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ABSTRACT
Radon is a radioactive gas and a decay product of uranium. This gas poses a potential health risk to humans. This study aimed to assess preliminary indoor radon concentration at homes in Minjingu village and use the results of measurements to estimate the annual effective dose received by the dwellers and the associated excess lifetime cancer risk.  The measurements were conducted in selected 22 houses using Professional Radon gas Monitor, AlphaGUARD from the Tanzania Atomic Energy Commission Laboratory. Results indicated that the radon concentration ranged from 33±4 Bq/m3 to 1080 ±57 Bq/m3 with the mean of 161±12 Bq/m3. The inhalation dose ranged from 0.8mSv.y-1 to 27.2 mSv.y-1 with the average of 4.1 mSv.y-1. The excess lifetime cancer risk (ELCR) ranged from 0.3 to 10.5%, with the average of 1.6%. Since some of the observed readings in this study are higher than the recommended levels of 300 Bq/m3, it is recommended to improve the ventilation system of the houses. Also, the long-term measurement of radon in this area is recommended in order to take into consideration the long-term variation of meteorological parameters such as temperature, relative humidity and pressure which are known to affect indoor radon levels.
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1. INTRODUCTION
Radon is decay product of Uranium ubiquitous in rocks and soils with varying concentration [1,2]. These elements are naturally enriched in rocks of granites, igneous, metamorphic or sedimentary rocks and in monazite sands [3]. Therefore, the phosphate rock at Minjingu mine being a sedimentary rock is potential for Uranium contents [4]. 222Ra is a decay product of 226Ra which is commonly found in soils and rock containing uranium. This inert gas is considered to be radiation health hazard as it may increase a risk of cancer when inhaled by human [5,6,7,8,9,10,11]. The decay of radon produces respirable solid particles of 218Po and 214Po that attaches to the aerosol and dust particles present in the air [12]. The indoor radon is mainly caused by the local soil surrounding the building, the ground water used in the building, and the building materials [13]. For the  reason of radon being the cancer cause, many countries in the world have specific national programs for measurement of radon in residential dwellings and offices and assess the associated public exposure [14]. When radon released from soil into the outdoors, it mixes with fresh air resulting in concentrations that is insignificant to be of concern to individuals. However, when radon enters inside a residential house or office; it can accumulate to a level significant for health concern. Entry of radon gas in houses and offices can be achieved through openings or cracks in foundation, walls and slabs, construction joints, pipes, window wells, or cavities inside walls. Ounce radon gas enters in a home or office it will accumulate to levels that can be of concern to the individual heath [15]. 
Exposure from radon gas is usually represented by the average concentration of radon gas per cubic meter of air an individual has been exposed over time, measured in the units of Becquerel per cubic meter (Bq/m3). The level of risk to individual depends on factors such as concentration of radon dilution effects caused by available ventilation mechanisms and duration of exposure. The health risk associated with long-term inhalation of indoor radon is an increased risk of developing lung cancer. Radon has the tendency to deposit onto lungs and when decay; they irradiate the lung [4]. The World Health Organization (WHO) has reported that, after cigarette smoking, radon is the second largest cause of lung cancer [16]. 
The concentration of indoor radon depend on various factors including: emanation rate, concentration of radium in soil, soil size, soil porosity and permeability, moisture content of the soil, atmospheric pressure and precipitation[15]. There are few studies in Tanzania conducted for indoor radon for example by Germana Mlay and Ismail Makundi at Manyoni district in Singida [17] where uranium deposits have been discovered. The results of this study have shown the mean concentration of 166±12 Bq/m3 and the highest value was 518±28 Bq/m3 which is above the WHO recommended value of 100 Bq/m3. On the other hand, Minjingu Phosphate Mine is another area in Tanzania rich in phosphate which has been mined for years to manufacture fertilizer. Also, studies conducted in Minjingu have revealed elevated levels of uranium which is the parent of radon. However, the concentration levels of indoor radon in this area is still unknown.  
Elevated levels of uranium have been reported in phosphate rocks worldwide [18]. Therefore, elevated radon levels are suspected to be found in houses built in the vicinity of Minjingu Phosphate Mine, in Northern Tanzania due to the presence of higher uranium concentration.  This study aim at assessing of indoor radon concentration at homes in the vicinity of Minjingu village and use the results of measurement to estimate the annual effective dose received by the dwellers and the associated excess cancer risk. Results of this study will help the regulatory body to enforce the required radiation protection measures to protect the public.
2. MATERIALS AND METHODS

2.1 The Study Area

The Minjingu Phosphate Mine is located in Minjingu Village, 106 km southwest of Arusha along the Arusha-Dodoma highway in Babati District, Manyara Region in the northern Tanzania. This mine is located at the latitude of 3o 41’ 52’’ South and the longitude of 35o51’ 43’’ East. The village land area is approximately 24,000 hectares and a population of about 11,000 people [19].

2.2 Measurements of Radon in Indoor Environment

There are many techniques available for measurements of indoor radon concentration [1, 20, 21]. This study considered the short-term measurement of radon concentration using AlphaGUARD professional radon monitor. The AlphaGUARD is a professional portable detector that determine continuously the concentration of radon and radon progeny in air [22]. 
 It is a continuous active radon sampling sensor with an ionization chamber and uses an alpha spectroscopy to detect radon [23].  AlphaGUARD gives the option for the user to differentiate the measurements for radon and thoron, also to measure simultaneously the concentration of radon progeny as well as gamma dose rate [22]. This unit is designed for the long-term monitoring of radon gas concentration with a linear response from 2 to 2,000,000 Bq/m3 [23].  The AlphaGUARD was selected to measure the short-term radon concentration because of its availability and sensitivity. The measurement of radon concentration was conducted for two weeks in 22 selected dwellings in the vicinity of Minjingu village. The dwellings were randomly selected and the AlphaGUARD was placed inside each house for five hours to take the measurement. The measurement was conducted during daytime only because the night time was used to charge the AlphaGUARD. During the measurement time, the door and windows were closed. The AlphaGUARD with long-term stable calibration was placed at the center of the room at the ground floor away from the window. For the purposes of measurement validity and reliability, two radon monitors (AlphaGUARD) were placed inside the room the same position at the same time. After five hours the detector (AlphaGUARD) was taken from the house and the readings were recorded for the average 222Rn concentration. The readings include an uncertainty (±) for each measured radon concentration. The source of this uncertainty is the standard deviation of multiple readings taken during the full time of measurement. 
[image: ]
                  Figure1. The AlphaGUARD for accurately and reliably measure radon gas concentrations in various environments  
2.3 Risk Estimation

The average annual effective doses (in mSv.y-1) for the residence of the studied houses were calculated according to the following formula [24]:  
                                    (1)                                                                     
where C is the mean radon concentration in house (in Bq/m3), F is the equilibrium factor between radon and its decay products (taken equal to 0.4 according to the UNSCEAR [25], ICRP) [26]; T is the indoor occupancy (taken equal to 7000 h.y−1), and D is the dose conversion factor for radon decay products assumed by ICRP and UNSCEAR which is 9 nSv per (h Bq m−3) [27,28].
The excess lifetime cancer risk (ELCR) was estimated using the following Equation:
                                  (2)                                                                   
where AED is the annual effective dose, DL is the average duration of life estimated to 70 years, and RF is the fatal cancer risk per Sievert (5.5 10−2 Sv−1) [29] recommended by ICRP.  
2.4 Hypothesis Testing

In this study three null hypothesis and alternative hypothesis were tested. The first null hypothesis was that “Radon concentrations near Minjingu does not exceed the recommended limits”. The alternative hypothesis is that “Radon concentrations near Minjingu exceed the recommended limits. The second null hypothesis is that “The mean effective dose near Minjingu does not exceed the recommended limits. The second alternative hypothesis is that “The mean effective dose near Minjingu exceed the recommended limits. The third null hypothesis is that “The mean ELCR near Minjingu does not exceed the recommended limits. The third alternative hypothesis is that “The mean ELCR near Minjingu exceed the recommended limits. 
To taste these hypotheses, statistical analysis was performed using T-Sample Test to compare the means using the following equation:
                                                                  (3)
where, 
 = student’s t-test
mean
 = theoretical value
 s = standard deviation
n = variable set size

T-sample test or Student‘s t-test is a statistical test used to test whether the difference between the response of two groups is statistically significant or not [30]. This significance test was conducted at α=0.05. 



3. RESULTS AND DISCUSSION
The results of the indoor radon concentration measurements performed in the selected twenty two (22) houses in Minjingu village in the vicinity of Minjingu Phosphate Mine are presented in Table1 . The presented values are the mean or average values collected during hours of radon measurements by AlphaGUARD. From these results, the minimum radon concentration was 33±4 Bq/m3 while the maximum concentration was 1,080 ±57 Bq/m3 with the overall mean concentration of 161±12 Bq/m3. 
Table1. Indoor radon concentrations (Bq/m3) at each studied house
	House Number
	Average Rn Concentration (Bq/m3)

	DW1
	115±9

	DW2
	49±5

	DW3
	88±9

	DW4
	254±19

	DW5
	46±4

	DW6
	115±9

	DW7
	41±4

	DW8
	232±16

	DW9
	35±3

	DW10
	71±6

	DW11
	36±4

	DW12
	47±5

	DW13
	33±4

	DW14
	40±4

	DW15
	49±5

	DW16
	191±16

	DW17
	1,080±57

	DW18
	578±34

	DW19
	142±15

	DW20
	199±18

	DW21
	73±9

	DW22
	33±4



The measurements from seventeen (17) houses out of twenty two houses surveyed, indicated higher concentration values which were above the world average for the indoor radon. According to [31], the world average for indoor radon concentration is 40 Bq/m3. However, the overall mean radon concentration (161±12 Bq/m3) was within the reference range recommended by the International Commission on Radiological Protection (ICRP) and the World Health Organization (WHO) of 100-300 Bq/m3 for homes. The WHO recommended that the reference level should be set at 100 Bq/m3 but if this value cannot be achieved, then the level should not exceed 300 Bq/m3[32,33]. On the other hand, higher concentration levels above the WHO recommended range were observed in two houses (number DW17 and number DW18). In these houses, the radon concentration readings were 1,080±57 and 578±34 Bq/m3, respectively. Moreover, studies has shown that if the result of short-term measurements reveals values higher, such as 500 Bq/m3, it is a conclusive evidence for the reference limit to be exceeded [34]. Also, from statistical analysis represented in Table 5, the t-test at α equal to 0.05, P-values were 0.993546 and 0.121974 for 300 Bq/m3 and 100 Bq/m3, respectively (both P-values > α). This indicates that there is a significant difference between the radon concentration in Minjingu and the recommended range of 100-300 Bq/m3.The reason for the two houses having the higher levels of radon could be due to the house construction materials, poor ventilation, type of floor (non-cemented floor), and cracks present in the floor . The non-cemented floor and cracks may be the way for the radon emanation from the ground to enter in to the house through the floor-openings. Moreover, the two houses were constructed by mud walls which could be containing high 226Ra content which decays into 222Rn. Also, the houses were found to have poor ventilation, making it possible for radon to accumulate inside. The reason for the observed variation in indoor radon in the houses is that, indoor radon depend on both the building materials and the conditions of the ground. According to [35], two houses located very close to each other may give two different readings of radon concentration with significant different because radon emanation is not always uniform and may be varying locally within few meters due to cracks and porosity of the ground.
Moreover, the findings of this study was compared with the previous study done in Tanzania (Table 2) and also to the studies conducted in some of the European countries (Table 3). 
 From Table 2, the overall mean radon concentration measure in this study (Minjingu Village) was less than that recorded in the villages of Muhalala, Mitoo, Mwanzi, Majengo and Kipondoda both in Manyoni district in Tanzania. On the other hand, this overall mean value was higher than the results obtained from the villages of Agondi and Mkwese also both in Manyoni district. Also, the results of this study indicated that, two houses recorded higher values (1,080±57 and 578±34 Bq/m3) than the maximum radon concentration value recorded in all of the above mentioned villages from Manyoni district which is 518±28 Bq/m3.






Table 2: Comparison between radon levels in Manyoni Uranium Deposit in Tanzania [17] and this study
	Villages

	Mean Radon Concentration (Bq/m3)

	
	Indoor
	Outdoor

	Agondi
	53±6
	16±2

	Mkwese
	43±4
	15±3

	Muhalala
	177±16
	47±4

	Mitoo
	325±21
	33±4

	Mwanzi
	287±17
	32±4

	Majengo
	377±23
	24±3

	Kipondoda

This study
	169±13

161±12
	24±3

-



Also, the result obtained from this study was compared with the results of studies conducted in some of the European countries as indicated in Table 3. The overall mean radon concentration from this study (161 Bq/m3) was higher than the overall means of the studies conducted in all of the European countries indicated in Table 3. The highest value of radon concentration in the European countries in the presented countries was observed in Czechoslovakia with the mean concentration of 140 Bq/m3 while the lowest concentration was observed in United Kingdom with the mean concentration of 20.5 Bq/m3. 
Table3. Comparison of radon levels in dwellings of some European countries [36] and this study.
	Country

	Average radon concentration (Bq/m3)
	Percentage Radon conc. over 200 Bq/m3
	Percentage Radon conc. over 400 Bq/m3

	Belgium
	48
	1.7
	0.3

	Czechoslovakia
	140
	-
	-

	Denmark
	47
	2.2
	< 0.4

	Finland
	123
	12.3
	3.6

	France
	85
	7.1
	2.3

	Germany
	50
	1.5-2.5
	0.5-1

	Greece
	52
	-
	-

	Hungary
	55
	-
	-

	Ireland
	60
	3.8
	1.6

	Italy
	75
	4.8
	1.0

	Netherlands
	29
	-
	-

	Norway
	60
	5.0
	1.6

	Portugal
	81
	8.6
	2.6

	Spain
	86
	-
	4

	Sweden
	108
	14
	4.8

	Switzerland
	70
	5.0
	-

	United Kingdom
This study
	20.5
161
	0.5
9.1
	0.2
9.1



The annual effective dose from the exposure to radon, the excess lifetime cancer risk (ELCR) due to exposure to radon and the percentage ELCR for an individual leaving in the surveyed houses were calculated using equations 1 and 2, respectively and the results as tabulated in Table 4. From this Table, the minimum annual effective dose was 0.8 mSvy-1 while the maximum value was 27.2 mSvy-1 with the average value of 4.1 mSvy-1. For the case of the excess lifetime cancer risk (ELCR), the minimum was 3.202E-03 while the maximum was 1.048E-01 with the average of 1.56E-02. The percentage ELCR ranged from 0.3% – 10.5% with the average of 1.6%.
           Table4. Annual effective dose and risk
	
House No.
	Annual Effective Dose (mSv.y-1)        
	Risk
ELCR                  ELCR (%)

	DW1
	2.9
	1.116E-02
	1.12

	DW2
	1.2
	4.754E-03
	0.48

	DW3
	2.2
	8.538E-03
	0.85

	DW4
	6.4
	2.464E-02
	2.46

	DW5
	1.2
	4.463E-03
	0.45

	DW6
	2.9
	1.116E-02
	1.12

	DW7
	1.0
	3.978E-03
	0.40

	DW8
	5.8
	2.251E-02
	2.25

	DW9
	0.9
	3.396E-03
	0.34

	DW10
	1.8
	6.888E-03
	0.69

	DW11
	0.9
	3.493E-03
	0.35

	DW12
	1.2
	4.560E-03
	0.46

	DW13
	0.8
	3.202E-03
	0.32

	DW14
	1.0
	3.881E-03
	0.39

	DW15
	1.2
	4.754E-03
	0.48

	DW16
	4.8
	1.853E-02
	1.85

	DW17
	27.2
	1.048E-01
	10.48

	DW18
	14.6
	5.608E-02
	5.61

	DW19
	3.6
	1.378E-02
	1.38

	DW20
	5.0
	1.931E-02
	1.93

	DW21
	1.8
	7.082E-03
	0.71

	DW22
	0.8
	3.202E-03
	0.32



For the case of effective dose calculated at each house, the values of the doses from twenty (20) houses together with the overall mean were both below the ICRP reference level of 10 mSv.y-1[26]. However, two houses (DW17 and DW18) recorded higher values of doses which were above this reference level. These readings from the two houses were 27.2 mSv.y-1 and 14.6 mSvy-1, respectively. Moreover, from statistical analysis, the t-test at α equal to 0.05 (Table 5), P-value was 0.999943 (P-value > α). This indicates that there is a significant difference between the mean effective dose in Minjingu and the ICRP recommended limit. 
The results of the excess lifetime cancer risk (ELCR) estimated in seven houses indicated higher values than that of the action level recommended by the U.S. Environmental Protection Agency (EPA). According to U.S. EPA, the action level is 1.3% which is due to radon exposure of 148 Bq/m3 [37]. Also, the overall mean for the ELCR was higher than this U.S.EPA action limit and from statistical analysis, the t-test at α equal to 0.05, P-value was 0.294609 (P-value > α). This also indicates that there is a significant difference between the mean ELCR in Minjingu and the action limit recommended by EPA. 
Although fifteen houses had the ELCR values below the action level, that does not eliminate the possibility of lung cancer risk. It has been suggested that there is no safe radon level for residential radon since even the radon concentration below the action level of 100 Bq/m3 have found to produce lung cancer [38, 39]. 
Table 5. T-test analysis results for the radon concentration, annual effective dose and ELCR
	
	Sample Size
	T-Test
	α
	P-Value

	Concentration against 300 Bq/m3
	22
	2.71717
	0.05
	0.993546

	Concentration against 100 Bq/m3
	22
	1.19883
	0.05
	0.121974

	Effective dose
	22
	4.726396
	0.05
	0.999943

	ELCR (%)
	22
	0.548373
	0.05
	0.294609






Apart from the limitations of the short-term measurements, other limitations in this study includes the limited or small sample size (only 22 houses were involved). Having the large number of sample size could enhance representativeness and generalization. The other factor that could be the limitation is that the measurement were taken only during the day time, during the night time radon concentration levels could be different from day time concentration. Also, another limitation is the possible seasonal bias because radon is affected by meteorological factors such as temperature, humidity and pressure. Therefore, for short-term measurement the effect of meteorological factors is smaller compared to the long-term measurement.




4. CONCLUSION 
The indoor radon concentration measurements were conducted in twenty two selected houses in the vicinity of Minjingu Phosphate Mine in Minjingu Village. The overall average concentration of radon was found to be within the recommended range of 100-300 Bq/m3. However, two houses recorded higher radon concentration values above the recommended limit. Also, the annual effective dose and the excess lifetime cancer risk were estimated. The doses were below the ICRP dose limit with an exception of two houses. However, other recorded values of concentration despite being below the limit, it does not eliminate the possibility of producing lung cancer. Although the study was conducted for short-term, the dose and its associated risk were estimated to give roughly or preliminary estimates of the risk which may be associated with the radon present in the buildings. Therefore, the long-term measurement of indoor radon in this studied area is highly recommended in order to take into account long-term and seasonal variations. Also, the government through the regulatory authority should consider regulating building materials including inspection and authorization before starting building of the house in areas with elevated levels of natural radiation. Moreover, for the long-term solution, the government should specifically consider relocating people living near Minjingu Phosphate Mine. Also, the government should carry out public health campaign aiming to provide awareness about effects of radon and its mitigation in homes. 
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