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Introduction
The exposure to excessive radiation from radon due to its 

radioactivity has drawn the attention of many scientists all over the world, 
particularly in the last decade [1]. Their main research goal has been 
the evaluation of the indoor radon concentration essentially because 
radon is the most relevant source of the major mean public exposure 
to ionizing radiation [2]. It is often the single largest contributor to an 
individual's background radiation dose, and is the most variable from 
one location to another due to different geological setup [3]. Radon is a 
progeny of 226Ra which is a member of 238U decay chain and it can enter 
the human body through ingestion when eating food or drinking water 
contaminated with radon or by breathing in radon-filled air [1]. 

The exposure due to inhalation of radon and its progeny is the 
highest of the natural radionuclide to which human beings in the 
general environment are exposed to [4]. During the ingestion of radon-
rich water, radon progeny can be absorbed and then energy is either 
deposited in the surrounding tissues [5] or be transferred through the 
blood vessels to other organs where it causes chromosomal aberrations 
which in turn increase the chance of cancer incidence [6]. Further 
epidemiological studies and analysis in radon confirmed again a clear 
evidence that lung cancer can be caused by exposure to radon gas [7-9].

In the past, radon in water was measured by counting α - particles 
emitted by its progeny, 218Po and 214Po [10-12]. Special attention is 
needed when sampling and handling radon-rich water because it 
escapes easily. Therefore, glass bottles with caps equipped with rubber 
or Teflon septum to prevent radon leakage were used to collect and store 
water samples from the rivers [13]. The time between collection and 
analysis was carefully considered for the calculation of decay correction 
for each sample to avoid radon concentration underestimation. Higher 
concentration of radon can cause health problems if it is inhaled or 

ingested, hence the measurement in the study was of special interest to 
mankind. The purpose of the study was to measure radon concentration 
and dosage in the natural water using solid state alpha detector.

Experimental Technique
Alpha-spectrometry using RAD-7 detector

Figure 1 represents experimental set-up using grab sample and 
radon-in-air monitor, RAD-7 detector. The detector is a highly versatile 
instrument used to measure radon in real-time and it applies the α – 
spectrometry process [14]. A major advantage of the RAD-7 detector 
is its high sensitivity and capability to achieve detection limits as low 
as 1 mBq  per sample. RAD-7 detector uses the RAD-H2O accessory 
which enabled it to measure radon in water over a concentration range 
from less than 10 ρCi.l-1 3.7 × 10-1 Bq.l-1 to greater than 4.0 × 10-5 ρCi.l-1 

(1.48 × 104 Bq.l-1) [15] in a short time. This technique employs closed-
loop concept, consisting of four components, the RAD-7, tube desiccant, 
water vial aerator and connection tubes as shown in Figure 1.

Internal cell of RAD-7

The internal cell of RAD-7 is a dome of volume of 0.7 litres [15]. An 
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ion-implanted, planar and Silicon alpha detector is at the centre of the 
hemisphere and its measurement chamber is represented in Figure 2a. 
The high voltage power circuit charges the inside conductor to a potential 
of 2000 – 2500 V, creating an electric field throughout the internal cell 
[15]. The radon-rich air is sucked inside and it decays into the positive 
ions of 218Po+T1/2=3.05 min; α-energy=6.00 MeV) and 214Po+(T1/2=164 
µs; α-energy=7.67 MeV), which are propelled by the electric field and be 
deposited onto the detector [14].

When the radon progeny, deposited on the surface of the detector, 
decay, they emit α – particles of characteristic energy is directly 
measured by the solid-state detector. The microprocessor in the RAD-7 
picks up the signal and stores it according to the energy of the particle 
[15]. The accumulation of many signals results in a spectrum as shown 
in Figure 2b.

Annual effective dose

The annual effective dose, aD
 due to the ingestion of radon from 

water, was calculated according to equation [14] 

2a f H 0D = CRn× C × AC                (1)

Where Dα (mSv.a-1) is the committed effective dose, CRn (Bq.l-1) is 
the radon concentration in water, Cf (mSv. Bq-1) is a conversion factor, 
equal to 1 × 10-8 Sv. Bq-1; and 1( .a )−l

2H 0AC is the annual water consumption 
by an adult [14]. The consumption for an adult per annum was taken 
to be 730 l. The United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR) estimated that the committed effective 
dose from the ingestion of radon in water is 1.0 × 102 nSv. Bq-1 for an 
adult, 7.0 × 101 nSv. Bq-1 for a child and 2.0 × 101 nSv. Bq-1 for an infant. 

Table 1 embodies the proposed guidelines on radiation dose in 
drinking water according to the Department of Water Affairs and 
Forestry (DWAF) [16,17]. The guidelines have taken into consideration 
dose ranges per annum (µSv.a-1), health effects and intervention time for 
the protection of the public from anthropogenic sources of radiation. 
The basis for the colour-coded classification system was chosen to be 
in line with the approach used in the joint Assessment Guide by the 
Department of Health (DoH), and the Water Research Commission 
(WRC) [17].

Methodology
In the current study, radon concentration in water from Gauteng 

rivers (see Figure 3) was measured in the laboratory at the Radiation 

Protection Training Centre (RPTC), Necsa Learning Academy (NLA) 
division. Figure 4 is the schematic view of the experimental setup 
with the arrows representing the air flow's path. In this system, air was 
bubbled through a 250 ml vial with a water sample for five minutes, 
for degassing process. The 222Rn diffusing from the water sample 
continuously circulated through a close-loop to establish equilibrium 
between the radon in water and in air. The final concentration of radon 
in the two phases was described by Henry's law, which states that the 
mass of a gas which is dissolved into a solution is directly proportional 
to the partial pressure of that gas above the solution [18-22].

Results
The results of experimental radon measurement showed that 

radon concentration varied from one location to another as shown in 
Figure 5, with the lowest and highest recorded values of 1.3 × 10-1 ± 
8.0 × 10-2 Bq.l-1 and 2.87 ± 3.1 × 10-1 Bq.l-1 for Vaal River and Moreleta, 
respectively. Meteorological parameters, relative humidity (RH) and 
internal temperature (Tint) of the detector, which have an influence on 
radon release from water, were also measured as shown in columns 3 
and 4 in Table 2 respectively. The radiation doses from different region 
of Gauteng rivers were classified by colour-codes in Table 2 according to 
reference Table 1 which shows that there is no need for any intervention 
because there were no health effects observed. The average dosage found 
was 7.8 × 10-3 mSv.a-1, which is coloured blue referring to Table 1 for an 
ideal water quality. 

Radon concentration from rivers increase downstream. In Figure 6a 
radon concentration in Bruma Lake was 3.9 × 10-1 ± 2.1 × 10-1 Bq. l-1 

Figure 1: RAD-7 set-up at Necsa’s Radio-analysis laboratory.

Figure 2: Measuring chamber of the RAD-7 and the accumulation spectrum. (a) 
Internal cell of the RAD-7 detector; (b) Spectrum of 218Po and 214Po after 3 hours, 
respectively [14].

Figure 3: Sampling sites in (a) Skinnerspruit – Pretoria West and (b) Sesmylspruit 
– Irene.
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Dose class Colour Dose range 
(mSv.a-1) Health effects Intervention indicators time frame

Class 0, (ideal quality) 0.01–0.1 No observable health effects Intervention not applicable

Class 1, (good quality) >0.1–1 No observable health effects No intervention required, but ALARA principle 
applies

Class 2, (marginal quality) >1–10 Small increase in cancer mortality risk Consider intervention within 2 years

Class 3, (poor quality) >10–100 Cancer risk statistically detectable in very large 
population groups Intervention required within 1 year

Class 4, (unacceptable quality) >100 Health effects clinically detectable Immediate intervention required.

Table 1: Radiation dose ranges for drinking water with health effects and intervention time frames indicators [17].

Sampling Site No. of Samples RH (%) Tint
(°C)

222RnAv. (Bq.L-1) ( )1 . -AED mSv aing Colour code

Apies 2 16 20.3 1.18 ± 0.18 1.95 × 10-2

Bloubankspruit 2 14.7 30.4 0.61 ± 0.21 9.4 × 10-3

Eco Park 1 23.4 26.6 0.55 ± 0.10 3.4 × 10-3

Edendalspruit 2 20 20.3 1.73 ± 0.22 6.2 × 10-3

Hannops River 4 24 21.93 2.67 ± 0.23 8.1 × 10-3

Jukskei River 13 22.04 23.03 1.29 ± 0.16 2.09 × 10-2

Klip River 2 22.9 24.9 0.46 ± 0.11 1.07 × 10-2

Magaliesriver 1 13.5 29.0 0.84 ± 0.21 3.9 × 10-3

Moganwe 1 22.5 26.3 1.11 ± 0.44 1.25 × 10-2

Moreleta 2 21 20.2 2.87 ± 0.31 7.8 × 10-3

Muldersdrift Se Loop 2 17.8 30.9 1.07 ± 0.20 1.17 × 10-2

Olifantspruit 1 26.4 24.2 0.54 ± 0.10 2.6 × 10-3

Pienaarsriver 2 19.4 22.2 1.71 ± 0.24 3.7 × 10-3

Rietspruit (Midrand) 2 29.7 20.7 1.07 ± 0.14 6.4 × 10-3

Sesmylspruit 2 22 18.5 1.60 ± 0.10 9.0 × 10-4

Skinnerspruit 1 23 23.6 0.36 ± 0.20 9.2 × 10-3

Swartspruit 1 23.5 22.0 0.50 ± 0.27 2.7 × 10-3

Swartbooispruit 1 28.8 24.3 0.88 ± 0.13 1.3 × 10-3

Vaal River 4 21.23 26.78 0.13 ± 0.08 1.95 × 10-2

Walkerspruit 2 21.5 21.75 1.14 ± 0.74 9.4 × 10-3

Wonderfontein 1 19.9 27.3 0.37 ± 0.14 3.4 × 10-3

Zwavelpoortspruit 1 23.5 25.4 1.82 ± 0.19 6.2 × 10-3

Table 2: Results of 222Rn concentrations and the average annual effective dose due to the ingestion (AEDing) of radon in river water samples. The confidence level (95%) 
was 32%.

and increase to 1.43 ± 4.1 × 10-1 Bq. l-1 in Kyalami Bridge. Similar trend 
was observed in Figure 6b for Hannops and Walkerspruit Rivers. This 
observation was an indicative of the accumulation of radon in the water 
and that from one location to another.

Table 3 presents the measurement results conducted for commercial 
water (bottled water) to determine the level of radon concentration and 
its dosage. Three different products were considered as indicated and 
the results show that the level of radon concentration is lower than most 
of the samples from the rivers in Table 2. 

Discussion
The results of the current study indicated that the activity 

concentrations of 222Ra in river water in Gauteng is lower than the 
international levels ranging from 1.4 × 10-1 to 3.6 × Bq. l-1 with an overall 
average of 1.43 ± 4.3 × 10-1 Bq. l-1. Radionuclide specific concentration 
complied with WHO guidance levels of 1.0 × 102 Bq. l-1 for 222Ra [18]. 
The USEPA, USA has proposed a radon limit in water of 1.11 × Bq. l-1 
whereas Poland and Czech recommended contaminant levels over 7.5 
× 10-1 Bq. l-1 and 5.0 × 101 Bq. l-1 respectively [19].

It was observed that in the Jukskei, Hennop and Walkerspruit 
rivers radon concentration increases downstream (see Figure 6a and 

6b) with weighted mean activity concentration of 222Ra of 9.9 × 101 
Bq. l-1. The results further showed that radon concentrations differ 
from one location to the other as shown in Figure 5. The difference in 
concentration might be due to the geological nature of rocks floor of the 
river. All the analysed samples in the current study revealed that radon 
concentration in water was below the international recommendations.

When radon contaminated water is ingested, radon gas diffuses into 
the stomach wall and irradiate it. The equivalent dose to the stomach 
of 0.1 mSv.Bq-1 was adopted by UNSCEAR (1977) and also supported 
by Kendall et al. [20]. General radon annual effective dose in Table 2 
ranged from 1.01 × 10-3 to 9.56 × 10-3 mSv.a-1 with an average of 4.03 
× 10-3 mSv.a-1. These doses in comparison with average effective dose 
from all natural sources 2.4 mSv [21] are negligible (about 0.167%). 
This value showed that consumption of water from these rivers in and 
around Gauteng Province in South Africa, radon concentration will 
be in the stochastic range, thus the probability of inducing cancer is 
negligible.

Conclusions 
The usage of water from rivers in Gauteng was found to have no 

health threat as far as radon dosage is concerned since the dose levels 
are lower than the international safety levels. This survey was a step 
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Figure 4: Schematic representation of the experimental setup.
 

Figure 5: Radon Concentration Survey in Water from Gauteng Rivers.
 

Sample No Description of water CWater (mBq/l) CActual (mBq/l) DWater mSv.a-1

1 Valpre 0.65 ± 0.36 0.72 ± 0.37 2.63 ± 1.35
2 Distilled 0.27 ± 0.29 0.49 ± 0.30 1.79 ± 1.10
3 Bonaqua 0.42 ± 0.25 0.46 ± 0.26 1.68 ± 0.95

Table 3: General Survey of Radon Concentration from Commercial (Bottled) Water.

Figure 6: Radon activity concentration at different sampling spots in the (a) Jukskei, and (b) Hannops and Walkerspruit rivers.

       

                   (a)                                                      (b)
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towards more and thorough studies considering the physical and 
chemical properties of radon gas. More work is yet to be done for the 
development of reliable radiological map for radon concentration in 
other provinces in South Africa. Since radon travelled from its point of 
origin (i.e., rocks and soil), it is important to include radon in the soil 
around the water sampling sites in rivers.
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