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Abstract Activity concentration and sensitivity of 

groundwater to radon contamination, and simple and sus- 

tainable radon mitigation possibilities have been studied 

and presented. Radon concentrations in groundwater at 

point of source (well site), point of use (homes), emission 

and exhalation rates from rock material (aquifer materials), 

as well as effects of mitigation measures (storing water in 

pot before use) of radon in drinking water from the area 

were also evaluated. Radon activity concentration (Bq/m
3
) 

in studied groundwater at point of source ranges between 

731 ± 5 and 84,300 ± 530, and at point of use (homes) the 

mean  values   recorded   range   from   276 ± 14   to 

8010 ± 98 Bq/m
3
. Radon  emission and exhalation from 

aquifer   materials   in   the    area   ranged   between 

62.5 ± 4–150 ± 10 Bq/m
3 

and 2.93–6.0 Bq/m
2
/h. It was 

observed that high radon concentration in the studied 

groundwater were recorded in well drilled in areas under- 

line by granite and gneiss, where fractures were the main 
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targets for groundwater abstraction. The study revealed that 

boreholes drilled in these areas and fitted with hand pump 

had the highest radon concentration. It is therefore con- 

cluded that radon distribution in groundwater of the area is 

closely related to the geology, structures (fractures), and 

wells type. It is observed that the traditional way of col- 

lecting and storing groundwater from wells in clay pot 

before use as practiced by inhabitant of the area resulted in 

reducing radon concentration at homes with as much as 

94.95% in Kundiga and 62.24% in Jara Dali. Therefore, 

this can be regarded as a good, sustainable, and effective 

mitigation measures for radon gas-contaminated 

groundwater. 
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Introduction 

 
Groundwater can either be extracted from bedrock (drilled 

wells) or from a soil aquifer (mostly dug well). Ground- 

water from wells dug in soil aquifers usually contains about 

5–50 Bq/L in soils with low uranium concentrations and 

10–100 Bq/L in soils with normal concentrations (Aker- 

blom and Lindgren 1997). Epidemiological studies have 

shown a clear link between breathing high concentrations 

of radon and incidence of lung cancer. Thus, radon is 

considered a significant contaminant that affects indoor air 

quality worldwide (Samet 1989). 

According to the United States Environmental Protec- 

tion Agency (2012), radon is the second most frequent 

cause of lung cancer and number one cause among non- 

smokers, according to EPA estimates, after cigarette 

smoking, causing 21,000 lung cancer deaths per year in the 
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US. About 2900 of these deaths occur among people who 

have never smoked. The world health organization (WHO) 

Handbook on Indoor Radon on public health perspective 

indicates that radon exposure is a major and growing public 

health threat in homes and recommends that countries 

adopt reference levels of the radon of 100 Bq/m
3 

which is 

equivalent to 2.7 pCi/L (WHO 2009). 

Also, the risk of stomach cancer due to the ingestion of 

the radon in the drinking water was reported in Crawford- 

Brown (1989), WHO (1993, 2002), and Hopke (1997). Soil 

is the main contributor to the indoor radon and thoron 

levels. The contribution of soil-gas radon depends on soil 

porosity, grain size, and the rock type of an area. 

Groundwater can accumulate generated radon within the 

earth’s crust (Ramola et al. 1997, 2006, 2007; Choubey 

et al. 2000, 2001, 2003). 

The geology of the area of this study comprises the 

Precambrian basement, Late Jurassic–Early Cretaceous 

volcanics, the Bima Group, the Yolde Formation, the 

Pindiga Formation, and the Neogene to Quaternary basalts 

(Fig. 1). 

Uranium mineralization in the area occurs within the 

volcano-sedimentary rocks of the Bima Formation around 

Zona and Jara Dali (Funtua 1992). The area is bounded by 

the Neogene basalt of the Biu Plateau and the sedimentary 

sequences of Bryel and Zange to the north and northwest, 

respectively (Fig. 1). It is underlain by the crystalline 

basement  consisting  of  migmatites,  gneissic  complex, 

granitic complex of marfic to intermediate plutonic rocks 

(diorite and granodiorite), as well as fine-grained granite 

and syntectonic porphyritic and equigranular granite. 

Groundwater is the primary sources of drinking water 

from the study area (Fig. 2). Study on groundwater 

radioactivity in the area was first conducted by Arabi et al. 

2013, and their study reported high uranium level (34.7 and 

61.2 lg/L) that is above WHO-, USEPA-, and NIS-rec- 

ommended limits in groundwater around Kundiga and 

Yimirdalang. 

Emphasis is made by this study on evaluating radon 

activity concentration in groundwater at point of source 

(well site) and point of use (homes), influence of geology, 

lineaments, well type, and related traditional practice 

advantageous to water quality management by inhabitant 

of the area. 

 

 

Materials and methods 

 
Water samples from hand-dug wells, boreholes equipped 

with hand pumps, and one surface water from river Gon- 

gola (as background) were collected using procedure 

described in Mahed (2014) and physico-chemical param- 

eters measured in situ using ‘‘HACH model’’ portal mul- 

tiparameter (conductivity, pH, TDS) measurement device. 

Radon isotope (
222

Rn) was measured using electronic 

radon   detector   while   adopting   standard   procedures 

 
 

 
 

Fig. 1  Geologic map of parts of northeastern Nigeria showing the study area and sampled points 
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Fig. 2  A photograph showing 

sources/how groundwater is 

fetched in clay pots and plastic 

containers in the study area 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3  Setup for a radon 

measurement in water and 

(right), b radon emission from 

rock samples 

 

 

 

 

 

 

 

 

 

 

 

 
 

(USEPA 2009). For groundwater samples, the RAD-H2O 

method (Rad 7 Manual 2012) was employed. It utilizes a 

closed loop aeration scheme whereby the air volume and 

water volume are constant and independent of the flow 

rate. The air re-circulates through the water and continu- 

ously  extracts  the  radon  until  a  state  of  equilibrium 

 

develops in about 5 min, after which no more radon can be 

extracted from the water. The extraction efficiency, or 

percentage of radon removed from the water to the air loop, 

is about 94% for a 250 mL sample (protocol adopted in this 

work). Procedure and setup for determination of radon in 

water (Fig. 3) and exhalation of radon from rock material is 
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detailed in Rad 7 Manual (2012), Arabi et al. (2015), and 

Ishmori et al. (2013). Details on other radon and thoron 

methods can be found in Csige et al. (2013), Ramola et al. 

(2013), Goedana et al. (2010), Sulekha and Sengupta 

(2010), Gusain et al. (2009), Ganesh et al. (2008), Ujic 

et al. (2008), and Urosevic et al. (2008). 

In order to estimate the annual effective dose rate 

received by the population, this study took into account the 

conversion co-efficient from the absorbed dose and the 

indoor occupancy factor. According to the UNSCEAR 

(2000) report, the committee proposed 9.0 9 10
-6 

mSv/h/ 

Bq/m
3 

to be used as a conversion factor, 0.4 for the equi- 

librium factor of 
222

Rn indoors,  and 0.8 for  the indoor 

occupancy factor. Occupancy factor of 0.5 was assumed 

and used as the time spent indoors by an average person in 

the study area (for the purpose of this present work). Cal- 

culating the annual effective dose to the population, the 

equation below was used (ICRP 1993). At a certain radon 

concentration CRn in Bq/m
3
, the annual absorbed dose, 

DRn is usually expressed in the unit of mSv from the 

following relation: 

DRnðmSv/yearÞ  ¼  CRn  D  H  F  T; 

where CRn is the measured 
222

Rn concentration (Bq/m
3
), 

F is the 
222

Rn equilibrium factor indoors (0.4), T is the 

indoor occupancy time 24 h 9 365 = 8760 h/year, H is 

the indoor occupancy factor (0.5), and D is the dose con- 

version factor (9 9 10
-6 

mSv/h/Bq/m
3
). 

The annual effective doses due to the ingestion of radon 

(Hing) in water were calculated from the mean activity 

concentration using the following equation: 

HingðwÞ  ¼  DFRn    Iw        A
222Rn; 

where DFRn is the dose conversion factor by ingestion of 
222

Rn in water by adult members of the public living in the 
- 

study area, given  as  10    Sv/Bq  (UNSCEAR  1993). A 
222

Rn is the activity concentration of 
222

Rn in water sam- 

ples and Iw is the daily water consumption rate (L/a), 

considered to be 2 L/day (WHO 2004). 

To calculate the annual equivalent dose and effective 

dose, one has to apply a tissue and radiation weighting 

factors according to (FGN 2003). The equivalent dose is 

the radiation-weighted absorbed dose. The radiation 

weighting (WR) factor for alpha particles is 20 as recom- 

mended by ICRP (1991). With the effective dose, a tissue 

weighting (WT) factor is applied. According to ICRP, the 

tissue weighting factor for lung is 0.12. The annual effec- 

tive dose is then calculated according to the equation 

below: 

HE ðmSv year 1
Þ  ¼  DRn  WR  WT, 

where DRn is the annual absorbed dose, WR is the radia- 

tion weighting factor for Alpha particles, 20, and WT is the 

tissue weighting factor for the Lung 0.12. 

 

 

Result and discussion 

 
Results of physico-chemical parameters, measurement of 

radon in water at point of source, point of use and exha- 

lation from aquifer materials, annual and effective dose per 

year are presented in Tables 1 and 2. 

The physico-chemical results (Table 1) showed that 

static water level in the study area ranged between 0.1 and 

26 m, pH ranged between 6 and 7.5, conductivity ranged 

 
Table 1  Results of physico- 

 
 

S/N Sample ID ELEV (m) S.W.L (m) pH COND (ls/cm) TEMP ( C) TDS (mg/L) 
chemical measurements made    
in situ 1 Zange 255 8.1 6.0 102.8 30.6 560 

2 Yimirdalang 286 5.2 7.2 1593 30.8 893 

3 Pieta 279 4 7.9 852 29.7 464 

4 Tashar riga 337 2.1 6.1 85.7 30.9 445.2 

5 Garin wala 323 10 6.4 401 30.6 216 

6 Wuyo 304 26 7.1 596 31 323 

7 Gubrunde 301 3 6.4 474 31.1 255 

8 Garin mairijya 303 8.3 7.1 3840 31 2260 

9 Kanawa 293 0.1 6.6 133 30 70.4 

10 Jara dali 262 9 7.5 454 28 244 

11 Kundiga 346 7 7.4 622 28.4 336 

12 Kwaya kusar 266 3 7.4 106.3 31.5 56.1 

13 Biu 391 4 6 98.1 31.5 50.7 

14 Damala 248 8.1 6.8 246 29.9 131.4 

15 R/Gongola 218 7 6.5 119.4 32.2 63.2 

16 Ruwan dutse 342 1.3 6.3 87.6 29.5 46.2 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2  Result of measurement of radon in water and exhalation from rock outcrop in the area 

S/N    Location 

name 

Ground water 

source 
Geology Radon emission 

(Bq/m
3
) 

Radon exhalation rate 

(Bq/m
2
/h) 

Radon in ground water at point 

of source (well site) (Bq/m
3
) 

Radon in ground water at 

point of use (homes) 

% Radon value in water at 

homes minus values 
 

 
(Bq/m3) at well site 

1 Kundiga Hand-dug well Granite 119 ± 8 4.96 26,600 ± 300 2101,998,1007 (1369) 5.15 

2 Ruwan dutse River bed well Rhyolite 70.4 ± 7 2.93 9300 ± 180 936,1000,736 (891) 9.58 

3 Yimirdalang River bed well Gneiss 84.7 ± 7 3.53 3750 ± 110 2011, 988, 991 (1330) 35.47 

4 Zange Hand-dug well Sandstone 144 ± 9 6.00 10,000 ± 190 6112, 817, 200 (2376) 23.76 

5 Jara Dali Hand-dug well Sandstone 107 ± 5 4.46 731 ± 49 221,176,430 (276) 37.76 

6 Kanawa Hand-dug well Sandstone 105 ± 8 4.38 3920 ± 110 2111,967,1109 (1396) 35.61 

7 Wuyo Hand pump Sandstone 62.5 ± 6 2.60 5780 ± 140 4211,200,1111 (1840) 31.83 

8 Gubrunde Hand pump Granite 150 ± 10 6.25 15,800 ± 220 9011, 6521,800 (3044) 19.27 

9 Peita Hand pump Gneiss 73.5 ± 6 3.06 13,400 ± 210 3323,5711,989 (3341) 24.93 

10 Garin wala Hand-dug well Granite 96.7 ± 8 4.03 826 ± 52 97, 481,266 (281) 34.02 

11 G/mai rijiya River bed well Sandstone 71.5 ± 6 2.98 13,900 ± 210 11,233, 963,665 (4287) 30.84 

12 Tashar riga Hand pump Gneiss 94.3 ± 7 3.93 84,300 ± 530 9877, 4334, 9821 (8010) 9.50 

13 Biu Hand pump Basalt 24.3 ± 7 1.01 18,700 ± 250 11,112, 9980,166 (7086) 37.89 

14 Kwaya kusar Hand pump Gneiss 79.8 ± 7 3.33 32,800 ± 330 5444, 3772,1123 (3446) 10.51 

15 R/Gongola Surface water Surface water – – 1440 ± 70  – 
16 Danmala Hand pump Sandstone 64.3 ± 7 2.68 6510 ± 150 482, 397,1122 (667) 10.25 

2101,998,1007, three values of radon in water from three homes with the same water source; (1369), average radon values for the three homes measured 
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Table 3  Result of measurement of radon direct from sources, in homes, and calculated annual absorbed and effective doses for radon values in water at home 

S/N    Location name    Ground water source    Radon in ground water on 

point of source (well site) 

(Bq/m3) 

Radon in ground water at 

three points of use of the 

same source (homes) 

(Bq/m3) 

Average radon in ground 

water in homes (Bq/m
3
) 

Annual absorbed dose for 

radon in water at home 

level (mSv/year) 

Annual effective dose for 

radon in water at home 

level (mSv/year) 

 

1 Kundiga Hand dug well 26600 ± 300 2101,998,1007 1369 21.59 51.81 

2 Ruwan dutse River bed well 9300 ± 180 936,1000,736 891 14.05 33.72 

3 Yimirdalang River bed well 3750 ± 110 2011, 988, 991 1330 20.97 50.33 

4 Zange Hand-dug well 10,000 ± 190 6112, 817, 200 2376 37.46 89.92 

5 Jara Dali Hand-dug well 731 ± 49 221,176,430 276 4.35 10.44 

6 Kanawa Hand-dug well 3920 ± 110 2111,967,1109 1396 22.01 52.83 

7 Wuyo Hand pump 5780 ± 140 4211,200,1111 1840 29.01 69.63 

8 Gubrunde Hand pump 15,800 ± 220 9011, 6521,800 3044 48.00 115.19 

9 Peita Hand pump 13,400 ± 210 3323,5711,989 3341 52.68 126.43 

10 Garin wala Hand-dug well 826 ± 52 97, 481,266 281 4.43 10.63 

11 G/mai rijiya River bed well 13,900 ± 210 11,233, 963,665 4287 67.60 162.23 

12 Tashar riga Hand pump 84,300 ± 530 9877, 4334, 9821 7086 111.73 268.16 

13 Biu Hand pump 18,700 ± 250 11,112, 9980,166 7086 111.73 268.16 

14 Kwaya kusar Hand pump 32,800 ± 330 5444, 3772,1123 3446 54.34 130.41 

15 R/Gongola Surface water 1440 ± 70     

16 Danmala Hand pump 6510 ± 150 482, 397,1122 667 10.52 25.24 
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between 85.7 and 3840 ls/cm, temperature ranged between 

28 and 32.2 C, and total dissolved solid ranged between 

46.2 and 2260 mg/L. 

 
Radon activity concentration in groundwater 

at point of source and well types 

 
Radon concentrations in groundwater at point of source 

were found to vary from 731 ± 49 to 84,300 ± 300 Bq/m
3 

with overall geometric mean of 15,484.81 ± 212 Bq/m
3
. 

Higher radon values in groundwater at point of source 

was recorded in samples from hand pump-fi wells, 

while lower values were recorded in samples from hand- 

dug well. These values ranged from 5780 ± 1400 Bq/m
3 

at Wuyo to  84,300 ± 5300 Bq/m
3  

at  Tashar  Riga 

(Table 3). 

It is a known fact that boreholes drilled in hard rock 

terrain were normally sited on fractures for good yield 

record, but at the same time, these fractures are good radon 

entry point. Therefore, it is not surprising that these bore- 

holes (fracture targeted boreholes) recorded  the highest 

radon values  in  groundwater. Also, the  design of hand 

pump-fitted boreholes makes it possible to inhibit escape of 

radon gas from the wells. But also, hand pump-fitted 

boreholes have the advantage of isolating the water from 

external contamination which is not the case of open hand- 

dug wells (Fig. 2). Figure 4 shows the trend of variation of 

radon values as recorded for the different well types at 

point of source. 

Radon activity concentration in groundwater 

at point of source and rock types 

 
As can be seen from the results, radon emission from the 

different rock types from the study area varied consider- 

ably (Fig. 5). The highest radon emissions were recorded 

from samples of Precambrian gneiss and granites, while 

lower values were from sand stone. Value recorded for 

radon emission and exhalation from samples of rock out- 

crop ranged between 62.5 ± 4–150 ± 10 Bq/m
3 

and 

2.93–6.0 Bq/m
2
/h

13
, respectively (Table 3). Radon emis- 

sion from rocks is dependent on so many factors (rock 

properties), which include radioelement content of the 

rock,  rock  porosity,  moisture  content,  and  temperature. 

 

 
 

Fig. 5  Radon in groundwater and rock types in the area 

 

 

Fig. 4 Shows a plot of radon 

levels in groundwater against 

well types 
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Fig. 6  A plot of Radon in groundwater at point of source (well site) and at point of use (homes) 

 

Therefore, the higher values recorded in Precambrian 

gneiss and granites are a testimony to reports by other 

workers from the area that reported uranium mineralization 

in the area. 

 
Radon activity concentration in groundwater 

at point of source (well site) and point of use (homes) 

 
Radon activity concentration at point of source and point of 

use  varies  greatly.  The  former  had   a   range   of 

731 ± 49–84,300 ± 300 Bq/m
3 

with overall geometric 

mean of 15,484.81 ± 212 Bq/m
3
, while the latter has 

average ranges of 276–7086 Bq/m
3
. This shows that radon 

in drinking water at home (Fig. 5) was reduced by 94.95% 

in Kundiga and 62.24% in Jara Dali. At Tashar Riga where 

the highest radon concentration (84, 300 Bq/m
3
) in 

groundwater at point of source (well site) was recorded, the 

average value recorded in homes that fetch water from this 

borehole was 7086 Bq/m
3
, a reduction in radon activity 

concentration with about 91%. This reduction in levels of 

radon in drinking water at point of use (homes) is as a result 

of tradition of fetching and storing water in clay pots before 

use as practice by inhabitants of the area. The variation in 

levels of reduction is also influenced by the time the water 

spent in a point (which allow more degassing), the surface 

area of the pot, and the frequency of agitation. 

 
Radon and lineaments 

 
Geologic structures generally play a role in the movement 

of radon gas from the basement rocks into the overburden 

and, of course, its dispersion in groundwater. 

The superimposition of radon values recorded in 

groundwater from point of source (well site) of the area 

onto a lineament map of the area has made it possible to 

deduce radon entry points within the subsurface into 

groundwater. The highest radon value recorded in 

groundwater from hand pump-fitted borehole at  Tashar 

Riga suggests that the well was sited on a prominent 

fracture (Fig. 6) that trends northwest–southeast (NW–SE). 

This fracture might have been responsible for radon con- 

tamination of groundwater from this well and the same 

might have been happening in groundwater from well in 

Ruwan dutse. High radon value could be recorded in other 

wells not sited on fractures though, but might have been 

influenced by the overburden materials, depth of well, and 

water surface area. 

 
Radiological implications 

 
Radiologically speaking, the risk associated with the use of 

groundwater from the area is dependent on the type of use. 

Water with high radon content is no doubt a potential 

contributor to risk of cancer, but traditionally, inhabitant of 

area hardly drink water directly as they are fetched from 

wells but passerby do. Water is normally fetched in buckets, 

plastic and clay containers and poured/stored in large clay 

pots (Fig. 2) from which it is use for drinking, and such 

large clay pots can accommodate water that lasts for days 

before they are consumed. This practice naturally allows for 

degassing of radon from the water or radon may even decay 

to its next generation before the water is consumed. Annual 

absorbed  dose  from  radon  in  groundwater  recorded  in 

homes (point of use) ranges from 4.35 mSv/year
1  

in Jara 
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Fig. 7  Radon in groundwater superimposed on lineament map of the area 

 

Dali to 11.73 mSv/year at Tasha Riga and Biu. Also, the 

annual effective dose recorded from these sources ranges 

from 10.44 mSv/year in Jara Dali to 268 mSv/year at 

Tashar Riga and Biu. All the samples measured had annual 

absorbed and effective doses as a result of radon concen- 

trations in drinking water of the area greater than the 1 mSv/ 

year dose recommended for the public. 

Radon exhalation rate (Fig. 3; Table 3) from rock out- 

crops ranged from 1.01 to 6.25 Bq/m
2
/h. High exhalation 

rate values were recorded from rocks of Precambrian 

gneiss and rhyolite (Fig. 4). The highest radon exhalation 

was obtained around Gubrunde, an area also reported to 

host uranium occurrence, while the highest thoron exha- 

lation rate was recorded at Kundiga. Radon exhalation 

from rocks around Gubrunde might have contributed to the 

relatively high radon values (15,800 ± 2200 Bq/m
3
) 

recorded in groundwater of the area (Fig. 4). 

These values recorded are of health concern to inhabi- 

tants of the area because these exceeded the recommended 

values 100 Bq/m
3 

and 1 mSv/year set by WHO, USEPA, 

and other national bodies for radon in groundwater, annual 

absorbed and annual effective doses, respectively. A linear 

relationship (Fig. 7) was observed between radon values in 

groundwater and the exhalation from rock materials in the 

area, implying that rock with higher exhalation rate con- 

tributes more radon to groundwater than those with lower 

rate (Fig. 8). 

 
Mitigation measures 

 
Several mitigation measures are available for reducing 

radiological effect of radioelement-contaminated ground- 

water. These include reverse osmosis for uranium-con- 

taminated waters to degassing through exposures of surface 
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Fig. 8 A plot of radon values in groundwater against exhalation rate 

by rock materials in the area 

 
area, agitation, and left to stay longer technique for radon 

gas-contaminated water. These are affordable mitigation 

measures inhabitant of the area can benefit from, but other 

expensive to moderately affordable technique do exist. In 

the case of radon in the study area, the traditional way of 

fetching and storing of drinking water before it is con- 

sumed is suitable enough to get rid of radon gas but this can 

further be complimented by erecting elevated overhead 

reservoir for water to pumped from well and channeled into 

network of taps for fetching. 

 

 

Conclusion 

 
The study has established the fact that radon in the study 

area is a potential groundwater contaminant (radiological 

contaminant). Higher radon values were recorded in wells 

drilled in the areas underline by granite and gneiss which 

were sited on fractures and fitted with hand pumps. The 

highest radon value recorded in groundwater is from 

Tashan Riga where the well  was  sited on  a prominent 

fracture that trends NE–SW. The lowest radon value 

recorded in situ (well site) is from Jara Dali. It is also a fact 

that uranium mineralization in the area has played a role in 

the level of radon gas recorded in groundwater. The tra- 

ditional way of collecting and storing drinking water in 

clay pots by inhabitant of the area suggested that it can 

adversely play a role in the mitigation of radon gas in 

drinking water, and this is evident in the reduced value of 

radon recorded in homes by as much as 94.94% at Kun- 

diga. This mitigation measures can be complimented fur- 

ther if overhead reservoir could be constructed by the 

government into which water from wells could be pumped 

and reticulated into channels of taps for fetching by many 

at a time. In this way, more degassing of the water would 

be achieved and radon gas could be reduced to its 

minimum. 
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