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ABSTRACT: This study statistically investigated the behavior of radon and uranium in 249 groundwater samples collected from the Chuncheon
—Hongcheon area of Gangwon State, Korea. Both substances showed right-skewed distributions, and elevated concentrations were generally
observed in granitic areas. Radon concentrations by lithology followed the order of granite > igneous rock > alluvium > metamorphic rock
> sedimentary rock. The relatively high radon levels in alluvium were interpreted to reflect its spatial arrangement, as many alluvial deposits
are adjacent to or linearly intercalated with granite bodies. In addition, elevated concentrations of both radionuclides were also identified
near lithologic boundaries adjoining granite, suggesting that spatial proximity to granite is an important controlling factor. Approximately
77% of the high-radon sites (= 148 Bg/L) were concentrated in areas underlain by Mesozoic granitic rocks. Radon was interpreted to primarily
reflect geological signals derived from uranium-bearing minerals associated with these granites, including biotite, muscovite, zircon, and
apatite. Its associations with Si and U further supported this geology-dominant pattern. Spatial clustering analysis focusing on sites with
radon concentrations = 148 Bq/L identified high-high (HH) clusters, indicating priority areas for monitoring and management. In contrast,
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high-uranium sites (=30 ug/L; n=7) were limited to only a few locations. This suggests that even in lithologies with high uranium contents,
such as two-mica granite, lithology alone does not necessarily lead directly to high dissolved uranium concentrations in groundwater. Rather,
uranium enrichment appears to occur only when the source potential of the host rock is accompanied by favorable hydrogeochemical conditions,
such as oxidizing environments, bicarbonate availability, pH, and weathering reactions. Overall, radon behavior primarily reflects the distribution
of source rocks containing uranium-bearing minerals, especially granite, together with their associated spatial structure, whereas uranium appears
to be selectively mobilized and enriched only where suitable hydrogeochemical conditions are superimposed on this geological background.

Key words: radon, uranium, groundwater, multivariate analysis, spatial analysis
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7H8/g0] Rot AE-FU-FH&olA Astr =T
*=tHLee and Kwon, 2015). 2023 7|& A= A4 B
T8 A9 97.8% YA, ZUBAAA=E oF
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Fig. 1. Geological map of the study area showing the distribution of sampling sites. The geology was classified into five groups:
granite, igneous rock, metamorphic rock, sedimentary rock, and alluvium. Black dots indicate groundwater sampling sites. Source:
Based on the 1:50,000-scale geological maps published by the Korea Institute of Geoscience and Mineral Resources (KIGAM).
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Table 1. Internal quality control results for uranium and major ion measurements in 2023 and 2024.

U Cr NO; N SO/  Ca* Mg*  Na’ K Si F

Linearity (R?) 1.0000 0.9999 0.9999 0.9999 0.9998 0.9998 0.9999 0.9990 0.9998 0.9999

Accuracy (%) 95 103 104 99 103 102 105 90 103 104
2023 Precision

(RSD, %) 1 0.8 0.7 0.4 0 0 0 0 1 1.5

Reporting limit 0.1 0.4 0.1 2 (0.01) (0.03) (0.03) (0.1) (0.02) 0.15

Linearity (R?) 1.0000 0.9965 0.9935 0.9955 0.9990 0.9987 0.9991 0.9983 0.9980 0.9965

Accuracy (%) 100 98 93 108 124 123 123 111 124 100
2024 Precision

(RSD. %) 1 3.1 0.5 4.1 1 1 1 1 1 2.1

Reporting limit 0.1 0.4 0.1 2 (0.01) (0.03) (0.03) (0.1) (0.02) 0.15

Note. U is presented in pg/L and all other analytes in mg/L. Values in parentheses indicate the quantitation limits specified in
the official notification for bottled water standards and labeling criteria.
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Table 2. Descriptive statistics of groundwater Rn-222 (Bq/L), U (ng/L), and water-quality parameters by geology (others: mg/L).

Geology Rn-222 U pH CI' NOy N SO7 Ca¥ Mg" Na' K Si F

Min~ 2.0~ 0.~ 59~ 04~ 0.1~ 2~ 058~ 003~ 171~ 02I~ 3.63~ 0.15~

Total Max 591.6 69.0 9.6 1293 256 53 7222 19.68 8735 845 18.07 15.08
ota

(N=249) Avg 685 25 72 88 3.5 9 1737 390 1157 127 805 057

Med) (33.2) (02) (7.1) (3.8) (23) (8 (16.07) (337 (7.81) (0.93)x (7.61)= (0.15)x

£SD 849 79 0.6 =£157 4.1 £7 %1003 279 #1190 1.16 270 143

Min~ 2.0~ 0.1~ 59~ 04~ 01~ 2~  30I~ 0.09~ 236~ 026~ 4.02~ 0.15~

Granit Max 591.6 69.0 83 469 256 30 4750 1193 4589 515 1772 452
ranite

(N=59, A) Avg 1497 43 71 89 47 7 1848 3.05 1097 092 10.04 041

’ (Med.) (119.2) (0.90) (7.1) (64) (24) (5) (16.73) (2.28) (8.26) (0.67) (9.46) (0.18)

£SD 1185 +109 0.5 +94 53  +6 +10.88 £2.52 4871 078 £331 =0.74

Min~ 327~ 0.~ 6.1~ 13~ 0.1~ 3~ 062~ 088~ 516~ 042~ 643~ 0.15~

, L Max 1343 587 87 1293 99 16 4656 823 50.84 475 1184 28l
1gn Tt

g(;ffg ;; Avg 714 1.6 75 1638 32 8 1644 384 1471 125 866 0.76

’ (Med.) (854) (0.1) (7.5) (335 (3.1) (8) (13.93) (3.32) (8.28) (0.79) (8.15) (0.18)

£SD  +30.6 63 £0.8 £37.6 2.7 4  £12.80 =£2.17 =+13.54 =+127 153 1.0l

Min~ 2.0~ 0.~ 59~ 04~ 01~ 2~ 069~ ND~ 171~ 02l~ 445~ 0.15~

Met}i‘, Max 3225 587 9.6 1199 226 53 7222 1922 7323 7.9 18.07 15.08
mo 1C

r(?c’k Avg 394 1.6 73 19 2.4 10 1684 411 1122 119 757 071

(N=104,c) (Med) (202) (0.) (72) (26) (14 () (1538) (350) (6.73) (0.98) (723) (0.003)

’ £SD #4550 +63 £0.7 177 3.6 7  +10.14 294 £12.85 097 +223 +1.85

) Min~ 124~ 0.1~ 73~ 09~ 08~ 5~ 783~ 115~ 370~ 022~ 471~ 0.15~

Sef‘ Max 236 06 83 20 22 11 2356 820 2648 099 725 216
mentar

rocky Avg 170 03 7.6 15 12 7 16.07 324 1272 052 606 0.66

(N=4,p) ~Med) (162) (03) (74 (15) (09 () (1644) (200) (1035) (044) (6.14) (0.24)

’ £SD 48  £02 04 05 0.6 2 £575 4260 £945 029 £0.97 =+0.87

Min~ 2.0~ 0.~ 6.0~ 06~ 01~ 2~ 058~ 026~ 279~ 032~ 4.69~ 0.15~

Alluvi Max 1423 367 93 760 158 44 4855 19.68 8735 845 12.66 15.08
vium

(N:unuE) Avg 458 25 71 93 42 9 17.44 428 8735 172 795 1.0

’ (Med)) (30.6) (0.02) (7.0) (63) (3.6) (9 (1639) (4.00= (8.58) (1.12) (7.81) (0.260)

£SD  £39.9 74 £0.7 £10.7 32 7 870 268 £12.07 £1.49 =£1.88 £2.48

Note: Geology groups are shown with sample size (N) and codes (A-E).

2017} 34.0 Bq/L)9R= -SARSILY, Cho (2018)2] A= =
(5,4537)) follxel Aal(H 94.4 Bq/L, FY4k 52.1
Bq/L) R k= thas B2 eX]olt} o= o A+ A W 3
73t H3 vl8(2F 23.7%) 0] H=t HH(<F 28.2%) E ek A
Ao 7| W F o2 A Hr). X AE 2= s E gt
A}, 3P Aol A 7 5 e Ao TEES
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TS B S48 7S A= FFA) > FHIUB)
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$thE SE= 0.1-69 pg/L (B 2.5 pg/L, FFZHZK(1
0, N=249) 7.9 pg/L, %47k 0.2 ng/L)C.2 373t 2o
A Jngk T @A 7H =2 S9EH0.9 ng/l)o] wztE
Aok =W 1,0137] X|otpE iAo 2 3E A-H(Yun et
al., 2016)9|4 92 EX 02,297 pg/L (B 27.5
ng/L, $Yak 11 pg/L)2 HuEo], FYgh 7|E o2& 9]
H AFR G FARE As e B2 S-S Bt 18y
o Aol A= SEhE %7130 pg/l o]} e o
A9 vl&o] 2.8%=, =W 1,0137] Z|sl4 A4 Bl
H 12.7%9] vlsf Ro} Hto] ¥ Ao = At THA
oA Fep| e A1 7470 Asle= A7HCho et al., 2011)f14
SabE HEl 0.02-1,640 pg/L (B 56.8 ug/L, 33%k
2.03 pg/L)= H| 1A w2 FUhS B oY o= S
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gHE, = fehE e E A9 31t
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Table 3. Results of Pearson correlation analysis.

Rn-222 U pH CI NO;y N SOs- Ca** Mg+ Na K Si F
Rn-222 1
§) 0.29 1
pH -0.08  0.10 1
Cl- -0.04  -0.00 -0.30 1
NO; N 0.06  -0.09 -048 031 1
S0~ -0.19 008 009 010 0.15 1
Ca** -0.02  0.19 -008 044 032 036 1
Mg** -0.19  -0.02 -0.16 032 027 042 058 1
Na* -0.07  0.09 038 024 -007 041 0.8 0.19 1
K* -0.19 -0.13 -043 045 041 022 024 041 0.12 1
Si 051 012 -0.13 -0.02 010 -020 0.10 -0.02 -0.09 -025 1
F -0.06 008 056 -007 -023 021 -0.10 -0.15 059 -0.12 -0.09 1

uhel ehpe Al BilE BE 549 e
ATE SHE 7129 148 By/L o) SHE M= A HS
317W 2 2470(2F 77.4%) 7}, S-LE3F(12X]A), B2
SFASHTA ), MBS Aol AEH O Bl
onf Uex] 77 AHE WAk el Sl
SIck. W, Sehs 7191 30 pgll o4 T AHE 7
Aolml, Z2Zel 4 47 X1, SFgteld 270 214, WA
S(Ekehl A 17 Aol SlEigiet. eHEL ol Bk
ool FEHOR ulElE FLm, UL, Ao, 23]
4% 9ok 3 B2ol ok 9 1 ¥UAY dho
8 FFUOR 44T 4 Y AN, ol B4
S AWEA 4SS F2 wighe 2elvh. WAk}
9 Ao BhE M 77} AEE Sekate) Ao wf
o 5 74X Qparo@ TR SO RE 500 m o]
ol 1218 174 AL ShgtTrel WS Ei g
o glel Bpger 719 WA BIE ) AHA Tl by
Sleh. Wb, oF 8-10 km o4} |4 S R(EAZ A
£9%) 59 WL sctomyE] Y FRurhs
B ERLD) Aol ERHE A A4 B B X5
S HE ARE B G0 HeAS BelEth $oks 1
B AYAE QA 9 shgetate] Aelel ket Aolat
E4o] Ltehdth. S-2m5}7J9H0 23E o 100 m o]uje]
ANT F2HS 2] AH245, 2462 Q1T 3] 3
o SAun], Aot = 7 AHA AnAT 4
aheh. 9, SO RE oF 13 km o]4 o] AE 4%
X767, 6592 BhaeTte] 244 Aol wrow, 4
A AR B39 B, 315 ) AETEe] ofF o
¥ B R Bl AES S0 OfF A sy 5
34 Yol 2712 A=Y Bat gk

= Sehgol FAO LEER Yehd A H2 3712
1= Th(64, 68, 247H). 68 A H(EHA] Al5H, &
SRt 24, AW Fhat 2479 AR E
A MM, BR3P, Altiul/d)e 2ol A &
Eohs A 9oz, A AsH Fadit A EkEh 270]
A S5E 2R s AHT 649 A (FHA] A,
OIS T4 Ak, AR Eoh) S EH I
S 2 RE o8 km, THT SLEIFOZHE 10 km ©]
ol Ho] AZol= F FEo] TA| LFEE Hol= Al
2, Hol () A AV 4 3 B RSk
T BEE T 54 719 7FsAS AlARITE o]9} o]
e ShE A Lk A2 A 24 g 5 a9
EsH, ol= F Y49 A5S Aulste 210 A= o
SOl A ERIE 2= 2 3P £ A HolA £
AlSHA vehdt ¥, ehee 9 3 Aol =
P LEEE YA Gtth 53], BRI
S-type®] HAFu|F TR} PFezA w2 e T
ZF, @2 Th/U ratio ¥ 83/ Sehe FEY A= o=l
ol L2k fatt 35de= 288 7ol i
(Hwang, 2018). Z12{u} o] 23t 2| AeH2 FAj4do] =8k=
€L Y 1= AAHAE FUTh o= S
9] MF= EFo] AHTA FHHE ofyzt /iE A9
FEA R 2700] 3 559 o AldH o= YehdS
AAFEtTE

TS, a2 7= A 9 A PAAAY 37
Gl o RzsHA vhEshe whd, Sebe XA ¥
Y floll ERIgEHY 210] F7t2 $5E o Al
o8 IFEIEHE ALR A H o]Hgt RolE Hrk
TAR R AESH] Y8l thF HolA= F8 +2 &
ot gh= SehE T 1HY ATEAS sk
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Table 4. Results of Spearman Correlation Analysis.
Rn-222 U pH C" NOy N SO Ca** Mg Na' K Si F
Rn-222 1
U 0.42 1
pH -0.14 0.32 1
Cr 0.03 -0.07 -0.44 1
NOs;-_ N 0.14 -031  -0.57  0.51 1
S0~ -0.20 0.13 0.02 036 0.04 1
Ca* 0.03 037 -0.02 034 0.16 0.45 1
Mg* -0.15 0.02 -023 047 0.23 0.50 0.62 1
Na’ 0.05 029 012 046 -0.02 035 043 041 1
K -023  -0.13 -037 0.53 0.33 045 037 061 027 1
Si 0.41 025 003 -005 -0.05 -022 012 -005 0.13 -0.30 1
F 0.09 045 050 -0.16 -042 016 003 -0.15 041 -021 -0.00 1

3.2. JIIGUAtSE RN SHEHAE 2 91 [HHEF F4
21t
2h=(Rn-222) W 9-2Rs(U) % 2 A 3He] goje 4
HEA Aub= # 337 2ok 2HE2 Si (1=0.51, p<0.0001)
U (r=0.29, p<0.0001)3} F2| Fag BFH. ol= 2he
o] seHkE= 3HA| = HIZA 7IAlzke HollA, 2
I 359 719 B teh o e auE AEE
2 i) Y vttt A= s E. WA ek
2 2 oz} =g g AS Ho|x] gkt Ay]
ofqt w4 2, F=e] U (= 042)9} Si (r=0.41)2}
ot S HRon, 92k 2 pH (1=0.32),
Ca*" (1=0.37), Na" (1;=0.29), Si (r=0.25), F~ (r,=0.45)2}
D24 Fof Fo7 e YEFHTHE 4). °l= %2
Asol DL A S dBF Aoz AlojE7|Hot, A}
A 2|5k oA o] 8E3HeE E-HA Wk Ao m
2t E3HA o= 2HHS AR 94 pHete ol A
= 34 WA e 23(pH 7-9)0A4 Askes W g4
o] Z &5 =7t oA f-Eho] f-2he-gitd E3A
2 HYstEo] §& olFAol S7Ivke ¥ WYtk
Ao A E) o|H e oA 42 FE FHol digh
e &L JAlsks ade FHlstEs, pH =
S &8 ol X5l W ARt ol5S A =
st 2A0 2 Zgsl= Ao WXt Ca*'7}o] o
o) A A o]t Flj4 T AA =), R|3lkpol| A Ca®
o] Z7h= A2 Bhatg FEQ] 88 B Ca¥ ' A
dol Fotet doEH, FAlo| HCOs o] &7t 27401]*%
< Zg-ehd-2At B3 4S8 ek 8
ol 5/do] B A- = Ut} AFAGY 5 E:@PP%T(-r
Aspdeh rspRols Aol 3882 F8
FEZ ZTPEH, o5 AFF4 9] 7h4=E 38l Ca¥ 1F HCOy

2 B 203 B4 Uhg AR 8RS THsH
o] Slek. H1% o AToAIE HCOsS A HA5HA) &
SLOUE, Ca¥ o} pH7 W7 $-2Rt ko] WAl 1l 4
£ Ak $3AVE Sk o5l Z1o1Be A e A
Agiet.

Na'3h F'o] oFo] AThe 204 whg-o] WAzt A7A

FE7HE RSk AER AT 4 Yok Na' SR B

M QubH o AbgAel Faleh o Lme whgel o3
ArEch ARG BheE U ARHERR) ol
AgHe] BEAOR o 2R ZREE, KA
E Tho] Al J AEET et BAaR F
3} oA WEE Na'o] S5 F7he] 71012 4= 9k 3
#, F o ZFAL FE) wet cha Hol7} e 4 312
o G7A] 99 SRS E RS, WS o
ZL RPN Bemet 7 9o ute} 24 Ho], B
Bt Mol Zeus} 2 A% B TH FE
2 2188 7Ps o] gtk E, ol 5 GHe] FEH o 4
BhEl RAE FEQ A8 oA Fol WA FFUe
2 1129 4 gk web $ebso] Na® 2 ok A 57}
She ARFL, -4 uhgol AW AsRol Fikd B
2o] Fo AT WA $eHee] §2 TFs Aol WA o
Ae2 ujick

Sighe] gFo] Al oA TF4kE B F37h AE A
FrUSE ok §2 TFsA0] W FHFE HolE

rOl

H

Ji‘

o} A7 Aol HEshe SRk, Bemsbyel v
Al % Aga AAR(u AR AR AR E

AR oha glo], T4 Fato] o3t si BF AAE
ool PP FEAOR A, olZo] Sig 92}
B9 Aol PFL 7HeA %u BAHL WO of3
Hirt. 2, $oHre B4 9 AR Japmro® s
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B e et 7199 &4 stollA] 4t F
3}, eh4tbE 95, ol 2 9 AEgHE 34 58
A et g ot F=rt 2EE A= sjAHrh
AEATRA(CCAE T3 22w JAud =4
AR} ek 7he| ohHsF A 25 B4R 2ok 9 2
o Ak A Wi AWl Si (0.91)7F £ AAF
< Hof gt=3 YHsHA 2= F HA vk
A= Ca* (0.64), SO, (0.39), pH (0.37), Na* (0.34), F
(0.31)7} =2 W2 285t gt & S
Bt 2a). AEAABASE 742 0573 0328, &=
5 0.05 oA F-o8kelet. A|d Hekate] =71 240
A AEATAT7E 05491 0.052 UEHeH, JA] F
ARz FSIHTHE 2b). A WA FEHFolA=
3PFRH(A, 0.98)0] 7H =2 A A Holw 21=(0.999)
3} 733t AFAS el ol Sdolzhe skl ¥
F2 AP E o, AR EHEA Y SRt
=4 55 BE2nspPte, 18|n AT ddie vt
7 SRS § B4 ool £3E o] & 3
U= Gl whet A3, Q13]4], AojE, HuAlo|E 59
e O B FES ilste Ao R HaEn, o
3t FEH v o] eh=ke] gt Aol I 71
& 7Fs/d0] Atk o|¢f o] 3ot A 2= w4
Ao g = BEE= AL 7|E A 2= YA
tH(Guiseppe, 2006; Cho et al., 2012). ¥, &= HA Z=
Hgo| A= 22ha(0.97) 2 523 E (0.84)7F 22 143k
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CCA Biplot: Water quality vs. Radon & Uranium
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CCA Biplot: Geology vs. Radon & Uranium
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Fig. 2. Canonical correlation analysis (CCA) biplots showing the relationships of radon and uranium with (a) water-quality varia-
bles and (b) geological groups. In panel (b), A = granite, B = igneous rock, C = metamorphic rock, D = sedimentary rock, and
E = alluvium. Red arrows indicate response variables (radon and uranium), whereas blue arrows indicate explanatory variables.
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Table 5. Variance partitioning results for Radon and Uranium (log-scale).

Component
Unique effects

Water unique 13.9
Geology unique 7.0
Space unique 2.4
Shared effects
Water M Geology 14.7
Water N Space 1.0
Geology M Space 1.9
All shared 1.0
Unexplained 58.0

Radon (%), R = 0.42

Uranium (%), R*=0.36

32.8
0.4
0.5

3.7
0.3
0.0
0.5
63.6

Notes: Unique effects indicate the independent contribution of each variable set to the total explained variance, whereas Shared
effects indicate the proportion of variance jointly explained by two variable sets. Geology includes lithological variables,
Hydrochemistry includes physicochemical water-quality variables, and Space includes spatial factors based on sampling

coordinates.
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Fig. 3. Local Moran’s I (LISA, Local Indicators of Spatial Association) map for groundwater radon. HH (high-high) clusters indicate
high-radon sites surrounded by neighboring high-radon sites, representing significant local hotspots, whereas LL (low-low) clus-
ters indicate low-radon sites surrounded by low-radon neighbors. HL (high-low) clusters represent high-radon spatial outliers
located among low-radon neighbors, and LH (low-high) clusters represent low-radon spatial outliers located among high-radon
neighbors. Non-significant indicates sites without statistically significant local spatial autocorrelation. n indicates the number
of samples. Red symbols indicate samples with radon concentrations exceeding 148 Bq/L.
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