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Ⅰ. Introduction  

Radon(222Rn) is one of the uranium series that 

converts to lead(206Pb) using the natural radioactive 

element heavy uranium(238U) that occurs as its progenitor 

is released. It is a colorless, odorless, tasteless inert 

gas, and it is present in the air, soil, cement, 

groundwater, and construction materials[1]. The United 

States Environmental Protection Agency defines radon 

as the second highest cause of lung cancer after 
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Abstract  Interest in the everyday hazards of radon has recently increased as such, this study attempted to examine the 

dangers of radon in spilled groundwater by comparing the radon concentrations of the drained groundwater and tap wa-

ter used in recirculating systems in Incheon Subway restrooms. At five stations of Incheon Subway Line 1 and three sta-

tions of Line 2, drained groundwater is recirculated and used in restrooms for toilet flushing. Stations restroom tap water 

for hand washing that used as a control and the measured values of each were compared. With the cooperation of 

Incheon Transportation Corporation, samples of spilled groundwater and tap water were collected sealed to prevent con-

tact with the air, and a DURRIDGE RAD7 was used as the experimental equipment. The collected samples were sub-

jected to radial equilibration for approximately 3.5 h, at which the radon concentration reached its maximum, and then 

calculated as 10 measurements using the RAD7 underwater radon measurement mode. In all eight stations, the radon con-

centration in tap water was lower than the recommended amount. However, in an average of 7 out of the eight stations, 

the radon concentration in the effluent groundwater was 100 times higher than that in tap water. Since high radon con-

centrations in groundwater runoff can be harmful to humans, and there is no accurate standard for radon concentrations 

in domestic water, it is necessary to continuously monitor radon in water and prepare a guidance of recommended 

values.
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smoking[2]. This study said the ingestion of water with 

high radon content has been reported in cases of 

gastrointestinal damage and cancer[3]. In other words, 

the harmfulness of radon has been reported worldwide[4], 

so it is a reality that we are focusing on finding the 

source[5].

Radon inflow into groundwater is 0.2 pCi･L-1, and 

the average radon concentration in indoor air is 1 pCi･
L-1, meaning that approximately one-fifth of indoor 

air is made up of radon, which is a significant portion. 

This is why measuring the radon concentration in water 

is just as important as measuring the radon 

concentration in the air[6]. There are several types 

of groundwater that leak into the soil during the 

construction and use of structures. Advance research 

of the Incheon area, revealed that a total of 10,699 m
3･d-1 occurred in 17 places, including soccer stadiums, 

department stores, and subway stations.

From among these, approximately 2,705 m3･d-1 of 

groundwater is discharged from subway stations, 

accounting for more than 20% of radon leakage[7]. To 

minimize problems, such as the depletion of nearby 

water sources and subsidence significant groundwater 

outflow, the Incheon local government decided to increase 

resource circulation by recirculating groundwater in 

public facilities. In case of restrooms in five stations 

of Incheon Subway Line 1(Gyesan, Gyeongin National 

University Entrance, Bupyeong, Arts Center and 

Dongsu) and three stations on lines 2(Seo-gu Office, 

Seobu Women’s Center and Juan) have used groundwater 

as water for toilet flushing[7]. Using spilled groundwater 

in this way is advantageous with respect to the 

soundness of resource circulation, but because spilled 

groundwater is leached from the crust, there is 

concern about the hazardous groundwater radon.

This study aims to measure the radioactive concentration 

of radon both in purified tap water and in drained 

groundwater that is recirculated in restrooms in Incheon 

Subway. Its hazardous effects will be observed and it 

will be used as basic data to monitoring.

Ⅱ. Materials and Methods

1. Sample collection

The measurement targets are eight stations in 

Incheon Subway Lines 1 and 2 that use groundwater as 

Table 1. To determine the amount of radon discharged 

from the groundwater, the water recirculated and 

used in the same station and the tap water passed 

through the purification facility in the building were 

measured and compared.

Tap water was collected after flowing for 3 min. 

Spilled groundwater was collected by entering the 

control area with the help of the Incheon Transportation 

Corporation Mechanical Environment Equipment Team. 

To prevent radon from escaping into the air during 

collection, the sample was filled to overflow and 

sealed as tightly as possible with wrap and tape[8]. 

Since the half-life of radon is very short(up to 3.87 

d), all samples were collected and measured on the 

same day to minimize the variability of the radon 

concentration[9].

Before being measured, the collected samples were 

stored in a measurement container and transferred. 

Radial equilibration was performed in consideration of 

the gaseous form of radon. For radial equilibrium, a 

stabilization time of approximately 3.5 h was applied 

in consideration of the degree radioactive decay. The 

estimated radon concentration was obtained using 

Equation 1 by measuring Po-218 and Po-214, which are 

Table 1. Reused Water in Incheon Stations

Line Station Reuse(m3･d-1) Line Station Reuse(m3･d-1)

Line 1 Bupyeong 21 Line 1 Dongsu 3

Line 1 Arts Center 31 Line 2 Seo-gu office 5

Line 1 Gyesan 15 Line 2 Juan 2

Line 1 Gyeongin University 8 Line 2 Community center 9
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decaying nuclides. Because has no electrical properties 

due to the characteristics of the measuring to inert 

gas[10]. 

   


 


 


 Eq. (1)

NA : Nuclide A is the number of atoms after time t

NB : Nuclide B is the number of atoms after time t

λA: Decay constant of A

λB: Decay constant of B

2. Radon measurement

RAD7 (DURRIDGE, USA), a piece of equipment 

capable of measuring radon gas concentration in 

outdoor air, indoor air, soil, and water, was used to 

obtain the measurements[11]. H2O accessories suitable 

for measurement with a small amount of water by 

measurement range of 10 ~ 40,000 pCi･L-1 were used 

in this study[12]. The measuring device has a silicon 

detector in the form of a semiconductor, which measures 

α particle that occurs as a result of radon decay. 

Since the sample was in the form of a liquid, it was 

studied with the aim of increasing the accuracy of the 

radon concentration measurement by removing the 

moisture in the bubble, blowing the bubble through 

the glass frit and passing it through a drying tube. 

The collected sample was confined to a 250 mL vial 

and the experiment was conducted by obtaining 10 

measurements at five minute intervals using the 

Water-250 Protocol. Any radon particles that remained 

affecting the next measurement. Because radon is an 

inert gas, it is difficult to collect. This is why RAD7 

measuring device, was used in this study using a 

pump, air is circulated to enable the continuous 

counting and measuring of radon particles.

Polonium(Po-218, 6.02 MeV and Po-214, 7.95 MeV) 

which are progeny released from radon were also 

counted and a method of inverse radon estimation was 

used based on this count.

3. Effective dose from Tap water and Spilled 

groundwater

The effective exposure dose of tap water and spilled 

groundwater was calculated using Equation 2.

Eq. (2)

E: Effective dose (mSv)

D: Dose conversion factor (mSv × (Bq･hr･m-3)-1)

F: Equilibrium factor 

R: Radon concentration (Bq･m-3)

T: Exposure time (hr)

For this exposure dose, the effective dose model 

suggested in the UNSCEAR 2000 report was used[13] 

the dose conversion factor was 9 × 10 Bq･m-3･h-1 and 

the equilibrium factor was applied to the indoor radon 

     Fig. 1. Set-up measuring radon in water(a), and Po series spectrum(b)
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value of 0.4. This was done because the equilibrium 

factor applied indoors is the typical standard for 

indoor radon regulation and reduction 

recommendation. The exposure time was assumed to 

be an average of 1 minute for men and 2 min for 

women based on the time spent in the restroom[14].

Ⅲ. Results

1. Radon concentration in Tap water and Spilled 

groundwater

Table 2 shows the results of the analysis of tap 

water and groundwater runoff the eight Incheon 

Subway stations. In tap water, which was purified 

once, the concentration of radon was found to be 

relatively lower than that in spilled groundwater. In 

tap water, the average radon concentration was 1.24 

× 102 ± 1.10 × 101 Bq･m-3 and the minimum and 

maximum radon concentration were 9.30 × 101 ± 8.29 

× 100 and 1.71 × 102 ± 1.47 × 101. In the case of 

groundwater, the minimum and maximum radon 

concentration were 1.71 × 102 ± 1.49 × 101 ∼ 7.94 × 

104 ± 6.67 × 103 and average radon concentration was 

2.56 × 104 ± 2.15 × 103.

2. Exposure dose from Tap water and Spilled 

groundwater

Based on the average value of the measurement 

results for each station, the average effective dose 

when exposed to tap water was 0.001 mSv(man) and 

0.002 mSv(woman). In the case of groundwater, the 

minimum and maximum effective dose were 0.001~0.476 

mSv(man) and 0.002 ~ 0.952 mSv(woman) as Table 3.

Ⅳ. Discussion

Base on the measurements, the average radon 

concentration in tap water 1.24 × 102 Bq･m-3, which 

is within 1.48 × 102 Bq･m-3 the only recommended value 

for radon in indoor air[15]. Even in the history of the 

Table 2. Results of Radon Measurement

Station Type Measurement & uncertainly (Bq･m-3)

Bupyeong
Tap water 1.24 × 102 ± 1.11 × 101

Groundwater  3.89 × 104 ± 3.27 × 103 *

Arts Center
Tap water 9.31 × 101 ± 8.21 × 100

Groundwater  2.93 × 104 ± 2.46 × 103 *

Gyesan
Tap water 1.24 × 102 ± 1.10 × 101

Groundwater  7.94 × 104 ± 6.67 × 103 *

Gyeongin University
Tap water 1.09 × 102 ± 9.54 × 100

Groundwater  1.38 × 104 ± 1.16 × 103 *

Dongsu
Tap water 9.30 × 101 ± 8.29 × 100

Groundwater  3.58 × 104 ± 3.00 × 103 *

Seo-gu office
Tap water 1.40 × 102 ± 1.24 × 101

Groundwater  2.43 × 103 ± 2.05 × 102 *

Juan
Tap water 1.71 × 102 ± 1.47 × 101

Groundwater  5.19 × 103 ± 4.37 × 102 *

Community center
Tap water 1.39 × 102 ± 1.24 × 101

Groundwater  1.71 × 102 ± 1.49 × 101 *

Mean ± Uncertainly
Tap water 1.24 × 102 ± 1.10 × 101

Groundwater  2.56 × 104 ± 2.15 × 103 *

* Exceeding the recommended reference value
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maximum value, a resulting value of approximately 1.71 

× 102 Bq･m-3 is within the uncertainly range.

However, in the case of groundwater, the average 

concentration was 2.56 × 104 Bq･m-3, indicating that 

all eight stations exceeded the standard recommended 

value. In the case of the history where the maximum 

value came out, even 7.94 × 104 Bq･m-3 was detected 

which is approximately 100 times higher than the 

standard recommended value[14]. When compared with 

the radon radiation level of groundwater investigated 

by the National Institute of Environmental Research 

for 10 years, there were some areas where a maximum 

of 8.00 × 102 Bq･m-3 or more was detected[16]. In the 

case of groundwater used in this study, it was found 

that the effect of radon on the human body cannot be 

ignored if water containing radon is continuously 

used.

According to the measurements, there was 1.71 × 

102 Bq･m-3 radon in groundwater from one station, 

which was approximately 10 times lower than the 

radon concentration in groundwater from other 

stations. It seems to the collected sample contained 

carbonic acid. Based on the average value of the 

measurement results for each station, the effective 

dose when exposed to tap water was 0.001 mSv. It was 

confirmed that this dose has little effect on the 

human body. However, when sustainedly exposed to 

groundwater spills, the exposure dose was an average 

of 0.15 mSv for men and 0.31 mSv for women. It was 

confirmed that when a person uses these restrooms 

continuously, the negative effect is not negligible. In 

South Korea, the concentration of radon in indoor air 

must be below 1.48 × 102 Bq･m-3 (WHO recommendation 

is less than 1.00 × 102 Bq･m-3) only for multi-use 

facilities and new apartment complexes with 100 or 

more units according to the indoor air quality 

recommendation[17,18]. But this restriction only 

applies to radon in indoor air not radon in groundwater 

or soil. Therefore, in the case of leachate recirculated 

in subway stations, the maximum is 7.94 × 104 Bq･
m-3, which is commonly used around life with respect 

to recycling of resources. Thus, it is necessary to 

place restrictions on recirculated water. Currently, 

the concentration of radon in indoor air has only just 

begun to be regulated. Even though reduction facilities 

are being installed and continuous monitoring is being 

conducted, sufficient research on measures to reduce 

radon and to monitor drinking water and water 

quality has not been conducted[19]. 

Radon’s hazardous effects on the human body are 

widely known. However, unnecessary expenses and 

misunderstandings due to public’s indiscriminate 

fear of radon must also be avoided. To mitigate these 

risks, sufficient research, precise regulation and 

reduction measures will need to be carried out and 

determined. In the United States, the standard of 

radon concentration in drinking water that includes 

groundwater is less than 4,000 pCi･L-1[20]. In South 

Korea, the Drinking Water Management Act and the 

notification on the operation of monitoring items for 

drinking water quality are applied to water that 

includes groundwater. However, this act does not 

Table 3. Effective Dose of Water Unit : mSv)

Station
Tap water Groundwater

Man Woman Man Woman

Bupyeong 0.001 0.001 0.233 0.467

Arts Center 0.001 0.001 0.176 0.351

Gyesan 0.001 0.001 0.476 0.952

Gyeongin University 0.001 0.001 0.083 0.166

Dongsu 0.001 0.001 0.215 0.429

Seo-gu office 0.001 0.002 0.015 0.029

Juan 0.001 0.002 0.031 0.062

Community center 0.001 0.002 0.001 0.002

Mean 0.001 0.002 0.154 0.307
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address radon regulating guidance it simply states 

that water quality standards of international health 

organizations or advanced countries may be included. 

As such, there is no exact standard for regulating the 

concentration of radon in water. Thus, such a standard 

must be established. For example, since radon is 

typically in the form of a gas, the exposure dose can 

be minimized if aeration is well used. It must be 

urgently prepared to reduce the exposure dose to 

radon, a representative nuclide of natural radioactive 

materials as well as artificial radioactive materials.

Ⅴ. Conclusions

In this study, the radon concentrations of tap water 

and recirculated drained groundwater in eight stations 

of the Incheon Subway stations were reviewed, as were 

the potential hazards of these concentrations.

The average concentrations of radon in tap water was 

1.24 × 102 Bq･m-3 which is within the recommended 

standard. However, in the case of spilled groundwater, 

the average concentration was 2.56 × 104 Bq･m-3, 

which exceeds the recommended standard.

Based on the above results, the effective dose was 

calculated, and it was confirmed that tap water 

contains an average of 0.001 mSv radon, which has 

little effect on the human body. However, spilled 

groundwater contains an average of 0.15 mSv for men 

and 0.31 mSv for women which confirms that the 

hazard is not negligible.

The findings of this study can be used as basic data 

to provide a cornerstone for radon concentration 

standards and management measures in water. It is 

expected that continuous research on this topic will be 

needed.
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