concentration of uranium also
have increased chances of elevated radon con@mtréthen formed, it is released into tiny
air or water-containing pores between soill and rpekticles. It may also be released into
ground water and near surface water of oceankgsakom mines (particularly uranium and
phosphate mines), buiding materials, coal residuad natural gas.
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As a result of the long half-ives of uranium aradiom and their abundance in the earth's
surface, this gas is continualy being formed iil aod released to air. Typicaly it diffuses
from the ground to the air before decaying by domsef an alpha particle into a series of
short lived radioactive progeny such #8Po and?'“Po, which also decay by emiting alpha
particles. Atmospheric radon does not pose majaarbabecause radon emited into the
atmosphere is rapidly diuted to low levels by ewatus circulation through the immense
volume of outdoor air. However, in closed or poomyntiated spaces such as caves and mines
it can become highly concentrated. Its concentrati@n also build up in homes, where
exposure of the general populaton mostly occurs € al., 1992; Cohenet al., 1984),
especialy in areas with poor ventiation. This because it may diffuse through cracks and
pores in the foundation of a house buit on radomaminated soil and can then become
trapped inside, especialy if the home is welHaigad so that it may not be able to escape.
Besides, radon is present in many buiding magerielich as granite, shale, insulation
materials, Gypsum in cement etc. that are usedotwstitict houses and so radon is found in
homes all over the world.

It is important to note that the phenomenon of magwoduction in the natural radioactvity

chain, the behaviour of its daughter nuclei in amgasurement of radon and radon transport
and radon radiation dosimetry are all based orcipls of physics. However, some other
aspects such as radon emanation studies can lmneapih terms of geology of the area whie
those aspects involing health effects can be egdlabased on results of epidemiological
studies.

Most of the studies on radiaton measurements ecarout in Nigeria were based on
measurement of radioactivty using portable ramatimonitors (Okunadeet al., 2007,
Nwankwo and Akoshile, 2005; Sanni, 1973), measunenod activities of radio-nuclides in
fertizers and Nigerian phosphate rocks using ganspectrometer with Ge(L) and Nal(TI)
detectors (Jonalket al., 2002; Ogunleyeet al., 2001), and radon emanation study of uranium
ore samples using Nal(Tl) based gamma spectror(letetuaet al., 1997), to mention a few.
However extensive nationwide survey of environntergdon and radon exposure in the home
has not yet been carried out in Nigeria and marmerotfrican countries. This article is
therefore aimed at providing detailed informatidmoat radon production, radon measurement,
its potential to human exposure and its healthctsffeon humans and to senstize African
governments and other stakeholders on the impesatdf conducting nationwide radon survey.

Production of radon in the ground

Radon is produced from the radioactive decay ofiwma and thorium.222Rn commonly
known as radon is produced from the decay’®Ra in the 238U decay chain and?°Rn
commonly known as thoron is produced from the dexf&#Ra in the?32Th decay chair?3&U
and 232Th have almost equal abundances in the ground emchlso approximately in activity
equibrium with their daughter nuclei down to teéable 2°8Pb. At a given location, the levels
of uranium and thorium in the ground depend onllgeslogy (Larson and Gotfried, 1961).
For example granitic rock often contains uraniuntamcentrations higher than crustal average
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and consequently are a potential source of elevatddn levels in soil and underground water
(Nero and Nazaroff, 1984).

In soil, radon is transported primarily by alphacak and mechanical flow of air and water

(Gundersen, 1992; Sogaard-Hansen and Damkjaer,; Bairoeder, 1965) resuling in release
of radon into the pore spaces between soil partidle groundwater, radon transportation is
determined primarily by diffusion patterns and itleection of mechanical flow of water. The

solubiity of radon in water is relatively low rdi$wy in its decay (because of its short half
Ive) before it is released from ground water. Uicls radon-containing groundwater migrates
close to the surface, the radon wil inevitably teeased into the atmosphere. Although the
majority of radon present in groundwater wil decayor to its arrival at the surface,

groundwater is nevertheless considered the secargt prominent source of environmental
radon. Radon is also minimally released from wddeated at or slightly beneath the ocean’s
surface. Municipal water is sufficiently aerateddaas a result, there is diminished level of
radon concentration. Well water may have potgntiagh levels of radon contamination but

its concentration in deep aquifers varies dependmguranium content of the underlying rock,
distribution of the aquifer relative to the rockdagroundwater flow patterns. Atmospheric
concentration of radon is a function of the soirgsity and meteorological factors, such as
precipitaton and atmospheric pressure. Its digpersn ambient air is thus determined by
atmospheric stability, including vertical temperatgradients and effects of wind.

M ode of entry into the home

Outdoors, radon generaly disperses into the athasep resulting in generaly low level of
radon immediately above the ground. Even in arets lavge uranium deposits and permeable
soll, environmental radon does not often build ophtzardous levels because of the mixing
capabiity of the atmosphere through its immensé&m®. But inside homes that are poorly
ventiated and have cracks in their foundationsfi@or drains, radon levels may gradualy
build up to hazardous levels.

Generally, radon gas enters a buiding by diffysimainly by pressure-driven fow mechanism
(Rogers and Nielson, 1991; Tanner, 1980). The #owaused by the typicaly negative indoor
pressure compared with that in the soil and thelomut atmosphere. Negative pressure in the
home relative to the soil is caused by exhaust &nak by rising warm air created by freplaces,
clothes dryers, and furnaces. In addition to pressdifferences, the type of buiding
foundation can affect radon entry. Cracks in bas&sndor example, readily allow soil gas
entry.

Increasing attention is now directed towards radenerated in the concrete floor and radon
difusion from the soil through the concrete flo@tively and Goldberg, 1999). Radon is
released from the concrete floors by diffusion, the amount released is much less than the
advective flux through cracks in the floor. Thus,is desirable to examine the diffusive
properties of concretes and also characterize dladgive importance of radon generated within
the concrete to determine whether aggregates @r atbncrete components may contribute
significantly to indoor radon. In some cases buidimaterials, such as concrete block, brick,
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granite, and sheet rock, contain some radium aedsaurces of indoor radon. Normally, these
construction materials do not contribute signifigaio elevated indoor radon levels. In rare
cases, however, buiding materials themselves harentin source of radon.

Radon may also enter into homes via the water wupplthe case of municipal water or
surface reservoirs, most of the radon volatizesarr or decays before the water reaches
homes, leaving only a small amount from decay ahium and radium. It is instructive to note
that groundwater that passes over rock rich iniwraand radium, might dissolve some of the
radon gas produced from radium decay. The domes#icof water from such sources releases
radon into the indoor air through splashing.

Once in the atmosphere, radon daughter ions attechselves to the natural aerosol particles
in air. This behaviour of radon daughter has pmounfuence on their airborne abundance
and of their removal by plate-out on surfaces. &ample, when an atom &¥8Po is formed
from the decay of?2Rn, it appears as a free ion. Molecules of watg@owa coalesce almost
immediately around the ion, forming a molecular sien (George and Breslin 1967).
Unattached?18Po is highly mobie and may easily plate out oro@surfaces or be transported
outdoors by ventilation. Alternatively, it may sipyecay into an unattached“Pb. If on the
other hand, the air is rich in natural aerosoligest it may attach itself to such particles and
persist in room air until it decays (Porstendorfe®94).

Radon measurement

Atmospheric radon measurement

Atmospheric concentration of radon is generalythie range of 200-700 pC#ndepending on
soil type and meteorological conditions (Priee al., 1996). Its concentrations in air can be
measured using the scintilation counter (Cotherd &mith, 1987). The measurement involves
introducing the gas into a counting cell, whosadéswalls are coated with zinc sulide (ZnS),
except one end which is covered with a transpasmdow for coupling to a photomultiplier
tube. When an alpha particle emitted by the gakestrthe wall of the cel, a fiash of light is
emitted from the ZnS coating. The light is thened&d by the photomuliplier tube and
converted into an electrical signal. Another meth®dio count the alpha particles from the
decay of radon and its daughters in an ionizatbamber, which measure electrical pulses
from individual decay events or currents resultirgm the integrated effect of all decays.

Alternatively, radon daughters can be colected dygwing air through a fiter since they

deposit readily on dust particles or other surfa@&srstendorfer, 1994). In order to determine
the concentrations, counting must begin shortierathe sample is collected because of the
short half-lives of radon daughters. For measurenenboth radon and radon daughter

concentrations, the two-fiter or severalfiterthed can be used (Walner, 1997). In this
method the radon and its progeny are differentiafpiected in separate fiters. The fiter

samples containing either the radon or its daughtan then be measured using alpha particle
scintilation counter with a ZnS phosphor. Theeffitcontaining the daughters is usualy
covered with a thin sheet of ZnS phosphor and thaned on the photomultiplier tube for

counting. An alternative and faster method is te aembineda-p spectroscopy (Cothern and

Smith, 1987).
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Measurement of radon in water

Measurement of radon in water usualy requires ection for its decay during the decay
between sampling and analysis. Liquid scintilatoounters are usually used in cases where its
concentrations in water are sufficient high (.e08Q pCiL), as is often the case with well
water (Walner and Irlweck, 1997; Hair and Baldwi995). Alternatively, its concentration
can be determined by direct counting of gamma fay® its daughter decay using standard
gamma-ray spectroscopic techniques with a Ge(Lieaier. The original concentration can be
distinguished from the radium-226 concentrationrégyeating the count after 30 days, a period
long enough for the original radon to have vinualecayed and so is in secular equiibrium
with radium-226. A more sensitive method of detectsuitable at lower concentrations is
provided by the gas extraction technique. In thethod, radon is extracted as a gas and the
emitted alpha particles are counted in a ZnS Kaifidin cell (Cothern and Smith, 1987).

Measurement of indoor radon

Residential radon monitoring and testing devicedude Charcoal canister, consisting of a
smal can covered by a screen, with the charcoalated in the space below the screen.
Radon and its decay products are absorbed ontehtweoal and are measured by counting
with a sodium iodide detector or a liquid scitila counter. Another detector that can be
used is the alpha track detector, which contairemall sheet of plastic that is exposed for a
period of between one and twelve months. Alphaigest etch the plastic as they strike ft.

These marks are then chemicaly treated so thatrdleks are enlarged. They are then counted
in the laboratory to determine the radon concemiratOther detectors used for measuring
indoor radon include Electret ion detectors conigiran electrostatically charged teflon disk.

lons generated by the decay of radon strike andceedhe surface voltage of the disk. By

measuring the voltage reduction, the radon coraenir can be determined. Continuous radon
monitors are active devices that continuously neasind record the amount of radon in the
home and thus require uninterrupted power supply.

Residential radon measurement can be short terastidgl between two days and three months
or long termed lasting more than three months. $fort-term measurement, any of the above
devices can be used. Prior to radon measuremeots @gmd windows should be closed for at
least twelve hours and measurement taken at l€msh @bove the floor in the lowest level of
dweling. It is instructive to note that short teanradon measurement is usualy characterized
with low precision and high uncertainty becausedaiy variations (Darbyet al., 2001; Debaje

et al., 1996; Price and Neret al., 1996), but the result is rapid. In the case of leermed
indoor radon survey, lasting more than three moralmha track detector, electret ion detector
or continuous monitor are recommended. Even thdlghresult may not be available unti the
end of the survey the result obtained usualy @tdEe accurate average radiation level and
exposure.

Human exposure to radon

Although radon is chemically inert and electricalipcharged, the radon progeny formed via
the radioactive decay series are in fact eledyricdlarged and readiy attach themselves to
microscopic dust particles. These dust particlesfraguently inhaled into the lungs or



Environmental radon and its potential health effects Okunade et al.

ingested (from drinking water) into the gastroititas tract. If inhaled, radon itself is mostly
exhaled immediatehbefore it can decay and deposit a significant tadiadose to the lung
tissue Its short lived progenywhich are soluble sold substances) are howeveased from
the dust particles after they undergo solvatioris T subsequently followed bgeposition on
the bronchial epithelium by impaction, sedimentatior diffusion (ICRP, 1994).

In spite of the fact thathé radon daughters are eventualy cleared fronrdbpiratory tract
through mucociiary action or engulfment by maciagds, they readiy undergo subsequent
radioactive decay processes by emitting alpha ti@diavhich slowly penetrates the inner lung
surface before they are removed. Interaction diaafadiations with lung cells has the effect of
disrupting the DNA structure of these cels (Pid€94; Cornforth and Goodwin 1991; Brooks
et al.,, 1990; Aghamohammadi al., 1988) thereby potentially initiating the first gté¢r a chain

of events that can lead to cancer. However, thgge goarticles can rarely reach cells in other
organs because of their short travel distance amndthis reason lung cancer is the most
potentially important cancer hazard posed by radon.

The carcinogenic property of radon was in fact iooefl through epidemiologic studies of
miners of uranum and other ores (Samsetal., 1989). Many populations of underground
miners exposed to radon and its progeny have bbewnsto be at increased risk of lung
cancer (Lubin and Boice 1997) which is related yudnearly to exposure. For this reason,
among others, risk models for exposures receivedhbygeneral populaton were based on
extrapolation of dose received by miners (by albtbuee orders of magnitude) to the lower
dose exposure in the homeulpin et al., 2004; Darby et al., 1992) Exposure of animals to
radon has also provided confirmatory evidencesoé#rcinogenicity (Coopet al., 1982).

Dissolved radon in water gain entry into the bolipugh oral ingestion, although a substantial
portion of the total dissolved radon may be lost dgration and would be avaiable for
inhalation. Ingestion of water with dissolved radges releases charged radon daughters which
attach themselves to the stomach lining (Khursh@@@0). Uncharged radon gas are absorbed
into the blood stream through the stomach or intdsivalls and distributed among the organs
according to the blood fow and the relative sdiybof radon in the organs as compared to
the blood (Nussbaum and Hursh, 1957). Common orgargestinations are the lver, lungs,
kidney and other adipose tissue stores. Radon hdiglsan blood that enters the lung wil
equilbrate with air in the gas-exchange regiorierafvhich the bulk of it is elminated by
exhalation. Once the dissolved gas decays and lescoharged, it can bind and decay further
within various body tissues, and emit harmful, mpetéic and cytotoxic alpha particles. Long-
Ived radon progeny had been detected in excrete@ of miners. (Schramekt al., 1997;
Danget al., 1992).

Health effects of radon

Genetic damage caused by radon

The increased risk of lung cancer from radon pilgnaresults from alpha particles emited by
the short ived radon daughters, which penetrdtesceéll nucleus. The passage of these
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energetic alpha particles may damage the DNA, theriied compound that controls the
structure and function of cells. The alpha padicktiate the DNA damage by breaking the
electron bonds that hold molecules together. TheADBamage may occur directly by

displacement of electrons from the DNA molecule, iratirectly by changing the structure of

other molecules in the cel, which may then interath the DNA. When one of these events
occurs, a cell can be destroyed quickly or its ¢noar function may be altered, thus causing
genomic changes typically in the form of point rbots and transformations. Fortunately
cells have the abilty to repair the damage dondkA by radiation, chemicals, or physical

trauma. The effectiveness of these cellular repmichanisms depends on the kind of cel, the
type and dose of radiation, the individual and othelogical factors.

An alpha particle emitted from radon daughter ofteatays is in the form of a high energy
helum ion, Hé+. These helum ions penetrate the cell nucleua iimear pattern and deposit
energy known as Linear Energy Transfer (LET). HIgBT o-particles are fundamentally
different from low LET radiation such ap-particles andy-rays in terms of the physical
damage to tissues and the DNA. Therefore the lisalbgffects would also be fundamentaly
different especialy at different environmental €okvel. At the annual equivalent dose from
natural background of low LET radiation of aboutniSv, each cel nucleus is traversed
approximately by one low LET particle per year, wdas fora-LET only one in approx 5000
cell nuclei is traversed per year. Thus majoritythef cells are not traversed hyparticles, but
for the few that are traversed, the radiation deseery large. It is instructive to know that the
deposition pattern of low LET radiation is suchtthaergy deposition is spread throughout the
cell, whereas in the case efparticles, energy deposition is confined to a nmewhler number
of narrow tracks, with large parts of the cell i@ng no energy at all (Wison and Paretzke,
1980). As a result of such concentration of physit@mage,a-particles can readiy induce
DNA irreparable double strands breaks, whereasdoge low LET radiation may be capable
of inducing only DNA single strand breaks, whicle aeadily repairable (Wolff, 1996). Thus
the passage of a single alpha particle has thenabted preserve the irreparable DNA damage
and incorporate it into the genetic structure ahdcribed DNA. Since DNA mutations induced
by alpha particles may continue through severdliarelgenerations, the mutational insult may
later become too cytotoxic for the cell to contimeplication. The inevitable response is tumor
progression thus providing an indication that cesoeften originate from damage to a single
cell (Day, 1999). These observations provide a samsiic basis for a linear relationship
between alpha-particle dose and cancer risk at legvyexposure levels. These considerations
were the basis for the adoption of a linear-noasiold model for the relationship between
radon exposure and lung cancer risk.

Health effects caused by reactive oxygen species resulting from radon exposure

Radon exposure may also cause toxic health effictgigh production of oxygen radicals
otherwise known as reactive oxygen species (RO®)S Rconsists of chemicaly reactive
super-oxide (pair of oxygen atoms) and hydrogemxub, the later being electrically charged.
These intermediate molecules damage nucleotides base form DNA lesions as secondary
by-products of formation (Emerit, 1994; Evans 1992jerefore, these molecules could be the
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source of damage within a cel that sparks the tonfecancer, since they can persist and
continue to cause mutations in DNA. This negates widely held assumption that alpha
particles cause genetic changes only through diragersals of cell nuclei. The interaction of
alpha particles with the fluids that line the lurdemages the DNA of nearby cells. Exposure
even to the lowest doses of alpha emission prodteessery reactive chemicals within cells
and their production increases with the alpha-@artdose. This confrms that radon is
dangerous even at very low exposure levels i.esaf® threshold. In some cases, radon may be
disproportionately more harmful at lower conceirat A study by Day (1999) provides clear
evidence that a single alpha particle can inducttions and chromosome aberrations in cells
that received no direct radiation exposure to tBdrA. These results indicate the need to re-
assess the potential genotoxic effect of low damsiation and suggest that the adoption of
direct proportionalty in radiaton may significgnt underestimate the risk of low-dose
radiation.

Radon gas is soluble in lipids and accumulatespid tissue throughout the body with the

highest concentration in the brain, bone marrow aarvous system. But none of its heavy
metal daughters are soluble in the lipids and apresgly, remain trapped in the brain and
bones, where they continue to emit gamma radiadioth alpha particles. This may result in

development of leukemia, which is a cancer of tlwwd and other types of cancers. Some
Researchers have also discovered that the presémeglioactive radon daughters in the brains
of non-smoking persons with Alzheimer's and Parkirs disease was ten times greater than it
was in the brains of persons with no previous @ddeof neurological disorders (Moikavié

et al.,, 2006). This is confrmed by the geographic Btion of Parkinson's disease mortaliy,

which is considerably higher in areas with a grea@don potential. In addiion, animals

exposed to high concentrations of radon progerplagisbeside lung carcinoma other diseases
such as emphysema, pulmonary fbrosis, and a skortéfe span. Furthermore deposition of
radon gas carried by aerosol particles on basaftdagf the skin may result in development
skin cancer. Nevertheless, the risk of other canoerdiseases is much lower than that of lung
cancer. ICRP estimated the cancer risk to otheansrgit about 2% of the lung cancer risk
(ICRP, 1993)

Teratogenic effects caused by radon exposure

Exposure to alpha particle during early stages ofetas development may have profound
effects on the health and survival of the fetusis T because dissolved radon in the blood
stream of the mother can pass through the placetdathe developing chid. During the

embryo phase of a fetus, formation of DNA lesionsirg from deposition of radon progeny

may result in death of the fetus. At such an eddyelopmental stage, the presence of
inheritable DNA lesions causes too much genomitaliity and result in negative growth

response of the fetus. On the other hand, if thesloleing child is in the fetal stages, a radon
particle passing into the fetus would likely mowe lipid portions of the unborn chid, namely

the brain and other organs. At this stage, exposuralpha particle may not result in death of
the fetus but results in severe inhibttion in braiavelopment leading to mental retardation.
After birth, exposure follows the same pathwaydoasdults.
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Need for Nationwide radon survey

The phenomenon of radon production and its modeeleise into various homes suggest that
radon can be found in every home, offices and otheclosures. Epidemiologic studies
conducted on uranium miners exposed to high comtemns of radon and radon daughter
products suggest a dose-response relationshipanirfaof lung cancer risk (Steinhauslet, al.,
1983; Whittmore and McMilan 1983). Based largely extrapolations of these findings to
lower doses, recent estimates suggest that idmalattposure to indoor radon and its progeny
may be responsible for as many as 24,000 new cddarsy cancer in the United States yearly
(Puskin and Boyce, 1989). Experimental evidencesupport of non-threshold low dose
conducted by Bruce and Goodwin (1997) also cortfirti@at a relatively low dose of alpha
particles results in the generation of extra eeldactors, which, upon transfer to unexposed
normal human cells containing free radicals, cauaftsratons in DNA. In spite of the
imitations of the data avaiable, risk assessméatsed on the studies of miners suggest a need
for concern regarding a positve association betwéae level of indoor radon and the
occurrence of lung cancer. It is instructive to remkledge the fact that ionizing radiation
causes random damage to the chromosomes and DNe&tutesl contained in the nucleus of
the cell, including genetic mutations that may cffeiture generations. Damage to the DNA of
reproductive cel, e.g. gamma irradiation of speran lead to genetic defciencies in the
offspring, and if an embryonic cell is damaged, ti@mal development of the fetus can be
disrupted. For example, in areas of high naturak@y@und radiation, an increased frequency
of chromosome aberratons has been observed. $n régard indoor radon should be
considered a potential public-health problem. Theps of the exposed population in recent
studies and the large number of lung-cancer catidsuted to radon also provides a strong
impetus for nationwide radon survey in every caunticluding Nigeria and other African
Countries. It is noteworthy that WHO recently lched the International Radon Project (IRP)
initiative aimed at reducing lung cancer risk aleo the world. This is an aftermath of the
observed consistency of the findings from the fafsoled analyses of case-control studies
from Europe, North America and China, which proside strong argument for an international
initiative to reduce indoor radon risks.

Conclusion

The processes of radon production and transpdheirenvironment indicated that radon can be
found in all homes worldwide, particularly in arelbaving soil and rocks that are very rich in

uranum and radium. Radon has been conclusivelicatgd as a carcinogen as a result of
alpha radiation associated with its daughter nuatel the effects of genomic changes caused
by interaction of these alpha particles with oxygedicals present in lung cells. Epidemiologic

studies of underground miners, which indicated akeuy increased risk of lung cancer also

provides additional evidence. The risk of lung eans further increased by cigarette smoking
since cigarette smoking and exposure to radon amaplmentary agents of lung cancer risk.

On the basis of these findings, exposure to raddmimes is expected to be a cause of lung
cancer risks in the general population. This tloeeefconfers on various governments the
responsibiity of setting action guideline for radcexposure and puttng in place a well

articulated environmental radon monitoring iniatiaimed at reducing radon exposure levels
in the general population.
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