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Abstract: This study aimed at assessing the level of radiation dose arising from
consumption of well-water from different parts of Abeokuta metropolis by measuring the
concentrations of “Rn and *°Rn in well-water samples using two types of solid state
nuclear track detector; namely, CR-39 and LR-115. At each well location, water sample of
3.7ml was dispensed into two specially designed plastic cups. The two detectors were
exposed to alpha particles emitted by **’Rn, *’Rn and their decay products emanating from
each water sample for forty days. The **’Rn concentration obtained ranged from 3.1 to 90.8
kBg/m®. The statistical analysis of radon concentration showed that 94% of the wells
studied had radon concentration above the United States Environmental Protection
Agency’s maximum contaminant level of 11.1 kBg/m®, while none of the samples had up
to 1000 kBq/m® above which remedial action is recommended by the European Union. The
calculated ranges and means of the annual effective doses from water consumption for
children and adults are 44.5-1325.7, 484.7 and 22.3-66.8, 242.3uSv/y, respectively. These
results showed that radon in drinking water could constitute a radiological concern for
people in the areas studied.
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Introduction

The chemical composition of groundwater
does not affect the activity concentration of
*Rn. The main parameters that affect the
activity concentration of **Rn in groundwater
are the activity concentration of ***Ra in bedrock
and soil, rock porosity and the ***Rn emanation
efficiency [1]. The mobility of *Rn is mainly
influenced by diffusion or by transport processes
caused by the motion of gaseous or liquid phases
[2, 3]. Due to the relatively short half-life, the
distance of transport of ***Rn is in the range of
some metres. The disequilibrium between ***Rn
and other uranium series radionuclides is caused
by the diffusive escape of ***Rn [3]. Normally,
the activity concentration of **Rn in

groundwater is higher than the activity
concentration of other uranium series nuclides

[4].

Water from wells dug in soil aquifers usually
contains 5-50 Bq /I in soils with low uranium
concentrations and 10-100 Bg/I in soil with
normal concentrations [5]. Radon is principally a
problem in wells drilled in bedrocks that contain
average or high concentrations of uranium.
Uranium, on the other hand, can be a significant
problem in both dug and drilled wells. [6]
recommends that the limit of uranium
concentration in drinking water should be below

15pg/l1.
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Studies have established the level of **Rn
absorption in the gastrointestinal tract and
subsequent elimination via the lungs. In about an
hour, 95% of the initial ***Rn exits through the
lungs; therefore, the main health risk from ***Rn
is caused directly to the stomach. The National
Research Council [7] has estimated that about
30% of the activity concentration of *’Rn in the
stomach was integrated in the walls of the
stomach. The short-lived progenies of **’Rn
(*"*Po, *'*Pb, *'*Bi and *'*Po) together contribute
7.7% of the effective dose caused by **Rn,
assuming that they are in radioactive equilibrium
with *?Rn in water [8, 9]. The exception is when
*Rn gas is aerated from water but **’Rn
daughters remain in the water. However, in this
case, the dose from short-lived **’Rn progenies

in aerated water is still less than 10% of the dose
222
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Materials and Methods

The study area is Abeokuta, which lies
between latitudes 7° 5' N and 7° 20" N and
longitudes 3° 17" E to 3° 27'E, is a town located
in the sub-humid tropical region of South-
western Nigeria (Fig. 1). Abeokuta is underlain
by basement complex rocks, and the populace
depend largely on municipal water supplied
from the River Ogun. This source of water
supply is, however, not sufficient and does not
meet the demand of the populace. This surface
water, which is the major source of drinking
water in Abeokuta, has a very low output,
especially during the dry season when the
evaporation rate is high (and precipitation is
lower than the annual average). Most of the
commercial bottle and sachet water industries
also rely on water from the municipal water

from the ““Rn in the untreated water [10]. ) X
corporations, thus they (commercial
bottle/sachet water industries) are unable to ease
the prevailing water scarcity in the area.
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FIG. 1. Geological map of Abeokuta and its environs showing water sampling locations.
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Solid State Nuclear Track Detectors
(SSNTDs)
Polyallyldiglycol ~ carbonate  (Ci,H;50),

known as CR-39, rigid plastic, with clear,
colourless appearance and density of 1.30g.cm™,
has the chemical structure shown below:

CH,~CH;~0-CO—-0-CH,—CH = CH,
“CH,~CH,—~0—C0—0—CH,—CH = CH,

It has been used in the manufacture of
eyeglass lenses since 1947. It was firstly applied
during World War II to coat aircraft fuel tanks
for the B-17 bomber aircraft to make them more
durable. The abbreviation (CR) stands for
Columbia Resin #39, because it was the 39™
formula of a thermosetting plastic (Fig. 2)
developed by the Columbia Resins project in
1940 [11]. The CR-39 detectors used in this
study were obtained from ENEA, institute di
Radio protezione, Bologna, Italy. They are
rectangular with 500um thickness.

FIG. 2. Photograph of CR-39 solid state nuclear track detector (SSTND).

LR-115 Films (Type II)

LR-115 films consist of thin films of a
special cellulose nitrate coloured deep red and
coated on a 100um thick polyester base. Only
one side of these films is sensitive. With a
needle, it gives white scratches, which must be
taken into consideration when used.

LR-115 type films consist of a 100 um thick
polyester base that is coated with a 12 um thin,
a-sensitive layer of red coloured cellulose
nitrate. Fig. 3 shows the red sensitive layer of
the type 2 stripping film (strippable) which must
be removed from the base while it is still wet at
the conclusion of the washing stage. In the
present study, LR-115 detectors (LR-115, Type
IT) were obtained from DOSIRAD, France. The
detectors consist of a 12um active layer of red
cellulose nitrate on top of a 100um clear
polyester base substrate. It is a circular detector
with a diameter of 2cm. It is manufactured by
Kodac Pattie, France and marketed by Dosirad,
France.

FIG. 3. Photograph of LR-115 film badge type II.

Experimental Method
Exposure of SSNTDs to Water Samples

Each piece of CR-39 and LR-115 detector
was placed 9cm above water sample in a
hermetically sealed cylindrical plastic container
of radius q¢=2.75cm, as shown in Fig. 4. During
the exposure time (40 days), a-particles emitted
by radon, thoron and their corresponding
daughters bombarded the SSNTD films. This
setup and dimensions were based on an earlier
optimization described by [12].
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All  the o-particles emitted by the
radionuclides in the radon and thoron series, that
reach the LR-115 detector under an angle lower
than its critical angle of etching with a residual
energy between 1.6 and 4.7 MeV, are registered
as bright track-holes. The CR-39 detector is
sensitive to all a particles reaching its surface

Plastic
container

lcm —Water sample

G
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under an angle smaller than its critical angle of
etching (the critical angle for a detector is
defined as the angle between the direction of the
projectile and the normal to the detector surface,
under which no track can be revealed by
etching).

Plastic
container

Scm

lcm

. Water sample

Gy

FIG. 4. Setup for measuring radon and thoron concentrations in water comprising two plastic containers (i) with
CR-39 and (ii) with LR-115.

Calculation of Radon and Thoron

Concentrations

Tracks of alpha-particles, emitted by the
nuclei of radon and thoron series, which reached
the CR-39 and LR-115 SSNTDs placed at 9cm
above the water sample, were registered. The
corresponding track density for each detector
was calculated using the equation:

Average number of tracks

Track Density = (1

Let dv represent the volume of an elementary
cylinder situated between r and r + dr with
depth d# inside the gas volume (Fig. 5).

area of one field of view ~

dv =2nrdrdh. )

Let dN; represent the number of a-particles
of index i and energy E,; emitted from the
radioactive nuclei during the exposure time ¢,.

dNi = /L-dnite (3)

where dn; is the number of a-emitters of index i
and radioactive decay constant A; in the
volume dv.

55NTD
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Plastic container
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FIG. 5. Arrangement of the SSNTD films placed at a distance of 9 cm above a water sample in a cylindrical
plastic container of radius q =2 cm.
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Equation (3) may be rewritten as:
dNi = Ai(I)idvte (4)

where @; is the number of a-emitters of index i
per unit volume.

Assuming a secular equilibrium between the
two radionuclides (*Rn, **Rn) and their

corresponding daughters (A, @, =+ =
Aid; and A&y, = -+ = A;@;), equation (4)
becomes:

dNi = /1222(1?)222 Zﬂrdrdhte (5)
for the **Rn family and

dNi = Azzo([)zzoZﬂdrdhte (6)

for the thoron family, where 4,5, and 1,5, are
the “*Rn and *Rn decay constants,
respectively.

Let PR represent the probability for an a-
particle of energy E,; and index i emitted at a
distance x from the detector to reach and be
registered on the CR-39 SSNTD [13]:

PR = f;i[l — cosf, (x)] dx (7)

where R; is the range of the a-particle of energy
E,; and index i in gas volume and 6, is the
critical angle of etching of the CR-39 SSNTD.

The number of a-particles emitted from the
radon family nuclei, in the volume dv, which
reach and are registered on the CR-39 SSNTD,
is given by:

dNCR(ZZZRn): (8)
Aoy @ ot 27rdr .k P d

where k; is the branching ratio in %.

Consequently, the total number of a-particles
emitted from the radon family nuclei in the
whole sample which are registered on the CR-39
SSNTD is given by:

NTCR 222Rn) — (9)
AC222 (Bg.cm ’3)7rq zte ijl kl.PI.CRRi

where q is the radius of the plastic container in
cm (Fig. 6), k; is the branching ratio in %, A222
(Bq.cm™3) is the radon activity per unit volume.

The corresponding density of tracks (tracks
cm™.s™) registered on the CR-39 SSNTD due to
the a-particles of the radon group is:

pf® (R, ) = A7 (Bg.com™) T, kiPER Ry
(10)
Similarly, the density of tracks (tracks

cm™s™") due to the a-particles of thoron family,
registered on the CR-39 SSNTD is:

pfR (R,) = 422 (Bq.cm™®) Tiy kiPER Ry
(11)

where A%2°(Bq.cm™3) is the thoron activity per
unit volume.

The global density of tracks due to the a-
particles of the radon and thoron series,
registered on the CR-39 SSNTD is then:

pER = AZ2(Bq.cm™) [TL, ky PR R; +
Ac220Ac222i=14ki PICR RI
(12)
Let PR represent the probability for an

emitted a-particle to reach and be registered on
the LR-115 SSNTD.

PLR = f}f;'{jfu — cosO} (x)] dx (13)
where 6} is the critical angle of etching, which
depends on the residual LR-115 SSNTD
thickness.

Rpnin and R,,,, are the o-particle ranges in
the sample which correspond to the lower and
upper ends of the energy window and depend on
the residual thickness of the LR-115 SSNTD
[14].

Consequently, the density of tracks (tracks
ecm™.S™), due to the a-particles of the radon
group, registered on the LR-115 SSNTD is
given by:

pTLR mRn):Afzo(Bq.cm_3)3PLRAR (14)
where AR = Rmax - Rmin'

Similarly, the density of tracks (track
cm™.S™) due to the a-particles of the thoron
group, registered on the LR-115 SSNTD is:

P (PR, )= A7 (Bqem™)AP™ AR . (15)
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SSNTD
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FIG. 6. Diagram illustrating primary trajectory of an a-particle inside the gas volume (MI = X) and SSNTD (IF

=RD). E,; is the initial energy of the a-particle and £, Re

The global density of tracks (tracks cm™.S™)
due to the a-particles of the radon and thoron
series, registered on the LR-115 SSNTD is equal
to:

220
pER =AZ22(Bq.cm™*)(3PIRAR + 4PLRAR 5
c

(16)

Combining equations (12) and (16), we
obtained the following relationship between
track densities and thoron to radon ratio.

A220
CR z:L3=1 kiPiCRRi‘*'Agzz Z?=1 kiPiCRRi
e = . (17)
LR A220 .
pc 3PLRAR +4PLR AR S
Cc

By measuring pSR and pER and knowing the
values of P and PR from Tables 1 and 2,

* s its residual energy on reaching point L.

A220 .
A§22 ratio
c

using Eq. 17 and consequently the thoron A2%20
and radon A2%2? activities of the studied water

samples by substituting Eq. 18 into Eq. 16.

respectively, one can determine the

220

From Eq. 17, one can determine the —5
AC
ratio as follows,
3 pCR
CR LR G
420 ZKI'R' R, =3PAR LR
C _ i=l pG 18
4 - pCR 4 (18)
C 4PLRAR iR _ZKI-BCRRI-
Pq i=l

TABLE 1. Data obtained for the probability (PFR) for radon group a -particles and thoron group « -
particles to be registered on the CR-39 SSNTD for the gas volume of the a -particles of energy
E, and index i in the gas volume [12].
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Nuclides  E_(MeV) Ri(em) PR x107 ki
Radon group «a -particles
*2Rn 5.49 3.90 2.871 1
218pg 6.00 4.65 3.383 1
21%pg 7.68 6.65 4.440 1
Thoron group a- particles
2Rn 6.28 4.80 3.391 1
216pg 6.78 5.45 3.433 1
212 6.08 4.75 3.527 0.36
212pg 8.78 8.36 5.711 0.64




Assessment of Human Exposures to Radiation Arising from Radon in Groundwater Samples from Parts of Abeokuta, Ogun
State, Nigeria

TABLE 2. Values of the probability (PLR) for the a -particles of the radon and thoron groups to be
registered on the LR-115 SSNTD for different residual thicknesses for (LR-115 films) for the gas
volume of the water samples. Ry, and Ry, are the a -particle ranges in the gas volume which
correspond to the lower and upper ends of the energy window [12].

Residual ' - ;
thickness (‘um) Riin (Cm) Rinax (Cm) P x10

3 0.46 3.83 203.299
4 0.61 3.52 11.302
5 0.80 3.44 4.329
6 0.98 2.71 1.536
7 1.07 2.66 1.405
8 1.29 2.53 1.336
9 1.42 2.31 0.267
10 1.60 2.02 0.191

The activity concentrations in groundwater  detectors, respectively. The error on track
samples ranged from 3050.49 to 90798.69  density counting is smaller than 7% for the
Bg/m’ and from 660.76 to 57181.68 Bg/m’ for  samples studied.

*?Rn and **Rn, respectively. The frequency
distribution analyses are shown on Figs. 7 and 8
for track densities on the CR-39 and LR-115
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FIG. 7. Frequency curve for track density of radon in CR-39.
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FIG. 8. Frequency curve for track density of radon in LR-115.

Calculation of Annual Effective Dose

The annual effective doses due to the intake
of radon were calculated from the mean activity
concentration using the following equation [15]:

E,, =DF, I, A, (19)

where DFg, is the effective dose per unit intake
of radon in water, taken as 10~ Sv/Bq for adults
and 2X10™® Sv/Bq for children from UNSCEAR
1993 report [16] and I, is the water consumption
rate, taken to be 2 litres per day from WHO
report [17].

Results and Discussion

The values of the annual effective dose per
person caused by different drinking groundwater
samples in this study are presented in Table 3.
The estimated total annual effective dose for
children ranged from 71 pSv/y from drinking
water of sample code GW 031 to 1326 uSv/y
from drinking water of sample code GWO006,
with an average of (273) uSv/y, while for adults
the total annual effective dose ranged from 35
uSv/y from drinking water of sample code

160

GWO031 to 663 uSv/y from drinking water of
sample code GW006, with an average (136)
uSv/y.

It is also noted from the results that among
the 50 samples analyzed, the water sample from
Panseke area recorded the highest **’Rn
concentration and the corresponding annual
effective dose among all the other water
samples.

More than 90% of the water samples resulted
in annual effective doses for children above the
0.1mSv/y safe limit and 80% of the annual
effective doses for adults were found to be above
the safe limit of 0.1 mSv/y recommended by
World Health Organization [18] and EU Council

[8].

The results obtained showed that radon in
drinking water could constitute a radiological
concern for people using the areas and further
research should be conducted to determine the
prevalence and whether remediation action
would be required.
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TABLE 3. Results of annual effective dose in groundwater samples

Annual effective dose

Annual effective dose

Sél(\)/lll;]]gE LATITUDE LONGITUDE ?*?A(Bq.m™®)  +Error = *?A(Bq.L™)  ingestion (uSv/year) for  ingestion (uSv/year) for
children adults
GW 001 7.1743 3.35787 15692.01 +864.00 15.69 229.1 114.55
GW002 7.13982 3.34797 20044.33 +1718.00 20.04 292.65 146.32
GWO003 7.16213 3.35272 38315.87 +977.00 38.32 559.41 279.71
GW004 7.23027 3.43965 40342.13 +1829.00 40.34 589 294.5
GWO005 7.18316 3.3476 49679.72 +1766.00 49.68 725.32 362.66
GWO006 7.12097 3.32184 90798.69 +3838.00 90.80 1325.66 662.83
GWO007 7.18172 3.36091 46721.01 +823.00 46.72 682.13 341.06
GWO008 7.16676 3.34329 51458.57 +1786.00 51.46 751.3 375.65
GWO009 7.17234 3.34977 78330.88 +2003.00 78.33 1143.63 571.82
GWO010 7.16853 3.3592 41390.51 +2437.00 41.39 604.3 302.15
GWO11 7.15634 3.35335 15789.83 +465.00 15.79 230.53 115.27
GWO012 7.15638 3.34943 27532.87 +444.00 27.53 401.98 200.99
GWO013 7.19343 3.35785 41049.10 +2240.00 41.05 599.32 299.66
GwWo014 7.13489 3.34268 58084.87 +4081.00 58.08 848.04 424.02
GWO015 7.1473 3.3658 46225.88 +1181.00 46.23 674.9 337.45
GWO016 7.16248 3.37185 39018.71 +1250.00 39.02 569.67 284.84
GWO017 7.15296 3.36709 12140.36 +556.00 12.14 177.25 88.62
GWO018 7.1721 3.37229 27954.36 +1125.00 27.95 408.13 204.07
GWO019 7.177 3.39131 46525.38 +1238.00 46.53 679.27 339.64
GW020 7.18759 3.437 44844.35 +827.00 44.84 654.73 327.36
GWO021 7.14334 3.37364 23400.36 +953.00 23.40 341.65 170.82
GW022 7.13674 3.30494 50278.71 +2509.00 50.28 734.07 367.03
GW023 7.13946 3.33029 22024.86 +1618.00 22.02 321.56 160.78
GwW024 7.15733 3.32958 23498.17 +418.00 23.50 343.07 171.54
GW025 7.14647 3.3161 16095.37 +693.00 16.10 234.99 117.5
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Annual effective dose

Annual effective dose

Sél(\)/lll;]]gE LATITUDE LONGITUDE *?A(Bq.m™®)  +Error = *?A(Bq.L™)  ingestion (uSv/year) for  ingestion (uSv/year) for
children adults
GW026 7.11752 3.33147 54331.54 +1353.00 54.33 793.24 396.62
GWO027 7.19266 3.45426 50376.53 +1076.00 50.38 735.5 367.75
GW028 7.15388 3.34628 52552.69 +3229.00 52.55 767.27 383.63
GW029 7.15204 3.34529 13418.03 +784.00 13.42 195.9 97.95
GWO030 7.17844 3.40159 20479.45 +416.00 20.48 299 149.5
GWO031 7.2044 3.34587 4829.33 +279.00 4.83 70.51 35.25
GW032 7.2022 3.36179 48597.68 +2077.00 48.60 709.53 354.76
GW033 7.15711 3.34572 33486.53 +2331.00 33.49 488.9 244.45
GW034 7.16079 3.35528 22024.86 +2163.00 22.02 321.56 160.78
GWO035 7.15854 3.3527 36237.52 +1352.00 36.24 529.07 264.53
GWO036 7.15233 3.33974 23803.71 +1675.00 23.80 347.53 173.77
GWO037 7.14853 3.35883 8582.66 +822.00 8.58 125.31 62.65
GWO038 7.14492 3.34972 25778.19 +1712.00 25.78 376.36 188.18
GWO039 7.16625 3.353303 32985.36 +1154.00 32.99 481.59 240.79
GW040 7.16927 3.35122 27954.36 +2203.00 27.95 408.13 204.07
GW041 7.13633 3.35022 35161.53 +2809.00 35.16 513.36 256.68
GwW042 7.145 3.3511 20044.33 +1412.00 20.04 292.65 146.32
GW043 7.14471 3.35035 12335.99 +414.00 12.34 180.11 90.05
GwWo044 7.17578 3.36225 56306.02 +1463.00 56.31 822.07 411.03
GW045 7.15855 3.34456 20723.02 +691.00 20.72 302.56 151.28
GW046 7.15809 3.34825 18257.52 +1636.00 18.26 266.56 133.28
GwWo047 7.12508 3.34173 27654.86 +1784.00 27.65 403.76 201.88
GW048 7.16201 3.36243 21523.69 +1023.00 21.52 314.25 157.12
d.wtater 3050.49 +111.00 3.05 44.54 22.27
GWO050 7.14017 3.33817 22024.86 +1035.00 22.02 321.56 160.78
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Conclusion

Two types of Solid State Nuclear Track
Detector (SSNTD); i.e., CR-39 and LR-115 type
II, were used in this study to evaluate the
concentrations of “Rn and **Rn in
groundwater samples from different locations in
Abeokuta. This technique has the advantages of
being simple, accurate, inexpensive and non-
destructive and does not need the use of any
standard for its calibration. The results showed a
range of “’Rn concentrations between 3050.49
and 90798.69 Bg/m’. Generally, there was a
higher concentration of **Rn in the well-water
samples compared to **’Rn, although there were
exceptional cases where “*’Rn concentrations
were higher than those of **Rn. A well in
Panseke area recorded the highest **’Rn
concentration (90798.69 Bg/m’).Other areas
with high radon concentration values are Sapon
(52552.69 Bg/m’), Okearegba (56306.02 Bg/m’)
and Ake (38315.87 Bg/m’). The results of ***Rn
concentrations agree well with those obtained
earlier by [19] using RAD7 connected to a
bubbling kit to degas radon from water samples.

Going by the results of this study and the
strong dependence of the populace on
groundwater, it is concluded that water
consumption may be a relevant radiological
exposure pathway among some of the
inhabitants of Abeokuta. It is therefore pertinent
to recommend that more consideration should be
given to further study of radon in indoor air and
drinking water in different parts of Abeokuta
with a view to ascertain prevalence and
remediation required. The results of this study
revealed that many of the groundwater samples
in the study area have high levels of **Rn.
Considering that a large population of Nigerians
derive water for drinking and other domestic
uses from wunderground sources, it is
recommended that study of radon concentration
in water and indoor air should be promoted
among researchers, e.g. by giving grants for
large-scale regional or national surveys. The
SSNTD method for radon studies and for
measurement of other natural radionuclides
should be further encouraged.
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