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Exposure to natural sources of radiation, especially 222Rn and its short-lived daughter products
has become an important issue throughout the world because sustained exposure of humans to
indoor radon may cause lung cancer. The indoor radon concentration level and radon effective
dose rate were carried out in the dwellings of Medani, El Hosh, Elmanagil, Haj Abd Allah, and
Wad Almabhi cities, Gezira State — Central Sudan, in 393 measurements, using passive integrated
solid-state nuclear track devices containing allyl diglycol carbonate plastic detectors. The radon
concentration in the corresponding dwellings was found to vary from (57 + 8) Bq/m? in Medani
to 41 + 9 Bq/m3 in Wad Almahi, with an average of 49 + 10 Bq/m3. Assuming an indoor occu-
pancy factor of 0.8 and 0.4 for the equilibrium factor of radon indoors, we found that the annual
effective dose rate from 222Rn in the studied dwellings ranges from 1.05 to 1.43 mSv per year and
the relative lung cancer risk for radon exposure was 1.044%. In this research, we also correlated
the relationship of radon concentration and building age. From our study, it is clear that the an-
nual effective dose rate is larger than the “normal” background level as quoted by UNSCEAR,
lower than the recommended action level of ICRP, and less than the maximum permissible dose

defined by the International Atomic Energy Agency
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INTRODUCTION

The radon isotope, 2>’Rn, is a noble and radioac-
tive gas with a half-life of 3.82 days, produced by the
decay of the natural radioactive elements from the ura-
nium series. The contribution to the mean effective
dose equivalent from inhalation of ?>’Rn and its
short-lived decay products (>'®Po, 214Pb, 2!“Bi, and
214Po) has been estimated to be about 50% of the total
effective dose equivalent from all natural radiation
sources [1]. The radon concentration in indoor air var-
ies significantly from season to season and from house
to house with respect to the surrounding environment
[2-4]. The main natural sources of indoor radon are
soil [5], building materials (sand, rocks, cement, etc.)
[6], water sources [ 7], natural energy sources like (gas,
coal, etc.) [8], all of which contain traces of U-238.

In the United States of America, reports recorded
for radon alone to be responsible for approximately
15.000-20.000-lung cancer deaths per year [9]. The risk
is reported to be proportional to the radon level down to
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the Environmental Protection Agency (EPA) action
level of 0.148 Bg/m? and probably even below this level
[9, 10]. The International Commission on Radiological
Protection (ICRP) recommended a radon concentration
from 200 Bg/m® to 600 Bg/m® for dwellings [11].

Solid-state nuclear track detectors have been
widely used for passive measurements of indoor radon
and their alpha emitting decay products. The use of the
CR-39 plastic track detector in air volume of cups has
become the most reliable procedure for time-inte-
grated, long measurements of radon and their daughter
activity concentrations under different environmental
conditions [12-14]. Using this procedure, measure-
ments of indoor radon levels in Sudan have been done
at a certain number of locations [2, 3, 15-17]. This
work is the continuation of our other surveys con-
ducted in Sudan aimed at establishing the base-line
data on indoor, soil gas, building materials, and water
radon concentrations in Sudan [2, 3, 5-7, 15-17]. The
aim of'this survey is to present and discuss the data ob-
tained from radon measurements carried out in towns
from the Gezira State situated in the central part of Su-
dan.
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MATERIALS AND METHODS
The study area

Indoor radon measurements in buildings were
performed in five towns of the Gezira state: Medani,
ElHosh, Haj AbdAlla, Elmanagil, and Wad Almahi
(fig. 1). The Gezira state is the most agriculturally pro-
ductive state in Sudan lying between the Blue Nile and
the White Nile rivers, bounded by the Khartoum state
in the North, Gadarif state in the East, White Nile state
in the West and Sennar state in the South. It lies be-
tween latitude 13-15.2°N and longitude 32.5-34°E.

The type of construction materials
of houses in the study area

The construction materials of most of the houses
in the studied areas are mud, red brick and concrete
materials. Some houses were built by using a concrete
mixture which usually consisted of cement, sand
bricks, dolomite, and concrete as the construction ma-
terials. Some of the old houses were constructed from
clay material. In most of the houses the roofs are made
of wood or concrete and are at a height of about
2.5-3.75 m above ground. Each house has rooms with
common non-decorated walls where the inhabitants
spend most of the daytime and ventilation mechanisms
are seldom used. All that was important in determining
the indoor occupancy factor (see eq. 2).

Radioactivity measurements

A correct calibration procedure is paramount for
good accuracy of results. Hence, precalibrated passive
dosimeters containing solid-state nuclear track detec-
tors using allyl diglycol carbonate of super grade qual-
ity (CR-39 SSNTD, Pershore Moulding, Ltd., UK)

were used to study radon-222 concentrations. These
passive dosimeters used here are similar to those we
have used in previous studies [2, 3].

We distributed a total of 393 dosimeters at the se-
lected sampling positions. After three months, the do-
simeters were collected and chemically etched for nine
hours using a 30% solution of KOH at a temperature of
70.0 £ 0.1 °C. An optical microscope was used to
count the number of tracks per cm? recorded on each
detector used. The track density was determined and
converted into activity concentration Cy, [Bqm™—] us-
ing the following equation [6, 18]

PRrn
Cro = (1
Kpat
where pg, is the track density (tracks per cm?), Kg, —
the calibration constant, and 7 — the exposure time.

Determination of the calibration
constant Ky, for dosimeters

Ten dosimeters were prepared for the calibration
process and four for the background. The dosimeters
were placed in a chamber with the standard radon con-
centration (170 kBg/m?). Two detectors were removed
from the chamber after 0.25, 0.5, 1, 2, 4, 8, and 16
hours. These irradiated detectors were chemically
etched using the same conditions as described. The
track density was measured and plotted against the ex-
posure time (fig. 2). The obtained value of the calibra-
tion constant was Ky, = 4.824-1073, tracks per cm?h
per Bqm™

Dose estimation

To estimate the radon effective dose rate (ED)
expected to be received by the inhabitants of these
towns due to indoor radon, the conversion coefficient
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Figure 2. Calibration curve for dosimeters used in
studying Rn in buildings

from the absorbed dose and the indoor occupancy fac-
tor has to be taken into account. In the
UNSCEAR-2000 report [1], the committee recom-
mended the use of 9.0 nSv/h per Bq/m? for the conver-
sion factor (Dy) (an effective dose received by adults
per unit 222Rn activity per unit of air volume), 0.4 for
the equilibrium factor of radon indoors (£;) and 0.8 for
the indoor occupancy factor (Oy). We used the follow-
ing formula to calculate the effective dose (ED) [1]

ED [mSv]=
=Cy,D;OE;-24-365-107° ©)
The relative risk of lung cancer (RRLC) due to
indoor exposure to radon was calculated using the fol-
lowing equation [2, 3, 19]
RRLC — o 00087352y,

3)

RESULTS AND DISCUSSION

In this study we present results of the average ra-
don concentrations, £ED and RRLC in dwellings at five
residential areas in the Gezira State. Table 1 shows the
radon concentration for the residential areas. The
highest values were recorded in Medani 56 + 9 Bg/m?
and in Haj Abdallah 54 + 10 Bq/m? while the minimum
concentration value of 41 + 9 Bq/m?® was recorded in
the Wad Almahi area. This may be attributed to the fact
that Medani is the capital of the Gezira state where

most houses are built from cement, concrete, and
bricks (some from mud material) and the dwellings are
close to each other. The ventilation mechanisms are air
conditioners, fans and little uses of natural ventilation.
Also, during its flooding period, the Blue Nile river
carries large amounts of suspended material which
re-sediments as silt clay, sandy clay, and sand and
gravel [20] and some inhabitants use this soil in con-
structing their houses either directly or produce bricks
from it. All of that may contribute to the above average
indoor radon concentration in these cities. On the other
hand, Wad Almahi and Elmanagil are open small areas
situated inside the Gezira state and far away from the
riverbanks. Houses are far apart and the construction
materials are mainly red brick and straw materials;
these materials usually contain lower amounts of natu-
rally occurring radioactive isotopes when compared to
cement and concrete materials [6]. Taken together
with relatively good natural ventilation, these facts can
explain why the values of Rn concentration in build-
ings of these cities are below the average for the entire
study area.

The recorded values of indoor radon concentra-
tion in our study (tab. 1) are much lower than the radon
action level 200-600 Bg/m? as recommended by
ICRP-1993 [11], lower than the new reference level
(100 Bg/m?) set by WHO [21] and below the action
level (148 Bg/m®) recommended by the Environmen-
tal Protection Agency (EPA) [22]. The mean value is
slightly higher than the average world-wide value
(population weighted) since the average radon of
40 Bg/m? has been reported by UNSCEAR [1] but is
well within the values reported for various locations in
Sudan and worldwide (tab. 2). Interestingly, Rn con-
centration values found in this area are considerably
lower than in other areas of Sudan, except Khartoum.

The US-EPA recommendations [22] are that no
intervention is required if the radon level in buildings
is below 74 B/qm?, indicating that this level is safe for
occupancy. Figure 3 displays the frequency distribu-
tion of the indoor radon concentration in surveyed cit-
ies showing that only a small percentage of houses are
slightly above the level requiring intervention, i. e.
only 1.5% of measurements exhibited concentrations
in the high range of 80-100 Bg/m®. In all probability,

Table 1. Summary statistics of indoor radon concentration measurements, effective dose and radon relative lung cancer

risk in cities in the Gezira State

. . Radon concentration [Bqm™]
Residential area No. B ED [mSv] RRLC [%]
Min Max (Mean £s. d.)
Medani 92 27.65 74.15 5749 14+0.2 1.051
El Hosh 86 30.06 94.34 50+ 10 1.3+£0.2 1.045
Elmanagil 68 37.69 70.03 4549 1.2+£0.2 1.040
Haj Abd Allah 74 38.21 81.6 54+ 11 1.4+03 1.049
Wad Elmahi 73 18.96 78.98 41+9 1.1£0.2 1.037
Overall 393 18.96 94.34 49+10 1.3+£0.2 1.044
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Table 2. Comparison of results with other results in various locations in the world

Country Mean concentration [qu’3] DE [mSv] RRLC [%] Reference

USA 46 - - [24]

Demark 53 - - [25]

Brazil 82 — - [26]

Italy 52 - - [27]

Jordan 324 0.46 - [4]

Saudi Arabia 36.2 0.61 - [23]

Iraq 75.1 1.3 - [28]

India 30.3 0.46 - [29]

Pakistan 138 3.49 - [30]

Sudan (Kordufan) 109.43 4.16 - [15]

Sudan (Aroma) 91.5 2.29 1.08 [3]

Sudan (Halfa Aljadida) 94.2 2.36 1.09 [3]

Sudan (Khashm Algirba) 64.1 1.60 1.06 [3]

Sudan (Kassala) 92.38 2.14 1.08 [2]

Sudan (Khartoum) 443 1.2 - [16]
Sudan (Medani) 56.59 1.43 1.051 Present study
Sudan (EI Hosh) 50.08 1.26 1.045 Present study
Sudan (Elmanagil) 44.64 1.13 1.040 Present study
Sudan (Haj Abd Allah) 54.22 1.37 1.049 Present study
Sudan (Wad Almahi) 41.52 1.05 1.037 Present study

180+
160+
1404
120
100
80
60
40
20

Frequency distribution

0
10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100
Radon concentration [qu’s]

Figure 3. Frequency distribution vs. indoor radon
concentration in the cities in the Gezira state

the only intervention needed is to improve ventilation;
since it is well known that an increased ventilation rate
is an important factor in reducing the indoor radon
level [23]. We also found that the indoor radon con-
centrations in moderately ventilated houses were
higher when compared to those in well-ventilated
houses.

The range of the radon effective dose rate var-
ied from 1.05 mSv per year to 1.43 mSv per year. The
average radon effective dose rate was calculated as
1.25 mSv per year. The effective dose is slightly
larger than the “normal” background level of 1.1 mSv
per year; as quoted by UNSCEAR-2000 [1], but way
below even the lower limit of the recommended ac-
tion level (3-10 mSv per year) as reported by the
ICRP-1993 [11]. The RRLC ranging from (1.037 to
1.051) with an average of 1.044 is almost negligible
[19], which is consistent with other findings shown in
tab. 1.

The Rn concentration levels were also analyzed
in relation to the age of construction of buildings (tab.
3). The surveyed dwellings ranged from new dwell-
ings to dwellings more than 70 years old. The age of a
house determines the construction features of the
house, technologies, and materials. Cracks and lack of
continuity appear together with age in construction
material and the building age with the type of con-
struction materials were noticed to be a strong factor in
increasing radon flow inside the buildings. As ex-
pected [18], the newer buildings with the use of fresh
construction materials had generally lower 2>’Rn lev-
els, since the newer buildings are spacious and well
ventilated. The statistically different values were ob-
tained for buildings with age <10 years and older
buildings and there is a continuing increase of radon
concentration with the building age, with the peak
concentration recorded for buildings aged 50-59
years. For buildings aged 60-69 years and older than
70 years, it appears that the inhabitants added some

Table 3. Radon concentration vs. the age of the building

Age Ijilvlvnelﬁ?rfgosf conls:r?t(r);:tion
[Bqm ]
<10 21 38.01£2.1
10-19 32 43.9+£3.7
20-29 42 452 +£4.8
30-39 68 49.5+£75
40-49 63 46.6 £6.0
50-59 51 56.3+8.1
60-69 36 443+£73
>70 23 50.1+6.2
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features and improved maintenance to renew their
buildings hence the concentration values are lower
than the peak value.

CONCLUSION

The mean value of indoor radon concentration
measured at five residential areas of the Gezira State -
Central Sudan was below the action level recom-
mended by ICRP. The ventilation rate in the residential
areas plays a very important role in controlling the in-
door radon concentration. Furthermore, the calculated
effective dose is lower than the average value given by
UNSCEAR and below the ICRP action level. Conse-
quently, the relative lung cancer risk from radon expo-
sure is low in these buildings and they can be consid-
ered safe when the hazardous health effects of radon
are concerned.
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Ao6a-Envonuem Axmen EJIBANMH

NCTPAXKNUBABE KOHIUHEHTPAIIMJIE PATIOHA U E®EKTUBHE T0O3E
YHYTAP 3IPAJA Y HEKOJIUKO I'PAJOBA NPXABE I'E3UPA Y CYJAHY

M3105KeHOCT TIPUPOHUM H3BOpMMa pafmjanuje, noce6Ho *’Rn M HEroBUM MOTOMIMMA
KpaTKOT BeKa IIOCTAJIO jeé BaKHO MHUTame IIMPOM CBETa jep CTajHa WM3JIOXEHOCT JbYAW PajjoHy Y
3aTBOPEHOM MPOCTOPY MOKe H3a3BaTé pak Iuyha. HuBom KoHIeHTpalmje yHyTpallmber pajoHa U
edeKkTHBHA 1032 pajjoHa CIpoBefieHe ¢y y HacesbuMa Menanu, En Xomn, Enmanaruin, Xan Aoy Anax u Bap
Anmaxu rpagosBuma, apxasa I'esupa — Ilentpannu Cypan, y 393 mepewa, kopucrehu nacushe
MHTErpucaHe HyKJleapHe AETEeKTOpe TParosa y YBPCTOM CTamby KOjH Cajip>Ke allnJl JUTIIHKOI KapOOHATHY
wiacTuky. YTBpHEHO je [1a KOHIEHTpaluja pajloHa y OJHOCHAM HacebuMma Bapupa of 57 + 8 Bg/m? y
Menanujy go 41 + 9 Bg/m® y Bag Anmaxujy, ca mpocekom o 49 + 10 Bg/m?. Ipumemyjyhn dpaktop
IIPUCYTHOCTHU Yy 3aTBOpeHuM npocropujama of 0.8 u 0,4 3a pakTop paBHOTEXKE pajoHa Y 3aTBOPEHOM
IIPOCTOPY, YTBPAMIA CMO Jia je TOAMIIbA 1032 edeKTuBHE crone of *’Rn y mpoyvyaBaHUM HacebuMa
usmeby 1,05 u 1,43 mSv u penaTuBHM pu3uK of paka miyha 3a msnarame pagoHoM 1,044%. Y oBom
UCTpaKuBamy, TaKOohe cMO HaIpaBIIIU KOpenanyjy u3Meby KoHIeHTpanuje pagoHa u crapocTtu 3rpaje. 13
Hallle CTyIM]€, JaCHO je J1a je TOAMIIbA CToIIa e(peKTUBHE 103€ Beha o “HopMaliHOI” 103aluHCKOT HUBOA
kako je HaBeo UNSCEAR, nHuxa on npenopydeHor akuuonor Husoa ICRP, u mamwa on makcumanse
I03BOJbEHE JI03¢e epuHnCcaHe off crpane MebyHapoiHe areHuyje 3a aTOMCKy €Heprujy.

Kmwyune peuu: padon, epexitiuera 0osa, CR-39, peaaitiudHu pusux, pak zpaa



