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Abstract: Radon concentrations in the raw water and treated water used for 59 brands of bottled water
produced in South Korea were analysed. The radon levels in 59 raw water samples ranged from 3.7 to
476.8 Bq/L, with a geometric mean of 49.0 Bq/L. The mean radon levels in raw water samples were
high in Jurassic granite aquifers and low in volcanic rock aquifers. However, the maximum radon
levels were observed in metamorphic rock aquifers. The concentrations in 55 treated water samples
ranged from 0.1 to 239.4 Bq/L, with a geometric mean of 7.7 Bq/L. In treated water, radon levels
decreased by 16.0–98.9% (average, 74.9%) due mainly to storage in water tanks and treatment with
granular activated carbon (GAC) filters. The radon levels in raw water and treated water samples
exceeded the US EPA alternative maximum contaminant level (AMCL) of 148 Bq/L by 16.9% and 1.8%,
respectively. Considering the radon reduction rate, it is anticipated that the radon concentrations in
bottled water in stores will not exceed 148 Bq/L because it takes about 1–2 weeks for treated water to
reach the customer as bottled water.
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1. Introduction

Radon is a colourless, odourless, inert gas that has a half-life of 3.8 days. Direct ingestion of
groundwater with high concentrations of radon can increase the risk of developing stomach cancer [1].
Due to the health risks of radon, many countries have begun conducting research on groundwater radon
and have established proposed drinking water limits according to the research results. Research on
groundwater radon has revealed that concentrations are high in granite and granite gneiss and
low in volcanic and sedimentary rocks [2,3]. To date, the highest measured radon concentration in
groundwater in the world is 77,500 Bq/L [4].

The production and sales of bottled water have been steadily increasing worldwide [5,6].
Because sources of bottled water originate from groundwater, there have been concerns about radon.
Most studies have focused on the radon concentrations in bottled water and their effective dose in the
human body [7,8]. However, the concentrations in bottled water depend on when analyses are carried
out after the bottled water is released to the market. In other words, the radon concentrations in bottled
water are only meaningful at the time the final bottled water products reach the consumers. Because of
these circumstances, Todorovic et al. [9] investigated temporal variation in radon concentrations in
bottled water of various sizes from the bottling date.
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In Korea, bottled water comprises natural mineral water originating from groundwater.
The production rate of bottled water has been increasing continuously since the establishment
of the Water Control Act in May 1995. The market values of bottled water were $140 million in 2000
and $450 million in 2013, and it has been estimated that the value will be $910 million in 2020 [10].
However, because many bottled water companies in Korea are located on granite and granite gneiss,
it is expected that radon levels in some brands of bottled water will be be high [11]. Furthermore, it has
been required to monitor radon levels as part of national drinking water standards since January 2019,
and it is highly probable that a threshold radon concentration (148 Bq/L) will be proposed as one of the
water quality standards for drinking water based on the results of a three-year observational study.
Therefore, it is necessary to evaluate the degree of radon concentrations in bottled water in Korea.
The radon concentration in treated water can be reduced by storage in water tanks and by using a
granular activated carbon (GAC) filter. Although the water treatment process of each company can vary
slightly due to water quality and hydraulic conditions, it usually includes 3–6 steps of filtration [12].
If we know the radon concentrations in raw water and treated water, it is possible to estimate the
concentrations in bottled water at the time it reaches consumers. Shin et al. [12] analysed the water
from 13 bottled water companies in Korea and compared the radon concentrations in raw water and
treated water samples.

However, an investigation of the radon concentrations in raw and treated waters produced by all
the bottled water companies in Korea has yet to be conducted. Therefore, as the first nationwide study
on Korean bottled water, we determined the radon concentrations in the raw water and treated water
from 59 bottled water companies in Korea and evaluated the variation in radon concentrations in the
raw water according to rock types. The results of this study provide safety information pertaining to
the radon concentrations in raw, treated, and bottled water produced in Korea.

2. Materials and Methods

2.1. Study Sites

Although there were 70 bottled water companies in Korea, it was possible to collect samples for
analysing radon concentrations from only 59 companies (Figure 1). These companies are located in rural
or mountainous areas (average 225.2 m above sea level) to secure a clean and safe recharge area, and each
company typically has 1–9 production wells. Production wells permitted in the country averaged
2.5, and permitted capacities ranged from 50 m3/d to 1,750 m3/d (average 310 m3/d). The depths of
59 production wells representative of the 59 companies were 90–430 m (average, 208.5 m). The geology,
depths of the representative production wells, and field measurements of water quality of the 59 bottled
water companies are listed in Table 1.

Although the geology of Korea is relatively complex, it can be divided into 10 geological units [3].
The 59 bottled water companies are located in areas corresponding to five geological units to ensure
favourable water quality for drinking water, most of which are crystalline metamorphic rocks and
igneous rocks (Figure 1). Among these, Precambrian metamorphic rocks (PMET) consist mainly of
gneiss and granite gneiss. Ogcheon metamorphic rocks (OMET) are composed of metamorphosed
sedimentary rocks with ages ranging from Precambrian to Palaeozoic. The main constituent rocks of
OMET are schist, phyllite, crystalline limestone, and slate. Jurassic granite (JGRA) is reported to have
formed from magma originated from sedimentary rocks (S-type granite). However, the Cretaceous
granite (CGRA) was derived from the partial melting of the mantle (I-type granite). Porous volcanic
rocks (PVOL) consist of Quaternary basalts characterised by rapid movement of groundwater [13].
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4 305 11.2 7.40 51.6 A 34 200 16.5 6.68 177 C 
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6 320 17.2 7.84 84.1 A 36 130 16.5 6.88 127 C 

7 150 14.6 7.22 76.9 A 37 229 17.1 6.65 434 C 

8 200 16.0 7.25 77.4 A 38 160 15.7 7.71 79.4 C 

9 200 15.6 7.37 44.8 A 39 350 21.2 8.19 170 C 

Figure 1. Locations of the 59 bottled water companies on a simplified geological map of the study
area. CGRA, Cretaceous granite; CSED, Cretaceous sedimentary rocks; JGRA, Jurassic granite; MSED,
Mesozoic sedimentary rocks; NVOL, Nonporous volcanic rocks (Cretaceous); OMET, Ogcheon metamorphic
rocks; PGRA, Precambrian granite; PMET, Precambrian metamorphic rocks; PSED, Precambrian sedimentary
rocks; PVOL, Porous volcanic rocks (Quaternary).

2.2. Production Processes of Bottled Water

Radon concentrations in bottled waters are low compared to the raw water concentrations due to
the short half-life of Rn (3.8 days) and radon losses during bottling [6]. The manufacturing processes
of bottled water in Korea are as follows (Figure 2): groundwater, pumped from a production well as
raw water, is physically purified to remove impurities using a bag filter (50 µm in diameter) and then
is first stored in tanks with a capacity of approximately 200 m3. We obtained samples right before
passing through the bag filter in order to measure radon concentrations in the raw water.
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Table 1. Production well depth, water quality, and location geology of the 59 bottled water companies.

Company
No.

Depth
(m) T(◦C) pH EC

(µS/cm) Geol. Company
No.

Depth
(m) T(◦C) pH EC

(µS/cm) Geol.

1 120 18.6 6.30 136 A 31 200 12.4 7.55 96.2 B
2 200 17.1 7.31 187 A 32 333 15.5 7.72 315 B
3 180 18.7 8.14 167 A 33 370 16.6 6.86 175 C
4 305 11.2 7.40 51.6 A 34 200 16.5 6.68 177 C
5 157 16.0 7.70 159 A 35 110 19.8 7.35 213 C
6 320 17.2 7.84 84.1 A 36 130 16.5 6.88 127 C
7 150 14.6 7.22 76.9 A 37 229 17.1 6.65 434 C
8 200 16.0 7.25 77.4 A 38 160 15.7 7.71 79.4 C
9 200 15.6 7.37 44.8 A 39 350 21.2 8.19 170 C
10 210 16.8 7.81 269 A 40 150 15.4 6.58 163 C
11 200 13.0 6.84 92.5 A 41 200 15.5 7.53 154 C
12 248 15.0 7.02 88.4 A 42 218 14.8 8.07 210 C
13 150 14.3 7.97 105 A 43 190 17.6 8.31 124 C
14 200 15.7 7.69 58.1 A 44 149 15.7 7.04 76.3 C
15 107 15.0 6.65 209 A 45 140 14.4 6.59 161 C
16 199 18.6 7.81 167 A 46 90 15.8 7.41 67.8 C
17 155 17.8 7.90 221 A 47 180 19.0 7.08 105 C
18 200 14.4 6.75 198 A 48 150 16.3 7.77 94.6 C
19 250 16.0 6.88 218 A 49 140 16.9 6.95 105 C
20 220 14.8 7.62 332 B 50 248 13.9 7.11 102 C
21 135 17.6 6.57 287 B 51 180 11.8 7.09 101 C
22 175 15.6 7.91 214 B 52 250 16.9 6.98 80.7 D
23 430 15.1 6.20 220 B 53 283 16.4 7.19 94.8 D
24 325 15.9 8.35 83.3 B 54 210 18.1 7.14 225 D
25 160 14.2 7.78 323 B 55 200 16.0 7.13 68.3 D
26 100 14.0 7.70 153 B 56 302 17.4 7.54 189 D
27 210 14.5 7.57 112 B 57 160 14.0 7.37 108 D
28 200 14.5 7.57 112 B 58 430 17.3 7.60 116 E
29 220 15.4 7.79 197 B 59 286 16.2 7.29 137 E
30 139 14.8 8.45 106 B

A: Precambrian metamorphic rocks (PMET); B: Ogcheon metamorphic rocks (OMET); C: Jurassic granite (JGRA);
D: Cretaceous granite (CGRA); E: porous volcanic rocks (PVOL); Temp., temperature; EC, electrical conductivity.

At the manufacturing stage for bottled water, this raw water is temporarily transported to the
second-stage storage tank (50 m3) right after high-level purification treatment. That is, the raw water
from the first-stage storage tank is treated, passing through a GAC (granular activated carbon) filter
and membrane filters (1.0, 0.45, 0.2 µm in diameter). Then, the treated water is stored in the second
water tank (Figure 2). This water, as the purified water, is used as the final bottled water product.

For the measurement of radon concentration in treated water, we obtained samples from the
manufacturing process after the second storage tank. As can be seen in the treatment processes for
bottled water, radon reduction takes place. In detail, radon level naturally decreases during the time
when water is pumped from the production well and transported to the storage tank for purification
treatment. That is, natural radon reduction proceeds by atmospheric storage as follows:

C = C0e−kt (1)

t: time of decay
k: decay constant, 0.182d−1

C: concentration at time t
C0: concentration, initial

Based on the manufacturing stages for bottled water, it is estimated that storage duration ranges
12–24 h in storage tanks (50–200 m3). Besides storage, it is expected that the radon concentration
in water decreases during purification treatment. As shown in Figure 2, several stages of treatment,
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including 50, 1, 0.45, and 0.2 µm membrane filters and a GAC filter, are applied to the raw water,
resulting in a reduction in the radon level.

GAC can remove radon from water and was evaluated as a potential Best Available Technology
(BAT) and a potential Small Systems Compliance Technology (SSCT) for radon. SSCTs may be restricted
to radon influent levels below around 185 Bq/L to reduce risk of the build-up of radioactive radon
products [1].

The capacity and efficiency of radon adsorption by GAC are commonly affected by physical
properties of GAC and water chemistry. However, it has been acknowledged that one of the most
important factors that affects radon adsorption is Empty Bed Contact Time (EBCT) [1].
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Figure 2. Schematic diagram showing the transportation and filtration processes used to treat
groundwater for producing bottled water.

2.3. Sampling and Radon Measurements

Groundwater samples from the 59 bottled water companies were collected to analyse the radon
concentrations in the raw water and treated water. Most of the bottled water companies have several
production wells. In this case, the raw water sample was taken from the production well with the
largest groundwater abstraction. Before sampling, pumping was conducted for at least 5–10 min to
drain an amount of groundwater that was more than 3–5 times that of the well bore storage [14].
During the pumping for sampling, water temperature, pH, and electrical conductivity (EC) were
checked to ensure that the discharged groundwater was representative of the water in the aquifer.

Samples for radon analysis were collected with caution to prevent aeration effects resulting from
turbulent flow during pumping. During sampling, raw water was collected slowly in a beaker using a
hose connected to the pipe of the production well to avoid generating bubbles and to minimise contact
with air, which may cause radon levels in the water to decrease. Then, 8 mL of water was sampled and
injected into a 22-mL polyethylene vial containing 12 mL of scintillation solution (Optiphase HiSafe3;
Perkin-Elmer, Inc., Waltham, MA, USA). After adding the 8 mL of groundwater, the sealed vial was
shaken so that the scintillation solution and water mixed evenly. To sample treated water, water from
the storage tank was passed through a filtering system, such as a GAC filter and membrane filters.
As with raw water sampling, care was taken to avoid generating bubbles and to minimise contact with
air during sampling.
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Sampling time was recorded to correct for the time interval between sampling and analysis.
The samples were transported to the Korea Institute of Geosciences and Mineral Resources (KIGAM)
laboratory within 48 h, and radon activity was analysed using a liquid scintillation counter (LSC,
Perkin Elmer, Wallac 1220 Quantulus) equipped with a pulse-shape analyser which can electronically
separate alpha and beta nuclides into different spectra. When the pulse shape analysis level
was measured at 100 for 300 min, the lower detection limit was approximately 0.12 Bq/L [15],
which was determined using 241Am and 90Sr/90Y standard radioactive solutions to minimise alpha/beta
discrimination capabilities [16]. The detection efficiency for 222Rn was determined in triplicate using
three standard samples based on the total peak area of the alpha line at 100 PSA level, yielding a mean
value of 89% with a standard deviation of 0.6%, as demonstrated by Cho et al. [17].

3. Results and Discussion

3.1. Radon Concentrations in Raw Water

The radon concentrations in groundwater may change depending on the season and pumping
time [18]. Accordingly, the radon level in the groundwater of a production well may be different at
each measurement time point [6]. The temperature, EC, and pH of the raw water ranged from 11.2
to 21.2 ◦C, 44.8 to 434 µS/cm, and 6.20 to 8.45, respectively (Table 1). Most of the groundwater used
to produce Korean bottled water is classified as Ca–HCO3, Ca–Na–HCO3, and Ca–Mg–HCO3 types
according to Piper plot analysis, because the majority of the bedrock containing this groundwater is
composed of granite, granitic gneiss, and calcareous metasedimentary rocks [18].

The radon concentration frequencies for the 59 raw water samples exhibited a log-normal
distribution (Figure 3), similar to those of natural radionuclides in groundwater [19,20]. The range of
radon concentrations in the 59 raw water samples was 3.7–476.8 Bq/L, with an average of 87.7 Bq/L
(geometric mean, 49.0 Bq/L), as shown in Table 2. These values were similar to those of groundwater
sampled from 5,453 sites in Korea (median, 48.8 Bq/L) [21]. Of the raw water samples collected in this
study, 16.9% had radon concentrations that exceeded the US EPA alternative maximum contaminant
level (AMCL) of 148 Bq/L. Similarly, 17.7% of the groundwater samples collected at 5,453 sites in Korea
had radon concentrations above the AMCL [21].Sustainability 2020, 12, x FOR PEER REVIEW 7 of 14 
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In many countries, there have been extensive studies on radon concentrations in bottled water,
but little is known about radon concentrations in raw water for bottled water. It is possible to estimate
raw water radon concentrations from the concentrations in bottled water in the market and at the date
of bottling. However, because the filtering process and the duration that raw water is stored in water
tanks before bottling are unknown, it is difficult to determine the radon concentrations at the time
of pumping [9]. The raw water radon concentrations measured in this study were low compared to
the concentrations in raw water sampled at seven sites in Serbia (0.91–1463 Bq/L; geometric mean,
72.2 Bq/L), which were estimated from the radon levels in bottled water and its manufacture date [9].
The raw water radon concentrations were also low compared to those of raw mineral water in Suan
Phueng District, Thailand (126 Bq/L) [22].

Table 2. Radon concentrations (Bq/L) in 59 raw water and 54 treated water samples and reduction rates
(Red. rate) for each facility.

Company
No. Raw Water Treated

Water
Red. Rate

(%)
Company

No. Raw Water Treated
Water

Red. Rate
(%)

1 5.2 ± 0.4 3.7 ± 0.3 29.1 31 34.7 ± 2.3 6.8 ± 0.5 80.5
2 168.4 ± 3.7 19.1 ± 0.4 88.7 32 53.9 ± 2.8 14.1 ± 1.3 73.9
3 40.2 ± 1.7 6.9 ± 0.6 82.9 33 97.8 ± 6.7 17.1 ± 0.9 82.5
4 46.4 ± 3.2 1.4 ± 0.2 97.0 34 239.0 ± 8.9 78.7 ± 1.7 67.1
5 27.6 ± 2.0 3.7 ± 0.3 86.5 35 11.0 ± 0.8 3.4 ± 0.2 68.9
6 17.8 ± 1.4 9.8 ± 0.5 44.8 36 273.0 ± 16.6 61.0 ± 3.3 77.6
7 53.0 ± 3.1 6.6 ± 0.5 87.6 37 287.8 ± 6.3 45.8 ± 1.8 84.1
8 27.2 ± 1.3 4.6 ± 0.3 83.1 38 3.7 ± 0.4 0.1 ± 0.0 97.8
9 41.4 ± 2.0 10.7 ± 0.3 74.1 39 8.2 ± 0.7 5.5 ± 0.2 32.9

10 24.9 ± 1.7 4.6 ± 0.3 81.5 40 97.6 ± 4.0 - -
11 48.1 ± 2.7 19.4 ± 1.5 59.7 41 54.3 ± 3.2 13.1 ± 1.0 76.0
12 16.2 ± 1.2 1.3 ± 0.2 92.0 42 68.7 ± 4.9 2.9 ± 0.1 95.7
13 49.9 ± 2.2 31.3 ± 2.1 37.3 43 62.4 ± 3.8 13.3 ± 0.3 78.7
14 4.6 ± 0.5 3.8 ± 0.3 16.1 44 129.9 ± 3.1 - -
15 133.3 ± 7.0 2.5 ± 0.2 98.1 45 375.4 ± 24.1 - -
16 56.5 ± 4.0 7.9 ± 0.5 86.0 46 111.9 ± 4.2 29.7 ± 1.3 73.5
17 8.0 ± 0.7 4.2 ± 0.1 47.2 47 59.5 ± 4.0 5.9 ± 0.4 90.0
18 31.2 ± 1.8 10.7 ± 0.3 65.6 48 120.2 ± 2.2 34.0 ± 2.0 71.8
19 263.2 ± 7.3 79.2 ± 3.2 69.9 49 159.1 ± 10. 72.1 ± 5.0 54.7
20 24.9 ± 1.7 0.3 ± 0.2 98.9 50 284.9 ± 18.5 239.4 ± 13.3 16.0
21 98.6 ± 3.1 5.9 ± 0.3 94.0 51 194.1 ± 13.8 6.3 ± 0.5 96.8
22 6.5 ± 0.6 0.5 ± 0.1 92.9 52 143.2 ± 7.3 22.3 ± 1.6 84.4
23 53.6 ± 3.8 11.4 ± 0.8 78.8 53 133.0 ± 4.6 6.7 ± 0.3 94.9
24 43.5 ± 3.0 2.3 ± 0.2 94.8 54 32.0 ± 1.6 1.9 ± 0.2 94.1
25 24.2 ± 1.6 - - 55 33.1 ± 2.4 2.2 ± 0.2 93.5
26 13.6 ± 0.9 1.7 ± 0.1 87.7 56 112.8 ± 3.1 19.1 ± 0.4 83.1
27 476.8 ± 16.5 49.9 ± 2.9 89.5 57 36.1 ± 2.5 10.7 ± 0.9 70.4
28 15.5 ± 0.8 10.1 ± 0.6 34.6 58 15.7 ± 1.2 5.1±0.20 67.5
29 60.3 ± 4.7 4.6 ± 0.3 92.4 59 19.5 ± 1.4 9.5 ± 0.4 51.5
30 39.4 ± 2.6 10.8 ± 0.7 72.5

3.2. Radon Concentrations in Treated Water

The radon concentrations in groundwater before bottling can be reduced by atmospheric storage
effects and GAC filtration [6]. The magnitude of the reduction by GAC filtration differs depending on
the filter type and the rate of groundwater treatment. The radon removal efficiency by GAC processes
complying with the small-systems standard was in the range of 50–99% [1]. The radon removal
rates by GAC (empty bed detention time, 1.49–6.51 h) at nine homes in Finland were reported to
be 87.6–100% [23]. The radon reduction rates of a small-scale water supply system (SWSS) in Korea,
which has a storage tank capacity of approximately 30 m3/d, were reported to be 26.5% [15] and
25.7–44.8% [3], respectively.
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Although the groundwater transportation process from the production well to the filtering facility
may vary among bottled water companies, the radon concentrations of the treated water samples
before bottling ranged from 0.1 to 239.4 Bq/L, with an average of 19.5 Bq/L (geometric mean, 7.8 Bq/L)
(Table 2). Comparing these values to those of bottled water in stores is inappropriate because it would
have taken from a few days to several weeks for the bottled waters to be transported to the store after
bottling. Therefore, it is meaningless to compare the radon concentrations in the treated water samples
in this study with those of bottled water in other countries. However, considering the locations of the
bottled water companies and the transportation system of Korea, it can be assumed that the treated
water would reach the customer within 1–2 weeks after bottling. Based on this assumption, the radon
concentrations in bottled water at the store in Korea are higher than those of 197 brands of bottled water
in Austria (<0.12–18.0 Bq/L) [6] and 72 brands of bottled water in Iran (0–0.9 Bq/L) [24]. Conversely,
as shown in Table 3, the radon values of bottled water obtained in this study were lower than those
of 63 brands of bottled water in Portugal (1–814 Bq/L) [8] and 8 brands of bottled mineral water in
Algeria (2.6–14 Bq/L) [25].

Table 3. Summary of radon concentrations (Bq/L) in the bottled water produced by different countries.

Country No. of
Samples Rn (Bq/L) Geometric Mean References

Algeria 8 2.6–14 7 1 Amrani (2001)
Austria 197 <0.12–18.0 0.54 Kralik et al. (2003)

Iran 72 0–0.9 0.64 Fakhri (2015)
Korea 54 0.1–239.4 7.8 2 This study

Portugal 63 1–814 16.7 Dueñas et al. (1999)
Spain 84 0.22–52.0 1.2 Dueñas et al. (1999)

1 Arithmetic mean; 2 Raw water was passed through the filtration process before bottling.

Comparing the radon concentrations of the raw water with those of treated water, treatment
reduced radon concentrations by 16.0–98.9% (average, 74.9%), as described in Figure 4. These reduction
rates are similar to those observed in 13 brands of treated water (38–99%) in Korea [12]. The differences
in radon reduction rate between different samples of treated water can be explained by the following.
First, radon concentrations are highly variable among different water types and even within the same
type [26]. Second, the radon concentrations and pumping durations among the production wells of
a bottled water company typically differ. Third, the raw water treatment process may differ slightly
among different companies [12]. Finally, storage duration controls the radon reduction rate. It usually
takes approximately 12–24 h to treat the raw water in the Korean bottled water.

If the production rate is high, the radon reduction rate will be low because the groundwater
retention time in the water tank and the contact time with the GAC will be short. Therefore, to estimate
the radon reduction rate in a treated water sample precisely, it is necessary to know not only the radon
concentration and pumping rate of each production well of a company but also the treatment process
of each company.

The radon concentration frequency distribution of the treated water is shown in Figure 5.
Among the 55 raw water samples, company 50 produced water with a concentration exceeding
148 Bq/L (284.9 Bq/L). The radon concentration in the treated water of this company remained high at
239.4 Bq/L. The treated water of company 50 exhibited a low radon reduction rate, mainly because the
company did not use GAC filters and had a high bottled water production rate. Generally, it takes
1–2 weeks for bottled water to reach the store in Korea; hence, it is expected that the radon concentration
in the bottled water produced by company 50 will be lower than 50 Bq/L when the bottles are purchased
by consumers.
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A similar example of radon reduction occurs for Nordic groundwater with high radon
concentrations. Nordic bottled water from groundwater with a high radon concentration is not
likely to have a problem due to the short half-life of radon (3.8 days). The concentrations of radon are
reduced substantially before the bottles reach store shelves and do not constitute a problem in the final
product [27]. In conclusion, the radon concentrations in the treated water produced by the bottled
water companies in Korea are considered safe under the tentative drinking water standards of Korea.Sustainability 2020, 12, x FOR PEER REVIEW 11 of 14 
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3.3. Radon Concentrations in Raw Water in Relation to Geology

The radon concentration in groundwater is closely related to geology [21]. As shown in Table 4,
the geometric means were high in groundwater found in granite (JGRA, 85.2 Bq/L; CGRA, 66.0 Bq/L)
and moderate in groundwater found in PMET and OMET (33.7 Bq/L and 38.5 Bq/L, respectively).
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The concentration was lowest in PVOL (average, 17.6 Bq/L) because the geology of this area consists
of porous volcanic rocks with high permeability [13]. The radon concentration differences in raw
water between areas with different geology are consistent with those reported by Cho [21] on
5453 small-scale water supply systems (SWSS) in Korea. They are also consistent with the finding that
radon concentrations are low in the groundwater of sedimentary rocks and high in the groundwater of
granite [2,3].

Table 4. Simple statistical analysis of the radon concentrations (Bq/L) in the 59 raw water samples.

Geology No. of Samples Min. Max. AM GM SD

PMET 19 4.6 263.2 56.0 33.7 65.0
OMET 13 6.5 476.8 72.7 38.5 123.9
CGRA 6 32.0 143.2 81.7 66.0 53.4
JGRA 19 3.7 375.4 138.9 85.2 108.4
PVOL 2 15.7 19.5 17.6 17.5 2.7

Total 59 3.7 476.8 87.7 49.0 98.9

Min.: minimum; Max.: maximum; AM: arithmetic mean; GM: geometric mean; SD: standard deviation.

In general, radon concentrations are high in groundwater found in granite; however, the maximum
radon concentrations in PMET and OMET were 476.8 Bq/L and 263.2 Bq/L, respectively (Table 4).
The unusually high radon concentrations in some groundwater found in PMET and OMET are likely
due to the groundwater being in contact with granite. Although the surface geology is classified as
PMET or OMET, the lower parts of the production wells are likely affected by a granite intrusion,
resulting in high levels of radon and uranium in the groundwater [2,28].

Therefore, the measured radon concentrations in PMET and OMET (Table 4) were higher than the
actual values. In the granite areas, the radon concentration in the raw water in JGRA was higher than
that in the raw water in CGRA. This is attributable to the difference in origin between the two granite
types [21]. It is suggested that because JGRA is an S-type granite originating from the mixing of crustal
material and sediment, the uranium concentration in this rock is higher than that in the I-type CGRA,
which was formed by magma differentiation [3].

Among the 59 raw water samples, 10 samples had radon concentrations exceeding 148 Bq/L.
Among the 55 treated water samples, 1 sample had a concentration exceeding 148 Bq/L. However,
as mentioned previously, the radon concentration in bottled water produced from raw water with a
radon concentration higher than 148 Bq/L will be lowered at the time when the bottled water reaches the
consumer because it usually takes 1–2 weeks for the bottled water to arrive at the store. Nevertheless,
in the case of raw water with extremely high radon values, important monitoring considerations still
need to be resolved [28]. The maximum radon concentration in groundwater in Korea was reported to
be 7218.7 Bq/L, and nearly 2% of groundwater samples had concentrations higher than 1000 Bq/L [21].
Therefore, careful attention should be given to the management of bottled water originating from
Jurassic granite areas as well as the newly developed production wells for bottled water in these areas.

4. Conclusions

This study highlighted the importance of investigation of the radon concentrations in the
raw and treated waters produced by all the bottled water companies in Korea. The frequencies of
radon concentrations in the 59 raw water samples followed a log-normal distribution. The highest
concentrations were in water from Jurassic granite, and the lowest occurred in water from volcanic
rocks. Ten raw water samples had radon concentrations higher than 148 Bq/L; however, the radon
concentrations in most of the treated water samples were lower than 148 Bq/L due to the effects of
atmospheric storage and GAC filtration. The radon levels in the treated water samples decreased
by a wide range (16.0–98.9%), due to differences in GAC filtration, production processes among the
bottled water companies, and variation in radon levels in the groundwater. In general, the mean radon
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concentrations are high in groundwater found in granite; however, the maximum radon concentrations
in PMET and OMET were 476.8 Bq/L and 263.2 Bq/L, respectively. Assuming that the treated water
reaches consumers in no less than 1–2 weeks, the radon concentrations in bottled water in Korea
are generally similar to those of other countries. However, particular care should be given to bottled
water produced from Jurassic granite because the radon concentrations in the raw water in these areas
are high and may change at each pumping period. All of the bottled water in Korea will be safe for
drinking because the radon concentrations in the water will be lower than the tentative standard of
148 Bq/in Korea.
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