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Groundwaters in different rock types (Mesozoic granite, Precambrian gneiss, and schist) of Ganghwa island,
Incheon City were characterized by using naturally occurring radioactive materials (NORM) and hydrogeochemical
constituents. For the study, groundwater samples from 69 wells had been collected over eight years. Statistical
methods were applied to relate hydrogeochemical components and NORM in the groundwater samples. The
groundwater samples belonged to Ca(Na)-HCOs; types. The uranium concentrations in three groundwater samples
exceeded 30 ug/L of United States Environmental Protection Agency (US EPA) maximum contaminant level (MCL).
The radon concentrations in 28 groundwater samples exceeded 4,000 pCi/L (picocuries per Liter) of US EPA alternative
maximum contaminant level (AMCL). Gross-alpha in all the groundwater samples did not exceed 15 pCi/L of US
EPA MCL. The average concentrations of uranium and radon in groundwater were the highest in granite area, and
then gneiss, schist areas in order. In schist area, the correlation coefficient (R) between radon and HCO; is —0.40
and R between uranium and SO, is 0.54. In gneiss area, the R between radon and uranium is 0.55 and the R
between uranium and SO, is 0.41. According to factor analysis, each geological area shows different chemical
characteristics. The statistical analysis of whole groundwater resulted in nearly no significant relationship among
uranium, radon and chemical constituents. Subsequently, more detailed studies on hydrogeological, geochemical, and
geological characteristics related to NORM are required to better understand the behavior and fate of NORM.

Key words : naturally occurring radioactive materials, groundwater, geological setting, statistical analysis, factor analysis
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Fig. 1. Sampling sites on the geological map of the study
area (Hwang et al., 2005).



ol A4
&, 4
7] 1A= UrEP;’y\er RE Hnpely} ,z%o]— =z

W, BE 87} A% Aol

3.1, AERF % My
Al X R 1 1~r ZgollA EA
B85 84(08~'15, =434 A st X5}

o) AR A, nE, B ﬁe— SR
oA W ek F A B e =
A ATRIAG AAE AFPHCH FEte] 3

thEEEE A8, 2008).

A= iﬂ ‘] 2 dAEe BF @3 1y, 5
B3] 5 F Xe57E 94s ® F AEE AFHYh

A e Fo dgoled by E4E sy
0.45 um«] T2 zh= membrane filterol] A|EE
st FHEdS AAS $ 125 mL polyethylene
bottleol 474 Fokt) ol kg AlBde £

ol29] FAH FHS AHstAA T 1 mLE A
7Tt #BHE BAS AJEE 22 mL PE £7]0
Optiphase Hisafe3 ZHY 89 12 mLe} A3k Al
8 8 mLE sl & 59 4193k o] o X
sl A8+ =] Fide] dojuA] 9A 248 A
—’Fé}"ﬂﬁ} 2 F 3AZFER HEst A7l & A
S o)F Fol EAh WYw AlE= 1 L PE A
o) 7}; A9 IN 24 15 mLE H7RIdh

rﬂl

% AL

=2 54 29

FERRHHCOs)l Tk 4254 7](Orion 5 star)S
olg3] 43, TEIHHCO,)> 0.05 No| HCIZ
2beslAgs 8l eich

AHE = AE= B3] A7 0~ 4°ColA @
Z Bt Ao 54 8§38 dotEr] fE
ol T %‘ﬂ-’? 4s AP
oFo]& A8 E41S Horiva & Yvon (Kyoto, Japan)
Ale] ULTIMA2 Inductwely coupled plasma atomic
emission spectroscopy (ICP-OES, =A% Zel=n}
YAPEF=A), Varanite] 720-ES ICP-OES, 280
FS Atomic absorption spectroscopy (AAS, 92 &
F B3ETI)E o8k 2ol MetrohmAe]

850 Professional Ion Chromatography (IC, o]3=Z
e 9)E o] &3t

>

3.3. XIUWAIE SR 24

331 2 84

25 #492 Fluorometric, inductively coupled
plasma mass spectrometry (ICP-MS)¥, Radiochemical
W, Laser Phosphorimetry 5 o2 71/ Whio=g
28 7¥sslith =] - 2015‘401] A
&9 ek V1ES Ak Hes sAVIE 2 A
Ab SOl #ek E dENAEE —% FTE A e
ICPMSHo =2 FHES si3ith wehr] 2 A9 ¢
2k E4d= AgilentA ko] 7500 Series ICP-MS(H=
ArEetznt dg227))7E A= AT

3.32. = 4

United States Environmental Protection Agency
(US EPA)= 9A1d33A8 3 De-emanationdS &
F e BAHORE ARKLE o] W F AAAAl
o] o Al AAA oA, 2014). whEbA
B Aol gE EA A, PerkinElmerAte] Wallac
QuantulusTM 1229 Ultra low level liquid scintillation
counter (ULL LSC, 9A|A3A<7)E AR&-3ict Al
238 S 2] 98] #Ra B L-EANIST
SRM 4966)2 |83l th. 854S e Alge A
Fgd 12 mL7F & 22 mL vialol] 2= 3] A
13k 257 8 mLe} PRa BEEAY-EAS A7
EFEH(14.35 Byg)e ¥ & daste FHlg.
FHE AEE GaolA oF 269 o WXt
ZZE)Rag]_ ZZZRn =1 u:l-a;lI],J_._.o] occ)] =

A A7 Ae] me 2Ee] WA

N

&Yo] Eeses
H

or
(o3
@f
5y
2
uj



30 A9 - AT - Y

12 mLe] 48N 226Ra% =8N 8 mLE F 3+ A
F 59| disiA], Pulse Shape Analysis (PSA) <]
100014 AZHAFER F 93PS S7g3IHen 23
o] At Fof| WAFEo] ZRax} 99% o) HY
Fele] ZedeS ¢ 4 AN, ol AlFEE ol&
slo] e 22Rpo] 2HF () ABAZR T WA
7hol| we 226Ra0] WA ES Esle] 24 (1)l 2lsh
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Table 1. Statistical charts of in-situ groundwater qualities,
major anion and cation of groundwater based on rock types

<A: Granitic Rock> (mg/L)
n =10 Min. Max. Avg. Med. Stdev.
Temp.(°C) 14.0 17.1 153 154 1.1
pH 6.2 7.4 6.8 6.8 0.3
Eh(mV) 196 347 246 238 42
EC(uS/cm) 82 820 245 195 212
DO(mg/L) 33 6.4 4.7 4.8 1.0
Si 9.2 30.5 144 129 6.8
Na 3.8 26.2 11.9 9.1 8.2
K 0.2 5.0 2.1 1.5 1.5
Mg 0.0 5.4 2.6 2.5 1.5
Ca 9.5 563 221 169 140
F 0.1 1.3 0.4 0.3 0.4
Cl 4.1 875 216 120 250
SO, 12 15.0 7.2 7.2 47
NO; 2.8 27.0 11.7 9.6 82
HCO; 30,5 915 607 610 198
<B: Schist> (mg/L)
n =10 Min. Max. Avg. Med. Stdev.
Temp.(°C) 126 156 142 142 0.7
pH 6.5 7.9 6.9 6.8 0.4
Eh(mV) 154 370 246 261 52
EC(uS/cm) 110 567 257 241 106
DO(mg/L) 14 6.5 43 42 1.5
Si 1.2 20.3 104 9.7 42
Na 1.7 23.6 102 99 52
K 0.1 4.7 22 24 1.3
Mg 0.3 14.5 5.2 43 33
Ca 2.1 430 233 224 100
F 0.0 0.9 0.1 0.1 0.2
Cl 29 41.5 156 150 103
SO, 0.2 17.9 6.6 5.3 5.0
NO; 0.4 81.1 258 246 231
HCO;3 9.2 1159 677 732 230
<C: Gneiss> (mg/L)
n =10 Min. Max. Avg. Med. Stdev.
Temp.(°C) 11.7 19.4 147 143 1.6
pH 6.3 7.9 6.9 6.8 0.4
Eh(mV) 103 591 254 227 113
EC(uS/cm) 68 635 240 212 137
DO(mg/L) 14 6.5 4.1 43 1.5
Si 7.0 223 1.5 113 3.2
Na 2.8 25.9 112 102 5.7
K 0.1 7.4 2.4 1.8 1.6
Mg 0.3 22.3 39 2.5 4.0
Ca 6.3 529  21.1 196 108
F 0.0 1.6 0.3 0.3 0.3
Cl 2.7 39.9 144 113 10.9
SO, 25 38.9 9.9 8.4 7.9
NO; 1.4 41.9 140 140 108
HCO; 240 1983 713 641 355

Schist
Granitic rock
4 Gneiss

U

] ® ® @ &
Ca Na+K  HCO3 Cl

Fig. 2. Various groundwater types on the piper diagram.
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Table 2. Statistics of uranium values in groundwater based on the rock types
Total Granitic rock Schist Gneiss
(n=69, ng/L) (n=10, pg/L) (n=25, pg/L) (n=34, ng/L)
Min. ND 0.13 ND 0.09
Max. 72.21 49.18 72.21 28.78
Avg. 5.64 10.59 4.79 4.82
Med. 1.08 2.84 0.59 1.81
Stdev. 12.2 17.3 14.7 7.6
% N.D. : not detected, less than 0.01 pg/L
60 30 80
E - £o0
g4 FEl i
§ 20 é 10 §
£ £ £20
I
0 <10 10-20 20-30 30< 0 =1,000 _ 1,000-2,000 2,000-3,000 3,000-4,000 _ 4,000< 0 P 3-10 10-15 T5<
U(mg/L) Radon(pCi/L) Gross-a(pCi/L)

Fig. 3. Bar charts of uranium, radon, gross-o concentrations distributions.
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Table 3. Statistics of radon values in groundwater based on the rock types

Total Granitic rock Schist Gneiss
(n=69, pCi/L) (n=10, pCi/L) (n=25, pCi/L) (n=34, pCi/L)
Min. 167 942 167 191
Max. 16,600 8,074 8,067 16,600
Avg. 3,581 4,795 2,611 3,938
Med. 2,996 5,046 1,627 3,082
Stdev. 2,874 2,319 2,272 3,242
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Table 4. Statistics of gross-a values in groundwater based on the rock types

Total Granitic rock Schist Gneiss
(n=69, pCi/L) (n=10, pCi/L) (n=25, pCi/L) (n=34, pCi/L)
Min. ND ND ND ND
Max. 13.71 4.18 13.71 7.07
Avg. 1.78 1.55 1.64 1.96
Med. 1.20 1.28 0.76 1.71
Stdev. 2.4 1.7 3.0 2.0

% N.D. : not detected, less than MDA 0.5 pCi/L

Table 40 Aot AA Aslge] ALy g3
0~13.71 pC/L &+ 1.78 pCiL, 4%k 120 pCy/
L)2] HHE Bl UF Xsle] Ags) ghago] A
gHoz A AEH ] FYwkl viste] Hagto]
A YERdTh B2 EPA AYy $27]F maximum
contaminant level (MCL)3t 15 pCiL < d+ A3t
e YTHFg. 3).

st A9 A3lre] Ags g 0~4.18 pCi/l
&+t 155 pCiL, 5937 128 pCiL), AY A&
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Fig. 4. Bubble plots showing uranium and radon concentrations in the study area.
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Table 5. Correlation matrix of components from groundwater in the study area

Rn U pH Eh EC DO Si Na K Mg Ca F Cl SO, HCO;
Rn  1.00
U 025 1.00
pH -0.16 -0.03 1.00
Eh -001 008 0.10 1.00
EC -004 021 003 044 100
DO 000 006 -0.05 -0.02 -0.01 1.00
Si 006 004 -023 -002 002 0.11 1.00
Na 005 017 -024 026 050 -0.06 040 1.00
K -027 003 -0.05 003 018 023 036 004 1.00
Mg -027 -005 001 041 055 -0.18 -007 044 021 1.00
Ca -0.19 033 0.4 024 064 -006 018 051 037 062 100
F 029 032 016 009 018 001 008 013 -0.10 -027 009 1.00
Cl  -006 025 -022 017 075 015 025 067 019 047 074 017 1.00
SO, -0.02 033 -0.12 021 027 -0.17 022 046 034 024 050 003 028 1.00
HCO; -028 0.07 031 035 043 -032 007 045 026 062 071 -002 037 048 1.00
3lakol| H|E] A= Yo X 3re] u|go] H|wA Table 6. Rotated component matrix in groundwater from
st 4000 pCIL o192 2HE B ARE s L
o) 9AE AshE SlgASe] T2 Bmslo] 9. o] e
£ 5 pg/l o] Sehs S /e A8k 9 EC 873 033 150  -002  -089
e 233}, cl .805 218 156 302 -.195
Mg 780 059  -393  -035 216
i Na 647 191 163 476 207
44.1. 7o ﬁxﬂ X]G]_/Foﬂ R HCO, .608 347  -091  -306  .498
B Ao WrERe] AT AFERS Eh 564 142 048 -143 084
dolll7] S8 BA BA4S Bl o EAHS dotr K .098 827  -162  -081  -.182
okt}. AN A3 TR ek BAn ARz AR Si -023  .603  .133 462 -041
3lsle _L:]o].a, _l;]u]_o].a ;(]Oﬂoﬂ o3k 24L Gt sk SO, 275 .563 212 134 .500
P I A B
1°ﬂb HAX l efol Al9lgict. IBM SPSS Statistics Rn  -143  -316  .599 348  .050
ol gsle] FARE 7] IS SIKE AHEY pH 031  -017  .104  -877 052
2317] 98k 9ol DO -005  .192 054 029  -871

WS TR A olH, Kaiser 7“%5]—7]— Ue W

TE 7K SRS HolR] =TH(Table 5).

7 3] ‘i}ifﬂ”"ﬂ/‘i aRls)de] sE LR Eel 9
shH, a11e= EC, Cl, Mg, Ca, Na, HCO;, Eh 7}

AT T2 Bon A% EAo] fAkslth 8]120l=
K, Si ¢ SOyt 93-S F2 won A% 540 &

Aksteh. v g2kt ke a9l 13 291 2 9
e W ge As E&Hﬂ% Fol AFEA°] fAF
3hS 99l 394 B 4= QIti(Table 6).

= HBEOHL éﬂroﬂ w2H $2E F=9 pH,
=4 = Ak §]. = §], }Ol— ;(]o:loﬂ/\-] u]_;r_x—l Hﬁi;@
H] 1?&7%17} b}EMw e 9-2hr 559 HCO59
g2 o7k uEgit), 2R sk e ARE
2 AHAE YeRA &=t Cho et al, 2011,
2012, 2013). 28} 2909 1,603997] A8l &
Aol AY- =L B4 o] =& oz g
WohBank ef al, 1998). o]& #}Eo] H|BAI|AR

>

j;io.?:(&t]
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Table 7. Correlation matrix of components from groundwater in the schist area

Rn U pH Eh EC DO Si Na K Mg Ca F Cl SO, HCO,
Rn 1.00
U 0.17 1.00
pH -0.11 -0.26 1.00
Eh  0.03 0.10 -035 1.00
EC 032 0.14 -0.12 -0.10 1.00
DO 0.17 0.19 -0.08 -0.12 0.04 1.00
Si 0.00 0.13 -028 0.00 -0.22 -0.06 1.00
Na -0.01 0.15 -0.52 0.13 0.17 -031 0.46 1.00
K -0.07 034 -021 -031 0.11 0.17 055 022 1.00
Mg -0.19 0.03 -0.19 -0.03 0.38 -021 -0.16 034 024 1.00
Ca -0.17 024 -004 -023 028 -0.11 023 034 057 0.65 1.00
F -0.04 0.10 -004 0.11 -001 -0.11 024 046 -0.06 -028 0.04 1.00
Ccl  -005 010 -0.50 -0.13 050 0.07 0.17 054 043 0.64 0.66 -0.01 1.00
SO, -0.07 054 -0.19 0.05 0.08 -027 042 047 045 0.11 0.46 0.40 0.21 1.00
HCO; -040 -0.03 020 -030 -0.15 -041 0.05 0.14 020 040 066 -0.05 024 039 1.00

sjeta] whggol glont A/ISHEst 2 Bant g
S} W3l RaF, sh 2e SES A wea
Aoz adth Al §5 Seh Bt 2o
o $ehe s A Gu, Askrel Aslae B4,
FEL o2, B, QY 5ol FEo] JIL WA,
Al e BEE Asrd o 44 AR B
A7k SEHSTUK, 2005). 12t 3 9139] 15 A}

gelrs A8k T ek 2R 7
A4 7} lth(Asikainen and Kahlos, 1979).

o
)
&,
lo

.

At Aeje] Aalol Tig BB Aol Sk
& S0 WA B AWATE HojET) BES §

B TP o JRET ofF] gl RS wo)
71 QAR HCOs9F 22 dAISE BEAt(Table 7).

10 3] WEAAGY 2ols]do] SHE el
oJ3hH, 821190l= Cl, Mg, Ca, EC 7} 93-S F=2
wow A¥ HA4ol A 9120 EC, Rn,
HOO 7} 938 %2 dost A% 549 o,
Tet SeRRe 991 19 291 2 o) T WA @
& RE wefFn] 5049} AFEAO] fAFE 8]
olX & 4= JtK(Table 8).

o1

4.4.3. AvgE A o] 9R1%8A

Hrlet xe] A gjrol] tist i d AfolA
e #Ed SOt A =
TH(Table 9).

7 3] REEARIA 82135]He] 4

)
ox
A
[
i
2
o

Table 8. Rotated component matrix in groundwater in the

schist area
Factor
1 2 3 4 5 6
Cl 882 057 312 045 -015 -088
Mg 863 -287 -142 -135 042 -.086
Ca 706 -319 217 .088 355 279
EC .659 543 -.261 101 .097 131
Rn -004 754 -.099 077 11 .026
HCO; 331 =741  -.023 120 193 362
Si -065 -091 .828 328 .090 -.078
K 339 -052 721 -129 376 218
F -169 123 120 816  .102  .006
Na 465 -039 328 .656 .021  -331
DO -.115 S14 324 -544 .070 .062
U .045 188 104 -.044 900 -.159
SO, 153 -210 240 496 710 .001
Eh -.158  -.035 -228 .100 118 -.836
pH -345  -187 -384 -039 -053 .725
3P4, 891 1ol= Mg, EC, Na, HCOs, Cl, Ca, Eh 7}
Y F2 wom A% S| FAIsh 29 20
U Rn o] 932 F2 won A% 540 fARIt
(Table 10).
5 #AE ¥ E9
AHw Askr F AAAIEAR Felxstery
B4 0 4B A7 gk vt ek
st A9 Aslre] &% Wet 1563°C, pHe
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Table 9. Correlation matrix of components from groundwater in the gneiss area
Rn U pH Eh EC DO Si Na K Mg Ca F Cl SO, HCO;

Rn  1.00

U 0.55 1.00

pH -0.11 -0.02 1.00

Eh -0.05 0.04 026 1.00

EC -021 0.05 0.14 0.60 1.00

DO -0.07 -025 -0.04 -0.03 -024 1.00

Si  0.04 -003 -020 -0.04 0.03 0.19 1.00

Na -0.01 021 001 031 052 -007 033 1.00

K -036 -028 -001 0.13 034 026 020 0.04 1.00

Mg -025 -0.04 012 059 0.80 -018 009 061 029 1.00

Ca -021 025 024 036 067 -022 0.11 059 039 074 1.00

F 036 0.09 030 0.00 -0.04 -0.05 -0.10 -0.13 -0.19 -0.19 -0.16 1.00

Cl -020 0.14 -0.13 022 070 -0.03 0.17 070 029 069 0.74 -022 1.00

SO, -0.04 041 -0.07 024 037 -0.15 004 044 034 034 064 -0.14 042 1.00
HCO; -0.26 0.04 039 049 063 -033 0.08 0.60 034 076 079 -0.12 0.50 049 1.00

Table 10. Rotated component matrix in groundwater in the
gneiss area

Factor
1 2 3 4 5
Mg 915 -172 .076 .006 -.041
EC .849 -.100 134 .091 -.076
Na .796 247 .036 -.183 201
HCO;4 .789 =117 324 .190 -171
Cl .768 .021 228 -314 124
Ca .765 .036 525 .013 -.091
Eh .622 -.063 -.028 388 -.010
U .083 844 263 -.056 -.198
Rn -.170 831 -171 134 .106
SO, 367 274 771 -.131 -.093
K 162 -.453 677 .036 347
pH 154 -.122 .061 .808 -175
F -.131 .363 -.158 679 .077
DO -.258 =219 .103 .092 751
Si 210 116 -.057 -.230 .730

#+ 6.8, EC= Z+# 245 puS/cm, Ehe 4 246 mV
DOE 7 4.7 mgLE Jepth AL A #5159
o= HH 142°C, pH= H# 69, ECE I
257 uS/cm, Ehe W+ 246 mV, DOE H+# 4.3mg/L
2 Yeigth Avket A A5k 2ne i
14.7°C, pH= W4 69, EC= ¥+ 240 pS/cm, Eh
= #H# 254 mV, DOE HF 4.1 mgLE Yeptth
AFA G Aslg FAFEL tAZ CaNa)-HCO;
POz veprh

AA Aslre] $Eks S Hd 564 pg/lE

Eidth $EhEe He B 5715 30 nglle de

Askre AR e 3PS A9 Askee]
gy e Hit 1059 pgl, AY A
4.79 pg/L, ARG Ht 4.82 pgLE zHzt
gt 2hE gk #3581 pCi/LE Uelsttt )
EPAdA Aekst 2= AMCLZE (4,000 pCi/L)S 9
£ Askr B 2072 vebth 33 Ao A3
o] ghE gk B 4,795 pCiL, BY XS
2,611 pCi/L, AnQt X2 s+ 3,938 pCi/LE 72+t
AP Yyl sEe Ha 1.78 pCyLE YERTh
n)=+ EPAe] Hgst £27]% MCL3E (15 pCiL)ye
W AslE flslth

AT AY X3e] SERETH EXECAM 5 pg/l
ool Sihy gk 7%1% A8l A7 Asl=
Eo|x AR Q=g meE vehks Zlo] Bdo
t}. 2= &k l‘%iEﬂV‘]—— 4,000 pCi/L ©)’d<]
TS T Aglre] YXE Askw A o

2 FxFo . o= o] ey TS
7= Askee] $1A] E@fs&v}

A Aol gk JAad Al ofshd, et
R e A S e l AslpollA 0.2460 2
Htt olgy 2 AWATE 7}11” FAREE §
= e = R R B R *—Erﬂeﬂoﬂ = Sk, g e
E47F ATEAC] fAke 2o E eIt Al
e Ade vEA UERsT 19 A9
o] Aalpel| tigh dHdE Aol A rﬂL HCO;
7 040, $2hg2 SO, I} 0549 AT E HIL
o, 3|dE AR delA gt HCO, :Lal
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